Contents

Part I Introduction

1 Power Amplifiers for Millimeter-Wave Systems . ... ............. 3

2

1.1

Overview of Power Amplifier Applications in Millimeter-Wave

Bands . . ... ... 3
1.2 Power Amplifiers in Millimeter-Wave Transmitters . ........... 4
1.2.1 Sliding-IF Superheterodyne Transmitter Architecture . . . . . 5
1.2.2 Direct Conversion Transmitter Architecture ............ 6
1.3 Fundamental Parameters of Power Amplifiers ................ 8
L300 Gainl .o 8
1.3.2 TImpedance Matching. ... .......................... 14
1.3.3 Stability. . .. ..o 19
1.34 Bandwidth. . ....... ... .. 20
1.3.5 Noise Figure . ......... ... ... .. . . . 23
1.3.6 Linearity . . ... 26
1.3.7 Reverse Isolation. . ........... ... . ... ... ... ..... 31
1.3.8 Output Power and Efficiency. ... .................... 31
1.4 Role of Electronic Design Automation in Power Amplifier
Design ... 34
1.5 Content OVerview. .. ...t 35
References. . .. ... .. 35
Systems Aspects of Millimeter-Wave Power Amplifiers . . ... ... ... 39
2.1 Antennas for Millimeter-Wave Applications. . ................ 40
2.1.1 Antenna Parameters. .. ....... ... ... ... .. .. ... .. 40
2.1.2  Antenna Structures for Millimeter-Wave Systems. . ...... 44
2.2 Millimeter-Wave Wireless Communication Systems. .. ......... 48
2.2.1 The Friis Transmission Formula . . .. ................. 49
222 LinkBudget ......... .. ... . .. 50

ix



X Contents

2.2.3 Digital Modulation .. ............. .. ... .. ... ..... 52
2.2.4 Wireless Communication Standards . ................. 55
2.2.5 Millimeter-Wave Cellular Networks . ................. 56
2.2.6 Wireless Communication Algorithms ................. 57

2.3 Millimeter-Wave Radar .. .......... ... ... . ... ... ..... 59
2.3.1 Radar Fundamentals .. ....... ... ... ... ... ... ..... 61
2.3.2 Automotive Radar. . ...... ... ... ... .. .. .. 70
233 Military Radar. .. ...... ... ... .. 72

24 ImMaging . ... ..o 73
2.4.1 Millimeter-Wave Radiometry ....................... 74
2.4.2 Millimeter-Wave Imaging Systems . . . ................ 75

2.5 Closing Remarks .......... ... .. .. . .. . . . 76
References. . .. ... .. 77
3 Technologies for Millimeter-Wave Power Amplifiers . . ........... 81
3.1 The Importance of Silicon to Integrated Circuits .............. 81
3.2 Bipolar TranSiStors . . . . ..o v v 82
3.2.1 Operating Principles in the Forward-Active Mode . . ... .. 83
3.2.2 Frequency Limitations. . .. ......................... 86

3.3 Heterojunction Bipolar Transistors . . .. ..................... 93
331 SiGe Epitaxy. ... ... ... 95
3.3.2 HBT Figuresof Merit. .. .......... .. ... .......... 95
3.3.3 Vertical and Lateral Scaling ........................ 99

3.4 Field-Effect Transistors. . .. ...t 100
3.4.1 Basic MOSFET Operation . ........................ 101
3.4.2 High Frequency Performance . ...................... 102
3.4.3 CMOS for Millimeter-Wave Circuits . ................ 105

3.5 High Electron Mobility Transistors. . ... ....... ... ... ... .... 106
3.6 Passive Components. . ............ ..., 107
3.6.1 On-Chip Inductors. . ......... ... ... ... . ... ... .... 108
3.6.2 Schottky Barrier Diodes ... .............. ... ... .... 111

