Contents

Acknowledgments v
Resum vi
Resumen vii
Abstract ix
Contents xii
1 Introduction 1
1.1 Motivation . . . . . . . . . L e 1

1.2 Stateoftheart. . . . . . .. . . . .. 5

1.3 Organization of the PhD thesis . . . . . . . . . ... ... ... .. .... 8

2 Multipactor RF breakdown 11
2.1 Introduction . . . . . . . . . . . 11

2.2 Multipactor physics . . . . . . . . . 11

2.3 Multipactor simulation . . . . . . ... .. ... . 15
2.3.1  Particletracing . . . . .. .. ... e 15

2.3.2 Approximate models: Coarse method . . . . . ... ... ... .. 18

233 Theelectroncloud . ... .. ... ... ... L. 19

2.4 Long and short term multipactor discharge . . . . . . . .. ... ... ... 20

2.5 Electronseeding. . . . . . . . ... 21
2.6 Definitionof RFpower . . . . . ... ... ... ... . ... .. .. .. 22
2.7 Multipactor detection methods . . . . . . . .. .. ... ..., 23
2.77.1 Microwavenulling . . .. ... ... ... ... ... .. ..., 25

2.77.2 Harmonicmonitoring . . . . . . . . . . .. ... 26

2.7.3 Electron monitoring . . . . . . . ... ... 27

2.7.4 Ultra-violet light monitoring . . . . . . . ... ... ........ 28

2.7.5 Pressure . . . . ... 29



xiv CONTENTS
I Multipactor with modulated signals 33
3 Multipactor testing with analog modulated signals 37
3.1 Summary ... 37

32 Narrowpulses . . . . . . ... 38
3.2.1 Introduction. . . . . . . ... . 38

3.2.2 Deviceundertest . . . . . .. ... 38

3.23 Testingtechnique . . . . . . ... ... L 39

3.24 Simulationresults . . . ... ... ..o L 39

3.2.5 Experimentalresults . . . ... ... .. ... .. ... ... 41

3.3 Dualcarriersignals . . . . . .. .. ... 43
33.1 Introduction. . . . . . . . ... ... ... 43

3.3.2 Devicesundertest . . . ... ... ... ... ... 44

3.3.3 Testingtechnique . . . . . . . .. ... ... ... ... 44

3.34 Simulationsresults . . . . . ... Lo 45

3.3.5 Experimentalresults . . . . .. .. ... ... L. 52

34 Conclusions . . . . . . . . . e e e e 56

3.5 List of own publications and projects . . . . . . . ... ... ... ... 58
3.5.1 Journalpapers . . . .. .. .. .. ... 58

3.5.2 Conference papers . . . . . . . . . i e e e 58

353 Projects . . . . ... 59

4 Multipactor testing of digital modulations 61
4.1 Summary . . . ... e 61
4.2 Introduction to digital communication systems . . . . . . . . . .. .. ... 62
4.3 Multipactor samples and testing technique . . . . . . . ... ... ... .. 68
4.3.1 Multipactor samples . . . . . . ... 68

432 Testingtechnique . . . . . . . .. ... ... 68

4.4  Simulation and experimental results . . . . . ... ... 0oL 69
4.4.1 Binary phase-shiftkeying . . ... ... ... ... ... ..... 69

4.4.2 Quadrature phase-shiftkeying . . . ... ... ... ... ..... 71

4.4.3 Highorder modulations . . ... .. .... ... ......... 73

4.5 Accuracy of the 20-gap crossing rule as multipactor predictor . . . . . . . . 76
4.6 Conclusions . . . . . . . ... e 77
4.7 List of own publications and projects . . . . . . . ... .. ... ... ... 78
477.1 Journal papers . . . . . . . ... 78

4772 Conference papers . . . . . . . . . o .ot e e 78

4773 Projects . . . . ... e 79



CONTENTS XV
II Multicarrier generation 81
5 Multicarrier generation using one signal generator per carrier 85
5.1 Summary ... e e 85
5.2 Theory . . . . . . . e e 86
5.2.1 Phaseshiftcorrection. . . . . . ... . ... ... ... ... .. 88

5.2.2 Amplitude correction . . . . .. ... 89

5.2.3 Frequency downconversion. . . . . . . . ... ... ... ... .. 90

5.2.4  Multicarrier generation with digitally modulated carriers . . . . . . 91

5.3 Multicarrier generation algorithm . . . . . . . .. ... ... 92
5.4 Numericalresults . . . . . . . . . . ... 93
5.5 Experimental verification . . . . . . ... ... L L L Lo 96
5.5.1 Low power multicarrier examples . . . . . .. ... ... ..... 96

5.5.2 High power multicarrier measurements . . . . . . . ... ... .. 103

56 Conclusions . . . . . . . .. e e 104
5.7 List of own publications and projects . . . . . . . . .. ... ... ... .. 107
5.7.1 Journal papers . . . . . . .. ... 107

5.7.2 Conference papers . . . . . . . . . ..ol 107

6 Multicarrier generation using wideband vector signal generators 109
6.1 Summary . . . .. ... 109
6.2 Theory . . . . . . . e 110
6.2.1 Baseband representation of modulated signals . . . . . . . ... .. 111

