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Abstract

A new family of harmonic-tuned switching amplifiers is introduced having the
beneficial features of the class-E tuning while allowing improved performance to be
achieved through additional harmonic tuning. This E/F family may be tuned to achieve the
ZVS/ZdVS switching features characteristic of the class-E amplifier and, like the class-E
tuning, accounts and compensates for the effect of the switch parallel capacitance. By
tuning one or more overtones to the class-F! tuning, however, the switching waveforms
may be improved, lowering the peak voltage and reducing the RMS current. Additionally,
the tolerance to large switch parallel capacitance is generally improved so that a larger
‘switching device may be used, allowing reduction of the on-resistance. Due to these

factors, the efficiency of E/F amplifiers is expected to exceed that of class E.

To demonstrate these advantages, methods of estimating the optimal efficiency of
switching amplifiers using waveform properties are given. A general solution technique is
then presented which allows the calculation of the ZVS tuning requirements and the
resulting sWitchin’g waveforms for an arbitrary harmonic tuning. Using these two tools,
switching waveforms and resulting efficiency estimates are calculated for E/F amplifier

tunings, which are then compared to class E.

Finally, potential application areas of the E/F technique are explored, and measured
results of several first-generation E/F amplifiers are presented. Aside from efficiency
benefits, E/F amplifiers also may achieve load-invariance, dual- and multi-band operation,
high volumetric power densities, and efficient integrated circuit implementation using the

Aoki distributed active transformer power combining structure.



Table of Contents vi

Contents
Chapter 1: Introduction ......... cesesseesesesnetesesenstssssssrsesosssntesessastasesssasaas R |
1.1 Organization of the DiSSertation ..........cocoeciiviieiiiiniiniiiiie e 3
Chapter 2: Efficiency of Power AmMpIifiers.....cnicscceinseeicneeccsacnensenens 5
2.1  Amplifier LosS MEChANISIIS ...........ooveuemeeeecrenteeteneesesiesees e seseeserses s sssesecsssensaes 6
2.1.1  Drive POWET LOSS...coiiiiiiiiieiiieeicetee ettt sana e 7
2.1.2 Device Conduction LosSS.......cccceverirniriiiciniieiininenire e eneneens 8
2.1.3  Output NetWork LOSS....ceeveeeeieiiienieeetentteecet et 9
2.2 EffiCIency MEASUIES.....cccrvuerverreeierrereeeeenieenstesseessessacssaesonssae s st esssssssssnessnenns 12
2.3  Some Important Relationships.......ccecceevervuerrcenieneeneiereiecctccene e 15
2.3.1 Power Flow Relationships ......cccceevercieriieninnieeeeneeeeeeecer e 15
2.3.2 Waveform Limitations: Power Consumption at Harmonics...........ccce...... 18
2.4 Efficiency of Common Amplifier Classes......ccccveermevevercrenniininiiniiiiiineciienen 21
2.4.1 Transconductance AMPIFIETS .......ccerveeeviriiernieniiiiiriciiiie e 21
2411 ClA8S A ottt sttt 23
2.4.1.2 Class AB, class B, Class C ....oooeereeeeiieicieieeeteeecte e enenees 25
2.4.2 Saturated Transconductance AMPIIETs ......ccccverveieniienienenecnieniiiiiiricnee 28
2.4.3 Saturated Amplifiers with Harmonic Tuning..........cccecevvvevvnvciiiincrennnn 30
2.4.4  Switching AmplfIers......ccccvveiviiniiiiiiciiiiii e 34
Chapter 3: Switching Amplifier Properties.......ccoeeceesecseureene. ceesseeenn w39
3.1 Fundamental OPeration..........cocevereeecierriiiniereiereienee e st esrss e ssaeeanes 39
311 PerioICItY cevvereeee ettt e s b 40
3.1.2  Waveform COonstraints .......c..cceceeeveerreeniieneenenieeniesnenniesecseseesneeresseesnees 40
3.1.3 Treatment as a Time-Varying Linear CirCUit .............coooveveereerereenenesneenne 43
3.1.4 Complementary TUDINES......cccooiereenerieriiiiieiirenienenrcreeeee e 44
3.2 Scaling Properties ........cccvrvevereerieniinieneeeceeeerrceccti et e 45
3.2.1  BiaS SCAlINE c.veivvrieiirieirrere it ce e et e eete et st be s st 45
3.2.2 Impedance SCaliNg.......ccccciviiiiiniiiiiiiininiinc e 46
323 A'fbitrary Scaling: Concept of @ “Tuning’........ccceeeeerirvervenrerieneisennen 47
3.3 SWitching LOSSES «.ucueuimiieiiicieiciicicicte s 48
3.3.1 Turn-On Losses and ZVS SWitChing ........cccceeeevvviniiniiiiniiiiininneenienen 48
3.3.2 Turn-Off Losses and ZCS SWitChing........cocevviriiiciiiiiiiiiiiiiiiincnneccenens 50
3.3.3 Known Switching Amplifier TUDINES. .......vevereereruerrerrerrereereeeseerrereeereenene 51

3334 Class-D AMPLIEIETS ..cooueieiiiiieieeeeeee e 51



Table beontehtS Vil

3.3.4.1  Class-Di..uumeeieee e 52
3342 Class-D™! ZVS AMPHfier......ovverrererrenreeererreeseeeensessecenne e 53

3.3.5 Class-E AMPLTIETS.....cciieruerereriereeeieese ettt eeeseere e saesane s 55

T 3.3.51 1 CIASS E oottt ettt esenenes 56
3.3.5.2 Even Harmonic Resonant Class-E...........c.ccccocnniiniiinnnnnnnnne. 59

3.3.5.3 Class-E™! ZCS AMPLEICT c...ouvvveeeeeceeeeeeeeeeeee s ssenesnns 61
Chapter 4: Predicting Switching Amplifier Performance.........cccccseueeee 62
4.1 Switch & ResiStor Model........ccoveiviiiiiieieeeeececeeeecenccic e 63
4.1.1 Device technology model ........ccccoevveiiiniiciiniiniiiniiiiniee e 66
4.1.2 Efficiency EStIMAation.........coocirierciienerierrectetentennecrennesereiceaensss e 67
4.2 Waveform Figures of Merit .....cccccoeevieeniniininininnnnn. ettt 70
4.2.1 Peak Amplitude Limited Output POWer........c.cocovviniiniiinieecireeee 70
4.2.2 Efficiency Figures of Merit......ccccoverievenieriniiiniiiiiiinicieiee e 72
4.2.2.1 Device Size Limited Drain Efficiency........cccccevvvvinvnnnnenennne 72
4.2.2.2 Capacitance Limited Drain Efficiency ........cccocoeeniniininnnns 74

4.2.2.3 Gain Limited Power Added Efficiency ........ccccoveevvviveviinvinnnninns 77

4.2.2.4 Capacitance Limited Power Added Efficiency.........ccccoconiiinnnninns 79

4.3 SUIMIMATY c.vveereeereeriieriteretreesteestessesisessaseesessesssesatssatasassssnssss e rsssesssnasseessaassasssessess 81
Chapter 5: Predicting Switching Amplifier Waveforms........ cessesssnessnene 83
5.1 Generalized Switching AMPIIer......cccooeeviiiinceiniiiii e 84
5.2 Solution MEthOd .......oocieiiieieiiiieerrteee ettt das e st srn e s ane 86
5.3 Real-Valued Linear Algebra Implementation ..oy 91
5.3.1 Finding the WavefOrms .........ccovvuevreemuerrieueeseseeneeeneeesetseseneresensmcsenssssananens 94
532 Solving fora GivenIpp | ... 95
5.3.3 Solving for a GIVeN VDC. ..o 96

5.4 Determining a ZVS Tuning.......... et eeteeteeenerebeetesteaterseeeaeereeeseesabesae st enteneerearas 97
5.5 Other APPlCALIONS ......eeuteeieieteetrtiee ettt s es e e sse s 102
Chapter 6: The E/F Switching Amplifier Family...........ccccc.c.... cossseness 104
6.1 DeSITed PropertiCs . ...cccceverieereereeirccrccinreereeinee st tscesne s sae e ess s s e e saeeseas 105
6.2  The Class E/F CONCEPL ..ccovirriirieirniirieerrerteetecrtsceteeeesnssseeatssae e e esssseeneese s 106
6.3 Class E/F WavefOrms. ......cccooerieeirreiniieiienieirccisccnteie s n e 107
6.3.1 Individual Tuned HarmOMICS ........co.evruruereerrerensseessssssnsssesneseseseesesesessenns 110

6.3.2 0Odd Harmonics
673.3 EVeN HAITIIONICS oot eetneeeeeeeeeeeeneeeeeseetesessiseseseserssnssasesssssnsnsseseresmsnnnnnasaseses 112



Table of Contents viii

6.3.4 Complete N-Harmonic TUnINgS......c..ceeevereveerveerrcureireerneererereeeeeesseensnens 112
6.4 Class E/F Performance Figures of Merit .......occovvvevnvennneinnnnen. e 114
6.5 Practical Strategies for Implementing E/F .................. e s 116

6.5.1 Direct IMplementations.........cocereueerieriteneenirreneee e eseeeeesee e 116

6.5.2 Multi-Resonant Implementations ........cc.cocceeevevieneeienenennniennneeenene 117

6.5.3 Symmetric Push/Pull Implementations............ccceovveeeeirreerenenceeeene 117
6.6 Class F/E ZCS AMPLTIETS ....eeovveiieeiieeierieceee ettt 121
6.7 Updated Switching Amplifier TaXONOMY .........c.cevveveeeeererrereeriereeereerieresenens 122

Chapter 7: The E/F 44 Switching Amplifier Family ................... 124
7.1 Class E/F jgq AMPHIIETS .....ovviiiiiicieieeee et 124

711 E/F g CONCEPL....einiiiiiiiitiitiiittctetc s 124

7.1.2  E/F,4q Waveform Solution Technique ..o, 126
7.2 Class E/Fgqq Family ..o, 133

7.2.1 Class E/F,qq4 Family Waveforms..........ccccocniviiniiiincninnnnciiiicne. 136

7.2.2 Class E/F 44 Performance Figures of Merit.........cccccccooiiiiiiniiinnnnne. 138

Chapter 8: New Opportunities and Applications.......oeeeevveresneeisneacnns 140
8.1  IMProved EFfICIENCY «..o.cvivereecveeeceereeeceseesesseesessaseesseessesssasesnssassssssassesasessses 140

8.2 Higher FIEQUENCY ....cceriiriiriitiitenie ettt sttt e e emeeenes e e ee 142

8.3 Load-Invariant ZVS Amplifiers/InVerters ........cccceeeervmererieseesceienie e 143

8.4  FrequenCy DIVETSILY ....coceccverierrrerceereeeerrresereseeseeesiesetessse st esaeesseseseeeeeasanaees 144
8.4.1 Dual- and Multi-Band ZVS AmPHfiers........ccccevererervnernereecenrnecnenne. 144

8.4.2  Wideband ZVS AMPLTIELS .vveeuveeereverererereeeeseseesesseeseesesseeseeeesseseeesenee 148

8.5 Integrated Circuit Implementation . .........cceeerierierreriiereectere e 150

8.5.1 Circular GEometry / DAT .....ocooeiieeieieeieereeeeerte et see et e 151
8.6 High Power HF/VHF Implementations ..........cceecevervrreeereernrreeceeeeeeeeeeeeneennes 155

8.6.1 7-MHz, 1-kW Class E/F; 4 PIOLOLYPE....cuuuvueeeememeemmenmmerenneneneneeseserccreses 155

8.6.2 DAT Implementations . ......ccecueeeieerieeierienniereeieeeeeteeteeressseeaesseeeresnnenne 161

8.7 Compact IMPIementations ..........ceecveeeuierieeireeeeeeeseeseeeeerseeeeeseeesereseeereeseseesens 163



List of Figures | ix

List of Figures

Chapter 1: Introduction
Chapter 2: Efficiency of Power Amplifiers

Figure 3.3:

Figure 2.1:  Dissipation-limited output power and battery discharge time vs. ampli-
: fler effICIENCY. .ivoviiiieeicieeetee ettt 6
Figure 2.2:  Power flow in a generalized power amplifier. .........coooevriiinnciiin, 7
Figure 2.3:  Simple device model disregarding feedback parasitics. ...........cccoceenvne. 8
Figure 2.4:  Impedance transformer COMPONENL. .........ccoevveriereieriicienieieinenieienes 11
Figure 2.5:  Generalized single-transistor power amplifier. ........ccceevieiiiiinnnnne. 16
Figure 2.6:  Typical active device output port characteristics. .........ccooeeveeereeinnnnen 22
Figure 2.7:  Transconductance amplifier circuit topology.........ccoureeviereenrieieninnnne. 23
Figure 2.8:  Class-A drain waveforms and load line. ........c.ocoeveimeriicciniinnnncn 24
Figure 2.9:  Class-A/B waveforms and load line. ........c.ccoooniiiniiine, 26
Figure 2.10:  Class-B waveforms and load line. .........cccoovevminninniiiiiie 26
Figure 2.11:  Class-C waveforms and load line. .......ccooemeiniiniiniiiiiine 26
Figure 2.12:  Drain efficiency and output power vs. conduction angle. ................... 27
Figufe 2.13:  Saturated class-A waveforms and load-line...........ccccovininiinnnnnnnnne. 29
Figure 2.14:  Saturated class-B waveforms and load-line..........cocevrevrniinnnnnnnnne 29
Figure 2.15:  Class-F circuit conceptual implementation.............e e 31
Figure 2.17:  Efficiency of maximally-flat voltage waveform class-F amplifiers. ...32
Figure 2.16: - Maximally flat class-F waveforms and load-lines. ..o 32
Figure 2.18: Efficiency vs. normalized output power for transconductance and
class-F amplifiers. .....ccocueeienieerieninieniceccceeecee e 33
Figure 2.19:  Generalized switching amplifier, showing power flow. .............c........ 35
Figure 2.20:  Switching amplifier conceptual waveforms and load-line. ................. 36
Figure 2.21: Undesirable switching amplifier waveforms. ... 37
Figure 2.22: Efficiency vs. normalized output power for transconductance, class-F,
- and several switching amplifiers..........ooveniinniin 38
Chapter 3: Switching Amplifier Properties
Figure 3.1:  Generalized switching amplifier. ........cccccoovrvnininiinn 39
Figure 3.2:  Switching amplifier waveforms after applying switching constraints.
...... ceeeeeeee e se oo eesssisesn s ssss s sensen
Dual amplifier Waveforms.. ..ivooveverrrerencineeiecnecccce e 45



List of Figures |

Figure 6.13:

x
Figure 3.4:  Effect of bias scaling in switch voltage and current waveforms. ........ 46
Figure 3.5:  Effect of impedance scaling in switch voltage and current waveforms.

b et s s s eSS R A AR e 47
Figure 3.6:  Capacitive discharge 108s. ........coevuririniinininiicns 48
Figure 3.7:  ZVS turn-on tranSition. ........cccoceeviiiriiinniencninriner s cteeies e sssessaenens 50
Figure 3.8:  Class-D amplifier circuit and waveforms. .........ccovvveeverniecninnciecne. 52
Figure 3.9: Class-D! amplifier circuit and Waveforms . ..........ccoooeveeererveereeerensnns 54
Figure 3.10:  Class-E circuit topology.........ccoieiiiiniiniiiiiiiecieeeeeeeeee e 56
Figure 3.11:  Class-E power amplifier waveforms.........coccovveieeniinenrconniiiinee 58
Figure 3.12:  Second harmonic resonant class-E amplifier. ..........cccocceininennnn 59

Chapter 4: Predicting Switching Amplifier Performance
Figure 4.1:  Switch & resistor model for a FET switching device. .......cccocvvennnne. 63
Figure 4.2:  Power device as a parallel connection of small “cell” devices............ 66

Chapter 5: Predicting Switching Amplifier Waveforms
Figure 5.1:  Generalized switching amplifier with switch parallel capacitance and

harmonic tuning at selected frequencies. ..........oeeveveereecrennnnnnn. 85
Figure 5.2:  Commutation behavior of the harmonic filter current i,. ................. 88
Figure 5.3:  Class-E ZVS circle in the (normalized) impedance plane................. 100
Figure 5.4:  Class-E ZVS and ZdVS circles in the (normalized) impedance plane

and close-up of the ZVS circle. .....ccocooevvenievnnniiniiiiinnennn. 102

Chapter 6: The E/F Switching Amplifier Family
Figure 6.1:  Taxonomy of known switching amplifiers. .......cccccomreriieiieicinencnns 104
Figure 6.2: ‘ Switching waveforms for some members of the class E/F ZVS switch-

ing amplifier family. .....c.cccooieeiniinini 109

Figure 6.3:  Single-harmonic class E/F ZVS switching amplifiers. .........c............ 110
Figure 6.4:  Odd-harmonic class E/F ZVS switching amplifiers. ......c.ccccoeuenene 111
Figure 6.5:  Even-harmonic class E/F ZVS switching amplifiers. ........c.cceuennve. 112
Figure 6.6:  Complete N-harmonic class E/F ZVS switching amplifiers.............. 113
Figure 6.7:  Direct E/F; implementation using high-Q resonators............cccccueee. 116
Figure 6.8:  Direct E/F; 3 implementation using high-Q resonators. .................... 117
Figure 6.10:  Push/pull switching amplifier with differential load. ........................ 118
Figure 6.9:  Class E/F, 5 implementation using a multi-resonant tuning circuit... 118
Figure 6.11:  Effect of differential load at odd harmonics and even harmonics. .... 119
Figure 6.12: Class E/F5 push/i)ull IMPlementation. .........cceeeeecerrcreieeneecnnininenne 120
Push/pull switching amplifier with T network load............ccccoenene. 120



List of Figures

Figure 6.14:
Figure 6.15:
Figure 6.16:

Figure 7.1:
Figure 7.2:
Figure 7.3:
Figure 7.5:
Figure 7.4:
Figure 7.6:
Figure 7.7:
Figure 7.8:

Figure 8.1:

Figure 8.2:
Figufe 8.3:
Figure 8.4:
Figure 8.5:
Figure 8.7:
Figure 8.6:

Figure 8.8:
Figure 8.9:

Figure 8.10:
Figure 8.11:
Figure 8.12:

Figure 8.13:

Figure 8.14:
Figure 8.15:

xi

Effect of differential load at odd harmonics and even harmonics. ....121

Class E/F; 3 push/pull implementation. ..ot 122

New switching amplifier taxonomy, including the new E/F and F/E
FAMILIES. 1.v ettt 123

Chapter 7: The E/F 44 Switching Amplifier Family

Push/pull switching amplifier with differential load. ..........cccccoceene. 124

Class E/F 44 circuit implementation using a parallel LC resonator...125

Class E/F .44 circuit model for analysis. .........c.ocoeeinmiiinniiiinninn, 126

Class E/F 44 waveforms as output capacitance is varied...........c...... 131

Behavior of the E/F 44 switching waveforms as the load is varied...131
Class E/F 44 tunings for “E” and for “2E” sized devices. ................. 133
E/Fy (44 conceptual circuit implementation. ........oowcueveerienenneeneeee. 134

Switching waveforms for some members of the E/F qq ZVS switching
amplifier family........cooeviiiiiniieine 137

Chapter 8: New Opportunities and Applications

Capacitance limited switching amplifier performance for the given

device technology as a function of frequency...........cccoceeeveeene 142
Class E/F 44 amplifier with changing load. ........c.coccvnniiinnnnnnnn. 143
Tri-band class E/F 44 amplifier conceptual schematic. ............cocev.. 145
Dual band class E/F 44 amplifier implemented by Florian Bohn......147
Wideband class E/F 34 amplifier COncept........oeveviminiininiiinninnns 148
Input admittance of the ladder filter. ........cooeivciiiiii 149

- Ladder filter to approximate negative capacitance over the operation

DANA. c..eiceeereteeieieetet e 149
Wideband Class E/F .44 circuit and simulated performance. ............. 150
Aoki circular-geometry distributed active transformer power combin-

NG CITCUIL. c.veviveeieniciiini et s 151
DAT equivalent circuit model.........oooveeiiiiniinincie 152
Equivalent circuit for one DAT push/pull pair.........cccoeeriiininnne. 153
Die photo of E/F CMOS power amplifier using DAT power combining.

........................................................................................................... 154
DAT measured performance and simulated large-signal drain wave-

FOTIIIS. cuveveirrenrerreteeie e eee et s s et saeea e b e s sa s n e st 155

Circuit schematic of the prototype E/F; oq4q amplifier. ........ccocevueve. 156

Simulated waveforms with no package inductance and with 5nH pack-
AZE INAUCTANCE. ....eoeeereiiriniitcreree e 157



List of Figures |

Figure 8.16:
Figure 8.17:
Figure 8.18:
Figure 8.19:
Figure 8.20:

Figure 8.21:

Figure 8.22:
Figure 8.23:

xii
Photo of fabricated E/F, ;qq 7MHz, 1kW prototype............ccccceucee. 158
Measured E/F; oqq amplifier performance at IOMHz. ............c........ 159
- Measured output spectrum at 1kW output pOWer. .......cccceeceeevceunenene 160
Measured and simulated drain voltage waveforms............cccoceecence 161
Wideband DAT Class E/F; ,4q implementation for HF/VHF transmitter
APPLICATIONS. .eceeieeeieiireteete et et ea et s e seeenes 162

Photo of 1kW E/F, ;44 amplifier and inductor from 500 W class-E kit.
........................................................................................................... 164
Quasi-E/F, 3 compact power amplifier: schematic and photo........... 165

Measured performance of quasi-E/F; 3 prototype. ......c.coocoeuvveenceene. 166



Chapter Introduction

Due to the ever-increasing demand for communications, wireless connectivity,
industrial power, and power conversion technology, the demand for high-efficiency,
high-frequency power amplifiers has never been greater. Wireless markets demand
high-efficiency amplifiers for portable units in order to extend battery lifetime. Wireless
base-stations and other high-power RF transmitters require improved efficiency in order
to increase reliability and lower the cost of heat-sinking. Industrial power applications
such as RF plasma generation and RF induction heating units demand high efficiency to
‘reduce power consumption and eliminate expensive forced-flow cooling techniques.
Power converter applications in both the industrial and consumer markets demand
ampliﬁefs (and rectifiers) achieving higher efficiency, smaller size, and higher-frequency

thereby allowing smaller, more efficienct power converters with faster response times.

In order to meet these demands, designers must select the technologies best suited to
meet their various requirements. Unfortunately, there is often a trade-off between
amplifier efficiency and amplifier linearity. In many applications, such as industrial RF
power and power converters, linearity of the amplifier is not important and high-efficiency
modes of operation such as class-C or class-E are attractive. In applications requiring
signiﬁcant amplification linearity, such as most wireless communication products,
traditional transconductance amplifier technologies such as class-A and class-AB [1] are
commonly used. Unfortunately, these techniques severely limit the power efficiency,

making the desired cost and size reductions difficult to achieve.

In applications for which AM/AM and AM/PM distortion are tolerable [2] or

compensated for [3], harmonic-tuned saturated and switching amplifiers provide a



higher-efficiency alternative. Amplifiers operating in class-E and class-F modes may
routinely achieve efficiencies above 80%, sometimes approaching 100%, making them

attractive when efficiency is paramount.

Unfortunately, only two types of amplifier tunings appropriate for high-frequency
operation have been studied in the literature. Class-E amplifiers [4,5] have found most
application” as a higher-performance alternative to class-D amplifiers, due to their
compensation for transistor output capacitance and elimination of turn-on switching
losses. Additionally, the class-E design may be implemented with a relatively simple
circuit. As a result, this class has been implemented over a wide range of frequencies from

HF to microwave with great success [e.g. 7-14].

Class F [15,16] and its recently popularized dual, class F! [17,20], have been
presented and developed primarily as a means of increasing the saturated performance of
class AB or class-B designs. As a result, the operating frequencies attainable have usually
been somewhat higher, but the performance limitations due to the tuning requirements
[25] and the lack of a simple circuit implementation suitable for nearly-ideal switching
conditions have made this design a poor alternative at frequencies where class-E can be

implemented.

Nevertheless, it has been noted [e.g. 17] that the waveforms which could in principle
be achieved by class F and/or F-! would allow performance benefits over class-E designs.
Additionally, limitations of the class E approach at high frequencies due to a finite

tolerance for large transistor output capacitance have been identified [21].

This dissertation presents a new family of harmonic tunings with the promise of
achieving the promised performance benefits of class F! in the frequency range wherein
the transistor is sWitching nearly ideally. Additionally, this tuning method may increase
the amplifier's tolerance to large transistor output capacitance, improving the high
frequency performance and extending the frequency range of this new tuning beyond that

of class E. This new E/F .family of tunings unifies class E and class F! into a single
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framework, and demonstrates varying degrees of trade-off between the simplicity of
class-E and the high-perforﬁlance of class F!. All members of the E/F family have exact
time-domain solutions, can be made to achieve class-E switching conditions, and have
circuif implementations wherein the output capacitance of the switch is explicitly
accounted for. Finally, some members of this tuning family have properties making them
more appropriate for use in applications where class-E tunings might be difficult or

impossible to implement.

1.1  Organization of the Dissertation

Chapter 2 presents a background discussion of the nature and limitations of amplifier
power efficiency and a comparison between the efficiencies of most commonly used
amplifier classes. The low efficiencies achievable in non-switching amplifier classes is
quite limited, motivating the introduction of switching amplifiers as discussed in
Chapter 3. This chapter also presents background material, but with more depth and with a
focus on switching amplifiers. General properties of switching amplifiers are presented, as
well as more specific investigations of the well-known D and E switching amplifier

classes.

Chapter 4 discusses some simple methods to compare the performance (i.e. efficiency
and gain) of different switching amplifiers from the shapes of the voltage and current
waveforms through the active device. Since some design choices affect the efficiency, the
cotrect choices for optimal performance are derived, so that the comparisons made

between tunings will take into account the optimal parameter choices for each tuning.

Chapter 5 introduces a new technique for analytical or numeric determination of the
voltage and current switching waveforms for any user-defined harmonic tuning. Using
this technique,‘ harmonic tuning strategies may be treated generally, rather than being

solved in a case-by-case basis as has been done in the past. The technique is
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computationally efficient and variations of the technique allow for the calculation certain

important design parameters, avoiding the need to discover them empirically. -

Chaptérs 6 and 7 introduce the new E/F family of switching amplifier tunings. This
family, which is a generalization of the class E and class F! concepts, is the result of
applying additional harmonic tuning to the basic class-E amplifier circuit. Using the
solution technique of Chapter 5 and the estimation techniques of Chapter 4, the
performance of tunings of this family are compared to that of class E, showing that
performance may be significantly improved in certain applications. Finally,

implementation strategies for these tunings are proposed.

Lastly, Chapter 8 highlights some of the applications where the E/F technique may
allow for performance enhancement or desirable new design features. Several prototype
amplifiers from 7MHz to 2.4GHz using E/F tunings are presented, illustrating that the

technique is already being successfully applied in demanding applications.



Chapter | Efficiency of Power
| Amplifiers -

One of the most important aspects of a power amplifier is its power efficiency, i.e. the
ratio between the useful power generated by the amplifier and the power that the amplifier
consumes. By increasing this ratio, the amplifier will consume less supply power and
require less heat sinking, allowing a reduction of battery size and cost of portable units.
Similarly, this reduces the operating cost of high-power equipment, and the manufacturing
costs associated with heat sinking. For instance, if an amplifier with efficiency n is
operated in a situation where the battery charge is limited to energy E ., and output
power of P,,, is required, the operation time 7.5, is limited to:

- .. Echarge
charge — n P

t 2.1)

out

In other words, increase in efficiency results in a proportional increase in battery lifetime.
A more striking condition is where a very large output power is desired, but the design
limitation is a maximum tolerable dissipated power P . In this case, the maximum

achievable output power is:

_ M
Pout - 1_“ 'Pdiss 2.2)

Thus, increased efficiency can result in a substantial increase in output power in industrial
applications where heat removal is a driving factor in the design. Normalized results of

battery discharge time and dissipation-limited output power are plotted in Fig. 2.1.

In order to improve the efficiency, it is necessary to identify the power dissipation
mechanisms in the amplifier and reduce their effect to whatever degree possible. This

chapter provides a brief overview of power amplifier efficiency issues, focusing on the
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Figure 2.1: Dissipation-limited output power and battery discharge time vs. amplifier
efficiency. Values are normalized to the performances of a 50% efficiency
amplifier.

-special case of the narrowband power amplifier, i.e. an amplifier whose operation can be

reasonably assumed to be periodic.

2.1 Amplifier Loss Mechanisms

In the most general sense, an amplifier is a frequency conversion device, wherein dc
power is cbnvertéd into power with a spectrum reproducing that of its input signal with
some reasonable degree of accuracy. Thus the amplifier receives dc power, receives some
amount of ac power to its input port, and supplies ac power to the load. An ideal ampliﬁer1
would require an infinitesimally small amount of input power, and convert all of the dc
power consumed into ac power delivered to the load. The ability to approximate these

characteristics is measured by various amplifier efficiency measures.