363 PINDiodes.......... ... i 112

3.6.4 Through-Silicon via Technology..................... 113
3.6.5 Capacitors. . ... ...ttt 114

3.6.6 On-Chip Transmission Lines. .. ..................... 114

3.7 System-on-Package Technology . .......................... 116
3.8 Closing Remarks . ........ ... .. .. .. ... .. .. .. . ... 117
References. . .. ... .. . 117

Part I Design Principles and State of the Art Review

4 Linear-Mode Millimeter-Wave Power Amplifiers................ 125
4.1 Analysis of Reduced Conduction Angle Waveforms ........... 126
4.1.1 Drain Current . .. .......oti i 126



Contents xi

4.1.2 Shape Factor.......... ... ... ... 132
413 Output Power .. ....... .. ... .. . .. 133
4.1.4 Loadline Resistance. . ... .......................... 134
415 Power Gain. .......... ...t 134
4.2 Nonlinear Device Modeling and Performance. ... ............. 135
4.2.1 Device Operating Regions. . ........................ 136
4.2.2 Power-Added Efficiency ............ .. ... .. ... ... .. 137
4.2.3 Small-Signal Intrinsic Modeling . ... ................. 138
4.2.4 Intrinsic Device Frequency Performance. . ............. 139
4.2.5 MOSFET Layout Considerations .................... 141
4.2.6 Large-Signal Device Characterization and Operation . . . .. 144
4.3 Power Amplifier Classification. .. ......................... 147
4.3.1 Modes of Operation . ..................... .o . 148
4.3.2 Class A, AB, B and C Amplifier Topologies . .......... 156
44 Closing Remarks ......... ... ... ... .. ... .. . . . ... 160
References. . . ... . . 160
5 Millimeter-Wave Switching Mode Power Amplifiers ............. 163
5.1 Fundamentals of Switching Mode Operation . . ............... 164
5.1.1 Broadband Resistive Load. . ........................ 164
512 Tuned Load.......... .. ... .. .. ... ... ... ... .... 168
5.2 Switching Mode Power Amplifier Classes . .................. 170
5.2.1 Comparison to Current-Source Amplifiers. . ............ 170
522 Class D. .o 172
523 ClassE ... o 174
5.3 Switching Mode Amplifiers in Millimeter-Wave CMOS

Technology. . ... ... 184
5.3.1 Parasitic Effects at Millimeter-Wave Frequencies . ....... 184

5.3.2 Improved Millimeter-Wave CMOS Class E Amplifier
Design Methodology. .. .......... ... ... . ... ... .... 185

5.4 Switching Mode Class E Amplifiers in SiGe HBT Technology ... 189
5.4.1 SiGe HBT Class E Amplifier Design Methodology for

Millimeter-Wave Operation. . .. ..................... 189
5.4.2 Limitations on the Performance of Millimeter-Wave SiGe
HBT Switching Amplifiers . ........................ 193
5.4.3 Operating SiGe HBTs Beyond the BV ¢gp Point. ... ... .. 193
5.5 Transmitter Linearization Techniques for Switching
Amplifiers. . ... ... 194
5.5.1 Outphasing Transmitters . . .. ....................... 194
5.5.2 Polar Transmitters. . . ... ...ttt 196
5.6 Concluding Remarks .......... ... ... ... ... . . . .. ... 197

References. . . ... . e 197



xii

6

Contents

Millimeter-Wave Stacked-Transistor Amplifiers.................
6.1 Stacking of FET Devices .. .......... ... ... ... ... ... ....
6.1.1 Gate Capacitance Cn .. .........c..vuiinennenon...
6.1.2 Voltage Handling and Optimal Drain Impedance ... ... ..

