RF Power
Amplifiers

SECOND EDITION

MARIAN K. KAZIMIERCZUK

11
il

innnnnnnii

i

WILEY






RF Power Amplifiers






RF Power Amplifiers

Second Edition

MARIAN K. KAZIMIERCZUK
Wright State University,
Dayton, Ohio, USA

WILEY



This edition first published 2015
© 2015 John Wiley & Sons Ltd

Registered office:
John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, United Kingdom

For details of our global editorial offices, for customer services and for information about how to apply for permission
to reuse the copyright material in this book please see our website at www.wiley.com.

The right of the author to be identified as the author of this work has been asserted in accordance with the Copyright,
Designs and Patents Act 1988.

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any
form or by any means, electronic, mechanical, photocopying, recording or otherwise, except as permitted by the UK
Copyright, Designs and Patents Act 1988, without the prior permission of the publisher.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may not be
available in electronic books.

Designations used by companies to distinguish their products are often claimed as trademarks. All brand names
and product names used in this book are trade names, service marks, trademarks or registered trademarks of their
respective owners. The publisher is not associated with any product or vendor mentioned in this book.

Limit of Liability/Disclaimer of Warranty: While the publisher and author have used their best efforts in preparing
this book, they make no representations or warranties with respect to the accuracy or completeness of the contents
of this book and specifically disclaim any implied warranties of merchantability or fitness for a particular purpose.
It is sold on the understanding that the publisher is not engaged in rendering professional services and neither the
publisher nor the author shall be liable for damages arising herefrom. If professional advice or other expert assistance
is required, the services of a competent professional should be sought.

Library of Congress Cataloging-in-Publication Data

Kazimierczuk, Marian.
RF power amplifiers / Marian K. Kazimierczuk. — Second edition.
pages cm

Includes bibliographical references and index.
ISBN 978-1-118-84430-4

1. Power amplifiers. 2.  Amplifiers, Radio frequency. 3. Electric resonators. 1. Title.
TK7871.58.P6K39 2015
621.3841'3-dc23

2014022274

A catalogue record for this book is available from the British Library.
ISBN 9781118844304

Set in 9.75/11.75pt TimesLTStd by Laserwords Private Limited, Chennai, India

1 2015


http://www.wiley.com

To My Mother






Contents

Preface

About the Author
List of Symbols
List of Acronyms

1 Introduction

1.1
1.2
1.3
1.4
1.5
1.6

1.7
1.8
1.9

1.10
1.11
1.12
1.13
1.14
1.15
1.16
1.17
1.18
1.19
1.20
1.21

Radio Transmitters
Batteries for Portable Electronics
Block Diagram of RF Power Amplifiers
Classes of Operation of RF Power Amplifiers
Waveforms of RF Power Amplifiers
Parameters of RF Power Amplifiers
1.6.1 Drain Efficiency of RF Power Amplifiers
1.6.2 Statistical Characterization of Transmitter Average Efficiency
1.6.3 Gate-Drive Power
1.6.4 Power-Added Efficiency
1.6.5 Output-Power Capability
Transmitter Noise
Conditions for 100% Efficiency of Power Amplifiers
Conditions for Nonzero Output Power at 100% Efficiency of Power
Amplifiers
Output Power of Class E ZVS Amplifiers
Class E ZCS Amplifiers
Antennas
Propagation of Electromagnetic Waves
Frequency Spectrum
Duplexing
Multiple-Access Techniques
Nonlinear Distortion in Transmitters
Harmonics of Carrier Frequency
Intermodulation Distortion
AM/AM Compression and AM/PM Conversion
Dynamic Range of Power Amplifiers

xvii

xXix
XXi
XXV

—

~N 00N =

11
12
12
13

16
18
21
23
25
26
28
29
29
30
33
38
38



viii  CONTENTS

1.22

1.23

1.24
1.25
1.26
1.27
1.28

Analog Modulation
1.22.1 Amplitude Modulation
1.22.2  Phase Modulation
1.22.3  Frequency Modulation
Digital Modulation
1.23.1 Amplitude-Shift Keying
1.23.2  Phase-Shift Keying
1.23.3  Frequency-Shift Keying
Radars
Radio-Frequency Identification
Summary
Review Questions
Problems
References

2 Class A RF Power Amplifier

2.1
22

2.3

24
2.5

2.6

2.7

2.8
2.9
2.10
2.11

Introduction
Power MOSFET Characteristics
2.2.1 Square Law for MOSFET Drain Current
2.2.2 Channel-Length Modulation
2.2.3 Low- and Mid-Frequency Small-Signal Model of MOSFETs
2.2.4 High-Frequency Small-Signal Model of the MOSFET
2.2.5 Unity-Gain Frequency
Short-Channel Effects
2.3.1 Electric Field Effect on Charge Carriers Mobility
2.3.2 Ohmic Region
2.3.3 Pinch-Off Region
2.3.4  Wide Band Gap Semiconductor Devices
Circuit of Class A RF Power Amplifier
Waveforms in Class A RF Amplifier
2.5.1 Assumptions
2.5.2 Current and Voltage Waveforms
2.5.3 Output Power Waveforms
2.5.4 Transistor Power Loss Waveforms
Energy Parameters of Class A RF Power Amplifier
2.6.1 Drain Efficiency of Class A RF Power Amplifier
2.6.2 Statistical Characterization of Class A RF Power Amplifier
2.6.3 Drain Efficiency at Nonzero Minimum Drain-to-Source
Voltage
2.6.4  Output-Power Capability of Class A RF Power Amplifier
2.6.5 Gate Drive Power
Parallel-Resonant Circuit
2.7.1 Quality Factor of Parallel-Resonant Circuit
2.7.2 Impedance of Parallel-Resonant Circuit
2.7.3 Bandwidth of Parallel-Resonant Circuit
Power Losses and Efficiency of Parallel-Resonant Circuit
Class A RF Power Amplifier with Current Mirror
Impedance Matching Circuits
Class A RF Linear Amplifier
2.11.1 Amplifier for Variable-Envelope Signals

39
41
48
49
54
54
55
55
57
58
59
61
62
63

65

65
65
65
66
67
68
68
70
70
71
72
76
78
80
80
81
83
84
87
87
91

95
95
96
97
97
98
98
100
103
107
111
111



2.12
2.13
2.14

CONTENTS

2.11.2  Amplifiers for Constant-Envelope Signals
Summary

Review Questions

Problems

References

3 Class AB, B, and C RF Power Amplifiers

3.1
32

33

34

3.5

3.6

3.7
3.8
39

Introduction
Class B RF Power Amplifier
3.2.1 Circuit of Class B RF Power Amplifier
3.2.2 Waveforms in Class B RF Power Amplifier
3.2.3 Power Relationships for Class B RF Amplifier
3.2.4 Drain Efficiency of Class B RF Power Amplifier
3.2.5 Statistical Characterization of Drain Efficiency for Class B RF
Power Amplifier
3.2.6 Comparison of Drain Efficiencies of Class A and B RF Power
Amplifiers
3.2.7 Output-Power Capability of Class B RF Power Amplifier
Class AB and C RF Power Amplifiers
3.3.1 Waveforms in Class AB and C RF Power Amplifiers
3.3.2 Power of Class AB, B, and C Power Amplifiers
3.3.3 Drain Efficiency of Class AB, B, and C RF Power Amplifiers
3.3.4 Output-Power Capability of Class AB, B, and C RF Power
Amplifiers
3.3.5 Parameters of Class AB RF Power Amplifier at § = 120°
3.3.6 Parameters of Class C RF Power Amplifier at 6 = 60°
3.3.7 Parameters of Class C RF Power Amplifier at 0 = 45°
Push—Pull Complementary Class AB, B, and C RF Power Amplifiers
3.4.1 Circuit of Push-Pull RF Power Amplifier
3.4.2 Even Harmonic Cancellation in Push—Pull Amplifiers
3.4.3 Power Relationships for Push—Pull RF Power Amplifier
3.4.4 Device Stresses
Transformer-Coupled Class B Push—Pull RF Power Amplifier
3.5.1 Waveforms
3.5.2 Power Relationships
3.5.3 Device Stresses
Class AB, B, and C RF Power Amplifiers with Variable-Envelope
Signals
Summary
Review Questions
Problems
References

4 Class D RF Power Amplifiers

4.1
42
43
4.4

Introduction

MOSFET as a Switch

Circuit Description of Class D RF Power Amplifier

Principle of Operation of Class D RF Power Amplifier
4.4.1 Operation Below Resonance

ix

113
113
115
115
116

117

117
117
117
118
123
124

125

128
128
131
131
138
138

139
139
142
144
147
147
148
149
151
153
153
155
156

158
160
161
162
162

164

164
165
166
168
171



X

CONTENTS

4.5
4.6

4.7
4.8

4.9
4.10

4.11

4.12
4.13

4.14

4.15
4.16

4.17

4.18
4.19
4.20
4.21

4.4.2 Operation Above Resonance
Topologies of Class D Voltage-Source RF Power Amplifiers
Analysis
4.6.1 Assumptions
4.6.2 Input Voltage of Resonant Circuit
4.6.3 Series-Resonant Circuit
4.6.4 Input Impedance of Series-Resonant Circuit
Bandwidth of Class D RF Power Amplifier
Operation of Class D RF Power Amplifier at Resonance
4.8.1 Characteristics of Ideal Class D RF Power Amplifier
4.8.2 Current and Voltage Stresses of Class D RF Power Amplifier
4.8.3 Output-Power Capability of Class D RF Power Amplifier
4.8.4 Power Losses and Efficiency of Class D RF Power Amplifier
4.8.5 Gate Drive Power
Class D RF Power Amplifier with Amplitude Modulation
Operation of Class D RF Power Amplifier Outside Resonance
4.10.1 Current and Voltage Stresses
4.10.2  Operation Under Short-Circuit and Open-Circuit Conditions
Efficiency of Half-Bridge Class D Power Amplifier
4.11.1 Conduction Losses
4.11.2  Turn-On Switching Loss
4.11.3 Turn-Off Switching Loss
Design Example
Transformer-Coupled Push—Pull Class D Voltage-Switching RF Power
Amplifier
4.13.1 Waveforms
4.13.2 Power
4.13.3 Current and Voltage Stresses
4.13.4 Efficiency
Class D Full-Bridge RF Power Amplifier
4.14.1 Currents, Voltages, and Powers
4.14.2 Efficiency of Full-Bridge Class D RF Power Amplifier
4.14.3 Operation Under Short-Circuit and Open-Circuit Conditions
4.14.4 Voltage Transfer Function
Phase Control of Full-Bridge Class D Power Amplifier
Class D Current-Switching RF Power Amplifier
4.16.1 Circuit and Waveforms
4.16.2 Power
4.16.3 Voltage and Current Stresses
4.16.4 Efficiency
Transformer-Coupled Push—pull Class D Current-Switching RF Power
Amplifier
4.17.1 Waveforms
4.17.2 Power
4.17.3 Device Stresses
4.17.4 Efficiency
Bridge Class D Current-Switching RF Power Amplifier
Summary
Review Questions
Problems
References

173
174
176
176
177
178
181
184
187
187
188
188
188
189
192
195
199
200
202
202
203
207
209

211
211
213
213
214
216
216
219
219
220
221
223
223
226
226
226

228
228
231
231
231
234
239
240
240
241



CONTENTS xi

5 Class E Zero-Voltage Switching RF Power

Amplifiers 243
5.1 Introduction 243
5.2 Circuit Description 243
5.3 Circuit Operation 245
5.4 ZVS and ZDS Operations of Class E Amplifier 246
5.5 Suboptimum Operation 248
5.6 Analysis 249

5.6.1 Assumptions 249
5.6.2 Current and Voltage Waveforms 249
5.6.3 Current and Voltage Stresses 251
5.6.4 Voltage Amplitudes Across the Series-Resonant Circuit 252
5.6.5 Component Values of the Load Network 254
5.6.6  Output Power 255
5.7 Drain Efficiency of Ideal Class E Amplifier 255
5.8 RF Choke Inductance 255
5.9 Maximum Operating Frequency of Class E Amplifier 256
5.10 Summary of Parameters at D = 0.5 257
5.11 Efficiency 258
5.12  Design of Basic Class E Amplifier 261
5.13 Impedance Matching Resonant Circuits 264
5.13.1 Tapped Capacitor Downward Impedance Matching Resonant
Circuit zla 265
5.13.2 Tapped Inductor Downward Impedance Matching Resonant
Circuit z2a 268
5.13.3 Matching Resonant Circuit z1b 271
5.13.4 Matching Resonant Circuit z2b 274
5.13.5 Quarter-Wavelength Impedance Inverters 277
5.14 Class E ZVS RF Power Amplifier with Only Nonlinear Shunt
Capacitance 279
5.15 Push-Pull Class E ZVS RF Power Amplifier 283
5.16 Class E ZVS RF Power Amplifier with Finite DC-Feed Inductance 285
5.17 Class E ZVS Amplifier with Parallel-Series Resonant Circuit 288
5.18 Class E ZVS Amplifier with Nonsinusoidal Output Voltage 291
5.19 Class E ZVS Power Amplifier with Parallel-Resonant Circuit 296
5.20 Amplitude Modulation of Class E ZVS RF Power Amplifier 301
5.21 Summary 303
5.22 Review Questions 304
5.23 Problems 304
References 305

6 Class E Zero-Current Switching RF Power Amplifier 310

6.1 Introduction 310
6.2 Circuit Description 310
6.3 Principle of Operation 311
6.4 Analysis 314
6.4.1 Steady-State Current and Voltage Waveforms 314
6.4.2 Peak Switch Current and Voltage 315

6.4.3 Fundamental-Frequency Components 316



xii ~ CONTENTS

6.5
6.6
6.7
6.8
6.9
6.10

Power Relationships

Element Values of Load Network
Design Example

Summary

Review Questions

Problems

References

7 Class DE RF Power Amplifier

7.1
7.2
73
7.4
7.5
7.6
1.7
7.8
7.9
7.10
7.11
7.12
7.13

Introduction

Analysis of Class DE RF Power Amplifier

Components

Device Stresses

Design Equations

Maximum Operating Frequency

Class DE Amplifier with Only One Shunt Capacitor
Output Power

Cancellation of Nonlinearities of Transistor Output Capacitances
Amplitude Modulation of Class DE RF Power Amplifier
Summary

Review Questions

Problems

References

8 Class F RF Power Amplifiers

8.1
8.2

8.3

8.4

8.5

8.6

8.7

8.8

8.9

8.10
8.11

Introduction
Class F RF Power Amplifier with Third Harmonic
8.2.1 Maximally Flat Class F; Amplifier
8.2.2 Maximum Drain Efficiency Class F; Amplifier
Class F;5 RF Power Amplifier with Third and Fifth Harmonics
8.3.1 Maximally Flat Class F35 Amplifier
8.3.2 Maximum Drain Efficiency Class F;s Amplifier
Class F;5; RF Power Amplifier with Third, Fifth, and Seventh
Harmonics
Class F'; RF Power Amplifier with Parallel-Resonant Circuit and
Quarter-Wavelength Transmission Line
Class F, RF Power Amplifier with Second Harmonic
8.6.1 Fourier Series of Rectangular Drain Current Waveform
8.6.2 Maximally Flat Class F, Amplifier
8.6.3 Maximum Drain Efficiency Class F, Amplifier
Class F,, RF Power Amplifier with Second and Fourth Harmonics
8.7.1 Maximally Flat Class F,, Amplifier
8.7.2 Maximum Drain Efficiency Class F,, Amplifier
Class F,,s RF Power Amplifier with Second, Fourth, and Sixth
Harmonics
Class Fy RF Power Amplifier with Series-Resonant Circuit and
Quarter-Wavelength Transmission Line
Summary
Review Questions

317
317
318
319
320
320
320

322

322
322
328
331
331
332
333
336
337
337
337
338
338
339

340

340
341
345
353
362
362
370

372

373
378
378
382
388
392
392
399

402
402

407
408



CONTENTS xiii

8.12 Problems 409
References 409

9 Linearization and Efficiency Improvements of RF

Power Amplifiers 411
9.1 Introduction 411
9.2 Predistortion 412
9.3 Feedforward Linearization Technique 414
9.4 Negative Feedback Linearization Technique 415
9.5 Envelope Elimination and Restoration 419
9.6 Envelope Tracking 421
9.7 The Doherty Amplifier 423

9.7.1 Condition for High Efficiency Over Wide Power Range 424

9.7.2 Impedance Modulation Concept 424

9.7.3 Equivalent Circuit of Doherty Amplifier 425

9.7.4 Power and Efficiency of Doherty Amplifier 426

9.8 Outphasing Power Amplifier 428
9.9 Summary 430
9.10 Review Questions 431
9.11 Problems 432
References 432

10 Integrated Inductors 437
10.1 Introduction 437
10.2  Skin Effect 437
10.3 Resistance of Rectangular Trace 439
10.4 Inductance of Straight Rectangular Trace 442
10.5 Meander Inductors 444
10.6 Inductance of Straight Round Conductor 449
10.7 Inductance of Circular Round Wire Loop 450
10.8 Inductance of Two-Parallel Wire Loop 450
10.9 Inductance of Rectangle of Round Wire 450

10.10  Inductance of Polygon Round Wire Loop 450

10.11 Bondwire Inductors 451

10.12  Single-Turn Planar Inductor 452

10.13  Inductance of Planar Square Loop 454

10.14  Planar Spiral Inductors 454

10.14.1 Geometries of Planar Spiral Inductors 454
10.14.2  Inductance of Square Planar Inductors 456
10.14.3  Inductance of Hexagonal Spiral Inductors 465
10.14.4  Inductance of Octagonal Spiral Inductors 466
10.14.5 Inductance of Circular Spiral Inductors 467

10.15 Multi-Metal Spiral Inductors 468

10.16  Planar Transformers 469

10.17 MEMS Inductors 469

10.18 Inductance of Coaxial Cable 472

10.19  Inductance of Two-Wire Transmission Line 472

10.20 Eddy Currents in Integrated Inductors 472

10.21 Model of RF Integrated Inductors 474



xiv  CONTENTS

10.22
10.23
10.24
10.25

PCB Inductors
Summary

Review Questions
Problems
References

11 RF Power Amplifiers with Dynamic Power Supply

11.1
11.2
11.3
11.4

11.5
11.6
11.7
11.8
11.9
11.10

Introduction
Dynamic Power Supply
Amplitude Modulator
DC Analysis of PWM Buck Converter Operating in CCM
11.4.1 Circuit Description
11.4.2  Assumptions
11.43 Time Interval: 0 <t < DT
11.4.4 Time Interval: DT <t < T
11.4.5 Device Stresses for CCM
11.4.6  DC Voltage Transfer Function for CCM
11.4.7 Boundary Between CCM and DCM for Lossless Buck
Converter
11.4.8 Boundary Between CCM and DCM for Lossy Buck Converter
11.4.9 Capacitors
11.4.10 Ripple Voltage in Buck Converter for CCM
11.4.11 Switching Losses with Linear MOSFET Output Capacitance
11.4.12 Power Losses and Efficiency of Buck Converter for CCM
11.4.13 DC Voltage Transfer Function of Lossy Converter for CCM
11.4.14 MOSFET Gate Drive Power
11.4.15 Design of Buck Converter Operating as Amplitude Modulator
Operating in CCM
Synchronous Buck Converter as Amplitude Modulator
Multiphase Buck Converter
Layout
Summary
Review Questions
Problems
References

12 Oscillators

12.1
12.2
12.3

Introduction

Classification of Oscillators

General Conditions for Oscillations
12.3.1 Transfer Functions of Oscillators
12.3.2  Polar Form of Conditions for Oscillation
12.3.3 Rectangular Form of Conditions for Oscillation
12.3.4 Closed-Loop Gain of Oscillators
12.3.5 Characteristic Equation of Oscillators
12.3.6 Instability of Oscillators
12.3.7 Root Locus of Closed-Loop Gain
12.3.8 Nyquist Plot of Oscillators

475
476
477
478
479

482

482
482
483
484
484
487
487
488
489
489

491
492
493
495
501
503
507
508

509
518
523
525
526
527
527
528

531

531
532
532
532
534
534
535
535
536
536
539



12.4
12.5
12.6
12.7

12.8

12.9

12.10
12.11
12.12

12.13

12.14

12.15

12.16
12.17

12.18
12.19

CONTENTS

12.3.9  Stability of Oscillation Frequency

12.3.10 Stability of Oscillation Amplitude

Topologies of LC Oscillators with Inverting Amplifier

Op-Amp Colpitts Oscillator

Single-Transistor Colpitts Oscillator

Common-Source Colpitts Oscillator
12.7.1 Feedback Network Factor of Common-Source Colpitts

Oscillator

12.7.2  Amplifier Voltage Gain of Common-Source Colpitts Oscillator
12.7.3  Loop Gain of Common-Source Colpitts Oscillator
12.7.4 Closed-Loop Gain of Common-Source Colpitts Oscillator
12.7.5 Nyquist Plot for Common-Source Colpitts Oscillator
12.7.6  Root Locus for Common-Source Colpitts Oscillator

Common-Gate Colpitts Oscillator
12.8.1 Loaded Quality Factor of Common-Gate Colpitts Oscillator
12.8.2 Feedback Factor of Common-Gate Colpitts Oscillator
12.8.3 Characteristic Equation for Common-Gate Colpitts Oscillator
12.8.4 Amplifier Voltage Gain of Common-Gate Colpitts Oscillator
12.8.5 Loop Gain of Common-Gate Colpitts Oscillator
12.8.6 Closed-Loop Gain of Common-Gate Colpitts Oscillator
12.8.7 Root Locus of Common-Gate Colpitts Oscillators
12.8.8 Nyquist Plot of Common-Gate Colpitts Oscillator

Common-Drain Colpitts Oscillator
12.9.1 Feedback Factor of Common-Drain Colpitts Oscillator
12.9.2  Characteristic Equation of Common-Drain Colpitts Oscillator
12.9.3  Amplifier Gain of Common-Drain Colpitts Oscillator
12.9.4 Loop Gain of Common-Drain Colpitts Oscillator
12.9.5 Closed-Loop Gain of Common-Drain Colpitts Oscillator
12.9.6 Nyquist Plot of Common-Drain Colpitts Oscillator
12.9.7 Root Locus of Common-Drain Colpitts Oscillator

Clapp Oscillator

Crystal Oscillators

CMOS Oscillator

12.12.1 Deviation of Oscillation Frequency Caused by Harmonics

Hartley Oscillator

12.13.1 Op-Amp Hartley Oscillator

12.13.2  Single-Transistor Hartley Oscillator

Armstrong Oscillator

12.14.1 Op-Amp Armstrong Oscillator

12.14.2  Single-Transistor Armstrong Oscillator

LC Oscillators with Noninverting Amplifier

12.15.1 LC Single-Transistor Oscillators with Noninverting

Amplifier

12.15.2 LC Oscillators with Noninverting Op-Amp

Cross-Coupled LC Oscillators

Wien-Bridge RC Oscillator

12.17.1 Loop Gain

12.17.2  Closed-Loop Gain

Oscillators with Negative Resistance

Voltage-Controlled Oscillators

XV

540
540
543
545
547
550

551
551
554
554
557
557
558
560
561
563
564
565
568
568
569
569
571
573
575
576
576
579
579
581
583
588
588
589
589
590
592
592
593
594

596
597
598
605
605
607
611
615



xvi CONTENTS

12.20 Noise in Oscillators
12.20.1 Thermal Noise
12.20.2 Phase Noise

12.21 Summary

12.22 Review Questions

12.23  Problems
References

Appendices
A SPICE Model of Power MOSFETs

B Introduction to SPICE

C Introduction to MATLAB®
D Trigonometric Fourier Series
E Circuit Theorems

F SABER Circuit Simulator

Answers to Problems

Index

616
616
620
624
626
626
627

630

631

634

637

641

645

649

651
655



Preface

The second edition of RF Power Amplifiers is designed to be an improvement, updation, and
enlargement of the first edition. This book is about RF power amplifiers used in wireless com-
munications and many other RF applications. It is intended as a concept-oriented textbook at
the senior and graduate levels for students majoring in electrical engineering, as well as a refer-
ence for practicing engineers in the area of RF power electronics. The edition of this book is a
thoroughly revised and expanded version of the first edition. The purpose of the book is to pro-
vide foundations for RF power amplifiers, efficiency improvement, and linearization techniques.
Class A, B, C, D, E, DE, and F RF power amplifiers are analyzed, and design procedures are
given. Impedance transformation is covered. Various linearization techniques are explored, such
as predistortion, feedforward, and negative feedback techniques. Efficiency improvement meth-
ods are also studied, such as dynamic power supply method, envelope elimination and restoration
(EER), envelope tracking (ET), Doherty amplifier, and outphasing techniques. Integrated induc-
tors are discussed as well. RF LC oscillators are also covered. RF power amplifiers are used as
power stages of radio transmitters. Radio transmitters are used in broadcasting systems, mobile
wireless communication systems, radars, and satellite communications.

It is assumed that the student is familiar with general circuit analysis techniques, semicon-
ductor devices, linear systems, and electronic circuits. A communications course is also very
helpful.

I wish to express my sincere thanks to Laura Bell, Assistant Editor; Richard Davies, Senior
Project Editor; and Peter Mitchell, Publisher. It has been a real pleasure working with them. Last
but not least, I wish to thank my family for the support.

I am pleased to express my gratitude to Dr. Nisha Kondrath and Dr. Rafal Wojda for
MATLAB® figures. The author would welcome and greatly appreciate suggestions and
corrections from the readers, for the improvements in the technical content as well as the
presentation style.

Prof. Marian K. Kazimierczuk
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Output-power capability of amplifier

Coil outer diameter

Coil inner diameter

Electric field intensity

Operating frequency, switching frequency
Carrier frequency

Intermediate frequency

Local oscillator frequency

Modulating frequency

Resonant frequency

Frequency of pole of transfer function
Resonant frequency of L-C—R circuit
Switching frequency

Transconductance of transistor

Magnetic flux intensity

= Cgs + Cyq
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K, MOSFET process parameter

K, MOSFET parameter at drift velocity saturation of current carriers
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P, ac output power

P, Power loss in resonant circuit
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p Perimeter enclosed by coil

pplot) Instantaneous drain power loss

Oco Quality factor of capacitor

o; Loaded quality factor at f,

O, Quality factor of inductor
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Reactance factor

Reactance factor
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Minimum value of R,

Total parasitic resistance

ESR of resonant capacitor

On-resistance of MOSFET

Gate resistance
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Output resistance of transistor

Current waveform slope

Voltage waveform slope
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Operating temperature, period of waveform
Total harmonic distortion

Fall time of MOSFET or BJT
Channel-modulation voltage

Amplitude of the voltage across capacitor
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dc drain—source voltage
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dc gate—source voltage

dc supply (input) voltage

Amplitude of the voltage across inductance
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Peak voltage of switch

Threshold voltage of MOSFET
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Small-signal drain—source voltage
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Modulating voltage

ac output voltage
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Trace width
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Magnitude of impedance Z
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Z, Characteristic impedance of resonant circuit

a, Fourier coefficients of drain current

p Gain of feedback network

Yu Ratio of Fourier coefficients of drain current

Af Frequency deviation

1) Dirac delta impulse function

. Oxide permittivity

n Efficiency of amplifier

Nay Average efficiency of amplifier

1p Drain efficiency of amplifier

NpAE Power-aided efficiency of amplifier

n, Efficiency of resonant circuit

0 Half of drain current conduction angle, mobility degradation coefficient
A Wavelength, channel length-modulation parameter
U Mobility of current carriers

mi Permeability of free space

U, Mobility of electrons

M, Relative permeability

¢, Ratio of Fourier coefficients of drain-source voltage
P Resistivity

o Conductivity

0} Phase, angle, magnetic flux

14 Phase of impedance Z

w Operating angular frequency

o, Carrier angular frequency

,, Modulating angular frequency

, Resonant angular frequency
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Introduction

1.1 Radio Transmitters

Radio communication utilizes radio waves as a transmission and receiving medium. A
radio transmitter consists of information source producing modulating signal, modulator,
radio-frequency (RF) power amplifier, and antenna. A power amplifier is a circuit that increases
the power level of a signal by using energy taken from a power supply [1-28]. Both the
efficiency and distortion are critical parameters of power amplifiers. A radio receiver consists
of an antenna, front end, demodulator, and audio amplifier. A transmitter and receiver combined
into one electronic device is called a transceiver. A radio transmitter produces a strong RF
current, which flows through an antenna. In turn, a transmitter antenna radiates electromagnetic
waves (EMWs), called radio waves. Transmitters are used for communication of information
over a distance, such as radio and television broadcasting, mobile phones, wireless computer
networks, radio navigation, radio location, air traffic control, radars, ship communication,
radio-frequency identifications (RFIDs), collision avoidance, speed measurement, weather
forecasting, and so on. The information signal is the modulating signal, and it is usually in
the form of audio signal from a microphone, video signal from a camera, or digital signal.
Modern wireless communication systems include both amplitude-modulated (AM) and
phase-modulated (PM) signals with a large peak-to-average ratio (PAR). Typically, the PAR is
6-9dB for Wideband Code Division Multiple Access (WCDMA) and Orthogonal Frequency
Division Multiplexing (OFDM). The main difficulty in transmitters’ design is achieving a good
linearity and a high efficiency.
An ideal radio transmitter should satisfy the following requirements:

e high efficiency,

high linearity (i.e., low signal distortion),

high power gain,

large dynamic range,

RF Power Amplifiers, Second Edition. Marian K. Kazimierczuk.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
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e large slew rate,

e low noise level,

e high spectral efficiency,

e wide modulation bandwidth,

e capability of reproducing complex modulated waveforms,

e capability of transmitting high data rate communication,

e capability of transmitting a large diversity of waveforms, and

e portability.

A design of a transmitter with high efficiency and high linearity is a challenging problem.
Linear amplification is required when the signal contains both amplitude and phase modulations.
Nonlinearities cause imperfect reproduction of the amplified signal.

1.2 Batteries for Portable Electronics

In portable communications, batteries are used as power supplies. The most popular battery
technologies are lithium (Li-ion) batteries and nickelcadmium (Ni-Cd) batteries. The nominal
output voltage of the Li-ion batteries is 3.6 V. The discharge curve of Li-ion batteries is typi-
cally from 4 to 2V during the period of 5 h of active operation. The nominal output voltage of
the Ni-based batteries is 1.25 V. The discharge curve of these batteries is typically from 1.4 to
1V during the period of 5h of active operation. These are rechargeable batteries. The energy
density of Li-ion batteries is nearly twice that of Ni-based batteries, yielding a smaller bat-
tery that stores the same amount of energy. However, the discharge curve of Li-ion batteries is
much steeper than that of Ni-based batteries. The slope of the discharge curve of Li-ion batteries
is approximately —0.25 V/h, whereas the slope of the discharge curve of Ni-based batteries is
approximately —0.04 V/h. Therefore, Li-ion batteries may require a voltage regulator.

1.3 Block Diagram of RF Power Amplifiers

A power amplifier [1-27] is a key element to build a wireless communication system
successfully. Its main purpose is to increase the power level of the signal. To minimize
interferences and spectral regrowth, transmitters should be linear. A block diagram of an RF
power amplifier is shown in Fig. 1.1. It consists of transistor (MOSFET, MESFET, HFET, or
BIJT), output network, input network, and RF choke. The trend is to replace silicon(Si)-based
semiconductor devices with wide band gap (BG) semiconductor devices, such as silicon carbide
(SiC) and gallium nitride (GaN) devices. Silicon carbide is also used as a substrate because it
has high thermal conductivity, for example, for GaN devices. Gallium nitride semiconductor
is used to make high electron mobility transistors (HEMTSs). The energy BG of GaN is three
times greater than that of silicon, yielding lower performance degradation at high temperatures.
The breakdown electric field intensity is six times greater than that of silicon. Also, the carrier
saturation velocity is 2.5 greater than that of silicon, resulting in a higher power density.
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Figure 1.1 Block diagram of RF power amplifier.

In RF power amplifiers, a transistor can be operated

e as a dependent current source,
e as a switch, and

e in overdriven mode (partially as a dependent source and partially as a switch).

Figure 1.2(a) shows a model of an RF power amplifier in which the transistor is operated
as a voltage- or current-dependent current source. When a MOSFET is operated as a dependent
current source, the drain current waveform is determined by the gate-to-source voltage waveform
and the transistor operating point. The drain voltage waveform is determined by the dependent
current source and the load network impedance. When a MOSFET is operated as a switch, the
switch voltage is nearly zero when the switch is ON and the drain current is determined by the
external circuit due to the switching action of the transistor. When the switch is OFF, the switch
current is zero and the switch voltage is determined by the external circuit response.

In order to operate the MOSFET as a dependent current source, the transistor cannot enter
the ohmic region. It must be operated in the active region, also called the pinch-off region or
the saturation region. Therefore, the drain-to-source voltage v, must be kept higher than the
minimum value Vg, that is, vpg > Vi, = Vg — V,, where V, is the transistor threshold
voltage. When the transistor is operated as a dependent current source, the magnitudes of the
drain current i;, and the drain-to-source voltage v, are nearly proportional to the magnitude
of the gate-to-source voltage vg. Therefore, this type of operation is suitable for linear power
amplifiers. Amplitude linearity is important for amplification of AM signals.

Figure 1.2(b) shows a model of an RF power amplifier in which the transistor is operated as a
switch. To operate the MOSFET as a switch, the transistor cannot enter the active region. It must
remain in the ohmic region when it is ON and in the cutoff region when it is OFF. To maintain the
MOSFET in the ohmic region, it is required that v ¢ < Vg — V,. If the gate-to-source voltage
Ugs 1s increased at a given load impedance, the amplitude of the drain-to-source voltage v
will increase, causing the transistor to operate initially in the active region and then in the ohmic
region. When the transistor is operated as a switch, the magnitudes of the drain current i}, and the
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Figure 1.2 Models of operation of transistor in RF power amplifiers: (a) transistor as a dependent
current source and (b) transistor as a switch.

drain-to-source voltage v, are independent of the magnitude of the gate-to-source voltage v ;.
In most applications, the transistor operated as a switch is driven by a rectangular gate-to-source
voltage vgg. A sinusoidal gate-to-source voltage Vg is used to drive a transistor as a switch at
very high frequencies, where it is difficult to generate rectangular voltages. The reason to use
the transistors as switches is to achieve high amplifier efficiency. When the transistor conducts
a high drain current ij,, the drain-to-source voltage vy is low, resulting in low power loss.

If the transistor is driven by a sinusoidal voltage v of high amplitude, the transistor is over-
driven. In this case, it operates in the active region when the instantaneous values of v are low
and as a switch when the instantaneous values of v are high.
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The main functions of the output network are as follows:

e Impedance transformation.
e Harmonic suppression.

e Filtering the spectrum of a signal with bandwidth BW to avoid interference with communi-
cation signals in adjacent channels.

Modulated signals can be divided into two categories:

e Variable-envelope signals, such as AM and SSB.
e Constant-envelope signals, such as FM, FSK, and CW.

Modern mobile communication systems usually contain both amplitude and phase modula-
tions. Amplification of variable-envelope signals requires linear amplifiers. A linear amplifier is
an electronic circuit whose output voltage is directly proportional to its input voltage. The Class
A RF power amplifier is a nearly linear amplifier.

1.4 Classes of Operation of RF Power Amplifiers

The classification of RF power amplifiers with a transistor operated as a dependent current source
is based on the conduction angle 26 of the drain current ij,. Waveforms of the drain current i,
of a transistor operated as a dependent source in various classes of operation for sinusoidal
gate-to-source voltage v are shown in Fig. 1.3. The operating points for various classes of
operation are shown in Fig. 1.4.

In Class A, the conduction angle 26 of the drain current i, is 360°. The gate-to-source voltage
vgs must be greater than the transistor threshold voltage V,, that is, v;g > V,. This is accom-
plished by choosing the dc component of the gate-to-source voltage V¢ sufficiently greater than
the threshold voltage of the transistor V, such that V5 — V,, > V,, where V,, is the amplitude
of the ac component of the gate-to-source voltage v;. The dc component of the drain current /;,
must be greater than the amplitude of the ac component /,, of the drain current ij,. As a result, the
transistor conducts during the entire cycle. Class A amplifiers are linear, but have low efficiency
(lower than 50%).

In Class B, the conduction angle 26 of the drain current ij, is 180°. The dc component V¢ of
the gate-to-source voltage v is equal to V,, and the drain bias current I, is zero. Therefore, the
transistor conducts for only half of the cycle.

In Class AB, the conduction angle 26 is between 180° and 360°. The dc component of the
gate-to-source voltage V; is slightly above V,, and the transistor is biased at a small drain current
Ij,. As the name suggests, Class AB is the intermediate class between Class A and Class B. Class
AB amplifiers are linear, but have low efficiency (less than 50%).

In Class C, the conduction angle 26 of the drain current i, is less than 180°. The operating point
is located in the cutoff region because V¢ < V,. The drain bias current /, is zero. The transistor
conducts for an interval less than half of the cycle. Class C amplifiers are nonlinear and are only
suitable for the amplification of constant-envelope signals, but have a higher efficiency than that
Class A and AB amplifiers.

Class A, AB, and B operations are used in audio and RF power amplifiers, whereas Class C is
used only in RF power amplifiers and industrial applications.



6 RF POWER AMPLIFIERS

ip A ip A

0 0 >
T 2r 37 ot 4n
(a) (b)
Ip A Ip A
0 [, 0 : : : Ly
r 2r 3r wt 4n b4 2r 3r wt 4r
(c) (d)
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Figure 1.4 Operating points for Classes A, B, AB, and C.
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The transistor is operated as a switch in Class D, E, and DE RF power amplifiers. In Class
F, the transistor can be operated as either a dependent current source or a switch. RF power
amplifiers are used in communications, power generation, and plasma generation.

1.5 Waveforms of RF Power Amplifiers

For steady state, the waveforms of an unmodulated power amplifier are periodic of frequency
f = w/(Q2rx). The drain current waveform can be represented by Fourier series

n=1

in=1+ 2 I, cos(nwt + ¢;,) = I, lao + 2 a, cos(nwt + ¢m)]
n=1

(o) I [s]
=51+ - cos(not + ¢i,,)] =1 l1 + ) 7, cos(nat + ¢,.,1)] (1.1)

n=1 "1 n=1

where
I
@ = 1 (1.2)
Tpy
I
a, = -~ (1.3)
Ipy
and I
mn
y, = =2 (1.4)
n Il

The drain-to-source voltage waveform can also be expanded into Fourier series

Upg =V, — Z Vun cOS(not + ¢,,.) = Vo, lﬂo - Z p, cos(nwt + d)m)]

n=1 n=1
=V, |1- i Yom cos(naot + )| =V, [1- i &, cos(nwt + ¢,,) (1.5)
n=1 VI n=1
where
by = (1.6)
0 Vosu .
ﬁ _ an (1 7)
1 Vpsu .
and
&= Vi (1.8)
n — V[ .

1.6 Parameters of RF Power Amplifiers
1.6.1 Drain Efficiency of RF Power Amplifiers

When the resonant frequency of the output network f,, is equal to the operating frequency f, the
drain power (the power delivered by the drain to the output network) is given by
1 1 Vi

Pps = Elmvm = El’iR = 2—; for f=f, (1.9)
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where I, is the amplitude of the fundamental component of the drain current iy, V,, is the
amplitude of the fundamental component of the drain-to-source voltage vy, and R is the input
resistance of the output network at the fundamental frequency. If the resonant frequency f, is not
equal to the operating frequency f, the drain power of the fundamental component is given by
V2 cos
Ppg = %Ime cos ¢ = %I,%,R cos ¢ = mTqu
where ¢ is the phase shift between the fundamental components of the drain current and the
drain-to-source voltage reduced by 7.

The instantaneous drain power dissipation is

(1.10)

pplot) = ipvpg (1.11)

The time-average drain power dissipation for periodic waveforms is

2r 2z
1 1 .
Py = o /0 pp d(wt) = . /0 ipUpg d(wt) = P; — Ppg (1.12)
The dc supply current is
2r
I, = — ip d(wt) (1.13)
2r 0
The dc supply power is
vV 2r
P =V = —’/ ipy d(wr) (1.14)
2 0

The drain efficiency at a given drain power Py is

2r .
_Pos _Pi=Pp_, _Po_, Jo " ipups d(wr)
ip=——=——>—=1-—F=l-—"————

P, P, P, v, fozﬂ ip, d(wt)

_ 1L\ (Y _1 1.15
7(?)(?)“’“”-5“5”‘”"5 (119

where ¢ = ¢;; — ¢,;. When the operating frequency is equal to the resonant frequency f = f;,
the drain efficiency is

PDS 1 Im Vm 1
— N L f = 1.16
o P, 2 <II > < Vi ) 2)/151 it ( :

Efficiency of power amplifiers is maximized by minimizing power dissipation at a desired out-
put power.

For amplifiers in which the transistor is operated as a dependent current source, the high-
est drain efficiency usually occurs at the peak envelope power (PEP). Power amplifiers with
time-varying amplitude have a time-varying drain efficiency #,(¢). These amplifiers are usu-
ally operated below the maximum output power. This situation is called power backoff. The
peak-to-average power ratio (PAPR) is the ratio of the PEP of the AM waveform PEP to the
average envelope power for a long time interval Py,

PAPR = Peak Power _ PEP _ 101og PEP (dB) (1.17)
Average Power P4y, ouy)

The power dynamic range is the ratio of the largest output power P, to the lowest output
power P, .. defined as

DNR = Maximum Output Power Py,

= 10log <Poﬂ> (dB). (1.18)

Minimum Output Power P, Omin
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The output power delivered to a resistive load is

1 1 2 igm
P,==1V ==-I"R, = (1.19)
o 2 om " om 2 om" ‘L 2RL

where I, is the amplitude of the output current and V,,, is the amplitude of the output voltage.
The power loss in the resonant output network is

P,=Pps—P, (1.20)
The efficiency of the resonant output network is
Py
L= — 1.21
"=p (1.21)

The overall power loss on the output side of the amplifier (in the transistor(s) and the output
network) is

P, =P —Py,=Pp+P, (1.22)
The efficiency of the amplifier at a specific output power is
Py _ Po Ppg
=—=————= 1.23
"= =P, P, (1.23)

The output power level of an amplifier is often referenced to the power level of 1 mW and is
expressed as
P(W)
0.001

A dBm or dBW value represents an actual power, whereas a dB value represents a ratio of power,
such as the power gain.

P =10log (dBm) = 10log P(W) — 101og 0.001 = [101log P(W) + 30] (dBm) (1.24)

1.6.2 Statistical Characterization of Transmitter Average
Efficiency

The output power of radio transmitters is a random variable. The average efficiency of a trans-
mitter depends on the statistics of transmitter output power. The statistics is determined by the
probability density function (PDF) (or the probability distribution function) of the output power
and the dc supply power of a power amplifier. The average output power over a long-time interval
At=t,—1t is

At
1
Poayy = N / PDFPD(I)PO(t)dt (1.25)
0
and the average supply power over the same time interval AT =1, — ¢, is
1 At
Pray) = A7 / PDFp (NP (1)dt (1.26)
0

Hence, the long-term average efficiency is the ratio of the energy delivered to the load (or
antenna) E,, to the energy drawn from the power supply E; over a long period of time At

1
0 _@_EO/AI_PO(A\/) _ At
VT E E/At P 1(AV) 1

At
=~ /0 PDFp, (t)P,(t)dt

At
/ PDF, (0Po(t)dt
0

(1.27)

This efficiency determines the battery lifetime.
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Figure 1.5 Rayleigh’s probability density function of the transmitter output power.

The efficiency of power amplifiers in which transistors are operated as dependent current
sources increases with the amplitude of the output voltage V,,. It reaches the maximum value
at the maximum amplitude of the output voltage, which corresponds to the maximum output
power. In practice, power amplifiers with a variable-envelope voltage are usually operated below
the maximum output power. For example, the drain efficiency of the Class B power amplifier
isn, =xn/4=785%atV, =V, but it decreases to 1, = 7/8 =39.27% at V,, = V, /2 and to
np = /16 = 19.63% at V,, = V, /4. The average efficiency is useful for describing the efficiency
of radio transmitters with variable-envelope signals, such as AM signals. The probability density
function (PDF) of the envelope determines the amount of time an envelope remains at various
amplitudes. For multiple carrier transmitters, the PDF may be characterized by Rayleigh’s prob-
ability distribution.

Rayleigh’s PDF of the output power is given by

Py(0) -fo9
8Po) = —5~¢ = (1.28)

where o is the scale parameter of the distribution. Figure 1.5 shows plots of Rayleigh’s PDF for
c=05,1,2,3,and 4.

1.6.3 Gate-Drive Power

The input impedance of the MOSFET consists of the series combination of the gate resistance
r and the input capacitance C;. The input capacitance is given by

Ci=Cy+ Cpy(1—A,) (1.29)
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where C, is the gate-to-source capacitance, C,, is the gate-to-drain capacitance, and A, is
the voltage gain during the time interval when the drain-to-source voltage v, decreases. The
Miller’s capacitance is C,, = C,y(1 —A,).

