X/

Nikolai Wolff (Autor)
Wideband GaN Microwave Power Amplifiers with
Class-G Supply Modulation

Leibniz
Ferdinand
Braun
Institut

48

Forschungsberichte aus dem

Ferdinand-Braun-Institut,
Leibniz-Institut
far Héchstfrequenztechnik

Wideband GaN Microwave Power
Amplifiers with Class-G Supply
Modulation

Nikolai Wolff

https://cuvillier.de/de/shop/publications/7965

Copyright:

Cuvillier Verlag, Inhaberin Annette Jentzsch-Cuvillier, Nonnenstieg 8, 37075 Goéttingen,
Germany

Telefon: +49 (0)551 54724-0, E-Mail: info@cuvillier.de, Website: https://cuvillier.de



Contents

ACKNOWIEAGMENT ..ottt ettt b ettt et sb et seeneebe e 1
ADSLIACT ...ttt e I
KUIZEASSUNE ...ttt ettt b ettt b et et aeebenean \'%
COMEBNLS. ...ttt ettt ettt ettt ettt a ettt st bt sa b e bt sneseneenes Vil
1 INErOAUCTION ...ttt ettt sttt et neeneebeneens 1
2 Theory of Class-G Supply Modulation...........c.ccceeiivirieinienininieieeneeeceeseseae 5

2.1 Supply modulation of linear and reduced conduction angle power amplifiers ....6

2.1.1 Power back-off efficiency with continuously reduced supply voltage.............. 7
2.1.2  Power back-off efficiency for discretized supply voltage modulation ........... 13
2.1.3  Quasistatic GaN-HEMT model based simulations with knee I-V effects ...... 15
2.2 Class-G modulator switching speed requirements.............ccoeeeeeeeeeeneeneneeneenenne. 20
23 Efficiency enhancement limits of class-G supply modulation ............cccocceeneee. 30
2.4 Power amplifier linearity under class-G supply modulation ............c.ccceeeuenene. 35
2.4.1 Baseband signal distortions caused by gain and phase variations .................. 36
2.4.2 Impact of class-G supply modulation on the transducer gain..............c.c....... 36
2.4.3 Quantification of nonlinear distortions in class-G supply modulated PAs.....38
2.5 CONCIUSIONS....c.enveeiiieiieieteeetcitet ettt ettt ettt be e ebeeen 43
3 RF Power Amplifiers for Supply Modulation...........ccoeueueucueucuicinininininirieiciciencneaas 45
3.1 The RF power GaN-HEMT .......ccccoiiiiiiiiiiieeeeeeee e 45
3.1.1 The Gallium-Nitride III-V semiconductor properties............c.ccceevereereereenensen 45
3.1.2 Epitaxial and device structure of a GaN-HEMT .........ccocooiiininininiinee. 46
3.1.3 Electrical characteristics of the FBH GaN-HEMTS........cccccccvvinneinnccnnn 47
32 Impact of charge-trapping in GaN-HEMTs on RF performance........................ 51
3.2.1 Dynamic I-V Measurements. ..........c.cceeereeieirenienieeeiereeesieneeeeseeresseseeneesannes 52
3.2.2 Slow compressive gain and its relation to gate-lag...........cccccvvevereniinicnnennn. 55
3.2.3 Drain current degradation in relation to the drain-lag............ccccccceoereiecnnnnee. 56
VII

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielféltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fiir den persénlichen Gebrauch.



3.2.4  CONCIUSIONS....cuvieiienieetieniesttetesteetesteettenteeteaeeseesesseensessesssenseeneessessaensesseensenes 60

33 Design considerations for supply modulation .............ccceceeeveieinienenieininenenee. 60
3.3.1 Supply voltage dependent output impedance matching...........coccceeeevereneennene 61
3.3.2 Probability distribution optimized design for class-G supply modulation .....62
3.3.3 Bias circuitry design for class-G operation...........ccceceveveeeeererenienenenienennens 65
3.3.4  Stability AnalySis ...cc.eoveieiieieieieieeieee et 68

4 Class-G Supply Modulators............cccoeviriririririeiiicieuiiiiireeeeeeeieieicicce e 73

4.1 GaN-HEMT sSWitChing Stages .........ceeerieieirieieieiieiieieie ettt 73
4.1.1 GaN-based Schottky diodes .........ceceverieiririineiiinineceeeeeeeee e 75