In order to perform the frequency conversion, the amplifier requires one or more

active devices, and a passive — usually linear and time invariant — network which provides

1. The ideal amplifier would have one additional property, namely the ability to produce an output
exactly reproducing its input. This property is quantified by various distortion figures of merit.
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Figure 2.2: Power flow in a generalized power amplifier.

connection to the dc power supply and any necessary impedance transformation between
the active device(s) and the load. Such an amplifier is shown in Fig. 2.2. Normally, some
method of input matching is also required. This aspect of amplifier design will be largely
ignored in this work since its effect on amplifier efficiency is relatively small, as long as

“care is taken [22], and acceptable methods are well known [e.g. 1,23].

The power flow for the amplifier begins with dc power Pp entering the passive
network. Of this power, some is dissipated by the network and the remainder, Pppc, is
supplied to the active device. The active device receives this dc power and some amount
of input ac power, P;,. It dissipates some portion of this power, and converts the remainder
into ac power, Pz which it delivers to the output network. The output network, in turn,
dissipates some portion of this power and delivers the remainder, P,,,, to the load. The
object of power amplifier design is to minimize the power loss associated with each step
of this power transfer while at the same time achieving a desired level(s) of output power

P,,, and a tolerable level of distortion.

2.1.1 Drive Power Loss

The amplifier requires some reference signal in order for it to determine the output
waveform to generate. This signal consists of power delivered to and dissipated on the

device input port. The active device then generates a similar signal with greater power
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which it delivers to the output passive network. The gain — the ratio G, between the input
‘power P;, and the generéted power Pppp — is determined by a number of factors,
including the device technology, bias conditions, frequency of operation, and the
characteristics of the load presented to the device. Usually the gain of a power amplifier is

relatively high, and so the input power loss is of secondary importance to other losses.

2.1.2 Device Conduction Loss

All of the popular solid-state active devices in use today are controlled resistors of
some sort. To be more specific, the core of the device consists of a resistor! across the
output port whose conductance is varied by the instantaneous values of the input and
output waveforms. A simple device model appropriate for both bipolar and field-effect
devices is shown in Fig.2.3. Although this model incorporates the device output
‘capacitance C,, the analysis is generally simpler if this component is treated as being part
of the output passive network, so that the resistive control mechanism can be dealt with
independently of the passive parasitic components. Thus, in the following analysis any
reference to the active device current should be understood to mean the current Ij, through

the controlled resistance.

Input O

—O Output

Figure 2.3: Simple device model disregarding feedback parasitics.

The consequences of the resistive nature of the control mechanism in active devices

has important implications in the design of high-efficiency power amplifiers. First, any

1. Most treatments introduce the transistor as a dependent current source rather than a dependent
resistor. If the device operates as a current source, the resistor model is valid using R(¢) = V(£)/1(1).
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power absorbed by this resistance is truly dissipated, rather than stored for later recovery,
motivating the desire to have as little power as possible being absorbed into the drain of
the device at all times. This knowledge also allows the simple calculation of the power
dissipated by the device as the product of the drain voltage V,; and the drain current 1. To
find the average power loss, the mean value of this product should be used. In the
narrowband case, the waveforms may be assumed to be periodic with frequency fj and so

this average, Ppp, may be taken over a single cycle:

174,
Ppp=Pppc—Ppre = o I gV ) at 23)
0
In most cases, the conduction loss of the amplifier is the largest source of dissipation,
as the designs which are most commonly used tend to have significant times during which
the drain voltage and current attain high values simultaneously. If reducing the loss were
the only consideration, however, it would be desirable to ensure that whenever the drain

current is significant that the drain voltage is nearly zero and vice-versa.

2.1.3 Output Network Loss

Although not étrictly necessary in all applications, amplifier design tends to demand
the use of a network of passive, usually linear, devices between the active device and the
load. The primary purpose of this network is usually to perform an impedance
transformation so that the device is presented an impedance more compatible with the
device characteristics and design goals than the desired load impedance. The second
purpose served by these networks is to provide some level of signal filtering so that
out-of-band distortion products and spurious signals are not delivered to the load. Finally,
in high-efficiency amplifiers employing harmonics in the voltage and current waveforms,

the network provides waveshaping by selectively tuning the harmonic impedances.
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To vse‘e why impedance transformation is necessary, it is worthwhile to consider its
effect on amplifier efficiency and maximum output power. ConsideLr a -narrowband
class-A amplifier wherein the active device is a MOSFET operated as a controlled current
source with output resistance r,,,,. Suppose that the drain voltage V; must not exceed 10V
due to device breakdown limitations and that it is desired to achieve 1 W of output power

into a 50 load. The requiredc ac voltage signal on the load may be computed:

Ve = N2-(50Q)- (1W) = 10V (2.4)

Unfortunately, if the load presented to the transistor is the 50€Q2 load, this ac voltage
signal in class-A operation requires a peak voltage of at least 2v_, or 20V. In fact, the

maximum output power achievable in class-A operation under these constraints is:

2
- G
Pou = 51500 = 02V (2.5)

Now consider the case wherein it is desired to achieve the 1 W output power using a
fixed supply voltage of 100V using a MOSFET capable of withstanding 250V. If the 502
load is directly presented, the voltage swing will again be £10V and the current swing
will be £200mA . The resulting minimum bias current for class-A operation is 200mA,

and so the dc power consumed from the supply will be:
P, = (100V)-(200mA) = 20W (2.6)

This represents an efficiency of only 5%, due primarily to the fact that the dc voltage is
unnecessarily high for the small ac voltage swing required. If the supply voltage is fixed
by other constraints, the efficiency must be improved by means other than reducing the

supply voltage.

In order to achieve the desired output power and efficiency respectively, the 50Q load
must be transformed into a more desirable impedance. In the first case, the impedance
presented to the MOSFET must be lowered, so that the output power can increase without

increasing the peak voltage. In the second case, the impedance must be made higher, so
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that the voltage can achieve a full £100V drain voltage swing without increasing the

output power.

This transformation can be accomplished by any number of well-known passive
networks, such as coupled-inductor transformers, resonant lumped element networks, and
many varieties of transmission line networks. Each has the same purpose, shown in
Fig. 2.4, that being to transform its input power at one impedance into output power at

another.

S ] —
A NI 1:N I )
= ‘: Vieaa/N foad | Impedance i 7 Rioad

i Transformer J

Figure 2.4: Impedance transformer component.

As will be shown later in this chapter, the efficiency of an amplifier generally
improves with increasing generation of harmonics. Even in the event that harmonics are
not intentionally generated to improve efficiency, the nonlinearity of most active devices
is often sufficient to generate enough harmonic power to be troublesome in
communications applications. It is usually undesirable to allow these harmonics to reach
the load, and so the output passive network is often also used to filter the undesirable
harmonic components out of the signal. In harmonic-tuned amplifiers, the network not
only serves to reject the harmonic transmission to the load, but also will present desired
impedance levels to the active device at some of the harmonic frequencies, allowing the

designer a means to control the waveform shapes.

Unfortunately, the impedance transformation and filtering functions do not come
without cost. The network will introduce additional power loss, degrading the overall

efficiency. Generally, the efficiency of this network gets worse as the impedance
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transformation ratio is increased, the harmonic rejection is increased, and the number of

tuned harmonics is increased.

2.2 Efficiency Measures

There are several measures of amplifier efficiency in general use today. The simplest
is probably the drain (collector) efficiency, denoted here as Mp, which is defined as the

ratio between the output power P, and the dc power consumed Pp:

P

np= 2.7

P DC
This measure is appropriate in situations where the amplifier gain is high or where the
input power comes at no cost, and can therefore be safely ignored. Additionally, the drain

‘efficiency is useful in evaluating the conduction loss in isolation of input power loss.
Since the drain efficiency ignores the effect of the input power, this measure helps mea-
sure the ’effectiveness of the amplifier in avoiding dissipation on the controlled resistance
of the output port. Since this loss is significantly affected by choices made by the designer,
such as the class of operation used and the harmonic tuning employed, the drain efficiency

measures the effectiveness of this design choice in isolation from the device gain.

Somewhat less commonly used, but of perhaps more physical significance, is the zotal
efficiency, denoted here as g which is simply the ratio between the output power P,,,
and the sum of all powers delivered to the amplifier. Using the simplified model of

Section 2.1, this would be:

P
out
NrE5—op— (2.8)
P in +P dc
By truly evaluating the effectiveness of the net power flow in the amplifier, this
measure can be used to measure the effectiveness of an amplifier in reducing the need for

heat removal. This can be seen by noting that the total dissipated power is a simple

function of the total efficiency and the output power:
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o ; _(1 L
Pdiss_PDC+Pin_Pout_(n__l)‘Pout (2.9)
T .
Finally, the most commonly used measure is the power added efficiency, or PAE. This

measure is computed as the ratio between the added power P, ,— P, and the dc power:

P__—P,
PAE=-°% "1 (2.10)
Ppe

An equivalent form for PAE is expressed in terms of the amplifier drain efficiency np and

gain G:

P P, i
PAE = "”’-[1— ’"J =1 (1—-) 2.11)
Prc P D G

ou

To see why this measure is useful and physically significant, consider a chain of N
‘amplifiers, each with the same drain efficiency np and power gain G. The efficiency of
such an arrangement can be computed. Counting from the final amplifier, k=1, to the first

amplifier k=N, the input power of the it amplifier is found to be:

P
P, (k) = 2 : (2.12)
Gk

The output 'power'of each stage is simply the input power of the next stage:

P
P, (k) = ,f_‘f’l (2.13)
G

The dc power consumed by each amplifier can be computed using the drain efficiency:

P
Py (k) = __out_ (2.14)

Thus the total dc power consumed by the chain is:
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N . -4
_ _ out G
Ppc = 2 Ppc® = (nD]' L
k=1 G

The total input power is simply the input power to the first stage:

out
P. =

Now the three efficiency measures may be computed:

14‘D,chaz‘n:nD'(l_%;) [ ]CV;N ]

G -1
:PAE_( Gchain J
Gehain=1
p (1-1 ¢"
N7, chain =MD ' ~ @) m—)
D

— PAE- [ Gchain }
Gchain —(1- nD)

- 1) _
PAE, . = nD-(l —.(-;) = PAE

14

2.15)

(2.16)

@2.17)

(2.18)

(2.19)

As can be seen from (2.19), the PAE of the amplifier chain is identical to the PAE of each

individual amplifier in that chain. Additionally, if the gain of the chain is sufficiently high,

both the drain efficiency and the total cfﬁciéncy of the chain approach the PAE of the

individual amplifiers used, as can be seen from (2.17) and (2.18). Thus PAE is an effective

measure of the efficiency that could be achieved using a chain of similarly performing

amplifiers.
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2.3 f Some Important Relationships

Before discussing in detail the various strategies which are cominonly émployed to
implement power amplifiers, some helpful theorems regarding fundamental power
amplifier limitations will be presented. Again, it should be understood that the amplifiers
in question are assumed to be narrowband in nature, i.e. the desired output can be
accurately modelled as a slowly changing sinusoidal signal so that the signals present in
the circuit can be assumed to effectively consist only of this fundamental frequency
sinusoid and its harmonics. Additionally, the output passive network is assumed to be a
linear and time-invariant (LTT) circuit. There is assumed to be only one power source
present, which is a dc voltage (or current) generator. Although some of the conclusions
drawn in the next few sections may seem trivial, it is important to keep them in mind as
even these simple conclusions provide fundamental limitations on power amplifier

performance.

2.3.1 Power Flow Relationships

A generalized power amplifier can be seen in Fig. 2.5. The amplifier consists of a
three port LTI matching network with the active device connected to port one, the dc
power supply connected fo port two, and the load connected to port three. The voltage and
current on the device port are denoted ¥, and I, respectively, the voltage and current
on the supply port are denoted V,, and I, respectively, and the voltage and current on

the load port are labelled V), and I, respectively.

As the amplifier is narrowband, the voltages and currents on these ports can all be
represented by a Fourier series consisting of the desired fundamental frequency f; and its

harmonics:

oo

Vaer = Vet Y. v cos(k 0 +0t) (2.20)
k=1



2.3. Some Important Relationships 16

A <T— LTI I—" A
—|k: Vi o Passive 28 Vioas 2 Rioag
v Network &

Figure 2.5: Generalized single-transistor power amplifier.

L, =Inc+ Z ip - cos(k-0+p,) 2213

k=1
where the v;’s are the voltage harmonic amplitudes, the i;’s are the current harmonic
amplitudes, the oy,’s are the phases of the voltage harmonics, the B;’s are the phases of the
current harmonics, Vp is the dc voltage, Ip - is the dc current, and 0 is the normalized

time variable defined as:
6 = 2mf,t (2.22)

Since the matching network is both passive and LTI, it cannot generate power at any
harmonic, nor can it convert power from one harmonic to another. It can, however,
dissipate some portion of the power at each frequency. These conditions can be stated

precisely:

Pdev[k] & Psup[k] * Pfoad[k] # Pdiss[k] =0

(2.23)
Vke {0...0}

where P, [k] is the power delivered to the active device at the k™ harmonic, Pg,plk] is the

power delivered to the dc supply at the it

harmonic, P,,,[k] is the power delivered to the
load at the &™ harmonic, and P, [k] is the (non-negative) power dissipated by the match-

ing network at the k™" harmonic.
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The dc power source enforces a constant voltage (or current) on its port, and therefore
it cannot dissipate or deliver power except at dc. Since it is the only power source in the

system, presumably it is delivering power, and so Py,,[0] must be negative:

P, [k]=0

L o (2.24)
Vk#0

P, [0]<0 (2.25)

The load is passive and linear, and so the power absorbed at each harmonic must be

non-negative:

_ Pload[k] 20 )

(2.26)
Vke {0...}

The active device, being the only non-LTI device in the system, is the only means by
which power can be converted from one frequency to another. It is not, however, a power

source, and so the net power absorbed by the device must be non-negative:

Z P, k120 (2.27)

, k=0
There are several conclusions to be drawn from (2.23) - (2.27). The first observation is
that the power absorbed by the active device P, [k] must be non-positive except for dc

since there are no other power sources in the system at these frequencies:

P, [k]<0
N (2.28)
Vk#0

Constraints on the output power can now be found. Combining (2.23) with (2.24) and

(2.27). Keeping in mind that P, ,,[1] is the useful generated output power P,

o0

Pous S P 01+ Z P, Jk1—Pg 1] (2.29)
k=2
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This relationship is already useful, showing that generation of harmonic power by the
active device degrades the efficiency, consisting of (at best) merely wasted power at
undesired frequencies. This will have an effect on the selection of device waveforms later.

The felationship can be strengthened by utilizing (2.28):
PSPy l0] (2.30)

which simply indicates that the output power cannot exceed the dc power supplied to the
active device. Although seemingly obvious, this also has important implications on wave-

form selection.

2.3.2 Waveform Limitations: Power Consumption at Harmonics

The results of the previous section, although useful, can be made more explicit in
_terms of the actual active device waveforms. In particular, using (2.20) and (2.21), the
P4, [k] terms can be explicitly speéiﬁed in terms of the harmonic components of the

device waveforms:

P, 101 = Vpolpc (2.31)

I
Pdev[k] - ivklkCOS((xk"‘ Bk) (2 32)

'

Yk#0

Using these relations, (2.29) becomes:

1 .
P, <Vpelpet 5 vkzkpos(ock—ﬁk) — P, [1] (2.33)
k=2

'

all negative terms

Similarly, (2.30) becomes:

P,.+<Vpclpc (2.34)
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7 The'se two relationships establish what should be intuitive, but should still be kept closely
at hand during the quest for high-efficiency amplification. Since power must be con-

served, the device Waveforms will aiways be such that the output power is at most equal to
| the do power consumed minus the power generated at the harmonics.

Since generated harmonic power leads to reduced efficiency, it is advisable to
establish the conditions which can be imposed in order to eliminate this loss. From (2.32),
the conditions on the harmonic components rendering the generated power at that
harmonic equal to zero can be found by inspection. If either the voltage or the current
amplitude at that harmonic is equal to zero then the power generated is zero. Likewise, if
the phase angle between the voltage and current is +90° there will be no power generated
at this frequency. Since the design of the matching network is under the control of the
designer, and since the network connected to the active device is LTI, the characteristics
' of the load are uniqﬁely specified by the input impedance presented by the network to the
active device. This impedance Z,[k] is independent of the active device or the drive
conditions, and places necessary constraints on the relationship between the voltage and

current harmonics:

v
Z, [kl = i-[cos(o&k—ﬁk) +j - sin(o— Byl (2.35)

Using the above conditions on the waveforms, the conditions on the load network
making the harmonic dissipation zero can be found. If the voltage amplitude is zero (and
the current is nonzero), the input impedance is short-circuit. if the current amplitude is
zero (and the voltage is nonzero) the impedance is open-circuit. If the phase angle
difference is £90° then the impedance is pufely reactive. The only other possibility is if
‘both the voltage and the current are zero due to the harmonic not being excited by the
device. In this case, the input impedance at that harmonic has no effect. Again, the
- conclusion reached is obvious in retrospect: By adjusting the input impedances at the

harmonics to be cithér purely reactive, open-circuit, or short-circuit, the waveforms will
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necessarily be such that the power generated at the harmonics will be zero. The only other

means to eliminate harmonic power generation is to assure the harmonic is simply not

excited by the device.

One final waveform constraint is that, due to the essential resistive nature of the active

device, the device voltage and current waveforms must at all times have the same sign as

each other. If at any time, the voltage and current were to have opposite sign, the device

would be delivering instantaneous power into the load.

In‘summary, the following principles should be kept in mind:

Physicality constraints:

L]

The output power may not exceed the dc power delivered to the device.

The output pdwer may not exceed v - .

Waveforms should not be such that harmonic power need be delivered to the
device.

The waveforms should be such that v, i, cos(oy — ;) is less than or equal to zero
forall k#0.

The voltage and current waveforms should always have the same sign, so that the

voltage is never positive when the current is negative and vice-versa.

Efficiency considerations:

Generation of harmonic power by the active device either increases the dc power
consumed or decreases the output power, thereby reducing efficiency.

To minimize the harmonic power generated, the device waveforms should either
have no voltage at that harmonic, no current at that harmonic, or the phase angle
o.-P between the voltage and current components at that harmonic should be 90°.
Harmonics for which current or voltage exist in the waveforms should be tuned so

that the device is presented with a pure reactance, a short-circuit, or an open-circuit.
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Failure to keep in mind these seemingly obvious lessons can result in a designer
choosing device operating conditions that are either non-physical or that have

performances below initial expectations.

2.4 Efficiency of Common Amplifier Classes

2.4.1 Transconductance Amplifiers

The simplest and most common types of amplifiers are transconductance amplifiers.
In these amplifiers, the active device is operated as a current source whose current is
dependant almost entirely on the voltage presented to its input. This is made possible by
the propensity of solid state devices to contain large regions of their transfer characteristic

wherein the output current is largely independent of the output voltagel.

Typical output characteristics of a solid state active device, applicable to both bipolar
and FET devices, is shown in Fig. 2.6. The plot consists of three regions, called here the
triode region, the transconductance region, and the breakdown region. In the triode
region, the device conducts large currents with relatively little voltage drop, and the
current is very sensitive to the drain voltage Vp, increasing rapidly as this voltage is
increased. In this region, the device acts effectively as a controlled resistor. Upon applying
sufficiently large drain voltage, the device enters the transconductance region, wherein the
device’s current becomes insensitive to the drain voltage, being determined almost
entirely by the input voltage V,. In this region, the device acts effectively as a controlled
current source. The voltage at which the transition occurs between the triode and
transconductance regions is generally known’as the knee voltage, V. As can be inferred

from Fig. 2.6, this voltage is usually to some degree dependant on the drive level.

1. Most of the analysis in this section is also applicable to linear amplifiers constructed of devices,
such as triode vacuum tubes, that do not effectively behave as transconductors. Such devices are en-
_ countered rarely today, so the specific case applicable to solid state devices is presented here.
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Upbn' application of enough further voltage, the device enters a bregkdown regime.
This region is almost always to be avoided as it is accompanied by very high currents in
conjunction with high voltages, and so leads to high power dissipation and often
perfdrmance degradation or destructive failure of the device. The voltage at which the
transition into this region occurs is usually referred to as the breakdown voltage, V. Like

the knee voltage, this value can also be somewhat dependant on the drive level.

increasing
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Figure 2.6: Typical active device output port characteristics.

The fourth “region” of operation is the subthreshold region. This region is entered by
lowering the input signal level sufficiently so as to effectively reduce the device’s
conductivity to zero. In this region, any voltage up to the breakdown voltage will

essentially conduct no current.

Typical transconductance amplifiers are constructed using a circuit functionally
similar to the circuit in Fig. 2.7. The active device is used as a current source, driving a
controlled current into a load network consisting of a harmonic filter and the resistive load
to be driven. The harmonic filter is constructed so that its impedance at the fundamental
frequency is very high, whereas the impedance at the harmonics is low. Typically, this
filter is a parallel inductor/capacitor filter tuned to be resonant at the fundamental
frequency. Using this arrangement, the impedance presented to the active device at the

fundamental frequendy is simply the load resistance, whereas the impedance at the
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harmonics is much lower due to the filter. This has the effect of forcing the voltage across
‘the output of the active device to be effectively sinusoidal for alm;)st any current
waveform driven by the active device, as the fundamental harmonic component of the
‘current waveform is passed into the load resistance, whereas the higher harmonics of the
current are passed through the much lower impedance of the filter and are therefore their

representation in the voltage waveform is significantly reduced.

Chok
” oxe Filter: Open for fundamental
Short for other freq.

_.;;v gig/ i

Figure 2.7: Transconductance amplifier circuit topology.

As the essential shape of the voltage waveform is constrained, the primary means
whereby the amplifier performance may be varied is by modification of the current
waveform used. A more complete discussion [1] of the various considerations involved in
this choice would surely exceed the scope of this work, but the following sections

highlight the effect that the most common choices have on the amplifier efficiency.

24.1.1 Class A

‘In class-A mode, the active device is biased so that the device is continuously
conducting current at all times. Ideally, the current through the device should duplicate
exactly the shape of the input voltage signal and the dc bias current should be sufficient to
ensure that the device continuously conducts positive current, and that the device remains
at all times in the transconductance region, i.e. the voltage never falls below the knee

voltage. Additionally, the waveforms should have a sufficiently low peak voltage to keep
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the device out of the breakdown region. For the narrowband case, class-A waveforms and

load line are shown in Fig. 2.8.
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Figure 2.8: Class-A drain waveforms (a) and load line (b).

The maximum efficiency of a narrowband class A amplifier can be computed readily.

The current waveform in this case is a sinusoid varying from zero to 2/
Similarly, the voltage is a sinusoid varying from the knee voltage Vy and Vy,:

P = ka+
D 2

Using (2.36) and (2.37), the dc power delivered to the transistor is:

V") - (Vb"; V") sin(o7)

V.,+V
_ st Vi
Pye IDD'(_Z_')

Similarly, the rf power delivered to the load is:

Vi =V
Pout - l 'IDD ) ( = k)
2 2

The drain efficiency is then found to be:

(2.36)

(2.37)

(2.38)

(2.39)

(2.40)
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2.4.1‘.2‘ Class AB, class B, class C

In order to further increase the efficiency of the transconductance amplifier, it is
’ hecessaryt to have at least one of the waveforms be non-sinusoidal. One common approach
is to keep the voltage ‘waveform the same as in the class-A approach, but change the
current waveform so that there are periods of time wherein the active device is in a

non-conducting state.

There are several advantages of this technique. First, the distortion of the current
waveform can be readily generated by simply lowering the input bias to the active device
so that the input voltage is sufficiently low during a part of the cycle to turn the device
fully off (i.e. bring it into the subthreshold region). Thus, a sinusoidal input signal may
still be used, and the input bias adjusted to vary the time during which the device is open.
.Additionally, by having a sinusoidal voltage waveform, the harmonic filtering

requirements are relaxed.

The waveforms and load-line for such an amplifier are shown in Fig. 2.9. The voltage
waveform is sinusoidal as in the class-A case, but the current waveform has a period of
time during which the current is zero (i.e. the device is acting as an open-circuit). As can
be seen, this occurs during the time where the voltage is maximum, and so removing the
current during this portion of the cycle can have a dramatic impact on the efficiency of the
amplifier. This effect can also be seen in the load line, which shows the device spending
the times of highest voltage in the subthreshold region, causing the line to bend away from

the high loss areas of simultaneous high voltage and current.

Clearly this strategy represents a continuum of amplifier operating conditions running
from the élass-A case wherein the device is conducting for all but a single point in the
éycle to very exfreme cases wherein the device is conducting only for short pulses. In
order to sensibly discuss these various cases, a terminology has been developed to classify
these operating conditions. Class-A is used to denote the amplifier which conducts for a

full cycle, class-B operated devices conduct for exactly half of the cycle, and class-C
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Figure 2.9: Class-A/B waveforms (a) and load line (b).
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Figure 2.11: Class-C waveforms (a) and load line (b).

Vbh’

operated devices conduct for less than half of the cycle. Similarly, the term class A/B is

often used to denote devices which are non-conducting for less than half of the cycle.

Representative waveforms and load lines for these operating classes can be seen in Figs.

2.81a 2.11.
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The efficiency achievable by this range of amplifiers is readily computed in a manner
similar to the class-A case developed in Section 2.4.1.1. For the sake of brevity, the full
analysis will not be given here, but a thorough treatment can be found in any number of

texts, [e.g. 1]. The results are as follows:

1 1*Vk/ka oL — sinot
np = 5-[ [ = } (2.41)

1+V/ V| L2sin(a/2) —ocos(0/2)

1 oL — sinot Vi
= | R [ ) et P 2.42
Pout 8T |: 1 -coso/2 } [ ka} bk “max (2.42)
where o is the conduction angle defined to be the total number of radians during the cycle
wherein the device is conducting, V7, is the maximum voltage in the device waveforms,
and /

max

Fig. 2.12.

is the maximum current in the device waveforms. These results are plotted in

0.16
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Figure 2.12: Drain efficiency (blue) and output power (red) vs. conduction angle. The
lighter shaded curves represent the ideal case where the knee voltage 1s
zero, whereas the darker represents the case where the knee voltage is 20%
of the breakdown voltage.

As can be seen, the efficiency of the amplifier can be increased arbitrarily by reducing

of the conduction angle to increasingly concentrate the current into those parts of the cycle
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where the voltage is ldw., Unfortunately, the effect of this concentration is that either the
\output vpower must be »redu’ced or the peak current must increase, as is reflected in the
falling red normalized output power curve in Fig. 2.12. Additionally, since the conduction
angle is normally reduced by decreasing the bias voltage on the device input, the input rf
amplitude must be increased as the conduction angle is reduced if the peak current is to
remain the same. This effectively reduces the gain of the amplifier, making this technique

limited to use only where the device gain is relatively high.

2.4.2 Saturated Transconductance Amplifiers

Although the analysis presented in Section 2.4.1 assumes that the device voltage will not
drop below the knee voltage ¥} at any point during the cycle, this is not a necessary condi-
tion. An amplifier which is currently operating with the minimum voltage at the knee
voltage can certainly be driven with a yet larger input, and it might be supposed that the
efficiency might increase under this condition. The question then arises as to how the

device waveforms will change under this overdrive condition.

The effect can be readily evaluated by remembering that the knee voltage is defined as
the transition between the transconductance and linear regions of the device operating
characteristic. If the amplitude of the voltage waveform is to increase, and if the resonator
forces the voltage to remain sinusoidal, then the voltage will be forced to drop below the
knee voltage and the device will enter the triode region. Since the current in this region is
always lower than the current that would bé expected from the device for the same drive
level, had the voltage been high enough for it to be operating in the transconductance
region, the current wayeform will begin to distort due to current reductions during the
times where the voltage is below the knee. This effect can be seen in two example device

waveforms of Fig. 2.13, a class-A example, and Fig. 2.14, a class B example.

This wéwgform distortion has several effects. Most obviously, the output power is
higher, which is readily seen since the amplitude of the voltage waveform has been

increased. The effect on efficiency is not so easy to evaluate, however. The distortion of
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Figure 2.13: Saturated class-A waveforms (a) and load-line (b).
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Figure 2.14: Saturated class-B waveforms (a) and load-line (b).

the current waveform has resulted in a redistribution of the current away from those times
wherein the voltage is lowest, tending to reduce the efficiency. At the same time, the
voltage for all points in the “negative” half of the cycle is reduced, so that the loss
associated with this part of the cycle where the currents are the highest will to decrease,
tending to increase the efficiency. The overall effect on efficiency is a result of these two
processes, the net effect being to increase the efficiency very slightly for small levels of
overdrive but to actually reduce it for significant levels of overdrive. The benefits in
efficiency and output power for overdriving this type of amplifier are relatively modest,
and the performance after design optimization is usually similar to the non-overdriven

case analyzed previously [1].
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2.4.3 Saturated Amplifiers with Harmonic Tuning

In evaluating the saturated amplifier in the previous section, it should be clear that the
‘principle Shortcdming 6f the téchnique is its insistence on kéeping a sinusoidal voltage
waveform. This limits the fundamental voltage component of the voltage waveform to an
absolute maximum of Vpi/2, limiting the achievable output power for a given peak volt-
age. More importantly, it limits the time period during which the voltage is near zero to
only the small portion of the conduction angle where the sinusoidal voltage is at a mini-
mum. In order to improve efficiency, then, the designer is forced to concentrate the
device’s current into this time period in order to achieve efficiency. Since the average (dc)
current must be kept high enough to supply the active device with dc power according to
(2.34), the peak current then must be made very high, causing excessive device strain and

a lower achievable output power for a given peak current level.