The gate-drive power is

1 2r
Po= o /0 ivgs (@) (1.30)
For sinusoidal gate current and voltage waveforms, the gate-drive power is
2
1 r6l,
P = SV €05 g = zg’” (1.31)

where /,,, is the amplitude of the gate current, V,,, is the amplitude of the gate-to-source voltage,
rs is the gate resistance, and ¢; is the phase shift between the fundamental components of
the gate current and the gate-to-source voltage. The fotal power loss including the gate-drive
power is

Pg=P,+P.+P; (1.32)

1.6.4 Power-Added Efficiency

The power gain of a power amplifier is given by

Py Py
k,=—==10log { == ) (dB) (1.33)
Pg Pg
The power-added efficiency is the ratio of the difference between the output power and the

gate-drive power to the dc supply power
_ Output Power — Drive Power P, —P; P, | Pg
MTeae = DC Supply Power Y P,

()= w (0) = (1-2)
=2 (1= =o(1-L)=p(1-2 134
P, Po/P;) " P, k)" k, (1.3

Itk,=1,npyp =0.1Fk, > 1, npyp = 1.

For many communication systems, various modulation techniques use variable-envelope volt-
age and have a very high PAR of the RF output power. Typically, an RF power amplifier achieves
a maximum power efficiency at a single operating voltage corresponding to the peak output
power. The PAR is usually from 3 to 6 dB for a single-carrier transmitters. For multi-carrier
transmitters, the PAR is typically from 6 to 13 dB. The efficiency decreases rapidly as the power
is reduced from its maximum value. The average composite power-added efficiency is defined as

Vmﬂ)r
/ PDF(V)*[Popp(V) = Pp(V)]dV
5 . Vinin (1.35)
DC(AV DC(mod max i}
@v) (mod) / PDE(V)Y [P pepay(V) + Ppcimoay(V)1AV
\%4

min

P ORF(AV) — P IRF(AV)
NAv(PAE) = P =

where PDF(V)* is the PDF of the complex modulated signal, V,;, and V,, . are the minimum
and maximum voltages of the RF envelope, and Pygr(V), Pirp(V), Ppepay(V), and Ppcgon (V)
are all instantaneous power values at a given envelope voltage V.

The overall efficiency of a power amplifier is defined as
P, _ P,
PI(DC)+PG+Pod Py,+P,+Ps;+P

m mod

(1.36)

Mot =

where P, is the power consumption of a modulator.

mo
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1.6.5 Output-Power Capability

The output-power capability of the RF power amplifier with N transistors is defined as

c = POmax _ ”DmaxPI _ NDmax <I_1> < VI ) _ ln o ﬁ
- - - - D 0F0
P NIDM VDSM NIDM VDSM N IDM VDSM N e

1 \%4
= L - = = Lalmu)cﬂlmax (137)
N \Ipy ) \ Vo)~ 2N

where I}, is the maximum value of the instantaneous drain current iy, V), is the maximum
value of the instantaneous drain-to-source voltage vy, .. 15 the amplifier drain efficiency at
the maximum output power Pg,,,,, and N is the number of transistors in the amplifier, which
are not connected in parallel or in series. For example, a push—pull amplifier has two transistors.
The maximum output power of an amplifier with a transistor having the maximum ratings I,
and Vi, is

Pomax = ¢,NIpy Vpsu (1.38)

As the output power capability ¢, increases, the maximum output power P,,,, also increases.
The output power capability is useful for comparing different types or families of amplifiers.
The larger the ¢, the larger is the maximum output power.

For a single-transistor amplifier, the output-power capability is given by

c = POmax _ anaxPI =7 ( I[ > < Vl > =7 a ﬂ
- - — "D — "IDn 0F0
’ 1 DM VDSM 1 DM VDSM "\ DM VDSM "

1 Im(max) V m(max) 1
— — )= -« A 1.39
2 < I v vV . 2 1lmaxF 1max ( )

1.7 Transmitter Noise

A transmitter contains an oscillator of a carrier frequency. An oscillator is a nonlinear device.
It does not generate an ideal single-frequency and constant-amplitude signal. Therefore, the
oscillator output power is not only concentrated at a single frequency but also distributed around
it. The noise spectra on both sides of the carrier are called noise sidebands. Hence, the voltage
and current waveforms contain noise. These waveforms are modulated by noise. There are three
categories of noise: AM noise, frequency-modulated (FM) noise, and phase noise. The AM
noise results in the amplitude variations of the oscillator output voltage. The FM or PM noise
causes the spreading of the frequency spectrum around the carrier frequency. The ratio of a
single-sideband noise power contained in 1-Hz bandwidth at an offset from carrier to the carrier
power is defined as noise-to-carrier power ratio

NCP=1X=1010g(]X> (@) (1.40)
C C Hz
The unit dBc/Hz indicates the number of decibels below the carrier over a bandwidth of 1 Hz.
Most of oscillator noise around the carrier is the phase noise. This noise represents the phase
jitter. For example, the phase noise is 80 dBc/Hz at 2 kHz offset from the carrier and 110 dBc/Hz
at 50 kHz offset from the carrier.

Typically, the output thermal noise of power amplifiers should be below —130 dBm. The pur-
pose of this requirement is to introduce negligible level of noise to the input of the low-noise
amplifier (LNA) of the receiver.
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Example 1.1

An RF power amplifier has P, =10W, P, =20W, and P; =1W. Find the efficiency,
power-added efficiency, and power gain.

Solution. The efficiency of the power amplifier is
Py 10
== =—=50% 1.41
"=, T2V (141
The power-added efficiency is

PO_PG_IO—I

e =~ = 1021 — a5, (1.42)
1
The power gain is
P
k, = 2o _10_ 10 = 10log(10) = 10 dB (1.43)
P 1

1.8 Conditions for 100% Efficiency of Power
Amplifiers

The drain efficiency of any power amplifier is given by

Pps Pp
=—=1-—= 1.44
fp P, P, ( )
The condition for achieving a drain efficiency of 100% is
17
P, = —/ ipnUpg dt =0 (1.45)
T Jo

For an NMOS transistor, i, > 0 and v;g > 0; for a PMOS transistor, i;, < 0 and v;¢ < 0. In this
case, the sufficient condition for achieving a drain efficiency of 100% becomes

ipps =0 (1.46)

Thus, the waveforms i, and v, should be nonoverlapping for an efficiency of 100%. Nonover-
lapping waveforms ip, and v, are shown in Fig. 1.6.
The drain efficiency of power amplifiers is less than 100% for the following cases:

e The waveforms of i;, > 0 and v),¢ > 0 are overlapping (e.g., as in a Class C power amplifier).

o The waveforms of i, and v, are adjacent, and the waveform v, has a jump at # = ¢, and the
waveform i;, contains an impulse Dirac function, as shown in Fig. 1.7(a).

e The waveforms of ij, and v are adjacent, and the waveform ij, has a jump at t = ¢, and
the waveform v, contains an impulse Dirac function, as shown in Fig. 1.7(b).

For the case of Fig. 1.7(a), an ideal switch is connected in parallel with a capacitor C.
The switch is turned on at t = ¢,, when the voltage v),¢ across the switch is nonzero. At =1,
this voltage can be described by

1].. . 1 AV
vps(t,) = 3 IIHPUDS(I) + tllyrfI}UDs(t) = E(AV +0) = > (1.47)
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ip

NN &

Ups

1
I
2
Figure 1.6 Nonoverlapping waveforms of drain current i,, and drain-to-source voltage v;,q.

At t = t,, the drain current is given by
ip(t,) = CAVé(t —t,) (1.48)

Hence, the instantaneous power dissipation is

, Leavasi - t,) fort=t,
pp(t) =ipvpg =4 2 (1.49)
0 for t#1,
resulting in the time average power dissipation
T T
1 . CAV? 1
P, = ?/0 ipUpgdt = 7 ; o(t—t,)dt = EfCAV2 (1.50)
and the drain efficiency
P, fCAV?
=1l-—-=1- 1.51
o P, 2P, (1.51)

In a real circuit, the switch has a small series resistance, and the current through the switch
is an exponential function of time with a finite peak value. Thus, to achieve the efficiency of
100%, either AV =0 or C = 0. In a realistic amplifier, the transistor should be turned on at
zero drain-to-source voltage vj,g so that AV = 0. This observation leads to the concept of a
zero-voltage switching (ZVS) Class E amplifier.

Example 1.2

An RF power amplifier has a step change in the drain-to-source voltage at MOSFET turn-on
Vps = 5V, transistor capacitance C = 100 pF, operating frequency f = 2.4 GHz, dc supply volt-
age V; = 5V, and dc supply current /; = 1 A. Assume that all parasitic resistances are zero. Find
the efficiency of the power amplifier.
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Solution. The switching power loss is

P, = %fCAVf)S = % x24%x10°x100x 1072 x5 =3W (1.52)
The dc power loss is
P=LV,=1X5=5W (1.53)
Hence, the drain efficiency of the amplifier is
P P, —-P P
=2 =TT 1D 3 409 (1.54)
P, P, P, 5

Output
Network
_____________ |
I
1
1
|
| RZ
I
I
1
1
1
Ups iD
° I AV ) I Al
o / o /
0 t, T t 0 t, T t
ip CAtVS(t-t,) Ups LAIS(t-t,)
) )
0 t, T t 0 ty T t
2 fLAPP
Pop--=-=-=---f-=-=--=----- ng v e el 5
1 1
0 t, T t 0 t, T t

Figure 1.7 Waveforms of drain current i, and drain-to-source voltage v,,; with Dirac delta functions:
(a) circuit with the switch in parallel with a capacitor; (b) circuit with the switch in series with an inductor.
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For the amplifier of Fig. 1.7(b), an ideal switch is connected in series with an inductor L. The
switch is turned on at ¢ = ¢,, when the current i}, through the switch is nonzero. At t =1, the
switch current can be described by

ip(t,) = % [}LTiD(I) + tlir{%iD(t)] = %(AI +0) = % (1.55)
At t = t, the drain current is given by
in(t,) = LAIS(t —1t,) (1.56)
Hence, the instantaneous power dissipation is
po(D) = i s = {%LAIZ(S(;— t,) fort=t, (157)
0 for t#1,
resulting in the time average power dissipation
P, = %/OTiDUDS dt = %fLAIZ (1.58)
and the drain efficiency
nD:1_’;_'IJ:1_f% (1.59)

In reality, the switch in the off-state has a large parallel resistance and a voltage with a finite peak
value developed across the switch. The efficiency of 100% can be achieved if either Al = 0 or
L = 0. This leads to the concept of zero-current switching (ZCS) Class E amplifier [3].

1.9 Conditions for Nonzero Output Power at 100%
Efficiency of Power Amplifiers

The drain current and drain-to-source voltage waveforms have fundamental limitations for
simultaneously achieving 100% efficiency and P, > 0 [13, 14]. The drain current i, and the
drain-to-source voltage v can be represented by the Fourier series as

ip =1+ Y igy =1+ Y Iy, sin(not + y,) (1.60)
n=1 n=1
and . .
Vps = Vi+ D 04y = Vi D Vg, sin(noot + 9,) (1.61)
n=1 n=1

The derivatives of these waveforms with respect to time are

d. (o]
i, = % =w Z nl,, cos(nwt + y,,) (1.62)

n=1

and

dv -
U = TDS =w Z nV,., cos(nwt + 9,) (1.63)
n=1
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Figure 1.8 Waveforms of power amplifiers with P, = 0.

Hence, the time-average value of the product of the derivatives is

1

(o)
Z nl,, cos(nwt + y,) Z nV,, cos(nwt + 9,dt)
= n=1

T ©
s dt = a)z/
0 n

!
pl

1/T.
— l
T Jy

(1.64)

o]
2
Z n°l;,V,, cos g,

2

o]
-’ Z ndem

1

n=

1

n=

where ¢, = 9, —y,, — w Next,

(1.65)

dt

! ’
IpUps

1 /T.
47T2f 0

oo
2

Z n den

n=1
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If the efficiency of the output network is #, = 1 and the power at harmonic frequencies is zero,
thatis, P;, =0, P;3 =0, ..., then

T
1 .
Pai =Po1 =~ /0 i vl dr (1.66)

For multipliers, if #, = 1 and the power at the fundamental frequency and at harmonic fre-
quencies is zero except that of the nth harmonic frequency, then the power at the nth harmonic
frequency is

T
1 .
Pdsn = POn = _W /O l;)U;)S dt (167)
If the output network is passive and linear, then
T b3
L < <Z 1.68
7S <3 (1.68)
In this case, the output power is nonzero
P,>0 (1.69)
if
17
T /0 ipUpg dt <0 (1.70)
If the output network and the load are passive and linear and
177
?/0 i di =0 (L.71)
then
P,=0 (1.72)

for the following cases:

e The waveforms i;, and v;,¢ are nonoverlapping, as shown in Fig. 1.6.

o The waveforms ij, and v are adjacent and the derivatives at the joint time instants ; are
ip(t;) = 0 and v} ((t;) = 0, as shown in Fig. 1.8(a).

e The waveforms ij, and v, are adjacent and the derivative 7} (#;) at the joint time instant #; has
a jump and UE)S(Z‘]-) = 0, or vice versa, as shown in Fig. 1.8(b).

e The waveforms i), and v,g are adjacent, and the derivatives of both waveforms i, (#;) and
U’Ds(tj) have jumps at the joint time instant #;, as shown in Fig. 1.8(c).

In summary, ZVS, zero-voltage derivative switching (ZVDS), and ZCS conditions cannot be
simultaneously satisfied with a passive load network at a nonzero output power.

1.10 Output Power of Class E ZVS Amplifiers

The Class E ZVS RF power amplifier is shown in Fig. 1.9. Waveforms for the Class E power
amplifier under ZVS and zero-derivative switching (ZDS) conditions are shown in Fig. 1.10.
Ideally, the efficiency of this amplifier is 100%. Waveforms for the Class E amplifier are shown
in Fig. 1.10. The drain current i}, has a jump at ¢ = ¢,. Hence, the derivative of the drain current
att = t, is given by

in(t,) = AIs(t —1,) (1.73)
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Figure 1.9 Class E ZVS power amplifier.

and the derivative of the drain-to-source voltage at = 7, is given by

U

1], )
U/DS(to) ) [,hj}lv;)s(t) + tlirtrlvbs(l)] =5

Assuming that P, = 0 and #, = 1, the output power of the Class E ZVS amplifier is

1 T 1 g
P, = p0=_@ /0 l;u’md;:_@ /0 V) (E)AIS(t — 1,)d

where Al < 0. Since

and

the output power is

Hence, the output power capability is

VA AIS,
=— o(t—t,)dt = —
872 Jo 8r2f
Al = —0.69881,,,
S, = 11.08f V),
AIS,
P,=- 87 = 0.09817 4, Vs
P
¢, = —2— =0.0981
IDMVDSM
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(1.74)

(1.75)

(1.76)

(1.77)

(1.78)

(1.79)

Example 1.3

A Class E ZVS RF power amplifier has a step change in the drain current at the MOS-
FET turn-off Al, = —1 A, a slope of the drain-to-source voltage at the MOSFET turn-off
S, = 11.08 x 10% V/s, and the operating frequency is f = 1 MHz. Find the output power of the

Class E amplifier.

Solution. The output power of the Class E power amplifier is

AIS - 8
v —1x11.08x10 — 1403 W

S 8mf 872 X 106

Py=

(1.80)
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Figure 1.10 Waveforms of Class E ZVS power amplifier.
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Figure 1.11 Class E ZCS power amplifier.

1.11 Class E ZCS Amplifiers

The Class E ZCS RF power amplifier is depicted in Fig. 1.11. Current and voltage waveforms
under ZCS and ZDS conditions are shown in Fig. 1.12. The efficiency of this amplifier with
perfect components and under ZCS condition is 100%. The drain-to-source voltage v, has a
jump at ¢t = ¢,. The derivative of the drain-to-source voltage at t = t, is given by

Vh(t,) = AVS(t —1,) (1.81)

and the derivative of the drain current at ¢ = ¢, is given by

ih(t,) = 1 limi/, (1) + lim#, ()| = i (1.82)
DYoZ 9 lesr P -+ D 2 '
The output power of the Class E ZCS amplifier is
T T
Py=Py=—— [ 0 di= —L/ il AVS(t — 1,)dt
: az2f Jo P8 4r2f Jo P ’
L) Té(t L) (1.83)
872 /o o 8 '
Since
AV = —0.6988V o (1.84)
and
S; = 11.08f1,,, (1.85)
the output power is
AVS,
0=— 822 = 0.0981154, Vs (1.86)
Hence, the output power capability is
Po
¢, = ——— =0.0981 (1.87)
IpmVsm

Example 1.4

A Class E ZCS RF power amplifier has a step change in the drain-to-source voltage waveform
at the MOSFET turn-on AV = —100V, a slope of the drain current at the MOSFET turn-on
S; = 11.08 x 107 V/s, and the operating frequency is f = 1 MHz. Find the output power of the
Class E amplifier.
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Figure 1.12 Waveforms of the Class E ZCS power amplifier.
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Solution. The output power of the Class E power amplifier is

AV S, - /
PO —_ DS®i —_ 100 x 11.08 X 10 = 140320 W (188)
872f 872 x 109

1.12 Antennas

The fundamental principle of wireless communication is based on Ampere—Maxwell’s law

AXH=J+% (1.89)

Radiation. A transmitting antenna is used to radiate EMWs. The displacement current in the
conductor of a transmitting antenna is

oD
— =0 1.90
o (1.90)
Hence, Ampere-Maxwell’s law becomes
AxH=] (1.91)

This equation states that a time-varying magnetic field H(#) around the transmitting antenna is
produced by a time-varying current density J(#) flowing in the transmitting antenna conductor.

Propagation. The conduction current in the air between the transmitting and receiving anten-
nas is zero

J=0 (1.92)
Hence, Ampere—-Maxwell’s law becomes

AxH= 6@ (1.93)
ot

This law states that magnetic and electric fields form an electromagnetic (EM) wave in the prop-
agation process in the air (or other media).
Receiving of EM Wave. A receiving antenna is used to receive an EM wave and convert it

into a current. The displacement current in the conductor of a receiving antenna is
oD
— =0 1.94
% (1.94)

Hence, Ampere-Maxwell’s law becomes
J=AXxH (1.95)

This equation states that a current density J is produced in the receiving antenna by a magnetic
field H present around the receiving antenna.

An antenna is a device for radiating or receiving EM radio waves. A transmitting antenna
converts an electrical signal into an EM wave. It is a transition structure between a guiding
device (such as a transmission line) and free space. A receiving antenna converts an EM wave
into an electrical signal. In free space, the EM wave travels at the speed of light ¢ = 3 x 108 m/s.
The wavelength of an EM wave in free space is given by

1=< 1.96
7 (1.96)

Transmitting antennas are used to radiate EMWs. The radiation efficiency of antennas is good
only if their dimensions are of the same order of magnitude as the wavelength of the carrier
frequency f,. The length of antennas is usually 4/2 (a half-dipole antenna) or 1/4 (quarter-wave
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antenna) and should be higher than 4/10. The length of antenna depends on the wavelength of
the EM wave. The length of quarter-wave antennas is

A c
h, = 1Ty (1.97)
For example, the height of a quarter-wave antenna &, = 750 m at f, = 100kHz, 4, = 75m at
foe=1MHz, h, =7.5cm at f, = 1 GHz, and h, = 7.5 mm at f, = 10 GHz. Thus, mobile trans-
mitters and receivers (transceivers) are only possible at high carrier frequencies.

An isotropic antenna is a theoretical point antenna that radiates energy equally in all directions
with its power spread uniformly on the surface of a sphere. This results in a spherical wavefront.
The uniform radiated power density at a distance r from an isotropic antenna with the output
power Py is given by

_ Pr 1.98
17(”)—47T—r2 (1.98)

The power density is inversely proportional to the square of the distance r. The hypothetical
isotropic antenna is not practical, but is commonly used as a reference to compare with other
antennas. If the transmitting antenna has directivity in a particular direction and efficiency, the
power density in that direction is increased by a factor called the antenna gain G;. The power
density received by a receiving directive antenna is

lT
=G,—— 1.99
pr(r) TI r2 ( )

The antenna efficiency is the ratio of the radiated power to the total power fed to the antenna
N = Prap/Prep-

A receiving antenna pointed in the direction of the radiated power gathers a portion of the
power that is proportional to its cross-sectional area. The antenna effective area is given by

A, =Gl (1.100)

where Gy is the gain of the receiving antenna and 4 is the free-space wavelength. Thus, the
power received by a receiving antenna is given by the Herald Friis formula for free-space trans-
mission [12]

1 2\ 1 e\
PREC =Aep(l")= @GTGRPT<7> = @GTGRPT<I‘_J“C> (1101)
The received power is proportional to (4/r)? and to the gain of either antenna. As the carrier
frequency f, doubles, the received power decreases by a factor of 4 at a given distance r from
the transmitting antenna. The gain of the dish (parabolic) antenna is given by

D\:_ (DL’
Gy =Gr=6(2) =6 == 1.102
=Gy o(2) =) o
where D is the mouth diameter of the primary reflector. For D = 3m and f = 10 GHz, G, =
Gr = 60,000 = 47.8dB.

The space loss is the loss due to spreading the RF energy as it propagates through free space
and is defined as

P 2 P

5, =1 =<@> =1010g< 4 >=2010g(@) (1.103)
Prec A Prec A

There are also other losses such as atmospheric loss, polarization mismatch loss, impedance

mismatch loss, and pointing error denoted by L, ,,. Hence, the link equation is

PREC - (4”)2

L, GyGrPy / 12
yst =T~ R T(A) (1104)

r
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The maximum distance between transmitting and receiving antennas is

= —\/ m;GrGR ) (1.103)
PREC(mm)

For example, the Global System for Mobile Communications (GSM) cell radius is 35 or 60 km
in the 900 MHz band and 20 km in the 1.8 GHz band.

1.13 Propagation of Electromagnetic Waves

EM wave propagation is illustrated in Fig. 1.13. There are three groups of EMWs based on their
propagation properties:

e Ground waves (below 2 MHz).
e Sky waves (2-30 MHz).

e Line-of-sight waves, also called space waves or horizontal waves (above 30 MHz).

Ground waves travel parallel to the Earth’s surface and suffer little attenuation by smog, mois-
ture, and other particles in the lower part of the atmosphere. Very high antennas are required
for transmission of these low-frequency (LF) waves. The approximate transmission distance of
ground waves is about 1600 km (1000 miles). Ground wave propagation is much better over
water, especially salt water, than over a dry desert terrain. Ground wave propagation is the only
way to communicate into the ocean with submarines. Extremely low-frequency (ELF) waves
(30-300 Hz) are used to minimize the attenuation of the waves by sea water. A typical frequency
is 100 Hz.

The sky waves leave the curved surface of the Earth and are refracted by the ionosphere back to
the surface of the Earth; therefore, they are capable of following the Earth’s curvature. The alti-
tude of refraction of the sky waves varies from 50 to 400 km. The transmission distance between
two transmitters is 4000 km. The ionosphere is a region above the atmosphere, where free ions

lonosphere
m / ‘ i Earth i ‘ \
(a) (b)
Satellite Satellite
Earth (\X\ Earth //O

(©) (d)

Figure 1.13 Electromagnetic wave propagation: (a) ground wave propagation; (b) sky wave prop-
agation; (c) horizontal wave propagation; and (d) wave propagation in satellite communications.
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and electrons exist in sufficient quantity to affect the wave propagation. Ionization is caused by
radiation from the Sun. It changes as the position of a point on the Earth with respect to the
Sun changes daily, monthly, and yearly. After sunset, the lowest layer of the ionosphere disap-
pears because of rapid recombination of its ions. The higher the frequency, the more difficult the
refracting (bending) process. Between the point where the ground wave is completely attenuated
and the point where the first wave returns, no signal is received, resulting in a skip zone.

Line-of-sight waves follow straight lines. There are two types of line-of-sight waves: direct
waves and ground reflected waves. The direct wave is by far the most widely used for prop-
agation between antennas. Signals of frequencies above the high-frequency (HF) band cannot
be propagated for long distances along the surface of the Earth. However, it is easy to propa-
gate these signals through free space. The propagated power depends on distance, orientation of
antennas, attenuation by buildings, and multipath [10].

1.14 Frequency Spectrum

Table 1.1 gives the frequency spectrum. In the United States, the allocation of carrier frequencies,
bandwidths, and power levels of transmitted EMWs is regulated by the Federal Communications
Commission (FCC) for all nonmilitary applications. The communication must occur in a certain
part of the frequency spectrum. The carrier frequency f, determines the channel frequency.

LF EMWs are propagated by ground waves. They are used for long-range navigation, telegra-
phy, and submarine communication. The medium-frequency (MF) band contains the commercial
radio band from 535 to 1705 kHz. This band is used for radio transmission of AM signals to
general audiences. The carrier frequencies are from 540 to 1700 kHz. For example, one carrier
frequency is at f, = 550kHz, and the next carrier frequency is at f, = 560 kHz. The modula-
tion bandwidth is 5 kHz. The average power of local stations is from 0.1 to 1 kW. The average
power of regional stations is from 0.5 to 5 kW. The average power of clear stations is from 0.25
to 50kW. A radio receiver may receive power as low as of 10pW, 1 pV/m, or 50 pV across a
300 — Q antenna. Thus, the ratio of the output power of the transmitter to the input power of the
receiver is on the order of P;/Pgppc = 10'5.

The range from 1705 to 2850 kHz is used for short-distance point-to-point communications
for services such as fire, police, ambulance, highway, forestry, and emergency services.
The antennas in this band have reasonable height and radiation efficiency. The aeronauti-
cal frequency range starts in the MF range and ends in the HF range. It is from 2850 to
4063 kHz and is used for short-distance point-to-point communications and ground—air—ground

Table 1.1 Frequency spectrum.

Frequency range Band name Wavelength range
30-300 Hz Extremely low frequencies (ELF) 10,000-1000 km
300-3000 Hz Voice frequencies (VF) 1000-100 km
3-30kHz Very low frequencies (VLF) 100-10 km
30-300kHz Low frequencies (LF) 10-1km
0.3-3MHz Medium frequencies (MF) 1000-100 m
3-30 MHz High frequencies (HF) 100-10m
30-300 MHz Very high frequencies (VHF) 100-10cm
0.3-3 GHz Ultrahigh frequencies (UHF) 100-10cm
3-30GHz Superhigh frequencies (SHF) 10-1cm

30-300 GHz Extra high frequencies (EHF) 10-1 mm
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communications. Aircraft flying scheduled routes are allocated specific channels. The HF band
contains the radio amateur band from 3.5 to 4 MHz in the United States. Other countries use
this band for mobile and fixed communication services. HFs are also used for long-distance
point-to-point transoceanic ground—air—ground communications. HFs are propagated by sky
waves. The frequencies from 1.6 to 30 MHz are called short waves.

The very high-frequency (VHF) band contains commercial FM radio and most TV channels.
The commercial FM radio transmission is from 88 to 108 MHz. The modulation bandwidth
is 15kHz. The average power is from 0.25 to 100 kW. The transmission distance of VHF TV
signals is 160 km (100 miles).

TV channels for analog transmission range from 54 to 88 MHz and from 174 to 216 MHz in the
VHF band and from 470 to 890 MHz in the ultrahigh-frequency (UHF) band. The bandwidth of
analog TV is 6.7 MHz and digital TV is 10 MHz. The average power is 100 kW for the frequency
range from 54 to 88 MHz and 316 kW for the frequency range from 174 to 216 MHz. Broadcast
frequency allocations are given in Table 1.2. The UHF and SHF frequency bands are given in
Table 1.3. The cellular phone frequency allocation is given in Table 1.4.

The superhigh frequency (SHF) band contains satellite communications channels. Satellites
are placed in orbits. Typically, these orbits are 37,786 km in altitude above the equator. Each
satellite illuminates about one-third of the Earth. Since the satellites maintain the same position
relative to the Earth, they are placed in geostationary orbits. These geosynchronous satellites are
called GEO satellites. Each satellite contains a communication system that can receive signals
from the Earth or from another satellite and transmit the received signal back to the Earth or to
another satellite. This system uses two carrier frequencies. The frequency for transmission from
the Earth to the satellite (uplink) is 6 GHz and the transmission from the satellite to the Earth
(downlink) is at 4 GHz. The bandwidth of each channel is 500 MHz. Directional antennas are
used for radio transmission through free space. Satellite communications are used for TV and

Table 1.2 Broadcast frequency allocation.

Radio or TV Frequency range Channel spacing
AM Radio 535-1605 kHz 10kHz

TV (channels 2-6) 54-72 MHz 6 MHz
vV 76-88 MHz 6 MHz
FM Radio 88-108 MHz 200kHz

TV (channels 7-13) 174-216 MHz 6 MHz
TV (channels 14-83) 470-806 MHz 6 MHz

Table 1.3 UHF and SHF frequency bands.

Band name Frequency range (GHz)

L 1-2

S 2-4

C 4-8

X 8-12.4
Ku 12.4-18
K 18-26.5
Ku 26.5-40
\% 40-75
w 75-110
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Table 1.4 Cellular phone frequency allocation.

System Frequency range Channel spacing (MHz) Multiple access

AMPS M-B 824-849 MHz 30 FDMA
B-M 869-894 MHz 30

GSM-900 M-B 880-915 MHz 0.2 TDMA/FDMA
B-M 915-990 MHz 0.2

GSM-1800 M-B 1710-1785 MHz 0.2 TDMA/FDMA
B-M 1805-1880 MHz 0.2

PCS-1900 M-B 1850-1910kHz 30 TDMA
B-M 1930-1990 kHz 30

1S-54 M-B 824-849 MHz 30 TDMA
B-M 869-894 MHz 30

IS-136 M-B 1850-1910 MHz 30 TDMA
B-M 1930-1990 MHz 30

IS-96 M-B 824-849 MHz 30 CDMA
B-M 869-894 MHz 30

IS-96 M-B 1850-1910 MHz 30 CDMA
B-M 1930-1990 MHz 30

telephone transmission. The electronic circuits in the satellite are powered by solar energy using
solar cells that deliver the supply power of about 1 kW. The combination of a transmitter and
a receiver is called a transponder. A typical satellite has 12-24 transponders. Each transponder
has a bandwidth of 36 MHz. The total time delay for GEO satellites is about 400 ms and the
power of received signals is very low. Therefore, a low Earth orbit (LEO) satellite system was
deployed for a mobile phone system. The orbits of LEO satellites are from 500 to 1500 km above
the Earth. These satellites are not synchronized with the Earth’s rotation. The total delay time
for LEO satellite is about 250 ms.

1.15 Duplexing

In a two-way communication, a transmitter and a receiver are used. The combination of a trans-
mitter and a receiver is called a transceiver. The block diagram of a transceiver is shown in
Fig. 1.14. Duplexing techniques are used to allow for both users to transmit and receive signals.
The most commonly used duplexing is called time-division duplexing (TDD). The same fre-
quency channel is used for both transmitting and receiving signals, but the system transmits the
signal for half of the time and receives for the other half.

Transmitter _—l

Switch

Receiver 4*

Figure 1.14 Block diagram of a transceiver.
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1.16 Multiple-Access Techniques

In multiple-access communications systems, information signals are sent simultaneously over
the same channel. Cellular wireless mobile communications use the following multiple-access
techniques to allow simultaneous communication among multiple transceivers:

e Time-division multiple access (TDMA).
e Frequency-division multiple access (FDMA).
e Code-division multiple access (CDMA).

In the TDMA, the same frequency band is used by all the users but at different time intervals.
Each digitally coded signal is transmitted only during preselected time intervals, called the time
slots Tg; . During every time frame T, each user has access to the channel for a time slot T; .
The signals transmitted from different users do not interfere with each other in the time domain.

In the FDMA, a frequency band is divided into many channels. The carrier frequency f. deter-
mines the channel frequency. Each baseband signal is transmitted at a different carrier frequency.
One channel is assigned to each user for a connection period. After the connection is completed,
the channel becomes available to other users. In the FDMA, proper filtering must be carried out
to provide channel selection. The signals transmitted from different users do not interfere with
each other in the frequency domain. The GSM uses both TDMA and FDMA. The uplink is used
for mobile transmission and the downlink is used for base station transmission. Each band is
divided in 200 kHz slots. Each slot is shared between eight mobiles, each using it in turn. The
bandwidth of square pulses is determined by their rise and fall times. Therefore, Gaussian pulse
envelope waveforms are generated instead of rectangular pulses. The binary signal is processed
by a Gaussian low-pass LP filter to reduce the rise and fall times of pulses, reducing the required
bandwidth.

In the CDMA, each user uses a different code (similar to different language). CDMA allows
one carrier frequency. Each station uses a different binary sequence to modulate the carrier. The
signals transmitted from different users overlap in both the frequency and time domains, but the
messages are orthogonal.

There are several standards of cellular wireless communications:

e Advanced Mobile Phone Service (AMPS).
e Global System for Mobile Communications (GSM).
e CDMA wireless standard proposed by Qualcomm.

1.17 Nonlinear Distortion in Transmitters

Linear amplification is required when the signal contains AM. Nonlinearity of amplifiers causes
degradation of spectral purity and spectral regrowth. AM signals include multiple carriers.
Power amplifiers contain a transistor (MOSFET, MESFET, or BJT), which is a nonlinear device
operated under large-signal conditions. The drain current i, is a nonlinear function of the
gate-to-source voltage vgg. Therefore, power amplifiers produce components, which are not
present in the amplifier input signal. Another nonlinear mechanism is caused by the saturation
of characteristics of the amplifier at a large amplitude of the output voltage. The relationship
between the output voltage v, and the input voltage v, of a “weakly nonlinear” or a “nearly
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linear” power amplifier, such as the Class A amplifier, is nonlinear v, = f(v,). This relationship
can be expanded into Taylor’s power series around the operating point Q as

v, =f(v,) = VO(DC) +a,v,+ aZU? + a3u§ + 514021 + asuf + - (1.106)

Thus, the output voltage consists of an infinite number of nonlinear terms. Taylor’s power series
takes into account only the amplitude relationships. Volterra’s power series includes both the
amplitude and phase relationships.

Nonlinearity of amplifiers produces two types of unwanted signals:

e Harmonics of the carrier frequency f;, = nf..

o Intermodulation (IDM) products fp,, = nf; + mf,.

Nonlinear distortion components may corrupt the desired signal, causing errors in signal detec-
tion (reproduction) and splitter into adjacent channels. Harmonic distortion (HD) occurs when
a single-frequency sinusoidal signal is applied to the power amplifier input. Intermodulation
distortion (IMD) occurs when a signal consisting of two or more frequencies is applied at the
power amplifier input. To evaluate the linearity of power amplifiers, we can use (1) a single-tone
test and (2) and a two-tone test. In a single-tone test, a sinusoidal voltage source is used to
drive a power amplifier. In a two-tone test, two sinusoidal sources of different frequencies and
connected in series are used as a driver of a power amplifier. The first test will produce har-
monics and the second test will produce both harmonics and intermodulation products (IMPs).
Amplitude-to-phase conversion is caused by nonlinear capacitances. One measure of nonlin-
earity is the carrier-to-intermodulation (C/I) ratio, which should be 30 dBc or more for com-
munication applications. The traditional measure of nonlinearity is the noise-to-power ratio
(NPR).

1.18 Harmonics of Carrier Frequency

To investigate the process of generation of harmonics, let us assume that a power amplifier is
driven by a single-tone excitation in the form of a sinusoidal voltage

v(t) =V, coswt (1.107)

To gain an insight into generation of harmonics by a nonlinear transmitter, consider an example
of a memoryless time-invariant power amplifier modeled by a Taylor series taking a third-order
polynomial

v,(t) = ag + a;0,(1) + a3 (t) + a3l (1) (1.108)

The output voltage of the transmitter is given by

v,(t) = ag + a,V,, cos wt + a, VAcos’wt + a; Vi .cos’ ot

=ay+a,V, coswt + %annzl(l + cos2wt) + 3—‘613 V3 (3 cos wt + cos 3wr)

= ay + %azv,i + <a1vm + %%v,z) cos wt + %azv,%, cos 2wt + %%vj, cos3wr (1.109)
Thus, the output voltage of the power amplifier contains the fundamental components of the
carrier frequency f = f, as well as harmonics 2f; = 2f, and 3f; = 3f,, ..., as shown in Fig. 1.15.
The amplitude of the nth harmonic is proportional to V.. This harmonics may interfere with
other communication channels and must be filtered out to an acceptable low level.
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Y

Y

f of, 3f, f

Figure 1.15 Spectrum of the input and output voltages of power amplifiers due to harmonics: (a)
spectrum of the input voltage and (b) spectrum of the output voltage because of harmonics.

Even and odd terms produce the following components:

1. The even-order terms produce dc terms and even-order harmonics at f;, = 2nf. For example,
the second harmonic is produced from the square term. In addition, extra dc terms are pro-
duced and the total dc bias increases with the ac signal amplitude V,,. It also varies when the
amplitude of the input voltage V,, varies.

2. The odd-order terms produce signals at the fundamental frequency f and at the odd harmonic
frequences f,, = (n + 1)f. For example, the third-order term produces the fundamental com-
ponent at f and the third harmonic at 3f. Therefore, there is a nonlinear distortion of the
fundamental component by the third-order term.

Let us consider a harmonic distortion in a MOSFET described by the square law. Assume that
the total gate-to-source voltage waveform is
Ugs = Vs + Vgn SIn @1 (1.110)
The drain current waveform is
ip = K(vgs = V,))* = K[(Vgs = V\)* +2(Vgs = V)V, sin ot + V7, sin’or]

sm

= K[(Vgs = V)" 4+ 2(Vgs — V)V, sin ot + %V;m(l — cos 201)]

=K[(Vgs — V)* + %vjsm + 2K (Vs — V)V, sin ot — %vgsm cos 2wt
=Ih+iy+ip, =Ip+1,,sinowt—1,;cos2wt. (1.111)

Hence, the distortion of the drain current waveform by the second harmonic is

1 Vv \%
HD,= 2 = 8" __ _90]og [L] = THD. (1.112)
Idml 4(VGS - Vt) 4(VGS - Vt)
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Harmonics are always integer multiples of the fundamental frequency. Therefore, the harmonic
frequencies of the transmitter output signal with carrier frequency f. are given by

£, =nf. (1.113)

where n = 2,3,4, ... is an integer. If a harmonic signal of a sufficiently large amplitude falls
within the bandwidth of a nearby receiver, it may cause interference with the reception and
cannot be filtered out in the receiver. The harmonics should be filtered out in the transmitter in
its bandpass (BP) output network. For example, the output network of a transmitter may offer
37-dB second-harmonic suppression and 55-dB third-harmonic suppression.

The voltage gain of the amplifier at the fundamental frequency f; is

<a1+3a3Vz)V
W S SV IRV (1.114)
vl v Vv 1 4 3%m

N m

It can be seen that the voltage gain has not only the linear term a, but also an additional term
proportional to the square of the input voltage amplitude V,,. In most amplifiers, a; < 0, yielding

1%
A =Uil=a1—%|a3|v31 (1.115)

vl
s

and causing the voltage gain A, to decrease with V, from the desired linear plot. Therefore,
the upper part of the instantaneous output voltage tends to be reduced for large values of V.
This phenomenon is known as gain compression or amplifier saturation. The linear part of the
voltage gain is limited by the power supply voltage. The range of the input or the output voltage
for which the voltage gain is linear is called the dynamic range.

Harmonic distortion is defined as the ratio of the amplitude of the nth harmonic V), to the
amplitude of the fundamental V;

HD, = Yy =201 Yy (dB) (1.116)
=y, =20log v, .

! 1
The distortion by the second harmonic is given by

1

2
V2 Eazvm _ aZVm
HD, = - — = - (1.117)
LV, + eV, 2<al+ZV,2n)
For a, > 3a,V2 /4,
a,V,
HD, ~ z 1.118
2 2a, ( )

The second-harmonic distortion HD, is proportional to the input voltage amplitude V,,,.
The distortion by the third harmonic is given by

1 3

—-a,V
ap,= a0 aV (1.119)

L= .
V1 alV + 3a3v3 4(1] + 3(13‘/,%,
For a, > 3a;V? /4,
a3Vr%1

HD, ~ 1.120
3 4a, ( )

The third-harmonic distortion HD; is proportional to V2. Usually, the amplitudes of harmonics
should be —50 to —70 dB below the amplitude of the carrier.
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The ratio of the power of an nth harmonic P, to the carrier power P, is

HD, = P _ 101 Py dB 1.121
n_P_C_ 0og P_C ( C) ( . )

The term “dBc” refers to the ratio of the power of a spectral distortion component P, to the
power of the carrier P,..

The harmonic content in a waveform is described by the total harmonic distortion (THD),
defined as

2 2 2
£+£+£+"' 2 2 2
Py+Py+ Py 2R 2R 2R VitVi+Vi+-
THD = = = =
P, V2 v
2R

2 2 2
a= v + s + Y +---=\/HD2+HD2+HD2+--- (1.122)
Vl V1 Vl 2 3 4 :

where HD, = V,/V,, HD; = V;/V,, ... Higher harmonics (n > 2) are distortion terms.

1.19 Intermodulation Distortion

Intermodulation (IM) occurs when two or more signals of different frequencies are applied to
the input of a nonlinear circuit, such as a nonlinear RF transmitter. This results in mixing the
components of different frequencies. Therefore, the output signal contains components with
additional frequencies, called /M Ps. The frequencies of the IM products are either the sums or the
differences of the carrier frequencies of input signals and their harmonics. For a two-frequency
input excitation at frequencies f; and f,, the frequencies of the output signal components are
given by

Jip = nf] £ mf, (1.123)

where n =0,1,2,3, ... and m=0,1,2,3, ... are integers. The order of an IM product for a
two-tone signal is the sum of the absolute values of the coefficients n and m given by

kpp =n+m (1.124)

If the IM products of sufficiently large amplitudes fall within the bandwidth of a receiver, they
will degrade the reception quality. For example, 2f; + f5, 2f, — f5, 2f, + f;, and 2f, — f; are the
third-order IM products. The third-order IM products usually have components in the system
bandwidth. In contrast, the second-order harmonics 2f; and 2f, and the second-order IM prod-
ucts f; + f, and f; — f, are generally out of the system passband and are therefore not a serious
problem.

A two-tone (two-frequency) excitation test is used to evaluate IM distortion of power ampli-
fiers. Assume that the input voltage of a power amplifier consists of two sinusoids of equal
amplitudes V,, and closely spaced frequencies f; and f,

W, — W W, + @,
vy(t) =V, (cosm,t + cos w,t) = 2V, cos < 3 ) cos > (1.125)

If the power amplifier is a memoryless time-invariant circuit described by a Taylor series using
a third-order polynomial at the operating point Q, the output voltage waveform is given by
0,(1) = ay + ayv (1) + a0} (1) + a3 (1)

=ay+a,V, (cos 1+ cos m,t) + a,V>(cos @, + cos m,t)* + a; V3 (cos o, t + cos wyt)* + - - -
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=ay+a,V

mCOsSw t+a,V, cosw,t+ %ani(l + cos 2w, t) + %ani(l + cos 2w,1)

+a,V2 cos(w, — )t + a, V2 cos(@; + )t + a3 V3, (% cosmt+ i cos 3a)lt>
3 (3 1
+ a3V, (Z cos w,t + I cos 3co2t)

+a, V3 B cosmf + % cosLw, — w )t + % cosRw, + wl)t]

+a, V3 B cos m,t + % cos(2w; — w,)t + % cos(2w; + wz)t]
+ %@Vi(cos 3wt + cos3wst) + - -
=ay+a,V2 +(a,V, + %aS V3)cosw,t +(a,V, + %a3 V3)cos w,t
+ %az V2(cos 2w, + cos 2m,1) + a, V2 [cos(@, — @,) + cos(@; + @,)1]

+ %v;; cos(2w, — @) + %v; cosRw, + @) + %@Vi(cos 3wt + cos 3w,t) + - -+ (1.126)

Now assume that the input signal of the power amplifier consists of two sinusoids of different
amplitudes V,, and V,,, and closely spaced frequencies f; and f,

v(t) =V, coswt+ V,, cosw,t (1.127)

If the power amplifier is a memoryless time-invariant circuit described by a Taylor series using
a third-order polynomial, the output voltage waveform is given by

v,(t) = ag + a,0,(1) + a,V*(t) + a;v3 (1)
=ay+a,(V,, coswt + V,, coso,t) + a,(V,, cos ot + V, , cos w,1)*
+ay(V,, cosw,t + V,, cos w,t)’
=ayt+a;V, coswt+a;V,,cosw,t+ anilcos2 o t+2a,V,,,V,,coswtcos w,t
+ an’fl2 COS W, + ay anlcos3w1t + 3a; Vil V,nC0S @, 1 cOS w,t
+3a3V,, Viz oS ,1c0s” w,1 + ay Vizcos3w2t (1.128)
Thus,

1 3 3
0, = g+ 5@ (V2 + Vi) + (alel 30V, Vi, + Ja:V, ) c08 0,1

+ <a1 Voo + %a3Vm2Vil + %@Viz) cos w,t + %Vi cos 2wt + %Vi coS 2w, t

+a,V,,V,»cos(w, — o)t +a,V,,V,,cos(w, + w,)t

+ Ea3 V2V, cosQo, — w))t + %% V2V, cosQw, + @)t

4 ml

+ Ecz3Vm1V312 cos2w, — w )t + %a3V

1 'l Viz cos(2w, + w))t

+ %@anl cos 3o, 1 + %@V’iz cos 3wyt + - - - (1.129)
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Figure 1.16 Spectrum of the output voltage in power amplifiers due to intermodulation for the
two-tone input voltage with f, > f,.