4.2 Galvanically isolated gate driVersS..........cceoiverieiieiirinerieeee e 76
421 Digital ISOLAtOrS........vvviiiiiiiiieeee ettt 78
4.2.2  Isolated DC/DC CONVEILELS .....c.covrueuerrereririeriinieieeererenrerestneeseeeaeseneesesennenenene 79
4.2.3  Common-mode SUPPIESSION.......ceruirieierieriererierieiereeresseeeseeseesesesseseeseesenseneas 81

43 Class-G supply modulator deSIZNS ..........coveverueieiririenieieeeeeeneeeeeesee e 82
4.3.1  The first @ENEIation .......ccccevueieuiririerieieiieentee ettt 82
4.3.2  The Second ZENETAtiON .........ccerveeruirierieieiieiesieieeceteete ettt seeneas 85
4.3.3  The third ZeNneration ...........c.oeeeerueeririeineereieeete ettt ee 86

5 Measurement Setup and OPtimMiZation...........ccceeeererieieerenenieeee e 89

5.1 Multiple-input single-output setup for wideband modulated measurements .....89

52 SYNCHAIOMIZALION .....cveviiiiiieiiei ettt 90

53 Dynamic range enhanCement...........c..eeovvueuerirueeeririeeriereireseneerereseereeseeseeseenens 91

6  Digital Predistortion and Signal Processing for Class-G Power Amplifier Systems.95

6.1 Baseband digital prediStortion ............ccceeeererieieiieiniieeee e 95

6.2 Peak-to-average power reduCtion ..........c.cevevuerueieineninieieeeeeeseee e 97

6.3 Iterative learning CONrOL...........coouirieieiiuiriiieieceteeeee e 101

6.4 Behavioral model based digital predistortion..............coevvveeevecreeececnennnn. 102

6.4.1 Volterra-based MOELS .......c.ccorveviirieiriieinicinctceeeeeese s 102

6.4.2 Model optimization for class-G OPeration ............ccecevvevvereecereneneneeeienenne 104
VIII

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielféltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fiir den persénlichen Gebrauch.



6.4.3 Bandwidth requirements .........c..coeeveoererenieriiinineeeeeeeeeeeees e 106

6.5 Predistorter model training and coefficient extraction ..............ccceceeererieenene 107
6.5.1 Model coefficient eXtraCtion ............ceceeveeueiriereirieriinieeneerecseeeseeeeenenenee 107
6.5.2 Predistorter training based on iterative learning architecture ....................... 108
6.5.3 Predistorter training based on iterative learning control............cccoceeerveenene 109

7 Class-G RF Power Amplifier System Optimization .............ccceceeevverieeeerenieneenenne. 111

7.1 StAtE-Of-thE-aIT .....ecviiiieeieiicieieeeeee ettt ne 111

7.2 Milestone Class-G SYStEIMS ......c.eeuiruerieierieiiiierieietete ettt 112
7.2.1 40 W RF power amplifier based system operating at 2.65 GHz................... 112

7.2.2  65W three-level class-G systems with over 50% PAE at 1.85GHz and

20 MHz instantaneous modulation bandwidth ... 117
7.2.3  Discrete-level gate bias and supply modulated PA.............cccccccceciniinnnnnne 121

7.2.4 T9W three-level class-G systems with over 38% PAE at 1.8GHz and

120 MHz instantaneous modulation bandwidth .............cccooveerreinnenneirccees 124
8 Summary and OUIOOK .........coueiiiririiieieieee e 129
O APPEIAIX ettt ettt ettt b et ne bbb enean 131

9.1 Conduction angles, quiescent and ac CUITENt...........ecverueerirerienieieeeeiesieieene 131

9.2 Intermodulation diStOrtiON ........c.c.eeiiriririririeieieieieieeeetrte et 132

10 Symbols and abDIeVIations ...........cceeeuirierieieiirienieieeeie sttt 135

T1 REIEICICES ..ttt ettt ettt e b b eneebeeseeseneenean 137

12 PUDBLICALIONS ...ttt 145
IX

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielféltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fiir den persénlichen Gebrauch.