In order to achieve additional efficiency under overdrive conditions, it is necessary to
allow the waveform to take on non-sinusoidal shapes. Conceivably, under such relaxed
constraihts, the voltage waveform may be able to also take on a shape wherein it is nearly
zero for some considerable time during which the device conducts current, thereby
increasing the efficiency in much the same way as is done by reducing the current
waveform duty cycle of transconductance amplifiers. By suitably adjusting the drive
conditions and the impedances presented to the active device at the harmonic frequencies,
harmonics could be added in the correct amplitude and phase so that the valley of the

voltage waveform becomes “flatter”.

“There are any number of ways of doing this [17-19], but perhaps the most
conceptually simple and certainly the most well studied is the class-F amplifier [15,16,1].
The basic idea of the class-F amplifier is to start with the class-B amplifier explored in
Section 2.4.1.2, and begin to add odd harmonics to the voltage waveform so that it begins
to increasihgly resemble a square wave. Since the half-sinusoid current waveform
- contains no even harmonic overtones, the impedance at these added odd harmonics should

be tuned to open—éircuit, in principle allowing the harmonic voltages to exist without
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harmoruc currents. The class-F amplifier, then, attempts to achieve an N harmonic
approx1mat10n to a square Voltage waveform by open-circuiting the odd overtones up to
the N harmonic. As in the class-B case, the even harmonics are tuned to short-circuit,
“allowing the even harmonics in the half-sinusoidal class-B current waveform to exist
without resulting in undesirable even harmonic voltages. A circuit implementing this

tuning is shown in Fig. 2.15.

3
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Figure 2.15: Class-F circuit conceptual implementation.

Although it is not at first obvious what the amplitudes and phases of these odd
harmonic voltage components will be under the idealized class-F conditions, the effect
under real conditions is that the harmonics arrange themselves in order to flatten the
bottom of the voltage waveform due to the sharp change in the incremental conductivity

between the triode and transconductance regions [15,24]. Due to the symmetry of the odd
| harmonics, this flattening of the bottom of the voltage waveform results also in a
flattening of the waveform top. Idealized results, assuming maximally flat [24] voltage
waveforms for various class-F amplifiers are shown in Fig. 2.16. Results assuming a
somewhat less realistic efficiency-optimal distribution of harmonics shows a similar

pattern [25].

The advantages of class F are twofold. First, and most obviously, the desired
efficiency increase is achieved. In principle, the efficiency increases as more harmonics

are tuned, approaching the ideal of 100% for the case where all of the harmonics are tuned
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Figure 2.16: Maximally flat class-F waveforms (a) and load-lines (b), showing curves
for the cases N=1 (i.e. class B), N=3, N=5, and N=9. For sake of simplicity,
the effect of the knee voltage is neglected.

making the voltage a true square wave. As can be seen from the load lines in Fig. 2.16, the

efficiency improvement is accomplished by increasingly pushing the load line out of the

transconductance region, so that the active device is acting more and more like a switch,

i.e. it is spending more time in regions of very high or very low conductivity. The

efficiency of the idealized maximally-flat class-F amplifiers tuned up to various numbers

of harmonics N, from N=1 (i.e. class-B) to N=19 is shown in Fig. 2.17.
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Figure 2.17: Efficiency of maximally-flat voltage waveform class-F amplifiers with
half-sinusoidal current for various numbers of voltage harmonics tuned.

The second potential advantage allowed by the class-F approach is the increase in
output power which can be achieved without increasing the peak voltage or peak current.

Since the fundamental frequency amplitude of a square wave is a factor of 4/m greater than
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the peak value of the square wavefofm, the voltage delivered to the output can be
increased by the same factor without increasing the peak voltage. This results in a
potential increase in output power by 27% — about 1 dB. This increase in output power
while simultaneously increasing efficiency clearly distinguishes the class-F efficiency
enhancement technique from the more traditional class-C approach, wheremn output power
is traded for efficiency. This effect can be seen in Fig. 2.18, plotting the normalized output

power vs. efficiency for transconductance and class-F amplifiers.

Class F//Qi
&

k-3

87.5

i
Transconductance #
Amplifiers

X
75 Class B * \
62.5
Class A /
50 T ; ™~

0 0.05 0.1 0.15
Normalized OQutput Power

Efficiency (%)}

Figure 2.18: Efficiency vs. normalized output power for transconductance and class-F
amplifiers. The output power is normalized to constant peak voltage and
peak current.

There are also disadvantages to the class-F approach. Most obviously, the promise of
increasingly higher efficiency can only be bought with increasing circuit complexity [26]
as more resonators are required with each additional tuned harmonic'. This added circuit
complexity not only increases the cost of the device, but the additional tuning elements
inevitably add their own loss. Due to this factor, at some point increasing the number of

tuned harmonics will actually decrease the overall amplifier efficiency as the reduced

I. There is a very elegant circuit [27] utilizing a quarter-wave transmission line which, in principle,
achieves the required tuning for all harmonics using this single tuning component. This circuit fails,
however, to account for the active device output capacitance, and as such is useful only when this
capacitance is negligibly small.



2.4. Efficiency of Common Amplifier Classes : , 34

conduction loss of the active device is less than the increased loss of the more complex

‘output matching (and tuning) network

Another disadvantage is the lack‘ of a simple means to incorporate the active device’s
outpuf capacitahce into the tuning network. Although the circuit presented in Fig. 2.15
seems simple enough, this kind of implementation strategy is effective only if the active
device output capacitance is small enough to be neglected, i.e. the conductance it presents
is small enough to be considered “open circuit”. Unfortunately, this is almost certainly not
the case, and so even the circuit of Fig. 2.15 is inadequate in most situations. In order to
achieve the class-F tuning in the presence of a reasonable output capacitance C,, the
designer is forced to design a network presenting a conductance of -jwC; at the tuned odd
harmonics. Such networks can certainly be designed, but the design is less straightforward
and the tuning of the various harmonics tends to be more interactive. In light of these
disadvantages, it is relatively rare to see class-F amplifiers tuned higher than the 3rd
harmonic. In essence the diminishing returns of the additional harmonic tuning makes the
additional cost and effort unjustified. Nonetheless, the additional efficiency to be had [e.g.
28] by even this low-order tuning makes this amplifier and its recently popularized dual,

class F! [17,20], a subject of some recent interest [29,30].

2.4.4 Switching Amplifiers

Since the additional efficiency of harmonic-tuned saturated amplifiers seems to lie in the
keeping the active device out of the transconductance region of simultaneously high volt-
age and current, the natural thing to do is to attempt the design of an amplifier that spends
absolutely no time (or at least a very small fraction of the time) in this region. Such an
ampliﬁer would employ the active device as a switch, driving it with a sufficiently large
input signal so that it is either in the completely open subthreshold region or in the low
resistance triode region at all times. By doing this, the active device literally forces the
voltage and current waveforms to be non-overlapping, in principle allowing 100% effi-

ciency to be achieved not just asymptotically as in the class-F case, but in practical and
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realizable circuit configurations. It is this type of amplifier which is the focus of the
remainder of this dissertation, and the remainder of this chapter is meant to give a short

overview before the more careful examination of the next chapter.
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Figure 2.19: Generalized switching amplifier, showing power flow.

£ in
5
T —_—

O.'—
O~

—

A generalized single-ended switching amplifier is shown in Fig. 2.19. Not
surprisingly, it is identical to the generalized power amplifier discussed earlier, except that
the active device is explicitly a controlled switch. Thus the active device alternates
between states of high conductivity (switch “closed”) and high impedance (switch
“open”) in a manner controlled by an input signal. In the narrowband case, the switch is
assumed to be driven periodically, usually as a square wave, i.e. the switch is “open” for a
half-period, then closed for a half-period, etc. Practically, this can be achieved by
choosing a very large active device and providing it with a sufficiently large sinusoidal or
square-wave input signal. If this is done, the resulting waveforms, whatever they turn out
to be, will contain one duration of high-current and low voltage, and a second of
high-voltage and low current. The actual shape of the high-voltage and high-current
portions of the waveforms remain to be determined (this will be the primary objective of
chapter 5), but this property of non-overlapping voltage and current waveforms is enough
to promise an ideal device efficiency of 100% and a load-line that spends no time in any
region wherein the active device dissipates any power. Hypothetical voltage and current

waveforms meeting this condition and their resulting load-line are presented in Fig. 2.20.
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Figure 2.20: Switching amplifier conceptual waveforms (a) and load-line (b).

Unfortunately, switching amplifier design is not as simple as drawing non-overlapping
voltage and current waveforms and declaring the efficiency to be 100%. The first
stumbling point is the non-achievability or non-desirability of the vast majority of
arbitrarily drawn waveforms such as these, due to the waveform constraints developed in
Section 2.3. In particular, it is likely that the arbitrarily selected waveforms will be such
that they require the active device to be either receiving or delivering power at some

!, resulting in non-achievable (efficiency > 100%) or a non-desirable

harmonic overtone
(efficiency < 100%) waveforms respectively. For instance the hypothetical nearly
half-sinusoid waveforms shown in Fig. 2.20 have an output power exceeding their dc
power consumed. The additional power would need to be supplied to the active device at
higher even-harmonic frequencies, making these waveforms nearly impossible to achieve
in practice since only dc supplies are normally available. If the hypothetical waveforms
had been two square waves, on the other hand, the position would be the reverse and the
active device would be forced to deliver power at odd harmonic overtones, making these

waveforms perfectly achievable, but limiting their efficiency to below 100% (in this case,

8/1 = 81%).

1. It should be noted that, if the output passive network is not LTI, these waveforms could in prin-
ciple be achieved since the passive network could convert power from one frequency to another.
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A clever designer might hope to avoid these problems by making use of the waveform
limitations as stated in impedance form. Such a designer might hope to simply design a
load network with purely reactive impedances at the harmonic overtones and take
whatever waveforms he gets, knowing that the harmonic power related issues will not be a
problem. The new stumbling point is then encountered: Not all waveforms are equally
desirable. If the harmonic impedances are tuned to arbitrary reactances, it is likely that the
waveforms will be very poorly behaved. For instance, the waveforms might have very
high peak values relative to the output power, resulting in excessive device stress.
Likewise, the shape of the waveforms helps determine such properties as the amplifier
gain and the dissipated power due to second-order considerations (developed in Chapter
4), and so an arbitrarily selected reactive tuning is likely to perform more poorly in these
respects than a carefully selected one. An example of undesirable waveforms is shown in
Fig. 2.21, wherein the designer has foolishly short-circuited the second, third, and fourth
harmonics while tuning the higher-order harmonics to a fixed capacitance. This results in
waveforms with extremely high peak values relative to the output power, and two
different occurrences of negative voltage, which most solid-state switching devices are

incapable of blocking..

oltage

Drain Voltage,
Drain Current

Current

Vi
\/ UV time
Figure 2.21: Undesirable switching amplifier waveforms.

Switching amplifier design has thus been relegated to use with tunings which are
well-known and thoroughly investigated. In this case there are really only four known

tunings, class D (closely related to class-F as will be seen in the next chapter) and its dual,
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Figure 2.22: Efficiency vs. normalized output power for transconductance, class-F, and
several switching amplifiers. The output power is normalized to constant
peak voltage and peak current.

current-mode class D (also known as inverse class-D or class D, along with class E

(also known as ZVS class E) and its dual, inverse class E (also known as class E'orzcs

class E). These classes will be introduced properly in the next chapter, along with a more

general treatment of switching amplifiers. Leaving the analysis aside for the moment, their
performance is plotted along with other amplifier classes in Fig. 2.22. As can be seen, the
efficiency achievable in-principle is always 100%, but their performance can vary

significantly with the tuning with regard to other measures (in this case, the

peak-normalized output power).



Chapter Switching Amplifier
Properties

To evaluate the performance and explore the tuning possibilities of switching
amplifiers, it will first be necessary to develop some of their general properties. This
chapter provides a basic analysis of the general properties of switching amplifiers,

followed by an overview of the several well-known switching amplifier implementations.

3.1 Fundamental Operation.
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Figure 3.1: Generalized switching amplifier.

The most general single-ended switching amplifier topology is shown in Fig. 3.1. This
topology contains a switch, loaded with an arbitrary linear time-invariant (LTI) passive
load network. Additionally, there must be a means of supplying dc power, so for the sake
of analysis an ideal choke (i.e. infinite inductance) is used for the supply connection. In
practical circuits, this dc feed is part of the output network, but for the purposes of this
analysis it is simpler to provide the same effect by use of this ideal choke. This removes all

power sources from the passive load network, so that from the switch’s perspective it can

9
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be treated as an effecﬁve one-port as indicated by the dashed box in the figure. As such,
the properties of this network are completely specified by its frequency-dependent port
impedance Z;,(®). The circuit’s internal construction is an important implementation

| issue, but as far as the operation of the switch is concerned, totally irrelevant

3.1.1 Periodicity

Under the assumption of narrowband operation, the switching pattern will be treated
as being effectively periodic, so that if at any time #; the switch is in a given state then for
all times nT+1t, the switch is in that same state, for any integer n and for some
fundamental period 7. Similarly, the waveforms will be assumed to be periodic, having

the same fundamental period.

By utilizing this assumption, the switch voltage and current waveforms, v, and i

respectively, may be expressed in terms of a Fourier series:

o

v(8) = Vpot Z v, cos (kB + o) 3.1
k=1

i\(8) = Ipct 3 igcos(k8+By) (.2)
k=1

for some values of the parameters V¢, Ipc,Vis ip. O, and By, and where the normalized

time variable 8 is defined as:

omrs = ok
e=2nf0t 2m (3.3)

3.1.2 Waveform Constraints

The determination the voltages and currents for the a switching amplifier can be
~reduced to determining the voltages and currents on the switch itself. Once these

waveforms are known, the other circuit waveforms follow readily using standard linear



3.1. Fundamental Operation. , , 41

network theory. Additionally, if the loss imposed by the switch itself is to determined, the
switch waveforms provide the necessary data for the calculation, as will be shown in the

next chapter.

Unfortunately, the switching waveforms are not found as easily as in the amplifier
classes discussed in Chapter 2. In transconductance amplifiers the current through the
active device is known a priori, and so the voltage waveform is simply the voltage
resulting from that known current forced through the known load impedance. In class-F
ampliﬁers, the waveforms are assumed to be composed entirely of low-order harmonic
components with simple constraints (such as being maximally flat at a certain point, etc.).
The solution for switching amplifiers is less obvious because the constraint imposed by
the active device is on the voltage waveform for part of the cycle and on the current
waveform for the remainder. Specifically, when the switch is closed the switch voltage v,
is forced to Zero, buf when open the current is i, forced to zero. If the set of times during
which the switch is conducting is denoted D and the set of non-conducting times denoted

5, then these conditions can be written as:
(0e D) = (v,=0) (3.4)

(6e D) = (i,=0) (3.5)

Aside from these two constraints, the switch makes no demands on the waveforms,
and so while the constrained portions of the waveform are trivial to generate, the

unconstrained non-zero portions require additional effort.

| It is intuitively obvious that the forrn of the non-zero portions of the waveform must be
determined somehow by the properties of the load network. The load network is LTI, and
therefore described completely by its frequency-dependent input impedance, and so the
only possible influence it could have on the waveforms is to demanding that, at all
frequencies, the ratio between the voltage and current on its port be equal its port

impedance. Since the waveforms only contain harmonic frequencies, this becomes a
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Figure 3.2: Switching amplifier waveforms after applying switching constraints.
Non-zero values of current and voltage are not yet determined.

constraint imposed only at the harmonics. Letting Z;, (k) denote the impedance at the i
harmonic:

o Ja =By
/ige " =2, (k) (3.6)

Vke {1,2,3,4,...}
Although this condition is easily written down, it is still not obvious how to apply it in
order to determine the waveforms. The difficulty lies in the fact that (3.6) is really an
infinite number of independent frequency domain conditions which must be reconciled
with the very tight time-domain conditions demanded by the switch. Considerable effort
has been exerted to solve for these waveforms even for specific cases such as the myriad
of class-E solutions [4,31-42] each solving for a slightly different circuit topology or using
different approximations and assumptions. Typically the solutions are derived in the time
domain using network theory, utilizing different simplifying assumptions for each
topology, making generalization or comparison difficult. To date, there has been no

known technique for solving this system exactly, although work has been done on solving

it under a finite-harmonic assumption [17].



3.1. Fundamental Operation. : : » 43

‘3.1.3 Treatment as a Time-Varying Linear Circuit

One interesting aspect of the switching amplifier is that it is, from a certain point of
view, a linear ciréuit. Usually, switching amplifiers are viewed as nonlinear circuits, since
there is a strong nonlinearity from the input to the output of the active device. For
instanbe, a sinusoidal signal driving the gate results in an obviously non-sinusoidal signal
on the draih, indicating strong generation of harmonics. Furthermore, the active device is
fully saturated so that changes in input amplitude have almost no effect on the output
amplitude, resulting in extremely high AM/AM intermodulation distortion between input
and output of the active device. In practical implementations, the AM/PM conversion is
similarly high.

The linearity on the drain side of the device, however, is a different case. If the switch
drive is treated as being an internal property of the switch so that it switches
autonomously, the resulting circuit is linear but time varying. The switch itself represents
two states, one with effectively zero conductance and the other with effectively infinite
conductance. From this definition, then, the switch can be treated as an autonomously
time-varying conductance surrounded by LTI circuit elements. Consider the current i(?)
through a time-varying conductance G(f) excited with a linear superposition of two

voltage signals va(t) and vb(t):

ig(t) = G() - [Av, (1) + Ayvp(D)]

(3.7)
= A LG (D] + A [G(1)v,y(0)]

As can be seen, a time-varying conductance is a linear device, since its response to a
linear superposition of stimuli is the linear superposition of the respbnses to the individual
stimuli. Since the other components in the circuit are also linear, the linearity of the
system follows. Thus, for any combination of stimuli — for instance, a changes in the bias
voltage or an injected harmonic-frequency currents — on the drain side of the circuit, the

response of the circuit may be computed as the superposition of the individual responses.
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This linearity has its most obvious effect on the behavior of the circuit for different dc bias
voltages, as will be explored in the next section, but it also allows the seemingly complex
problem of waveform solutions to be stated in the form of a linear algebra problem as will

be shown in Chapter 5.

3.1.4 Complementary Tunings

In developing the Wayeform constraints in Section 3.1.2, the switching amplifier
solution is converted into a set of mathematical constraints (3.4)-(3.6). In these
expressions, there is a certain symmetry between the current and the voltage. In fact, it is
possible to interchange the role of the current and voltage waveforms, thereby generating
a dual or inverse switching amplifier tuning. This can be done by simply inverting the
drive of the switch (so that the switch will be “on” at times where before it was “off” and
.Vise-versa) and by using a tuning network presenting, at each harmonic, an input
admittance numerically equal to the original load network’s impedance. To see this more

clearly, consider (3.1)-(3.6) rewritten as follows:

o0

i(8) = Ipe+ Z i cos (kB + o) (3.8)
' k=1
v(8) = Vpet Z v, cos(kB + B,) (3.9)
k=1
(BeD) = (i,=0) (3.10)
(8e D) = (v,=0) (3.11)
(o — By
.Eik/vk)ej P Y,-,,(k} (3.12)

Vie {1,2,3,4,...}



3.2. Scaling Properties 45

Clearly this mathematical specification is equivalent to (3.1)-(3.6), only with a
different physical interpretation of the various terms. As a result, for any switching
amplifier tuning, there is a dual tuning having the voltage and current waveforms
interchanged. To generate the dual amplifier, it is only necessary to invert the switching

pattern and to invert the impedances presented to the switch. This effect is shown in

Fig. 3.3.
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Figure 3.3: Dual amplifier waveforms. Original switching amplifier (a) and
complementary switching amplifier (b).

3.2 Scaling Properties

Setting aside for the moment the problem of solving for the waveforms of a switching
amplifier, it is now possible to investigate the general behavior of these solutions.
Supposing that the waveforms for one switching amplifier are known, it is useful to
understand how the waveforms would change under simple scaling conditions. This way,
if the waveforms can be found for a given case, cases which are scaled solutions may be

found with little effort.

3.2.1 Bias Scaling

The first scaling rule of interest is bias scaling. Consider an amplifier whose solution
is known for a given load network and dc bias voltage Vpc. Suppose it is desired to

determine the waveforms for the same amplifier when the bias is changed to AV~ for
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some real number A. Recalling from Section 3.1.3 that the circuit behaves linearly, the
scaled solution must be the original voltage and current waveforms each scaled by a factor
of . Specifically, if the un-scaled current and voltage waveforms are i(0) and v(0)

respectively, the scaled current and voltage waveforms 1,(8) and v4(8) will be:

1(8) = Ai () (3.13)
vs(8) = Av(8) (3.14)
or, stated as a causal relationship:
i.(8) = Ai (8)
Vi o AWl 23 8 (3.15)
pe e v(8) = Av (0)

This effect is shown in Fig. 3.4.
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Figure 3.4: Effect of bias scaling in switch voltage and current waveforms.

3.2.2 Impedance Scaling

The second scaling rule is impedance scaling. Consider an amplifier whose solution is
known for a given load network, presenting impedances of Z;,(k), and dc bias voltage.
Suppose it is desired to determine the waveforms for an amplifier operating at the same
bias voltage, but with a load network presenting impedances AZ;,(k) for some real number
A. It is easily verified that the following scaled current and voltage,?s(e) and v(0)
respectively, provide the correct waveforms provided that i(8) and v((8) were waveforms

for the un-scaled amplifier's current and voltage:
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i(8) = i (8)/A (3.16)

vs(0) = v, (6) (3.17)

or, stated slightly differently:

Z,,(k) >\ Z,, (k) i(8) = i(8)/A
=

: (3.18)
Vke {1,2,3,...} v (8) = v (8)

This effect is shown in Fig. 3.5.
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Figure 3.5: Effect of impedance scaling in switch voltage and current waveforms.

3.2.3 Arbitrary Scaling: Concept of a “Tuning”

By utilizing these two scaling rules, the initial solution may be transformed to have
any desired independent voltage and current amplitudes. Thus there is a set of related
switching amplifiers, each having the same waveform shapes but scaled to different
voltage and/or current amplitudes. Additionally, the circuit topology of each amplifier in
the group may be identical to one another, since the only necessary change from one to the
other is to resize all of the components and/or adjust the bias voltage. As a result of these
similarities, all amplifiers of the same group are considered to be utilizing the same funing

or class of operation.

Utilizing the scaling techniques will usually affect the circuit performance. For

instance two different amplifiers in the group may have the same output power but
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different gains and/or power efficiencies. The intelligent designer, then, would make use
of these scaling techniques to maximize the performance. As a result, when comparing
harmonic tuning methods, it is implicit that the comparison should not necessarily be
between two individual amplifiers, but between those amplifiers providing the best

possible performance in each tuning group given the design constramts.

3.3 Switching Losses

Aside from conduction losses due to the switch on-resistance as will be discussed in
the next chapter, the drain-side loss on the switch occurs during the transitions from the

off to the on-states.

3.3.1 Turn-On Losses and ZVS Switching

An important switching loss mechanism occurs if there is a capacitance C parallel to
the switch and if this capacitor has charge on it just before switch closes. This charge must
leave the capacitor if the switch is to enforce zero voltage. As a result, there is a large
current through the switch as the switch rapidly drains the charge to ground, resulting in
the stored energy in the capacitor being dissipated on the switch. This effect is shown in

Fig. 3.6.
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Figure 3.6: Capacitive discharge loss. Capacitor just before turn-on has stored charge
(a). During turn-on charge is sinked through switch (b). Exponential
discharge waveforms result (c) leading to power loss.
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The power loss due to this mechamsm can be calculated by cons1der1ng that the
capacnor s stored energy is d1ss1pated once per cycle. If the voltage just prior to turn-on is

V., then the energy Ej,, stored prior to discharge is:

c.v (3.19)

Considering that this energy is dissipated once per cycle, the resulting time-average

power loss Py, is:

oty (3.20)

sSw

N —

Switching transistors typically have significant output capacitance, especially if a
large sized device is employed for low on-resistance, and operating frequencies
continually increase due to system-level demands such as increased data bandwidth or
power-converters with faster response times and/or smaller inductors. Since this discharge
loss increases with both the frequency and with the capacitance, the effect can be crippling
for high-frequency switching power amplifiers. The designer is forced to either avoid
using switching amplifiers at high frequencies, leaving him to choose a less-efficient class
of operation, or to reduce the capacitance. Since the parallel capacitance is usually
dominated by output capacitance of the switching device itself, choosing to reduce this
capacitance will force a reduction in the transistor size and a corresponding increase in the

on-state resistance of the switch, increasing conduction loss.

Fortunately, there is another route to redﬁcing the loss. If the voltage across the switch
just prior to turn-on is kept small, the loss can be made reasonable. As a result, much effort
[e.g. 4,5,43] has gone into finding techniques to avoid having any voltage across the
switch prior to the switch closing. Coliectively, these techniques are known as zero

voltage switching (ZVS). An example of a ZVS transition is depicted in Fig. 3.7.
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Figure 3.7: ZVS turn-on transition. The switch voltage is driven to zero by the passive
network just as the switch begins to conduct, eliminating capacitive
discharge.

3.3.2 Turn-Off Losses and ZCS Switching

The dual of capacitive discharge is inductive discharge, wherein an inductor in series
with the switch is conducting current just prior to turn-off. The energy stored in the
inductor, in this case, will be dissipated by the switch when the inductor generates a
voltage spike causing the transistor to go into breakdown for a short duration. Although
this situation is not encountered often in high-frequency power amplifier design,
occasionally lower frequency circuits such as motor drives may exhibit this problem to an
extent that it becomes an issue [44]. Additionally, with minority-carrier devices such as
bipolar transistors (or in switching rectifiers, junction diodes) there is often a problem with
the finite lifetime of the stored minority-carrier charges. Even if there is no significant
inductance in series with the switch, the discharge of the minority carriers can reduce the
efficiency at turn-off [44,45] if the switch is forced to switch from large current to zero

current very quickly.

In both cases, a convenient solution is to utilize a switching amplifier for which the
current is zero just before turn-off, a technique known as zero current switching (ZCS)
[46,47]. Clearly, the dual of a ZVS amplifier will be a ZCS amplifier, so any advance
made in the understanding of ZVS amplifiers will immediately result in a corresponding

increase in the understanding of ZCS amplifiers. Since the conditions leading to the need
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for ZVS switching tend to occur more often in practice, the remainder of this dissertation
will focus on ZVS switching designs. If conditions demand ZCS switching instead, the

- required amplifier is found by impedance inversion as discussed in Section 3.1.4.

3.3.3 Kndwn Switching Amplifier Tunings

Having surveyed the general properties of switching amplifiers, a survey now follows
of the basic types of known switching amplifier tunings. Although there countless
variations on each of the circuits that follow, the essential characteristics clearly place all

of the known methods into two types: class D and class E.

3.3.4 Class-D Amplifiers

Class-D amplifiers have a close relationship with the class-F amplifiers discussed
Brieﬂy in Chapter 2. In particular, class D presents a method to achieve the same
waveforms as the limiting case of class-F amplifiers using relatively simple push/pull
circuits. The class-D switching amplifier technique has been known since at least 1959

[48], and are well established in many applications at relatively low frequencies.
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3.3.4.1 Class-D
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Figure 3.8: Class-D amplifier circuit (a) and waveforms (b). Waveforms are normalized
to unit dc current and voltage on each switch.

The class-D amplifier [48,46], shown in Fig. 3.8, uses two switches in series, between
the voltage supply and ground in order to force a square-wave voltage on their common
node. This is done by driving the switches in a complementary fashion, so that for half of
the cycle the lower switch shorts the node to ground while the upper switch shorts the
node to the supply for the remainder of the cycle. This square wave voltage provides the
fundamental frequency voltage needed to drive the load, but also contains undesirable odd
harmonic voltages. In order to avoid passing these harmonics to the load, a filter is
employed to connect the load to the switches. This filter, shown here as a series LC tank,
provides a short-circuit between the switches and the load at the fundamental, while
blocking the harmonics. As a result, the load current #; is a fundamental frequency sine
waveform, This current conducts through whichever switch is closed, passing either to

ground or to the supply. This results in half-sinusoidal current waveforms for each switch.

By allowing a square wave voltage and a half-sinusoid current, it would seem that
class-D amplifiers deliver the performance promised by the limiting case of class-F. In
some cases — especially at very low frequencies — it does, but unfortunately for high

frequency designers, the basic class-D design takes no precautions to avoid problems with
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the switch output capacitance. As a result, simplé_class-D designs at high frequencies are
'plagued'. by capacitive discharge losses occurring during each stepvvoitage transition.
Further exacerbating the problem, each switch must discharge not only its own output
capacitance, but the output capacitance of the other switch as well, further increasing the

loss.