Figure 1.16 shows a spectrum of the amplifier output voltage due to intermodulation for
two-tone input voltage with f, > f;. The output voltage waveform v, contains the following
components:

e A dc component, causing a change in the dc operating current (bias current) of the transistor.
e Fundamental components f; and f,.

e Harmonics of the fundamental components 2f,, 2f,, 3}, 3f., ...

e IM products, which are linear combinations of the input frequencies f; and f,: nf; + mf,, where
m,n=0,+1,+2,+3,... The IM frequencies are f, —f, fi + />, 2f] —=f>, 2> = f1, 2f1 + >
2f, + 11,31 =26, 3, = 2f1, ...

If the difference between f, and f; is small, the IM products appear in the close vicinity of f; and
/> The third-order IM products, which are at 2f; — f, and 2f, — f;, are of the most interest because
they are the closest to the fundamental components, as illustrated in Fig. 1.17. The frequency

(a)

(b)

Figure 1.17 Spectrum of the input and output voltages in power amplifiers due to intermodulation:
(a) spectrum of the input voltage and (b) several components of the spectrum of the output voltage due
to intermodulation.
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difference of the IM product at 2f; — f, from the fundamental component at f; is

M=h-Cf-H=H~-h (1.130)
The frequency difference of the IM product at 2f, — f; from the fundamental component at f, is
AL =ChL-fD)-fHL=hL-N (1.131)

For example, if f; = 800 kHz and f, = 900 kHz, then the /M Ps of particular interest are 2f; — f, =
2% 800 —900 = 700 MHz and 2f, — f; = 2 X 900 — 800 = 1000 MHz, resulting in Af, =f; —
(2f; —f,) =800 — 700 = 100kHz and Af, = (2f, —f;) —f, = 1000 — 900 = 100 kHz. To filter
out the unwanted IM components, filters with a very narrow bandwidth are required.

The output voltage at the input signal frequencies f; and f, is

3 3
Vot fy) = ( Vo + §a3leV22 + 103‘/’3‘1) cos w,t
Vit o V2 430 1.132
+ (al o T+ §a3Vm2 T Za3 m2) COS w,t (1.132)
which for V,,, =V, , =V, becomes

Vo 1) (al + Za3vm) V, (c0s @, + c0s 1) (1.133)
The second-order IM products of the output voltage occur at f; — f, and f; + f, and are given by
Vot~ f,+f) = @2Vt Vi [€OS(@, — @)1 + cos(@, + w,)1] (1.134)

which for V,,, =V, , =V, simplifies to the form

Vot —fyfi1fy) = G2Vl cos(@, — @)t + cos(w, + a,)1] (1.135)

The third-order IM products of the output voltage occur at 2f; —f, and 2f, —f; and are
expressed as

3 3
Vot 2 = 75 azVZ V,p cos2o; — wy)t + 74V V2, cos2w, — w)t (1.136)
yielding for V,,, =V, , =V,
3
Cof=2pm = 393 V3[cosQw, — @,)t + cos(2w, — w))t] (1.137)
The amplitudes of the fundamental components of the output voltage are
9
V, =V, = (a1 + Za3v,%,) v, (1.138)
the amplitudes of the second-order IM product are
Vs = Vies = Vi (1.139)
and the amplitudes of the third-order IM product are
3
Vapopo = Vop = Za3v,~”j, (1.140)

Assuming that V,,, =V, , =V, and a; < a, the third-order IM distortion by the /MP com-
ponent at 2f; +f, or the IMP component at 2f, + f; is defined as a ratio of the amplitude of the
third-order IM component of the output voltage to the amplitude of the fundamental component

of the output voltage

2a.V3 Za,V? Za,V?
M. = Vo, 443" m _ gBm ~ g% _3 <ﬁ> V2 (1.141)
L= = = ~ = 2 .
Vs <a1 + 4a3v,i> V., a + %@an a  A\aG
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fora, > §a3V31. Similarly,

wVy

m

(1.142)

(a] + 2413\/,%,) V., a+ 2413\/,%, @

4 4
for a; > §a3 V2. As the amplitude of the input voltage V,, is increased, the amplitudes of the
fundamental components V;. and V are directly proportional to V,,, whereas the amplitudes
of the third-order /M products V,, _, and V,, _. are proportional to V3. Therefore, the ampli-
tudes of the IM products increase three times faster on log-log scale than the amplitudes of the
fundamentals and have an intersection point.

If the amplitudes are drawn on a log-log scale, they are linear functions of V,,. Usually, the
coefficient a5 is negative, causing the compression of the input voltage versus output voltage
characteristic and reducing the amplifier voltage gain. The compression of the voltage gain
leads to the compression of the power gain and the characteristic of P, = f(P) saturates.
The 1-dB compression point indicates the maximum power value of the linear dynamic power
range.

In general, the amplitude of input voltage at which the extrapolated amplitude of the desired
output voltage and the nth-order IM product are equal is the nth-order intercept point. Thus,
IM, = 1. For the second-order IM component,

a
IMy=—=V, =1 (1.143)
a;
which produces
Vin = & (1.144)
a

Similarly, for the third-order IM component,

IM; = %@VZ =1 (1.145)

m
a

Y e de (1.146)
3a

Nonlinearities produce power in signal bandwidth. This effect is characterized by the notch
power to the total signal power ratio

yielding

Notch power

NPR (1.147)

~ Total signal power

To determine NPR, a power amplifier is driven by Gaussian noise through a notch filter in a
portion of its bandwidth.

The effect of the nonlinearities on the adjacent channels is described by the adjacent channel
power ratio (ACPR)

Power in band outside signal bandwidth  Pugjaceni—channets

ACPR = -
Signal power P,
/Po(f)df+/ Po(Hdf
=28 us (1.148)
/ Po(Hdf

The ACPR may be specified for either lower or upper sideband.
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1.20 AM/AM Compression and AM/PM Conversion

Assume an AM single-tone (single-frequency) input voltage of an amplifier
v,(t) = V,,(t) cos wt (1.149)

In real amplifiers, the voltage gain is a function of the amplitude of the input voltage &, (1) =
kp[Vsm(t)], resulting in an instantaneous voltage gain. In addition, the amplifier transistor con-
tains nonlinear capacitances, dependent on the magnitudes of the transistor voltages. Therefore,
the output voltage is

0,(1) = k,(D0,(1) = K, [V,,(0)] cos [t + P[V,,(1)]} (1.150)

This results in an AM/AM compression and an AM/PM conversion.

1.21 Dynamic Range of Power Amplifiers

For an ideal amplifier, a plot of the output power as a function of the input power should be a
perfect straight line, P, = k,P;, where k, is the power gain and should be constant. Figure 1.18
shows the desired output power P,(f;) and the undesired third-order IM product output power
P,(2f, —f}) as functions of the input power P; on a log-log scale. This characteristic exhibits
a linear region and a nonlinear region. As the input power P; increases, the output power first
increases proportionally to the input power and then reaches saturation, causing power gain
compression. The point at which the power gain of the nonlinear amplifier deviates from that of
the ideal linear amplifier by 1 dB is called the /-dB compression point. It is used as a measure of
the power-handling capability of the power amplifier. The output power at the 1-dB compression
point is given by

Poaasy = kyaas) + Picias) (dBm) = kpo(ldB) — 1dB + Py45) (dBm) (1.151)

where k,,, is the power gain of an ideal linear amplifier and kg is the power gain at the 1-dB

compression point.

Py (f2)

P Omin 7
1

P;(1dB) P;

Figure 1.18 Outputpower P, (f,) and P,(2f, — f,) as functions of input power P, of power amplifier.
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The dynamic range of a power amplifier is the region where the amplifier has a linear (i.e.,
fixed) power gain. It is defined as the difference between the output power P, 4p, and the min-
imum detectable power P,

dg = Pouas)y = Pomin (1.152)

where the minimum detectable power P, ;, is defined as an output power level x dB above the
input noise power level P, usually x = 3dB.

In a linear region of the amplifier characteristic, the desired output power P, (f;) is proportional
to the input power P;, for example, P, (f,) = aP;. Assume that the third-order IM product out-
put power P, (2f, — f;) increases proportionally to the third power, for example, P,(2f, — f}) =
(a/8)*P;. Projecting the linear region of P, (f,) and P,(2f, — f;) results in an intersection point
called the intercept point (IP), as shown in Fig. 1.18, where the output power at the IP point is
denoted by IP,,.

The IM product is the difference between the desired output power P (f,) and the undesired
output power of the IM component P, (2f, — f;) of a power amplifier

IMD = P(f,) (dBm) — P,,(2f, — f,) (dBm) (1.153)

Signals with constant envelopes, such as CW, FM, FSK, and GSM, do not require linear ampli-
fication.

1.22 Analog Modulation

A message signal v,,() is usually an LP signal. A signal whose spectrum is in the vicinity f = 0
is usually called a baseband signal. A baseband signal is usually voice, video, or digital data
signal. Modulation converts a message signal v, (¢) from an LP spectrum to a high-pass (HP)
spectrum (usually to a BP spectrum) around a carrier frequency f,. In general, a modulated signal
can be described as

v(t) = A(t) cos[2zf ()t + ¢(1)] (1.154)

where the amplitude A(), the frequency f(¢), and the phase ¢(f) are modulated. Using the
relationship cos(a + ) = cos a cos f — sin a sin f, any narrow band signal can be presented as
simultaneous AM and PM waveform

Vgp(t) = A(t) cos[2xft + ¢(t)] = A(t) cos (1) cos 2xft — A(t) sin ¢(¢) sin 2xft

= I(t) cos 2xzft — Q(t) sin 2xft (1.155)
where
1(t) = A(¥) cos (1) (1.156)
and
O(1) = A(t) sin (1) (1.157)
A@) = V@) + Q) = \/Az(t)[sinng(t) + cos2¢p(1)] (1.158)
and 00
13
¢(t) = arctan [m] (1.159)

The function of a communication system is to transfer information from one point to another
through a communication link. Block diagrams of a typical communication system are depicted
in Fig. 1.19. The system consists of an upconversion transmitter whose block diagram is shown in
Fig. 1.19(a) and a downconversion receiver whose block diagram is shown in Fig. 1.19(b).
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Figure 1.19 Block diagrams of a transmitter and a receiver. (a) Block diagram of an upconversion
transmitter. (b) Block diagram of a downconversion receiver.

(b)

In a transmitting system, an RF signal is generated, amplified, modulated, and applied to the
antenna. A local oscillator generates a signal with a frequency f;,. The signals with an interme-
diate frequency f; and the local-oscillation frequency f; , are applied to a mixer. The frequency
of the output signal of the mixer and a BP filter is increased (upconversion) from the intermediate
frequency f; to a carrier frequency f, by adding the local-oscillation frequency f;,

Je =Jro +1ir (1.160)

The RF current flows through the antenna and produces EMWs. Antennas produce or collect
EM energy. The transmitted signal is received by the antenna, amplified by a LNA, and applied
to a mixer. The frequency of the output signal of the mixer and a BP filter is reduced (down-
conversion) from the carrier frequency f. to an intermediate frequency f;» by subtracting the
local-oscillation frequency f;

Jir =1 —To (1.161)

The most important parameters of a transmitter are as follows:

e Spectral efficiency.
e Power efficiency.

e Signal quality in the presence of noise and interference.

A “baseband” signal (modulating signal or information signal) has a nonzero spectrum in the
vicinity of f = 0 and negligible elsewhere. For example, a voice signal generated by a micro-
phone or a video signal generated by a TV camera are baseband signals. The modulating signal
may consist of many, for example, 24 multiplexed telephone channels. In RF systems with
analog modulation, the carrier is modulated by an analog baseband signal. The frequency band-
width occupied by the baseband signal is called the baseband. The modulated signal consists
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of components with much higher frequencies than the highest baseband frequency. The modu-
lated signal is an RF signal. It consists of components whose frequencies are very close to the
frequency of the carrier.

RF modulated signals can be divided into two groups:

e Variable-envelope signals.

e Constant-envelope signals.

Amplification of variable-envelope signals requires linear amplifiers. On the contrary,
constant-envelope signals may be amplified by nonlinear amplifiers. However, they require flat
frequency response characteristics.

Modulation is the process of placing an information band around a HF carrier for transmission.
Modulation conveys information by changing some aspects of a carrier signal in response to a
modulating signal. In general, a modulated output voltage is given by

v, (1) = A(t) cos[2xf (1)t + O(1)] (1.162)

where A(?) is the amplitude of the voltage, and 0(¢) is the phase of the carrier. If the amplitude of
the output voltage A(?) is varied with time, it is called amplitude modulation (AM). If the carrier
frequency of f(¢) is varied with time, it is called frequency modulation (FM). If the phase of 8(¢)
is varied, it is called phase modulation (PM). In systems with analog modulation, A(?), f.(¢), and
0(¢) are continuous functions of time. In systems with digital modulation, A(?), f.(¢), and 6(¢) are
discrete functions of time.

1.22.1 Amplitude Modulation

In AM, the carrier envelope is varied in proportion to the modulating signal v,,(¢). The carrier
voltage is usually a sine wave

v.(t) =V, .cosw,t (1.163)
In general, the AM signal is
Uy = V(t)cosw t =V [1 + a(t)]cosw t =V, coswt+ a(t)V,.cosw,t (1.164)
where the envelope is
V() =V [1 +a(0)] (1.165)

When the modulating voltage is a single-frequency sinusoid
v,(t)=V, cosm,,t (1.166)

the envelope is given by

%
V)=V, +v,0)=V.+V, cosw,t =V, <1 + 7’" cos a)mt> =V.(1+mcosw,t) (1.167)

c

In this case, the AM voltage is
U =v,(t) = V(t)cos w t =V, cos @t + v,,(t) cosw.t = [V, + v,,(1)] cos @t

=V,cosw.t+V, cosw,tcosw.t = (V,+V, cosw,,t)cosw.t

V
=V, (1 + Vm cos wmt> cosw.t = V(1 + mcosw,t) cos w,t (1.168)

c
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where the modulation index (or the modulation depth) is

ﬁ _ [Vom(mwc) - Vom(min)]/ 2 _ Vom(max) - Vom(min)

Vc [Vom(max) + Vom(min)]/ 2 Vom(mw() + Vom(min)

<1 (1.169)

and
Vm
a(t) = — cosw,,t = mcos w,,t (1.170)
c
The instantaneous amplitude V(¢) is directly proportional to the modulating voltage v,,(f). At
cosw,t =1,m=m,, =1, yielding

Voaxy = Vel +myp) = V(1 +1) =2V, (1.171)

0
Figure 1.20 shows waveforms of modulating signal v,,(¢), carrier signal v.(¢), and AM signal
V() atm =038, f,, = 1kHz, and f, = 10kHz. For m > 1, the signal is overmodulated. When
V., > V., overmodulation occurs, causing distortion of the modulated signal. Figures 1.21-1.23
shows the waveforms of AM signals at m = 0.5, 1,and 2.
Applying the trigonometric identity,
COS @ 1 COS ,, I = %[cos(wc - )t + cos(w, + w,,)t] (1.172)

we can express the AM signal as

V() =v,(t) =V, coswt+mV, cosw,tcosw,t
Vm Vm
=V,.cosw.t+ - cos(w, — w, )t + > cos(w,. + w,,)t

mV,

mV,
=V.cosw.+ - cos(w, — w,)t +

cos(w, + w,,)t (1.173)

>E
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Figure 1.20 Waveforms of modulating signal v, (1), carrier signal v (¢), and AM signal v,,,(t) at
m =038, f, = 1kHz, and f, = 10kHz.
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Figure 1.21 AM signal v,(1)/V, modulated with a single sinusoid f,, at m = 0.5.
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Figure 1.22 AM signal v,(#)/V, modulated with a single sinusoid f,, atm = 1.
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Figure 1.23 AM signal v,(r)/V, modulated with a single sinusoid f, at m =2 (overmodulated
signal).

The AM waveform modulated by a single tone consists of the following components:

1. the carrier component at frequency f,,
2. the lower sideband component at frequency f. — f,,, and

3. the upper sideband component at frequency f, +f,,.

A phasor diagram for AM by a modulating voltage with a single-modulating frequency f,, is
shown in Fig. 1.24. It can be seen that the maximum amplitude of the AM signal is V. +V,,
when the sideband components are in phase with the carrier, and the minimum amplitude of the
AM signalis V, — V, , when the sideband components are out of phase with respect to the carrier

by 180°. If a band of frequencies is used as a modulating signal, we obtain the lower sideband

and the upper sideband.
The bandwidth of an AM signal is given by
Hence, the maximum bandwidth of an AM signal is
BWAM(max) = (fc +fm(max)) - (fc _fm(mwc)) = zfm(max) (1175)

Thus, the bandwidth of AM signal is determined by the maximum modulating frequency f,,;uqx)
and is independent of the minimum modulating frequency. The audio frequency range is typ-
ically from 20 Hz to 20kHz. The frequency range of the human voice from 100 to 3000 Hz
contains about 95% of the total energy. The carrier frequency f, is much higher than ...
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Figure 1.24 Phasor diagram for amplitude modulation by a single modulating frequency.

for example, f./f,, a0 = 200. The AM broadcasting is in the frequency range from 335 to
1605 kHz. It consists of 107 channels. The bandwidth of each channel is 10 kHz.
The time-average power of the carrier is

V2
P.=—= 1.176
¢ =5z ( )
The amplitude of modulating voltage is
mV,
V,= > (1.177)

The time-average power of the lower sideband P;¢ over the cycle of the modulating period
T, = 1/f, is equal to the average power of the upper sideband P

Vo _mVe _m?, (1.178)
2R~ S8R 4 €

The total average power of the AM signal is given by

Prg=Pys=

2 2 2
Py =Pc+Pg+Pyg=Po+P, = <1+’"—+’"T>PC= (1+’%>PC (1.179)

4
where
m2
P,=P s+ Pys= TPC (1.180)
For m = 1, the total average power of the AM signal is
PAMmax=PC+PLS+PUS=(1+i+i>PC=%PC (1181)

The typical modulation index is m = 0.25, yielding the typical average power of the AM signal

2 2
Pastop = <1 + ’%) P = <1 + 0‘25 > P =1.03125P, (1.182)

The instantaneous output power of the AM voltage modulated by a single sinusoidal voltage is
2(1)

v, V2(Hcos’w.t VA1 + mcos w,,1)’cos’w,
Pon) = 5 = =g = 2R
= Pc(1 + mcos )’ cos’m,t (1.183)
The PEP is
Ppgp = Pc(1+m)? (1.184)
yielding the maximum PEP
Pogpomayy = Pe(1 +m,,)* = P.(1+ 1)* = 4P (1.185)
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Figure 1.25 Instantaneous power of the AM signal P, (f) modulated with a single sinusoid f,, at
m=1.

Figure 1.25 shows the instantaneous power of the AM signal P (f) modulated with a single
sinusoid f,, at m = 1.

The efficiency of the AM is
2
m

_r 1.186
2+ m? ( )

Nam =
resulting in
m? _ mrznax _ m%uvc _ 1 _ l (1.187)
2+m?* 24mi, 2+mi, 2+1 3 ’

NAM(max) =

For m > 1, V,, > V, and overmodulation of the AM signal occurs, causing distortion of the
envelope. In this case, the shape of the detected signal in the receiver is different from the mod-
ulating signal.

Random electrical variations add to the AM signal and alter the original envelope of modulated
signal. This is the most important disadvantage of AM systems.

A high-power AM voltage may be generated using the following methods:

o Amplification of the AM signal using a linear RF power amplifier.
e Drain amplitude modulation.
e Gate-to-source bias operating point modulation.
Variable-envelope signals, such as AM signals, usually require linear power amplifiers.
Figure 1.26 shows the amplification process of an AM signal by a linear power amplifier. In

this case, the carrier and the sidebands are amplified by a linear amplifier. Drain AM signal
can be generated by connecting a modulating voltage source in series with the drain dc voltage
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Figure 1.26 Amplification of AM signal by linear power amplifier.

supply V,. When the MOSFET is operated as a current source such as in Class C power
amplifiers, it should be driven into the ohmic region. If the transistor is operated as switch, the
amplitude of the output voltage is proportional to the supply voltage and a high-fidelity AM
signal is achieved. However, the modulating signal v,, must be amplified to a high power level
before it is applied to modulate the supply voltage.

AM is used in commercial radio broadcasting and to transmit the video information in analog
TV. Variable-envelope signals are also used in modern wireless communication systems.

Quadrature amplitude modulation (QAM) is a modulation method, which is based on modu-
lating the amplitude of two orthogonal carrier sinusoidal waves. The two waves are out of phase
with each other by 90° and, therefore, are called quadrature carriers. The QAM signal (I/Q
signal) is expressed as in the Cartesian (or rectangular) form

Voam = I(t) cos w t + QO(t) sin w,t (1.188)

where /(¢) and Q(¢) are modulating signals. The QAM signal can also be expressed in the polar
form

Voan =A@ (1.189)
where the time-varying amplitude is
At = VUDP + Q0] (1.190)
and the time-varying phase is
@(t) = arctan & (1.191)
1(n)

The received signal can be demodulated by multiplying the modulated signal v, by a cosine
wave of carrier frequency f.

Upem = Vgam COS @ 1 = I(1) cos @ 1 cos w1 + Q(1) sin 1 oS @1

= %I(t) + %[I(t) cosRm, 1) + O(1) sin(w,1)] (1.192)
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An LP filter removes the 2f. components, leaving only the /(¢) term, which is uneffected by Q(¥).
On the other hand, if the modulated signal v, is multiplied by a sine wave and transmitted
through an LP filter, one obtains Q().

1.22.2 Phase Modulation

The output voltage with angle modulation is described by
v, = V.cos[w.t+ 0(t)] = V.cos ¢(1) (1.193)

where the instantaneous phase is
P) = w1+ 6(1) (1.194)

and the instantaneous angular frequency is

de(t) do(r)
)= ——— = + —
() dt P T
Depending on the relationship between () and v,,(¢), the angle modulation can be categorized
as follows:

(1.195)

e Phase modulation (PM).

e Frequency modulation (FM).

In PM systems, the phase of the carrier is changed by the modulating signal v,,(f). In
FM systems, the frequency of the carrier is changed by the modulating signal v,,(f). The
angle-modulated systems are inherently immune to amplitude fluctuations due to noise.
In addition to the high degree of noise immunity, they require less RF power because the
transmitter output power contains only the power of the carrier. Therefore, PM and FM systems
are suitable for high-fidelity music broadcasting and for mobile radio wireless communications.
However, the bandwidth of an angle-modulated signal is much wider than that of an AM signal.

The modulating voltage, also called the message signal, is expressed as

v,,(t) =V, sinw,t (1.196)
The phase of PM signal is given by
0(1) = k,v,,(t) = k,V,, sin ®,,t = m, sin w,t (1.197)
where the PM index is
m, =k,V,, (1.198)

Hence, the PM output voltage is

vpy (1) = v, (1) = V. coslo.t + k,v, ()] =V, cos(w, + k,V,, sin w,,1)

=V, cos(w 1+ m, sin w,,t) =V, cos(w.t + A¢ sin w,,t) =V, cos ¢(t) (1.199)

where the index of phase modulation is the maximum phase shift caused by the modulating
voltage V,,.

m, = kam =A¢ (1.200)
Hence, the maximum PM is
A¢max = kam(max) (1201)

Since
o) = w, t + 0(1) (1.202)
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Figure 1.27 Frequency deviation Af as functions of the modulating frequency f, and the amplitude

m

of the modulating voltage V, : (a) frequency deviation Af as a function of the modulating frequency f,,
and (b) frequency deviation Af as a function of the modulating voltage V.

the instantaneous frequency is

d do
w(t) = @ w, dit) =w,+k,V,0, cosw,t = o, +m,w, cosw,t (1.203)

Thus, the phase change results in a frequency change. The frequency deviation is

Af =fmax _fc =fc + kamfm _f(' = kal m = mpfm (1204)

The frequency deviation Af is directly proportional to the modulating frequency f,,. Figure 1.27
shows plots of the FM Af as functions of the modulating frequency f,, and the amplitude of the
modulating voltage V,,,.

1.22.3 Frequency Modulation

The modulating voltage is
v, (t) =V, sinw,t (1.205)

The instantaneous frequency is directly proportional to the amplitude of modulating voltage V,,

V(1)
“y,

m(max)

f =f.+Af, _fC+Af’”‘”V sin w,,t = f, + Af sin w,,t (1.206)

m(max)

where Af, . is the maximum frequency deviation from the carrier frequency (or rest frequency)

S
The derivative of the phase is
dao(t
T(t) = 27rkfvm(t) = 27rkf\/ — M cos ,,t (1.207)
Thus, the instantaneous phase is
k:V,
0(t) = 21 / keo, () = k;V,, / cosw, t dt = J}— sin @, (1.208)

In general, the waveform of an FM signal is given by

v,(t) = V.cos <wt + Aa)/ Um(t)dt> (1.209)
0
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The FM output voltage is given by

KV,
V(1) = 0,(8) = V., cos[w, + 0(H)] = V, cos <a)ct + J} sin wmt>

m

A
=V, cos <wct + = sin wmt> =V, cos(w 1 + my sin @,,1). (1.210)
m
The index of FM modulation is defined as the ratio of the maximum frequency deviation Af to
the modulating frequency f,,
AF KV
mf = — = —
VAR

Theoretically, the range of m; is not limited: m, can take on any value from O to infinity. The
index of FM modulation m; is a function of the modulating voltage V,, and the modulating
frequency f,,. If Af = 75kHz, m, = 3750 atf,, = 20 Hzand m, = 3.75 atf,, = 20 kHz. The index
of FM modulation m; is a function of the modulating voltage amplitude V,, and the modulating
frequency f,,.

The amplitude of the FM wave and, therefore, the power remain constant during the modula-
tion process. Figure 1.28 shows that the waveform of the FM signal v (f)/V, modulated a single
sinusoid f,, at m, = 10 along with the modulating signal v,,.

The instantaneous frequency of an FM signal is given by

[ = f. + kV,, sin @,,t (1.212)

where the frequency deviation of the FM signal is the maximum change of frequency caused by
the modulating voltage V,,

(1.211)

Af:fmax _fc =fc+kfvm _fc=kfvm (1.213)

0.8 3

0.4 : : ]

0.2

VoIV
o

-0.2

-0.4 7

-0.6

-0.81

0 1 2 3 4 5 6
t (ms)

Figure 1.28 Waveforms of the modulating voltage v,,(f) and the FM signal v,(¢)/V, modulated a
single sinusoid f,, at m, = 10.

m
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The maximum frequency deviation is

A ar = 56V (1.214)

The frequency deviation of the FM signal is independent of the modulating frequency f,,.
The angle-modulated signal contains the components at the frequencies

fo =f. +nf, n=0,1,2,3, ... (1.215)

Therefore, the bandwidth of an angle-modulated signal is infinite. However, the amplitudes of
components with large values of n is very small. Hence, the effective bandwidth of the FM signal
that contains 98% of the signal power is given by Carson’s rule

A
BWpey =2(Af +f,) =2 (f—f + 1>fm =2(m; + Df,, (1.216)
m
yielding the maximum bandwidth of the FM signal
BWpnimaxy = 2(AF + fuimar)) (1.217)
If the bandwidth of the modulating signal is BW,,, the FM index is
Afmax
== 1.218
my BW,, ( )
and the bandwidth of the FM signal is
BWpy = 2(my + 1)BW,, (1.219)

The FCC’s rules and regulations limit the FM broadcast band transmitters to a maximum fre-
quency deviation of 75 kHz to prevent interference of adjacent channels. Commercial FM radio
stations with an allowed maximum frequency deviation Af of 75 kHz and a maximum modula-
tion frequency f,, of 20 kHz require a bandwidth

BWpy, =2 % (754 20) = 190 kHz (1.220)
For f, = 100MHz and Af = 75 kHz,

A 3
& _ X0 _ g o759 (1.221)
f. 100 x 106

Standard broadcast FM systems use a 200 kHz bandwidth for each station. There are guard bands

between the channels.

In general,
(1) = / olt) = 21 / £0) (1222)
and
() = 2f(@) = <20 (1223)

The only difference between PM and FM is that for PM the phase of the carrier varies with
the modulating signal and for FM the carrier phase depends on the ratio of the modulating sig-
nal amplitude V,, to the modulating frequency f,,. Thus, FM is not sensitive to the modulating
frequency f,,, but PM is. If the modulating signal is integrated and used to modulate the carrier,
then an FM signal is obtained. This method is used in the Armstrong’s indirect FM system. The
amount of deviation is proportional to the modulating frequency amplitude V,,,.

The relationship between PM and FM is illustrated in Fig. 1.29. If the amplitude of the
modulating signal applied to the phase modulator is inversely proportional to the modulating
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Figure 1.29 Relationship between FM and PM.

frequency f,,, then the phase modulator produces an FM signal. The modulating voltage is
given by
Vi, .
U, (1) = — sin w,,t (1.224)

m

The modulated voltage is

k,V,,

v, (1) =V, cos (a)ct+ P " sin wmt> =V, cos (1) (1.225)

Hence, the instantaneous frequency is
o(t) = % =, +k,V,cosw,t (1.226)

where
k, V.,
Af = (1.227)
27

This approach is applied in the Armstrong’s frequency modulator and is used for commercial
FM transmission.

The output power of the transmitter with FM and PM is constant and independent of the mod-
ulation index because the envelope is constant and equal to the amplitude of the carrier V... Thus,

the transmitter output power is
ve 1.228
7R (1.228)
FM is used for commercial radio and for audio in analog TV.

Both FM and PM signals modulated with a pure sine wave contain a sine as an argument of a

cosine, having the modulation index m = my =m,, and can be represented as

P, =

v,(t) =V, cos(w.t + msin w,t) = V.{J,(m)cos w_t

+J,(m)[cos(w, + w,,)t — cos(w,. — w,)t] + J,(m)[cos(w, + 2m,,)t — cos(w, — 2w,,)t]

+ J3(m)[cos(w, + 3w,,)t — cos(w, — 3w, )]+ -+ } = Z A J,(m)cos[2x(f. + nf,)t]
n=0

(1.229)
where n =0, 1,2, ... and J,(m) are the Bessel functions of the first kind of order n and can be
described by

n+2k
2 4 6 o (=DF ( z )
= () Lo 22 2 2
" 2 n! 1lmn+1)! 2!n+2)! 3l(n+3)! = kl(n+h)!

(1.230)
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Figure 1.30 Amplitudes of spectrum components J, for angle modulation as a function of modu-
lation index m.

Form <« 1,

J(m) ~ %(%) (1.231)

The angle-modulated voltage consists of a carrier and an infinite number of components (side-
bands) placed at multiples of the modulating frequency f,, below and above the carrier frequency
f.. thatis, at f. + nf,,. The amplitude of the sidebands decreases with n, which allows FM trans-
mission within a finite bandwidth. Figure 1.30 shows the amplitudes of spectrum components
for angle modulation as functions of modulation index m. The amplitudes of the carrier (rest)
frequency component and the sideband pairs are dependent on the modulation index m and are
given by the Bessel function coefficients J,,(m), where n is the order of the sideband pair. J,
represents the rest-frequency amplitude, J; represents the amplitude of the first sideband pairs,
and so on. The bandwidth of an FM signal may be written as

BWey = 2(fumax) X (number of significant sideband pairs) (1.232)

The frequency range of the FM broadcasting systems is from 88 to 108 MHz. The FM business
band is from 150 to 174 MHz. The average output power of the transmitted FM signal is

P, =g+ 7 +1,)2> + )P, (1.233)

where P is the power of the nonmodulated signal, that is, at m = 0.
The angle-modulated signal is

v,(t) = V.cos(w.t + mcosw,,t)) = V_.[cos @t cos(mcos w,,t) — sin w, .t sin(m cos wt)]
(1.234)
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Figure 1.31 Phasor diagram for phase modulation by a single modulating frequency.

For m <« 1, cos(mcos w,,t) ~ 1 and sin(m cos ,,t) ~ m cos wt. Hence,

v, () % V.cosw,t —msin w.tcos w,t

m

%
=V, cosat — = sin[(w, — w, )] - mz’” sin(e, + @,,)1] (1.235)

Figure 1.31 depicts the phasor diagram for PM by a single modulating frequency.

1.23 Digital Modulation

Digital modulation is actually a special case of analog modulation. In RF systems with digital
modulation, the carrier is modulated by a digital baseband signal, which consists of discrete
values. Digital modulation offers many advantages over analog modulation and is widely used
in wireless communications and digital TV. The main advantage is the quality of the signal,
which is measured by the bit error rate (BER). BER is defined as the ratio of the average number
of erroneous bits at the output of the demodulator to the total number of bits received in a unit
of time in the presence of noise and other interference. It is expressed as a probability of error.
Typically, BER > 1073, The waveform of a digital binary baseband signal is given by

n=m

vp = Y bo(t—nT,) (1.236)
n=1

where b, is the bit value, equal to 0 or 1. Digital counterparts of analog modulation are
amplitude-shift keying (ASK), frequency-shift keying (FSK), and phase-shift keying (PSK).

1.23.1 Amplitude-Shift Keying

Digital AM is called ASK or ON-OFF keying (OOK). It is the oldest type of modulation used
in radio telegraph transmitters. The binary AM signal is given by

V.cosw,t for v, =1 (1.237)
v = -
BASK 0 fOI‘ Um = O

Waveforms illustrating the ASK are shown in Fig. 1.32. The ASK is sensitive to amplitude noise
and, therefore, is rarely used in RF applications.
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Figure 1.32 Waveform of amplitude-shift keying (ASK).

1.23.2 Phase-Shift Keying

Digital PM is called PSK. One of the most fundamental types of PSK is binary phase-shift key-
ing (BPSK), where the phase shift is A¢p = 180°. The BPSK has two phase states. Waveforms
for BPSK are shown in Fig. 1.33. When the waveform is in phase with the reference waveform,
it represents a logic “1.” When the waveform is out of phase with respect to the reference
waveform, it represents a logic “0.” The modulating binary signal is

v, = {11 (1.238)

The binary PM signal is given by

v,=V,cosw,t for v, =1 (1.239)

v =v, XU, =(xl)Xv, =
BRSK = Zm e ¢ —v,=-V.cosw,t for v, =-1

Another type of PSK is the quaternary phase-shift keying (QPSK), where the phase shift is 90°.
The QPSK uses four phase states. The systems 8PSK and 16PSK are also widely used. The
PSK is used in transmission of digital signals such as digital TV.

In general, the output voltage with digital PM is given by

2r(i—1
v, =V, sin [a)ct + M] (1.240)
M
wherei= 1,2, ... ,M, M = 2" is the number of phase states, N is the number of data bits needed

to determine the phase state. For M =2 and N = 1, a BPSK is obtained. For M =4 and N = 2,
we have a QPSK with the following combinations of digital logic: (00), (01), (11), and (10). For
M = 8 and N = 3, the 8PSK is obtained.

1.23.3 Frequency-Shift Keying

The digital FM is called F'SK. Waveforms for FSK are shown in Fig. 1.34. FSK uses two carrier
frequencies, f; and f,. The lower frequency f, may represent a logic ““0” and the higher frequency
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Figure 1.34 Waveforms for frequency-shift keying (FSK).
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/1 may represent a logic “1.” The binary FM signal is given by

V.cosw,t for v, =1 (1.241)
v = .
BESK V.cosw,t for v, =—1

For example, GSM uses FSK to transmit a binary signal, where f| = f. + Af =f. + 77.708 kHz
and f| = f. — Af = f, — 77708 kHz, where f, is the carrier center frequency. The channel spac-
ing is 200 kHz. There are 8 users per channel.

Gaussian frequency-shift keying (GFSK) is used in the Bluetooth. A binary “one” is repre-
sented by a positive frequency deviation and a binary “zero” is represented by a negative fre-
quency deviation. The GFSK employs a constant-envelope RF voltage. Thus, a high-efficiency,
switching-mode RF power amplifiers can be used in transmitters.

1.24 Radars

Radar was developed during World War II for military applications. The term “radar” is derived
from radio detection and ranging. A radar consists of a transmitter, a receiver, and a transmitting
and receiving antenna. A duplexer is used to separate the transmitting and receiving signals. A
switch or a circulator can be used as a duplexer. A radar is a system used for detection and loca-
tion of reflecting targets, such as aircraft, spacecraft, ships, vehicles, people, and other objects.
It radiates EMWs (energy) into space and then detects the echo signal reflected from an object.
The echo signal contains information about the location, range, direction, and velocity of an
reflecting object. A radar can operate in darkness, fog, haze, rain, and snow. Only a very small
portion of the transmitted energy is reflected by the object and reradiated back to the radar, where
it is received, amplified, and processed.

Today, radars are used in military applications and in a variety of commercial applications,
such as navigation, air traffic control, meteorology as weather radars, terrain avoidance, auto-
mobile collision avoidance, law enforcement (in speed guns), astronomy, RFID, and automobile
automatic toll collection. Military applications of radars include surveillance and tracking of
land, air, sea, and space objects from land, air, ship, and space platforms. In monostatic radar
systems, the transmitter and the receiver are at the same location. The process of locating an
object requires three coordinates: distance, horizontal direction, and angle of elevation. The dis-
tance to the object is determined from the time it takes for the transmitted waves to travel to
the object and return back. The angular position of the object is found from the arrival angle of
the returned signal. The relative motion of the object is determined from the Doppler shift in
the carrier frequency of the returned signal. The radar antenna transmits a pulse of EM energy
toward a target. The antenna has two basic purposes: radiates RF energy and provides beam
focusing. A wide beam pattern is required for search and a narrow beam pattern is needed for
tracking. A typical waveform of the radar signal is shown in Fig. 1.35. A radar transmitter typi-
cally operates in pulsed mode with an FM (chirped) signal. The amplitude of the pulses is usually
constant. Therefore, nonlinear high-efficiency RF amplifiers can be used in radar transmitters.
The efficiency of these amplifiers at peak power is usually very high.

The average power of the radar transmitter is

P, =DP, (1.242)

where D is the duty ratio. The duty ratio of the waveform is very low, for example, 0.1%. There-
fore, the ratio of the peak power to the average power is very large. For example, the peak RF
power is P, = 200kW and the average power is P, = 200 W. Some portion of this energy is
reflected (or scattered) by the target. The echo signal (some of the reflected energy) is received
by the radar antenna. The direction of the antenna’s main beam determines the location of the
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Figure 1.35 Waveform of radar signal.

target. The distance to the target is determined by the time between transmitting and receiving
the EM pulse. The speed of the target with respect to the radar antenna is determined by the fre-
quency shift in the EM signal, that is, the Doppler effect. A highly directive antenna is necessary.
The radar equation is
Prec GS 22
P, (47)R*

where P, is the power transmitted by the radar antenna, P,,. is the power received by the radar
antenna, o, is the radar cross section, 4 is the free-space wavelength, and D is the directive gain
of the antenna.

D? (1.243)

1.25 Radio-Frequency Identification

A RFID system consists of a tag placed on the item to be identified and a reader used to read the
tag. The most common carrier frequency of RFID systems is 13.56 MHz, but it can be in the range
of 135kHz-5.875 GHz. The tags are passive or active. The ISO 1443A/B is the international
standard for contactless IC cards transmitting at 13.56 MHz in close proximity using a radar
antenna. A passive tag contains an RF rectifier, which rectifies a received RF signal from the
reader. The rectified voltage is used to supply the tag circuitry. They exhibit long lifetime and
durability. An active tag is supplied by an onboard battery. The reading range of active tags
is much larger than that of passive tags and are more expensive. A block diagram of an RFID
sensor system with a passive tag is shown in Fig. 1.36. The reader transmits a signal to the
tag. The memory in the tag contains identification information unique to the particular tag. The
microcontroller exports this information to the switch on the antenna. A modulated signal is
transmitted to the reader and the reader decodes the identification information.

The tag may be placed in a plastic bag and attached to store merchandise to prevent theft or
for checking the store inventory.

Tags may be mounted on windshields inside cars and used for automatic toll collection or
checking the parking permit without stopping the car. Passive tags may be used for checking the
entire inventory in libraries in seconds or locating a misplaced book. Tags along with pressure
sensors may be placed in tires to alert the driver if the tire looses pressure. Small tags may be
inserted beneath the skin for animal tracking. IRFD systems are capable of operating in adverse
environments.
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Figure 1.36 Block diagram of an RFID sensor system with a passive tag.

1.26 Summary

e In RF power amplifiers, the transistor can be operated as a dependent current source or as a
switch.

e When the transistor is operated as a dependent current source, the drain current depends on the
gate-to-source voltage. Therefore, variable-envelope signals can be amplified by the ampli-
fiers in which transistors are operated as dependent current sources.

e When the transistor is operated as a switch, the drain current is independent of the
gate-to-source voltage.

e When the transistor is operated as a switch, the drain-to-source voltage in the on-state is low,
yielding low conduction loss and high efficiency.

e When the transistor is operated as a switch, switching losses limit the efficiency and the max-
imum operating frequency of RF power amplifiers.

e Efficiency of a power amplifier is maximized by minimizing power losses at a derided output
power.

e Switching power loss can be reduced by using the ZVS technique or ZCS technique.

e In Class A, B, C, and F power amplifiers, the transistor is operated as a dependent current
source.

e In Class D, E, and DE power amplifiers, the transistor is operated as a switch.

e When the drain current and the drain-to-source voltage are completely displaced, the output
power of an amplifier is zero.

e ZVS, ZVDS, and ZCS conditions cannot be simultaneously satisfied with a passive load net-
work at a nonzero output power.

e The received power Py is proportional to the square of the ratio (A/r)?. As the carrier’s
frequency doubles, the received power decreases by a factor of 4 at a given distance r in free
space.
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e RF modulated signals can be classified as variable-envelope signals and constant-envelope
signals.

e The most important parameters of wireless communications systems are spectral efficiency,
power efficiency, and signal quality.

e Power amplifiers dissipate more dc power than any other circuit in the transmitter of
transceiver.

e The dBm is a method of rating power with respect to 1 mW of power.

e The carrier is a radio wave of constant amplitude, frequency, and phase.
e Power and bandwidth are two scarce resources in RF systems.

e The major analog modulation schemes are AM, FM, and PM.

e AMa is the process of superimposing an LF modulating signal on a HF carrier so that the instan-
taneous changes in the amplitude of the modulating signal produce corresponding changes in
the amplitude of the HF carrier.

e In AM transmission, two-thirds of the transmitted power is in the carrier at m = 1. No infor-
mation is transmitted by the carrier.

e The main advantages of AM transmission are narrow bandwidth and simple circuits of trans-
mitters and receivers.

e The main disadvantage of AM transmission is a high level of signal distortion and low effi-
ciency.

e Constant-amplitude signals do not require linear amplification.

e FM is a the process of superimposing the modulating signal on a HF carrier so that the carrier
frequency departs from the carrier frequency by an amount proportional to the amplitude of
the modulating signal.

e Frequency deviation is the amount of carrier frequency increase or decrease around its center
reference value.

e The main advantages of FM transmission are a high signal-to-noise ratio, constant envelope,
high efficiency of the transmitters, and low-radiated power.

e Typically, the signal-to-noise ratio is 25 dB lower for FM transmission than that for AM trans-
mission.

e The main disadvantages of FM transmission are a wide bandwidth and the complex circuits
of transmitters and receivers.

e The bandwidth of FM transmission is about 10 times wider than that of the AM transmission.
e The major digital modulation schemes are ASK, FSK, and PSK.

e BPSK s a form of PSK in which the binary “1” is represented as no phase shift, and the binary
“0” is represented by phase inversion of the carrier signal waveform.

e A transceiver is a combination of a transmitter and a receiver in one electronic device.
e Duplexing techniques allow users to transmit and receive signals simultaneously.

e The major multiple-access techniques are as follows: TDMA technique, FDMA technique,
and CDMA technique.
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1.27 Review Questions

1.1 What are the modes of operation of transistors in RF power amplifiers?
1.2 What are the classes of operation of RF power amplifiers?
1.3 What are the necessary conditions to achieve 100% efficiency of a power amplifier?

1.4 What are the necessary conditions to achieve nonzero output power in RF power ampli-
fiers?

1.5 Explain the principle of operation of ZVS in power amplifiers.
1.6 Explain the principle of operation of ZCS in power amplifiers.
1.7 What is a ground wave?
1.8 What is a sky wave?
1.9 What is a line-of-sight wave?
1.10 What is an RF transmitter?
1.11 What is a transceiver?
1.12 What is duplexing?
1.13 List multiple-access techniques.
1.14 When are harmonics generated?
1.15 What is the effect of harmonics on communications channels?
1.16 Define THD?
1.17 What are intermodulation products?
1.18 When intermodulation products are generated?
1.19 What is the effect of intermodulation products on communications channels?
1.20 What is intermodulation distortion?
1.21 Define the 1-dB compression point.
1.22 What is the interception point?
1.23 What is the dynamic range of power amplifiers?
1.24 What determines the bandwidth of emission for AM transmission?
1.25 Define the modulation index for FM signals.

1.26 Give an expression for the total power of an AM signal modulated with a single-modulating
frequency?

1.27 What is QAM?

1.28 What is phase modulation?

1.29 What is frequency modulation?

1.30 What is the difference between frequency modulation and phase modulation?

1.31 What is FSK?
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1.32
1.33
1.34

RF POWER AMPLIFIERS

What is PSK?
Explain the principle of operation of a radar.