6.2 Device Technology for Implementing Millimeter-Wave Stacked
Amplifiers. . ... ...
6.3 Intermediate Node Matching. ... ............. ... ... .......
6.3.1 Determining the Optimal Complex Node Impedance . . . ..
6.3.2 Effects of Phase Mismatch on Output Power and
Efficiency . ..... ... .. .. .
6.3.3 Matching for the Optimal Intermediate Node
Impedance. . ....... ... ...
6.4 Class E-like Stacked-Transistor Amplifiers. . .................
6.4.1 Switching FET Operation and Circuit Models. . . ... ... ..
6.4.2 Analysis and Design of Millimeter-Wave Stacked-FET
Class E-like Power Amplifiers ... .......... ... ... ...
6.4.3 Analysis and Design of Millimeter-Wave Stacked-HBT
Class E-like Power Amplifiers .. ....................
6.5 Multiple-Gate-Cell Stacked FET Amplifiers..................
6.5.1 Multiple-Gate-Cell Architecture .....................
6.5.2 Design Concerns for Multiple-Gate FET Power
Amplifiers. . . ... ...
6.6 Closing Remarks ......... ... ... ... ... ... . ... ... ......
References. . . ... .. .

Performance Enhancement Techniques for Millimeter-Wave
Power Amplifiers. . .. ....... ... .. ..
7.1 Improving Efficiency and Linearity. . . ......................
7.1.1 Fundamentals of Efficiency Improvement Techniques. . . . .
7.1.2 Power Amplifier Linearization Techniques . ............
7.1.3 Doherty Amplifiers . .......... ... .. ... .. ... .....
7.2 Improving Output Power . .......... .. .. . ... .. ... .....
7.2.1 Performance Metrics of On-Chip Power Combining
Techniques . .. ...
7.2.2 Planar Power Combining ..........................
7.2.3 Transformer-Based Power Combining Techniques . .. ....
7.2.4 Three-Dimensional Power Combining. . ...............
7.2.5 Spatial Power Combining . .. .......... ... ... ... ....
7.2.6 Comparison of Power Combining Amplifiers ... ........
7.3 Broadband Amplifiers and Bandwidth Improvement
Techniques . .. ... .



Contents xiii

7.3.1 Differential Amplifiers. . .. .......... ... . ... ..... 288
7.3.2 Balanced Amplifiers ... ...... ... ... L L L 289
7.3.3 Distributed Amplifiers. . ......... ... .. o 290
74 Closing Remarks ......... ... ... ... .. ... ... .. . . ... ... 298
References. . . ... ... ... . .. 299
8 Architecture Considerations for Millimeter-Wave Power
Amplifiers ... ... ... 307
8.1 Biasing of High-Frequency Power Transistors . ............... 307
8.1.1 Transistor Stability ................ ... ... ... ...... 307
8.1.2 Supply Modulation . . ............ ... .. ... ....... 310
8.1.3 Bias Network Design .. ............ ... .. ... ...... 310
8.1.4 Adaptive Biasing of CMOS Power Amplifiers . ......... 311
8.2 Millimeter-Wave Transmitter Architectures . ................. 312
8.2.1 Linear Transmitter Architectures..................... 313
8.2.2 Power-Combining Amplifiers . ...................... 316
8.2.3 Outphasing Transmitters . . ... ...................... 320
8.2.4 Polar Transmitters. . ... ..., 328
8.2.5 Phased Array Transmitter Architectures . .............. 329
8.2.6 Sliding-IF Transmitters . . . .. ....................... 337
8.2.7 Multistage Power Amplifiers. . ...................... 339
8.2.8 Push-Pull Techniques ............................. 340
8.3 Self-healing Techniques for Millimeter-Wave Power
Amplifiers. . ... ... 341
8.3.1 Design Considerations for Self-healing System
Components . . ..........iiiit e 343
8.3.2 Sensor Characteristics and Performance Metrics . . ... .... 345
8.3.3 Sensor Measurements . .. .................... 347
8.34 ProcessorInterface ........... ... ...... ... ... ..... 349
8.3.5 Actuation Techniques . ... ......................... 350
8.4 Concluding Remarks . ........ ... ... .. ... ... ... ... ..., 351

References. . . ... . . 352



2 Springer
http://www.springer.com/978-3-319-62165-4

Millimeter-Wave Power Amplifiers

du Preez, ).; Sinha, 5.

2017, XN, 358 p. 192 illus., Hardcowver
ISEMN: 978-3-319-62165-4



	Contents