There are advantages, however, particularly the extremely low peak voltage, and so at
relatively low frequencies where parasitic capacitance is not a significant problem (less
than 100kHz-10MHz, depending on the transistor technology) class-D amplifiers are
commonly used [e.g. 49,50]. In order to increase the frequency range and improve
efficiencies of class-D amplifiers, several techniques [46,43] have been developed to
achieve ZVS operation using this circuit topology. The essential feature of these
techniques is to reduce the switch duty cycle, resulting in some time where neither switch
is closed during which the output capacitance can be discharged by the load current i;. By
properly adjusting this “dead time”, this technique can eliminate the discharge loss, but
the usefulness of this technique is a somewhat limited since the conduction time of each
switch must be reduced, increasing the conduction loss. Additionally, since the capacitors
must be discharged completely during only a short portion of the cycle, the amount of

capacitance that can be effectively corrected by this technique is fairly small.

3.3.4.2 Class-D! ZVS Amplifier

As its name suggests, the class-D! (inverse class-D, current source class-D) amplifier
[46] is the dual tuning of the class-D amplifier. Accordingly, the waveforms should have a

square wave current and a half-sinusoidal voltage.

Just as class-D tuning is achieved by using two switches to generate the square wave
voltage by alternating the connection to the supply voltage, class D! achieves a square
wave current by using two switches to reroute the supply current. In the most
straightforward implementation, shown in Fig. 3.9, chokes supply dc current I to each

switch, which either conduct the current themselves or open-circuit to re-route the current
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Figure 3.9: Class-D! amplifier circuit (a) and waveforms (b). Waveforms are
normalized to unit dc current and voltage on each switch.

through a differential load network to the other, conducting switch. The switches are
driven in a complementary fashion with 50% duty cycle, so that the current through each

switch is a 50% duty-cycle square wave:

iy = { 2l O<b<m (321
0 n<0<27m

e { 0 0<@<m 522)
ZIDC T<O<2m

The current i; through the differential load can be determined by Kirchhoff’s current

law. This results in the square wave current:

- O<b<rm
fy = he (3.23)
IDC nT<0<2m

This current passes through the differential network consisting of the load resistance
connected in parallel with a filter, shown here as a parallel LC tank. The filter’s function is
to short-circuit all harmonic frequencies, while remaining open-circuit at the fundamental.
As a result, the fundamental frequency current must pass through the load resistance R;,

while the harmonic currents pass through the filter. This results in a differential voltage
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which is a fundamental frequency sinusoid. Since the ratio of the fundamental frequency

amplitude to peak value for a square wave is-4/m, this differential voltage is found to be:
_ 4 . ’
Vo~ Ve = —EIDCRLsm(G) (3.24)

Since each switch voltage is zero during the time it is conducting, the switch voltages

may be found:

0 O<O<m

v, = | (3.25)
] SIpcRysin®) m<o<om

4 )
v, = EIDCRLsm(G) 0<O<m (3.26)

0 T<O<2n

While useful at relatively low frequencies, Class D! has the same problem as class D
in that it does not incorporate the transistor output capacitance into circuit configuration.
Thus, while class-D™! waveforms are ZVS, the property is relatively impotent since the
analysis only holds for zero output capacitance. Unlike class-D, however, there is a simple
method to compensate the class-D! circuit for the effect of this output capacitance, so that
ZVS switching conditions can be achieved without resorting to bootstrap tricks like the

dead time used in the class-D case. This method will be developed in Chapter 7.

3.3.5 Class-E Amplifiers

The class E ampliﬁgr is the result of an attempt to improve and simplify the design of
class-D circuits. First, a single ended circuit is used, reducing the number of active devices
to one and avoiding difficulties with synchronizing the drive signals for the two devices.
What is most important, however, is the conscious attempt to take into account the effect
the parasitic properties of the transistor, so that these effects might be accounted for and/or

eliminated. The technique was first proposed and rather fully developed by Ewing as a
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Ph.D. topic in 1964 [4], but went unnoticed until 1975 when it was brought to back to
\ attention by Sokal [5]. Since then, it has been successfully employed in a wide range of
designs [e.g. 7-14] and is generally regarded as being the best well-known method for

switching power amplifier implementation for HF to microwave frequencies.

33.5.1 ClassE
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Figure 3.10: Class-'E circuit topology.

The class-E amplifier is a simple switching amplifier tuning to achieve ZVS
conditions while using 50% duty cycle. In the class-E circuit, shown in Fig. 3.10, the
voltage across the switch during the “off” cycle is driven to zero by means of a resonant
circuit tuned near the operating frequency of the switch. The switch is driven with 50%
duty cycle at constant fréquency Jp» and its parasitic output capacitance is absorbed into
the switch parallel capacitance Cg. The resonator consisting of L; and C; is assumed to be
designed in order to effectively block the harmonic frequencies and dc, forcing the current
I to be a sinusoid with frequency f;,. The choke is assumed to be ideal, so that it will only
conduct the dc current Ipc. By conservation of charge, the current into the
switch/capacitor combination i, must be a dc offset sinusoid. Symbolically, for some

value of ot and P, i, must be:

i, = —Ip+ocos(0) + PBsin(B) (3.27)
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This current will be commutated between the capacitor and the switch, depending on

the switéh’s state. When the swifch is closed, the voltage is forced to zéro, and so the
" capacitor charge is fixed, necessitating the current to go through the switch. When the
switch is open, its current is forced to zero, and therefore the capacitor conducts i,. The
switch voltage v, is found by integrating the current through the capacitor. Without loss of
generality it. may be assumed that the switch is closing at 8 = 0, making the switch and

capacitor currents i, and i.; equal to:

i = { Ipc—ocos(8)—Peos(8) 0<O<m (328)
0 n<O<2m
ipg = { 0 0<B<m (3.29)
Inc—0ocos(8)—Pcos(0) m<B<2m
The switch voltage may be found by integrating the capacitor current i
dv
7_g:_él_{ 0 0<O<m (3.30)
t G | Ipo—ocos(B)—Peos() m<B<2m
V= 1c { Inc- (8-m)—asin(8)+Plcos(B) +1]1 0<B<m (331)
TfoCs. 0 T<O<2m

In order to achieve ZVS, the voltage must be continuous at 8 = 1 , but since there are
two degrees of freedom it is possible to set another condition as well. The “optimal”
class-E tuning also sets the slope of the voltage at the switching instant to zero, which has
the advantage of ensuring that the current waveform begins with zero current. This
switching characteristic of simultaneous zero voltage switching (ZVS) and zero-voltage
slope switching (ZdVS) has become known as the class-E switching conditions. The

values of o and P achieving these conditions are readily found to be:

o= Ip, (332)



3.3. Switching Losses o 58

- T )
B=31_ A (3.33)

Using these values, the switch voltage and current waveforms can be found:

v = Inc { 0 O<fB<rm (3.34)
S 2nfyCo | 9 sin(B) - (1/2)cos(8) —3n/2 m<O<2m
i = { IDC__ cos(0)+(m/2)cos(6) 0O0<O<m (3.35)
0 T<O<2W

These waveforms are depicted in Fig. 3.11.
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Figure 3.11: Class-E power amplifier waveforms. Waveforms are normalized to unity
dc voltage and dc current, and the time axis is normalized to unity
frequency.

The value of the required fundamental frequency load may now be calculated by
finding the Fourier series representation of the voltage and current waveform v and i;.
Taking the ratio of the fundamental frequency components of this current and voltage
results in the required impedance. Performing this calculation, one finds that an inductive
impedance is required, corresponding to the need to supply a controlled phase shift in the

fundamental frequency current in order to achieve the ZVS operation.

The class-E circuit primarily has the advantage of providing a means to accommodate

the effect-of the transistor output capacitance on the waveforms, as well as allowing for
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ZVS operation so that the discharge of this capacitance may be avoided. Additionally, this
is done with an extremely simple circuit topology, making implementation relatively
simple and limiting the number of filters and other tuning elements. As a result, it has
become popular for the implementation of high-frequency switching power amplifiers,
from high power HF and VHF designs [e.g. 7-10,51] to high-efficiency microwave
implementations [e.g. 12-14].

3.3.,5.2 Even Harmonic Resonant Class-E

An interesting variation on the class-E concept is the “even harmonic resonant”
class-E circuit [52]. This amplifier, published to little notice in 1996, is the only apparent
attempt in the literature to improve upon the class-E by using additional harmonic tuning.
The author’s description actually encompasses a set of amplifiers, each being resonant at
one even-order harmonic. Due to certain questionable assumptions made in the analysis,
and due to the circuit topology, it is unlikely that the higher-harmonic implementations
would produce satisfactory results!, and so the remainder of this analysis will focus on the

version for which the second harmonic has been tuned.
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Figure 3.12: Second harmonic resonant class-E amplifier. Circuit topology (a) and
waveforms (b). Waveforms are normalized to unity dc voltage and current.

1. Specifically, harmonic leakage currents into the load have not been accounted for, and become
worse with higher-harmonic tunings. Furthermore, the values of the circuit elements quickly become
unreasonable, inductor L, for instance, decreasing in size as the square of the harmonic number
tuned. Finally, the waveforms for the predicted second-harmonic tuned version are by far better than
for any other tuned-harmonic, making the other circuits of little interest.
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The basic circuit éonﬁguration and the resulting waveforms are shown in Fig. 3.12.
Similar to the class-E amplifier, the active device is represented as a switch, and a parallel
capacitance absorbs the switch output capacitance. Unlike class-E, however, the choke has
been feplaced with a tuning inductor, which serves to both provide phase shifting for the
fundamental frequency current and to resonate with the capacitance Cg at the second
harmonic. A dual-resonant circuit consisting of L,, C,, and C, is placed between the
switch and the load. This circuit is designed so that L, and C, resonate at the second
harmonic, effectively disconnecting the load from the switch at that frequency.
Additionally, the three elements together resonate at the fundamental frequency so that the
this frequency passes freely between the switch and the load. Finally, to provide
phase-control of the fundamental frequency load current, a tuning capacitor Cp is placed

in series with the load.

The waveforms have the familiar class-E turn-on switching conditions and the same
general voltage shape, but the current waveform has been changed significantly. This is
due to the resonance between L; and C; at the second harmonic, providing an open-circuit
to the switch at this frequency. As a result, the current waveform must change shape to not
have any second harmonic component. The result is that the waveform takes on a visual
characteristic somewhat between the original class-E shape and the class-F! square wave.
This is not completely surprising, since the tuning at the second harmonic is the same as

for the class-F~! amplifier.

‘The performance advantages are subtle. As can be seen by comparing the waveforms
with those of class-E, both the peak voltage and the peak current are much higher in the
second-harmonic resonant class-E. On the other hand, the current seems to spend less time
at those high levels, and generally seems more like a square-wave than the class-E current.
Perhaps if the current has less RMS value the conduction loss of the second harmonic
class—E will be less than for class-E? Has the performance improved with this tuning or

~ has it gotten worse?
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‘ T he answer is thét the performance may, in fact, improve significantly, but for a
different reason than was argued by the authors'. Unfortunately, the authors failed to
clearly and convinciﬁgly demonstrate the performance benefits, and their exposition failed
to evén mention that harmonic-tuning of the drain impedance is to open-circuit, only
giving component values from which this might be calculated by the reader. In addition,
the authors failed to explain why high peak values of voltage and current don’t render the
performance actually worse than class-E, as might be expected from conventional
analyses such as used in Chapter 2. Finally, the point most emphasized in the paper was
the lack of a choke inductor, a result which had been reported in a conventional class-E
circuit previously [36,38]. As a result of these issues, this amplifier has received almost no

attention by other investigators.

3353 Class-E"! ZCS Amplifier

Like any other tuning, class E has a dual tuning [46] known as ZCS class E or class
El, whiéh was first published by Kazimierczuk in 1981 [53]. Since class-E is a ZVS
amplifier, the class-E-! amplifier allows for ZCS operation, which may be desirable in
certain situations. Since the amplifier does allow for ZVS operation, this tuning is not

popular for use in high frequency amplifiers.

1. The author’s argument is that for the same ratio between the load resistance and the on-resistance
of the switch, their efficiency is better than class-E. Since by this measure, the class-E circuit could
easily outperform itself by simply putting a suitable impedance transformer in front of the load, the
value of this calculation is questionable.



Chapter | Predicting Switching
Amplifier Performance

The motivation driving the choice between different amplifier tunings and operating
conditions is always to achieve the best possible performance. If a switching amplifier is
ultimately selected, efficiency is almost certainly one Qf the dominant factors. The basic
switching amplifier theory indicates that all switching amplifier tunings can in principle
achieve 100% efficiency since there is no mathematical reason why the waveforms cannot
maintain the condition at each point in the cycle of having either zero voltage or zero
current. In fact, if the device used were an ideal switch, the efficiency of every tuning
would be identical and there would be no reason to select one tuning over another for
reasons of efficiency. This is in stark contrast to the other amplifier classes explored in
Chapter 2, where the tuning itself places fundamental limits on the achievable efficiency,
even if an idealized active device (for instance, an ideal voltage-controlled current source

with zero knee voltage) were to be used.

Unfortunately, it seems unlikely that an ideal switch is going to become available, and
so the efficiency of the active device can not achieve 100%. This returns the designer to
the question of which tuning strategy to pursue, since one tuning may conceivably
accommodate the device non-ideality better than another, resulting in a significant
efﬁciency difference between the two. Thus a means to compare the efficiencies of
different tunings is required so that an amplifier designer may choose the best tuning for

the application.

Similarly, switching amplifier tunings are not necessarily equal in other regards. For

instance, some tunings will place higher peak voltage or current stresses on the active
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device than others. Occasionally, such a consideration might become a limiting factor.

Again, amethod to evaluate the various tunings with respect to these situations is needed.

To address these needs, the remainder of this chapter will focus on simple ways to
evaluate various performance demands which may arise so that informed comparisons
may be made between amplifier classes and harmonic tuning strategies. The results focus
on ZVS amplifiers, but using the loss model provided, these results may easily be

extended to the lower-efficiency non-ZVS case if desired.

4.1 Switch & Resistor Model

Although bipolar switches have been popular and are suitable for many applications,
the most promising switching devices are field effect transistors (FETs). A simple model
suitable for FET switching devices is shown in Fig. 4.1. This model consists of an ideal

switch with series resistance R, and a parallel output capacitance C,,,. The resistance

our
models the conduction loss of the device, and consists of the combined channel, diffusion,
and contact resistances of the FET when in the conducting state. The input is modeled as a
input impedance Z;,, to which a power P;, must be applied in order to drive the device into

switching operation. Although not explicitly shown, it should be understood that the input

Gate Ron Drain
J cout
, | T ~
Source Source

Figure 4.1: Switch & resistor model for a FET switching device.

power is a function of the desired frequency of operation. Up to the breakdown voltage

V. of the switch, the off-state conductance of the switch is assumed to be zero.
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While this model should not be expected to predict performance with great accuracy, it
is useful for comparisons bétween competing tuning strategies as it captures the first order
non-ideal effects of FET switches. kThe simple resistance model is appropriate in cases
wheré the device is operated well into the triode region, which is normal for switching
amplifiers. The output capacitance is linear, unlike the drain-source junction capacitance
which dominates the output capacitance of most FET devices. Unfortunately, the
treatment of a nonlinear capacitance [55,56] is sufficiently difficult, particularly in the

general case, that it is customary to treat the capacitance as being effectively linear.

The assumption of an input power proportional only to the size of the device (as
opposed to some property of the current waveform) may seem strange to designers
familiar with transconductance designs where the input power is strongly related to the
current waveform. In switching devices, however, much of the gate current is used to
.merely invert the channel region from a insulating depletion mode into a conducting
inversion mode. Furthermore, the on-resistance of FET switching devices, particularly
ones designed for high voltage, tend to be limited by the channel resistance. High voltage
devices often find the on-resistance limited by lightly-doped drift regions needed for high
breakdown voltage and by parasitic JFET-action found in vertical current devices [57].
Low voltage devices, on the other hand, tend to become limited by the resistance imposed
by the source and drain contacts, the die metallization, and bonding wires [57]. In each
case, there is a point of diminishing returns wherein increased gate voltage (or,
equivalently, gate charge) reaches a point of severely diminishing returns with regard to

on-resistance since this increase only effects the resistance of the channel.

In the context of switching power amplifiers, this suggests that there is an optimal
input power to be used for any given transistor size. Supposing that a designer were using
a device at this “optimal” point and desired to decrease the on-resistance. Due to the
rapidly diminishing returns on investment of input power beyond the “optimal” drive

point, decreasing the resistance by using the same device with increased drive voltage



4.1. Switch & Resistor Model A 65

quickly becomes impractical. Inst‘ead,‘the designer would be better advised to use a larger
\device ‘size retain the “optima ” drive voltage, since this method results in a larger
decrease in on-resistance for the same additional investment of input power. Suppose, on
the other hand, that the designer found that the on-resistance was well below what was
required, but desired to decrease the input power to the amplifier. The designer would be
well-advised in this case to choose a smaller device size driven by the “optimal” drive
voltage rather than keeping the same size device and decreasing the input voltage since for
the same decreaée in input power the first option results in a smaller increase in the
on-resistance. This is due to the previously mentioned channel-inversion charge which is
dependent only on the transistor size, whereas the channel charge is proportional to the
channel conductivity. If the device size is reduced, both the inversion charge and the
channel charge are reduced to achieve any increase in on-resistance, whereas decreasing
the drive level on the same device only results in a decrease in the channel charge. As a
result of these two effects, the drive voltage used for any particular sized device in a
switching amplifier is reasonably well-known even without needing to consider the
current waveforms rsince the designer would either choose this “optimal” drive level or
choose a different sized device. Therefore, to first order, the input power of an optimally
designed switching amplifier can be reasonably assumed to be a function only of the

transistor size as assumed in this model.

While this model should not be expected to predict performance with great accuracy, it
is useful for comparisons between competing tuning strategies as it captures the first order
non-ideal effects onéresistance, output capacitance, and input power effects of FET
switches. More complex models might include the effects of turn-on and turn-off times,
the need to vary input power in some éases due to channel current saturation effects,
thermal effects, etc. These effects are of secondary importance, however, and so are not

included here for the sake of clarity and simplicity.
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4.1.1 Device technology model

Usually, the designer has access not just to a single device, but to a device technology
ffom which different sizéd devices are available with larger sized devices offering higher
current ratings and lower on-state resistance. If device size constraints such as cost or die
area are not issues, the designer is free to choose the device size achieving the best
performance. Accordingly, a model is néeded which captures the effect of device scaling

within a given technology.

Drain.

I i
3

Source

Figure 4.2: Power device as a parallel connection of small “cell” devices.

The proper scaling laws are apparent upon reflecting how the device size scaling is
accomplished. Power devices are typically constructed as a parallel connection of many
device cells. These cell devices are designed so that they may be tiled on the
semiconductor subétrate, éllowing for simple and area-efficient layout on dice of various
shapes and sizes. A device containing more cells, then, will have a lower on-state

resistance but at the price of larger die area and input drive power.

The device properties can be easily found according to the properties of each unit cell
and the number of cells, A, used. If the cell’s on-state resistance, output capacitance, and
required input drive power are R,,, C,, and P, respectively, the entire device’s

properties will be:

=l
M
3

R, = (4.1)

T 0n

>]
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. Cout = ?\oCOut . (4.2)
P, = AP, A (4.3)
The only other important property is the breakdown voltage, which will be the same as

the breakdown voltage of each cell. Using this scalable model, the designer can select the

value of A achieving the best performance.

4.1.2 Efficiency Estimation

Using this switch/resistor model, a switching amplifier efficiency estimate is readily
calculated. First it is assumed that the effect of the resistance R, on the shape of the
waveforms is small enough to be neglected, being a small perturbation on the ideal
analysis for which the resistance is zero. Next, the power dissipation P j;; resulting from
the current through this resistance is calculated. If the tuning is ZVS so that there is no
capacitive discharge, the only loss is from the conduction of the drain current i; through
the on-resistance. This loss may be calculated as the square of the root-mean-square

(RMS) current g through the switch multiplied by the resistance R,

Pdiss = I??MSRon (4'4)

(4.5)

'In the non-ZVS case, it is necessary to consider the effects of the capacitive discharge
power loss. Unless the voltage is zero just prior to switching, the capacitance Cg parallel to
the switch — consisting of the output capacitance C,,, in addition to any capacitance added
By the designer — will be discharged through the switch as the switch closes. The loss
associated with this discharge can be calculated by considering the energy stored in the
bapacitance before and éfter discharge. If the voltage before discharge is Vg the energy

Egyy stored in the capacitance is:
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NI —

The stored energy after discharge is zero, and so the energy Egyy is dissipated once each

cycle. If the operating frequency is f;, the resulting power loss from this discharge is:

Pew = 5- CSVngO (4.7)

o1 —

This can be restated in frequency-independent units by expressing the result in terms

of the magnitude of the capacitor’s impedance, Z, at the fundamental frequency:

1%

P —_—
W an Zg

X

(4.8)

1

Zes= ape (4.9)

Using this formula, the result of equation (4.4) may be modified to account for the
total loss including conduction loss of the main body of the waveform in addition to the
discharge loss. It should be understood that the RMS current I, is not calculated to
include the discharge current, which in the ideal zero-resistance case is represented as a

Dirac current impulse at the moment the switch closes!.

L sy

Pdiss = I?QMSRon + 41 ’ X—CS (4.10)

The dc power Pp delivered to the device can be calculated using waveform

properties as well, being the product of the dc current I~ and dc voltage Vp

Ppe = Vpelpe @.11)

1. Calculating the RMS current this way would result in an infinite value due to the Dirac impulse
rather than the exponential discharge of a finite-resistance case. Even if the result were finite, using
this valtie would count the discharge loss twice, as the Pgy term already accounts for it.
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. 2n :

1
VDCEE-jvsde | (412
| : |

2n

1 ¢,
Inc=5=- [i® (4.13)

0

where v, is the instantaneous drain-source voltage of the FET.

The output power can be determined from energy conservation considerations. If the
switching amplifier has been designed correctly, the power delivered by the transistor to
the load network at the overtone harmonics should be effectively zero. Therefore, the

difference between the power delivered to the transistor from the dc supply and the power

dissipated on the transistor must be the output power:

Pout - DC”Pdiss (4.14)

From this, the drain efficiency can be written as:

P P,
out diss
Np=— = 1- (4.15)
Ppe Ppe
Combining this with (4.4) and (4.11), the drain efficiency estimate is found:
R V2
nDz1_(RMS on + L4 ) (4.16)
Voclpe 47XesVpelpe
which in the ZVS case becomes:
A R
CRMS " on
Np~1— s 4.17)
b Voelpe
The gain may be found by utilizing (4.14):
Ppc—Paiss _ Vpelpe~ If@MSRon
G = = = (4.18)

P. - P.

in in
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Using this, the PAE may be estimated by using (2.11) and the drain efficiency (4.16):

}PAEz(l_' Pin J.[l_[éMSROM ' VgW ]] (4.19)
, . C

Vel 4nX oV

The first term may be further simplified under the assumption that the drain efficiency

is close to uhity1 , thereby neglecting the effect of the dissipated power on the gain:

P, . R 7
PAEz[l— in J'l:l"(RMS on . SW }:l (4.20)
Vpelpe Vpelpe 47 XcsVpelpe

which for the ZVS case becomes:

P

in
. (4.21)
VDCIDC]

. R
PAEz(l _ (1 _M]
- Voelpe

4.2 Waveform Figures of Merit

With this simple model of the active device in hand, knowedge of the waveforms
generated by the harmonic tuning strategy now allows the performance of the tuning to be

estimated under various design constraints.

4.2.1 Peak Amplitude Limited Output Power

The first figure of merit introduced here is the measure of the amplifier’s ability to
generate the highest possible output power under the constraints of maximum peak current
and peak voltage. This figure of merit is commonly used, in fact it was the only one

introduced earlier in Chapter 2 as a simple means of comparing amplifiers of various

1. This assumption will be made several times, and results in efficiency expressions correct to the
first order. Since these results are intended for comparison purposes between tunings, the simplifi-
cations allowed by this approximation are justified. Neglecting the second order term results in a
slight underestimation of efficiency differences between tunings.
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class'es.‘ Unfortunately, it is probably less useful for the evaluation of switching power
»ampliﬁer,s, since its motivéting conditions are somewhat different than those normally
found switching ampliﬁer applicaﬁons. Specifically, it corresponds to the condition
wherein the most important factor in the design is achieving the required output power
with the smallest transistor die size possible. Since switching amplifiers are usually
employed in situations where power efficiency is the most important factor, the active
devices used tend to be sized much larger than would be necessary strictly based on a
maximum peak current handling capability since the drain efficiency generally increases
with device size. Nonetheless, there may be situations wherein this figure of merit proves

useful, and so it is given here as a simple introduction as well as for completeness.
The development of this measure is actually quite simple. Using (2.32), the output

power is:

1.
P, = ivlz]cos(m1 -By) (4.22)

In the specific case of the high efficiency amplifier, wherein P, =~ P, -, the output

power can also be approximated by using the dc voltage and current amplitudes:

P,u=Vpcipe (4.23)
To include the reference to the peak voltage V,; and peak current [, (4.22) and (4.23)

may be rearranged as follows, respectively:

Vi cos(ot, —B;)
Pout = (Vpklpk) ( 1 12Vka;k ! j (4.24)
(VA
P~y 2] 29

These equations can, in turn, be re-arranged to yield a unitless figure of merit Ep:
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P v, i 1 .
Ep=24 = (—j -(—j-[—cos(a -B ):] (4.26)
P 1 1 : :
Vkapk V,P Ip 2
E.= Pout _ I/DC IDC 4.07
Py T \V ) \T “4.27)
pk pk pk pk

To calculate this figure of merit for switching amplifiers, then, only two properties of
the waveforms need be known: the ratio between the peak and dc voltages, and the ratio
between the peak and dc currents. Performance improves with smaller ratios of peak to dc
amplitude. Since these ratios appear several times, it will be useful to name these

waveform figures of merit.
Fy= Vpk/ Voo (4.28)
FPIEka/IDC (4.29)

Using these definitions, (4.27) becomes:

P 1
E, =24 - (4.30)
P

Voilpk  FvFpr

4.2.2 Efficiency Figures of Merit

The preceding case measures the ability of the amplifier to génerate power under peak
waveform constraints. While this measure is valuable in many cases, usually the primary
goal of a switching amplifier designer is to achieve power efficiency. Accordingly, the
maximum achievable efficiency under several different constraints will be developed. As
noted previously, the cases developed here will assume ZVS tunings, although they may
be extended to includer the effect of discharge if non-ZVS amplifiers are to be studied.

4.2.2.1 Device Size Limited Drain Efficiency

The first case is the simplest, representing a situation wherein the designer is asked to

produce a given output power using a specified active device in such a way as to achieve
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the hi ghest drain efﬁciencye At relatively low frequencies, the gain of the transistor will be
high enough that the input ‘power may be safely neglected as a consideration, making the
drain efficiency a suitable efﬁciéncy measure. Additionally, although there is an
efficiency-optimal sized device for any given device technology and tuning, in certain
situations the device size may be limited to far below optimal due to cost or practicality
constraints: This could, for instance, occur in relatively low-frequency amplifiers for
which the optimal device size may consume an entire semiconductor wafer or more, but
even much smaller die sizes achieve acceptable performance. Thus it is interesting to
consider the case where the designer is limited to a given “small” device and wishes to
achieve the best possible performance using that size device. It will be assumed that the
supply voltage is under the designer’s control, so long as the peak voltage does not exceed

the device’s breakdown voltage V.

Rearranging (4.17), the following drain efficiency expression results:

Lo\ (Vo V(R
w7 72 Ggoncno]

pk

Although at first seeming to only add useless complication, this manipulation serves to
separate the effects of the tuning strategy from the effects of the transistor. The first term —
the ratio between the RMS and dc currents through the switch — is a property determined
solely by the tuning strategy, being invariant under both impedance and bias scaling.
Similarly, if ¥, is the peak voltage across the switch during the cycle, the second term is
similarly a function only of the tuning strategy. The final term is simply the dc power
consumed by the switch, which is to first order equal to the output power, a design
constraint. This leaves only the third term. Noticing that the efficiency increases with
increasing peak voltage, the designer would be advised to choose this voltage as high as
possible. Physically, this occurs because the loss results from currents, not voltages, so if
the voltage is increaséd while the current is simultaneously decreased, the output power

can remain constant while decreasing the loss. This voltage/current trade-off can be made
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only‘ so long as the peak voltage remains tolerable. Since the peak voltage limitation is a
function solely of the transistor technology, the optimized third term is a function only of
the transistor technology. This optiinum occurs when the peak voltage is equal to the

device breakdown Vi

Lov (V. V(R
v [ B

This expression indicates that a desirable tuning strategy would have a low RMS to dc
current ratio and a low peak to dc voltage ratio. Similarly, a desirable FET device would
have low on resistance relative to the square of its breakdown voltage. Introducing the

waveform figure of merit F; and using the existing F'j; this becomes:

P
np=1- [(F?F?)%] (4.33)
(Vbk/ Ron)

where:

F=220 (4.34)

. : . -2 = .
It is also interesting to note that the transistor property (Vpir/Ron) has units of power,
and its value relative to the desired output power has a direct effect on the loss. As should
be expected, as the output power is increased, the transistor size needs to be proportionally

increased to keep the same efficiency.