Explain the principle of operation of an RFID system.

1.28 Problems

1.1

1.2

1.3

14

1.5

1.6

1.7

1.8

1.9
1.10
1.11

1.12

1.13

1.14

The rms value of the voltage at the carrier frequency is 100 V. The rms value of the volt-
age at the second harmonic of the carrier frequency is 1 V. The load resistance is 50 Q.
Neglecting all other harmonics, find THD.

The carrier frequency of an RF transmitter is 4.8 GHz. What is the height of a quarter-wave
antenna?

An AM transmitter has an output power of 10 kW at the carrier frequency. The modulation
index at f,, = 1 kHz is m = 0.5. Find the total output power of the transmitter.

The amplitude of the carrier of an AM transmitter is 25 V. The antenna input resistance is
50 Q. The modulation index is m = 0.5.

(a) Find the amplitude of the modulating voltage.
(b) Find the output power of the AM transmitter.

A standard AM broadcast station is allowed to transmit waves with modulating frequencies
up to 5 kHz. The carrier frequency is f. = 550 kHz. Determine the following:

(a) the maximum upper sideband frequency,
(b) the minimum sideband frequency, and
(¢) the bandwidth of the AM station.

An intermodulation product occurs at (a) 3f; — 2f, and (b) 3f; + 2f,. What is the order of
intermodulation?

The carrier frequency of an RF transmitter is 2.4 GHz. What is the height of a quarter-wave
antenna?

The peak power of a radar transmitter is 100 kW. The duty ratio is 0.1%. What is the average
power of the radar transmitter?

Find the total output power of the AM voltage when the carrier power is 10 W and m = 1.
Sketch the modulating, carrier, and AM voltage waveforms at m = 0.5.

Find the power of each sideband for a sinusoidal modulating voltage at m = 0.3 and the
power of the carrier of 1 kW.

Find the channel bandwidth of an AM transmitter with a maximum modulating frequency
of 10kHz.

A transmitter applies an FM signal to a 50 Q antenna. The amplitude of the signal is V,, =
1000 V. What is the output power of the transmitter?

An FM signal is modulated with the modulating frequency f,, = 10kHz and has a maxi-
mum frequency deviation Af = 20kHz. Find the modulation index.
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1.15 AnFM signal has a carrier frequency f. = 100.1 MHz, modulation index m, = 2, and mod-
ulating frequency f,, = 15 kHz. Find the bandwidth of the FM signal.

1.16 How much bandwidth is necessary to transmit a Chopin’s piano sonata over an FM radio
broadcasting system with high fidelity?
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2

Class A RF Power Amplifier

2.1 Introduction

The Class A RF power amplifier [1-15] is theoretically a linear amplifier. A linear amplifier is
supposed to produce an amplified replica of the input voltage or current waveform. It provides
an accurate reproduction of both the envelope and the phase of the input signal. The input signal
may contain audio, video, and data information. The transistor in the Class A RF power amplifier
is operated as a dependent current source. The conduction angle of the drain or collector current
is 360°. The efficiency of the Class A RF power amplifier is very low. The maximum drain
efficiency with perfect components is 50%. However, the Class A RF power amplifier is a nearly
linear circuit with a low degree of nonlinearity. Therefore, it is commonly used as a preamplifier
and an output power stage of radio transmitters, especially for amplification of signals with a
variable amplitude of the output voltage, for example, in amplitude-modulated (AM) systems.
In this chapter, the basic characteristics of the Class A RF power amplifier are analyzed. The
amplifier circuits, biasing, current and voltage waveforms, power losses, efficiency, bandwidth,
and impedance matching are studied.

2.2 Power MOSFET Characteristics

2.2,1 Square Law for MOSFET Drain Current

A MOSFET is used as a dependent current source in Class A RF power amplifiers. For low drain
currents, the drain current of an n-channel enhancement-type MOSFET with a long channel and
operating in the pinch-off region (or the saturation region) with a low electric field in the channel
and constant carrier mobility in the channel is given by a square law

. 1 w
D= EM”OC"X (f) (Vgs = V) = K(vgs = V' for vgs >V, and vpg > vgs—V,

@2.1)

RF Power Amplifiers, Second Edition. Marian K. Kazimierczuk.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
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Figure 2.1 Low-frequency large-signal model of power MOSFETs for the pinch-off region at low
drain currents described by the square law (i.e., at constant carrier mobility y,,)) with neglected transistor
capacitances.

where

1 w 1 w
K= maCo () = 5K <—) 22
2/4110 ox \ [ 27\ ( )

U, is the low-field surface electron mobility in the channel, C,. =€, /¢, is the oxide capaci-
tance per unit area of the gate, 7, is the oxide thickness, €,, = 0.345 pF/cm is the silicon oxide
permittivity, L is the channel length, W is the channel width, and V;, is the threshold voltage. Typ-
ically, t,, = 0.1 pm, K, = u,,C,. =20 pA/V?, C, = % mF/m?, and p,, = 600 cm?/V - s is the
low-field surface electron mobility of silicon at room temperature. The electron mobility in the
channel is substantially lower than that in bulk silicon and can be as low as 200 cm?/V-s. The
low-frequency large-signal model of the long-channel MOSFETs for the pinch-off region at low
drain current described by the square law and with neglected capacitances is shown in Fig. 2.1.
This model represents equation (2.1).
The maximum saturation drain current is
iDsat(mwc) = %Mnocox (%) (UGSmax - Vt)2 (23)
Hence, the aspect ratio for a MOSFET described by the square law required to achieve a specified
maximum saturation drain current ipg,,,,, at @ maximum gate-to-source voltage is given by
K _ 2liat(max) (24)
L ”nOCox(UGSmax - Vt)z
The maximum saturation drain current i 4,y must be higher than that of the maximum instan-
taneous drain current /), in an amplifier

iDsat(max) > IDM (25)

2,2.2 Channel-Length Modulation

The drain current ij, is inversely proportional to the channel length L. Once the channel pinches
off at saturation drain-to-source voltage v, = Ugs — V,, the channel charge nearly vanishes
at the drain end and the lateral electric field becomes very high. An increase in drain-to-source
voltage v, beyond saturation voltage vy, causes the high-field region at the drain end to widen
by a small distance AL, as shown in Fig. 2.2. The voltage v, — v, drops across AL and the
drain-to-source voltage drops across L — AL. As the drain-to-source voltage v, increases in
the pinch-off region, the channel pinch-off point is moved slightly away from the drain toward
the source. Thus, the effective channel length L, is shortened as follows:

AL L
LE—L—AL—L(I—T>~ —

1+ =~
L

(2.6)
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Figure 2.2 Effective channel length in the pinch-off region.

where the fractional change in the channel length is proportional to the drain-to-source voltage
Ups and is given by

S sy = 2 2.7)

A =1/V, is the channel-length modulation parameter, and V, is a voltage similar to the early
voltage used in bipolar junction transistor (BJT) theory. The phenomenon described earlier is
known as channel-length modulation and is more significant for short channels. The drain current
for MOSFETs with a short channel is given by

o W 1 W
ip = 5 HnCox (m) (vgs = V) = 5 Hu0Cox m (g5 = V)
L
| W AL
® SHuCan (f) (Vgs — V) (1 + T) = K(vgs — V)X(1 + Avpg) 2.8)

Another short-channel effect is the reduction of the threshold voltage V, as the channel length
decreases.

2.2.3 Low- and Mid-Frequency Small-Signal Model
of MOSFETs

Transistors are often operated under small-signal conditions in preamplifiers in RF applications.
The transconductance for low drain currents at a given operating point, determined by the dc
components of gate-to-source voltage Vg, drain current /5, and drain-to-source voltage Vg, is
given by

dip,
" dugs

=2K(vgs—V,)

UGs=Vgs

= V 21,0 C o <%> Ip (2.9)

Hence, the ac small-signal component of the drain current of an ideal MOSFET (A =0) with
horizontal i,-v),¢ characteristics for low dc drain currents 7, is

8m =2K(Vss — V) = 24/KI)

U6s=Vgs

. W
i) = 8y = 2K(Vgs = VU = thoCor (T ) Vs = Vv =2VKDpv,,  210)

The horizontal ij,-vpg characteristics of real MOSFETS have a slope in the pinch-off region. As
the drain-to-source voltage vg increases, the drain current i, slightly increases. The small-signal
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output conductance of a MOSFET at a given operating point is

1 dip o w 5 I
-1 = L = ZCor () Vs = V24 Al = 22 2.11
8o r, d Ups Ves=Vas Uy 2Mn(] ox \ [, ( GS r) D VA ( )
resulting in the small-signal output resistance of the MOSFET
Av v Vv Vv
r,= A.DS=$=%=I—A=1 T (2.12)
'p ld b b _MnOC()x <_) (VGS - Vt)2
2 L
Hence, the ac small-signal component of the drain current in the pinch-off region is
.y g _ Ugs
g =1y + g = gmvgs + 8oUys = gng5 + r_ (213)

o
A low-frequency small-signal model of power MOSFET: in the pinch-off region (with neglected
transistor capacitances) representing (2.13) is shown in Fig. 2.3.

2.2.4 High-Frequency Small-Signal Model of the MOSFET

A high-frequency small-signal model of power MOSFETS for the pinch-off region is depicted in
Fig.2.4, where C,, = C,; is the gate-to-drain capacitance, C,, = C; — C,,, is the gate-to-source
capacitance, and C,; = C,, — C, is the drain-to-source capacitance. Capacitances C,, C;.,

and C, are given in manufacturer’s data sheets of power MOSFETs.

oss

rss?

2.2.5 Unity-Gain Frequency

Consider a high-frequency small-signal model of a MOSFET with a short circuit at the output
and with an ideal current source i, driving the gate, as shown in Fig. 2.5. The drain current is

14(8) = 8,V (8) = 5C,y Vo (5) = 8, V() (2.14)
iy I
-« -

o O
l Uds
+ " +
O—I - Ugs ImUgs ro Vs
(e, L O

Figure 2.3 Low-frequency small-signal model of power MOSFETSs for the pinch-off region.
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Figure 2.4 High-frequency small-signal model of power MOSFETs for the pinch-off region.
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Figure 2.5 High-frequency small-signal model of a power MOSFET to determine the unity-gain
frequency f;. (a) Model. (b) Simplified model.

and the gate current is
I, (s) = s(Cys + Cpy) Vi (5) (2.15)

Hence, the MOSFET current gain is

As) = ?’—Eg - ﬁ (2.16)
4 gs gd
Setting s = jow, we get
. 8m i,
A(jo) = m = |A;|e®n (2.17)
The magnitude of the MOSFET current gain is
@) = —Sn (2.18)
o(Cys + Cyp)

The unity-gain frequency of a MOSFET is defined to be the frequency at which the magnitude
of the short-circuit gain is equal to 1

gm
Afwp)) = —2 =1 (2.19)
Ai(@r)] 7(Cys + Cpy)

yielding the unity-gain frequency of a MOSFET

1, ¢ <K) I
fr= 8m _ KW=V VKl e\ L) (2.20)
T m(Cp+ Co) My +Co)  7(CptCp)  (Cpp + Cp) '

The frequency f; is a figure-of-merit of MOSFETSs. A weakness of f; as an indicator of transistor
performance is that it neglects the drain-to-source capacitance C,; and the gate resistance r;.
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2.3 Short-Channel Effects

2.3.1 Electric Field Effect on Charge Carriers Mobility

The average drift velocity of current carriers in a semiconductor caused by the electric field
intensity E is given by [14]

E E
— Hno — Hno (2 21 )
E H, OE
1+ — 1+ 2=
ES‘” Usar
where p,, is the low-field carrier mobility and the saturation carrier drift velocity is
Usar = ﬂn()Esat (222)

Figure 2.6 shows a plot of average drift velocity of electrons v as a function of electric field inten-
sity E for silicon at v,,, = 0.8 x 107 cm/s and y,, = 600 cm?/V-s. As the electric field intensity
E increases, the average drift velocity v is proportional to E at low values of E and then saturates
at E,,. Typically, v, = 0.8 x 10" cm/s for electrons in silicon (Si) and v,,, = 2.7 x 107 cm/s
for electrons in silicon carbide (SiC). The surface mobility of electrons in silicon is p,,, =
600 cm?/V-s. The average mobility of current carriers y decreases when electric field inten-
sity E, the doping concentration, and temperature 7 increase. The mobility of current carriers

(e.g., electrons) as a function of the electric field intensity E is given by

b, = % - ”"OE — o - (2.23)
1+ — 1+ Hno™
ES‘” Usat

x 108
8

v (cm/s)

0 1 2 3 4 5
E (V/cm) <105

Figure 2.6 Average drift velocity of electrons v as a function of electric field intensity E for silicon
atv,, = 0.8 x 107 cm/s and p,, = 600 cm?/V-s.
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The range of the electric field intensity E from point of view of the average mobility y can be
divided into three ranges: low field, intermediate field, and high field [14].
In the low-field range, the average carrier mobility for silicon is approximately constant

U, ~ p,o for E<3x10° Viem (2.24)

Therefore, the low-field average carrier drift velocity for silicon is directly proportional to the
electric field intensity E
v puoE for E<3x10° Viem (2.25)

For intermediate-field range, the carrier mobility y, decreases when the electric field intensity
E increases and is given by (2.23). Consequently, the intermediate-field average carrier drift
velocity increases at a lower rate than that of the low-field average drift velocity. This range of
the electric field intensity for silicon is

3%x10° V/iem < E < 6 x 10* V/iem (2.26)

As the electric field intensity enters the intermediate range, the collisions of electrons with the
semiconductor lattice are so frequent and the time between the collisions is so short that the
current carriers do not accelerate as much as they do at low electric field intensity, slowing down
the movement of the current carriers as a group.

In the high-field range, the average carrier drift velocity reaches a constant value called the
saturation drift velocity and is independent of the electric field intensity E

v, for E>6x10*Viem (2.27)

In this region, the carrier mobility p,, is inversely proportional to the electric field intensity E.
The collision rate is so dramatically increased and the time between the collisions is so much
reduced that the velocity of the movement of current carriers is independent of the electric field
intensity.

2.3.2 Ohmic Region

In the ohmic region, v,g < v;s — V,. The electric field intensity in the channel is
Ups
E=— 2.28
7 (2.28)
As the channel length L decrease, E increases at a given voltage v;,s. The electron mobility in
the channel at any electric field intensity E is

0, = Hno 3 — ZnO - (229)
1+ Hno 1 4 20208
Usar Usar L
The average carrier drift velocity at any electric field intensity E is
E E
v, = p E = —0 = ”;0 . (2.30)
1+ Hno 1 4 20708
Usar Usar L
The drain current at any average electron drift velocity v, for the ohmic region is
2
. w Ubs
Ip = iuncox (Z) l(UGS - Vt)UDS - T
lunOch w U%)S
- (Z> (05 = Vops = 2| for vps <vgs =V, 2.31)

v, L

sat
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In can be observed that the drain current ij, decreases as the electron mobility decreases. The
drain current is also given by

. w Ups Ups \ Ups
Ip= MHCO.X (f) (UGS - Vt - 7) Ups = MncoxW (UGS - Vt - 7) T
Ups Ups HuoE
=C, W (ch -Vi- 7) HE = Co, W <ch -Vi- 7) H;@
USllf L
Ups
=C, Wl lvgg—V,— =) Un for vpg <vgg =V, (2.32)
For high electric field in the channel, v, = v,,, and the drain current in the ohmic region is
given by
. Ups
in=C,W(vg—V,— — ) U for vpg <vgg =V, (2.33)
Hence, the drain current at v, = v,,, becomes
lear = CoxWUsatUDSsat = CoxWUsat(UGS - Vt) (2.34)

For instance, the minimum length of a long channel of a silicon MOSFET for low-field operation
at vpg = 0.3V < vpg, 18

Ups 03
ELmec 3x 103

The maximum length of a short channel of a silicon MOSFET for high-field operation at v;,g =
0.3V < vpgey 18

L>L, =

‘min

=1pm (2.35)

L<r, =2osa _ 03 500, (2.36)

- EHFmin B 6 x ]06

The intermediate channel length in this example is in the range: 50 nm < L < 1 pm.

2.3.3 Pinch-Off Region

At the boundary between the ohmic region and the saturation region,
Ups = Upssar = Ugs = Vi (2.37)

The electric field intensity in the channel is

v Ueg =V,
E= DSsat — GS t (238)
L L
The carrier mobility in the channel for the n-channel MOSFET can be expressed as
U = Hno — Hno — Hno — Hno — Hno
! 1+ ”nOE 1+ m 1+ ”le(UGS B Vl) 1+ QUDSsat 1+ H(UGS - Vt)
Usar Usat L UsutL
(2.39)
where the mobility degradation coefficient is
Hno
== 2.40
US(IIL ( )
The average carrier drift velocity in an n-channel is
v Ugs —V,
v, = ,unE =p, DSsat =pu, GS t (241)

L
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The drain current at the intermediate electric field intensity for the saturation region is

. 1 w 1 v
Ip= Eﬂncox <Z) (UGS - Vt)2 = ECUXW(UGS - Vt)ﬂn < Dzml)

1
= EcoxW(UGS - Vt)”nE

1 | T
= _CoxW(UGS - Vt)Un = _CoxW(UGS - VJL

2 2 L+ HoE

Usat

1 w 1

= Eﬂnoch <f) (UGS - Vr)2 1+ H0 Uhssat
Usar L

1 Huo ( W> >
== C. |—)(vse—V)

2 1 N @ (UGS _ Vt) 0x L GS t

Usar L

1 Hno ( W) 2
=——C, | — -V f >V

2 T+ 0(gs—V,) “\L (vgs = V)~ for v 2V,

and vpg > vgs =V, (2.42)

The shorter the channel, the higher the mobility degradation coefficient. The drain current iy,
follows the average carrier drift velocity v,. The decrease in the current carrier mobility 4, in

the channel is called the “short-channel effect.” At v, = v,,,,

ip= %COXWUM,(UGS -V,) for vps>v5e—-V, (2.43)
For example, the minimum length of a long channel of a silicon MOSFET for low-field operation

at Upge, = 0.6 Vis . 06
Ds .

min = m = W
The maximum channel length of a silicon MOSFET for high-field operation at v;),,, = 0.6 Vis
Upssar 0.6

Eypmin 6% 103
The channel length is intermediate for 100 nm < L < 2 pm

Taking into account the channel-length modulation, the drain current for the intermediate elec-
tric field intensity in the pinch-off region is

1 ”nO W 2
Mo (X —v
1+ 0(gs—V,) ™ <L ) (s = Vo)

e

L>L =2 pm (2.44)

L<L,, = = 0.1 pm = 100 nm (2.45)

Ip =

\S]]

Mo C w
1+60(g—V,) *|L(1-AL/L)

1

) ](UGS_ Vr)2

1 Hno (W) 2( AL)
S . N— —vy(1+ 2L

2 T 00y vy o\ ) Was = Vo) L

1

2

Huo ( W) 2
=—————C |— -V) 1+
1+ H(UGS _ V[) ox L (UGS 1) ( UDS)
for vge>V, and vpg>vgs—V, (2.46)
where
AL

= = Aups (2.47)
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For high drain currents, the average carrier drift velocity is v, = v,,; therefore, the i—v g
characteristic of an n-channel enhancement-type power MOSFET for the pinch-off region (or
the saturation region) is nearly linear and is given by a linear law [14]

. 1
Ip = Qusal = Ecoxwvsal(UGS - Vl) = KS(UGS - Vt)(l + )‘UDS)
for vge>V, and vpg2v5—V, (2.48)
where {
K, = ECOXWUW (2.49)

Thus, the large-signal model of the MOSFET for high drain currents in the constant drift velocity
range consists of the voltage-dependent current source driven by the voltage v;g — V, for vgg >
V,, and the coefficient of this source is K,. The i,—v characteristics are displayed in Fig. 2.7
using square law, short-channel law, and linear law. The i,,—v,¢ characteristics are displayed
in Fig. 2.8 using square law, short-channel law, and linear law. The low-frequency large-signal
model of power MOSFETs (with neglected capacitances) for constant carrier drift velocity v ~
Uy, 18 shown in Fig. 2.9.
The maximum saturation drain current of the MOSFET described by the linear law is

. 1
leat(max) = EC()XWUSIH(UGSI’H(ZX - Vl) (250)
Hence, the MOSFET width to achieve the required maximum saturation drain current is

21Dsat(max)

C()x Usat ( UGSmax — Vt)

(2.51)

16

14} ro

12 7 N

vgs (V)

Figure 2.7 MOSFET i,-v., characteristics described by a square law, linear law, and exact
equation for V, =1V, u,=600cm*V-s, C, =+ mF/m?, W/L=105 v, =8x 10°cm/s, and
4 =0. Exact plot: L = 2 pm (long channel) and # = 0.375. Linear law: L = 0.5 um (short channel) and
W =0.5x 10° pm.



CLASS A RF POWER AMPLIFIER 75

ip(A) 4

Low-field effect

Vaso

Intermediate-field effect v

GSO
High-field effect

Vaso

vps (V)

Figure 2.8 MOSFET i,-v, characteristics described by a square law, linear law, and exact
equation at a fixed voltage Vg, for V, =1V, p,=600cm?/V-s, C, = % mF/m?, W/L =10,
U, =8%x10°cm/s, and 4 =0. Exact plot: L=2pm (long channel) and 6 = 0.375. Linear law:
L = 0.5 pm (short channel) and W = 0.5 X 10° pm.

-
(o] O
+

O—I - vGs ip= Ksalvgs—Vy)
o o

Figure 2.9 Low-frequency large-signal model of power MOSFETs for constant carrier drift velocity

VR Uy,

The transconductance of the MOSFET for high drain currents is

di 1
L = Ks = Ecoxwusat (252)

g =
"od Ugs 'Y6s=Vas

For high drain currents, g,, is constant and independent of the operating point if vgg > V,.
The ac model of the MOSFET consists of a voltage-dependent current source i, driven by the
gate-to-source voltage v,,. The ac component of the drain current is

; 1
l:j = gmugy = KSUgS = ECOXWUSZUUgS (2’53)
The small-signal output conductance of a MOSFET at a given operating point is
_1_ dip S K(Vee—Vid=LC Wo (V- VyAmalL =2 (254
8o r, dUDS vas=Vs s\PGS t 5 Tox sar\V GS AR Al VA .

resulting in the small-signal output resistance of the MOSFET
_Aups 1 _ Vi Vi

T Ay, M, I, 1
b b b EcoxWU‘rat(VGS - Vt)

(2.55)

The drain current is given by (2.13). The low-frequency small-signal model for v = v, is dis-
played in Fig. 2.3, where g,, and r, are given by (2.52) and (2.54), respectively.
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Power MOSFETs operate with either characteristics intermediate between the constant carrier
mobility and the constant drift velocity regions (such as in Class A RF power amplifiers) or in
all the three regions (such as in Class B and C power amplifiers). A SPICE model of a MOSFET
can be used for high-frequency large-signal computer simulation.

2.3.4 Wide Band Gap Semiconductor Devices

Properties of semiconductor materials have a significant impact on the performance of semi-
conductor devices. Silicon power semiconductor devices are rapidly approaching the theoretical
limits of performance. Speed and thermal characteristics of semiconductor materials are espe-
cially important in high-frequency applications.

Wide band gap (WBG) semiconductors offer significant advantages over silicon. These semi-
conductors include gallium nitride (GaN), silicon carbide (SiC), and semiconducting diamond.
WBG semiconductors are defined as semiconductors with a significant band gap (BG) energy
Eg, usually Eg > 2Eq;, = 2.24eV. The only WBG semiconductors in group IV are diamond
and silicon carbide (SiC). Most WBG semiconductors are compound semiconductors that belong
to group III-V, for example, gallium nitride (GaN). The compounds in group II-V are insulators,
for example, SiO,. WBG materials enable the development of smaller semiconductor devices.

WBG devices are very attractive for high-frequency power applications that are subject to
high voltages and high temperatures in RF transmitters. Table 2.1 lists major properties of sili-
con (Si), silicon carbide (SiC), and gallium nitride (GaN). The GaN semiconductor can be doped
with silicon (Si) or oxygen (O) to produce the n-type semiconductor or with magnesium (Mn)
to obtain the p-type semiconductor. It can be deposited on silicon carbide or sapphire. The GaN
semiconductor has very high breakdown electric field Eyj,, high electron mobility y,,, high elec-
tron drift saturation velocity v, and high thermal conductivity k. Higher breakdown electric
field Ey;, allows for thinner and more highly doped devices. Since they can be made thinner and
doped higher, faster switching can be achieved. GaN power devices can meet rapidly evolving
demands for high energy efficiency, high power, high power density, good linearity, small size,
low weight, small board space, high thermal conductivity, and good reliability. Semiconductor
GaN HEMTs, MOSFETs, and MESFETs can be used in high-frequency, high-temperature RF
power amplifiers to build high-speed data transmission wireless RF transmitters. Other applica-
tions include high-speed wide bandwidth dynamic power supplies, amplitude modulators for RF
transmitters, radars, transponders, and aerospace circuits. Power circuits have been demonstrated
with 700 W pulsed peak power, 21 dB power gain, and 70% energy efficiency at frequencies of
1-3 GHz.

Silicon carbide (SiC) has very high breakdown electric field Egj,, high thermal conductivity
ky,, and high maximum operating temperature 7},,,.. SiC conducts heat far better than silicon
does. SiC devices are used in high-power, high-voltage, and high-temperature power conversion.

Table 2.1 Properties of semiconductors.

Property Symbol Unit Si SiC GaN
Band gap energy E, eV 1.12 3.26 3.42
Electron mobility U, cm?/V-s 1360 900 2000
Hole mobility H, cm?/V-s 480 120 300
Breakdown electric field Egp V/em 2x10°  22x10°  3.5x108
Saturation electron drift velocity Vs cm/s 107 2.7x 107 25x% 107
Dielectric constant €, - 11.7 9.7 9

Intrinsic concentration at 7 = 300K n, cm™3 100 1078 1.9x 1077

Thermal conductivity k,, W/K-cm 1.5 4.56 1.3
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Johnson’s figure-of-merit (JFOM) of a semiconductor material is defined as [16]

E, v
JFOM = % (2.56)

where E, is the critical electric field for breakdown in the semiconductor and v, is the saturated
drift velocity of current carriers (electrons or holes). Figure 2.10 compares JFOM for Si, SiC,
and GaN.

Baliga’s figure-of-merit (BFOM) of a semiconductor material is [17]

BFOM = ep,E,, = e,egu,Ep, (2.57)

where E is the BG energy of the semiconductor, g is the electron mobility at low electric
field, €, = 1/(36x) = 8.85 x 10712 F/m is the permittivity of free space, and €, is the relative
permittivity of the semiconductor. Figure 2.11 compares BFOM for Si, SiC, and GaN.

T [ e e T e e

30 x 10" fmm e

N . .......

Si SiC GaN

Figure 2.10 Comparison of Johnson’s figure-of-merit (JFOM) for Si, SiC, and GaN.

60 x 107°

40 x 107°

20 x107°

2x107°

Si SiC GaN

Figure 2.11 Comparison of Baliga’s figure-of-merit (BFOM) for Si, SiC, and GaN.
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Figure 2.12 Comparison of MKFOM figure-of-merit for Si, SiC, and GaN.

Another figure-of-merit of a semiconductor material, defined by the author, is given by
MKFOM = ep,E}, = e,eou,Ey), (2.58)
Figure 2.12 compares the MKFOM figure-of-merit for Si, SiC, and GaN.

2.4 Circuit of Class A RF Power Amplifier

The Class A RF power amplifier is shown in Fig. 2.13(a). It consists of a transistor, a
parallel-resonant circuit L-C, an RF choke (RFC) L;, and a coupling capacitor C,.. The amplifier
is loaded by a resistance R. The operating point of the transistor is located in the active
region (the pinch-off region or the saturation region). The dc component of the gate-to-source
voltage V¢ is higher than the transistor threshold voltage V,. The transistor is operated as a
voltage-controlled dependent current source. The ac component of the gate-to-source voltage
Vg can have any shape. The drain current waveform iy, is in phase with the gate-to-source
voltage vgg. The ac component of drain current waveform i, has the same shape as the ac
component of the gate-to-source voltage v, as long as the transistor is operated in the pinch-off
region, that is, for v, > v;g — V,. Otherwise, the drain current waveform flattens at the crest.
We will assume a sinusoidal gate-to-source voltage in the subsequent analysis. At the resonant
frequency f,, the drain current i}, and the drain-to-source voltage v, are shifted in phase by
180°. The large-signal operation of the Class A RF power amplifier is similar to that of the
small-signal operation. The main difference is the level of current and voltage amplitudes. The
operating point is chosen in such a way that the conduction angle of the drain current 26 is
360°. The vgq-v, characteristic of the Class A RF power amplifier is nearly linear, yielding low
harmonic distortion (HD) and low intermodulation distortion (IMD). The level of harmonics in
the output voltage is very low. Therefore, the Class A RF power amplifier is a linear amplifier.
It is suitable for amplification of AM signals. In narrowband Class A RF power amplifiers,
a parallel-resonant circuit is used as a bandpass filter to suppress harmonics and select a
narrowband spectrum of a signal. In wideband Class A RF power amplifiers, the filters are not
needed. A model of the Class A RF power amplifier is shown in Fig. 2.13(b).
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Figure 2.13 Class A RF power amplifier. (a) Circuit. (b) Equivalent circuit.

The RFC can be replaced by a quarter-wavelength transmission line, as shown in Fig 2.14.
The input impedance of the transformer is given by
)

Z = Z (2.59)

The load impedance of the transmission line in the form of filter capacitor Cj of the power supply

at the operating frequency is very low, nearly a short circuit. Therefore, the input impedance of

the transmission line at the drain for the fundamental component of the drain current is very

high, nearly an open circuit.
The current ripple of the choke inductor L, is low, at least 10 times lower than the dc component
I;, which is equal to the dc component of the drain current /;,. Hence, X, > R, resulting in the

design equation
X, = wL; > 10R (2.60)
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Figure 2.14 Class A RF power amplifier with a quarter-wavelength transformer used in place of
RF choke.

The coupling capacitor is high enough so that its ac component is nearly zero. Since the dc
component of the voltage across the inductor L in steady state is zero, the voltage across the
coupling capacitor is

Vee =V, (2.61)
The ripple voltage across the coupling capacitor is low if X. << R. The design equation is
1 R
Xe, = < — 2.62
“" wC. T 10 (2:62)

2.5 Waveforms in Class A RF Amplifier
2.5.1 Assumptions

The analysis of the Class A RF power amplifier is initially carried out under the following
assumptions that the MOSFET is ideal:
1. vpser = 0, and therefore Vintnaxy = Vi = Upssar = V-

2. The maximum swing of the drain-to-source voltage vy is from 0 to 2V, and the maximum
swing of the drain current is from 0 to 2/p,.

3. 4 =0, and therefore g, = 0 and r, = oo, resulting in horizontal characteristics i;, = f(vpy).

4. The drain current is given by linear law i, = K (v5g — V,), that is, it is directly proportional
to vgg — V,. Therefore, the drain current waveform does not contain harmonics and intermod-
ulation products.

5. The output capacitance of the MOSFET C, is linear and is absorbed into the resonant capac-
itance.

6. The passive components are ideal, that is, resistances of inductors and capacitors are zero,
self-capacitances of inductors are zero, and self-inductances of capacitors are zero.
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2.5.2 Current and Voltage Waveforms

Figure 2.15 shows current and voltage waveforms in the Class A RF power amplifier. The
gate-to-source voltage is given by

Ugs = Vs + Ugs = Vg + Vg COs 01 (2.63)

where V is the dc gate-to-source bias voltage, V,,, is the amplitude of the ac component of the
gate-to-source voltage v, and @ = 2zf is the operating angular frequency. The dc component
of the voltage Vg is higher than the MOSFET threshold voltage V, such that the conduction
angle of the drain current is 20 = 360°. To keep the transistor in the active region at all times,
the following condition must be satisfied:

Vs = Ve > Vi (2.64)
Assuming a linear law, the drain current of the MOSFET in the Class A RF power amplifier is
ip =K(Vgg + Vegncos ot = V) =K (Ve = V) + KV, cos wt (2.65)

where K| is the MOSFET parameter given by (2.49) and V, is the MOSFET threshold voltage.
The drain current is expressed as

ip=Ip+i;=1,+1,cos ot =1,+1,cos wt>0 (2.66)
where the dc component of the drain current /;, is equal to the dc supply current /;
In=1=K.(Vgg—=V,) (2.67)
The ac component of the drain current is
iy =1, cos wt (2.68)
where the amplitude of the ac component of the drain current is given by

I, =KV (2.69)

s’ gsm
To avoid distortion of the sinusoidal ac component of the drain current, the maximum amplitude
of the ac component of the drain current is given by

Limaw =1, =1, (2.70)

m(max)
An ideal (lossless) parallel-resonant circuit L-C presents an infinite reactance at the resonant
frequency f, = 1/(2z+/LC). Therefore, the output current of the parallel-resonant circuit is
iy=lc, =1, —ip=1-1,—i;=—i;, =—I,cos wt (2.71)
The fundamental component of the drain-to-source voltage is
Uy =V, =—Ri,=—RI, cos ot =-V, cos wt (2.72)
where V,, = RI,,. The drain-to-source voltage at the resonant frequency f; of the parallel-resonant
circuit is
Ups = Vps + vy =Vps =V, cos wt =V, -V, cos wt (2.73)
where the dc component of the drain-to-source bias voltage V), is equal to the dc supply voltage

Vi
Vs =V, (2.74)

Since operation of an ideal transistor as a dependent current source can be maintained only when
Upg 18 positive, it is necessary to limit the amplitude V,, to a value lower than V,

Vonimar) = Rl = Vi = Vps (2.75)

m(max m(max
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Figure 2.15 Waveforms in Class A RF power amplifier.
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The output voltage at the resonant frequency f; is
v, =vps—Ve. =V, +v, =V, =04 ==V, cos wt (2.76)

where the amplitude of the ac component of the drain-to-source voltage and the output voltage
is

V,=RI, 2.77)
The maximum drain-to-source voltage is
VDS(m(Lr) = VI + Vm(max) = 2"/I (278)
The maximum drain current is
IDM(max) = II + Im(max) ~ 2II (279)
The maximum MOSFET saturation voltage is
UDSsat(max) = UGSmax — Vt = VGS + Vgsm - Vt (280)

Using the square law, the MOSFET aspect ratio is

w IDM(max)
_—= — 2.81
L~ ko2 (2.81)

n= DSsat(max)

2.5.3 Ovutput Power Waveforms

The instantaneous drain power delivered by the drain to the load at the operating frequency
f=fy=1/Q2n\/LC) is given by
pds(wt) = po(a)t) = iovo = (_Im COS wt)(_vm COs Cl)l) = ImeCOsza)t
II’I'L Vm
= T(l + cos 2wt), (2.82)

where the double-angle relationship is cos’wt = %(1 + cos 2wt). The average drain power over
acycle is

1 2z 1 2z Ime 1
Pps =Py = 3. | p,d(wt) = | T(l + cos 2wt)d(wt) = Elme

2
V2
- %RI; -2 (2.83)

When the operating frequency f is not equal to the resonant frequency f;, the current through
the coupling capacitor is
ic.(wt) = =1, cos wt (2.84)

and the ac component of the drain-to-source voltage is
Uys(wt) = =V, cos (ot + ¢) (2.85)

where ¢ is the phase shift between the current i, and the voltage v,,. Using the relationship
cos acos fi = %[cos(a — p) + cos(a + f)], the instantaneous power delivered by the drain to
the resonant circuit is

Dys(wt) = ict. (wt)vy(wt) = (=1, cos wt)[-V,, cos (wt + )] =1,V, cos wtcos (wt + ¢p)

lem
= > [cos ¢ + cosRwt + ¢p)] (2.86)
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Figure 2.16 Normalized instantaneous drain power pps(@t)/V, 1, in the Class A RF power
amplifier at f < f, and selected values of the phase shift ¢.

The time-average drain power is

Poo=pP, = /27[ d(wt) = - /2”'"‘/”"[ b + cos ot + ¢)ld(wr)
DS — 0—27[0 pow_27r0 ) CcOoS cos (2w w

1 1.5 ‘/I%l
= zlme cos ¢ = ERI’" cos ¢ = R %8 ¢ (2.87)

Figure 2.16 shows the normalized instantaneous drain power p,¢(wt)/V, I, in the Class A RF
power amplifier at f < f;, and selected values of the phase shift ¢.

2.5.4 Transistor Power Loss Waveforms

The instantaneous power dissipation in the transistor at f = f;, is
pplwt) = ipvpe = (I, + 1, cos wt)(V; =V, cos wt)

=1LV, -1,V cos*wt + (V,I, — I,V,)cos ot

m° = m

Ime
=1V, - > (14 cos 2wt)+ ({1, V, = V,I;)cos wt

Im Vm
=1 1+Zcos ot |V, |1- VICOS wt
=P,(1 +y,cos wt)(1 =, cos wr) (2.88)
where the normalized amplitude of the fundamental component of the drain current is
Im
7= (2.89)

I
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and the normalized amplitude of the fundamental component of the drain-to-source voltage is

¢ = Y (2.90)
Ty, .
Both 7, and ¢; increase from O to ideally 1 as the amplitude of the gate-to-source voltage V,,,
increases from 0 to a maximum value. The waveforms of the normalized instantaneous drain
power loss p,(wt)/P, in the Class A RF power amplifier at y, =1, /I, = 1, f = f;, and selected
values of ¢, = V,,/V, are shown in Fig. 2.17.
The ratio y; = 1,,/I, remains constantand {; = V,,/V, = RI,,/V, varies when the amplitude of
the gate-to-source voltage V,,, remains constant and the load resistance R varies. In this case,

pplwt) =ipvpe = I, + 1, cos wt)(V;, =V, cos wt) = (I; + 1, cos wt)(V; — RI, cos wt)

[m Vm

=L |({1l+—coswt]|V,|1—-—cos wt
I Vi
1 RI

=L |14+ Fcos wr)V,[1-—"cos wt
I Vi

Kv Vgxm RK s Vgsm
=P <1 + cos a)t> (1 — —————cos cot) (2.91)
I Vi
The average power loss in the transistor over a cycle is
1 2 1 2
Pp=— / pp d(ot) = — [V, —1,V,cos*wt + (V,I,, — I,V,) cos ot]d(wt)
2 0 2r 0
L,V
=LV, — 22 =P, — Ppg (2.92)
1.25
1k i
o~ 0.75 b
3
S
0.5 b
025} i
0 1
-180 -120 —-60 0 60 120 180

Figure 2.17 Normalized instantaneous drain power loss p,,(wf)/P, in the Class A RF power ampli-
fier fory, =1,/I, = 1, f =f,, and selected values of {; =V, /V,.
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Forl, = I,and V,, = V,, the instantaneous power dissipation in the transistor at f = f, becomes

P
pplwt) = I;(1 4+ cos w)V,(1 — cos wt) = Py(1 — cos’wt) = ?I(l — cos 2wt) (2.93)
When the operating frequency f is different from the resonant frequency f;, the drain-to-source
voltage is
vps = V; =V, cos(wt + ¢) (2.94)

Using the equation cos wt cos(wt + ¢) = %[cos ¢ + cos(Qwt + ¢)], the instantaneous power
dissipation in the transistor is found as

pplwt) = ipvpg = (I, + 1, cos wt)[V, =V, cos (ot + ¢)]

=1V, -1,V, cos wtcos(wt + ¢p) + VI, cos wt —1;V, cos(wt + ¢)

IV
=LV, - %[COS ¢ + cosQet + )] + V,1,, cos wt —1,V,, cos(wt + ¢)

I V
=1, <1 +Iﬂcos (ut) v, [1 - Vmcos(a)t+¢)

I I
= P;(1 +y,cos o[l =&, cos (wt + ¢)] (2.95)

where ¢ is the phase shift between the drain current i, and the drain-to-source voltage vg.
The waveforms of the normalized instantaneous drain power loss pj,(@t)/P; in the Class A RF
power amplifier at y, = I,,/I; = 1 and selected values for ¢) = 10° and ¢ = —10° are shown in
Figs. 2.18 and 2.19, respectively. The time-average transistor power dissipation is
P, = L[ d =P LYo 2.96
b=35 | $ol@nd@n =P, = 272 cos ¢ (2.96)

As the angle ¢ increases, the time-average transistor power dissipation P, also increases.

1.4

pp (ot) / Py

0
-180 -120 -60 0 60 120 180
wt (°)

Figure 2.18 Normalized instantaneous drain power loss p,,(wt)/P, in the Class A RF power ampli-
fierfory, =1,/1, = 1,f < fy, ¢ = 10°, and selected values of &, =V /V,.
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Figure 2.19 Normalized instantaneous drain power loss p,,(wt)/P, in the Class A RF power ampli-
fier fory, =1,/1, = 1,f > f,, ¢ = —10°, and selected values of £, =V /V,.

When the load resistance R remains constant, but the amplitude of the gate-to-source voltage
varies, we get

pplwt) = ipvpg = (I, + 1, cos wt)(V; —V,, cos wt)

=01+ R t) V|1 Vo t

=1 I, cos wt | V, v, cos @
\% Vv

=L |1+ —cos wt)|V,|1-—"cos ot
Vi Vi

Vin 2 2.2 3
=P, [1 - <71> cos a)t] = P/(1 = &jcos” wt) = P, [1 - 3(1 + cos 2wt)|  (2.97)
Figure 2.20 shows normalized instantaneous drain power loss p,(wt)/P, in the Class A RF
power amplifier for f = f;, and selected values of y; = &, = V,,/V,. Figures 2.21 and 2.22 show
normalized instantaneous drain power loss p,(wt)/P, in the Class A RF power amplifier at
selected values of y; = & =V, /V, for ¢ = 10° and ¢p = —10°, respectively.

2.6 Energy Parameters of Class A RF Power Amplifier
2.6.1 Drain Efficiency of Class A RF Power Amplifier

The operating point (the bias point) Q(Vpg0, Ipg) of the Class A RF power amplifier should be
selected at the midpoint of the linear region of the transistor, where
Vi

Voso =5 (2.98)
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Figure 2.20 Normalized instantaneous drain power loss p,,(tf)/P, in the Class A RF power ampli-
fier for f = f, and selected valuesof y, =&, =V, /V,.

V,/V,=05
08} i
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Figure 2.21 Normalized instantaneous drain power loss p,,(ot)/P, in the Class A RF power ampli-
fier for f < f,, ¢ = 10°, and selected values of y, =&, =V, /V,.
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Figure 2.22 Normalized instantaneous drain power loss p,,(t)/P, in the Class A RF power ampli-
fier for f > f,, ¢ = —10°, and selected values of y, =&, =V, /V,.

and !
I, =1 = -2Smax 2.99
po =1 > (2.99)
The dc supply current of the Class A RF power amplifier is
14 1% 1%
m(max) DS I
II = Im(mwc) = R = 7 = E (2100)
The dc resistance seen by the power supply V; is
Vi
Rpe=—=R (2.101)
I

The dc supply power (or the dc input power) in the Class A RF power amplifier is given by

2

P, =1yVys = LanVy =1V, = RI? = ?’ (2.102)

(max)

The dc supply power is constant and independent of the amplitude of the output voltage V,,. The
power delivered by the MOSFET to the output RF load at f = f; is given by

P _Ime_RIri_Vr%l_l VI2 Vm 2_P1 Vm (2103)
bS™ 2 7 2 T2R 2\ R v,) 2\, ’

For V., iuax) = Vi, the drain power reaches its maximum value

m(max
Vi P
Ppsmar = 55 = 5 (2.104)

The output power is proportional to the square of the output voltage amplitude V,,.
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The power dissipated in the transistor (excluding the gate drive power) is

V2 V2 V2 V2 V22 V2 % 2
Py=P —-Py=1V,-2=—L_2=-1_21__1 1—1< > (2.105)

2R R 2R R 2RV R 2\,

The maximum power dissipation in the transistor occurs at zero output power, that is, at Pp,g = 0
(ie., forV, =0)
V2
P =P =1V, = ?’ (2.106)

A heat sink for the transistor should be designed for the maximum power dissipation Pp,, .. The
minimum power dissipation in the transistor occurs at the maximum output power, that is, at
P DSmax
i Vi_Vi_n

PDminZPI_PDSmaXZF_EZEZE (2.107)
Figure 2.23 shows plots of P;, Py, and P, as functions of the normalized amplitude of the
output voltage V,,/V,.