6.2.2 Discrete representation of the complex multicarrier signal . . . . . 111

6.3 Strategies for multicarrier generation . . . . . . . ... ... ... ... 112
6.3.1 Strategy 1: one generator — one amplifier — without IMUX . . . . . 113

6.3.2 Strategy 2: one generator — M amplifiers — with IMUX . . . . . .. 113

6.3.3  Strategy 3: N generators — N amplifiers — without IMUX . . . . . . 114

6.3.4 Strategy 4: N generators — M amplifiers — with IMUX . . . . . .. 115

6.3.5 Summary of the digital multicarrier generation strategies . . . . . . 116

6.4 Multicarrier signal adjustment . . . . . . ... ... oL 119
6.4.1 RFpowerlevelrecovery . . . ... .. .. .. ... .. ...... 119

6.4.2 Frequency reCovery . . . . . . . . v v i i e e 120

6.4.3 Phaserecovery . . . . . . . . . . ... 121

6.5 Signalconditioning . . . . . .. ... 121
6.6 Experimentalresults . . . . ... ... .. ... .. .. ... ... 123
6.6.1 Phase coherence performance . . . ... ... ... ........ 124

6.6.2 High power amplifier phasedrift . . . . . . .. ... ... ... .. 124

6.6.3  Undersired spectral content and inter-modulation distortion . . . . . 126

6.6.4 Multicarrier signal generation . . . . . .. .. .. ... ... .. 127

6.7 Conclusions . . . . . . . . . . ... 133



Xvi CONTENTS
III Advanced testing techniques 135
7 Advanced RF breakdown detection 137
7.1 Summary . . . .. e e e e 137
7.1.1 Implementation and test bed simplification . . .. .. ... .. .. 138

7.2 Hypothesis testing applied to multipactor detection . . . . . . .. ... .. 139
7.2.1 Noisemodeling . . . . ... ... ... ... ... 140

7.2.2 Referencesignal . . . ... ... ... ... oL, 141

7.2.3 Handling small discharges . . . . ... .. ... ... ....... 142

7.2.4  Algorithm flowchart . . . . .. ... ... ... ... .. ... .. 142

7.2.5 Method limitation and drawbacks . . . . ... ... ... ... .. 143

7.3 Experimental validation . . . . . . ... ... ... ... ... 146
7.3.1 Pulsed continuous wave . . . . . ... ... ... 148

7.3.2 Analog modulation FM chirp . . .. ... ... ... ....... 149

7.3.3 Digital modulation QAM . . . . . . ... oL 150

7.4 Conclusions . . . . . . .. L 155

7.5 List of own publications and projects . . . . . . .. .. ... ... 157
7.5.1 Journal papers . . . . ... ... ... 157

7.5.2 Conference papers . . . . . . . . . ..o 157

7.5.3 Projects . . . . ... 157

8 Scattering parameters measurement in temperature 159
8.1 Summary . .. .. ... 159

8.2 Operationprinciple . . . . . .. .. ..o 160
8.2.1 Remarks for vacuum operation . . . . . . . ... ... 163

8.3 Experimental validation . . . . . .. ... ... ... oL L. 164
8.3.1 Experimental validation at ambient pressure . . . . . . .. .. ... 164

8.3.2  Experimental validation in high vacuum . . . . . . . . . ... ... 169

84 Conclusions . . . . . . ... 179

8.5 List of own publications and projects . . . . . . . ... ... ... ... 180
8.5.1 Journalpapers . .. ... ... ... ... 180

8.5.2 Conference papers . . . . . . . . . . i 180

9 Conclusions and future work 181
9.1 Summary . . ... . ... 181
9.2 Conclusions . . . . . . . . L 182

9.3 Futurework . . . . . .. .. 186

A Advanced multipactor testing methodology 189
A.l Introduction . . . . . . . . .. . 189
A.2 Sequence by sequencetesting. . . . . . . .. ... ..o 191
A.2.1 Transmit, analyze and advance . . . . . ... ... ... ...... 192



xvii

A.2.2 Advancedsignal sequencing . . . . . .. ... ...
A.23 Detectionmethod . . . . . . ... ... L oL
A2.4 Datalogging . . .. .. . .. . . e

B Compact multipactor test bed

C Pulse pre-distortion
C.1 Introduction . . . . . . . . . . . . . e
C.2 Pulse smoothingmethod . . . . .. ... ... .. ... ..........
C.3 Experimentalresults . . . . . .. ... ... ...
C4 Conclusions . . . . . . . . . . e e e e

D Projects related to the development of the PhD thesis

E List of own scientific publications
E.1 Journalpapers . . . . . . . . . . . . . e
E.2 Conference papers . . . . . . . . . . . ...
E.3 Seminars and Workshops . . . . . . .. ... ... ... L L.

F List of Acronyms
List of Figures

List of Tables

Index

Bibliography

194
194
196

197

201
201
202
204
205

207

209
209
210
213

215

218

227

229

229