4.2.2.2 Capacitance Limited Drain Efficiency

Another important case is where the designer desires to achieve maximum drain
efficiency using a given transistor technology where he may freely choose the optimal
device size [21]. This might occur in cases where the cost of incremental device area is
small, and the device gain is relatively large so that the drive power may be neglected.

Using a similar technique as before, (4.17) may be rearranged to become:
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. omp=1- [( fMS] ( be be (RonCou,)(anO)[C > ﬂ O (439)
. bc ZTCfOCSV% out

As before, the purpose of this manipulation is to separate the effects of waveform and
transistor technology. The first term is simply the F; waveform figure of merit
encountered earlier. The second term, upon inspection, is also found to be a property of
only the tuning, being invariant under both bias and impedance scaling techniques. The
third term is a function only of the transistor technology, and is invariant under changes in
transistor size. The next term simply indicates that the optimal performance degrades

linearly with increasing frequency.

This leaves the final term, representing the proportion of the switch parallel
capacitance Cg made up by the switch's own output capacitance C,,,. Since the transistor
‘size is determined by the designer, this term represents a degree of freedom to be
optimized, under the constraint that C,,, cannot be larger than Cy. Since the efficiency
improveé with increasing C,,,, it is clearly best to choose C,,, as large as possible. The

optimal sized device is therefore the one with output capacitance equal to Cg:

Iews\’( Voclpe \ = =
np=1-||7 (RonCour) (21fy) (4.36)
e e

The further illuminate the meaning of the somewhat mysterious second term, consider
that Vpclpc is approximately the equal to the output power and that the 1/(2nf,Cyg) is
the magnitude Z, of the switch parallel capacitance’s impedance at the fundamental

frequency:

| IRMS 2 P P
Np=1- ( j ( ot (RonCour)(2Tf,) (4.37)
| Inc) \p} sz

D

Z.=1/(2nf,Cy) (4.38)
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Shown this way, the term can be viewed as a ratio between the output power and the
reactive power stored in the capacitance Cg. The term measures the tuning strategy's
ability to utilize a large output éapacitance (with a high reactive power) without
necessitating a very large output power. A smaller value for this term allows a larger
device size to be used for any given output power, reducing the on-resistance and the

conduction loss.

From (4.37) it may be concluded that it is desirable to have tunings with low RMS to
dc ratio in the current waveforms, and which use a relatively large switch parallel

capacitance to produce a given output power.

Interestingly, the properties of the voltage waveform are of no consequence in this
case. Unlike the previous case where current could be traded for voltage with a resulting
gain in efficiency, increasing the voltage and decreasing the current in this case has no
effect on the efficiency. This is due to the fact that the transistor size is not constant under
this change. In order to trade voltage for current, a combination of impedance and bias
scaling must be used. During this process, the RMS current scales inversely with the
voltage level, whereas the circuit impedances scale proportionally to the square of the
voltage level. The capacitance Cg therefore scales inversely with the voltage level. The
transistor size — proportional to Cg in this case — must then scale inversely with the square
of the voltage level, causing the on-resistance to scale proportionally to the square of the
voltage level. Thus for an increase in the voltage by a factor of & under the conditions of
constant output power, there is a decrease in the RMS current by a factor of £ and an
increase in the on-resistance by a factor of K%. The product Ii msR,, therefore stays

constant.

As before, the efficiency may be expressed as waveform figures of merit:

(4.39)

‘ 2 I_aonaou
oot [l

177,

where:
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P, |

. t .
Fe 7—%_ (440
| pc’Zc

The transistor property of interest in this case is the R,,,C,,,, product, which is the time
constant of the exponential discharge waveform occurring when the transistor discharges
its own output capacitance. This has units of time, and a desirable transistor technology

would have a very small R,,,C,,,, time constant relative to the switching period.

4.2.2.3 Gain Limited Power Added Efficiency

The next two cases to be considered are both related to the maximum power added
efficiency (PAE) for a given transistor technology where the designer is free to choose the
optimal sized device. These are similar to the previous case, except that the gain is

considered low enough to be a consideration.

As explored in the previous case, increasing the transistor size results in lower
on-resistance and therefore higher drain efficiency. Unfortunately, this increased transistor
size also results in higher input power. Since the output power is unchanged, the gain
reduces as the transistor size is increased. In cases where the intrinsic device gain is very
high, this may not be an issue and the result of the previous section will be adequate. In
cases wheré the device gain is not so large, however, a more realistic efficiency measure
such as PAE must be used. The question then becomes how to choose the device size for

best PAE.

Since the drain efficiency increases whereas the gain decreases with increasing device
size, it 1S not unreasonable to suspect that there is a device size beyond which the
increased .drain efficiency is more than offset by the decreased gain. This is in fact the
case, and an ampliﬁer which has reached this point is said to be operating under gain
limited PAE conditions. This minimum may not be achievable, however, since it is
possible that the output capacitance of a device with gain-limited size might exceed the

switch parallel capacitance C . Under this capacitance limited condition, the best size will



4.2. Waveform Figures of Merit o 78

be the largest possible given the capacitance constraint, i.e. wherein C, , = C_. The
remainder of this section explores the gain limited case, leaving the capacitance limited

" case to the next section.
Starting from (4.17), the transistor scaling rules of (4.1)-(4.3) are introduced:

5. >, R
PAEz(l—fﬂ.xJ-(l-M-l] (4.41)
| P Voclpe X

out

Optimizing over A for maximum PAE results in:

12

Ry P
A = RMS on _out (4_42)
VpelpcPin
ENE 2
RonPi
PAE~|1— |RMSon” it (4.43)
PoutVDCIDC

Using the approximation that the dc power and the output power are approximately

equal, this becomes:

2

1 4 =
 PAE=~|1- ( fMS](VP"] Pin (4.44)
‘ pc/\"pc Vik/RO”

The first two terms of this expression have been encountered previously, being the
waveform figures of merit F; and Fy: The third term contains a degree of freedom, i.e. the
peak voltage of the waveform. As before, the best performance is achieved by choosing
this value as high as possible, with the limiting case being the breakdown voltage of the
technology. Setting Vp = Vik renders the third term a function only of the transistor

technology, invariant under scaling of the transistor size:

L PAE=|1—(F/F)) (4.45)
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If the loss is small, this may be approximated as:

- PAE=1-(2F;F)) (4.46)

From this result, it is clear that tunings with low RMS to dc ratios on the current
waveform and low peak to dc ratios on the current waveform are desirable. The

waveform’s effect is in fact very similar to fixed device size case of Section 4.2.2.1.

The transistor technology’s effect is also interesting, appearing in the expression as a
ratio between the input drive power and the same “power” measure of transistor
performance found in Section 4.2.2.1. Since this ratio is invariant under scaling of the
transistor size, it represents a true figure of merit for the switching performance of the

device in situations where the input power is a significant constraint.

4.2.2.4 Capacitance Limited Power Added Efficiency

As mentioned in the preceding section, it is possible that the “optimal” device size
calculated using (4;42) results in a transistor so large that the output capacitance C,,; is
larger that the capacitance Cg set by the tuning. In this case, the optimal device size will be
limited by the constraint that C,,, must not be greater than Cy. In this case, the designer
would be happy to trade more gain for increased drain efficiency, but is unable to because

the output capacitance of the larger device is too large to absorb it into the capacitance Cg.

This capacitance-limited case is very siinilar to the case of capacitance-limited drain
efficiency explored in Section 4.2.2.2. In particular, the transistor size will be the same,
being limited byvthe same process, so that the drain efficiencies are identical. Thus, to
calculate the PAE, it is only necessary to calculate the input power in the case wherein

C,,; = C,. First noticing that the ratio of C,,, to P;, is constant over changes in the

out

transistor size, the input power may be expressed as:
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c . _ o
P, = =" Py = == P, @4
Cout Cout

U_sing this, ailong with the PAE expression (2.11) and the capacitance-limited drain
efficiency (4.39), the fdllowing PAE expression results:

| C Pin
PAEz(l—-——-) [ - (F; Fc)[mio/"c"“ﬂ (4.48)
CoutPou f
Rearrangement yields:
~ _ }_)in ZTCCS DC) _ (Znﬁonaout)
PAE [1 (amt V;j( 7 L) 2%)} [ (FiF.) A (4.49)

This can be simplified by replacing the waveform figures of merit with their symbolic

representations:

1 Pin 2WRonCout
PAE=~|1 (Cout ]( )2 fo) [ (Fch)[ 7 J] (4.50)

Now it may be noted that increasing the peak voltage has a positive effect on the PAE

by means of increasing the gain. Physically, this corresponds to the use of a smaller
fransistor size for the same output power as voltage is traded for current. It is best, then, to
choose this value as high as possible, with the limit being the transistor breakdown voltage
Vpr- Choosing V ok = = V}; also has the effect of rendering the first term in the gain

expression a function only of the transistor technology:

Pin 2TcRoncout
PAE ~ 1_-(C0m b)( ]21’0) [ (FZFC)( i ﬂ .51

k

Of note also is the amplifier gain in this case:
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‘ - Pin FV

CoutV21)( F, o
G = ( o bk) (..%J @2nfy) L (452)
Although it may first appear that gain is increasing with frequency, it should be
remembered that P,, is itself a function of frequency. If a simple resistor/capacitor model
of the input is used, this dependence is inverse with the square of the frequency. Thus the
gain of the optimally sized amplifier will reduce inversely proportional to the frequency

since the optimal device size in this case is reducing as frequency is increased.

Reviewing the results of (4.51), the following conclusions are reached. As before,
tunings with low RMS to dc ratio on the current waveform benefit from higher drain
efficiency. A low peak to dc ratio on the voltage waveform, primarily benefits the gain in
capacitance-limited situations. Having a large tolerance to output capacitance (i.e. low F¢)
allows for higher drain efficiency as well, but at a cost of reduced gain due to the

associated increase in transistor size.

4.3 Summary

The results of this chapter are summarized here for easy reference:

PAE = (1- WGDG) (11— WDDD) (4.53)
Pdiss = WD.DDPout (4.54)

1
G= (4.55)
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Drain Loss - Gain Drain Loss Gain
Design Constraint ‘WF Factor ‘WF Factor Device Factor | Device Factor
‘ (Wp) W) (Dp) (Dg)
. . . . ‘ P()
device size limited np PR N/A g e N/A
‘ (Vok/ Ron)
capacitance limited FoF F}/F 20Ron Cou .
| e e o 21, C eVt
gain limited PAE 2FF, 2F)F, P Pin
Ve Ron Vis/ Ron
Table 4.1 Efficiency and gain factors for harmonic-tuned switching amplifiers under

different design conditions. Waveform factors are functions only of the
tuning strategy, whereas device factors are a function only of the transistor
technology. Smaller numbers indicate better performance.

Fy Fy Fc Fpr
P out
Yok’ VpC Irms’Ipc Z 7 pi’Inc
Table 4.2 Waveform figure of merit definitions. Smaller values indicate better

performance.




Chapter | Predicting Switching
Amplifier Waveforms

In order to predict the performance of harmonic-tuned switching amplifiers using the
techniques of the previous chapter, the amplifier’s waveforms must first be found.
Although numerical tools such as SPICE or harmonic balance simulations may be
employed, these methods are time consuming and may present difficult simulation
challenges. Transient simulations such as employed by SPICE, for instance, can require
long simulation times due to the inevitably long settling time exhibited in the waveforms
under changes in operating conditions. Being fundamentally resonant circuits,
harmonic-tuned switching amplifiers may require hundreds or even thousands of tf cycles
in order for the switching waveforms to achieve steady-state conditions. Furthermore,
each rf cjzcle must contain enough time steps to accurately capture the complex harmonic

structure of the waveforms.

Harmonic balance simulations avoid these difficulties, but instead have the limitation
of only using a relatively small number of harmonics to represent the waveforms. If the
number of harmonics employed is small, the voltage and current waveforms will be
distorted due to the missing effect of the higher harmonics. Switching amplifiers are also
generally capable of generating unwanted signals at very high harmonic frequencies if
care is not taken in the design, an effect which harmonic balance simulations employing
only a small number of harmonics will be unable to predict. Although large numbers of
harmonics may in principle be employed in the simulation, the resulting large memory
requirements and convergence problems with this approach tend to reduce its

effectiveness.

83
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To further exacerbate the problem, the tuning impedances need@d to generate
‘waveforms with desired conditions — notably ZVS and/or ZdVS switching conditions —
are not usually known. In class-E amplifiers, the appropriate component values are
available as well-known closed-form expressions (3.34) - (3.35), but the values needed for
other harmonic-tunihgs are not readily available. As a result, use of a traditional simulator

would require multiple trial-and-error simulations in order to converge to the desired

tuning.

Solution techniques specifically intended for amplifiers tend to either target a very
specific circuit topology as in the myriad of class-E solutions [4,31-42,54], or assume a
limited number of harmonics such as the well-known class-F solution [1,15,24,25] and
Raab’s more recent solution technique for harmonic-tuned amplifiers [17]. These methods
have the same waveform distortion as in the harmonic balance approach, and Raab’s
general technique is ‘currently unsuitable for use with some tunings, particularly ones

generating negative voltages and/or currents.

This chapter presents an elegant approach for the exact solution of a broad class of
switching amplifiers, suitable for both highly-efficient numerical studies as well as for
derivation of closed-form analytic solutions. The steady-state solution is shown to be
equivalent to finding the nullspace of an underdetermined linear system with the number
of real-valued unknowns being approximately twice the number of tuned harmonics,
yielding an extremely efficient computation. If desired, the null-vector calculation may be
performed analytically resulting in a closed-form solution. Additionally, the technique is
easily adapted to determine tuning requirements for conditions such as ZVS and ZdVS,

allowing these tunings to be found without trial-and-error searches.

5.1 Generalized Switching Amplifier

A general harmonic-controlled - switching amplifier circuit topology is shown in

Fig. 5.1. In this network, the active device is presented a load consisting of a capacitance
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Cs, a‘dcvfe'ed, and a harmonic tuning network. This network, represented here as a bank of
Bandpass ﬁltersl and tuned loads, provides impedancés selected by the designer at various
~ harmonics to be tuned while remaining open-circuit at other, un-tuned frequencies. The
active device is assumed to operate as a perfect switch, driven periodically at fundamental
frequency f, with duty cycle D. Without loss of generality, it will be assumed that the

switch is closing at time #=0.

e

fo
‘ \V/
vy e, [T ERy
;Sl ig‘c (4Tt
Z, <
——c, :

& & Lo

Figure 5.1: Generalized switching amplifier with switch parallel capacitance and
harmonic tuning at selected frequencies.

This network is applicable to an broad array of tuning networks. First, the explicit
incorporation of a capacitance in parallel with the switch ensures that the simulation will
take into account the effect of the transistor output capacitance, since this capacitance may
be incorporated into the capacitance Cs. The broadness of the description is in the ability
to choose arbitrary.imp.edances of as many harmonics as desired. Essentially, any passive

structure presenting non-negligible impedances (i.e. having comparable or lower

1. Practical implementations would usually use a simpler structure providing the same impedances.
The structure shown here is used for conceptual simplicity.
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maghitude than the irﬁpedance presented by Cy) only at a finite number of harmonics may
‘be treated as such a netwofk. These “tuned” harmonics need not be consecutive or need
even include the fundamental (e.g. if a frequency multiplier is to be simulated). For
instahce, a class-E simulation would require only one filter for the fundamental frequency,
whereas a class-E amplifier modified by short-circuiting the 3™ harmonic with a high-Q
series LC resonator would require an additional filter for the 3™ harmonic tuning. To treat
such an amplifier employing a low-Q third harmonic resonator, additional filters at the
second and fourth harmonics might be employed to introduce the effects of the low filter

selectivity.

5.2 Solution Method

The solution technique introduced here is somewhat similar to the well-known class-E
solution found independently by Ewing [4] and Raab [31] in that it employs the idea of
commutation of a current of known form between the switching device and its parallel
capacitance. Unlike the class-E solution where the bulk of the calculations take place in
the time domain, the method presented here uses almost exclusively a frequency domain
representation. This has two advantages. The first and most important is that an arbitrary
specification of the impedances of the harmonics can be solved for, unlike the various
class-E solutions which are each applicable to only a specific circuit topology. Secondly,
the load tuning resulting in ZVS/ZdVS switching conditions is found in a manner which
is independent of the waveform solution, this method having the advantages of providing
insight into the behavior of the amplifier and avoiding the need to calculate the Fourier
representaﬁon of the complex switching waveforms as is done in class-E solutions.
Essentially, the necessary transformation into the frequency domain is done in a

systematic way at the early stages of the solution.
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First, the solution will be assumed to be periodic with fundamental frequency f;. Since
the exact value of the frequency is not important to the results of the simulation, it will be

convenient to introduce the normalized time variable O:

8 = 2mfys (5.1

The periodic nature will be exploited in the solution by use of a Fourier series
representatibn over set of harmonic frequencies /' = k- £ for all integer &, defined by the

following transform pair:

Fp = 51— j' f(0)-e (5.2)
0

f6) = Z F,-d* (5.3)

Although the current i, into the filter network is not yet known, its form can be
deduced. Noting that the network is constructed in such a was as to only admit significant

currents at some subset T of the harmonics, the current must be of the form:

i, = ay+ Z [a,cos(kB) + b, sin (k)] (5.4)
keT
for some coefficients a; and b;. Applying (5.2), the resulting Fourier coefficients may be

found to be:

a, k=0
(a/2)—j- (b /2) keT
(ap/2)+j-(b/2) —keT

0 |kle T

(5.5)

The relationship between this current and the currents through the switch and the

capacitor Cg, i and i respectively, may now be found. For times during which the switch
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is condlicting, the voltage is forced to zero and so the capacitor current is likewise forced
to zero. As a result, the current i, has‘ no alternative than to conduct throﬁgh,the switch.
Similarly, -when the switch is open, the current must conduct through the capacitor. The
sole exception to these rules might occur at the instants during which the switch is
changing state. Although nothing unusual will occur at the turn-off transition, the turn-on
may exhibit a discharge current if there is charge stored in the capacitor the moment just
prior to turn-on. Since the switch forces the voltage to zero at the instant of turn-on, this
capacitor charge O must leave the capacitor through the switch in the form of a Dirac
impulse. This current commutation and discharge behavior is depicted graphically in

Fig. 5.2.

©

Figure 5.2:" Commutation behavior of the harmonic filter current i,. While the switch is
open, current conducts through the capacitor (a). As the switch closes, a
discharge current occurs (b). While the switch is closed, current conducts
through the switch (c).

This results in the following expressions for the switch and capacitor currents and their

Fourier coefficients:

i = —s(8)-i (8)+ 0 8(8) (5.6)
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I(k)= zinQ—Skéb I (k)

It | (5.7
=5:0- > S LD
e {0, T}
i, = -s(8)-i(8)-0-8(8) (5.8)
—_ 1,5 3
Mos(B) = -0 =Sk ® L (k)
. (5.9)

where s(0) is a square waveform taking on values of unity for times during which the

switch is conducting and zero otherwise:

§(0) = { 1 0<8<2mD (5.10)
0 2nD<0O<2m
, D k=0
SO) =1 sin@nD) sin’(nDk) 0 (-11)
k7 mk

and where s(0)is a square waveform taking on unit values when the switch is open:

5(0) = { 0 0<8<2mD 512
1 2rnD<0<2m
_ 1-D k=0
S(B) ) Sin(2nl_)k)+ sin>(nDk) b 20 (5.13)
2nk J ntk
D=1-D (5.14)

Now that the current into capacitor C, is known, the switch voltage v, may be found by

integration of the current i :-
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0 0<8<2nD
v =4 . (5.15)
zZ_ jzcs(e)de 21D <8 <27
2nD
V.(k) = 'Z"SI k 5.16
W0 = =21 () (5.16)

where Z_, is the magnitude of the capacitor’s impedance at the fundamental frequency:
Z,, = 1/2nf,C) (5.17)
As can be seen, if the charge Q and the filter current coefficients, a; and by, were
known, the solution could be generated by use of (5.15) for the switch voltage and (5.6)
for the current. The constraints needed to set these values are found in the harmonic
impedance specification for the filter bank. The impedance Z; looking into the filter bank

at each harmonic number k& imposes a proportional relationship between the filter current

i, and the switch voltage Vg

Z,L (k) = V()

(5.18)
Vke T
Using (5.16), this becomes:
s
]kz—cslx(k)—lcs(k) =0 (5.19)

[N )

2

Vke T

One additional condition may be added, that being the dc current into the capacitor

must be zero:
ICS(O) =90 (5.20)

Comparing (5.19) and (5.20), it becomes apparent that these two expressions may be

merged into one:
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2y |
JESEL (k) —1_ (k) = 0

Zey o G2

V

Vke {0, T}

Finally, (5.9) may be used to yield the required conditions:

V4
s < 1
+ —— s
LB [SI®LD]| _ +570=0 (5.22)

[— v
n's

Vike {0,T}

This linear homogeneous system of |7] complex-valued equations and one real-valued
equation in |7] +2 real-valued unknowns may be solved to yield the appropriate
coefficients of i, and the charge (. Since the system is underdetermined and
homogeneous, a solution must always exist. Additionally, scaling this solution by any
.integer multiple will also yield a valid solution. This physically corresponds to bias
scaling as discussed in Chapter 3 and is a consequence of neither the dc bias voltage nor
the dc bias current having been set during the solution. Each solution vector corresponds

to the solution under a different bias condition.

5.3 Real-Valued Linear Algebra Implementation

To solve this system in an efficient manner, it is best to convert the one-line expression
(5.22) into a form suitable for real-valued linear algebra routines. First, the convolution

sum may be expanded:

VA
.k 1
]k—I(k)+ S_I(l)-l——Q:O
E ch X Z k—x o (5.23)
e {0, T} )

Vke {0, T}

This may be further expanded using (5.5):
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ppwrase S[s (G SlsGeRlmee oo
’Vkev{o, T}

This expression may be expanded into the following real-valued system of equations:

. - .2, =
sin(2rDl)  sin"(nDI) 1o
Day + Z[ R bl]+2—nQ 0 (5.25)
leT

D ; D kX kR o2 D
[Q + sin(4nDk) _k] gt [__1_( __sin (21tDk)} b
2 8k 2 172 4k k

sin(2nDk) 1 (5.26)
kGt Y g eyt By bt 5 20=0
le {T-k}
VkeT

in (21D kR i D kX, D
[sm (21tDk)+__1_c]_ak_‘_[sm(4nDk)+_£_Q]bk

4nk 2 8nk 2 2
.2, =
+34 ;T;Dk)-a0+ Z [;lk,la,+l}k,lbl]:0 (5.27)
le T-k
Vke T
where:
, _sin(2eD(k-1)) N sin(2nD(k + 1))
Ay 1= an(k-1) an(k+1) (5:28)
5 _sin’(uD(k—1)) _sin’(nD(k+ 1)) (5.25)
k.1 2n(k—1) 2n(k+ 1) '
. .2, = .2, =
~  _sin (rD(k-1)) , sin"(nD(k+ 1))
A 1= + .
NPT IRk +1) (5-30)
By = Sn@RDGk+ D) sin(2nD(k- 1)) (5.31)

T An(k+ ) 4n(k—1)
and where R, and X, are the normalized tuning resistance and reactance for the k'

harmonic:

R,=R(Z)/Z,, (5.32)
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X, =3(2)/Z, L (5.33)

Héfe, (5.25) represents the real-valued equation resulting from the £ = 0 case, while
(5.26) and (5.27) are the real and imaginary parts of the remaining, complex-valued

equations. -

This system (5.25)-(5.27) may be solved using any conventional linear algebra
solution teéhnique appropriate for homogeneous systems, or with software packages such
as MATLAB or MAPLE. If a solved manually, or if a symbolic solution routine is used,
the coefficients may be found without resorting to floating-point numerical

approximations.

In most cases, the amplifier is operated with a switch duty cycle of 50%, in which

case, the system (5.25)-(5.27) becomes:

1 Y |
leT
1 ka . kRk ['Yk+1 1 B
[Z—T] ak+7bk+1e{szk}L(kZ—lz)bl}er—o (335)
Vke T
'kRk ' kX, 1 Ye k-Yewr , | _
" [Tﬁz].bﬁn_ka“ze{ZT:—k}[W(ktlz)bl}—o (5.36)
VkvevT
where:
0 keven
Y, = (5.37)
k { 1 kodd

As a concfete example, a matrix equation implementing (5.34)-(5.36) for
T ={1,2,3,4} follows. As can be seen, the system is underdetermined, the matrix

having 2|7] +2 = 10 columns butonly 2|7] +1 = 9 rows:
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500 - 0 0 0 . 0 0 %t
Xy R

G370 om0 0 0 g
X 0

13 GFD) w0 0 0 ok o ol
o 0 = (%_XZ) R, 0 ﬁ%‘ 0 0 5 2
0 %C 0 R, (Xz—%) —%t 0 0 0 0 ZZ
3

3Xy 3R

L R P L
= O 0 = 0 3—? (?—}J _'7'31? 0 olls,
0 &= 0 0 0 = 0 2R, (2x,-3) J

5.3.1 Finding the Waveforms

=0

94

(5.38)

Having found the necessary coefficients, it is now necessary to find the switching

waveforms. The switching current waveform may be found using (5.6):

(0 = 03(8) —a, - Z [a;cos(kB) + by sin(kB)] 0<6<2mD
d ’ keT
0 2rD<0<2m

The capacitor current i, may be found, if desired, using (5.8):

—04(0) 0<0<2nD

—ay - Z [a,cos(k®) + b;sin(k6)] 2mD<B<2m
- keT

i.(8) =

The voltage waveform may be found by using (5.15) and (5.40):

: 0 0<0<2nD
0
-Z,, j [ao+ > (akcos(k¢)+bksin(k¢))]d¢ 2MD<0<2n
| 1D ke T

vy(8) =

(5.39)

(5.40)

(5.41)
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Evaluation of this integral yields:

0 0<6<2nD

v (8) = § B Zm,%(sin(anD) _ sin(k6)) (5.42)
Z,,ay(2nD—0) + 2 2D <6< 27

; by
T + 2,7 (cos(k8) - cos(2mkD))

5.3.2 Solving for a Given Ipp

Thé above solution technique is complete when taken together with the bias scaling
rules introduced in Chapter 3, since the solution for any desired dc bias level may be found
by finding any non-zero solution and scaling the waveforms appropriately. A more elegant
way is to simply introduce the dc bias condition into the system to be solved. The formula

for the dc bias current in terms of the unknowns in the solution is quite simple:

By introducing this additional constraint into (5.25)-(5.27) or (5.34)-(5.36) will yield
an inhomogeneous system with the same number of equations as variables. Assuming this
system is determined (i.e. a solution exits with non-zero bias current), the system may be
solved With standard numerical techniques appropriate for inhomogeneous systems. As a
more concrete exémple, with this additional condition the matrix equation (5.38) would

become:
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1 1 1 1
3 0 i 0 0 0 In 0 0 7
1 Xl) R 2 4 1
G330 om0 0 " B om
1 R’ (X1 1) 1 1 9 ro
no2 29 w00 R
0
1 1 3 11lp
0 0 = ( i XZ) R, 0 -+ 0 0 0
2 N2 20
o w0 & (ey) g 0 | BB CXT)
a
2 (1 3X3) 3R, 4 1|3 0
o000 2 G5) 5 O Tmomh |
1 3 3R, (3X3 1) 3 a4 0
w0 o x5 0 z 7Y w0 %y |,
L 3 (l_ ) dlel
0 0 T 0 0 0 = (i-2%) 2R, 4
4 4 ( _1)
0 = 0 0 0 = 0 2R, (2X,-4) ©
-1 0 0 0 0 0 0 0 0 0]

5.3.3 Solving for a Given V¢

A similar approach may be used to determine the solution for a given dc bias voltage.