The drain efficiency of the Class A RF power amplifier at f = f; is given by

Vi

PDS 1 Im Vm 1 ﬁ 1 Vm : 1 2
_fos _ LI\ (Ym YL o 2R 1V} _ 1 2.108
b="p" =3 <I,> <V,> pUl AT 26 (2.108)

R

The drain efficiency #,, as a function of V,,/V, is shown in Fig. 2.24. The drain efficiency is
proportional to (V,,/V,)*. For example, for V,,/V, = % np = 12.5%. The maximum theoretical

1.2
P, /(VPIR)
1 T~
ci>: I R PD/(V, /R)
< o8} : 2 :
Q. RN
5 .
N\ ~
< o6} ~ .
%] ~
Q ~
P .
3 o7
T 04 : , SO
= Pos (VRR) -
Q -
0.2 st i
0 e i I i
0 0.2 0.4 0.6 0.8 1

V!V,

Figure 2.23 Normalized DC supply power P, (V?/R), drain power P ,;/V? /R), and dissipated power
P,/ (V12 /R) for the Class A RF power amplifier with choke inductor as functions of the normalized output
voltage amplitude V,, /V,.
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Figure 2.24 Drain efficiency 7, of the Class A RF power amplifier (with choke inductor) as a

function of the normalized output voltage amplitude V, /V;.
efficiency of the Class A RF amplifier with choke L, at vpg,;, = Upgge, = 0 i8

1 VMmM) :
Npmax = E % =05
1

2.6.2 Statistical Characterization of Class A RF Power
Amplifier

Assuming Rayleigh’s PDF of the output voltage amplitude V,,,

2
m

V
h(V,) = —2e 2
[

one obtains the product

H(v,) = 2 Yo\ Vo 2
= — —_— —_— 20
Mp m 2 v; €

and the long-term average drain efficiency

v, v, > 2 — +1
1 — L o 202
Mp@v) = /0 nph(V,)dv,, = V202 /0 VieTwdV, = V2 - 0V2
I 1 I
e262

(2.109)

(2.110)

2.111)

(2.112)

Figure 2.25 shows plots of drain efficiency #;,, Rayleigh’s PDF h(V,,), and their product n,h(V,,)
for the Class A RF power amplifier (with choke inductor) as a function of the amplitude of
voltage V,, at V; = 10V and ¢ = 3. Figure 2.26 shows the long-term average drain efficiency
ipayy as function of ¢ for the Class A RF power amplifier (with choke inductor) at V; = 10'V.
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Figure 2.25 Drain efficiency 7,,, Rayleigh’s probability-density function (PDF) i(V,), and their
product 5,a(V,,) for the Class A RF power amplifier (with choke inductor) as a function of the amplitude
of voltage V, at V, = 10V and ¢ = 3.
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Figure 2.26 Long-term average drain efficiency Npayy as function of ¢ for the Class A RF power
amplifier (with choke inductor) at V, = 10 V.
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In practice, the maximum efficiency of the Class A RF power amplifier is about 35%, but the
long-term average efficiency is only about 5%.
The output power is

V2
P,=— 2.113
0= 7p ( )
The maximum output power occurs at V,,..., = V; and is given by
1% % P
Py, = ) o L -1 2.114
Omax™ 2R T 2R 2 @119
yielding
Py =2P oy (2.115)

To achieve the specified maximum output power P,
required load resistance is given by

omax At @ given power supply voltage V;, the

2

m(max)

= 2.116
2P Omax ( )
The drain efficiency is
P P 1 P
”D=P_O=2P—O=§<PO> (2.117)
1 Omax Omax

Figure 2.27 shows the efficiency of the Class A RF power amplifier as a function of the normal-
ized output power P, /P),.... In the Class A RF amplifier, the efficiency is directly proportional
to the output power. This is because the dc supply power P, is constant.

Assuming Rayleigh’s PDF of the output power P,

P2

P, _fo
g(Py) = —e ¥ (2.118)
c

0.5

0.45 : i

0.4 b

0.35 i

03[ i

U]

0.25 i

0.15 : :

0.1f :

0.05 i

O L L L L
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Figure 2.27 Drain efficiency 7, of the Class A RF power amplifier (with choke inductor) as a
function of the normalized output power P, /P,

Omax*
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the product is obtained

1/ P P, _"%
1P = 3 <P 0 ) Top @119)
Omax

and the long-term average drain efficiency is obtained

Pomax Poax 1 PO PO B i
Npuvy = np8&(Pp)dP, = 5 e w2 dP,
0

0 P Omax 9

S / g g, o o [x (2.120)
2P Omcura2 0 o © 2p Omax 2 '

Figure 2.28 shows plots of drain efficiency 7, Rayleigh’s PDF g(P,), and their product n,g(P)
for the Class A RF power amplifier (with choke inductor) as a function of the output power P,,
at Py, = 10W and ¢ = 3. For P, = 10 W and ¢ = 3, the long-term average efficiency is

o T 3 T
-9 Jr__3 T _ 133 2.121
o) = 5p \/; 2% 10\/; ’ (2121

For f # f,, the drain efficiency is

P v,?
,,Dzﬂ=l< m >C03¢ (2.122)

P2\ Vp

Figure 2.29 shows plots of drain efficiency #,, as a function of V, /V, at selected values of ¢
for the Class A RF power amplifier.
As ¢ increases, the drain efficiency 7, also decreases.
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Figure 2.28 Drain efficiency #,,, Rayleigh’s PDF g(P,), and their product 1,g(P,) for the Class
A RF power amplifier (with choke inductor) as a function of the output power P, at P, =10 W and
o =3.

Omax
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Figure 2.29 Drain efficiency 7, as a function of V, /V, at selected values of ¢ for the Class A RF
power amplifier.

2.6.3 Drain Efficiency at Nonzero Minimum Drain-to-Source
Voltage

In reality, a MOSFET behaves as a dependent current source above a minimum drain-to-source
voltage
Upsmin = Upssar = VGs — Vt = VGS + Vgsm - Vt (2.123)

and therefore the maximum amplitude of the ac component of v, is given by
Vm(max) = VI ~ UpSmin = VI - VGS - Vgsm + Vt (2]24)

resulting in the maximum drain efficiency

2 2 2
1 Vm(max) 1 vl ~ UpSmin 1 UDSmin 1
Iomax 2( 17 2 v, 2 v, =2 (2.125)

The efficiency of the Class A RF power amplifier is low. Therefore, this amplifier is used in low
power applications or as an intermediate stage in a cascaded amplifier. The maximum drain effi-
ciency of the Class A RF amplifier is 50%. In contrast, the maximum efficiency of Class A audio
power amplifiers is 25%. This is because the RFC is replaced by a resistor at low frequencies,
which dissipates power.

2.6.4 Ovutput-Power Capability of Class A RF Power Amplifier

In the Class A RF power amplifier, 7, = {; and V,

m(max

) = V. the maximum drain current is

(max

Ipys = I + Lygay = 21, (2.126)
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and the maximum drain-to-source voltage is

Vosit = Vi + Vaman = 2V, (2.127)

(max

The output-power capability of the Class A RF power amplifier is

P Omax 1 Im(max) Vm(max) 1 1 1 1 1
= = - == ==-X=X-==-=0.125
= Volon 2\ Iy ) \ Vg ) = 20maPina = 53X 5 %5 =3
(2.128)
where the maximum values of coefficients a; and f, for the Class A RF power amplifier are
Im(max) 1
Xymax = IDM = E (2129)
and
Vm(max) 1
= == 2.130
ﬂ Imax VDSM 2 ( )

Alternatively, the output power capability can be described as

_ P Omax — __ ”DmaxP I _ ]I VI _
s = Mpmax \ 7 = Npmax@Po

*IonVosu  IouVosu Ipy Vosu
1.1 .1 1
=-X-X=-=-=0.12 2.131
5 X > X 5= 3 0.125 (2.131)
where 7, = 0.5 and the coefficients &, and f, for the Class A RF power amplifier are
I
@ = —— = 1 (2.132)
Iy 2
and
p= 1 (2.133)
*7 Vosu 2
2.6.5 Gate Drive Power
The gate drive power is
1 1 :
gsm
P, = Elnggsm cos ¢g = §I§mRG cos ¢ = E cos ¢g (2.134)

where R is the gate resistance and ¢ is the phase shift between the gate voltage and the
gate current. The gate impedance consists of a gate resistance R; and a gate input capacitance
C, =Cp+(1-A,)C,,, where C, is the gate-to-source capacitance, C,, is the gate-to-drain
capacitance, and A,, is the gate-to-drain voltage gain. The gate input capacitance is increased by
the Miller effect.

The power gain of the amplifier is

. o _ 0.5V2/R (V. V' (Rg 1 5 135
»P—p. 2 “\vy >y (2.135)
¢ 0.5Vg,cos ¢g/Rg
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2.7 Parallel-Resonant Circuit
2.7.1 Quality Factor of Parallel-Resonant Circuit

The resonant angular frequency of the resonant circuit is

Wy = L (2.136)
VLC
The characteristic impedance of the parallel-resonant circuit is
[L 1
Z =1/ ==w,L=—— 2.137
0 C Wy CUOC ( )
The loaded quality factor is
0 =2 Maximum instantaneous energy stored at fy  _ [w(@1) + w(@y)],0
L= Total energy lost per cycle at T, = 1/f;, B P,T,
[wL(th) + wC(wOI)]max wL(w[)t)max wC(w()t)mwr
= a)o = wO = a)o (2]38)
Py Py Py
where the instantaneous energy stored in the capacitor C is
we(wot) = %CU?) = %Cv,icos%or (2.139)
and the instantaneous energy stored in the inductor L is
1a 1.5 .5 L (VN ., 1 ovns
wy (wyt) = ELiL = ELImsm Wyt = EL m sin“wgyt = ECVmsm Wyt (2.140)
Hence,
1 2 a2 2
ECVm(Sm Wyt + cos“wyt) R R C
Q; =2n =wyCR=—=—=Ry/—
V2 Z, wl L
2Rf,
1 2 1. »
—CV, =Ll
2 " _ WCm _ 2" _ WLm
= w, = w, = m, = w, (2.141)
Py Py Py Py
The amplitude of the current through the inductor L and the capacitor C is
Vm le Vm le RIHl
L, =1, = = — =0,1, (2.142)

oL oL  1jw,C  1jw,C  Z

0
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2.7.2 Impedance of Parallel-Resonant Circuit

For the basic parallel-resonant circuit L-C-R, the output voltage v, is equal to the fundamental
component of the drain-to-source voltage v

U, = Uy (2.143)
For the ideal parallel-resonant circuit, i, =i, = —iy, yielding the relationship among the fun-

damental components /- ; = I, = —I,. Hence, the admittance of the parallel-resonant circuit in
the s-domain is

1 1
, 2 c(easkin L)
Y(s)=i=l+sC+L=LCRs +Ls+R _ RC LC (2.144)
Vis R sL LRs s
and the impedance of the parallel-resonant circuit in the s-domain is
1 s s
Z(8) = — = = (2.145)
Y(s) c<s2 +s L4 L ) C(s2 + 28 wys + o)
RC LC

where 2{w, = 1/RC. Setting s = jw, one obtains the admittance of the parallel-resonant circuit
in the frequency domain

. 1. 1 1 . o @ i
Y(jw) = ~ (C——):— 1 @O 20| = y|eitr 2.146
(o) = +i(0C-—) = +JQL(% w)] Y] (2.146)
in which
2
1 w Wy
Y|==4/14+Q* — - — 2.147
=y 2-2) @
and
0] @
¢y = arctan [QL <— - —>] (2.148)
0w,
The impedance of the parallel-resonant circuit is
Zjw) = —— = ! - R = |Z|e*” (2.149)
R wL LA P
where
R
|Z] = (2.150)
2
)
\/1 + Qi(ﬂ _ _0>
w, o
and
¢, = — arctan [QL <ﬂ - @)] (2.151)
0,

Figures 2.30 and 2.31 show the normalized input impedance |Z|/R and phase ¢, of the
parallel-resonant circuit at different values of Q; .

2.7.3 Bandwidth of Parallel-Resonant Circuit

The coupling capacitor current to the output voltage transfer function (which is a transresistance)
is given by
et Va
C C . @ @
e e ()

w0, ®

= |Z|e?z (2.152)
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Figure 2.30 Normalized magnitude of the input impedance of the parallel-resonant circuit |Z|/R
at different values of Q, .
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Figure 2.31 Phase of the input impedance of the parallel-resonant circuit ¢, at different values of

Q-



100 RF POWER AMPLIFIERS

The parallel-resonant circuit acts as a bandpass filter. The magnitude of the impedance Z of the
amplifier decreases by 3 dB when

1zl _

- ! =L (2.153)
> w CUO 2 \/E
I+0/\ ———
w, o
yielding
0, <2—@> -1 (2.154)
w, o
and
o (3—@> =1 (2.155)
w, o
Hence, the lower 3-dB frequency is
_ — 1 -
= 1+ —= ) — =— (2.156)
r=hl\1+ (55) ~ 55
and the upper 3-dB frequency is
_ — 1 -
— 1+ — ) + — (2.157)
fH fO <2QL> ZQL
The 3-dB bandwidth of the resonant circuit is
BW =f, —sz‘Qf—O (2.158)
L

2,8 Power Losses and Efficiency of Parallel-Resonant
Circuit

Figure 2.32 shows the equivalent circuit of the Class A RF power amplifier with parasitic resis-
tances. The power loss in the equivalent series resistance (ESR) of the inductor 7; is

ruf, _ nQln _ 10

== =" =—7%Fo (2.159)
The power loss in the resonant inductor consists of the core loss and the ac winding loss. The
power loss in the ESR of the capacitor 7. is

rely, reQiL reQF
Po="Gm_ CLm_ CLp) (2.160)
2 2 R
The power loss in the ESR r, of the coupling capacitor C,; is

2
P _ rCCI”l T'ce
rCe —

=—P 2.161
) R o ( )
Neglecting the ac component of the current through the choke L, and assuming that /; ~ /,,,, the

power loss in the dc resistance of the choke is

rLf rLf rLf
P =ryl = ?le = ~ (2.162)
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Figure 2.32 Equivalent circuit of the Class A RF power amplifier with parasitic resistances.

The power loss in the choke is approximately the dc winding loss. The overall power loss in the
resonant circuit is

(rL + rc)QiI’i rCL'It%l

2
P.=P,+Pc+Pc.+P,y= + 1yl

2 2

QX (rp +re)+re, +7

= |2« Hlp, (2.163)
R
resulting in the efficiency of the resonant circuit
P

po= —0_ - 1P S (2.164)

Pyo+ P, 14+ B Q;(rp+re)+re.+ 1y

I+
Po R

The overall power loss of the transistor, the resonant circuit, the coupling capacitor, and the RFC
is

Ps=Pp+P, =Py, +P, +Pc+Pc.+Py (2.165)
The overall efficiency of the amplifier is
P, P, P P
p=ro_Lolos_, . _ _To _ 1P (2.166)
P Ppg Py Po+Prs ., s
Py

Figure 2.33 shows an equivalent circuit of the parallel-resonant circuit in which parasitic resis-
tances r; and r are represented by a parallel resistance R,. The quality factor of the resonant

inductance is
,L

QLo -

(2.167)
L

yielding the equivalent parallel resistance of r;

R, =r(1+0}). (2.168)
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. e

@) (b)

Figure 2.33 Equivalent circuit of the parallel-resonant circuit in which parasitic resistances r, and
7. are represented by a parallel resistance R,. (a) Original lossy parallel-resonant circuit. (b) Equivalent
parallel-resonant circuit.

The quality factor of the resonant inductance is
1

= 2.169
Qco o.Lr, ( )

yielding the equivalent parallel resistance of r;
Rc=r,(1+07%) (2.170)

The parallel equivalent resistance of r; and r is

R R, _ r(1+ Qm)zrc(l + ch)z

= = > (2.171)
RrL + RC{I rL(l + QLO) + rC(l + QC0)2
The input power of the resonant circuit is
| 1 R,R 1
Ppo==I; (R.|IR)==I =-I7 R 2.172
DS 2 dm( r” ) 2 dm <R,+R 2 dm”™ 't ( )
where the total parallel resistance is
R.R
R =— 2.173
" R.+R ( )
The output power is
P, = %I;R (2.174)

The relationship between the amplitudes of the drain current /,,, and the amplitude of the output
current /,, is

R
Im =Idmm (2175)
The efficiency of the resonant circuit is
P R,
P R S (2.176)
Po+P, R+R. R
Rr
The gate drive power is
1,,V,
P, =" cos ¢ (2.177)
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where 1, is the amplitude of the gate current. The power-added efficiency is

Py
Po—p, °T% P | 1
o~ I'c P 0
eae PI P[ Pl < kp) < kp) ( )
where the power gain is
P
k, = =2 (2.179)
Pg

For k, =1, npyg = 0.

2.9 Class A RF Power Amplifier with Current Mirror

Figure 2.34 shows the Class A RF power amplifier with a current mirror biasing. Figure 2.35
depicts an equivalent circuit for the dc component of the Class A RF power amplifier of Fig. 2.34.
The biasing circuit of the power MOSFET consists of a MOSFET Q, and a dc current source /...

v

I

/ ref

o |t

+
| T Cecz L c R § Yo

Y

/ ref

o |F——| o

Vas

Figure 2.35 Equivalent circuit for the dc component of the Class A RF power amplifier biased with
current mirror.
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This circuit develops a dc component of the gate-to-source voltage V¢ for the power transistor
Q,. The dc reference current source /,,, can be replaced by a resistor

V,—V
R=-L G5 (2.180)

L

Example 2.1

Design a basic Class A RF power amplifier to meet the following specifications: P, = 0.25 W,
V,=33V, f=1GHz, BW=100MHz, V,=0.356V, K,=u,C, =0.142mA/V?,
r, =0.05Q, rc =0.01Q, re. =0.07 Q, and r;p = 0.02 Q.

Solution. The amplifier will be designed for the maximum power P, = 0.25 W. Assume that
the MOSFET dc gate-to-source voltage is Vg = 0.8 V. Hence, the maximum gate-to-source
amplitude is

Vesmmary = Vos — Vi = 0.8 = 0.356 = 0.444 V (2.181)

Pick V,,, = 0.4 V. The maximum saturation drain-to-source voltage at vgg,,c = Vs + Voo =
0.8404—-12Vis

Upssat = Vs — Vi = Vs + Vog =V, = 0.8+ 0.4 = 0.356 = 0.844 V (2.182)

Pick the minimum drain-to-source voltage v, = 1 V.
The drain efficiency is

1 Upsmin | _ 1 1y
nD=5<1_T1> =§<1—§) = 0.2429 = 24.29% (2.183)
Assuming the efficiency of the resonant circuit n, = 0.8, the total efficiency is
n=npn, = 0.2429 X 0.8 = 0.1943 = 19.43% (2.184)
Hence, the dc supply power is
P, = % = % = 1.2809 W (2.185)
The drain ac power is
Ppg = npP; =0.2429 x 1.2869 = 0.3126 W (2.186)
The power loss in the transistor at P, is
Py =P, —Ppg =12869 —0.3126 = 0.9743 W (2.187)
The power loss in the reactive components is
P.=Pps—P,=03126-0.25=0.0626 W (2.188)
The amplitude of the output voltage is
Viuinary = Vi = Upsmin = 33— 1=23V (2.189)
The maximum drain-to-source voltage is
Vosmax = Vi +V, =33+23=56V (2.190)
The load resistance is
R= Vi = 2¥ =10.58 Q (2.191)

2P, 2x0.25
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The amplitude of the load current and the ac component of the drain current is

Vie 23
I,=—=—"">==02174A (2.192)
R 10.58
The dc component of the drain current is
Ip=1,=125I,=125%0.2174 = 0.27175 A (2.193)
The maximum drain current is
Ipy =1p+1,=0271754+0.2174 = 0.48915 A (2.194)

The dc resistance that the amplifier presents to the power supply is

_Vi_ 33
beT T 027175

The loaded quality factor of the parallel-resonant circuit at f = f; is

R

=12.14 Q. (2.195)

0, = J_OW - % ~10 (2.196)
The resonant inductance and capacitance are
R __ 1058 _ ega7pH (2.197)
®,Q; 2xx10°x10
and
C= & = 10 = 150.43 pF (2.198)

woR 27 x 10° x 10.58
The reactance of the RFC is

X;r = 100R =100 X 10.58 = 1058 Q (2.199)
resulting in the choke inductance
X
L="42 = 198 _168300m (2.200)
T w27 x10°

The reactance of the coupling capacitor C,, is

R _ 1058

Xpp= = 2
€™ 100 ~ 100

=0.1058 Q (2.201)

yielding
1 1
CL'I = =
0oXcep 27 %109 x0.1058

The power loss in the inductor ESR is

= 1.5nF (2.202)

ndr, Qi 0.05x 107 x 0.21742

= = =0.118 W 2.203
rL 2 2 2 ( )
and the power loss in the capacitor ESR is
rel? r Qzl,%l 2 2
P.= clom _ Teitm _ 0.01 x 10 x 0.2174 — 0.0236 W (2.204)
2 2 2
The power loss in the ESR r,. of the coupling capacitor C, is
red? 2

rCe — 2 2
The power loss in the ESR of the choke is

Py =rd; =0.02%027175" = 0.001477 W (2.206)
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The total power loss in resonant circuit, RFC, and coupling capacitor is

P, =P, +P,c+P,c +P,;;=0.118 +0.0236 + 0.00165 + 0.001477 = 0.144727 W

(2.207)
The efficiency of the resonant circuit is
P
=P, f P, 025 +062.f44727 = 63.33% (2.208)
The efficiency of the amplifier is
n = npn, = 0.2429 x 0.6333 = 15.38% (2.209)
The power loss in the transistor and the resonant circuit is
P,g =P+ P, =0.6063 +0.144727 = 0.751 W (2.210)

The maximum power is dissipated in the transistor at P, = 0. Therefore, the heat sink should
be designed for P, = P; % 1.3 W. Assuming the gate drive power P; = 0.025 W, the power
gain is
P
ko=to_ 025 _ ., 2.211)
P Ps o 0.025

The power-added efficiency is

Py —P;  0.25-0.025

- = = 0.1748 = 17.48% 2212
Teae = —"p, 12869 ’ (2212

Let us use a power MOSFET Q, with the following parameters: K,, = y,,,C,,, = 0.142mA/V?,
V,=0.356V, and L = 0.35 pm. The gate-to-source voltage at the operating point V¢ = 0.8 V.

Hence, the aspect ratio of the power MOSFET (, is given by
W 21y 2x0.27175

2 = = =19,415 (2.213)

L K,(Vgs— V)2 0.142x 102 x (0.8 — 0.356)2

Let us assume W/L = 20, 000. Hence, the MOSFET channel width is
W= (% ) L =20,000L = 15,860 X 0.35 x 107 = 7 mm (2.214)

Hence,

K= 1;4,,0C,,x (K> = iKn (K) = Lyo0142x 107 X 20,000 = 1.42 A/V>  (2.215)
2 L 2 L 2

The dc drain current is
Ip=K(Vg—V)? =142 x (0.8 — 0.356)* = 0.28 A (2.216)

The transconductance of the power MOSFET (, at the operating point is

g, =1/2K, (V—LV ) I, = V2% 0.142 x 1073 x 20,000 x 0.28 = 1.26 A/V 2.217)
The amplitude of the ac component of the gate-to-source voltage is
1
Vow = — = 02174 _ 0.1725V (2.218)
8 8m 1.26

A current mirror can be used to bias the power transistor, as shown in Fig. 2.34. The reference

current is

o2l e (MY vy 2219
ref_zyn ox L_l (GS_ t) Q. )
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Assuming the same length of the channel of both transistors (i.e., L = L,), the dc current gain is
the dc current gain of the current mirror

1
A=W o0 (2.220)
Ire_f 1
The reference current is I
f = T = 028 _ 58 ma (2.221)
100 100

Hence, the width of the channel of the current mirror MOSFET Q, is given by
W 7,000% 1076

=— = =70 2222
= 100 100 wm (2222)
Thus, the aspect ratio of the biasing transistor is
Wi 70
— = —— =200. 2.223
L 035 ( )
The power consumption by the current mirror is
Py =1V, =28X% 1073 x3.3 =924 mW (2.224)

The choke inductance L, and the coupling capacitance form a high-pass filter whose corner
frequency is

1 1
I

27\LiC, 2724/168.47 x 102 x 1.5 x 109

To reduce the magnitude of peaking of the transfer function of the high-pass filter, the coupling
capacitance C, should be large and the choke inductance L, should be low.

= 10.016 MHz (2.225)

2.10 Impedance Matching Circuits

Figure 2.36 shows parallel and series two-terminal networks. These two networks are equivalent
at a given frequency f. The reactance factor of these networks is given by Kazimierczuk and
Czarkowski [5]

== (2.226)

x R
q=-
P

(a) (b)

Figure 2.36 Parallel and series two-terminal equivalent networks. (a) Parallel two-terminal net-
work. (b) Series two-terminal network.
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The impedance of the parallel two-terminal network is

7 RiX  RX(R-jX)  RX*+jR’X R L X
TREX T REXOR—X) R+x2 e T xe
)
X R
R . .
= +j =r4jx (2.227)
1+ 42 14+ L
q2

Hence, the ESR at a given frequency is

R
=— 2.228
Ty q* ( )
and the equivalent series reactance at a given frequency is
X = X 1 (2.229)
1+ —
q

Consider the matching circuit #1 shown in Fig. 2.37. The reactance factor of the section to the
right of line A is

Ry xa
== 2.230
qa X, ( )
The ESR and reactance of the circuit to the right of line A are
Ry Ry
ry=rg=——= (2.231)
ATTET 4 7 1+4
X4
X4 = 1 (2.232)
I+
94
and
R,
gy =1/ — -1 (2.233)
T'a
The loaded quality factor is
X
0, ==% (2.234)
T'a

The series reactance to the right of the B line is

X =Xap — X4 = (Qp — qu)rs (2.235)

Since X, = X~ at the resonant frequency, the reactance factor of the circuit to the right of line
Bis

R
gg=E2-2_ R (2.236)
rg Xp  Xpe
resulting in
Ry=R=rp(1+¢3) (2.237)

and

Xy = xp <1 + iz> (2.238)
4p
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Figure 2.37 Impedance matching resonant circuit 7 1. (a) Impedance matching circuit. (b) Equiva-
lent circuit after the conversion of the parallel circuit R,-X, into the series circuit r,-x,. (¢c) Equivalent
circuit after the conversion of the series circuit r,-(x, +x,,) into the parallel circuit Ry-X.

Example 2.2

Design an impedance matching circuit to meet the following specifications: R, =50 Q, R =
10.58 Q, and f = 1 GHz.

Solution. Assume g, = 3. The reactance X is

Xpe= —— =R _1038 3579 (2.239)

B ,C, B a 3
producing
1 1

0 Xpe | 27 % 10° X 3.526

C = =45.14 pF (2.240)

Now
R 1058

=T l+q, 32+1 ( )
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Figure 2.38 Class A RF power amplifier with an impedance matching resonant circuit z1.

which gives

R, 50
=L -1=y/o - 1=6801
U=, 1.058

1 R, 50
X, = =Lt=_—"0=73519Q
A7 w,C, gy 6.801

The reactance of C, is

resulting in
1 1

X, 27 x10°x7.3519
The amplitude of the output voltage is

Vom =V 2RLPO
=V2x50x0.2

=5V.

C, = =21.65 pF

The loaded quality factor is

X X X
0, =28 =" 14 -4 4+q,=3+6801 =9.801
W\ o Ty
Thus,
x4 = 0oL = Q,ry = 9.801 X 1.058 = 10.3695 Q

and
L= Xap  10.3695

=22 = = 1.65nH
The bandwidth of the output circuit is
9
pw=20 2 19 100 mu,
0, 9.801

Figure 2.38 shows a circuit of a Class A RF power amplifier with a matching network.

(2.242)

(2.243)

(2.244)

(2.245)

(2.246)

(2.247)

(2.248)
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2,11 Class A RF Linear Amplifier

2.11.1 Amplifier for Variable-Envelope Signals

Modern wireless communication systems use power amplifiers to amplify variable-envelope sig-
nals. Linear amplifiers are required to amplify variable-envelope signals, such as AM signals.
The Class A amplifier is a linear amplifier. Figure 2.39 shows a block diagram of an AM trans-
mitter with a linear RF power amplifier that amplifies an AM voltage. A low-frequency audio
amplifier amplifies a modulating signal. The carrier-fixed amplitude signal of frequency f,. and
the modulating signal of frequency f,, are applied to an AM modulator to obtain an AM sig-
nal. The linear RF power amplifies the AM signal. This signal is radiated by an antenna to be
propagated to receivers. Figure 2.40 shows waveforms of the gate-to-source voltage v and the
drain-to-source voltage v in an ideal linear amplifier.
The modulating voltage is given by

v;,(t) =V, cos w,,t (2.249)

The carrier voltage is
v, = V;.cos w.t (2.250)

where @, > w,,. The gate-to-source AM voltage at the input of a Class A RF amplifier is
Ugs = Visg + V() cos .t = Vg + [V + v, (D] cos ot
= Vgso + (Ve + V€08 @,,1) cOs w1
= Vgso + Vie(1 + mcos w,,1)cos w1

mV

mV, i

ic

= Voo + Viccos o 1+ cos(w,. — w,, )t + cos(w,. + w,)t (2.251)

where Vi, is the dc component of the gate-to-source voltage and the modulation index is

V.
m=—= (2.252)
Vic
Antenna
fe AMPLITUDE RF POWER
MODULATOR AMPLIFIER
+
VC
Fim AUDIO
AMPLIFIER

Figure 2.39 Block diagram of an AM transmitter with a linear RF power amplifier that amplifies
an AM voltage.
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Ups Ups

Figure 2.40 Amplification of an AM signal in the Class A linear amplifier.

To avoid distortion of the AM signal, the transistor must be on at all times. The maximum
amplitude of the ac component of the gate-to-source voltage occurs at m = 1

1% )=V (1+1)=2V, (2.253)

gsm(max)

= V(1 +m,,
The dc gate-to-source voltage at the operating point Q must satisfy the following condition:
Viso > 2V, (2.254)
Assuming a linear law, the drain current is
ip =Kwgsg = V) = K[Vggo + V(t) cos wt = V]
=K {Vgso + [Vie tv,(D]cos wt =V} =1p, + i, (2.255)
where the dc component of the drain current is
Ing = K,(Vgso — V) (2.256)
and the ac component of the drain current is
i; =K][(V,.+V,,cos w,t)cos w.t] = K][(V;.(1 + mcos w,t)cos w.]
mv,,

mV

ic

= K[V, cos w.t+ cos(w, — w, )t + cos(w, + w,,)t] (2.257)

Thus, the drain current waveform exhibits the AM.
Assuming a linear relationship v,g = A, v, We obtain the drain-to-source AM voltage

Ups = Vpsg +A,Vi(1 + mcos w,t)cos w.t = Vpgy+ V.(1+mcos w,t)cos w.t (2.258)

v e

where A is the voltage gain of the amplifier and the amplitude of the carrier at the amplifier
output is
Ve=4AVY (2.259)

To avoid distortion, the dc drain-to-source voltage at the operating point must satisfy the condi-
tion:
Vpso > 2V, + Vgso =V, (2.260)
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The output AM voltage of the amplifier modulated with a single sinusoidal voltage is
v, =V.(l +mcos w,,t)cos w.t (2.261)

The instantaneous output AM power of the amplifier with a fixed load resistance and modulated

with a single sinusoidal voltage is

v2(t)  VA(1+ mcos w,,1)*cos’w,t
2R 2R

The dc power P, drawn from the power supply is constant. Hence, the instantaneous efficiency
of the Class A power amplifier is

P,(1) =

(2.262)

P,(t) V(1 +mcos w,t)’cos’w,t

! 2.263
0 Py 2RP, ( )
The average efficiency of the Class A amplifier with an AM output voltage is
Poaviam) /V:m PDE(V)P,(V)dV
Mav = = (2.264)
Py 2RP,

where PDF is the power density function.

2.11.2 Amplifiers for Constant-Envelope Signals

Class A amplifier can be used to amplify constant-envelope signals, such as angle-modulated
signals (FM and PM signals). The gate-to-source FM voltage is

Vgs = Vipgo + Vie cOS(@, 1 + m; sin @, 1) (2.265)

where
Viso > Vie (2.266)

Hence, the drain-to-source FM voltage is

Ups = Vpsg + A,V cos(w.t +msin w,,1) = Vigy + V. cos(w.t + msin w,,1) (2.267)

where
A
my = f—f (2.268)
V.=A,V, (2.269)
and
Vpso > Vie + Veso — Vi (2.270)

2,12 Summary

e The conduction angle of the drain current is 26 = 360° in the Class A power amplifier.

e The operating point of the transistor in the Class A amplifier is above the transistor threshold
voltage V, such that the gate-to-source voltage waveform is above V, for the entire voltage
swing (Vy,, < Vgs — V, or Vg — Vi, > V). Therefore, the transistor never enters the cutoff

Sm gsm
region.

e The RFC in the Class A RF amplifier can be replaced by a quarter-wavelength transformer.
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The quality factor of the resonant circuit is proportional to the total energy stored divided by
the energy dissipated per cycle.

The transistor is biased at a dc current greater than the peak value of the ac component of the
drain current (1,, < Ip).

There is no sharp dividing boundary between Class A power amplifiers and small-signal
amplifiers.

In the Class A RF power amplifier, the dc supply voltage and the dc supply current are con-
stant.

The dc supply power P; in the Class A RF power amplifier is constant and is independent of
the amplitude of the output voltage V,,.

In the Class A RF power amplifier, the drain efficiency is proportional to the output power.
Power loss in the transistor of the Class A RF power amplifier is high.

The Class A power amplifier dissipates the maximum power at zero output power. In this case,
P, =P,

The maximum drain efficiency of Class A RF power amplifiers with the RFC is 50%. It occurs
at/, =land V, = V.

In practice, the efficiency of the Class A RF power amplifier at its peak output power is approx-
imately 40%

Linear amplification is required when the amplified signal contains both amplitude and phase
modulation.

Class A power amplifiers exhibit weak nonlinearity. Therefore, the HD and IMD in Class A
power amplifiers are low, compared to the amplifiers. These circuits are nearly linear ampli-
fiers, suitable for the amplification of AM signals.

The Class A power amplifier suffers from a low efficiency, but provides a higher linearity than
other power amplifiers.

Negative feedback can be used to suppress the nonlinearity.
The amplitude of the current in the parallel-resonant circuit is high.

Power losses in the parallel-resonant circuit are high because the amplitude of the current
flowing through the resonant inductor and the resonant capacitor is Q; times higher than that
of the output current /,,.

The maximum drain efficiency of the Class A audio amplifier, in which the RFC is replaced
by aresistor, is only 25% at I, = [; and V,, = V.

The power losses in the parasitic resistances of the parallel-resonant circuit are Qi times higher
than those in series-resonant circuit at the same amplitude of the output current.

The amplitudes of harmonics in the load current in the Class A amplifier are low.

Class A power amplifiers are used as low-power drivers of high-power amplifiers and as linear
power amplifiers.

The dc gate-to-source voltage V¢ of the power MOSFET can be developed by a current
mirror.
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2.13 Review Questions

2.1 What is the channel-length modulation in MOSFETs?

2.2 How does the average velocity of current carriers depend on the electric field intensity in
semiconductor devices?

2.3 What is the saturation of the average velocity of current carriers in semiconductors?
2.4 What is the short-channel effect?

2.5 Sketch the i}, versus v characteristics of MOSFETSs with long, intermediate, and short
channels.

2.6 Sketch the ij, versus vy characteristics at the same voltage v,y of MOSFETs with long,
intermediate, and short channels.

2.7 What are wide band gap semiconductor materials?

2.8 What is the value of the conduction angle of the drain current in the Class A power
amplifier?

2.9 Explain the principle of operation of a quarter-wavelength transformer used in place of RF
choke.

2.10 What is the location of the transistor operating point for the Class A RF power
amplifier?

2.11 Does the dc supply power of the Class A amplifier depend on the output voltage amplitude
V.,?

2.12 TIs the power loss in the transistor of the Class A amplifier low?

2.13 Are the power losses in the parallel-resonant circuit high?

2.14 Ts the efficiency of the Class A RF power amplifier high?

2.15 TIs the linearity of the Class A RF power amplifier good?

2.16 Are the harmonics in the load current of the Class A RF power amplifier high?

2.17 What are the upper and lower limits of the output voltage in the Class A amplifier for linear
operation?

2.18 Explain the operation of the Class A power amplifier with a current mirror?

2.14 Problems

2.1 Calculate the maximum channel length of a silicon MOSFET at which the transistor is
operated at high field (i.e., with a short channel) at v,y = 0.2 V.

2.2 Determine the drain efficiency of a Class A amplifier with an RF choke to meet the following
specifications:
(@ V,=20VandV, =10V.
(b) V,;=20VandV, =18V.

m

2.3 Determine the maximum power loss in the transistor of the Class A amplifier with an RF
choke, whichhas V; =10V and I, = 1 A.
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2.4 Design a Class A RF power amplifier to meet the following specifications: P, = 0.25 W,
V,=15V,and f = 2.4 GHz.

2.5 Design an impedance matching circuit for the Class A RF power amplifier with R, = 50 Q,
R=25Q, and f = 2.4GHz.

2.6 Determine the drain power loss and the drain efficiency of a Class A RF power amplifier
withl, =1Aand V, =8 V.

(a) For V, =20V.
(b) ForV, =10V.
2.7 A Class A RF power amplifier has V, = 20 V. Determine the drain efficiency.
(a) ForV,, =0.9V,.
(b) ForV,, =0.5V,.
(¢c) ForVv, =0.1V,.
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Class AB, B, and C RF Power
Amplifiers

3.1 Introduction

The Class B radio-frequency (RF) power amplifier [1-10] consists of a transistor and a
parallel-resonant circuit. The transistor is operated as a dependent current source. The
conduction angle of the drain or collector current in the Class B power amplifier is 180°.
The parallel-resonant circuit acts as a bandpass (BP) filter and selects only the fundamental
component. The efficiency of the Class B power amplifier is higher than that of the Class A
power amplifier. The circuit of the Class C power amplifier is the same as that of the Class B
amplifier. However, the operating point is such that the conduction angle of the drain current is
less than 180°. The conduction angle of the drain current in the Class AB power amplifier is
between 180° and 360°. Class B and C power amplifiers are usually used for RF amplification
in radio and TV transmitters as well as in mobile phones. In this chapter, we will present
Class AB, B, and C RF power amplifiers with their principle of operation, analysis, and design
examples.

3.2 Class B RF Power Amplifier

3.2.1 Circuit of Class B RF Power Amplifier

The circuit of a Class B RF power amplifier is shown in Fig. 3.1. It consists of a transistor
(MOSFET, MESFET, or BJT), parallel-resonant circuit, and RF choke. The operating point of
the transistor is located exactly at the boundary between the cutoff region and the active region
(the saturation region or the pinch-off region). The dc component of the gate-to-source volt-
age V; is equal to the transistor threshold voltage V,. Therefore, the conduction angle of the
drain current 20 is 180°. The transistor is operated as a dependent voltage-controlled current

RF Power Amplifiers, Second Edition. Marian K. Kazimierczuk.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
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Figure 3.1 Class AB, B, or C RF power amplifiers.

source. Voltage and current waveforms in the Class B power amplifier are shown in Fig. 3.2.
The ac component of the gate-to-source voltage v, is a sine wave. The drain current is a half
sine wave and contains the dc component, fundamental component, and even harmonics. The
parallel-resonant circuit acts as a BP filter, which attenuates all the harmonics. The “purity” of
the output sine wave is a function of the selectivity of the BP filter. The higher the loaded quality
factor Q;, the lower is the harmonic content of the sine wave output current and voltage. The
parallel-resonant circuit may be more complex to serve as an impedance matching network.

3.2.2 Waveforms in Class B RF Power Amplifier

The gate-to-source voltage waveform is given by
Ugs = Vs + Vg = Vg + Vg cos ot =V, + V,,, cos wt 3.1)
where V¢ = V, in Class B amplifiers. The saturation drain-to-source voltage is
Upssat = Vs = Vi=Vas+ Ve = Vi= Vit Ve = Vi = Vi (3.2)

The minimum drain-to-source voltage vjy,,;,, should be equal to or slightly higher than v},
The maximum amplitude of the drain-to-source voltage waveform is

Vm = VI = Upsmin < VI ~ Upssar = VI - Vgsm (3.3)
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Figure 3.2 Waveforms in the Class B RF power amplifier.

Using the square law for large-signal operation, the drain current is

K(vgs — V,)* = KV2,, cos’> ot = Ipycos? ot for —

gsm
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where ! W
K= moCoc (T 3.5
2 HnoCox L ( )
and ! W
IDM = KVg?sm = ErunOCox (Z) Vg,%sm' (3.6)

Using the linear law for large-signal operation, the drain current is proportional to the
gate-to-source voltage v, when v is above V,

K (vgs = V,) = KV, cos wt for - % <ot < %
ip= 3.7
3z
0 for Zcor<Z
2=
where {
K, = ECOXWUM, (3.8)
and the peak value of the drain current is
. 1
IDM = lD(O) = Ks Vgsm = Ecoxwusmvgsm (3.9)
Figures 3.3 and 3.4 show the waveforms of the drain current at V,,, =0.4V and V,, = 1V.

The ratio of the peak drain current with the MOSFET described by the square law to that of the
MOSFET described by the linear law is

IDM(Sq) _ ﬂnOVgsm (3.10)

TpmLiny Lu,

This ratio increases as V,,, increases. It can be lower or greater than 1.

0.3 ! ! ! ! !
: : ‘Linear law - :

025 D Yy e N SETETIOTE P -

oaf N

ip (A)

015 L L AT SN SEEEEEITRN ARITERREE 1
ot/ N\

005}/ b U b\ o\ ;

-90 -60 -30 0 30 60 90

Figure 3.3 Waveforms of the drain currents using the square law and the linear law in the Class B RF
power amplifier at V,,, = 0.4V, u,,C, =20 pA/V?, C, = %mF/mz, v, =8x10°cm/s, W/L = 10,
and W = 0.5 x 10° pm.



CLASS AB, B, AND C RF POWER AMPLIFIERS 121

1 T T T T
oof e N
0.8 SERRRRREEE DN -

: / : Squarelaw
0.7f e D Do N Do R
oef ) pas N N\ SR -
< osp L Do RN SRR :

8 : : : : :
oaf S\

; : : : Linear law

o3f -/ S R SRR N 1
o2f /) ST SEPRRR SRR AP AV ]
ot/ /- o NN

O I I I I I
-90 -60 -30 0 30 60 90

wt (°)

Figure 3.4 Waveforms of the drain currents using the square law and the linear law in the Class B
RF power amplifierat V,,,, = 1V, 4,,C, =20 pA/V?, C % mF/m?, v, = 8 x 10%cm/s, W/L = 10°,
and W = 0.5 x 10° pm.

The drain current in the Class B RF power amplifier is a half sine wave and is given by

T T
1 t f —=—<wt< =
Dy COS @. or 5 wt < >
ip = 3.11)
b4 3
0 f —<wt<—=—
or ) wl < 3

The drain-to-source voltage is expressed as

vps =V, =V, coswt (3.12)
The instantaneous power dissipation in the transistor is
Ipy coswt(V, =V, cos wt) for - % <ot < %
pplot) = ipvpg = ; (3.13)
0 for % <ot < 7”

The amplitude of the fundamental component of the drain current is
z z I
[ =1 / ", cos wtd(wr) = - / " 1, c0s’wtd(or) = % (3.14)
T J_= T J_z
2 2

The dc supply current is

1N

= —/ ipd(owt) = — /2 11 cos otd(wt) = l/ I, cos wtd(wt)
z 2w _ T Jo
2

r
2

1%
w2, 2V (3.15)
T
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The drain current waveform is

T T
I, cos wt for —=<wt<=
! 2 2
ip=
3
0 for —<a)t<77r

The drain-to-source voltage waveform at f = f;, is
v
vps =V, =V, coswt =V, (1 - 7’") coswt = V,(1 — &) cos wt

I
where

The instantaneous power dissipation in the transistor at f = f; is

Vin 7 b3
1, V,rcoswt | 1 — — cos wt for ——<wt< =
v, 2 2
pplot) = ipvpe =
0 for = <wt< 377[

Hence, the normalized instantaneous power dissipation in the transistor is

1%
ﬂcosa)t<l——mcosa)t> for —Z<wr<Z
pplon) V; 2 2

P, 3
0 for £<a)t§—7r
2 2
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Figure 3.5 Normalized instantaneous power dissipation p,,(wt)/P, at various values of V, /V, and

f = f; for the Class B RF power amplifier.
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The normalized instantaneous power loss in the transistor at various values of V, /V, and at
f =/fo is shown in Fig. 3.5 for the Class B power amplifier. As the ratio V,,/V, increases, the
peak values of p,,(wf)/P; decrease, yielding higher drain efficiency.

The normalized instantaneous power dissipation in the transistor at f # f; is

Vi 7 T
mcoswt |1 — — cos(wt + ¢p) for —Z<wt<=
V 2 2
pp(wt) 1
— = (3.21)
P, 3
0 for A
2
3.2.3 Power Relationships for Class B RF Amplifier
The dc resistance seen by the dc power supply V, is
Vi oV,
Rpe=—==—R. 3.22
pe II 2 Vm ( )
ForVv, =V,
2V,
=21 3.23
Imax T R ( )
resulting in the dc resistance seen by the power supply V,
VI T
R . =——=2=R 3.24
DCmin Ilmax 2 ( )

The maximum value of R, occurs at V,, = 0 and its value is R}, = 0. The amplitude of the
output voltage is

Rl 1 w
V=Rl = =2 = 20,0C,y <Z> RV,,, (3.25)
The dc supply power is
IDM 2 2 VIVm 2 V12 Vm
P]=IIV[=—V]=—V[Im=— R = — 7 7 (326)
T /4 p/s /4 |

Neglecting power losses in passive components, the output power P, is equal to the drain power

Pp. The drain power is
P,=P AT AATEAY (3.27)
TS 2 TR T2\ R v, ’

The power dissipation at the drain of the MOSFET is

1 [ 1 [ 2V, V2
PD=EZEPD(Wt)d(wt)=Z/_£lDUDSd(a)t)=P1_P0=; Rm_ﬁ
2 2

Y AAYAANTAAYAAY
7(?)(7)‘5(? (%) (329

The maximum power dissipation can be determined by taking the derivative of P, with respect
to V,, and setting it to zero. Thus,

p _ 2% _Ym_ (3.29)
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Figure 3.6 Normalized dc supply power P,/(V?/R), normalized drain power P,/(V?/R), and
normalized drain power dissipation PD/(V12 /R) as functions of V, /V, for the Class B RF power
amplifier.