Integrating (5.42) to find the average value of the voltage waveform yields:

-(Dsin(21tkD) - cos(21tkD)) ]
14 Z' D | Z g 2mk” " (5.45)
=TT an + 5 5

bc “ 0 Tes z Dcos2nkD | sm2nkD
i 2k ]
for the case of 50% duty cycle, this becomes:
_ 2’Y/c_ 1

Ve +Z, z _ak — by (5.46)

ke T Ttk

Since this dc voltage is also a linear function of the unknowns in the solution, this
constraint may be added to either (5.25)-(5.27) or (5.34)-(5.36) to yield a inhomogeneous

system with the same number of conditions as unknowns. Again, this solution may be
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found if the system ié determined. A more concrete example follows, again adding the

bias condition to the matrix equation (5.38):

]

1 1 1 1
1 Xl) R, 2 4 1
0 (1‘7 7 0 3 0 0 O Tz =
1 R, (Xl 1) 1 1 o
r 2 33 % 0 0 O om0
a
1 (_1__ ) : 3 L™ 0
0 0 m a ) R 0 5n 0 O =5 0
a
o X 0 R () 2 0 0 0o o2 g
3X. 3R ! = 0 (5-47)
2 (l__3) 3 _4 0 1ias
0 0 0 0 5w 4 2 2 0 7n 2n by 0
1 3 3R, (3X3 A a 0
by 14
0 0 L 0 0 0 =X (1—2)() 2R, - pd
157 n 4 4 4 77 L0
4 4 1
0 = 0 0 0 = 0 2R, (2X4~-) 0
., 1 1 1 1 1
R ! O 3 5 3 0 2 Y

5.4 Determining a ZVS Tuning

Although the results of the previous section allow the analysis of switching amplifiers
in a very general sense, the problem of design synthesis has not yet been addressed.
Fortunately, the method can be modified to allow the proper choice of the load
impedances to be found which achieve certain waveform conditions. In this section, two
such conditions will be analyzed, namely the class-E switching condition requirements:

zero-voltage switching (ZVS) and zero-voltage slope switching (ZdVS).

The ZVS condition demands that the voltage on the switch at the instant prior to the
switch closing should be zero. This condition allows the amplifier to avoid additional loss
due to discharge of the switch's output capacitance. This condition is equivalent to the

demand that the discharge Q should'be zero:
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0=0 : - (5.48)

This condition may be added to either (5.25)-(5.27) or (5.34)-(5.36) to generate a set

of linear h'omogeheous" équations which the ZVS switching amp would have to satisfy, but
the system then would have the same number of equations as unknowns. Therefore, the
system is not guaranteed to have a non-trivial solution, corresponding to the reality that
not just any tuning can generate ZVS waveforms. For a non-trivial solution to exist, the
system must be underdetermined, a condition which may be imposed by demanding that
the determinant of the coefficient matrix be zero. In the case of the matrix equation (5.38),

for instance, the condition may be written as:

% 0 —;-t 0 0 0 _%: 0 0 217:
0G-3 F 0 F o o 0 kg
3 FD w0 0 0 R 0 o
0 0 %t G—XZ) R, 0 —%t 0 0 %t
o om0 R (6g & 0 0 O Oloo (549
3Xy 3R
I
= 00 % 7 (39 % o o
0 0 = 0 0 0 = (3-) 2 5
0 == 0 0 0 =0 2R, (2%,-1) 0
o 0 0 0 0 0 0 0 0o 1

Values must be chosen for the tuning impedances which satisfy this expression if a
ZVS tuning is to result. The most common case is where the impedances of the harmonic
overtones are fixed, but it is desired to adjust the fundamental frequency load to achieve
the ZVS conditions. As ca‘ny be observed in (5.49), the fundamental frequency load
impedance only shows up as a term in four matrix entries, two R; entries and two X

entries corresponding to the resistance and reactance respectively. This implies that the
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determinant is at most quadratic in each of these variables. Furthermore, these entries are
located in such a way such that every R, entry is located in the same row ‘as one X, entry
and in the same column as the other X, entry, and that every X entry is located in the
same row as one R; entry and in the same column as the other. This implies that the
coefficient of the X;R; term must be zero. Also, the coefficient of each X; and R, term is
identical save for a negative sign on one, and so the coefficients of the X;> and R;?

components are identical. As a result, (5.49) must be in the form:

(X, -C + (R -Cp)’=Cp = 0 (5.50)

Although the analysis has been applied to the specific case of equation (5.49), this
result is true in general, following from the same arguments. The resulting equation
indicates that the fundamental frequency impedance must lie on a circle in the impedance
plané, where the center of the circle (Cy,Cpg) and the radius C, are determined by the
impedances of the tuned overtones. The constraint that this shape must be a circle has
important consequences in design for load-invariant ZVS amplifiers since any change in
the load must follow a path which can be mapped into a circle in the impedance plane if
ZVS is to be preserved. It may be possible also that the value of the squared radius CZ2
may turn out to be negative, indicating that no ZVS solution is possible for that particular
tuning of the overtbnes, aithough this condition has never been encountered by this author
in practice. There is also the possibility that the positioning of the circle is such that
contains no points with R, > 0, which would also indicate that no ZVS ampliﬁer1 solution
is possible using that tuning for the overtones. Again, this has never been encountered by
this author in practice. Fig. 5.3 shows the ZVS circle for the case of class-E tuning of the

overtones (i.e. there is no tuning of the overtones).

1. Interestingly, the solution technique is also feasible for use in solving the waveforms of synchro-
nous resonant rectifiers [46]. With suitable interpretation of the result, an amplifier “solution” hav-
ing a negative load resistance — e.g. one receiving power from the load rather than delivering power
to it — is-equivalent to the solution for a similarly tuned rectifier.
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0.6 r

X103 ]

0.0 '
-0.3 0.0 0.3

Ri
Figure 5.3: Class-E ZVS circle in the (normalized) impedance plane. The shaded area is
non-physical for amplifiers since the load resistance is negative.

As in the class-E case, this ZVS solution is actually a continuous range of solutions
due to the fact that there are two available degrees of freedom being used to set only a
single condition. The second degree of freedom may be utilized to set an additional
condition, such as the ZdVS zero voltage slope switching condition. Fortunately, the slope

of the voltage 1s also a linear function of the current coefficients:

dVs .
TQ = ZCSICS (551)

Evaluating this expression at the turn-on time yields:

v _
E A= ZCS Z ak (552)

8=4 ke {0.T}

The required condition for achieving ZdVS switching conditions is then:

Z a, =0 (5.53)
ke {0.T%
Adding this condition to (5.38) would result in:
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1 1 :
3 0 — 0 0
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Finding a set of harmonic impedances satisfying this condition will guarantee a ZdVS

solution exists. This expression must also be in the form of a circle in the fundamental

frequency impedance plane, for the same reasons as in the ZVS case!. If this circle and the

ZVS tuning circle intersect, the tuning corresponding to that intersection point will have a

ZVS and ZdVS solution. This author has never encountered a case for which this

ZVS/ZdVS tuning point cannot be achieved, but it is reasonable to suspect that this may

occur in some special cases. Fig. 5.4 shows the ZVS and ZdVS circles for a class-E

tuning. The intersection point of the ZVS and ZdVS circles in the positive resistance

half-plane is the “optimal” ZVS/ZdVS class-E tuning.

1. Generally, constraints expressible as a linear homogeneous equation of the ay, by, and Q coeffi-
cients will lead to a circular locus of solutions in the impedance plane of any harmonic if the imped-

_ances of the other harmonics are kept fixed.
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Figure 5.4: Class-E ZVS and ZdVS circles in the (normalized) impedance plane (a) and
close-up of the ZVS circle (b). The green point at the intersection of the
circles is the location of the well-known “optimal” class-E amplifier. The
shaded areas are non-physical for amplifiers since the load resistance is
negative

5.5 Other Applications

Although the application of this solution technique in this work concentrates on its use
in 50% duty cycle switching amplifiers, the solution technique itself allows for any duty
cycle to be used. Furthermore, the technique may be extended to even include more than
two switch transitions per fundamental period, provided that an additional discharge basis
function is added for each additional turn-on transition. It is likely that there are
performance benefits associated with duty cycles other than 50%, and an analytic
technique to treat more complex switching behaviors may open up new applications for

resonant switching power systems [58].

By utilizing the negative resistance region of the impedance plane, the technique may
predict performance of harmonic-tuned rectifiers. Such rectifiers are primarily useful in
dc/dc converters where they play an essential role [1, e.g. 59]. By appropriately modifying
this technique, a tool for exploration of potential performance enhancements for resonant

synchronous rectifiers may be found.
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Also, much like the duality between ZVS and ZCS amplifiers, there is a duality
between solutions having é capacitance in parallel with the switch and solutions having an
inductor in series with the switch. If a case is encountered wherein the dominant switch
paraéitic is a series inductance and a resonant ZCS converter is required, the solution
technique presented above may be modified with very little effort by interchanging the
functions ef the voltages and currents. The shunt capacitance Cg, having conductance
proportional to the frequency becomes a series inductor having impedance proportional to
the fréquency. The harmonic tuning network presents specified conductances at selected
harmonics, but short-circuit at other, un-tuned ones. The voltage is commutated between
the switch and the inductor, with a discharge voltage ensuring a Volt-second balance in

the inductor.

It may be possible to extend the solution technique to also treat other switching

| amplifier problems. For instance, it may be possible to explicitly include the effect of the
switch on-resistance, providing a means to find the switching waveforms even when
significantly distorted by the presence of this resistance. It may also be possible to
incorporate the effect of a time-varying on-resistance in order to predict the effect of the
finite time required for the switch to change states. Furthermore, it fnay be possible to
solve a system including several switches with capacitances both across each switch and
between each switch. This would allow an extension of the push/pull concept used in the
class E/F ,qq amplifiers introduced in Chapter 7. Each of these extensions would require an
understanding of how the filter current(s) i, commutate between the various elements, and
how discharge curfents behave when there is a finite and possibly time-varying

on-resistance.
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With methods in hand for the prediction of switching amplifier waveforms and for
comparisons between candidate tunings, the discussion turns toward finding these
candidates. If, for instance, class E were the only possible tuning having the benefits of
ZVS switching and output capacitance compensation, the discussions of other possible
tunings would be rendered academic, being intellectually interesting but relatively useless.
This is equally true if other tunings exist, but achieve performance equal to or worse than
class E. Due to the simplicity of the basic class-E circuit, it is unlikely that other tunings
are implementable with less circuit complexity!, and so a new tuning would have to
improve upon the class-E performance. This chapter presents a first attempt to identify

broad classes of candidate tunings in the quest to improve upon class E.

® Class E

e Class F"
7
ZVS

ZCS

o Class E”

® Class F
P

Non-Resonant
Class D

Switching
Amplifiers

Figure 6.1: Taxonomy of known switching amplifiers.

1. Actually, the push/pull Class E/F 44 tuning discussed in the following chapter achieves consid-

erably improved performance without the need for a larger number of passive elements, albeit using
two switches instead of one.
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Fig. 6.1 depicts a taxonomy of sorts for the presently known harmonic-tuned
‘switchi.ng‘ amplifiers. The particularly useful subset of ZVS amplifiers, forh which the ZCS
subset is a'dual, is known to contain both the class F~! (class D™') and class E tunings. The
first question to be resolved is whether there are other tunings located in this subset which
are not merely minor variations of these two basic classes. This question has actually been
answered by the second harmonic resonant class-E amplifier [52] discussed in Chapter 3,
but this merely shifts the question: Are there more than just these three tunings? It would
not be unreasonable to suspect that there are, in fact, more tunings which achieve ZVS
conditions. Supposing these tunings could be found, it is not unlikely that some may allow
for performance improvements according to the measures introduced in Chapter 4. Since
the tools developed in Chapter 5 allow for rapid and accurate investigation, the stage is set

exploration.

6.1 Desired Properties

Before proceeding, it is prudent to clearly state the properties of a desirable tuning.

First, it should obviously have all the advantages afforded by class-E tuning:

» ZVS switching.
. Compénsation for the effect of output capacitance.
» Simple (as possible) circuit irnplementation.
In addition, the tuning should achieve better perfoﬁnance according to the measures

introduced in Chapter 4. Thus, better waveform figures of merit are desired:

» Lower peak voltage (lower Fy)
+  Lower RMS current (lower Fy)

. Improved capacitance tolerance (lower F»)



6.2. The Class E/F Concept _ 106

6.2 The Class E/F Concept

An obvious first line of 1nqu1ry might attempt to achieve a hybrid between class F or
class F'!, these having the benefit of improved waveforms, and class E, it having the
benefits of capacitance tolerance and circuit simplicity. The class E/F amplifier, as its
name -suggests, is such a strategy, being constructed as a frequency-domain hybrid
between class E and class F'L. Class F! is a more natural choice than class F as a target for
a ZVS amplifier since the ideal waveforms of this class are ZVS, unlike class F
waveforms which for the ideal case (i.e. all harmonics tuned, or class D) have

discontinuities in the voltage waveform during the switching events.

Tuning Jo 2f 3 4fy 5 ofy o 81y
N EEBEEEE
Class F! }RL open | short | open | short | open | short | open

New Hybrid ? ? ? ? ? ? ? ?

Table 6.1: Frequency-domain specifications for class E and Class F!.

The harmonic-.ﬁming specifications for class E and class F*! are shown in Table 6.1.
As can be seen, class E is constructed so that, except for the fundamental frequency, the
only load seen by the switch is the switch parallel capacitance C;. The fundamental
frequency load is then adjusted to achie\}e ZVS switching conditions. Class F!, in
contrast, tunes all harmonics to open-circuit or odd-circuit for even and odd harmonics

respectively. Under this tuning, the optimal load impedance is purely resistive.

To accomplish a hybrid of these two tunings, an approach has been developed which
seems at first somewhat haphazard, but ultimately justifies itself. The method is simple: at
each overtone choose to tune that harmonic as if it were either class E or class F*!. For

instance, one might construct an amplifier for which each overtone is tuned to a
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capaéitance except for the second harmonic which is open-circuited. Alternatively, one
‘might short-circuit the third harmonic and open-circuit the sixth, while leaving all others
capacitively loaded. By tuning some harmonics as to class Fl impedances, it is hoped that

the waveforms may take on some of the desirable qualities of this tuning.

It might be imagined that this rule would also apply to the fundamental frequency, so
that the designer would arbitrarily choose either the class-E or class-F*! load for that
frequency. This would be foolish, however, since it is almost certain this would not result
in a ZVS tuning. Instead, it has been found empirically that the required fundamental
frequency tuning is one having the same form as in class-E — i.e. a load consisting of
resistance and inductance — but having values dependent on the tuning of the overtone
harmonics. By choosing the appropriate values for the fundamental frequency load
resistance R; and the reactance X, the waveforms are made to switch at zero voltage and,

if desired, zero voltage slope.

Since this hybridization approach results in not just one new class, but an infinite
number of variations according to which harmonics have been tuned, a naming system is
required which uniquely identifies each variation. The naming system proposed is class
E/F, where the subscript is the list of harmonics tuned to class F'! impedances. For
instance, if the second and fifth harmonics are open-circuited and short-circuited
respectively while all other harmonics are tuned to a capacitive load, a class E/F, 5 results.
It should also be noted that class E and class F! are themselves members of the E/F
family, corresponting to the extreme cases of no tuned harmonics and all harmonics tuned
respectively. In this sense, the E/F concept is a generalization of the E and F! tunings.

Examples of class E/F tuning requirements are shown in Table 6.2.

6.3 Class E/F Waveforms

Using the resultS, of Chapter: 5, the fundamental frequency load required for

ZVS/ZAVS switching conditions and the resulting switching waveforms may be
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Tuning So o | 3 | Y | S | S | Th | &

Class E Csr'/XL R. gs—‘l‘ 2s—‘l‘ 25—‘L 29.—'1‘ Os_‘L ek gs—'l'
o | od | od | od | o | o

Class F~! }'ﬁ

&

I—? l"'.*g_: :

Class E/F, cs *t =R Es} gs} ES} ES}- SS_T gS_T
Class E/F; Es g gs}- ES} ic}.s} gs}- Cé%
Class E/F3 47 o . E%’ ES} Short gs}
Class E/Fy 345 & © o ES} ES}__ E%

Table 6.2: Frequency-domain specifications for several class E/F amplifiers

calculated. In fact, such an exercise effectively demonstrates the utility of this solution
method. Early investigations of E/F amplifiers using PSPICE could easily require several
hours of simulation and parameter tuning to find the circuit for ZVS operation and special
care was required to avoid convergence problems. Using a MAPLE program
implementing the Chapter 5 solution technique results in effectively instantaneous

determination of the appropriate tuning and the resulting waveforms.

Sample E/F waveforms are depicted in Fig. 6.2. As hoped, the waveforms contain
features both of class-E and class-F™! amplifiers. Like class E, the voltage waveform
switches at zero voltage and zero voltage slope, while the current waveform has a
discontinuity at the switch turn off, as is required in a ZVS amplifier [60,61]. Immediately
promising features include an obviously lower peak voltage in many cases, as well as
several cases of current waveforms closely approximating a square waveform. Before
examining these features more closely, the general behavior of the waveforms with

respect to the harmonic tuning will be explored.
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Figure 6.2: Switching waveforms for some members of the class E/F ZVS switching
amplifier family. Each amplifier (excepting class F'l) is tuned for
ZVS/ZAdVS (class-E) switching conditions. Waveforms are normalized to
unity dc voltage and current.
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6.3.1 Individual Tuned Harmonics

The first case of interest is the effect of tuning a single harmonic at a time. Waveforms
for individual tuned harmonics up to the 6! are presented in Fig. 6.3. Tuning of low order
harmonics result in waveforms which are clearly different from class E. E/F,, which is
similar to the second harmonic resonant class E discussed earlier, shows a substantially
improved current waveform. E/Fy provides much lower peak voltage. In these cases,

waveform improvements are apparent.

Higher harmonic tunings do not present such advantages. E/F4, for instance, does not
show any obvious improvement in either the voltage or the current waveform. E/F5 has a
slightly better current waveform, but an obviously higher peak voltage. Additionally, as is
apparent in E/F5 and E/Fg, tuning of the higher harmonics begins to take the form of a
ringing superimposed on the basic class-E waveforms. This is consistent with the
observations of class-E designers [51] who often notice such ringing on measured

waveforms due to high frequency resonances.
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Figure 6.3: Single-harmonic class E/F ZVS switching amplifiers. Each amplifier is
tuned for ZVS/ZAVS (class-E) switching conditions. Waveforms are

normalized to unity dc voltage and current.




6.3. Class E/F Waveforms L

6.3.2 Odd Harmonics

The next case of interest is the effect of tuning increasing numbers of odd harmonics.
Waveforms corresponding to increasingly tuning odd harmonics are presented in Fig. 6.4.
The most obvious feature is that the waveforms seem to be converging to a limiting case
as additional odd harmonics are tuned, a speculation which will be verified in the next
chapter. The voltage waveform converges rapidly to the half-sinusoidal waveform of
class-F™!, being nearly indistinguishable from the 9™ harmonic onward. This indicates that

even-harmonic tuning is unnecessary to achieve the voltage waveforms of class Fl

The limiting current waveform seems to be an almost trapezoidal shape, although it
will be shown in the next chapter to be a square wave superimposed with a half-cosine.
The class-E characteristic “leaning” of the current waveform towards the turn-off point 1s

retained, and if there appears to be little improvement with regard to the RMS current.
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Figure 6.4: Odd-harmonic class E/F ZVS switching amplifiers. Each amplifier is tuned
for ZVS/ZdVS (class-E) switching conditions. Waveforms are normalized
to unity dc voltage and current.
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6.3.3 Even Harmonics

Fig. 6.5 shows waveforms resulting from increasing numbers of even harmonics
tuned. As might be expected, since the voltage waveform primarily effects the odd
harmonics, the effect of the even harmonics is primarily on the current waveform. In this
case, the current waveform rapidly converges to a square wave, with the voltage

waveform remaining largely unaffected.
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Figure 6.5: Even-harmonic class E/F ZVS switching amplifiers. Each amplifier is tuned
for ZVS/ZAVS (class-E) switching conditions. Waveforms are normalized
to unity dc voltage and current.

6.3.4 Complete N-Harmonic Tunings

In order to achieve the benefits of class F~! in both the voltage and current waveforms,
then, it seems that both the even and odd harmonics need to be tuned. Similar to the
class-F idea of tuning all lowest order harmonics up to a number N, the complete
N-harmonic class E/F amplifiers may be generated. The resulting waveforms, shown in

Fig. 6.6, indicate that these tunings have similar characteristics to the class-F! tuning
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strategy, the voltage and current waveforms increasingly resembling a half-sinusoid and a

square wave respectively as additional harmonics are tuned.

It should be stressed that, unlike class-F~!, harmonics with higher number than N are
present in the waveforms and serve to increase the efficiency by reducing the voltage and
current waveform overlap achievable in principle to zero. Thus this set of amplifiers may
take on the class F -like characteristic of tuning additional harmonics to more closely
approximate square and half-sinusoidal waveforms, while also achieving the efficiency

benefits of having higher, capacitively-tuned harmonics present in the waveforms.

This suggests a different approach to class-F~! design. Conventional analysis of
class-F~! assumes that 100% efficiency can be achieved only by carefully tuning a large
number of harmonics to alternating short and open circuits. As these waveforms show,
however, it is only necessary to tune a few harmonics to achieve class F! -like waveforms
while eliminating waveform overlap allowing 100% efficiency in principle. The only

required change is a slightly inductive load at the fundamental to achieve ZVS switching.
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Figure 6.6: Complete N-harmonic class E/F ZVS switching amplifiers. Each amplifier is
tuned for ZVS/ZdVS (class-E) switching conditions. Waveforms are
normalized to unity dc voltage and current.
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6.4 Class E/F Performance Figures of Merit
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Having established the existence of this new E/F family of switching amplifier classes,

and visually observed encouraging characteristics in the waveforms, a more careful

analysis of the waveform properties is in order.

Waveform Merit

(normalized to unity for Class E)

Performance Merit

Tuning Fy F Eo | Fpp || 505. ) PRy | Bitfe | 28,5, | FoFpn
E 3.56 | 1.54 | 3.14 | 2.86 || 1.00 | 1.00 | 1.00 | 1.00 | 1.00
E/F, 3.67 | 148 | 1.13 | 333 || 098 | 0.33 | 294 | 099 | 1.20
E/F3 314 | 152 | 3.14 | 3.06 || 0.76 | 097 | 0.78 | 0.87 | 0.94
E/F; ;3 313 | 147 | 231 | 267 || 0.71 | 0.67 | 1.05 | 0.84 | 0.82
E/F, 3.34 1.55 | 245 )} 327 (| 0.89 | 0.79 | 1.13 | 0.94 1.07
E/Fy 4 343 | 146 | 097 | 3.60 || 0.84 | 028 | 3.00 | 0.91 | 1.21
E/F3 4 310 | 1.62 | 193 | 345 | 084 | 068 | 1.23 | 091 | 1.05
E/F334 308 | 145 | 1.18 | 3.26 || 0.67 | 0.34 | 199 | 0.82 | 0.99
E/Fs 365 | 153 314 | 284 |{ 1.04 ] 099 | 1.05 | 1.02 | 1.02
E/F; 5 320 | 1.51 | 3.14 | 3.12 |} 0.78 } 0.97 | 0.78 |} 0.87 | 0.94
EFy345 320 | 145 | 211 | 265 | 0.72 | 060 | 1.20 | 0.85 | 0.83
F! 3.14 | 141 | N/A | 2.00 || 0.66 | N/A | N/A | 0.81 | 0.62
Table 6.3: Waveform and performance figures of merit for several ZVS/ZdVS E/F

tunings. Performance figures listed relative to class E. In all cases, smaller
numbers indicate better performance.

Waveform and performance figures of merit are listed in Table 6.3. Consistent with

the visual observations, the waveform figures of merit are generally quite good. For the

tunings selected, only a few of the amplifiers perform worse than class E in the important

Fy (peak voltage) or F; (RMS current) categories. Several tunings actually achieve better

peak voltage performance than the class F! target, and many have comparable

performance with regard to RMS current. The peak current in most cases is worse than
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class E, but since this measure does not appear in any of the efficiency or gain figures of

merit, the performance effect is minimal.

The most striking difference, however, is the capacitance tolerance (F). None of the
tunings listed has worse tolerance than class E, and several outperform it by a factor of
two or even three. Intuitively this is not terribly surprising, since the capacitance is being

essentially tuned out at selective frequencies.

Efficiency and gain factors show corresponding improvements. In the case of
size-limited drain loss (F%,F% ), all but one tuning achieve better performance than class E.
Some ﬁmings such as E/F, 3 4 reduce the drain loss to about 67% that of class E. This
improvement puts several class-E/F tunings into the same performance range as ideal

class F~! for this measure, potentially reducing the heat sinking requirements by one third.

The gain-limited PAE case (F}F 1) tells a similar story, although the improvements
are more modest. Due to the similarity of the size-limited and gain-limited expressions,
the same tunings achieve the best performance in both, but the gain-limited improvements
are more limited, achieving down to 82% of the class-E loss, or an 18% reduction in heat
sinking. Although this is modest, it is nearly equal that of the ideal class F! case, so the

small performance benefit is to be expected.

Due to the 'greatlyl improved FC numbers, the greatest improvement is in
capacitance-limited performance. By allowing a much greater transistor size to be used,
the capacitance-limited drain loss (F?FC ) may be improved greatly, with class E/F; 4
achieving a loss just 28% that of class E. Since this improvement is gained largely by an
increase in the transistor size, the gain (F%,/ F () is correspondingly lowered, but in many
cases this is tolerable. If the gain is an issue, tunings such as E/F, 3 allow a drain loss
reduction without significantly reducing the gain. This is accbmplished since the lowered
peak voltage increases the gain by almost the same factor that the increased size lowers it.
In this case, the drain loss may be reduced by 33% while only decreasing the gain by 5%.

Of course, even in the other cases, designer is not forced to make full use of the available



6.5. Practical Strategies for Implementing E/F 116

gain/efficiency trade-off, being free to choose any transistor size having an output
capacitance smaller than the capacitance Cg with the remainder being made up by discrete

capacitors.

6.5 Practical Strategies for Implementing E/F

Up to this point, the E/F family has been discussed only in reference to the harmonic
tuning impedances. To be usefully employed as a high-efficiency amplifier, it is necessary
to implement a circuit to provide this harmonic tuning. Furthermore, it would be desirable
if this circuit would have as little complexity as possible (in terms of the number of

components required) and introduce as little loss as possible.

6.5.1 Direct Implementations

The most obvious implementation strategy is to simply build the circuit employing a
separate bandpass filter and load for each harmonic to be tuned. In essence, the equivalent
circuit model of Fig. 5.1 used in calculating the waveforms is constructed. This results in
an implementation identical to- the class-E circuit except that an additional high-Q
resonator is used for each tuned harmonic. For instance, a simple class E/Fj
implementation might use the circuit shown in Fig. 6.7, using a single third-harmonic

series LC resonator connected between the switch output and ground.

ll

L
i ,f'i?
%_Jfls R‘L

1t

Figure 6.7: Direct E/F5 implementation using high-Q resonators.
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Tuning of even harmonics requires that the capacitor be resonated out at that harmonic, so
the filter would not connect to ground, but to an appropriately sized inductor, as shown in
Fig. 6.8. Although this tuning inductor L, is depicted as a discrete circuit element in the
schematic, it would almost certainly be combined with the inductor of the second-har-

monic LC tank, reducing the component count.

Figure 6.8: Direct E/F; 3 implementation using high-Q resonators.

6.5.2 Multi-Resonant Implementations

The direct implementation, although simple, has its disadvantages. First, the circuit
complexity is unnecessarily complicated. Rather than employing separate resonators for
each harmonic, a suitable multi-resonant circuit might be employed to reduce the number
of components. For instance, a simple E/F,4 implementation might employ a single
series/parallel resonator to simultaneously tune the second and third harmonics using only
three circuit elements. This circuit, shown in Fig. 6.9, has the additional advantage of

using a resonator which conducts dc current, allowing it to also replace the rf choke.

6.5.3 Symmetric Push/Pull Implementations

The second problem is the difficulty of tuning harmonics in a way that is both
reasonably simple and low-loss. Because each additional resonance added to the circuit
introduces additional loss, it is desirable to reduce the stored energy in the resonators, 1.e.

make their loaded quality factors (Qs) relatively low. Unfortunately, this causes the effect
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Figure 6.9: Class E/F, ; implementation using a multi-resonant tuning circuit.

of the tuning circuit to be relatively broad in the frequency domain, spilling over into
adjacent harmonics, usually with adverse effects. For instance, if a low-Q third-harmonic
LC resonator is employed in the circuit of Fig. 6.7, the resonator will present a capacitance
at the second harmonic, reducing the impedance at this harmonic where it would actually
serve better to increase it. This causes all three waveform figures of merit to degrade,
particularly F~. The designer is thus forced to either utilize a very high-Q resonant circuit
or to introduce additional resonances into the circuit, either way increasing the passive

component loss.

There is, however, a more clever way to short-circuit an odd harmonic without
adversely affecting the impedances of the adjacent even harmonics. By utilizing a
push/pull circuit of two identically-tuned switching amplifiers [62], the differing

symmetries of the even and odd harmonics in the switching waveforms may be employed.

| I

N_ N veq A

=
L<=D |

Figure 6.10: Push/pull switching amplifier with differential load.
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Consider, for instance, the circuit depicted in Fig. 6.10. This circuit employs two
switches, each with 50% switching duty cycle but operated in a complementary fashion so
that when one switch is conducting the other is open. As the circuit is constructed
symmetrically, it is reasonable to assume that the waveforms of each switch are identical
except for a time delay difference of a half cycle between them. Consider now, what effect
the differential load impedance Zj, has on the effective impedance seen by each switch at

the various harmonic frequencies.