The critical value of V,, at which the maximum power dissipation occurs is

2V,
o= — (3.30)
T

%

m

Hence, the maximum power dissipated in the drain of the transistor is

_4Vi a2V oV -
e =R THER - ER 330

Figure 3.6 shows plots of P;/(V}/R), P, /(V}/R), and Pj,/(V}/R) as functions of V,,/V/.
3.2.4 Drain Efficiency of Class B RF Power Amplifier

The drain efficiency of the Class B RF power amplifier is

P V2 /(2R v
mp= 205 o YnlCR__z(Vu) (3.32)
P, 2V,V, /(xR 4 \ 'V,
For V., uax) = Vj» We obtain the maximum drain efficiency
P
Npmax = —omax — 2~ 78.54% (3.33)
P, 4

The drain efficiency 7, as a function of V,,/V, for the Class B RF power amplifier is depicted in
Fig. 3.7. Using areal MOSFET, V, .00 = Vi = Upgmin < Vi — Upgyqr» ONE Obtains the maximum

drain efficiency
V V, = vpg,:) Upsmi
T m(max) Yy DSmin Y4 DSmin
MIDmax 4 ( Vi ) 4 V; 4 < Vi > ( )
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Figure 3.7 Drain efficiency 7, as a function of V, /V, for the Class B RF power amplifier.

3.2.5 Statistical Characterization of Drain Efficiency for Class B

RF Power Amplifier
Assuming Rayleigh’s probability density function (PDF) of the output voltage
Vi _ Vi
hV,)= ;e 22 (3.35)
the product of instantaneous drain efficiency #;, and the PDF (V) is
T Vm Vm —ﬁ
nph(V,,) = 1 <7[ ;e 207 (3.36)
Thus, the long-term average drain efficiency is determined by
4 Vi \% % v2
T m m -
= WV, )dav, = — | — ) —e >dV 3.37
nD(AV) /0 p ( m) m </0‘ 4 ( V] > 0_2 m ( )

Figure 3.8 shows drain efficiency #,,, Rayleigh’s PDF i(V,,), and the product #,h(V,,) as func-
tions of V,, at V; = 10V and ¢ = 3 for the Class B RF power amplifier.
The drain power or output power is

V2
Pps=Po= 3" (3.38)
The maximum drain or output power is
V2
I
PDSmw( = POmax = ﬁ (339)
Hence,
Po _(Vu)’ (3.40)
P Omax B VI .
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Figure 3.8 Drain efficiency #,, Rayleigh’s probability-density function A(V,), and the product
n,n(V,,) as functions of V,, at V, = 10V and ¢ = 3. for the Class B RF power amplifier.

yielding
V P
== g (3.41)
VI P Omax

Substitution of this equation into (3.32) produces the drain efficiency

z | Po
=— 3.42
o 4 P()max ( )

Figure 3.9 shows drain efficiency #,, as a function of P, /P,,,,,, for the Class B RF power ampli-
fier. The drain efficiency 7, of the Class B RF power amplifier is proportional to the square root
of the normalized output power Py, /P ,0x-

With Rayleigh’s PDF of the output power

Py 5
§Pp) = —e (3.43)
o
the product of the drain efficiency #;, and the PDF is
P P, P, _"%
Py =~ —e 2’ 3.44
an( 0) 4 POmax 62 ( )

Hence, the long-term average drain efficiency is determined by

P omax P omax o PO PO B i
Npayy = ; npg(Pp)dPy = ; 7 ¢ %2 dP,, (3.45)
Omax

Figure 3.10 shows drain efficiency #,,, Rayleigh’s PDF g(P,,), and the product #,g(P,) as func-
tions of P, /Py, for the Class B RF power amplifier.
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for the Class B RF power amplifier.

Figure 3.10 Drain efficiency 7,,, Rayleigh’s PDF g(P,), and the product 7,g(P,,) as functions of

P,atP

Omax

= 10W and o = 3 for the Class B RF power amplifier.
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Figure 3.11 Drain efficiencies 1, and #, as functions of V,,/V, for Class A and Class B RF power
amplifiers.

3.2.6 Comparison of Drain Efficiencies of Class A and B RF
Power Amplifiers

Figure 3.11 shows drain efficiencies #, and n, as functions of V,,/V, for Class A and Class B
RF power amplifiers. Figure 3.12 compares the efficiencies of Class A and Class B RF power
amplifiers as functions of P, /P, It can be seen that the drain efficiency of the Class B RF
power amplifier is higher than that of the Class A RF power amplifier at all levels of the output
power P,.

3.2.7 Output-Power Capability of Class B RF Power Amplifier

The maximum drain current is

Ipy =nl; =21, (3.46)
and the maximum drain-to-source voltage is
VDSM = 2VI = 2Vm(max) (347)
The output-power capability is
c = POmax _”Dmaxpl =7 <I_1><V1>_77 (Xﬂ
p - - max - max“0F0
" IowVosu  IouVosw " \py Vosu e
z 1 _1 1
=S Xx=-x=-=-=0.125 3.48
4 © 2 8 (348)
where the coefficients &, and f, for the Class B RF power amplifier are
1
@ =—= 1 (3.49)
Ipy =
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Figure 3.12 Drain efficiencies 7, and 5, as functions of P, /P for Class A and Class B RF

power amplifiers.

Omax

and
fy= =1 (3.50)
0 Vosu 2
Another method to determine e is
P Omax 1 Im(max) Vm(max) 1 1 1 1
=— == == ==-Xx=-x=-=0.125 3.51
Cp IpuVosu 2\ Ipy Vosu ZaImaXﬂlmax 22 2 ( )
where the maximum values of the coefficients a; and f, for the Class B RF power amplifier are
Im(max) 1
Ay = = - (3.52)
and v
m(max) 1
= == 3.53
ﬁ 1max VDSM 2 ( )

It is interesting to note that the value of ¢, of the Class B amplifier is the same as that of the
Class A amplifier.

Example 3.1

Design a Class B RF power amplifier to deliver a power of 20 W at f = 2.4 GHz. The bandwidth
is BW = 480 MHz. The power supply voltage is V; = 24 V.

Solution. Assume that the threshold voltage of the MOSFET is V, = 1 V. For the Class B RF
power amplifier, the dc component of the gate-to-source voltage is

Veg=V,=1V. (3.54)
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Assume that the amplitude of the ac component of the gate-to-source voltage is V,,, = 1.5V.
Hence, the saturation drain-to-source voltage is

Upssar = Vgs = Vi = Vos + Voggu = Vi = Vg = 1.5V (3.55)
Pick
Upsmin = Upssar F 0.5V =154+05=2V (3.56)
The maximum amplitude of the output voltage is
V=V, — Upgpin =24—-2=22V (3.57)

The load resistance is
Ve _ 22
R = =
2P, 2x20
Pick R = 12 Q. The amplitude of the fundamental component of the drain current and the output
current is given by

=12.1Q (3.58)

V, 22

I =—"=="="=1833A 3.59
m R 12 ( )
The dc supply current is
I, = %Im _2 x1.833 =1.167 A (3.60)
7 T

The dc resistance presented by the amplifier to the dc power supply is

V, 24

Rpe = Z =116 20.566 Q (3.61)
The maximum drain current is
Ipy =7l =7 X 1.167 = 3.666 A (3.62)
The maximum drain-to-source voltage is
Vs =2V, =2%X24 =48V (3.63)

Assuming that u,,C,. = 0.142 x 107> A/V2, V, = 1V, and L = 0.35 pm, the power MOSFET
channel width-to-length ratio is

21
W Zom __ 2X3666 _ 5 g8 (3.64)
L oy, Cotte  0.142X 1073 x 1.52
Let us assume W/L = 23,000. The channel width of the MOSFET is
W= (%) L =723,000 x 0.35 x 107° = 8.05 mm (3.65)
Hence,
K= %#no <%) = % % 0.142 x 1073 x 23,000 = 1.633 A/V (3.66)
The dc supply power is
P, =1V, =1167x24=28W (3.67)

The drain power dissipation is
P,=P, —P,=28-20=8W (3.68)

The drain efficiency is

P
=020 _ 91439 (3.69)

="p =2
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The loaded quality factor is

S 24
9= 3w = 048 670
The reactances of the resonant circuit components are
R 12
X, =Xe=—=—=24Q (3.71)
L C QL 5
yielding
X, 2.4
L=—=—" =159 pH 3.72
w0, 22x24x10° P G.72)
and
c=_1 ! —27.6 pF (3.73)

0Xe  2rx24x10°%24

The reactance of the RF choke is

X,;=10R=10x12=120Q (3.74)
which gives
Xy 120
L, =—=—""  =8nH 3.75
T o 2ax24x100 (3.75)

C

The reactance of the coupling capacitor is
Xee=—7=—==12Q (3.76)
which produces

CC = =
o Xee 27x24x100%x1.2

= 54.8 pF (3.77)

3.3 Class AB and C RF Power Amplifiers

3.3.1 Waveforms in Class AB and C RF Power Amplifiers

The circuit of the Class C power amplifier is the same as that of the Class B RF power amplifier.
The operating point of the transistor is located in the cutoff region. The dc component of the
gate-to-source voltage Vg is less than the transistor threshold voltage V,. Therefore, the con-
duction angle of the drain current 20 is less than 180°. Voltage and current waveforms in the
Class C power amplifier are shown in Fig. 3.13. The only difference is the conduction angle
of the drain current, which is determined by the operating point. The gate-to-source voltage
waveform is

Vs = Vg + Ugy = Vg + Vg COS 01 (3.78)
Since
Ugs(0) = Vg + Vg, c080 =V, (3.79)
the cosine of the conduction angle 0 is given by
V.-V,
cosf = ’V—GS (3.80)

gsm
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Figure 3.13 Waveforms in Class C RF power amplifier.

and the conduction angle of the drain current waveform is

V.-V
arccos (’7“>

gsm

6=
180° — arccos <

gsm

Vt - VGS

V,—V
’TGS>0 (Class C)

gsm

for

(3.81)
V.-V,
) for ——9 <0 (Class AB)
VGS
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Using the square law, the drain current waveform is

ip=K(vgs — V) = K(Vgs + Vg coswt = V))* for vgs >V, (3.82)
The maximum value of the drain current is
Inyy = K(Vs + Vg = V.)* = Kvpyg (3.83)
resulting in
21 21
K= 2p0Con (2 ) = 52 = v (3.84)
2 L UDSsat (VGS + Vgs’” - V’)
Hence,
w_ 2K (3.85)
L MnOCnx
Using the linear law, the drain current waveform is expressed by
ip = K,(vgs = V) = K,(Vgs + Vgucoswt — V) for - % <wt < % (3.86)
where |
K, = ECDXWUM (3.87)

The drain current waveform for any conduction angle 6, that is, for Class AB, Class B, and
Class C RF power amplifiers, is given by

cos wt — cos 0

0 for 0<wt<2r—86.

Ip

The drain current waveform is an even function of wt and satisfies the condition: ij(wf) =
ip(—ot). The drain current waveform can be expanded into Fourier series (Appendix D)

n=

in(owt) =1, + Z I, cosnwt = I, (“0 + ) a,cos nwt> (3.89)
n=1 1

The dc component of the drain current waveform is

I —i/gi d(wt)—l/ei d(wt)—ID—M/e COS @I = €050 )
! 27[ —0 D T 0 D T 0 1—C030

sinf —fcosf _

- LA LAY | 3.90
DM~ cos ) %olpy (3.90)

where / ‘
a0=—1= sin@ — 0 cos O (3.91)
Ipy (1l —cos0)

The amplitude of the fundamental component of the drain current waveform is given by

T J-o

1 /e 2 [°
I,=— / ip cos wtd(wt) = = / i, cos wtd(wt)
— T Jo

2py [ coswt —cos @ 0 —sin @ cos O
= td(wt) = I, ——————— = a1 3.92
V3 /0 1 —cos@ cos wid(@r) = Ipy (1 —cosf) *1iom ( )

where
L, 0 —sinfcosb

~ Iy (1 —cosf)

ay

(3.93)
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The amplitude of the nth harmonic of the drain current waveform is

/e 2 [f
L,,=— / ip cos nowtd(wt) = = / ip, cos nwtd(wt)
T —0 T 0

cos nwtd(wt)

_ 2y /9 cos wt — cos 6
T Jo 1 —cosf

2 sinnf cos @ — ncos né sin 0
= =a,l for n>2 3.94
z nm?—-1)(1 —cosb) oM - (3:94)

=Ipu

where
o = Ly 2 sinndcos @ — ncosnf sin O

"Iy 7 nm?—1)(1 —cosf)
Figure 3.14 shows the Fourier coefficients «,, as functions of the conduction angle 6 of the drain
current waveform ij,.
The ratio of the amplitude of the fundamental component to the dc component of the drain
current waveform is given by

for n>2. (3.95)

1 1. /1 s
In _ '/ I _ %1 _ §—sinfcosd (3.96)

N T 4Ly, @ sin@—@cos@

The ratio y, = I,,/1; as a function of conduction angle 6 of the drain current waveform is shown
in Fig. 3.15.
The drain current waveform in terms of dc supply current /; is given by

t— 0
1—77,'((‘308(1) c0s ) for —-0<wt<0
sin@ — 0 cos O

ip = (3.97)

0 for O<wt<22r—0

0.6 T T T T T T T T

an

0 20 40 60 80 100 120 140 160 180

Figure 3.14 Fourier coefficients a, of the drain current i;, as a function of the conduction angle 6
for Class AB, B, and C RF power amplifiers.
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Figure 3.15 Ratio of the fundamental component amplitude to the dc component y, = 1, /1, of the

m

drain current i,, as a function of conduction angle @ for Class AB, B, and C RF power amplifiers.

The drain-to-source voltage waveform at f = f;, is

Vv
vps =V, =V, coswt =V, <1 - 7’") coswt = V(1 — &) cos wt (3.98)
I

where & =V, /V,. The waveform of the normalized drain power loss at the resonant frequency

f=rfis

t—cos 8 v,
MO_VMCOSW) for —-0<wt<0

pp(wt) ipvpg | sinf —6cosd |
PP
0 for 0<owt<2r—0
(3.99)

The waveforms of the normalized drain power loss for = 120°, 60°, and 45° atf = f;, are shown
in Figs. 3.16, 3.17, and 3.18, respectively. As the conduction angle 8 decreases, the peak values
of pp(wt)/ P, increase.

The waveform of the normalized drain power loss at f different from f;, is given by

- V
M 1 — -2 cos(wt + ¢) for —O0<wt<0
pplot) sin@ — @ cos O v,
= = (3.100)
Py
0 for 0<wt<2x—-0

where ¢ is the phase shift between the peak value of the drain current and the minimum value
of the drain-to-source voltage. The waveforms of the normalized drain power loss for 6 = 60°
at ¢ = 15° are shown in Fig. 3.19.
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Figure 3.16 Normalized drain power loss waveform p,(wt)/P, at conduction angle 8 = 120° and
f =, for the Class AB RF power amplifier.
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Figure 3.17 Normalized drain power loss waveform p,,(w?)/P, at conduction angle § = 60° and
f = for the Class C RF power amplifier.
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Figure 3.18 Normalized drain power loss waveform p,,(w?)/P, at conduction angle 8 = 45° and

f = for the Class C RF power amplifier.
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Figure 3.19 Normalized drain power loss waveform p,(wf)/P, at conduction angle § = 60° and

¢ = 15° for the Class C RF power amplifier.
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3.3.2 Power of Class AB, B, and C Power Amplifiers

The dc supply power is

P, =1V, = aylp),V,; (3.101)
The drain power is
PDS = %Imvm = %alIDMVm (3102)

The power dissipated in the transistor is

1
Pp =P, —Pps = aglpy,V, — zallDMVm (3.103)

3.3.3 Drain Efficiency of Class AB, B, and C RF Power
Amplifiers

The drain efficiency of Class AB, B, and C amplifiers is given by

o 1) (Yool o L) (Ya) 1 (V) 6= sinocoss
Ip P, 2\ V; 215175 o |7 2\ V, /) sinf —6cosd

__0 - sin 6 cos 0 1— UDSmin (3.104)
2(sin@ — 0 cos 6) Vi

The drain efficiency #;, as a function of the conduction angle 6 at selected values of V,,/V, for
Class A, AB, B, and C RF power amplifiers is illustrated in Fig. 3.20. As the conduction angle
0 decreases from 180° to 0°, the drain efficiency 7, increases from 50% to 100% at V,, = V.

1p (%)

0 20 40 60 80 100 120 140 160 180

Figure 3.20 Drain efficiency #,, as a function of conduction angle 6 at various values of V, /V, for
Class A, AB, B, and C RF power amplifiers.
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3.3.4 Output-Power Capability of Class AB, B, and C RF Power
Amplifiers

Since V,,4ua) & Vi, the maximum drain-to-source voltage is

Vs = Vit Viinan ® 2Vi 2 2V,0000) (3.105)

The maximum drain current is I
Ipy = = 3.106
o = g (3.106)

Thus, the output-power capability is
1
P omax B EVm(max)Im(max) B l <Vm(mux)> <Im(max)> B I, U
" Vosulpu Vosulpm 2\ 2V, Ipy A4l 4

0 —sinfcos @ (3.107)

- 47(1 — cos 0)
where Vi), = 2V,. The output-power capability c, as a function of conduction angle ¢ for Class

A, AB, B, and C RF power amplifiers is shown in Fig. 3.21. As the conduction angle 8 approaches
zero, ¢, also approaches zero.

3.3.5 Parameters of Class AB RF Power Amplifier at 0 = 120°

For 90° < 6 < 180°, we obtain the Class AB power amplifier. The Fourier coefficients of the
drain current waveform at the typical conduction angle 8 = 120° are
I, 3V3+2z

=L =V """ 50406 3.108
%0 Ipy On ( )

0.14 % % % % '; % % %

o T
o
T 0 T e e
4 L e
o S

002}/ LT L ERIETEE IETERTR SRR,

0 20 40 60 80 100 120 140 160 180

Figure 3.21 Output-power capability ¢, as a function of conduction angle ¢ for Class A, AB, B,
and C RF power amplifiers.



140 RF POWER AMPLIFIERS
and

I, 3\3+8z

= ~ 0.5363 3.109
Iny 187 ( )

a; =

The ratio of the fundamental component amplitude to the dc component of the drain current
waveform is given by

I a 3v3+38x
yl = ———
I a 2343 +21)

The drain efficiency at 0 = 120° is
P P 3V3+8 Upsmi Upsmi
np = °Ds — Mpmaxt” 0 — 7[ <1 _ DSmm> ~ 0.6605 <1 _ DSmm) (3111)
Pr Vosulpy  4(3v/3 + 21) 1 Vi
The output-power capability at § = 120° is

= 1.321 (3.110)

c PO _ ﬂDmaxPI _ V,I, _ 3v/3+ 8«

= = = = ~ 0.13408 (3.112)
" Vosulpy  Vosulpu o Vosulpm 2r

Example 3.2

Design a Class AB power amplifier to deliver a power of 12 W at f = 5 GHz. The bandwidth is
BW = 500 MHz and the conduction angle is 8 = 120°. The power supply voltage is V, = 24 V.

Solution. Assume that the MOSFET threshold voltage is V, = 1V, and the dc component of
the gate-to-source voltage is V¢ = 1.5 V. Hence, the amplitude of the ac component of the
gate-to-source voltage is

Vi=Ves  1-15 _1-15_

Vv = = =1V 3.113
gsm cos 6 cos 120° -0.5 ( )
The minimum drain-to-source voltage is
Upssar =Vgs = Vi = Vs + Vg =V, =15+1-1=15V (3.114)
Let
Upsmin = Upssar F05V=154+05=2V (3.115)
The maximum amplitude of the output voltage is
Vo=V, = Upgnin =24—-2=22V (3.116)
Assuming the efficiency of the resonant circuit 7, = 0.8, the drain power is
P, 12
P..=-2_-_"2_15W 3.117
Py, 08 G117
The load resistance is
R= Vi -2 =16.133 Q (3.118)
T 2Py, 2Xx15 '
The amplitude of the output current is
Vi 22
I, =—=—"—"+=13637TA 3.119
" R 16.133 ( )
The dc supply current is
I
= 13037 6303 (3.120)

v 1321
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For & = 120°, the maximum drain current is

I, 10323
Iy, = —=—""""=25426 A 3.121
DM T 0.406 @.121)
The maximum drain-to-source voltage is
Vpsu =2V, =2%X24 =48V (3.122)
Using the square law and assuming y,,C,, = 0.142mA/V?, V, =1V, and L = 0.35 pm, the
MOSFET aspect ratio is
21
w_ pv_ __ 2X23426 5916 (3.123)
L 'unOchU%)Sml 0.142 x 1073 x 1.52
Pick W/L = 16,000. The MOSFET channel width is
W= (%)L: 16,000 x 0.35 X 10™° = 5.6 mm (3.124)
Hence,
K= %ynoCox (%) = % % 0.142 x 1072 x 16,000 = 1.136 A/V (3.125)
The dc supply power is
P, =V, =24x%x1.0323 =24.775 W (3.126)
The drain power dissipation is
Py=P, —Ppg =24775-12=12.715W (3.127)
The drain efficiency is
=20 _ 15 _ o 0ss (3.128)
b=p, T 24775 ' ’
The loaded quality factor of the resonant circuit is
Jo 5
=L =__=10 3.129
L= 3w = 03 (3-129)
The reactances of the resonant circuit components are
R 16.133
X, =X=—-= =1.6133 Q 3.130
L= =5, 0 ( )
yielding
X
p=tto L33 5a50h 3.131)
o, 2zrx5%x10°
and { |
C= = =19.73 pF (3.132)
wXs 27x5x%x10%x%x1.6133
The reactance of the RF choke is
X;;=10R=10x16.133 = 161.33 Q (3.133)
which gives
X,
L=-- 161133 _ 5 1354h (3.134)
T w, 2mx5%x10°
The reactance of the coupling capacitor is
R _ 161.33
X, =—=—"">=16.133Q 3.135
710 10 (3.135)
which produces
C.= ! ! =411 pF (3.136)

‘T wXe 27x24%10°x 16.133
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3.3.6 Parameters of Class C RF Power Amplifier at 0 = 60°

For 6 < 90°, we obtain the Class C amplifier. The Fourier coefficients of the drain current at the
typical conduction angle 8 = 60° are

I 3
@ = —L = Vi_l1 ~ 0218 (3.137)
07 T 3
DM
and
I 3
g = =2 V3 o301 (3.138)
Ipy 3 2rm

The ratio of the fundamental component amplitude to the dc component of the drain current
waveform is given by

I, a 4r-33
7/1=—=—=—

I @ 23v3-n)
The drain efficiency at 8 = 60° is

PDS 1 Im Vm 4 — 3\/§ UpSmin UDSmin
PI 2 [I VI 4(3\/5 _ ﬂ') VI VI

= 1.7936 (3.139)

(3.140)
The output power capability at 6 = 60° is
e = Fos  _ owely _ o Vil _ 1 V3 ~ 0.09777 (3.141)
P Vosulow  Vosulow " Vosulpy 6 87

Example 3.3

Design a Class C power amplifier to deliver a power of 6 W at f = 2.4 GHz. The bandwidth is
BW = 240 MHz and the drain current conduction angle is § = 60°. The power supply voltage is
V; = 12 V. The gate-drive power is P; = 0.6 W.

Solution. Assume that the MOSFET threshold voltage is V, = 1V and the dc component of
the gate-to-source voltage is Vg = 0. The amplitude of the ac component of the gate-to-source

voltage is
_Vi=Ves _ 1-0 1

= =—=2V 3.142
gsm cos @ cos60° 0.5 ( )

The saturation drain-to-source voltage is
Upssat = Vs = Vi = Vst Vo =V, =0+2-1=1V (3.143)

Assume the minimum drain-to-source voltage to be v)y,,;, = 1.2 V. The maximum amplitude of

the output voltage is
V=V, —Upguin =12—-12=108 V (3.144)

Assume that the efficiency of the resonant circuit is 7, = 70%. Hence, the drain power is

P
Ppg=—2= 5 _gsn1w (3.145)
n. 0.7

The resistance seen by the drain is

R= Vo __l08° =6.8Q (3.146)
T 2P, 2Xx8571 ‘
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The amplitude of the fundamental component of the drain current is

Vi _ 108
=—=—=1588A 3.147
" R 6.8 ( )
The dc supply current is
I
== 1988 egsan (3.143)
yy  1.7936
For 6 = 60°, the maximum drain current is
I, 08854
Ipy =—=—"—=40061A 3.149
DM gy T 0.218 (3-149)
The maximum drain-to-source voltage is
Vpsy =2V, =2%X12=24V (3.150)
Using the process with K, = ,,C,,, = 0.142x 107> A/V2, V, = 1 V,and L = 0.35 pm, we get
the MOSFET aspect ratio
21
Wo Zow _ 2X4061 597 (3.151)
L MnocoxUIZJSSa, 0.142 x 1073 x 12
Select W/L = 57,200. Hence, the MOSFET channel width is
W= (%)L:57,200><0.35 = 20.02 mm (3.152)
Hence,
K= %ynocox (%) = % x 0.142 x 1073 x 57,200 = 4.047 A/V (3.153)
The dc supply power is
P, =1V, =0.8854 x 12 = 10.6248 W (3.154)
The drain power dissipation is
Py =P;—Pps =10.6248 — 8.571 =2.0538 W (3.155)
The drain efficiency is
Pps 8.571
=—=——— =81.52% 3.156
D ="p" = 106248 ’ (3.156)
The efficiency of the RF power amplifier is
P, 6
=—= = 56.47% 3.157
T="p, T 10.6248 ‘ (3.157)
The power-added efficiency is
Po—P;  6-06
NpAp = = = 50.82% (3.158)
PAE P, 10.6248
The power gain is
k—&—i—lo (3.159)
P P 06 '
The loaded quality factor is
Jo _ 24
=L =="=10 3.160
9= 3w = 0.4 (3.160)
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The reactances of the resonant circuit components are

R 638
X, =X,=—=—=0.68Q 3.161
L=Ae=0"" 10 ( )
yielding
X
p=2to 968 _uso9pH (3.162)
wy 2rx24x10°
and ! |
C= = =97.52 pF (3.163)
oo Xe 27 x2.4x10%x0.68
The reactance of the RF choke inductor is
X =10R=10X6.8 =68 Q (3.164)
yielding
X
L="2=_ 8 ___ 45090 (3.165)
w, 2xx24x10°
The reactance of the coupling capacitor is
R 638
Xeo=—=—-—=0.68Q 3.166
“7107 10 (3.166)
producing
C. = ! ! = 97.52 pF (3.167)

T woXee 27X 24%10° % 0.68

3.3.7 Parameters of Class C RF Power Amplifier at 0 = 45°

The Fourier coefficients of the drain current at the conduction angle 6 = 45° are

I _
- 1 _ m ~ 0.16491 (3.168)
Ipy 42 — \/E)

and
1, T—2

- ~ 0.31016 (3.169)
Ipy 22 — \/5)

a

The ratio 1,,/1; is
_y_ @ _V2x-2)
4 -7

=7 = = 1.8808 (3.170)
1 %
The drain efficiency at 0 = 45° is
P — Upgmi Upgmi
=28 = Z=2 ( Upswin ) ga37g (1 — LDSmin (3.171)
PTp v, v,
I V204 -1) I i
The output power capability at § = 45° is
P —
¢ 0 __T=2 007754 (3.172)

" Vosulow  8z(2 —/2)

Coefficients for Class AB, B, and C power amplifiers are given in Table 3.1. The power loss
and the efficiency of the resonant circuit as well as the impedance matching are the same as for
the Class A RF power amplifier (Chapter 2).
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Table 3.1 Coefficients for Class AB, B, and C power amplifiers.

0(0) (9 o, Y1 p Cp

10 0.0370 0.0738 1.9939 0.9967 0.01845
20 0.0739 0.1461 1.9756 0.9879 0.03651
30 0.1106 0.2152 1.9460 0.9730 0.05381
40 0.1469 0.2799 1.9051 0.9526 0.06998
45 0.1649 0.3102 1.8808 0.9404 0.07750
50 0.1828 0.3388 1.8540 0.9270 0.08471
60 0.2180 0.3910 1.7936 0.8968 0.09775
70 0.2525 0.4356 1.7253 0.8627 0.10889
80 0.2860 0.4720 1.6505 0.8226 0.11800
90 0.3183 0.5000 1.5708 0.7854 0.12500
100 0.3493 0.5197 1.4880 0.7440 0.12993
110 0.3786 0.5316 1.4040 0.7020 0.13290
120 0.4060 0.5363 1.3210 0.6605 0.13409
130 0.4310 0.5350 1.2414 0.6207 0.13376
140 0.4532 0.5292 1.1675 0.5838 0.13289
150 0.4720 0.5204 1.1025 0.5512 0.13010
160 0.4868 0.5110 1.0498 0.5249 0.12775
170 0.4965 0.5033 1.0137 0.5069 0.12582
180 0.5000 0.5000 1.0000 0.5000 0.12500
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Example 3.4

Design a Class C power amplifier to deliver a power of 1 W at f = 2.4 GHz. The bandwidth is
BW = 240 MHz and the conduction angle is = 45°. The power supply voltage is V, =5 V.

Solution. Assume that the MOSFET threshold voltage is V, = 1V and the dc component of
the gate-to-source voltage is V;¢ = 0. The amplitude of the ac component of the gate-to-source

voltage is

Vi-Ves  1-0

gsm cos 6

The saturation drain-to-source voltage is

~ cos45°

=1414V

Upssar = Vs = Vi = Vs + Vg = Vi = Ve = V, = 1414 = 1 = 0414 V

The maximum amplitude of the output voltage is

V=V, = Upgun =5 —02=48V

The load resistance is

_Vn
2P,
The amplitude of the drain current is
= m
m R
The dc supply current is
I
I ===

7’1_

2
48 _s0
2x1
48 _o4167A
11.52
04167 _ 2216 A
1.8808

(3.173)

(3.174)

(3.175)

(3.176)

(3.177)

(3.178)
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For 6 = 45°, the maximum drain current is

I
i 02216y qusga

I, = =
PV gy 0.16491

The maximum drain-to-source voltage is
Vpsu =2V, =2x5=10V

Let p,0C,, = 0.142mA/V? and V, = 1 V. The MOSFET aspect ratio is

21
w_ v _ 2 x 1._33438 110,427
L poCod.,, 0.142x1073x0.414

Choose W/L = 110, 500. The channel length of the MOSFET is

L= (%)L = 110,500 x 0.35 x 107 = 28.675 mm

Thus,

K= %ﬂno (%) - % % 0.142 x 107 x 110,500 = 7.8455 mm

The dc supply power is
P, =1V,=02216 x5 =1.108 W
The drain power dissipation is
Py=P, —P,=1.108-1=0.108 W

The drain efficiency is

“lo L _ggas
= — == . (4
b= T 1108
The loaded quality factor is
fo_ 24
9= 3w = 0.4
The reactances of the resonant circuit components are
R 1152
X, =Xc=—=—""==1152Q
yielding
X
L=t L2 607639 00
w, 2xx24x10°
and
1 1
C= = 57.565 pF

oXp  2zx24x10°x 1.152
The reactance of the RF choke is
X;p=10R =10X20.1667 = 11.52 Q

which gives
I = X1y _ 11.52
77w, 2rx24x10°

=763.9 pH

(3.179)

(3.180)

(3.181)

(3.182)

(3.183)

(3.184)

(3.185)

(3.186)

(3.187)

(3.188)

(3.189)

(3.190)

(3.191)

(3.192)
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The reactance of the coupling capacitor is

Xo=R_1L2_ 459 (3.193)

cT 10 10

which produces
C.= L _ ] = 57.565 pF (3.194)
o0 Xee 2xx24x10°x%x1.152

3.4 Push-Pull Complementary Class AB, B, and C RF
Power Amplifiers

3.4.1 Circuit of Push-Pull RF Power Amplifier

A circuit of push—pull Class AB, B, or C RF power amplifiers is shown in Fig. 3.22. It con-
sists of complementary pair of transistors (NMOS and PMOS), parallel-resonant circuit, and
coupling capacitor C... The transistors should have matched characteristics and are operated
as voltage-dependent current sources. Since complementary transistors are used, the circuit is
called a complementary push—pull amplifier or a complementary-symmetry push—pull amplifier.
If MOSFETs are used, the circuit is called a push—pull power amplifier. The circuit may also
employ complementary bipolar junction transistors (CBJT): an npn transistor and a pnp tran-
sistor. A Class B push—pull amplifier uses one transistor to amplify the positive portion of the
input voltage and another transistor to amplify the negative portion of the input voltage. The
coupling capacitor C, blocks the dc voltage from the load. It also maintains the dc voltage V;/2
and supplies the PMOS transistor when the NMOS transistor is not conducting. Also, two supply

Vi

| iD1

Ups1 ’D1 ipp i
I ®
|

¢ ’D2
Ups2

v

ip1 2 ot} | +
vpst Ip1—ipz

t —_— IO
— —_—>
| L
[

ip2 C b2y | 4+ Cc +
Ups2 L (o R vo

t

(b)

Figure 3.22 Circuit of push—pull Class AB, B, and C RF power amplifiers.
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Figure 3.23 Current and voltage waveforms in push—pull Class B RF power amplifier.

voltages V; can be connected to the drains of both transistors. Current and voltage waveforms
for the push—pull Class B RF power amplifier are shown in Fig. 3.23. Similar waveforms can be
drawn for Class AB and C amplifiers.

3.4.2 Even Harmonic Cancellation in Push-Pull Amplifiers

Let us assume that both transistors are identical. The drain current of the upper MOSFET can
be expanded into a Fourier series

ipg=Ip+ig +ip+ig+---=Iy+1,, coswt+1,,,cos2wt+1,;,;cos3wt+--- (3.195)

The drain current of the lower MOSFET is shifted in phase with respect to the drain current of
the upper MOSFET by 180° and can be expanded into a Fourier series

ipy = ip (@t — 180°%)
=1, + 1, cos(wt — 180°) + I, cos 2(wt — 180°) + I,5 cos 3(cwt — 180°) + - - -
=1, —1,, coswt +1,,, cos 2wt — 1,5 cos 3wt + - - - (3.196)
Hence, the load current flowing through the coupling capacitor Cj, is
ip) —ipy = 2I,, coswt+ 21, - cos3wt + - - - (3.197)

Figure 3.24 shows the spectra of both drain currents and the difference of these currents. Thus,
cancellation of all even harmonics of the load current takes place in push—pull power amplifiers,
reducing distortion of the output voltage and the THD. Only odd harmonics must be filtered
out by the parallel-resonant circuit, which is a BP filter. The same property holds true for all
push—pull amplifiers operating in all classes.
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Figure 3.24 Spectra of the drain currents and the output current in push—pull Class B RF power
amplifier: (a) spectrum of drain i, ; (b) spectrum of drain i;,,; and (c) spectrum of the difference of drain
Currents i,, — ip,.

3.4.3 Power Relationships for Push-Pull RF Power Amplifier

The drain current waveform of the n-channel MOSFET in the Class B CMOS push—pull RF
power amplifier is

T T
1 t fi —=—<wt< =
mCOSCO or 2 (0] _2

ip = . (3.198)
0 f T car<Z
or 3 wl < 3

where I, is the amplitude of the output current equal to the peak value of the drain current of
each transistor I,
The output voltage is
v, =V, coswt (3.199)

The dc component of the drain current of the n-channel MOSFET is equal to the dc supply
current

1 /2 1 /2 1 /2
Ip, =1, ipd(wt) = —/ 1, cos wtd(wt) = —/0 I, cos wtd(wt)

B Z —-r/2 T —r/2 T
1 \%
=Z=1= (3.200)
b4 7R

The dc supply power of the amplifier is
2viL,  2V,v,

P, =2Vi[j= —— = ——— 3.201
i i . R ( )
The dc resistance seen by the dc supply voltage source V; is

2V, _ 27V,

R =2zR (3.202)

R, = —=
DC I Vv

1 m
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ForV,, =0, Ry = co. For V,, = V,, the dc resistance is

2V, 2aV, 2V,
RDCmin == V_ = I

I Imax m(max) m

=27R (3.203)

The amplitude of the fundamental component of the drain current of the n-channel MOSFET
is

1 /2 1 /2 2 /2
Ly = —/ ip; cos wtd(wt) = —/ I, cos*wtd(wt) = —/ I, cos’>wtd(wt)
- - 0

T /2 T /2 T
=2 / " b (1 4 cos 200yd(@n = = Vm (3.204)
= A ) COS Zw. wl) = > = 2R .

The output current is

i, =1, coswt (3.205)
where
Vm
I, = i 21, (3.200)
The ac output power is
V,l, V2 RI
p, =_mm_ m_ m 3.207
7 2 T2R 2 (3.207)
The drain power dissipated in both transistors is
P,=P,—P, = 2ViV _ Vi (3.208)
L '
Setting the derivative of P, with respect to V,, to zero,
e, v, 'V,
—=—-—=0 (3.209)
dv, mR R
we obtain the critical value of V,, at which maximum value of the drain power loss Pj,,,,, occurs
2V,
men = (3.210)
Hence, the maximum power dissipation in both transistors is
2v;
PDmux = 77.'2_R (3211)
and the maximum power dissipation in each transistor is
Poee _ Vi
Ppmaxoy) = Pomaxoy) = ;m =R (3.212)
The drain efficiency of the amplifier is
PDS PO Y (Vm>
np=-—-2=2=Z(_n (3.213)
TP, P 4y,
ForV, =V,
Momax = = = 78.5% (3.214)

For Vm(max) = VI — Upssars

Vm max Upss
(max) — T 1— DSsat (3.215)
Vi 4 Vi

Npmax
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3.4.4 Device Stresses

The transistor current and voltage stresses are
Ipy=1,=rl, (3.216)

and
Vosu =2V, (3.217)

The amplitudes of the currents through the resonant inductance and capacitance are

ILm = ICm = QLIm (32]8)
The output-power capability is
(;p _ POmax _ l <Im(mwf)> <Vm(max)> — l x 1% l — l (3219)
2UpyVosu 4\ Ipy Visu 4 2 8

Example 3.5

Design a Class B CMOS push—pull RF power amplifier to deliver a power of 50 W at f =
1.8 GHz. The bandwidth is BW = 180 MHz. The power supply voltage is V; = 48 V.

Solution. Assume that the MOSFET threshold voltage is V, = 1 V. Hence, the dc component of
the gate-to-source voltage is
Vegs=V, =1V (3.220)

Assume the amplitude of the gate-to-source sinusoidal voltage to be V,,, = 1'V. Thus,

Upssar = VGS + Vgsm - Vl = Vt + Vgsm - Vt = Vgsm =1V (3.221)
Assuming the efficiency of the resonant circuit , = 0.95, the drain power is
P, 50
Phg=—=—2-=52632W 3.222
bS =y 7095 (3:222)
The amplitude of the output voltage is equal to the amplitude of the drain-to-source voltage
Voo =Vien = Vi = Upgeas =48 —=1=47V (3.223)
The load resistance is
R= Vi = 472 =20.985Q (3.224)
C2Pps 2Xx52.632 T '
The drain efficiency is
N =§<1—i>=7686% (3.225)
by v, 4 48 ' '
The dc input power is
P
p=-2= 52632 _ e 4778 W (3.226)
np,  0.7686
The dc input current is
P
== 984718 _ o7 A (3.227)

v, 48
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The amplitude of the fundamental component of the drain current waveform is

Vin 47
I, =1y,=—= =2.2395 A 22
mT MR T 20,985 393 (3:228)
The total efficiency is
Po 50
=—== =73.02% 3.229
T="p, = 68.4778 ‘ (3:229)
The maximum power loss in both transistors is
2V2 2 2
I X 48
=—=—"—""=2324W 3.230
D™ 22R T 22 % 20.09 (3:230)
The maximum power loss in each transistor is
P P i % _eow 3.231
maxt@y) = Pomavon = 55 = 32000 — 1 (3.231)

The maximum power loss in each transistor is

P V12 —482 11.124 W. 3.232
Dmax = 70R T 2% 20985 ' (3:232)
The maximum drain current is
Iny =1y, = 22395 A (3.233)
The maximum drain-to-source voltage is
Vs =2V, =2%x48 =96V (3.234)
The loaded quality factor is
Je 1800
= =——=10 3.235
1= 3w = g0 (3:233)
The resonant inductance is
R
L=—L = 20.985 =0.1855 nH (3.236)
0.0, 27x1.8x10°x10
The resonant capacitance is
C= 9 10 =42.1pF (3.237)

T w.R, 21 x1.8x10°x20.985
The reactance of the blocking capacitor is

X, = R - 20985
1010

=2.0985 Q (3.238)

resulting in

C=1 1

: = = 42.13 pF (3.239)
wXe 21 x 1.8% 10° x 2.0985

Using the process K, = u,,C,, = 0.142 X 10°> A/V? and L = 0.35 pm, the aspect ratio of the
n-channel MOSFET is

21
(K) = _Zow __ 2X22396 59 517 (3.240)
Loy K. — 0142x107x12

Let W/L = 210, 000. The channel width of the n-channel MOSFET is

Wo, = (%) 1=210,000x035x 107 =735 mm (3.241)
On

N
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The aspect ratio of the p-channel MOSFET is

(E> =@(E) =2.7<E) = 2.7% 210,000 = 567,000 (3.242)
L7g, L/ oy L /oy
The channel width of the p-channel MOSFET is
Wo, = (%) L=567,000x035x 107 = 198.45 mm (3.243)
0

3.5 Transformer-Coupled Class B Push-Pull RF Power
Amplifier

3.5.1 Waveforms

A circuit of the transformer-coupled push—pull Class AB, B, and C RF power amplifiers is shown
in Fig. 3.25. Current and voltage waveforms in this amplifier are depicted in Fig. 3.26. The output
current is

i, =1, sinwt = nl,, sinwt (3.244)

where /,, is the amplitude of the output current, ,, is the peak drain current, and 7 is the trans-
former turns ratio, which is equal to the ratio of number of turns of one primary to the number
of turns of the secondary

1 V
n= - = _dn (3.245)
Idm Vm
The output voltage is
Vv
v, =V, sinot = — sinwr (3.246)
n

where the amplitude of the output current is
V,=1,R, (3.247)

The resistance seen by each transistor across each primary winding with the other primary wind-
ing open is
R=n’R, (3.248)

+
Uj

Figure 3.25 Circuit of transformer-coupled push—pull Class AB, B, and C RF power amplifiers.
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Figure 3.26 Waveforms in transformer-coupled push—pull Class AB, B, and C RF power
amplifiers.