Due to the time-delay symmetry of the waveforms, the odd harmonic voltage
components of each switch must be equal in amplitude but opposite in phase.
Consequentially, a virtual ground develops at the center of the differential impedance and
each switch “sees” an impedance at this frequency equal to Z,/2 . At the even harmonics,
however, the harmonic voltage components must be equal in amplitude and equal in
phase. As a result, a virtual open-circuit develops at the line of symmetry and no current
flows through the impedance Zj,. Thus the effective impedance seen by each switch at
even harmonic frequencies is unaffected by the presence of this differential load. These

effects are depicted in Fig. 6.11.

virtual
open-circuit

— —

(b)

Figure 6.11: Effect of differential load at odd harmonics (a) and even harmonics (b).

Utilizing this principle, a clever designer might construct his E/F; amplifier in a

manner similar to that shown in Fig. 6.12. By placing the third harmonic short circuit as a
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differential load, this harmonic may be properly terminated using a low-Q resonator

without adversely affecting the impedances of any even harmonic.

ki

AT " T

Figure 6.12: Class E/F5 push/pull implementation allowing the use of low-Q resonators.

A similar strategy may be used to selectively tune the impedances of even harmonics.
Consider, for example the circuit shown in Fig. 6.13. In this case, the differential load has
been augmented with a common mode conductance Y- placed between the center of the
differential load and ground. Consider now what effect this circuit has for both even and

odd harmonics.

Figure 6.13: Push/pull switching amplifier with T network load.

As before, a virtual ground develops for odd harmonic frequencies at the symmetry
line of the circuit, effectively shorting the conductance Y- at these frequencies. Thus the
common mode conductance has no effect for the odd harmonic, resulting in the same
effective impedance as in the previous, fully-differential case. At the even harmonics,

however, the symmetry line represents a virtual open circuit, and any current injected into



6.6. Class F/E ZCS Amplifiers 121

the T network must be conducted through the conductance Y. By separating this
conductance into two parallel conductances each of value Y./2, the effective impedance
at the even harmonics is easily found to be (Z,./2) + (2/Y ). By choosing the common
mode conductance appropriately, even harmonics may thus be tuned without affecting the

impedances of odd harmonics. These effects are depicted in

virtual
ground

virtual
open-circuit

(a) (b)

Figure 6.14: Effect of differential load at odd harmonics (a) and even harmonics (b).

Utilizing this technique, an E/F; 5 amplifier might be constructed using the circuit
topology shown in Fig. 6.15. In this circuit, the third harmonic is short-circuited using a
differential load as before. The second harmonic is tuned to open circuited using the T
network consisting of the L ; and L,, which also serves to supply the required fundamental
frequency inductance through the L; components. As in the multi-resonant case, the

circuit also allows the chokes to be replaced by passing the dc current through the tuning

inductors.

6.6 Class F/E ZCS Amplifiers

Like any other tuning, the E/F family members each have dual tunings wherein the
voltage and current waveforms are interchanged. In this case, the dual may be referred to
as the F/E family, since these tunings are a hybrid between class F and class E! in every
sense that E/F is a hybrid between class E and class F'l. This family consists of ZCS

amplifiers, and as such are of limited use in high-frequency design. Nevertheless, in
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Figure 6.15: Class E/F, 3 push/pull implementation allowing the use of low-Q
resonators. L, provides the fundamental frequency inductance, while L,
provides the second harmonic tuning.

applications where class E! would normally be employed, amplifiers from this F/E family

may offer performance advantages similar to those E/F offers for applications demanding

ZVS switching.

6.7 Updated Switching Amplifier Taxonomy

One of the results of the explorations detailed in this chapter has been to greatly
expand the number of known tunings. As a result, the taxonomy of harmonic-tuned

switching amplifiers may now be augmented with these new tunings, as depicted in

Fig. 6.16.

As can be seen, the E/F and F/E families form subsets of the ZVS and ZCS amplifier
groups respectively. Since all of the ZVS tunings presented so far are now members of the
E/F subset, it might be inquired whether there are ZVS tunings which are not in the E/F
family or whether the E/F family is the only method to achieve ZVS. In fact, there are
many such tunings, although most have poor waveforms and/or exhibit poor capacitance
tolerance. In fact, this author has never encountered a tuning of the overtones for which it
is mathematically impossible to achieve ZVS conditions by appropriately adjusting the

fundamental frequency load. Amongst these tunings, the class E/F family seem to be
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among the best performing, but additional exploration may yield other tunings with yet

greater performance advantages.

Figure 6.16:

® Class E
® Class F'

® Ciass EfF,
® Class E/F_y,

i e Class E”
® Cilass F
e Class F/E,
& Class F/E_,,

Non-Resonant

= Class D

Switching
Ampilifiers

New switching amplifier taxonomy, including the new E/F and F/E

families.

Also, it should be noted that there are a great many tunings which are not either ZVS

or ZCS. This 18 hardly surprising, since any passive circuit connected to a switch will

produce some waveform, and it is hardly to be expected that an arbitrarily constructed

circuit will operate with ZVS or ZCS switching. Due to their inability to reduce the effect

of switch parasitics, these tunings are of little interest for high-frequency power amplifier

design.



Chapter The E/F ;5 Switching
Amplifier Family

In the previous chapter, a push/pull implementation strategy was developed for

efficient implementation of E/F amplifiers by utilizing the differing symmetries of the
even and odd harmonics. Besides allowing improved implementations over single-ended
E/F family, this technique also presents the very interesting possibility of utilizing these
symmetries to achieve tunings which are impossible in single-ended designs. This chapter
details one such technique, wherein E/F amplifiers with an infinite number of tuned

harmonics are achieved using a simple push/pull implementation.

7.1 Class E/F 34 Amplifiers

7.1.1 E/F,qq Concept

Figure 7.1: Push/pull switching amplifier with differential load.

Consider the differentially-loaded push/pull amplifier circuit, as depicted in Fig. 7.1.
As noted previously in Section 6.5.3, the differential load Zj, only has effect on the odd
harmonics, being effectively removed from the circuit at the even harmonics by the virtual
open-circuit developed at the line of symmetry for those frequencies. Since the desired

tuning for odd harmonics is short-circuit, it is intriguing to consider the possibility of

124
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short—cifcuiting large numbers of harmonics usihg_ a single differential load. For instance,
if the differential load Zp is a widéband filter constructed to provideL a short-circuit
between the switches for all harmonics between the 3" and the 7%, an E/F 3,5,7 amplifier
would result. At the 3rd, Sth, and 7™ harmonics, the switches will each see an effective
impedance of short-circuit, since the differential load short-circuits each switch to the
virtual ground at the circuit’s line of symmetryl. The even harmonics, however, will not
be affected by the short circuit between the switches at the 4™ and 6™ harmonics since

their voltages at these harmonics are already identical to each other.

Figure 7.2: Class E/F 44 circuit implementation using a paralle] LC resonator.

The extreme case of this would be to short-circuit a// of the odd harmonics by simply
using a true short-circuit as the differential load. Such a circuit could in principle achieve
E/F tuning for an infinite number of odd harmonics with almost zero circuit complexity. It
would, of course, also short-circuit the fundamental frequency, rendering the resulting
“amplifier” useless. This may be remedied By using circuit such as that shown in Fig. 7.2,
wherein a bandstop filter such as a parallel LC tank is used to short the two switches
together at all frequencies other than the fundamental. This technique would have the
potential to yieldan E/F3 579 ampliﬁef, denoted hereafter as E/F 44 so as to indicate the

tuning of all odd harmonics.

1. Or, equivalently, the voltages must be equal amplitude and opposite phase. Since they’re
short-circuited together the only possibility is that each amplitude is zero, i.e. a virtual short-circuit.
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71.1.2 E/F 39 Waveform Solution Technique

k- fucf%n

open for f=fy 4
] short otherwise [
’s1l gl'cﬂ ’cs?l$ l'SZ

Figure 7.3: Class E/F 44 circuit model for analysis.

838

Unlike the class E/F amplifiers with finite numbers of harmonics tuned explored in
Chapter 6, the waveforms for the E/F 44 tuning are derived with relative ease in the time
domain. Consider the E/F 44 amplifier depicted in Fig. 7.3. Due to the presence of the
bandstop filter between the two switches, the differential voltage v, — v, between the
two switches must be a fundamental frequency sinusoid. Letting the amphtude and phase

of the sinusoid be denoted Vg and ¢ respectively:
vy—v; = Vesin(0+¢) (7.1)

Since the switches are each conducting for alternating halves of the cycle, this
differential voltage determines the switch voltages vy; and v, since at all times at least one
of them is zero. Without loss of generality, it may be assumed that the left-most switch is

closed for 0<0B<m:

0 0<B<m

s1 = { ; (7.2)
—Vesin(B+9) m<6<2m

= { Vesin(0+¢) 0<6<m 3
0 n<B0<2m

Assuming a ZVS tuning is to be found, these voltage waveforms must be continuous

and zero at the switching turn-on times, which can only be accomplished if either ¥ or ¢



7.1. Class E/F.,;; Amplifiers o 127

is zero. Since V¢ = 0 results in an all-zero solution, it must be concluded that ¢ is zero.
This results in a half-sinusoidal voltage, the limiting case for class F'!, which is reasonable
since the half-sinusoidal waveform is well-known to have only fundamental frequency

and even harmonic components:

0 0<B<m
v = ' (7.4)
—V¢sin(0) m<O<2m
Vosin(9 0<B<m
Vo :{ ssin(8) (7.5)
0 nt<O<2w

Since each switch is connected to the dc supply through an inductor, the dc value of
the switch voltage waveforms must each be the dc voltage V. Since the peak to average

ratio of a half-sinusoid is equal to &, the voltage waveforms must be:

0 0<B<m
Ve = { ] (7.6)
-V pesin(0) m<O<2m
TtV ~sin(0 O<B<m
v, = { pcsm(0) (1.7)
0 T<0<27W

Now that the voltages across the capacitances C;; and C,, each with capacitance C,

are known, their currents I,.;; and I, may be calculated':

. 0 O0<B<m
bes1 — (7.8)
—n(oOCSVDCcos(G) n<0<2m

1. Although a linear output capacitance is assumed here, it should be noted that the case of a non-
linear capacitance [55] is readily solved [56] so long as the current resulting from the known voltage
waveform may be calculated.
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cVv 0
o = T, s pcos(®)  0<b<m , (7.9)

1
0 T<0<2w

The frequency dependence may be removed by expressing the currents in terms of the

capacitances' fundamental frequency impedance magnitude Z:

o 0 0<B<m
i1 = 14 (7.10)
esl - DCcos(G) T<O<2T
C
e
i, = Z. cos(B) O<O<m (7.11)
0 n<O<2nm

With these currents known, the switch currents may be calculated using Kirchhoff's
current law (KCL). Since at least one switch is non-conducting (i.e. zero current) at all
times, and since the chokes only conduct dc current I, all currents except for that of the
conducting switch are known. Clearly this switch must conduct both choke currents as

well as that of the capacitor parallel to the non-conducting switch:

nVDC
0o - T<O<27w
0 0<B<m
in = TV (7.13)

20,0+ chcos(e) n<9<2m

With the voltage and current waveforms determined, the only remaining task is to
determine the value of the fundamental frequency load. The load current i; is readily

calculated using KCL:
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. 44 '
—Ipet Z?Ccos(e) 0<B<mn

i = | (7.14)

cos(B) m<O<2m

This is actually the sum of a square wave and a cosine:

14 -1 O<B<m
i, = —2CScos(0)+{ D€ (7.15)
Ze Ip. m<6<2m

The fundamental frequency Fourier component of the differential current follows by
inspection. Noting that the ratio between the fundamental frequency component and

amplitude of a square waveform is 4/, the fundamental frequency load current /; is:

_®Vpe | Hpe
+J-

L= - (7.16)

The load voltage v, — v, is a sine wave with amplitude V'p, and so the differential

fundamental frequency load voltage V; is:

V, = itVpe (7.17)

The admittance of the fundamental frequency load is simply the ratio of I; and V;:

_.Il _ 4IDC o1
ey =5 —I7
' ®Vpe 7€ (7.18)
:._1_._]’._1_
where:
2y
T DC
R, =—. 2% .
L= T¢ (7.19)
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From this expression, it is apparent that the required fundamental frequency
differential load is a resistance in parallel with an inductance having the same. impedance
at the fundamental frequency as the capacitance Cg does. Equivalently, the inductance

must be sized to resonate at the fundamental frequency with the capacitance of one switch.

Equation (7.18) also leads to an interesting conclusion: The formula for the load
conductance does not contain any dependence on the capacitor C; while the load
susceptance is a function only of this capacitance. Thus the amplifier will operate in ZVS
mode for any value of the load conductance without the need to re-tune as the conductance
is changed. Furthermore, the voltage waveform across the load is constant under these
changes in conductance since it is determined only by the dc voltage and the switching
phase. The current waveforms do change, however. Expressing (7.12) in terms of the load

resistance and the dc voltage yields:

2

T T
is] — VDC ﬁz_Z_CCOS(e) 0<0<m (7'20)
0 n<O<2rw

This expression indicates that, if the load resistance is varied while the switch
capacitance and tuhing network are unchanged, the square wave component of the current
waveform varies with the changing load while the half-cosine component remains
unchanged, being only a function of the switch capacitance. This effect on the switching

waveforms is depicted in Fig. 7.4.

This load invariance may be useful in many applications, but even for systems
utilizing a fixed load the ability to vary the capacitance and load independently is
important. The loose relationship between the load resistance and the capacitance C; may
be utilized to allow a change in the switch output capacitance without necessitating a

change in the load resistance. Re-arranging (7.20) results in:
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Figure 7.4: Behavior of the E/F 44 switching waveforms as the load is varied.
thVDC 2 R (6) 0<0
: — —— 0S8 <f<m
i = . nZ (7.21)
s1 4R, C
0 n<B<2nm

This expression indicates that the shape of the current waveform is determined by the
ratio between the load resistance and the switch output capacitance. For very small
capacitance, the current is a square waveform, as should be expected since for negligible
output capacitance the circuit is identical to class D! as discussed in Chapter 3. As the
capacitance is increased, however, the half-cosine waveform begins to increase in

amplitude. This effect is depicted in Fig. 7.5.
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Figure 7.5: Class E/F 44 waveforms as output capacitance is varied.

There are several results to conclude from this. First, it is clear that the RMS current

increases as the capacitance is increased. Thus a designer, if given the option of reducing
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the outpilt capacitance without adversely affecting the on-resistance, would be foolish to

not do so. Thus, unlike class E and single-ended E/F amplifiers wherei;l choosing too
| small of a value for Cj results in negative switch voltages - especially undesirable in FET
devices with parasitic drain-bulk diodes - the E/F 44 circuit waveforms only improve as
the capacitance is decreased. As a result, unlike the class E case wherein discrete
capacitance is often added in parallel to the switch, it would be inadvisable to do so in the

E/F ,4q case.

This is not to say that the capacitance will necessarily be small, however. Although the
current waveforms improve with decreased capacitance, low on-resistance may often
demand a large transistor size, as discussed, in Chapter 4. The freedom to freely choose a
range of values for the output capacitance — in essence a range of different tunings —
without introducing negative switch voltage or current gives the designer an additional
degree of freedom when optimizing performance. The tuning for each output capacitance

will have different values of F7and F, and accordingly will have different performances.

The current waveform shape can actually be expressed in terms of the capacitance

tolerance parameter F . Rearranging (7.12) results in:

RN 3 Vnc cosd 0<0<m
is1 = Ipc- IncZ,, (7.22)

0 nT<0<2rw

Recalling the definition' of FC from Chapter 4, this can be re-expressed as:

T
. 2——cos9 0<0B<m
g1 = Ipc- Fe (7.23)

0 T<0<2r

1. The waveform figures of merit, in order to be used consistently, should be calculated on a
per-switch basis, and so the dc voltage, dc current, peak voltage, output capacitance, etc. should be
the appropriate value for a single switch. The analysis in this section has been set up so that, for in-
stance, Ip is the dec current for a single switch, simplifying the analysis.
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P M (7.24)
pc’Zc

As can be seen, there is a one-to-one correspondence between the F- value and the
waveform shape. As a result, it is convenient to label the tunings for difference relative
capacitor sizes according to their F- value relative to that of class E (for which F. = ).
Accordingly, an “E” sized tuning has F» = © while a “2E” sized tuning would have
F. = m/2, etc. From (7.23) it is apparent that using a “2E” sized device results in a
current waveform beginning from a zero value. In fact, the “2E” device is the largest for
which there are no negative currents. So in this crude sense, E/F,qq has twice the
capacitance tolerance of E, being capable of absorbing twice the capacitance before
negative currents result. The E/F 44 waveforms corresponding to “E” sized and “2E” sized

devices are depicted in Fig. 7.6.
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Figure 7.6: Class E/F 44 tunings for “E” (a) and for “2E” sized (b) devices.

7.2 Class E/F ;34 Family

Having determined that it is possible to provide short circuits for all odd harmonics to
produce E/F 44, it is natural to wonder whether additional even harmonics may be tuned to
increase the performance. Thus, it is desired to evaluate the operation of an E/F, ;44
amplifier tuning, where x is a list of additional tuned even harmonics. In this way, the

E/F,4q concept may be generalized to produce an E/F 44 family of tunings.
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Figure 7.7: E/Fy ,q4q conceptual circuit implementation.

A circuit implementation by which a number of even harmonics may in principle be
open-circuited is shown in Fig. 7.7, wherein the E/F 44 circuit of Fig. 7.3 has been
augmented with additional resonators in parallel with each switch. Each resonator may be
treated analytically as a bandpass filter in series with a capacitor having a negative
capacitance -Cg. The filter connects this negative capacitance in parallel with the switch
parallel capacitance at those even harmonics to be tuned, canceling this capacitance at
these frequencies. For each even harmonic thusly tuned, the switch will be presented an
open-circuit.

As before, the switching waveforms are readily calculated using a time-domain
approach. The voltage waveforms for this circuit are identical to those for the class E/F 44
amplifier (7.6)-(7.7) found previously, following from the same arguments. The capacitor
currents i,; and i, are therefore also identical to the E/F,qq case (7.8)-(7.9). The
resonator currents iy; and i, may be calculated easily as the resonator impedance and the
voltage across it are both known. To this end, the switch voltage waveforms may be

decomposed into the following Fourier series:

2
v_ql:VDC.[l—gsm(G) > (kz—lcos(ke)ﬂ (7.29)
}

ke {2,4,6, ...
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. | ) -
vy = VDC-[1‘+’§‘sin_(e)— > (kz_lcos(ke)ﬂ - (726
| }

ke {2,4,6, ...

The admittance Y7(k) of the tuning network at the K™ harmonic is:

Y (k) = —j-ZiC (7.27)

Using this, along with (7.25)-(7.26), the even-harmonic tuning network currents i,

and iy, may be calculated. Letting T denote the set of even harmonics to be tuned:

V 2k .

. _ . _ DC

ipg = iy = — Z [kz 1s1n(k9):| (7.28)
C kerth —

To find the switching current waveforms, KCL is invoked. As before, this is possible

since at any given time every current is known except for the conducting switch:

™he Voe 2k .
| 21, - —2Ccos() + 2€. > sin(k8) | 0<o<n
i =49 7PC Z¢ Zc ket = (7.29)
0 n<O<2n
0 0<0<m
i, = 1% 14 2k . 7.30
27 2o+ —2Cc0s(0) + =25 D | 5—sin(k8)| r<o<2n (7.30)
Ze Ze erlk -1

Now the fundamental frequency load may be determined. Current through the
differential load, i;, is found by KCL:

v 14 [ 2k . o
_I'DC+ ——DCCOS(e)+ ..._D..g . Z 3 Sln(ke) 0<0<m
ZC ZC ke T

i\ = (7.31)

114 14 2k .
Iye+ —2Ccos(0) - -2€. 3 | 5—sin(k8)| g<o<2n
Zc Zc ke T 1

The fundamental ﬁéquency Fourier component /; of this current may now be found:
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j— | : (7.32)

o )
wpe Vpe 8k N AHpe
( T

To determine the load conductance, the ratio of this current to the fundamental

frequency voltage (7.17) is taken:

4] 8k2
y, = —2C ~j~(21-—c) -4 Z((—2] (7.33)
T

2
Vbe T e MK —1)

As m the case of E/Fq4, the required fundamental frequency load for the E/F, ,qq
amplifier is a resistance in parallel with an inductive susceptance. Also like E/F 44, 1t can
be seen that the impedance of this susceptance is a function only of the output capacitance
Cg, and the harmonic;s which have been tuned, and not a function of the output power or
fhe load resistance. As a result, these amplifiers show the same load-invariance as E/F44.
As in the E/F 44 case, the square wave component of the current scales with the load
resistance R; while the “ripple” current scales with the output capacitance Cg. Unlike

Class E/F 44, the shape of this “ripple” current is no longer half-cosinusoidal, but is more

complex.

7.2.1 Class E/F qq Family Waveforms

Using (7.29) and (7.6), the waveforms for class E/F 44 amplifiers may be generated. Since
there is a choice of the transistor size to use, three sizes have been selected, “E” to indicate
performance when a class-E sized device is used, “2E” to indicate performance for the
maximum sized device not resulting in negative currents, and “0.5E” to indicate perfor-

mance for a small device. Selected waveforms are depicted in Fig. 7.8.

As can be seen, much like in the single-ended class E/F amplifiers, the effect of
open-circuiting even harmonics is to cause the current waveform to more closely

approximate a square wave. While for small values of capacitance, the simple E/F,4q
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Figure 7.8: Switching waveforms for some members of the E/F 44 ZVS switching
amplifier family. Each amplifier is tuned for ZVS switching conditions.
Waveforms are normalized to unity dc voltage and current.

circuit is sufficient to achieve a nearly square-wave current, for larger sized devices the

additional harmonic tuning presents a clear advantage. In this way, the even harmonic

tuning is helpful for achieving even larger transistor sizes while keeping reasonable RMS
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currents. Also of note is that tuning of individual harmonics such as the 4 or 6, while
not hurting the performance, fails to yield significant improvements. The most effective

harmonic to tune is the second, followed by the fourth, etc.

7.2.2 Class E/F qq Performance Figures of Merit

Waveform and performance figures of merit for selected E/F,qq amplifiers are
presented in Table 7.1. The voltage waveform is in all cases equal to the half-sinusoid of
the class F~! limiting case, and the RMS currents in many cases are nearly ideal. As in the
case of the single ended E/F amplifiers, the biggest improvement is in the capacitance
tolerance factor F which may be reduced by a factor of two in all cases without

introducing negative currents.

Performance Merit

Wavetiem, Merit (normalized to unity for Class E)

Tuning Fyi| Fp | B | Fpy || F | FiF: | F/Fc| 2FvF, | FoFor
E/Fyq4 “0.5E” 314 | 1.44 | 628 | 2.50 || 0.68 | 1.74 | 0.39 | 0.82 | 0.77
E/F; 44 “0.5E” 314 | 142 | 6.28 | 2.50 || 0.66 | 1.70 | 0.39 | 0.81 | 0.77
E/Foqq “E” 3.14 | 1.50 | 3.14 | 3.00 || 0.74 | 0.95 | 0.78 | 0.86 | 0.92
E/F30dd “B” 3.14 | 144 | 3.14 | 3.00 || 0.68 | 0.87 | 0.78 | 0.82 | 0.92
E/F2 4.0da “E” 3.14 | 143 | 3.14 | 3.00 || 0.67 | 0.86 | 0.78 | 0.82 | 0.92
E/F34.6,04d “E” 3.14 | 1.42 | 3.14 | 3.00 || 0.67 | 0.86 | 0.78 | 0.82 | 0.92

E/F40qa “E”. 3.14 | 149 | 3.14 | 3.00 || 0.73 ] 0.94 | 0.78 | 0.85 | 0.92
E/F6,0aa “E” 3.14 | 1.50 | 3.14 | 3.00 || 0.74 | 095 | 0.78 | 0.86 | 0.92
E/Foqq “2E” 314 | 1.73 | 1.57 | 400 || 0.99 | 0.63 | 1.56 | 0.99 | 1.23

E/F3 044 “2E” 314 | 1.51 | 1.57 | 400 || 0.75 | 048 | 1.56 | 0.87 | 1.23
E/F3 4,040 “2E” 314 | 147 | 1.57 | 400 || 0.71 | 046 | 1.56 | 0.84 | 1.23
E/F3460dd “2E” || 3.14 | 1.45 | 1.57 | 400 || 0.70 | 0.45 | 1.56 | 0.83 | 1.23

Frl 3.14 | 1.41 | N/A | 2.00 || 0.66 | N/A | N/A | 0.81 | 0.62

Table 7.1: Waveform and performance figures of merit for several E/F 44 tunings.
Performance figures listed relative to class E. In all cases, smaller numbers
indicate better performance.



7.2. Class E/F 4q Family 139

Eﬁiéiency and gain factors show corresponding improvements. As can be seen, E/Fyqq
‘tunings may excel in each perform_ance category. Where transistor size is limited by cost,
the low Fy and Fj values for small capacitance tunings allow E/F 44 to approach the
performance of class Fl utilizing a circuit with only one resonator. In the gain-limited
case, the lower peakv voltage and the reduced RMS current similarly benefit performance.
As noted before, it is always inadvisable to add additional output capacitance when
designing E/F 44 circuits, and so an E/F design should never truly be gain or size limited
in the sense that single-ended E/F tunings will be. Thus, in the sense that the transistor
output capacitance C,,, will always be equal to the switch parallel capacitance Cg, even
gain limited and size limited designs will be simultaneously capacitance limited. This
presents an additional advantage of E/F .44 tunings in that by not insisting on the addition
of extra capacitance in parallel to the switch in these situations, the waveforms may be

improved.

The capacitance limited case also provides potential advantages. With the combination
of double sized transistors and nearly ideal current waveforms, drain loss may be reduced

in some cases to just half that of class E.



Chapter New Opportunities and
Applications

In order to highlight some of the potential advantages and new opportunities opened
up both by the class E/F technique and the increased understanding of switching
amplifiers afforded by the new analytic solution technique, this chapter details some of the
applications where these techniques have already been employed. In addition, some
promising application areas for future exploration are presented for which work has only
just begun. For some of these application areas, new techniques and tunings simply offer
imprpved performance, while others allow for design features not possible (or very

difficult) to achieve with class E designs.

8.1 Improved Efficiency

The most obvious improvement, and the one which has been stressed in previous
chapters is efficiency improvement. Thus, it is desired to simply replace a class E design
with a bettef—perfdrming alternative using the same transistor technology. In Chapters 6
and 7, data is presented from which the efficiency improvements might be calculated, but

for the sake of illustration, a more concrete example is given here.

Suppose it is desired to replace an HF class-E design, which had previously been
optimized to achieve 80% drain efficiency and 20dB of gain, resulting in a PAE of 79%.
This ampliﬁer is clearly capacitance limited, as the drain efficiency is overwhelmingly
dominating the loss. Noting that several E/F amplifiers promise to perform much better
than class E in this situation, a design study of several E/F amplifier tunings fnight be

undertaken to calculate what advantage each has on maximum PAE.

140
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Tuning Gain Tp PAE

class E 20dB 80% 79%

class E/F, 15dB 93% 90 %
class E/F; 21dB 81% 80%
class E/F; 3 20dB 87% 86%
class E/F .44 “2E” 18dB 87% 86%
class E/F; 444 “2E” 18dB 90 % 89%

Table 8.1: Relative optimized performances of class E/F power amplifiers at the same
frequency.

The results of such a study, calculated according to the techniques introduced in
Chapter 4, are presented in Table 8.1: In order to minimize the additional design
complexity, the table shows only those tunings which are achievable in relatively simple
circuits. The first alternative, class E/F,, shows the greatest improvement in PAE, but this
is only at the cost of a 5dB decrease in the gain. In most cases, this would be acceptable.
The E/F; amplifier does not show significant improvement. This tuning’s primary
advantage over E is its much lower peak voltage, which in the capacitance limited case
shows up as a 1dB increase in gain. Since the gain is already very high, the E/F; makes a
poor choice for this application, since the performance improvements hardly justify the
increased design complexity. Next, is E/F, 3, which is an excellent choice as it presents a
significant efficiency improvement with no gain reduction. The combination of a larger
transistor size, a lower RMS current waveform, and a lower peak voltage combine to
produce this result. Finally, the push/pull E/F 44 and E/F; .44 amplifiers each trade 2dB of
gain for increased performance, but the much better current waveform of the E/Fj ;44

allows for almost as high of a PAE as the E/F, but with 3dB more gain.

The advantage of the E/F tunings is clear in this case. By choosing E/F; 44 or E/F»,
the loss may be reduced to under half that of the class E amplifier to be replaced, at the

price only of a reduction in the gain. Even in the case where the gain may not be
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sacrificed, an E/F, 3 (or a smaller sized E/F; oq4) will allow the loss to be reduced by
almost 40%.

8.2 Higher Frequency

In addition to being able to achieve higher performance at the same frequency, another
advantage of higher-efficiency tunings is the ability to achieve similar performance while
increasing the frequency of operation [21]. The achievable efficiency of a switching
amplifier is a decreasing function of frequency, due to the decreasing gain and the need to
reduce the transistor size due to the frequency-dependent impedance of the output
capacitance] Changing to a tuning with higher efficiency at any given frequency will
allow this frequency/efficiency trade-off to be utilized in order to achieve the same

efficiency but at a higher frequency than the original tuning.
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Figure 8.1: Capacitance limited switching amplifier performance for the given device
technology as a function of frequency.

This effect is depicted in Fig. 8.1, wherein the optimized performance of the same

tunings and transistor technology as the previous case are shown as a function of

1. As has been stressed in previous chapters, the tuning is a function of the impedance magnitude,
Z ¢, of the switch parallel capacitance. As the frequency increases, the transistor size in a capacitance
limited case must be reduced to keep the same impedance relative to the other circuit elements.
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frequency. In this calculation it is assumed that the input power to a fixed-sized switch has
a square-law frequency dependence or, equivalently, 6dB reduction in gain per octave. As
can be seen, the tunings for which the performance is the best at the original frequency
(normalized to one on the plot), allow the frequency to be increased by a factor of two in

some cases while achieving the same PAE performance as the original class E.

8.3 Load-Invariant ZVS Amplifiers/Inverters

One of the capabilities of the E/F 44 amplifier family which has already been touched
on is the inherent load-invariant ZVS switching which may be achieved if the fundamental
frequency load is designed so as to connect the load in parallel with the required ZVS
tuning inductance. If this is done, the load may be changed to any value, in principle from
open circuit to short-circuit, and the voltage waveforms across the transistors and across

the load remain unchanged.
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Figure 8.2: Class E/F 44 amplifier with changing load: schematic (a) and waveforms (b)

Such a load-invariant switching amplifier is depicted in Fig. 8.2. The circuit is simply
the basic E/F 44 topology wherein the load resistance is allowed to change. There has been

some interest in load-invariant class E amplifiers [63,64], but unlike these techniques, the
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basic circuit structure and operational characteristics such as the duty cycle need not be
‘changed, Furthermore, the E/F 4y amplifier has a significant continuoﬁs range of load
resistances for which neither negative voltage nor negative currents result, unlike class E
load-invariant designs which have only a single such load resistance value. It should be
noted, however, that like the load-invariant class-E case, this load invariance applies only
to changes in the resistance of the load. If changes in load reactance are made, the tuning

will depart from ZVS operating characteristics.

This technique, while not likely to find much application in amplifiers for
communications applications, is useful for amplifiers (power inverters) used in resonant
dc/dc power converters, wherein the load value is often unknown and/or changing as a
function of time. By ensuring that the amplifier continues to operate in high-efficiency
ZVS mode for the whole range of possible loads, the conversion efficiency may be

sustained over a wide range of output currents.

8.4 Frequency Diversity

One application where the E/F 44 tuning’s load invariance is particularly interesting is
in the construction of power amplifiers for operation in several different frequency bands
without the need for returﬁng. Such a capability might be useful for applications from high
power frequency-agile industrial power generators to multi-band cellular handsets. Wide
bandwidth amplifiers are required for applications such as chirped RADAR systems and

may be commercially viable in VHF broadcast applications.

8.4.1 Dual- and Multi-Band ZVS Amplifiers

The concept of a dual- or multi-band amplifier is simple: construct an amplifier which
may be driven at any of the design frequencies to produce output power at high efficiency
without the need to change any - circuit parameters. This is difficult to achieve in

transitional class-E designs due to the tight relationship between the switch parallel
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capacitance Cg and the load resistance R;. In class-E designs, the impedances of these
components must be in a fixed ratio in order to achieve the “optimal” ZVS/ZdVS
switching conditions. Since the impedance of the capacitance varies inversely with the
frequency, a multi-band class-E amplifier would require a load resistance which is
similarly varying inversely with the frequency. If this is done, the class-E switching
conditions may be preserved for each frequency in the band, but the different
conductances at each frequency necessitate that the output power be linearly increasing
with the frequency in each band. Thus, for instance, if an amplifier were designed to
achieve class-E operation at 7MHZ and 14MHz, the output power in the 14MHz band
would need to be twice that of the 7MHz band. While this may in principle be rectified by
allowing non ZdVS tunings in some of the bands, the result will be that all but at most one
of the bands would require negative currents and/or negative voltages in the switching

waveforms.

N o .

Figure 8.3: Tri-band class E/F .44 amplifier conceptual schematic.

Fortunately, the E/F 44 amplifier family provides an alternative solution. Since the
output capacitance and the load resistance need not be in any particular ratio in these

tunings, the load resistance may have any desired variation over frequency without having
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significant effect on the circuit’s voltage waveforms. If, for instance, the same power is

‘ desired»in. each band, the load resistance should be the same in each band.

In order to achieve this ZVS tuning, however, the susceptance of the fundamental
freqﬁency load must be a function of the operational frequency. Since, for each member of
the E/F 44 family, this susceptance is in a fixed ratio (7.33) with the output capacitance,
the suscpetance must mimic a negative capacitance, having a value which is linearly

increasing with the frequency in each band.

In this way, a tri-band amplifier with equal power in each band, for instance, may be
achieved with the conceptual circuit shown in Fig. 8.3. Using three bandstop filters in the
form of LC tanks, the drains of the two transistors are short-circuited together for all but
the three operational frequencies, ensuring that the odd harmonic overtones of each band
are terminated with short-circuits. The load is a fixed conductance in parallel with a
-capacitance having a value opposite that of the capacitance in parallel with each switch.
Although this negative capacitance is not realizable due to causality violations, its effect is
only expressed in the several fundamental frequency bands, and so its effect may be
duplicated by an appropriate resonant circuit having the same impedance at those three

frequencies.

The ciréuit has limitations, however. The bands used must be selected so that no band
is an odd harmonic of another, and it is unlikely that simultaneous operation of more than
one frequency band will result in satisfactory performance. The higher frequency bands,
will have lower efficiency due both the transistor’s lower gain as well as the increased
amplitude of the “ripple” in the current waveforms. For the same reason, the F» waveform
figure of merit will be different for each band, and so the optimal device size for each band
is different. As a result, the performance of a multi-band amplifier will necessarily be less

than a similar single-band amplifier in all but one of the bands.

This concept has been successfully tested in a prototype [65,66] developed by Florian
Bohn at Caltech, who had previously been working on dual-band class-E designs with
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limited success. This amplifier, shown in Fig. 8.4, was developed for operation in the
7MHz and 10MHz HAM bands, using commercially available vertical MOSFETs The
input and output employ dual-resonant circuits to match the input and provide the correct
ZVS tuning in each band. Instead of using the arrangement of two parallel LC tanks in
series as shown in the Fig. 8.3, an alternative equivalent design has been chosen, primarily
so that the magnetizing inductance of the output transformer 7, may be utilized as an
element in the resonant circuit. The prototype is constructed on FR4 printed circuit board,

and utilizes a backside heatsink.
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Figure 8.4: Dual band class E/F 44 amplifier implemented by Florian Bohn. Circuit
schematic (a) and prototype photo (b).

Upon achieving the correct tuning in each band, not a simple task as any changes of
component values result in significant effects in both bands, the measured performance
shown in Table 8.2 is achieved. As can be seen, the output power in each band is similar.
The efficiency is around 90% in both bands, and the performance is slightly worse in the

higher frequency band as expected.

7.15MHz 10.1 MHz
Output Power 250W 225W
Drain Efficiency 94 % 90%
Gain 16dB 15dB
PAE 92% 87%

Table 8.2: Dual-band amplifier measured performance.
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8.4.2 Wideband ZVS Amplifiers

Since multi-band amplifiers are achievable, it is not unreasonable to suspect that
amplifiers achieving good performance in a continuous range of frequencies may be
possible [67]. In order to achieve this, the conceptual circuit must be modified to employ a
bandpass filter short-circuiting all frequencies not in the operational band, and to supply
the negative capacitance required for ZVS tuning for all frequencies inside this band. This

circuit is shown in Fig. 8.5.
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Figure 8.5: Wideband class E/F 44 amplifier concept.

Since this circuit requires a negative capacitance over a continuous range of
frequencies, it is not possible to implement it exactly. As a result, it is necessary to be
content with an approximation, resulting in operation that is not exactly, but close to ZVS

over the frequency band.

Such a matching circuit may be implemented using a bandpass ladder filter as shown
in Fig. 8.6. Unlike a standard ladder filter design, wherein the component values are
adjusted to achieve a fixed load input resistance over the passband, the values are selected
so that the filter is slightly detuned, providing a slightly inductive input impedance. It has

been found that a sixth-order filter such as the one shown is suitable for achieving flat
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Figure 8.6: Ladder filter to approximate negative capacitance over the operation band.

output power and efficiency, although filters with lower or higher order also may be

employed.
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Figure 8.7: Input admittance of the ladder filter: conductance (a) and susceptance (b).

The component values may be found using a circuit simulator such as ADS, first
adjusting the tuning by hand followed by a gradient optimization routine for fine-tuning.
In the case of this example, the design was optimized for a best fit to the ideal (non-causal)
input admittance over a band from 9MHz to 11 MHz. The resulting input admittance,

plotted with the ideal ZVS, constant power tuning is shown in Fig. 8.7.

A switching amplifier utilizing this matching circuit has been simulated in PSPICE to
predict the performance. The results, shown in Fig. 8.8, are very promising, predicting

consistently high efficiency over the entire 9MHz-11 MHz band, and a 3dB bandwidth
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well in excess of the desired 20%. More impressively, however, is that over a 15%

bandwidth, better than 0.5dB of flatness in output power and 1% variation in efficiency is

predicted.
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Figure 8.8: Wideband Class E/F 44 circuit (a) and simulated performance (b).

8.5 Integrated Circuit Implementation

One of the most promising applications for class E/F amplifiers is in the realization of
integrated circuit power amplifiers for use in low-cost consumer products such as wireless
handsets and wireless networking applications where ultra-low cost and high power
efficiency are required. There have been many attempts to implement class E amplifiers
using integrated circuit approaches [e.g. 2,55,68], but the ability to integrate the passive
components of the output matching network onto a lossy substrate such as found in
low-cost silicon technologies has been elusive. In order to further reduce the cost and size,
and to allow higher levels of integration, such a technique is required. Furthermore, once
such a technique is found, a power amplifier tuning compatible with this integration

technique is required.
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8.5.1 Circular Geometry / DAT

The first successful method for integration of a Watt-level, GHz-range power
amplifier in silicon has been discovered recently by Ichiro Aoki at Caltech. This
technique, known as the circular-geometry distributed active transformer (DAT) [69-72]
elegantly combines impedance transformation and power combining to achieve much

higher power levels and efficiencies in a fully-integrated design than was formerly

possible.

A\

VDD

Figure 8.9: Aoki circular-geometry distributed active transformer power combining
circuit. '

The basic DAT circuit geometry as implemented on a silicon substrate is shown in
Fig. 8.9. Functionally, the circuit consists of two parts: a distributed primary circuit whose
purpose is to drive ac current around the structure so as to generate magnetic fields in the
center, and a single-turn secondary conductor on which the magnetic field generates an
EMF to be delivered to the load. From the perspective of the currents and the magnetic
fields, the circuit is indistinguishable from a single-turn coupled-inductor transformer.
The difference lies in the fact that the EMF on the primary circuit is dropped not at a
single point as in a traditional transformer, but across some number N points so that the
voltage drop at each gap in the primary conductor is N times smaller than the total EMF

around the loop. By driving each gap in the primary with a push/pull pair of transistors,
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even relatively low voltage devices can generate significant voltage on the secondary due
“to the factor of N multiplication. Additionally, due to the circular geémet_ry structure
allowing‘ the use of high-Q slab .inductors and the inherent low stored energy in the
structure relative to traditional LC matching techniques, the power transfer efficiency is

considerable better than traditional on-chip matching techniques.
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Figure 8.10: DAT equivalent circuit model.

An equivalent circuit model of the DAT is shown in Fig. 8.10. The primary and
secondary conductors in this model are represented by four coupled-inductor
transformers, which on the secondary side are connected in series while being driven
independently on the primary side by four push/pull transistor pairs. To compensate for
the magnetizing inductance of the transformer structures, capacitors have been added
between the drains of the transistors in adjacent push/pull pairs. Due to the symmetry of
the circuit, this has the séme effect as if the capacitors were placed in parallel with the

primaries of the transformer structures.

The resulting equivalent circuit for a sihg]e push/pull pair is depicted in Fig. 8.11. The
two transistors are connected together with a differential load consisting of a capacitor, a
transformer havihg significant magnetizing susceptance, and a load resistance connected
through the transformer. The difficulty with such a circuit topology — developed from the
need to optimize the passive circuit design, not to provide any particular harmonic tuning
— for building class-E type amplifiers is readily apparent. There is no obvious method to
either connect a series LC filter between the switch and the power combining circuit, nor

is there an obvious method to provide the same effect. A series LC filter would require a
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large-valued inductor which, even 1f it were acceptable from an efﬁc1ency standpoint,
‘ simply would not fit into the compact layout of the DAT structure. To prov1de the same
tuning without using a series inductor would require that, at the very least, the effect of the

differential load capacitor be significantly reduced at the third and fifth harmonics.
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Figure 8.11: Equivalent circuit for one DAT push/pull pair.

Fortunately, due to the knowledge of E/F tunings, it becomes unnecessary — in fact
counterproductive — to attempt to force the circuit into class-E operation. The basic circuit
structure is ideal for the implementation of the E/F 44 tuning, having the differential load
of a resistance and a parallel LC tank as essential elements in the power combining circuit
structure. In fact, no additional components are needed for this tuning, and the only
requirement is that the tank be slightly detuned to achieve the ZVS switching conditions.
In this way, the choice of E/F tunings for the DAT amplifier has less to do with the
performance advantages of the E/F tuning than the accommodation of the circuit topology
set by other constraints. Although the performance advantages of the E/F 44 tuning are of
great value, particularly due to the larger capacitance tolerance allowing the use of large
sized FET devices, the essential advantage of E/F in this case is the improved
understanding of general classes of ZVS switching amplifiers. Rather than attempting to
force the circuit topology to achieve a class-E tuning, the tuning is selected to best match

the constraints set by the circuit topology.
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To test both the DAT structure and the feasibility of microwave CMOS E/F amplifiers,
a prototype amplifier has been designed and tested by Ichiro Aoki. Fabricated in a
standard 0.35um CMOS process, this four-section DAT amplifier is designed to produce
over two Watts of output power at 2.4 GHz using around 3mm? of die area and no external

matching components. A die photo of the fabricated prototype is shown in Fig. 8.12.

Figure 8.12: Die photo of E/F CMOS power amplifier using DAT power combining.

The measured amplifier performance is plotted in Fig. 8.13a. In order to maximize the
gain, the amplifier is biased so that in small-signal it is operating in class-A mode,
entering E/F operation as the amplifier begins to reach gain compression. The PAE when
operating at the maximum power in switching mode is 41%, out of which the actual
efficiency of the switch is expected to be 65%-70%. The remainder of the power loss

comes from the low gain (<10dB) and the loss of the on-chip passive components.

The drain switching waveforms as simulated using the ADS harmonic balance
simulator are shown in Fig. 8.13b. The operation of the circuit is actually somewhere
between E/F; and E/F 44 due to a resonance in the circuit short-circuiting the third

harmonic much more strongly than the fifth.
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Figure 8.13: DAT measured performance (a) and simulated large-signal drain
waveforms (b).

8.6 High Power HF/VHF Implementations

One of the applications where class E has found the most application is in the efficient
amplification in the HF and VHF frequency ranges [e.g. 7-10,51]. Using loﬁf—cost,
high-voltage high-current MOSFET transistors developed for lower frequency power
converter applications, high power HF designs have been implemented with output
powers ranging from tens of Watts to over a kilowatt with efficiencies above 80% [7-9].
Similarly, LDMOS transistors developed for use in cellular phone base stations have been
used to implement class-E designs in the VHF region, achieving 620W of output power
with 60% efficiency at 144 MHz [10]. Due to the theoretical performance advantages of
E/F tunings, it is expected that improved performance may be achieved. This section
presents the first E/F 44 family amplifier developed for use in this frequency region.
Additionally, a wideband high-power VHF design is proposed with potential for

commercial use in broadcast systems.

8.6.1 7-MHz, 1-kW Class E/F, ,q4 Prototype

To verify the performance of the E/F, ,qq amplifier class, as well as to explore its
potential for high power HF use, a 7-MHz design with output power of 1kW has been
undertaken [56]. For the active device, the STW20NBS50 500V, 20A MOSFET from
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STMicroelectronics has been used. This transistor is from the company’s standard line of
»switchin»g devices intended for use in dc/dc converters at frequencies in the 100kHz range,
and is packaged in a standard TO-247 package. As of the time of this writing, the price per

unit is under $4 in small quantities.
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Figure 8.14: Circuit schematic of the prototype E/F; oqq amplifier.

A schematic representation of the implemented circuit is depicted in Fig. 8.14. Since
the E/F 44 circuit’ topology relies on a balanced load — not convenient for most
applications — an output transformer is used as a balun. The magnetizing inductance L; of
this air-core transformer is used to provide the inductance required for the parallel

resonant tank.

Modeling has been performed using a simple switch model in PSPICE. The transistor's
conductance characteristics are modeled as a switch in series with a resistance. To model
the output capacitance, the drain-source capacitance has been measured as a function of
the drain voltage, holding the gate voltage at zero. This data has been fit to a model

consisting of the parallel combination of two varactors and a linear capacitance. Since the
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gain of this device in this frequency is high enough that the input power can be safely

ignored in the simulation stage, the gate characteristics have not been modeled.

By use of the simulation, the values of the tank components have been adjusted to
achieve ZVS conditions. To account for the parasitic package inductances, the simulation
is performed with a 5SnH inductance in series with each transistor. This results in a ringing
transient superimposed on the voltage and current waveforms. This ringing, depicted in
Fig. 8.15, is a result of the resonance between the two package inductors, the tank

capacitor C;, and the drain-source capacitor of the non-conducting transistor.
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Figure 8.15: Simulated waveforms with (a) no package inductance and (b) with SnH
package inductance.

This ringing increases the RMS current through the switch, and it may cause the
parasitic drain-source diode to conduct if the current becomes temporarily negative. Since
both effects are undesirable, this ringing amplitude was reduced by lowering the loaded Q
(quality factor) of the resonator consisting of L;, C;, and the load resistance to a value of
approximately 3.6. The second harmonic tuning also helps to keep the current positive by
giving additional peaking in the early part of the current cycle where the ringing has the
highest amplitude.

Lowering the tank Q, however, has an undesirable effect on the harmonic filtering.
Since this tank serves to divert the odd harmonic currents away from the load, the lowered

Q results in more of these currents conducting through the load. To avoid an unacceptably
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high third harmonic as a result of this, a third harmonic trap was added in series with the
load. Even with the lowered Q, the simulation predicted acceptable performance at the
other harmonics. The even harmonics are rejected by circuit symmetry and the higher odd

harmonics are rejected sufficiently by the LC tank

Assuming passive component quality factors of 150, simulation results predict an
output power of 1.4kW at an operation frequency of 7MHz, with 90% drain efficiency
using a 125V supply. Harmonic levels were predicted to be at least 40dB below the

fundamental for all harmonics. The simulated waveforms are shown in Fig. 8.15.

A prototype amplifier using this design, shown in Fig. 8.16, has been constructed for
performance verification. This amplifier is constructed on patterned FR4 circuit board
with the transistors directly mounted to a backside aluminum heatsink through holes cut in
the circuit board. This makes for a compact and solid package, and allows for extremely
good thermal performance. An integrated fan attached to the back of the heatsink allows
for continuous operation at this high power density. The resulting amplifier is small at
approximately 1lcm X 9cm X 9cm  (including fan), due to the lack of large-valued

inductors made possible by using only parallel LC resonances in this topology.

Figure 8.16: Photo of fabricated E/F, ;4 7MHz, 1kW prototype.
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Performance is measured using a Kenwood TS-850S RF Transceiver as the input
power source using a Bird 2kW, 30dB attenuator as the load. Power measurements are
taken with Bird 4421 power meters equipped with Bird 4021 inline power sensors. The

(attenuated) output spectrum is measured using an HP 8592A spectrum analyzer.

Fig. 8.17a shows the amplifier's measured drain efficiency as a function of drive
power for several different output power levels. Fig. 8.17b shows efficiency and gain as a
function of output power as varied by changing the drain supply voltage. The amplifier
performs with similar efficiency over a wide range of drive powers, and the efficiency is
consistently high over a wide range of output powers, suggesting that the amplifier might
be used effectively in an envelope elimination and restoration system [1,73,3]. The drain
efficiency is around 87% up to 800 W where it begins to degrade, probably as a result of
transistor saturation at the higher current levels. Due to limitations of the power meters,

measurements could only be taken up to 1.2kW.
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Figure 8.17: Measured E/F; 44 amplifier performance at 10MHz.

As should be expected with a switching amplifier, the gain increases with the output
power since the optimal input power remains relatively constant over the full range of
output powers. The output power shows a very clear square law dependence on the supply

voltage, as is consistent with the bias scaling rule developed in Chapter 8. The input
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voltagev standing wave ratio (VSWR) is between 2:1 and 3:1 depending on output and
‘ input powers. If desired, the gain might be further improved by better matching the input.
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Figure 8.18: Measured output spectrum at 1kW output power.

The output spectrum measured at 1kW power level is shown in Fig. 8.18. This
spectrum is typical of the performance for all power levels above 50W. The second and
third harmonics are approximately 33dB and 35dB below the fundamental respectively,
and all other harmonics are at least 40dB below the fundamental. The second harmonic is
unusually high for a push/pull amplifier, probably the result of an imbalance in the
impedances presented to the two transistors. As a result, this harmonic may be
additionally suppressed by increasing the symmetry of the layout or adding compensation
for the asymmetry. The third harmonic is present due to the output third-harmonic trap
being imperfectly tuned, which should be correctable by additional tuning of this
corﬁponent. A previbus version using a different inductor in the third harmonic trap
reduced this harmonic to under 50dB below the fundamental, so it is expected that

additional circuit tuning would allow this harmonic to be further reduced.

The measured and simulated drain voltage waveforms for the two transistors are
shown in Fig. 9. The ringihg caused by the package inductance is clearly visible. The

accuracy of even this simple simulation model in predicting the switching waveforms is
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Figure 8.19: Measured and simulated drain voltage waveforms.

clearly quite acceptable. Unfortunately, the current waveforms have not been measured,

since techniques for this measurement are sufficiently more difficult.

In addition to demonstrating the feasibility of the E/F 44 family, this amplifier exhibits
high efficiency at high power levels in an extremely compact design. The achievement of

1kW in such a small package is unlikely to be matched with a similarly-performing

class-E design.

8.6.2 DAT Implementations

In addition to allowing a power-efficient technique for integration circuit amplifiers, the
DAT technique might also be used in the design of high power amplifiers constructed
from discrete components. In doing so, the output power achieved by a given tuning from
a given bias voltage may be increased by a factor of N? without necessitating excessive
use of resonant impedance matching techniques which reduce the efficiency and limit the
operational bandwidth. Additionally, since the DAT uses power combining, thermal
issues should be significantly less problematic since the heat sources may be spread more
uniformly across the heatsink surface rather than being concentrated into a single location.
Finally, for a factor of E increase in output power, the DAT technique requires a reduction
of the drain impedances of a factor of JE whereas any technique using a single transistor

must reduce the impedance seen by that transistor by a factor of £. Thus the power can be
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increased by far greater factors using the DAT technique before impedances become

unreasonably low.
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Figure 8.20: Wideband DAT Class E/F; ,4q implementation for HF/VHF transmitter
applications: circuit schematic (a) and equivalent circuit (b).

An promising application of this technique might include high power VHF amplifiers
for commercial broadcast use. For instance, FM radio transmitters require several
kilowatts of power at frequencies around 100MHz. Using 100V breakdown LDMOS
transistors to construct a class E/F 3y power amplifier without any impedance

transformation would result in an output power of:

_ (100vy?

Pout 2-50Q

= 100W (8.1)

This power level is not sufficient even for a small transmitter, and to reach kilowatt levels
the load impedance would have to be transformed by at least a factor of ten. If, on the
other hand, a DAT implementation such as the one shown in Fig. 8.20 is used, where four
class B/F 44 amplifiers are power combined, the output power without the need for addi-
tional impedance matching is 1.6kW. Since the DAT technique does not rely on high-Q

tuned circuits and thus does not result in significant bandwidth reduction, a wideband
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tuned load such as that described in Section 8.4.2 might be used to allow the amplifier to
| transmit on different channels without the need for retuning of the loéd network. As
before, this tuning may be accomplished by the means of a detuned ladder filter, shown
here as the inductors L and L3, and the capacitors C, and Cj. This circuit not only pro-
vides _tuning for wideband ZVS operation, but also serves to assist in rejecting harmonics

at the load.‘

8.7 Compact Implementations

In the HF/VHF region, one of the chief disadvantages of the class-E approach is the
need for a large-valued inductor as part of a series LC tank. Other amplifier classes, such
as class A, class B, and class C usually accomplish the harmonic filtering with a parallel
LC resonance. For the same resonator loaded Q, Q;, this results in an inductor with a
value a factor of QL2 smaller than the one required for class E. The result is that, in

HF/VHEF class E circuits, the size is usually dominated by this fist sized inductor.

Supposing that a smaller, more compact design was desired, it would be useful to have
a switching amplifier tuning relying on only small-valued inductors so that the high
efficiency of a switching amplifier might be combined with the compact package of a
class-C design. Fortunately, since the E/F family allows a choice from a large variety of
different tunings and implementation strategies, this goal can be realized by choosing
from this expanded pool of options the tunings implementable using parallel LC

resonances.

The most obvious such tunings are in the E/F,qq family. This entire family
accomplishes the harmonic filtering of the load by means of a parallel LC tank placed in
parallel with the differential load, potentially allowing a very small inductor to be used.
Furthermore, the push/pull nature of the circuit provides a factor of four increase in the
output power using transistors of ‘the same breakdown voltage without the need for

impedance transformation (which would require additional inductors). These two factors
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combine to allow a very high output power per unit volume to be achieved. To show the
order of size improvement possible, the class E/F; 44 prototype from the previous section
is displayed in Fig. 8.21 with the inductor from a SO0W class-E kit amplifier until recently
supplied by Caltech as a service to the HAM community. As can be seen, just this single
component is comparable in size to the entire E/F, .44 amplifier including the heatsink and

cooling fan.

Figure 8.21: Photo of 1kW E/F, ,4q amplifier and inductor from 500W class-E kit.

The E/F 44 family, however, is not the only means to accomplish a considerable size
reduction. In some cases it may be more cost-effective to produce a single-ended design
for lower power levels, reducing the number of transistors and the complexity of the input

matching circuit.

One prototype amplifier, shown in Fig. 8.22, has been constructed to explore this
possibility. This amplifier is designed with the goal to reduce the size as much as possible
while achieving high power efficiency in an industrial power application. Since the
primary goal is to produce power into a industrial load rather than for wireless

transmission, the acceptable harmonic levels are relaxed to 30 dB below the fundamental.

Due to the relaxed requirements of harmonic power levels, several techniques may be

advantageously employed. First, it may be noted that the most problematic harmonic is
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Figure 8.22: Quasi-E/F; 3 compact power amplifier: schematic (a) and photo (b)

usually the second, and so blocking this harmonic is the first priority. To this end, a
parallel LC resonator consisting of L; and C; is employed, and to block the second
harmonic from entering the load. Since this tank will have an inductive impedance at the
fundamental, it may be used to also supply the some of the necessary load reactance for
ZVS operation at this frequency. To provide some impedance transformation in order to
increase the output power, capacitor C; and part of the inductance of L; and L, provide a
resonant LC match. This takes care of the fundamental and second harmonic. The third
and higher harmonics, while not blocked completely from the load, are attenuated to some
degree by the LC filter consisting of L, and C,. Although this does not provide enough
harmonic rejection for use in communications applications, it is enough that no significant

power is delivered at these frequencies.

In order to provide some harmonic tuning, the elements of the circuit may be slightly
detuned so that the network presents a slightly inductive impedance at the second
harmonic and a slightly capacitive impedance at the third. When placed in parallel with
the switch’s output capacitance, this will have the effect of increasing the impedance of

the second harmonic and decreasing that of the third. While this proves advantageous in
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terms of the switching efficiency, such detuning in this network increases the levels of the
harmonics at the load. Thus, the detuning may be increased until the second and third
harmonics are at their maximum acceptable level. This results in a circuit where the
second and third harmonics are not completely open and short -circuited, but increased

and decreased in impedance relative to class E respectively. This results in a sort of quasi-

class E/F amplifier.
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Figure 8.23: Measured performance of quasi-E/F; 3 prototype: drain voltage waveforms
for various output power levels (a) and efficiency (b).

The measured amplifier performance is shown in Fig. 8.23. The voltage waveforms
are clearly better than class E, with a much lower peak to dc ratio of around three. This is
primarily due to the tuning of the third harmonic and the use of a slightly non-ZdVS
tuning, both of which function to reduce the peak voltage. The efficiency is around 90%

over a wide range of output powers, from 100W to over 250 W.
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