When the drive voltage is positive, transistor O, is ON and transistor Q, is OFF. The waveforms
are

ip, =1,,sinwt = %” sinwt for O<wt<nm (3.249)
ip, =0 (3.250)
Uy =—ipR= —ip°R, = Uy = —Rl,, sinwt = —%"R sinwt = —nl,R; sinwt (3.251)
and
Vps1 =Vi+ 0, =V, —ipR=V, —ipn’R, =V, —I,,Rsinwt
=V, - %’"R sinowt = V; — nl,,R,; sin ot (3.252)

When the drive voltage is negative, transistor Q, is OFF and transistor O, is ON,

i =0 (3.253)

1
ipy =—1,, sinwt = —f sinwt  for 7 <owt<2x (3.254)
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Uy = ippR = ipyn®R;, = v,y = —1,,Rsin wt = —%R sin wt
=—nl R, sinwt (3.255)
and
Upsr =V =0y = Vi —ipgR =V, —ip,n®R, =V, + 1, Rsinwt = V; - %RL sin ot
=V, + nl,R, sin ot (3.256)
The voltage between the drains of the MOSFETS is
Upipa = Uy + Upy = =0°R;(ip) — ipy) = —2nR,1,, sin wt (3.257)

Ideally, all even harmonics cancel out as shown in Section 3.4.1. The voltage across the sec-
ondary winding is

Upip2 nRy . . .
v, = 7 = —T(ID] - lD2) = _RLIm sSin wt (3.258)

The current through the dc voltage source V; is a full-wave rectified sinusoid given by

I
iy =ipy +ipy = I,,| sinwt| = 2| sinwi|. (3.259)
n
The dc supply current is
2r 2r
1 . 1 L, . 21, 2V,
I, =— 1 tld(wt) = — — tldlwt) = —=— = = — 3.260
" or J, an| sin@rld(er) 27r/0- n|smw|(a)) T n mnR, ( )

3.5.2 Power Relationships

The dc supply power is given by

2 Vle
P, =V = —TR (3.261)
7 nR;
The output power is
P, = Vi (3.262)
07 2R, ’
The drain power dissipation is
2 vIVm Vr%
P =p —p, =2 n (3.263)
b 7097 7 nR, 2R,

The derivative of the power P, with respect of the output voltage amplitude V,, is

dP vV, Vv
p_2Y _Ym_, (3.264)
dv,, rmnR;, R;

resulting in the critical value of V,, at which the maximum value of the drain power loss Pj,,,,.

occurs v
Voo = 22 (3.265)

" T n
The maximum drain power loss in both transistors is
2 2
2V 2V

Ppp = — ==L 3.266
Dmax = 22 w2R, ~ 22 R ( )
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The amplitude of the drain-to-source voltage is

14
v, =-n=2y, (3.267)
n T

The drain efficiency is
P_O_Evdm _Ean

= = =-—= 3.268
=P T4y, T4y, (3.208)
For V,, =nV, =V, the dc supply power is
V2 V2
P=vi=2_1 -2 (3.269)
Tn?’R, =R
the output power is
V2 n2 v2
Py=—-= ! (3.270)
2R, 2R,
and the drain efficiency is
Nomax = % = 78.5% (3.271)
3.5.3 Device Stresses
The MOSFET current and voltage stresses are
Im
oy = 1an = (3.272)
and
Vs =2V, (3.273)

The output-power capability is
P P I m(max, Vm max
¢, = Omax__ _ ~ Omax =l<d( )>< ( )>=1X1X1=l (3.274)
2 Vosu  MpyV, 8 Loy v, 8 8

A circuit of the push—pull Class AB, B, and C RF power amplifiers with tapped capacitor is
depicted in Fig. 3.27. This figure shows the distribution of the various components through the
circuit and the cancellation of even harmonics in the load network. A circuit of the push—pull

iD1=iD+id1 +id2+id3+"'
-

— m—
L. AN
* 2(igg+i 3lc

+ (lgg+igp+) | 3 T 2/p
Ui | ) Ré -—
7 . ! B S t

,_ = I

T = T |RFC
id4+id2+"' N
T VY

-

Ipa=ip=igy+igp—lg3+iqs---

Figure 3.27 A circuit of push—pull Class AB, B, and C RF power amplifiers with tapped capacitor.
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ip1

Figure 3.28 A circuit of push—pull Class AB, B, and C RF power amplifiers with tapped inductor.

Class AB, B, and C RF power amplifiers with tapped inductor is shown in Fig. 3.28. All equations
for these two amplifiers can be obtained by setting n = 1 in the equations for the push—pull
amplifier shown in Fig. 3.25.

Example 3.6

Design a transformer-coupled Class B power amplifier to deliver a power of 25 W at
f =2.4GHz. The bandwidth is BW = 240 MHz. The power supply voltage is V;, =28V and

UpSmin = LV.

Solution. Assuming the efficiency of the resonant circuit 7, = 0.94, the drain power is

P, 25
— = — =26596W 3.275
n. 094 ( )

The resistance seen by each transistor across one part of the primary winding is

Ppg =

ﬂ.2 V2 2 282

T
7 X 36596 ~ 14469 (3.276)

The transformer turns ratio is

R 145.469 7
"“VE& TV 50 4 (3:277)

The maximum value of the drain-to-source voltage is

Viw =7V, =7 X 28 =87.965V (3.278)
The amplitude of the drain current is
Van _ 87.965
1, = = =0.605 A 3.279
dmT R T 145.469 G:279)
The amplitude of the output voltage is
v
v, =i = 87905 _ 5194y (3.280)
n 1.7
The amplitude of the output current is
Vv
R YL ST YN (3.281)
R, 50
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The dc supply current is
7

1= Sl = % X 0.605 = 0.95 A

The dc supply power is
P, =V, =28x0.95 =266 W

The total efficiency is

P, 25
= —=— =9398%
=P T 266 ’

The loaded quality factor is

fo_ 24

CL= 3w = 024

The resonant inductance is
R 50

L=—t= =0.3316 nH.
0.0, 27x24x10°x10
The resonant capacitance is
c= 10 = 13.26 pF

T R, 27x24%10°% 50

(3.282)

(3.283)

(3.284)

(3.285)

(3.286)

(3.287)

3.6 Class AB, B, and C RF Power Amplifiers

with Variable-Envelope Signals

A block diagram of a transmitter with a drain or collector AM is shown in Fig. 3.29. The
low-frequency signal modulating is amplified by an audio power amplifier and is used to vary
the dc supply voltage of the RF power amplifier. Ideally, the amplitude of the RF power ampli-
fier is directly proportional to the dc supply voltage. Figure 3.30 shows a circuit of Class AB,

DC POWER
SUPPLY

¢ AUDIO
m POWER |—( 1
AMPLIFIER

f, RF fe RF POWER
PREAMPLIFIER AMPLIFIER

Figure 3.29 Block diagram of an amplitude-modulated (AM) transmitter with a drain or

collector AM.
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Figure 3.30 RF transmitter with drain AM.

B, and C power amplifiers with AM. In these amplifiers, an AM signal is generated by plac-
ing the modulating voltage source v,, in series with the drain dc supply voltage source V; of a
Class C RF power amplifier that is driven into the ohmic (triode) region of the MOSFET. The
gate-to-source voltage v has a constant amplitude V,,, and its frequency is equal to the carrier
frequency f,.. The dc gate-to-source voltage Vq is fixed. Therefore, the conduction angle 6 of
the drain current ij, is also fixed. These circuits require an audio frequency transformer.

Class AB, B, and C amplifiers can be used to amplify variable-envelope signals, such as AM

signals. The ac component of the AM gate-to-source voltage is
Ugsiamy = Voom(1 +m;, cos w,,1) cos ot (3.288)
The overall AM gate-to-source voltage is
Ugs = Vs + Ugsamy = Vs + V(1 + my, cos w,,1) cos o, t (3.289)

The AM drain current waveform of a power MOSFET is

. 1
ip=5C, WUsat(UGS - VI)

D — o Tox
1
= ECOXWUW[VGS =V, + V(1 + my, cosw,t)cosw.t]  for vge >V, (3.290)

Assuming that the impedance of the parallel-resonant circuit Z is equal to R (i.e., Z = R), we
obtain the AM drain-to-source voltage

Ups =~ Rip
= %Coxwvst[VGS =Vi+ V(I + my, cosw,t)cosw.t]  for vge >V, (3.291)

The choice of the class of operation, that is, the operating point Q, has an important effect on
nonlinear distortion of variable-envelope signals in RF power amplifiers in which transistors are
operated as voltage-dependent current sources. The amplification process of AM signals in Class
AB, B, and C amplifiers is illustrated in Fig. 3.31. Figure 3.31(a) illustrates the amplification of
an AM signal in the Class AB amplifier, which produces an AM output voltage with m,,,, > m,,.
The output voltage exhibits shallower modulation than the input signal. Figure 3.31(b) illustrates
the amplification of an AM signal in the Class B amplifier, where m,,, = m;,. The Class B ampli-
fier behaves as a linear RF power amplifier. Its characteristic vyg = f(vgg — V,) is nearly linear
and starts at the origin. Figure 3.31(c) illustrates the amplification of an AM signal in the Class
C amplifier, which produces an AM output signal with m_,, < m;,. The output voltage exhibits
deeper modulation than the input signal. Class AB and C amplifiers can be used for amplifying
AM signals with a small modulation index .

Class AB, B, and C power amplifiers can be used to amplify constant-envelope signals, such
as FM and PM signals.
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Ups

Figure 3.31 Amplification of AM signals in Class AB, B, and C RF power amplifiers: (a) Class
AB amplifier (m,,, > m,,); (b) Class B linear RF power amplifier (im,,, = m,,); and (c) Class C amplifier
(m,,, <m,).

out out

out

3.7 Summary

e The Class B RF power amplifier consists of a transistor, parallel-resonant circuit, RF choke,
and blocking capacitor.

e The transistor in the Class B power amplifier is operated as a dependent current source.

e The conduction angle of the drain or collector current 26 in the Class B power amplifier is
180°.

o The drain efficiency of the Class B power amplifier #,, is high.
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e The maximum drain efficiency of the Class B RF power amplifier is #;,, = 78.5%.

e The drain efficiency of the Class B RF power amplifier is proportional to the square root of
the normalized output power P, /P 5,4

e The drain efficiency of the Class B RF power amplifier is proportional to the normalized
amplitude of the ac component of the drain-to-source voltage V,,/V,.

e The conduction angle of the drain or collector current 26 in the Class AB RF power amplifier
is between 180° and 360°.

e The conduction angle of the drain or collector current 26 in the Class C RF power amplifier
is less than 180°.

e The transistor is operated as a dependent current source in the Class C RF power amplifier.

e The drain efficiency of Class AB RF power amplifier #,, increases from 50% to 78.5% as the
conduction angle 26 decreases from 360° to 180° at V,, = V.

e The drain efficiency of the Class C RF power amplifier increases from 78.5% to 100% as the
conduction angle 26 decreases from 180° to 0° at V,, = V.

e The drain efficiency of the Class C RF power amplifier is 89.68% at @ = 60° and V,, = V.
e The drain efficiency of the Class C RF power amplifier is 94.04% at @ = 45° and V,, = V.

e Class B and C RF power amplifiers are narrow-band circuits because the resonant circuit acts
as a BP filter.

e (Class B and C RF power amplifiers are linear (or semilinear) because the amplitude of the
drain current is proportional to the amplitude of the gate-to-source voltage.

e Class B and C RF power amplifiers are used as medium and high-power narrow-band power
amplifiers.

e A push—pull Class B RF power amplifier uses one transistor to amplify the positive portion of
the input voltage and another transistor to amplify the negative portion of the input voltage.
One transistor is “pushing” the current into the load and the other transistor is “pulling” the
current from the load.

e In push—pull topology, even harmonics are cancelled in the load, reducing distortion of the
output voltage and the THD.

e The transformer in the transformer-coupled push—pull power amplifier performs the
impedance matching function.

3.8 Review Questions

3.1 What is the motivation to operate RF power amplifiers at the drain current conduction
angle 20 < 360°?

3.2 List the components of the Class B RF power amplifier.

3.3 What is the transistor mode of operation in the Class B RF power amplifier?
3.4 What is the location of the operating point of the Class B RF power amplifier?
3.5 How high is the drain efficiency of the Class B RF power amplifier?

3.6 What is the mode of operation of the transistor in the Class C RF power amplifier?
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3.7 What is the location of the operating point of the Class C RF power amplifier?
3.8 What is the drain efficiency of the Class C RF power amplifier at § = 60° and 6 = 45°?

3.9 Are the drain current and output voltage dependent on the gate-to-source voltage in Class
B and C amplifiers?

3.10 Explain the principle of operation of the push—pull Class B RF power amplifier.

3.11 Explain the principle of operation of the transformer-coupled Push—pull Class B RF power
amplifier.

3.12 What types of harmonics are present in the load in push—pull amplifiers?

3.13 How does the transformer contribute to the impedance matching in power amplifiers?

3.9 Problems

3.1 Design a Class B RF power amplifier to meet the following specifications: V, = 3.3V,
P,=1W,BW =240MHz, and f = 2.4 GHz.

3.2 Design a Class AB RF power amplifier to meet the following specifications: V; = 48V,
P, =22W, 0 =120°, BW = 90MHz, and f = 0.9 GHz.

3.3 Design a Class C RF power amplifier to meet the following specifications: V, = 3.3V, P, =
0.25W, 0 = 60°, BW = 240 MHz, and f = 2.4 GHz.

3.4 Design a Class C RF power amplifier to meet the following specifications: V; = 12V,
P, =6W, 0 =45°, BW = 240MHz, and f = 2.4 GHz.

3.5 Design a Class C RF power amplifier to meet the following specifications: V, =28V,
P, =20W,R, =509, 0 =60°, f. = 800 MHz, and BW = 80 MHz.

3.6 Sketch the spectra of the currents |l |, |I,], and |I;;,; — I}, | for the push—pull amplifier.

3.7 Design a Class C RF power amplifier to meet the following specifications: V, = 10V,
P,=5W,R, =50Q, 0 =45°, f. = 10GHz, and BW = 1 GHz.

3.8 Design a Class C RF power amplifier to meet the following specifications: P, = 5W,
V,=10V,R, =50Q, P; =0.5W, and f. = 10 GHz. Assume #, = 0.65 and 6 = 45°. Find
the component values, device stresses, drain power dissipation, drain efficiency, amplifier
efficiency, and power-added efficiency.
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Class D RF Power Amplifiers

4.1 Introduction

Class D radio-frequency (RF) resonant power amplifiers [1-20], also called Class D dc-ac
resonant power inverters, were invented in 1959 by Baxandall [1] and have been widely used in
various applications [2—19] to convert dc energy into ac energy. Examples of applications of res-
onant amplifiers are radio transmitters, dc—dc resonant converters, solid-state electronic ballasts
for fluorescent lamps, LED drivers, induction heating appliances, high-frequency electric heat-
ing applied in induction welding, surface hardening, soldering and annealing, induction sealing
for tamper-proof packaging, fiber-optics production, and dielectric heating for plastic welding.
In Class D amplifiers, transistors are operated as switches. Class D amplifiers can be classified
into two groups:

e (lass D voltage-switching (or voltage-source) amplifiers.
e Class D current-switching (or current-source) amplifiers.

amplifiers

Class D voltage-switching amplifiers are fed by a dc voltage source. They employ (1) a
series-resonant circuit or (2) a resonant circuit that is derived from the series-resonant circuit.
If the loaded quality factor is sufficiently high, the current through the resonant circuit is
sinusoidal and the current through the switches is a half-sine wave. The voltage waveforms
across the switches are square waves.

In contrast, Class D current-switching amplifiers are fed by a dc current source in the form of
an RF choke (RFC) and a dc voltage source. These amplifiers contain a parallel-resonant circuit
or a resonant circuit that is derived from the parallel-resonant circuit. The voltage across the
resonant circuit is sinusoidal for high values of the loaded quality factor. The voltage across the
switches is a half-wave sinusoid, and the current through the switches is square wave.

One main advantage of Class D voltage-switching amplifiers is the low voltage across
each transistor, which is equal to the supply voltage. This makes these amplifiers suitable for
high-voltage applications. For example, a 220 or 277 V rectified line voltage is used to supply

RF Power Amplifiers, Second Edition. Marian K. Kazimierczuk.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
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the Class D amplifiers. In addition, low-voltage MOSFETSs can also be used. Such MOSFETs
have a low on-resistance, reducing the conduction losses and operating junction temperature.
This yields a high efficiency. The MOSFETSs on-resistance r, increases considerably with
increasing junction temperature. This causes the conduction loss rpgl?, to increase, where
I, 1s the rms value of the drain current. Typically, r,¢ doubles as the temperature rises by
100°C (e.g., from 25 to 125 °C), doubling the conduction loss. The MOSFET’s on-resistance
rps increases with temperature 7' because both the mobility of electrons u,, ~ K, /T>> and the
mobility of holes u, ~ K,/ T27 decrease with T for 100 K < T < 400 K, where K, and K, are
constants. In many applications, the output power or the output voltage can be controlled by
varying the operating frequency f' (FM control) or phase shift (phase control).

In this chapter, we will study Class D half-bridge and full-bridge series-resonant amplifiers.
The design procedure for the Class D amplifier is illustrated with detailed examples.

4.2 MOSFET as a Switch

The i,,-vp) characteristics of a MOSFET in the ohmic region are given by

. w Uf)s
in = UCoh (Z> (vgs — Vups — - for vge>V, and vpe<vgg—V, (4.1)

where y, is the low-field electron mobility in the channel. The large-signal channel resistance
of a MOSFET in the ohmic region is given by

v 1 1
Fps = iis =—= 7 for vpg <vgg—V, (4.2)
b £ MnOCox (f) (UGS - Vt - UDS/2)
Ups
which simplifies to the form
Ips 1 for vpg K 2G5 —V,) 4.3)
w
ﬂn()Cox (f) (UGS - Vt)
The drain saturation current is
1 w 1

IDmt = zlunOCox (f) (VGSH - Vt)2 = EKH UéSsat (44)

where V¢, is the high-level gate-to-source voltage when the MOSFET is ON, vp ¢, = Vo —
V,, and K, = p,,C,. For the MOSFET to operate as a switch, the drain peak current must be
sufficiently lower than the drain saturation current

IDsal = aIDM (45)

where a > 1.

Integrated MOSFETSs may be used at low power levels and discrete power MOSFETS at high
power levels. In integrated MOSFETS, the source and the drain are on the same side of the chip
surface, causing horizontal current flow from drain to source when the device is ON. When
the device is OFF, the depletion region of the reverse-biased drain-to-body pn junction diode
spreads into the lightly doped short channel, resulting in a low punch-through breakdown voltage
between the drain and the source. The breakdown voltage is proportional to the channel length
L, whereas the maximum drain current is inversely proportional to the channel length L. If an
integrated MOSFET is designed to have a high breakdown voltage, its channel length L must be
increased, which reduces the device aspect ratio W /L and decreases the maximum drain current.
In integrated MOSFETS, two contradictory requirements are imposed on the region between the
drain and the source: a short channel to achieve a high drain current when the device is ON and
a long channel to achieve a high breakdown voltage when the device is OFF.
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The drain-to-source resistance of discrete power MOSFETS consists of the channel resistance
R, accumulation region resistance R, neck region resistance R,, and drift region resistance
Rpr [19]. For high-voltage power MOSFETs, the doping level must be low and the width of
the drift region must be large. Therefore, the drift resistance is a dominant component of the
drain-to-source resistance ryg. For an n-channel silicon power MOSFET, the donor doping level
in the drift region is N = 1.293 x 10'7 /V,, cm =3, and the minimum width of the drift region
is Wy, (Bm) = Vi, /10, where Vi, is the MOSFET breakdown voltage.

4.3 Circuit Description of Class D RF Power Amplifier

Figure 4.1 shows the circuit of a Class D voltage-switching (voltage-source) RF power
amplifier with a pulse transformer driver. The circuit consists of two n-channel MOSFETs,
a series-resonant circuit, and a driver. It is difficult to drive the upper MOSFET because a
high-side gate driver is required. A pulse transformer can be used to drive the MOSFETSs. The
noninverting output of the transformer drives the upper MOSFET and the inverting output of
the transformer drives the lower MOSFET. A pump-charge IC driver can be also used. A circuit
of the Class D voltage-switching RF power amplifier with two power supplies V; and —V; is
depicted in Fig. 4.2 [15].

Figure 4.3 shows a circuit of the Class D CMOS RF power amplifier, in which a PMOS
MOSFET Qp and an NMOS MOSFET Q) are used as switching devices in a similar way as
in digital circuits. This circuit can be integrated for high-frequency applications, such as RF
transmitters for wireless communications. The CMOS Class D RF power amplifier requires
only one driver. However, cross-conduction of both transistors during the MOSFETS transitions
may cause spikes in the drain currents. Nonoverlapping gate-to-source voltages may reduce
this problem, but the driver will become more complex [17, 18]. The peak-to-peak value of the
gate-to-source drive voltage v, is equal or close to the dc supply voltage V;, such as in CMOS
digital circuits. Therefore, this circuit is appropriate only for low values of the dc supply voltage
V,, usually below 20 V. At high values of the dc supply voltage V,, the gate-to-source voltage
should be also high, which may cause voltage breakdown of the gate oxide SiO,.

Figure 4.4 shows the circuit of a Class D RF power amplifier with a voltage mirror driver or
voltage level shifter [5]. The dc supply voltage V; can be much higher than the peak-to-peak
voltage of the gate-to-source voltage. Therefore, this circuit can be used for high-voltage
applications.

[ ]
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Figure 4.1 Class D half-bridge voltage-switching (voltage-source) RF power amplifier with a
series-resonant circuit and a pulse transformer driver.
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Figure 4.2 Class D half-bridge voltage-switching (voltage-source) RF power amplifier with a
series-resonant circuit and a pulse transformer driver.
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Figure 4.3 Class D CMOS half-bridge voltage-switching (voltage-source) RF power amplifier with

a series-resonant circuit.
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Figure 4.4 Class D half-bridge RF power amplifier with a voltage mirror driver [5].
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A circuit of the Class D half-bridge RF power amplifier [1-12] with a series-resonant cir-
cuit (and a pulse transformer driver) is shown in Fig. 4.5(a). It consists of two bidirectional
switches S, and S, and a series-resonant circuit L-C—R. Each switch consists of a transistor and
an antiparallel diode. The MOSFET’s intrinsic body—drain pn junction diode may be used as an
antiparallel diode in case of an inductive load, which will be discussed shortly. The switch can
conduct either positive or negative current. However, it can only accept voltages higher than the
negative value of a forward diode voltage -V}, & —1 V. A positive or negative switch current
can flow through the transistor if the transistor is ON. If the transistor is OFF, the switch can con-
duct only negative current that flows through the antiparallel diode. The transistors are driven
by nonoverlapping rectangular-wave voltages vg, and v, With a dead time at an operating
frequency f = 1/T. Switches S, and S, are alternately oN and OFF with a duty cycle of 50% or
slightly less. The dead time is the time interval when both switching devices are OFF. Resistance
R is an ac load to which the ac power is to be delivered. If the amplifier is part of a dc—dc resonant
converter, R represents an input resistance of the rectifier.

There has been an increasing interest in designing RF power amplifiers in digital technology in
the age of a system-on-chip (SoC). There is a trend to integrate a complete transceiver together
with the digital baseband subsystem on a single chip. There are two main issues in designing
power amplifiers in submicron CMOS technology: oxide breakdown and hot carrier effects. Both
of these problems become worse as the technology is scaled down. The oxide breakdown is a
catastrophic effect and sets a limit on the maximum signal swing on the MOSFET drain. The hot
carrier effect reduces the reliability. It increases the threshold voltage and consequently degrades
the performance of the transistors. Switching-mode RF power amplifiers offer high efficiency
and can be used for constant-envelope modulated signals, such as Gaussian minimum- shift
keying (GMSK) used in Global Systems for Mobile (GSM) Communications.

Amplitude modulation (AM) may be accomplished by adding a modulating voltage source in
series with the dc supply source V.

Equivalent circuits of the Class D RF power amplifier are shown in Fig. 4.5(b)—(d). In
Fig. 4.5(b), the MOSFETs are modeled by switches whose on-resistances are rpg; and rpg,.
Resistance r; is the equivalent series resistance (ESR) of the physical inductor L and resistance
r¢ is the ESR of the physical capacitor C. In Fig. 4.5(c), rpg & (rpg, + 'psy)/2 represents the
average equivalent on-resistance of the MOSFETs. In Fig. 4.5(d), the total parasitic resistance
is represented by

r=rps+r,+re (4.6)

which yields an overall resistance in the series-resonant circuit

R =R+r=R+rpg+r, +rc “@.7

4.4 Principle of Operation of Class D RF Power
Amplifier

The principle of operation of the Class D amplifier is explained by the waveforms sketched in
Fig. 4.6. The voltage at the input of the series-resonant circuit is a square wave of magnitude V,. If
the loaded quality factor Q; = 4/L/C/R of the resonant circuit is high enough (e.g., O, > 2.5),
the current i through this circuit is nearly a sine wave. Only at resonant frequency f = f,, the
MOSFETs turn on and off at zero current, resulting in zero switching losses and an increase in
efficiency. In this case, the antiparallel diode never conducts. In many applications, the operating
frequency f is not equal to the resonant frequency f, = 1/(2z \/L_C) because the output power
or the output voltage is often controlled by varying the operating frequency f (FM control).
Figure 4.6(a)—(c) shows the waveforms for f < f,, f = f,, and f > f,, respectively. The tolerance
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Figure 4.5 Class D half-bridge RF power amplifier with a series-resonant circuit. (a) Circuit. (b)—(d)
Equivalent circuits.
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Figure 4.6 Waveforms in the Class D half-bridge voltage-switching RF power amplifier. (a) For
f<f,.)Forf=f.(c)Forf>f.

of the gate-to-source voltage turn-on time is indicated by the shaded areas. Each transistor should
be turned off for f < f, or turned on for f > f, in the time interval during which the switch current
is negative. During this time interval, the switch current can flow through the antiparallel diode.
To prevent cross-conduction (also called shoot-through current), the waveforms of the drive
voltages vgq; and vgg, should be non-overlapping and have a sufficient dead time (not shown
in Fig. 4.6). At turn-off, MOSFETSs have a delay time and bipolar junction transistors (BJTs)
have a storage time. If the dead time of the gate-to-source voltages of the two transistors is
too short, one transistor still remains oN while the other already turns oN. Consequently, both
the transistors are ON at the same time and the voltage power supply V; is short-circuited by
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the transistor on-resistances r, and ryg,. For this reason, cross-conduction current pulses of
magnitude /., =V, /(rpg; + rpg,) flow through the transistors. For example, if V; =200 V and
rpsi = Ipsy = 0.5 Q, I, =200 A. The excessive current stress may cause immediate failure of
the devices. The dead time should not be too long, which will be discussed in Sections 4.4.1
and 4.4.2. The maximum dead time increases as f /f, increases for f > f, or decreases for f < f,.
This is because the time interval during which the switch current is negative becomes longer.
The shortest dead time must be at f = f,. There are commercial IC drivers available, which have
an adjustable dead time, for example, TI 2525.

4.4.1 Operation Below Resonance

For f < f,, the series-resonant circuit represents a capacitive load. This means that the current
through the resonant circuit i leads the fundamental component v;; of the voltage v, by the
phase angle |y|, where y < 0. Therefore, the switch current iy, is positive after the switch turns
on at wt = 0 and iy, is negative before the switch turns off at wt = z. The conduction sequence
of the semiconductor devices is Q,—D,—0,—D,. Notice that the current in the resonant circuit is
diverted from the diode of one switch to the transistor of the other switch (Fig. 4.5). This causes
a lot of problems, which is explained shortly. Consider the time when the switch S, is turned on,
as shown in Fig. 4.6. Prior to this transition, the current i flows through the antiparallel diode D,
of the switch S;. When transistor Q, is turned on by the drive voltage vy,, Ups, 1S decreased,
causing vy, to increase. Therefore, the diode D, turns off and the current i is diverted from D,
to Q,. There are three undesired effects, when the MOSFET turns on:

1. Reverse recovery of the antiparallel diode of the opposite switch.
2. Discharging the transistor output capacitance.

3. Miller’s effect.

The most severe drawback of operation below resonance is the diode reverse-recovery stress
when the diode turns off. The MOSFET’s intrinsic body—drain diode is a minority carrier
device. Each diode turns off at a very large dv/dr, resulting in a large di/dt. It generates a
large reverse-recovery current spike (turned upside down). This spike flows through the other
transistor because it cannot flow through the resonant circuit. The resonant inductor L does not
permit an abrupt current change. Consequently, the spikes occur in the switch current waveform
at both turn-on and turn-off transitions of the switch. The magnitude of these spikes can be
much (e.g., 10 times) higher than the magnitude of the steady-state switch current. High current
spikes may destroy the transistors and always cause a considerable increase in switching losses
and noise. During a part of the reverse-recovery interval, the diode voltage increases from
—1V to V; and both the diode current and voltage are simultaneously high, causing a high
reverse-recovery power loss.

The turn-off failure of the power MOSFETs may be caused by the second breakdown of the
parasitic bipolar transistor. This parasitic bipolar transistor is an integral part of a power MOS-
FET structure. The body region serves as the base of the parasitic BJT, the source as the BJT
emitter, and the drain as the BJT collector. If the body—drain diode is forward biased just prior to
the sudden application of drain voltage, the turn-on process of the parasitic bipolar transistor may
be initiated by the reverse-recovery current of the antiparallel diode. The second breakdown of
the parasitic BJT may destroy the power MOSFET structure. The second breakdown voltage is
usually one-half of the voltage at which the device fails if the diode is forward biased. This volt-
age is denoted as Vg by manufacturers. For the reasons given earlier, operation at f < f, should
be avoided if power MOSFETs are to be used as switches. For example, the current spikes can
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be reduced by adding Schottky antiparallel diodes. Silicon Schottky diodes have low breakdown
voltages, typically below 100 V. However, silicon carbide Schottky diodes have high breakdown
voltages. Since the forward voltage of the Schottky diode is lower than that of the pn junction
body diode, most of the negative switch current flows through the Schottky diode, reducing the
reverse-recovery current of the pn junction body diode. Another circuit arrangement is to connect
adiode in series with the MOSFET and an ultrafast diode in parallel with the series combination
of the MOSFET and diode. This arrangement does not allow the intrinsic diode to conduct and
to store the excess minority charge. However, the higher number of components, the additional
cost, and the voltage drop across the series diode (which reduces the efficiency) are undesirable.
Also, the peak voltages of the transistor and the series diode may become much higher than
V,. Transistors with a higher permissible voltage and a higher on-resistance should be used.
High-voltage MOSFETs have high on-resistance. However, high on-resistance increases con-
duction loss. This method may reduce, but cannot eliminate the spikes. Snubbers should be used
to slow down the switching process, and reverse-recovery spikes can be reduced by connecting
a small inductance in series with each power MOSFET.

For f < f,, the turn-off switching loss is zero, but the turn-on switching loss is not zero. The
transistors are turned on at a high voltage, equal to V;. When the transistor is turned on, its output
capacitance is discharged, causing switching loss. Suppose that the upper MOSFET is initially
ON and the output capacitance C, of the upper transistor is initially discharged. When the upper
transistor is turned off, the energy drawn from the dc input voltage source V; to charge the output
capacitance C, from 0 to V; is given by

T T
W, = /0 Vig,dt =V, /0 ic,dt = V,0 (4.8)

where i, is the charging current of the output capacitance and Q is the charge transferred
from the source V; to the capacitor. This charge equals the integral of the current i, over the
charging time interval, which is usually much shorter than the time period T of the operating
frequency f. Equation (4.8) holds true for both linear and nonlinear capacitances. If the transistor
output capacitance is assumed to be linear,

0=C)V, (4.9)
and (4.8) becomes
W, =C,V} (4.10)
The energy stored in the linear output capacitance at the voltage V; is
1
We = 5Cov,2 (4.11)

The charging current flows through a resistance that consists of the on-resistance of the bottom
MOSFET and lead resistances. The energy dissipated in this resistance is

1
2
which is the same amount of energy as that stored in the capacitance. Note that charging a linear
capacitance from a dc voltage source through a resistance requires twice the energy stored in
the capacitance. When the upper MOSFET is turned on, its output capacitance is discharged
through the on-resistance of the upper MOSFET, dissipating energy in that transistor. Thus, the
energy dissipated during charging and discharging of the transistor output capacitance is

W, =C,V; (4.13)

Wi =W, - We==C,V? 4.12)

Accordingly, the turn-on switching loss per transistor is

We 1 2
Pton = T szC = E.fcovl (414)
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The total power loss associated with the charging and discharging of the transistor output
capacitance of each MOSFET is

Wsw 2
Py, = T szsw :fCoVI (4.15)
The charging and discharging process of the output capacitance of the bottom transistor is simi-
lar. In reality, the drain—source pn step junction capacitance is nonlinear. An analysis of turn-on
switching loss with a nonlinear transistor output capacitance is given in Section 4.11.2.

Another effect that should be considered at turn-on of the MOSFET is Miller’s effect. Since
the gate—source voltage increases and the drain—source voltage decreases during the turn-on
transition, Miller’s effect is significant, by increasing the transistor input capacitance, the gate
drive charge, and the drive power requirements, reducing the turn-on switching speed.

The advantage of operating below resonance is that the transistors are turned off at nearly zero
voltage, resulting in zero turn-off switching loss. For example, the drain—source voltage vy, is
held at nearly —1 V by the antiparallel diode D; when iy, is negative. During this time interval,
transistor Q,; is turned off by drive voltage v, . The drain—source voltage v)q, is almost zero
and the drain current is low during the MOSFET turn-off, yielding zero turn-off switching loss
in the MOSFET. Since vy, is constant, Miller’s effect is absent during turn-off, the transistor
input capacitance is not increased by Miller’s effect, the gate drive requirement is reduced, and
the turn-off switching speed is enhanced. In summary, for f < f,, there is a turn-on switching
loss in the transistor and a turn-off (reverse-recovery) switching loss in the diode. The transistor
turn-off and the diode turn-on are lossless.

As mentioned earlier, the drive voltages v, and v, are nonoverlapping and have a dead
time. However, this dead time should not be made too long. If the transistor Q, is turned off
too early when the switch current ig; is positive, diode D, cannot conduct and diode D, turns
on, decreasing v, to —0.7 V and increasing v, to V,. When the current through diode D,
reaches zero, diode D, turns on, v, decreases to —0.7 V, and vy, increases to V;. These two
additional transitions of each MOSFET voltage would result in switching losses. Note that only
the turn-on transition of each switch is forced and is directly controlled by the driver, while the
turn-off transition is caused by the turn-on of the opposite transistor (i.e., it is automatic).

In very high-power applications, thyristors with antiparallel diodes can be used as switches in
Class D amplifiers with a series-resonant circuit topologies. The advantage of such an arrange-
ment is that, for operation below resonance, thyristors are turned off naturally when the switch
current crosses zero. Thyristors, however, require more complicated and powerful drive circuitry,
and their operating frequency range is limited to 20 kHz. Such low frequencies make the size
and weight of the resonant components large, increasing the conduction losses.

4.4.2 Operation Above Resonance

For f > f,, the series-resonant circuit represents an inductive load and the current i lags behind
the voltage v;; by the phase angle y, where y > 0. Hence, the switch current is negative after
turn-on (for part of the switch “on” interval) and positive before turn-off. The conduction
sequence of the semiconductor devices is D;—Q,—-D,—Q,. Consider the turn-off of switch ;.
When transistor Q, is turned off by the drive voltage v, Upg increases, causing v, to
decrease. As v))g, reaches —0.7'V, D, turns on and the current i is diverted from transistor Q, to
diode D,. Thus, the turn-off switch transition is forced by the driver, while the turn-on transition
is caused by the turn-off transition of the opposite transistor, not by the driver. Only the turn-off
transition is directly controllable.

The transistors are turned on at zero voltage. In fact, there is a small negative voltage of
the antiparallel diode, but this voltage is negligible in comparison to the input voltage V.
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For example, transistor Q, is turned on by v, when i, is negative. Voltage v, is maintained at
nearly —1V by the antiparallel diode D, during the transistor turn-on transition. Therefore, the
turn-on switching loss is eliminated, Miller’s effect is absent, transistor input capacitance is not
increased by Miller’s effect, the gate drive power is low, and the turn-on switching speed is high.
The diodes turn on at a very low di/dt. The diode reverse-recovery current is a fraction of a sine
wave and becomes a part of the switch current when the switch current is positive. Therefore,
the antiparallel diodes can be slow, and the MOSFET’s body—drain diodes are sufficiently fast
as long as the reverse-recovery time is less than one-half of the cycle. The diode voltage is kept
at a low voltage of the order of 1 V by the transistor in on-state during the reverse-recovery
interval, reducing the diode reverse-recovery power loss. The transistor can be turned on when
the switch current is not only negative but also positive and the diode is still conducting because
of the reverse-recovery current. Therefore, the range of the on-duty cycle of the gate—source
voltages and the dead time can be larger. If the dead time is too long, the current will be diverted
from the recovered diode D, to diode D, of the opposite transistor until transistor Q, is turned
on, causing extra transitions of both switch voltages, current spikes, and switching losses.

For f > f,, the turn-on switching loss is zero, but there is a turn-off loss in the transistor. Both
the switch voltage and current waveforms overlap during turn-off, causing a turn-off switching
loss. Also, Miller’s effect is considerable, increasing the transistor input capacitance, the gate
drive requirements, and reducing the turn-off speed. An approximated analysis of the turn-off
switching loss is given in Section 4.11.3. In summary, for f > f,, there is a turn-off switching
loss in the transistor, while the turn-on transitions of the transistor and the diode are lossless. The
turn-off switching loss can be eliminated by adding a shunt capacitor to one of the transistors
and using a dead time in the drive voltages.

4.5 Topologies of Class D Voltage-Source RF Power
Amplifiers

Figure 4.7 shows a Class D voltage-switching amplifier with various resonant circuits. These
resonant circuits are derived from a series-resonant circuit. In Fig. 4.7(b), C. is a large cou-
pling capacitor, which can also be connected in series with the resonant inductor. The resonant
frequency (i.e., the boundary between the capacitive and inductive load) for the circuits of
Fig. 4.7(b)—(g) depends on the load. The resonant circuit shown in Fig. 4.7(b) is employed
in a parallel resonant converter. The circuit of Fig. 4.7(d) is used in a series-parallel resonant
converter. The circuit of Fig. 4.7(e) is used in a CLL resonant converter. Resonant circuits of
Fig. 4.7(a), (f), and (g) supply a sinusoidal output current. Therefore, they are compatible with
current-driven rectifiers. The amplifiers of Figs. 4.7(b)—(e) produce a sinusoidal voltage output
and are compatible with voltage-driven rectifiers. A high-frequency transformer can be inserted
in places indicated in Fig. 4.7. Half-bridge topologies of the Class D voltage-switching ampli-
fier are depicted in Fig. 4.8. They are equivalent for ac components to the basic topology of
Fig. 4.5. Figure 4.8(a) shows a half-bridge amplifier with two dc voltage sources. The bottom
voltage source V, /2 acts as a short circuit for the current through the resonant circuit, resulting
in the circuit of Fig. 4.8(b). A drawback of this circuit is that the load current flows through
the internal resistances of the dc voltage sources, reducing efficiency. In Fig. 4.8(c), blocking
capacitors C/2 act as short circuits for the ac component. The dc voltage across each of them
is V,/2, but the ac power is dissipated in the ESRs of the capacitors. An equivalent circuit for
the amplifier of Fig. 4.8(c) is shown in Fig. 4.8(d). This is a useful circuit if the dc power supply
contains a voltage doubler. The voltage stress across the filter capacitors is lower than that in the
basic circuit of Fig. 4.5. In Fig. 4.8(e), the resonant capacitor is split into two halves, which are
connected in parallel for the ac component. This is possible because the dc input voltage source
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Figure 4.7 Class D voltage-switching amplifier with various resonant circuits.
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Figure 4.8 Half-bridge topologies of the Class D voltage-switching amplifier. (a) With two dc volt-
age sources. (b) Equivalent circuit of amplifier of Fig. 4.8(a). (c) With two filter capacitors. (d) Equivalent
circuit of amplifier of Fig. 4.8(c). (e) With a resonant capacitor split into two halves. (f) Equivalent circuit
of amplifier of Fig. 4.8(e).

V; acts as a short circuit for the ac component of the upper capacitor. The disadvantage of all
transformerless versions of the half-bridge amplifier of Fig. 4.8 is that the load resistance R is
not grounded.

4.6 Analysis
4.6.1 Assumptions

The analysis of the Class D amplifier of Fig. 4.5 is based on the equivalent circuit of Fig. 4.5(d)
and the following assumptions:

1. The transistor and the diode form a resistive switch whose on-resistance is linear, the parasitic
capacitances of the switch are neglected, and the switching times are zero.
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2. The elements of the series-resonant circuit are passive, linear, time invariant, and do not have
parasitic reactive components.

3. The loaded quality factor Q; of the series-resonant circuit is high enough so that the current
i through the resonant circuit is sinusoidal.

4.6.2 Input Voltage of Resonant Circuit

A dc voltage source V; and two switches S; and S, form a square-wave voltage source with offset
V,/2. When S, is oN and S, is OFF, v = V,. When S| is OFF and S, is oN, v = 0. Referring to
Fig. 4.5(d), the input voltage of the series-resonant circuit is a square wave

Vi for O<owt<nm
VR Upg = 4.16

DSz {0 for 7 <owt<2rm (“4.16)
This voltage can be expressed by trigonometric Fourier series

1, 2w 1= . 1 2 <& sin[(2k — Doot]
VR Upgy = V; lz*‘;ZTsm(nwt)] :VI{E—I—;ZT}

n=1 k=1
=VI(%+%sina)t+%sin3wt+sisin5wz+~~> 4.17)
T pia T

Ideally, even harmonics (n = 2, 4, 6, ...) in a square-wave signal are zero.
The waveform of voltage v can be presented as a symmetrical function of time

VR Upgy = (4.18)
0 for

In this case, the trigonometric Fourier series of voltage v is

. (nm
| 22 sm(;)
VR Ups, =V §+—ZTcos(nwt)

4 n=1

:Vl(l+gcoswt—icos3wt+£cos§wt+~~> 4.19)
2 =z 3z Sx
The fundamental component of voltage v at the input of the resonant circuit is

v, =V, sinwt (4.20)
where its amplitude is given by

Ly,

V,=—~=0.637V, (4.21)
7

m

This leads to the rms value of voltage v;,

v, Vv,

Vs = —= = ~ 0.45V, (4.22)
V2o
and
Vo 2
£ =—==~r~0.637 (4.23)
Vi =&
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The instantaneous power losses in the ideal transistors (for zero on-resistances and zero switch-

ing times) are
pp(wt) = ig Upg; = iUpg, =0
Hence, the drain efficiency of an ideal Class D amplifier is 100%.

4.6.3 Series-Resonant Circuit

The parameters of the series-resonant circuit are defined as follows:

the resonant frequency

the characteristic impedance

the loaded quality factor

L
w,L _ 1 C Z,

QL_

the unloaded quality factor

— o — —
Qo - -
r w,Cr r
where
r=rpst+ir,+re
and

R =R+r

“R+r w,CR+r) R+r R+r

(4.24)

(4.25)

(4.26)

4.27)

(4.28)

(4.29)

(4.30)

The series-resonant circuit acts as a second-order bandpass filter. The bandwidth of this circuit

18

A

BW = =
Or

The loaded quality factor is defined as

Total average magnetic and electric energy stored at resonant frequency f,

L=

g Energy dissipated and delivered to load per cycle at resonant frequency f,

Peak magnetic energy at f, Peak electric energy at f,

W

S

fO WS a)o WS Q
=2z = =

=2z = =
TuPRl PRt P0+Pr P0+Pr

”Energy lost in one cycle at f, h ”Energy lost in one cycle at f,

(4.31)

(4.32)

where W, is the total energy stored in the resonant circuit at the resonant frequency f, = 1/T,,
and O = w, W is the reactive power of inductor L or capacitor C at the resonant frequency f;,.

The current waveform through the inductor L is given by

i;(ot) =1, sin(wt — y)

(4.33)
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resulting in the instantaneous energy stored in the inductor
w; (ot) = %L[,flsinz(cot —y). (4.34)
The voltage waveform across the capacitor C is given by
ve(wt) = Vi, cos(wt — y) (4.35)
resulting in the instantaneous energy stored in the capacitor
we(ot) = %CVémcosz(wt —y) (4.36)
The total energy stored in the resonant circuit at any frequency is given by
w,(ot) = w; (ot) + w(ot) = %[u;sinz(wz —y) + CVZ, cos* (ot — w)]. (4.37)

Since V., = X1, = 1,,/(@C), the total energy stored in the resonant circuit at any frequency
can be expressed as

w,(or) = %Ll,fl [sinz(wt —y)+ 1LCcos2(a)t - q/)]

w?

= %Ll,i sin®(wf — y) +

> cos>(wt — ) (4.38)
10}

@,

For w = w,, the total energy stored in the resonant circuit W, is equal to the peak magnetic
energy stored in the inductor L

w(wt) = %u;[sinz(wr — ) + cos*(wt — y)] = %LI; =W, =Wy (4.39)

Because I,, = V,,/ X = oCV,, the total energy stored in the resonant circuit at any fre-

quency becomes

w,(wt) = %CVém[(ozLCsinz(wt —y)+ cos*(wt — v)l

2
= %cvgm l(%) sinz(a)t —y)+ cos*(wt — v) (4.40)

For ® = w,, the total energy stored in the resonant circuit W, is equal to the peak electric energy
stored in the capacitor C

w,(wt) = %C\/ém[sinz(wt — ) +cos* (@t —y)l = W, = Wg, - 4.41)

Figure 4.9 shows waveforms of magnetic energy, electric energy, and total energy stored in the
resonant circuit at the resonant frequency f,,.
For steady-state operation at the resonant frequency f,, the total instantaneous energy stored
in the resonant circuit is constant and equal to the maximum energy stored in the inductor
.
Ws = WLmax = ELIm (442)
or, using (4.25), in the capacitor

1 1. Iy 1 1
=5 2. F =3 ) = Eu,%, =W, (4.43)
Substitution of (4.42) and (4.43) into (4.32) produces
w Ll _ 0,0V,
L= P, 2P,

2 12

m

W&‘ = WCmax Cvg‘m =

(4.44)
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Figure 4.9 Waveforms of magnetic energy, electric energy, and total energy stored in the resonant
circuit at the resonant frequency f,.

The reactive power of the inductor at f, is Q = (1/2)V,,,1,, = (1/2)w,LI? and of the capacitor
is Q=01/2)1,Vq, =1/ 2)wOCng. Thus, the quality factor can be defined as a ratio of the
reactive power of the inductor or the capacitor to the real power dissipated in the form of heat
in all resistances at the resonant frequency f,. The total power dissipated in R, = R + r is

1

P, = ER/; = %(R + ), (4.45)

Substitution of (4.42) or (4.43), and (4.45) into (4.32) gives
w,L 1

O = Rr T o CR T (4:40)

The average magnetic energy stored in the resonant circuit is

2r 2z
1 1 1 : 1
W) = 3 /O wd(w,t) = ELl,%, X 7 /0 sin’(w, td(wt) = ZLI; (4.47)

Similarly, the average electric energy stored in the resonant circuit is

2r 2z
1 1 1 1
Weur) = o /0 wed(w,t) = Ecvgm X 5- /0 cos’(w,)d(wt) = chgm (4.48)

Hence, the total average energy stored in the resonant circuit is

1 1 1 1
W, =Wy, + Weay) = ZUi + chgm = zuf,, = ECVém (4.49)
This leads to the loaded quality factor.
For R =0,

r

P, = %ﬂi (4.50)
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and the unloaded quality factor is defined as

w()WY Cl)()ll COUL 1 1
0,= - = = = = 4.51)
P, r rpstrp+re 0,Cr w,Clrpg+1; +710)
Similarly, the quality factor of the inductor is
Q _ w(}W\‘ _ w()L (4 52)
Top LT '
and the capacitor is
0, =W _ 1 (4.53)
- PrC woch .
4.6.4 Input Impedance of Series-Resonant Circuit
The input impedance of the series-resonant circuit is
®
Z:R+r+j<coL— L) =R+r) |1+jO, <2 - —0>]
wC w, o
) 4
-7 [R+"+j<2——”>]= \Z|e¥ =R+ r +jX (4.54)
Z, ®w,

where

2 2 2
=R+M[1+0* (L -22) =2 (L2
7 2 @ w, R+r w ,
Nw, o Z, w,
1 10} w, :
=Z4| =+ (L -2 4.55)
o; w0,

0] ,
= arctan [QL <— — —)] (4.56)
®w, o
R,=R+r= |Z|cosy (4.57)
X = |Z|siny. (4.58)

The reactance of the resonant circuit becomes zero at the resonant frequency f,. Figures 4.10
and 4.11 show plots of |Z| /R, as functions of f/f, and Q,. From (4.56),

cosy = ! (4.59)

2
Jreei(2-2)

Figure 4.12 shows a three-dimensional representation of |Z|/Z, as a function of the normalized
frequency f/f, and the loaded quality factor Q,. Plots of |Z|/Z, and y as a function of f /f, at
fixed values of Q; are shown in Figs 4.13 and 4.14.

For f < f,, w is less than zero, which means that the resonant circuit represents a capacitive
load to the switching part of the amplifier. For f > f,, y is greater than zero, which indicates that
the resonant circuit represents an inductive load. The magnitude of the impedance |Z| is usually
normalized with respect to R,, but it is not a good normalization if R changes, and therefore
R, = R + r is variable at fixed resonant components L and C.
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Figure 4.10 Modulus of the normalized input impedance |Z|/R, as a function of f/f, and Q, .
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Figure 4.11 Modulus of the normalized input impedance |Z|/R, as a function of f/f, at constant
values of Q, .
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Figure 4.12 Plots of |Z|/Z, as a function of f/f, and Q, .
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Figure 4.13 Modulus of the normalized input impedance |Z|/Z, as a function of f/f, at constant

values of Q, .



184 RF POWER AMPLIFIERS

90

60

30

-30

-60

A

Figure 4.14 Phase of the input impedance y as a function of f /f, at constant values of Q, .
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Figure 4.15 Block diagram of a Class D amplifier.

4.7 Bandwidth of Class D RF Power Amplifier

The Class D amplifier can be functionally divided into two parts: the switching network and
the resonant network. A block diagram of the Class D amplifier is shown in Fig. 4.15. The
switching part is composed of a dc input voltage source V; and a set of switches. The switches
are controlled to produce a square-wave voltage v. Since a resonant circuit forces a sinusoidal
current, only the power of the fundamental component is transferred from the switching part to
the resonant circuit. Therefore, it is sufficient to consider only the fundamental component of
the voltage v given by (4.20). The amplitude of the fundamental component of the square-wave
voltage vis V,, = 2V, /z. Hence, the voltage transfer function of the switching part of the Class
D amplifier is

My, = v, "% (4.60)
where V,, is the amplitude of the fundamental component v;; of the voltage v. The resonant
network of the amplifier converts the square-wave voltage v into a sinusoidal current or volt-
age signal.
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The voltage transfer function of the series-resonant circuit shown in Fig. 4.5(d) for the funda-
mental component is

\%
My == g - > Ly le- 1 = |My, |
m R+r+ ( L —) "o (2 _ @
PTIN®-T o0 L+/0; o, o
4.61)
where
|My,| = £__R ! = ir (4.62)

1Zl " R+r o > \2
\/HQi(g__o) \/HQi(g__o)
w, w,

where the efficiency is #,, = R/(R + r). Figure 4.16 illustrates (4.62) in a three-dimensional
space. Figure 4.17 shows the voltage transfer function |My, | as a function of f /f, at fixed values
of Q, for ;. = 0.95.

The magnitude of the dc-to-ac voltage transfer function for the Class D amplifier with a
series-resonant circuit is

V)m V)m V)m 2'7
|MV1| === - =M\/s|MVr| = = (463)

v, V. V; o o\
/4 1+Qi<———”>
®

o @

The maximum value of M, occurs atf/f, = 1 and My,,,,,. = 2n;, /7 = 0.637y,,. Thus, the values
of My, range from O to 2#,, /7.
The 3-dB bandwidth satisfies the following condition:

1

A
\/”Qi(f,‘f>

(4.64)

Sk

My, |

Q, 0 05

A

Figure 4.16 Three-dimensional representation of | M, | as a function of f/f, and Q, for 5, = 0.95.
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Figure 4.17 Transfer function |M,,| as a function of f/f, at fixed values of Q, for 7, = 0.95.

Hence,
2
i(i—é> =1=(xl1) (4.65)
fo  f
resulting in two second-order equations
I 5
0o <— - ===l (4.66)
VA
The first equation is
o <i —&> =1 (4.67)
fo S
yielding the quadratic
2
<£> _ L <~£> =0 (4.68)
1 Or \/o
whose positive solution gives the upper 3-dB frequency
Ty =1 1+L+L ~f(l+L> (4.69)
H 0 4Qi 2QL 0 2QL .
Similarly, the second equation is
0, (Lﬂ&) __1 (4.70)
fo S

yielding the quadratic

Jiz i<£>_1_0 4
(7) +a(7)-- w7
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whose positive solution gives the lower 3-dB frequency

_ [io L _ 1|, L
fL—fol 1+4Qi 2QL] f0<1 2QL> (4.72)

Thus, the 3-dB bandwidth is obtained as

1 1 1 1 i
BW=Af=f,—f = I+ —+—| - ‘/1 ——— | === 473

As the loaded quality factor Q, decreases, the bandwidth BW increases.

4.8 Operation of Class D RF Power Amplifier
at Resonance

4.8.1 Characteristics of Ideal Class D RF Power
Amplifier

For frequencies lower than the resonant frequency f, , the series-resonant circuit represents a high
capacitive impedance. On the other hand, for frequencies higher than the resonant frequency f,,
the series-resonant circuit represents a high inductive impedance. The series-resonant circuit
acts as a bandpass filter. If the loaded quality factor Q, is high enough, the voltage across the
resistance R, at f = f, is sinusoidal

v=1V, sinwt 4.74)

and the current through the resonant circuit at f = f, is approximately sinusoidal and equal to
the fundamental component

i=1, sinwt 4.75)
where
/T (4.76)
m R - 7R .

t t
Atf =f,, the current i; drawn from the power supply V; equals the current through the upper

switch S| and is given by

I,sinwt for 0<ot<
=i =4 sinwt  for ot <7 @77
0 for 7#<wt<L2rx
The dc component of the supply current is
1 27[ . Im g . Im Vl’ll
I, = T | igd(wt) = o ; sin wtd(wt) = - = 7R, 4.78)
yielding
I
n=—=nx (4.79)
I
The dc supply power is
P, =Vl 2V12 4.80
1=Vil= 2 (4.80)
The output power is
RI:Z  2VIR
Pyp=—= (4.81)
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Hence, the drain efficiency of the Class D RF power amplifier with ideal transistors (g = 0 and
switching times are zero) is

IDS 1 Im [m 1 1
= — == — —_— ) = = ==X1/2xrx2/r =1 4.82
Ip PI 2 [1 VI 27151 2 / / ( )

4.8.2 Current and Voltage Stresses of Class D RF Power
Amplifier

The voltage and current stresses of each MOSFET are
7

Vau=V, = EV’” (4.83)
and
Iy =1, = xl; (4.84)
The amplitudes of the voltage across the resonant inductance and capacitance are
VLm = Z()Im = C()()le (485)
and
Iﬂi
VCm = Zolm = w C (486)

o0

4.8.3 Ovutput-Power Capability of Class D RF Power Amplifier

The output-power capability is

o=t Pomec 1 BV 1 LV 1 (D (Vi
P NlIgVsy 2NIg Ve 2NIg Ve, 2N \Igy, Vom

1 2\ 1
S (-) = — ~0.159 487
x2S \T) T (4.87)

Another method to derive the output-power capability is

P, P 1 \%
szl Omax :l Mply =l”lD <_1> <_1>=lxlx<l>x1
NIgVgy NlilgVgy N Ty Vu 2 4
= zi ~0.159 (4.88)

T

4.8.4 Power Losses and Efficiency of Class D RF Power
Amplifier

The rms value of the current of each MOSFET is

27 T
[ 1 ; 1 .
ISrms = Z /0 lgld(a)t) = \/ﬂ /0 (Im Sin a)t)zd(a)t)

T 1
=Im\/% /O %(1 — cos 2wt)d(wt) = g (4.89)

Hence, the conduction power loss in each MOSFET is

2
rDSIm

Pops = rpsle,, = 2 (4.90)
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The sinusoidal current of amplitude /,, flows effectively through the on-resistance rjg during
the entire cycle T = 1/f. Therefore, the conduction power loss in the on-resistances of both
MOSFETs is

1
2P, = ErDSI,i 4.91)
Since x .
the switching loss in each MOSFET is
1 , _ 7’ ) _ 7w’ 212
Pstl = PstZ = EfCoVI = ?fcovm = ?fCDRt Im (493)
The sum of the conduction and switching losses in each MOSFET is
r%t x? 2
Prios = Pips + Pyuo1 = ) (rDS + EfCoRl> (4.94)
The total switching loss in both MOSFETs is
2 _ 7 ) _ 7 272
PstlQZ = 2Pst1 =fCovl = Ifcovm = TfCoRt Im (4.95)

Charging a linear capacitor is a 50% efficient process. The same amount of energy is lost in the
resistor present in the charging path as the amount of energy stored in the capacitor at the end
of charging process. Therefore, the total switching loss in the Class D amplifier is

2
Py, =2P, 010 = 2fC,V? = ”7 fC,RI? (4.96)

The drain efficiency is
Ppg _ Po R

Np = —— = = (4.97)
P Po+2P, s+ P 2
1 0 rDS W R4 Fos + % fc, th
The power loss in the resonant circuit is
1
Prc= 50+, (4.98)
Hence, the efficiency of the resonant circuit is
P P
n=nt=o—0 - __K (4.99)
Pps Po+Pyc RAr +re
The efficiency of the resonant circuit can be also expressed as
rp+r
pelo—ttre % (4.100)
R+r +r¢ Q,
The overall efficiency is
P P
=0 _ 0 R (4.101)

TP, Po+Pp+PLo+P, 2.
T a R+rDS+rL+rC+7fC0R,

4.8.5 Gate Drive Power

The gate-to-source capacitance C, is nearly linear. However, the gate-to-drain capacitance is
highly nonlinear. Therefore, the short-circuit capacitance of a power MOSFET Cy, = C, 4+ C

at vpg = 0 s also highly nonlinear. For this reason, the estimation of the gate drive power based
on the input capacitance is difficult. Since v, = v;¢ + Up;, the voltage gain during the turn-on
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and turn-off transitions is

Av Avgq + Av Av
= ps _ 2Ycs DG _ 4 4 26 (4.102)
Ags Avgs Avgs

Hence, the Miller’s effect capacitance reflected from the drain-to-gate terminals to the
gate-to-source terminals is

Avpg Avpg
C,=0-A,)C,= <l—1— )C = <— C (4.103)
&d Avgg 8d Avgg gd

The input capacitance of the transistor during turn-on and turn-off transitions due to Miller’s
effect is

Ci=Cy+C,=Cy+(1-4,)0C, (4.104)

A simpler method relies on the concept of the gate charge Q,. The energy required to charge
and discharge the MOSFET input capacitance is

W = 0 Vasy (4.105)

where Q, is the gate charge given in data sheets of MOSFETs and Vg, is the peak-to-peak
gate-to-source voltage. Hence, the drive power of each MOSFET associated with turning the
device on and off is

W,
P, = TG =fWe=10Vas, (4.106)
The power gain of the amplifier is
Po
k,=— 4.107
"= 35 (4.107)
The power-added efficiency is
1
 —
0
P, — 2P < k,,>
Norp = = (4.108)
PAE P, P,

Example 4.1

Design a Class D RF power amplifier to meet the following specifications: V, =3.3V,
Po=1W,f=f =1GHz r)y =019, 0, =7, Q,, = 200, and O, = 1000.

Solution. Assume 1, = 0.9 and neglect switching losses. Hence, the dc input power is

1 0.9 : :

2V ax3

,—nz—ﬂ—m=l.9889 (4.110)
The load resistance is
R=mn,R, =09%x1988 =1.780 Q 4.111)
The maximum parasitic resistance is
Fmax = R, — R =1.988 — 1.789 = 0.199 Q (4.112)
The inductance is
L= &R _Tx1988 o5y (4.113)

w 27 % 10°

o
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The capacitance is

1 1
= = = 11.437 pF 4.114
@,0,R, _ 27z x 10°x 7 x 1.988 P @-114)
The voltage stresses are
Vosu =V, =33V (4.115)
The amplitude of the output current is
2Py 2x1
I, =1y, =1 —=1/—=—==1057A 4.116
m s R 1.789 (*-116)

Assuming K, = p,,C,. = 0.142x 1073 A/V2, V, =03V, L =0.18 pm, V5 =33V, a =2,
and I, = alp,,, we obtain the aspect ratio of n-channel Si transistor

( W) _ 2IDsat _ 2IDsut _ 2aIDM
L/ Kn(VGSH - Vt)2 K”UZDSsur K"U2DSSat
= 2X2 X 1057 = 3308.29 4.117)
0.142 x 1073 x (3.3 = 0.3)?
Pick W
(7). =3400 4.118)
L/nN
The width of the n-channel transistor is
WN:(%) L = 3400 % 0.18 x 10°° = 612 pm 4.119)
N
The aspect ratio of p-channel Si transistor is
<K) =@(K) — 2.7 %3400 = 9, 180. (4.120)
L/p pyy\L/N
The width of the p-channel transistor is
W, = (%) L=9,180x0.18 = 1652.4 pm = 1.652 mm. (4.121)
P
The peak voltages across the resonant components C and L are
1
Ve = ——= = 1.057 =14.709 V (4.122)
0,C 2z x10%x11.437 x 10-12
and
Vi, =w, LI, =27 x10° x2.215x 107° x 1.057 = 14.71 V (4.123)
The conduction power loss in each MOSFET is
ol 2
Pops = 5 = 0.1 Xi'057 =27.93 mW (4.124)
The switching loss in each MOSFET is
Poor = %fcov,2 = % x 10° x 10x 1072 x 3.3? = 54.45 mW (4.125)
The power loss in each MOSFET is
Pyos = P,ps + Py,01 = 27.93 + 54.45 = 82.38 mW (4.126)

The total switching loss in the amplifier is

P, =2fC,V?=2x10°x10x 10712 x 3.3 =217.8 mW (4.127)

o]
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The drain efficiency is

@_PI_ZPMOS_1_2PMos_]_0.08238

= = = = = 85.04%
> ="p P, P, 111 ’
The ESR of the inductor is
w L 9 -9
=207 27 X107 x2.215x 107" _ 69.59 mQ
(R 200
and the ESR of the capacitor is
1 1
re = = = 13.9 mQ
®,C0c, 27 x10%x11.437 x 10-12 x 1000
The power loss in the inductor ESR is
I 2
P, = Tt _ 0.06959 X 1.057° _ 38.87 mW
2 2
and the power loss in the capacitor ESR is
I 2
= rC mo_ 0.0139 x 1.057 =7765 mwW
2 2
The efficiency of the resonant circuit is
P
n, 9 | =95.53%

T P,+P,+P,. 1+0.03887 +0.007765

The total power loss in the Class D amplifier (excluding the gate drive power) is

Py =2P,s+ P, +P+P,, =2x27.93 +38.87 +7.765 + 217.8 = 320.29 mW

resulting in the total efficiency of the Class D amplifier
__Po _ 1
P,+ P 1+0.32029

n =75.74%

(4.128)

(4.129)

(4.130)

4.131)

(4.132)

(4.133)

(4.134)

(4.135)

4.9 Class D RF Power Amplifier with Amplitude

Modulation

A circuit of the Class D power amplifier with AM is shown in Fig. 4.18. The modulating voltage
source v,, is connected in series with the dc supply voltage V,. AM can be accomplished in the
Class D amplifier because the amplitude of the output voltage is directly proportional to the dc
supply voltage V;. Voltage waveforms that explain the AM process are depicted in Fig. 4.19.

The modulating voltage waveform is given by
v,(H) =V, sinw,t

The AM voltage waveform across the bottom switch is

o0

1= (=1
v=uvpg = [V, +0,)] l% + % 2 # sin(nwbt)]

n=1

[Se]

_ . 1 2 1-(=1)" .
=V, +V,sinw,t) lz + p Z B a— sin(nw, )

n=1

(4.136)
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Figure 4.18 Class D RF power amplifier with amplitude modulation.

Vi \ . 1 25 1=
=V, <l + 7) sinw,,t [5 + p Z B a— sin(nw,t)

1 n=1

< " vV, mV,
( D sin(nw, t)] 71 + TI sin w,,t

=V,(1+m)sinw,, tl Z

2, & 1= (=1y 2mV; o 1= (=1
+TIZ#51H(”(X)([)+ n;’ Z 2(n ) sin(na)ct)sina)mt (4137)

n=1 n=1

Since 1
sinxsiny = 3 [cos(x —y) — cos(x + y)] (4.138)
the AM voltage waveform across the bottom switch is
VvV, mV, 2V, 1-(=D" .
V=Upgp = — + ——sinw,t+ — ) —————sin(nw,t)
2 2 ; 2n
mV; 1= (1" ( 1"
+— Z S cos(ne, — o, i adl Z cos(nw, + w,)t  (4.139)

n=1
It can be seen that the fundamental component and the odd harmonics of the voltage across
the bottom MOSFET (i.e., at the input of the resonant circuit) are modulated in amplitude. The
amplitudes of all odd harmonics are directly proportional to the supply voltage V.
The AM fundamental component of the voltage at the input of the resonant circuit is

2 .
Uy = Upgyy = [V, +v,®] <; sin a)ct)

2V, . 2V, . .
=V, +V,sinw,t) (— sinw t) = sinw, 1 + — sinw,, f sin .t

2 V, . 2y, . .
= ;V, 1+ 71 sinw,,t | sinw,t = 7(1 +msinw,,t) sinw,_t
mV,
- w, )t — - cos(w,. + w,,)t

mv,
=V.(1+msinw,t)sinwt =V, sinw,t + T‘ cos(w,
(4.140)
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Um
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Figure 4.19 Waveforms in the Class D RF power amplifier with amplitude modulation.

where the amplitude of the carrier is

v.=2y (4.141)
T
and the modulation index is
\%
m=—= (4.142)
Vi

Assume an ideal bandpass filter whose magnitude of the voltage gain is constantly equal to
1 and the phase is zero in the pass band, whereas the magnitude of the voltage gain is zero
outside the pass band. Under this assumption, only AM fundamental component of the carrier
is transmitted to the amplifier output. Hence, the AM output voltage is

. 2 . 2 Vi . .
v,=(V;+V,sinw,t) <; sin coct> = ;VI I+ v sinw,,t | sinw,t
1

. . . mv, mV,
=V.(l+msinw,t)sinw.t =V, sinw.t+ - cos(w, — w,, )t — — cos(w, + w,,)t
(4.143)
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In reality, the side bands are attenuated by the nonideal bandpass filter
) mV, M| mV, M|
v, =V.sinw.t+ — cos[(w, — w,)t — ¢] — cos[(w, + w,)t + @] (4.144)

where |M,| and ¢ are the magnitude and phase of the voltage gain of the band pass filter at
w=w,—-o,andw =0, +a,.

4.10 Operation of Class D RF Power Amplifier
Outside Resonance

For frequencies lower than the resonant frequency f,, the series-resonant circuit represents a high
capacitive impedance. On the other hand, for frequencies higher than the resonant frequency f,,
the series-resonant circuit represents a high inductive impedance. If the operating frequency f is
close to the resonant frequency f,, the impedance of the resonant circuit is very high for higher
harmonics, and therefore the current through the resonant circuit is approximately sinusoidal
and equal to the fundamental component

i =1, sin(wt — y) (4.145)
where from (4.57), (4.59), and (4.21)
I Vi, 2V, 2Vjcosy 2V,
"z =z =R,

t w o, 2
”Rf\/”Qi<w— "
2V,
= . (4.146)

R\’ o\’
Z, , 10}

Figure 4.20 shows a three-dimensional representation of 7,,/(V,/Z,) as a function of f/f, and
Q,. Plots of 1,,/(V,/Z,) as a function of f/f, at fixed values of Q, are depicted in Fig. 4.21.
It can be seen that high values of 1,,/(V,/Z,) occur at the resonant frequency f, and at low
total resistance R,. At f = f,, the amplitude of the current through the resonant circuit and the
transistors becomes

2V,
= — (4.147)
7R,
The output voltage is sinusoidal
v, =IiR=V,, sin(wt —y) (4.148)

The input current of the amplifier i; equals the current through the switch S, and is given by

I, sin(wt — f 0<wt<
=iy = { i@ my) for O<ors<a (4.149)
0 for 7 <owt<2rx
Hence, from (4.55), (4.57), and (4.21), one obtains the dc component of the input current
2 T
1 I cos V. cos
L= / i d(@n) = 2 / sin(or — w)d(or) = ¥ _ InEBW
27[ 0 277: 0 7[|Z|

_ 2Vicos’y  2V/R, I 2V,

m

7’R, ViR o \2 o © 2
1+02 (& _ 2 7R 1+Q<___0>
r QL<cu . 1 No,

o

(4.150)
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A= o L, 2v, v,
[ ==Ly L 4.151
"z 2R, " 3R, ( )
Hence,
Im 2 @ @, :
n=-2=z1+0* —--=) =ncosy (4.152)
I w0,
Atf =/,
]m
VW=—=7 (4.153)
y
The dc input power can be expressed as
2V2cos?y 2V? 2V2R
P =LV, =—! = I - I
7[2R[ ® w 2 R 2 w , 2
2R |1+ Qg<w— _ ﬁ) 22 (Z_) + <w— - j)
(4.154)
Atf =/,
2v: V2
e (4.155)
7°R, SR,
Using (4.146), one arrives at the output power
2R 2V;Rcos’y 2VIR
0 = —_— = =
2 2R2 2
wH m2R? |1+ Q? o %
! Now, o
2VIR
— (4.156)
R, 2 o @\
222 (=) +(—-=2
! ZU a)() @
Atf =1,
2VIR 2V}
0= ~ (4.157)

~ L
7I2R12 7R

Figure 4.22 depicts P,/ (VIZR, /Z2) as a function of f/f, and Q,. The normalized output power
P,/ (VIZR, /Z2) is plotted as a function of f /£, at fixed values of Q; in Fig. 4.23. The maximum
output power occurs at the resonant frequency f, and at low total resistance R,.

The drain efficiency of the Class D RF power amplifier with ideal components is

P 1 \%
w7 =) (5) () v = 3naeow
2
_(Ly(2 (@2 1
_<2)<n)(ﬂ)\/1+QL<wo a)) % o \2
ez )

The drain efficiency of the Class D RF power amplifier with ideal components at the resonant

frequency f, is
w2 (5) (5) =3Bt

=1 (4.158)
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4.10.1 Current and Voltage Stresses

The peak voltage across each switch is equal to the dc input voltage
Viau =V, (4.160)

The maximum value of the switch peak currents and the maximum amplitude of the current
through the resonant circuit occurs at f = f,. Hence, from (4.146)

v, 2V,

Iy =l = 2" = — (4.161)
t

t

The ratio of the input voltage of the resonant circuit to the voltage across the capacitor C is

the voltage transfer function of the second-order low-pass filter. The amplitude of the voltage
across the capacitor C is obtained from (4.146)

I, 2V,
Ve = - = (4.162)

C
(e RN, (o oY
, Z, w, @

A three-dimensional representation of V., /V, is shown in Fig. 4.24. Figure 4.25 shows plots of
Ven/V,; as a function of f/f, at fixed values of Q, .

The ratio of the input voltage of the resonant circuit to the voltage across the inductor L is the
transfer function of the second-order high-pass filter. The amplitude of the voltage across the
inductor L is expressed as

Vv, =Ll = (4.163)

Vem! V,

Q 0.5 £1f,

Figure 4.24 Normalized amplitude V,,,/V, of the voltage across the resonant capacitor C as a
function of f /f, and Q, .
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7

VCm / VI

fif,

Figure 4.25 Normalized amplitude V,,,/V, of the voltage across the resonant capacitor C as a
function of f/f, at fixed values of Q, .

Figure 4.26 shows V,,, /V, as a function of f/f, and Q, . Plots of V,,, /V, as a function of f /f, at
constant values of Q; are displayed in Fig. 4.27. Atf =f,,

2Vi0,

VCm(max) = VLm(max) = Zolmr = QLVm = (4'164)
The maximum voltage stress of the resonant components occurs at the resonant frequency f ~
f,, at a maximum dc input voltage V; =V, ., and at a maximum loaded quality factor Q;.
Actually, the maximum value of V;,, occurs slightly above f,, and the maximum value of V,,
occurs slightly below f,. However, this effect is negligible for practical purposes. At the resonant
frequency f = f,, the amplitudes of the voltages across the inductor and capacitor are Q, times
higher than the amplitude V,, of the fundamental component of the voltage at the input of the
resonant circuit, which is equal to the amplitude of the output voltage V,,,,.
The output-power capability per transistor is give by

P I %
. =—09 1(’")( ’">=1x1x(3)=i=0.159 (4.165)
V4 2

Pe 2 Vsy B 4 IS_M E 4 T

4.10.2 Operation Under Short-Circuit and Open-Circuit
Conditions

The Class D amplifier with a series-resonant circuit can operate safely with an open circuit at
the output. However, it is prone to catastrophic failure if the output is short-circuited at f close



CLASS D RF POWER AMPLIFIERS 201

\x
.
.
v

7
)

I

N
T

)

Figure 4.26 Normalized amplitude V,,,/V, of the voltage across the resonant inductor L as a func-
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Figure 4.27 Normalized amplitude V,, /V, of the voltage across the resonant inductor L as a func-

tion of f/f, at fixed values of Q, .
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to f,. If R = 0, the amplitude of the current through the resonant circuit and the switches is

2V,
I = (4.166)

" 7 \2 2
’"W(—") (2-2)
r (1)0 (0]

The maximum value of /,, occurs at f = f, and is given by

2V,
Iy, =1, =—L (4.167)

mr
r
and the amplitudes of the voltages across the resonant components L and C are
2 Vl Z() 2 VI Q()

In‘lr
VCm = VLm = _C = woLImr = ZgImr = 7 = T (4168)

o

For instance, if V; =320 Vand r=2Q, Iy, =1, = 102 A and V,, = V,,, = 80 kV. Thus,
the excessive current in the switches and the resonant circuit, as well as the excessive voltages
across L and C, can lead to catastrophic failure of the amplifier.

4.11 Efficiency of Half-Bridge Class D Power
Amplifier

4.11.1 Conduction Losses

The conduction loss for the power MOSFET is

g2
P, = Di " (4.169)
for the resonant inductor is
i,
P, = = (4.170)
and for the resonant capacitor is
rclgl
P = 2 4.171)

Hence, the conduction power loss in both the transistors and the resonant circuit is

+r ol I
P, =2P+ Py +P= w = % 4.172)
The output power is
2R
P, = N (4.173)
Neglecting the switching losses and the gate drive losses and using (4.154) and (4.156), one

obtains the efficiency of the amplifier determined by the conduction losses only

ety iy - () ()&
T, T Py+P, R+r 4L  R+r R+r) \w,L 0,
R (4.174)
Note that in order to achieve a high efficiency, the ratio of the load resistance R to the parasitic
resistance r must be high. The efficiency is high, when Q, is low and Q, is high. For example,
for Q; =5 and Q, = 200, the efficiency is 1, = 1 —5/200 = 0.975.
The turn-on loss for operation below resonance is given in the next section and the turn-off
loss for operation above resonance is given in Section 4.11.3. Expressions for the efficiency for
the two cases are given in those sections.
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4.11.2 Turn-On Switching Loss

For operation below resonance, the turn-off switching loss is zero; however, there is a turn-on
switching loss. This loss is associated with the charging and discharging of the output capaci-
tances of the MOSFETs. The diode junction capacitance is

Co CioVy

L U_D m o (VB _ UD)m’
Vs

where Cj is the junction capacitance at v, = 0 and m is the grading coefficient; m = 1/2 for step
junctions and m = 1/3 for graded junctions. The barrier potential is

NN,
Vy=V;In < A2D> (4.176)

n:
i

Ci(vp) = for v, <Vy (4.175)

where n; is the intrinsic carrier density (1.5 x 101 cm= for silicon at 25 °C), N, is the acceptor
concentration, and N, is the donor concentration. The thermal voltage is

kT T
V. \Y% 4.177
T~ T 1L609 V) ( )
where k = 1.38 x 10723 J/K is Boltzmann’s constant, g = 1.602 x 10~'? C is the charge per elec-
tron, and 7 is the absolute temperature in K. For p*n diodes, a typical value of the acceptor con-
centration is N, = 10'® cm=3, and a typical value of the donor concentration is N, = 10 cm™3,
which gives Vi = 0.57 V. The zero-voltage junction capacitance is given by

£ e, gN
Cop=A rtod ~ A ’2"5 2 for Np<N, 4.178)
2V, (L + L) i
Np Ny

where A is the junction area in cm?, €, = 11.7 for silicon, and ¢, = 8.85 x 1074 (F/cm). Hence,
Cy/A =3.1234x1071°y/N,, (F/cmz) For instance, if N, = 10" cm™, C;,/A ~ 3 nF/cm?.
Typical values of Cj, are of the order of 1 nF for power diodes.
The MOSFET’s drain—source capacitance C, is the capacitance of the body—drain pn step
junction diode. Setting v;, = —v,g and m = 1/2, one obtains from (4.175)

C ‘/ -V 4.179
4s(Ups) = \/7 Ups + VB or vpg 2 —Vp ( )
1+
C Upery +V, v
Cant _ DS2 B [ Ups2 (4.180)
Cup Ups1 + Vi Upsi

where C,, is the drain—source capacitance at v, and Cg, is the drain—source capacitance at
Ups,- Manufacturers of power MOSFETs usually specify the capacitances C,,, = C,, + C,, and
Cs=Cggat Vpg =25V, Vge =0V, and f = 1 MHz. Thus, the drain-source capacitance at
Vps =25V can be found as Cyysy) = C,5; — C,y,- The interterminal capacitances of MOSFETS

oss rss*

are essentially independent of frequency. From (4.180), the drain—source capacitance at the dc
voltage V; is

Hence,

25+ Ve SCuesv
Casvy) = Casosv) £~ () (4.181)

VitV Y,
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The drain—source capacitance at vg = 0 is

25
Cio = Casasn)\/ vt 1% 6.7C505v) (4.182)
B
for Vi, = 0.57 V. Also,

Vi+Vy V,
Cus(ps) = Cyyy,) P ~ Cyyv s (4.183)

Using (4.179) and dQ; = C,,dvyys, the charge stored in the drain—source junction capacitance
at vpg can be found as

Qj(UDS)=/ dQ; =/ Cus(ps)dupg

dv
=Co\V, / ——— =2C;\/Vy(vps + Vi)
Vg \/UDS+ B

1%
=2C, V4 /1 + —‘j’s = 2(ps + V) Cio(Ups) & 20p5C(Ups) (4.184)
B

which, by substituting (4.181) at vy = V,, simplifies to
Q:(V)) = 2V,Cyyyy = 10C 505, V/V,(C) (4.185)

Hence, the energy transferred from the dc input source V, to the output capacitance of the upper
MOSFET after the upper transistor is turned off is

v, v,
W, = / vidt =V, / idt = V,0,(V,)
~Vy —Vy

=2V} Cyyy,y = 104/ V7 Cyias1) (W) (4.186)

Using dW; = (1/2)Q;dvp and (4.184), the energy stored in the drain-source junction capac-
itance C, at vpg is

1 Ups Ups
Wivps) = 3 /v Q;dvps = CjOﬁB /V VUps + Vpdupg
—vo —Yo

2 ER) 2
= gcjo\/VB(UDS + Vi) = 5 Ca(vps)vps + Vp) & ng‘Y(UDS)UIZ)S (4.187)

Hence, from (4.181) the energy stored in the drain—source junction capacitance at v,g = V; is

10
(V) = Cdg(v,)v2 Cds(zsv), [V (4.188)

This energy is lost as heat when the transistor turns on and the capacitor is discharged through
T'pg» Tesulting in the turn-on switching power loss per transistor

Wi(V)) 2 3
P, = -’T =ij(V,) = —fCJO\/VB(V, + V)2

f Cds(Vl) f Cus2svy \/7 V(W) (4.189)

Figure 4.28 shows C,, o and W, as functlons of vg given by (4.181), (4.184), and (4.187).
Using (4.186) and (4.188), one arrives at the energy lost in the resistances of the charging path
during the charging process of the capacitance Cys

20
W (V) = Wy(V)) = Wi(V)) = cd‘(vl)v cds(zjvﬂ/vﬁ(W) (4.190)
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Figure 4.28 Plotsof C,, Q;, and W, versus v)yq. (a) C,q Versus v. (b) Q; versus v)y. (¢) W, versus

Ups-

and the corresponding power associated with the charging of the capacitance C, is

Wchar(VI ) 4 20
Poper = T = Werar(Vp) = ngdS(V,)V]z = ?fcdx(ZSV) V V;(J) (4.191)
From (4.186), one arrives at the total switching power loss per transistor
W)
w = T =fw, (V) = szjOVI Ve(V; + Vp)

=21 Cyvp Vi = 10fCyas)\/ Vi (W) (4.192)
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The switching loss associated with charging and discharging an equivalent linear capacitance

: 2
Cyis Py, = fC,, V. Hence, from (4.192)

10Cds(25V)
Coy = 2Ca) = — (4.193)

NG

Example 4.2

For MTP5N40 MOSFETs, the data sheets give C,, = 300 pF and C,,, = 80 pF at V;,4 =25V
and Vg =0 V. These MOSFETs are to be used in a Class D half-bridge series-resonant amplifier
that is operated at frequency f = 100 kHz and fed by dc voltage source V, = 350 V. Calculate
the drain—source capacitance at the dc supply voltage V;, the drain—source capacitance at v,y =
0, the charge stored in the drain—source junction capacitance at V,, the energy transferred from
the dc input source V; to the output capacitance of the MOSFET during turn-on transition, the
energy stored in the drain—source junction capacitance C,, at V,, the turn-on switching power
loss, and the total switching power loss per transistor in the amplifier operating below resonance.
Assume V; =0.57 V.

Solution. Using data sheets,
Cusasvy = Cogs — Cyy = 300 — 80 = 220 pF (4.194)
From (4.181), one obtains the drain—source capacitance at the dc supply voltage V; =350 V
5Cy, -12
Coyy = —a _ 3XZOXNO - _ 5579 » 59 pF (4.195)

VVi V350

Equation (4.182) gives the drain—source capacitance at v;; =0
Cjp = 6.7C 05y, = 6.7 X220 X 107'? = 1474 pF (4.196)

The charge stored in the drain—source junction capacitance at V, = 350 V is obtained from
(4.185)

Q,(V)) =2V, Cyyy,y = 2% 350 X 59 x 1072 = 41.3 nC (4.197)

The energy transferred from the input voltage source V, to the amplifier is calculated from
(4.186) as
W, (V) = V,0,(V)) =350 X 41.153 X 107% =144 1) (4.198)

and the energy stored in the drain—source junction capacitance C,, at V; is calculated from
(4.188) as

Wi(V)) = mcd\(zsv)\/% - ? x 220 x 107124/350% = 4.8 pJ (4.199)

Using (4.191), the power associated with charging the capacitance C, is calculated as
P, = 23—0fcds(25v)\/Vj3 = 230 x 10° x 220 x 107124/350% = 0.96 W (4.200)
From (4.189), the turn-on switching power loss per transistor for operating below resonance is
P, = g—ofcds(zsv)\/V} = 130 10 x 220 x 107124/3503 = 0.48 W (4.201)

Using (4.192), one arrives at the total switching power loss per transistor for operating below
resonance

Py, = 10fCu51)1 /V3(W) =10x 10> x 220 x 107124/3503 = 1.44 W (4.202)
Note that P,,,, = 3Pm and P, = 3P;,,. The equivalent linear capacitance is C,, = 2Cyy,) =

2% 59 =118 pF.
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The overall power dissipation in the Class D amplifier is

rl,%
Pp =P, +2P,, +2P; = > + 201 Cys051)\/ V13 + 210, Vispp (4.203)
Hence, the efficiency of the half-bridge amplifier for operating below resonance is
P P
2 c 0 (4.204)

" P,+P; P,+P,+2P, +2P;

4.11.3 Turn-Off Switching Loss

For operation above resonance, the turn-on switching loss is zero, but there is a turn-off switching
loss. The switch current and voltage waveforms during turn-off for f > f, are shown in Fig. 4.29.
These waveforms were observed in various Class D experimental circuits. Notice that the voltage

vps2
V) —
[
[
[
[
[
[
|
0
| wt
. [
Is2 |
[
lorr
[
[
[
[
[
|
0 | !
t [< t _>: ot
| [
. [
isoUps2 | [
[
AN
| [
| [
| |
|
0

wt

Figure 4.29 Waveforms of v, ig,, and i, 0y, during turn-off for f > f,.
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Upg, increases slowly at its lower values and much faster at its higher values. This is because
the MOSFET output capacitance is highly nonlinear, and it is much higher at low voltage v ),
than at high voltage v;)s,. The current that charges this capacitance is approximately constant.
The drain-to-source voltage v;,q, during voltage rise time ¢, can be approximated by a parabolic
function

Upsy = alwt)? (4.205)
Because vjg,(wt,) = V,, one obtains
Vi
= 4.206
= oy (4.206)
Hence, (4.205) becomes
V,(ot)?

Ups2 = @) (4.207)

The switch current during rise time ¢, is a small portion of a sinusoid and can be approximated
by a constant
isy =Ilopr (4.208)

The average value of the power loss associated with the voltage rise time ¢, is

1 [ Vilopr " 2
&:EAiwmwm= A(wam

2 (wt,)?
wt, V1 t.V,I 1.V,
_ o IOFF:fr tforr _ LVilorr (4.209)
67 3 3T
The switch current during fall time 7, can be approximated by a ramp function
wt
iy =1 1-— 4.210
ls2 = loFr < a)tf> ( )
and the drain-to-source voltage is
Upsy =V (4.211)

which yields the average value of the power loss associated with the fall time 7, of the current
of the semiconductor device

2z wt,
1 . Vilopr ! wt
Ptf = E /0 igUpsrd(wt) = T ; 1- a)_tf d(wt)

_ ot Vilopp _ JtVilorr  4Vilopr

= (4.212)
4z 2 2T
Hence, the turn-off switching loss is
_
Py =Py + Py =[Vilopp 3 + 5 ) (4.213)

Usually, 7, is much longer than #;. The overall power dissipation in the Class D half-bridge
amplifier is

rI? 2t,
Pr =P, +2P,; +2P; = 7*” +fVilopr <? + tf> + 20, Vispp (4.214)

Hence, the efficiency of the amplifier for operation above resonance is
Po Po

= = 4.215)
Po+P;  Po+P,+2P,;+2P;

My
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4.12 Design Example

A design procedure of the Class D voltage-switching power amplifier with a series-resonant

circuit is illustrated by means of an example.

Example 4.3

Design a Class D half-bridge amplifier of Fig. 4.5 that meets the following specifications: V; =
100V, P, =50W, and f = 110kHz. Assume Q, = 5.5, y = 30° (that is, cos?y = 0.75), and
the efficiency #;, = 90%i. The converter employs IRF621 MOSFETs (International Rectifier)
with rpg = 0.5 Q, Cyosy) = 110 pF, and Q, = 11 nC. Check the initial assumption about 7,
using Q;, = 300 and O, = 1200. Estimate switching losses and gate drive power loss assuming

Vs = 15 V.

Solution. From (4.174), the dc input power of the amplifier is
Py 50
P=—="—=555W
=y, ~ 09

Using (4.154), the overall resistance of the amplifier can be calculated as

2V? 2
R = —Lcosty = 210" 67527350
2P, 72 X 55.56

Relationships (4.174) and (4.29) give the load resistance
R=n,R, =09x27.35=24.62Q
and the maximum total parasitic resistance of the amplifier
r=R, —R=2735-24.62=273Q
The dc supply current is obtained from (4.154)

P, 5556
[ =—L=2222-0556A
™ v, ™ 100

The peak value of the switch current is

2P
=122 =1/220 ;A
R 24.62

and from (4.160) the peak value of the switch voltage is equal to the input voltage

Vgy =V, =100V

Using (4.56), one arrives at the ratio f /f, at full load

f, 2

from which

o1 (tanu/ N tanZy +4 ) _1 ltan(30°) N tan?(30°)

_1 - +4| = 1.054
0, 0 2| 55 5.52 ]

f o 110x10°

- _ =104.4 kH
(/) " 1.054 ?

o

(4.216)

4.217)

(4.218)

(4.219)

(4.220)

4.221)

(4.222)

(4.223)

(4.224)
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The values of the reactive components of the resonant circuit are calculated from (4.27) as

O/R,  55x27.35
) 27 X 104.4 x 103

o

1 1
T w,0/R, 27 x 104.4 x 10> X 5.5 X 27.35

—6
Z = \/Z =220 514070 (4.227)
c 10 x 109

The maximum voltage stresses for the resonant components can be approximated using (4.164)

2V,
VCm(max) = VLm(max) = IQL = 2x100x5.5 =350V (4228)
V/ T

L=

=229.3 pH (4.225)

=10 nF (4.226)

From (4.26),

Once the values of the resonant components are known, the parasitic resistance of the amplifier
can be recalculated. From (4.52) and (4.53),

_wL 2z x110x10°x229.3 X 107°
=0, " 300

=0.53Q (4.229)

and
1 1

fe = = 3 =
wCQ¢r, 27 x110x103x10x 107 %x 1200

=0.12Q (4.230)

Thus, the parasitic resistance is
r=rpg+r, +r=054+0534+0.12=1.15Q (4.231)
From (4.169), the conduction loss in each MOSFET is

sl 0.5 % 2.022
4 4

Using (4.170), the conduction loss in the resonant inductor L is

P = =051 W (4.232)

12 2
p o= im _053X202° | ooy (4.233)
rL 2 2

From (4.171), the conduction loss in the resonant capacitor C is

el 0.12x2.022

P,.= =0245W 4.234

rC 2 2 ( )

Hence, one obtains the overall conduction loss
P.=2P,pg+P,;+P,=2%x051+108+0.245=2345W (4.235)

The efficiency #,, associated with the conduction losses only at full power is

__Po 50
Po+ P, 50+2.345

", = 95.52% (4.236)

Assuming the peak-to-peak gate—source voltage Vg, = 15V, the gate drive power loss in
both MOSFETs is

2P; =2fQ, Vs =2 X 110x 10° X 11 x 1077 x 15 = 0.036 W (4.237)
The sum of the conduction losses and the gate drive power loss is

P,g=P,.+2P;=2345+0.036 =228 W (4.238)
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The turn-on conduction loss is zero because the amplifier is operated above resonance. The
efficiency of the amplifier associated with the conduction loss and the gate drive power at full
power is

P, 50

= - = 95.64% 4.239
P,+P;, 50+228 ’ (4.239)

My

4.13 Transformer-Coupled Push-Pull Class D
Voltage-Switching RF Power Amplifier

4.13.1 Waveforms

A push—pull Class D voltage-switching (voltage-source) RF power amplifier is shown in
Fig. 4.30. Transistors are switched on and off alternately. Current and voltage waveforms are
depicted in Fig. 4.31. The drain-to-source voltages v, and v, are square waves and the
drain currents ij,, and ip, are half-sine waves.

For the operating frequency equal to the resonant frequency, the series-resonant circuit forces
a sinusoidal output current

i, =1, sinwt (4.240)
resulting in a sinusoidal output voltage
v, =V, sinwt (4.241)
where
V, =R/, (4.242)

The resistance seen by each transistor across each primary winding with the other primary wind-
ing open is given by
R=n’R, (4.243)

where 7 is the transformer turn ratio of one primary winding to the secondary winding.

vj

Figure 4.30 Push—pull Class D voltage-switching (voltage-source) RF power amplifier.
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b4 2r wt
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n 2r wt
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Ups2 2v,
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0 Y /
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Figure 4.31 Waveforms in push-pull Class D voltage-switching (voltage-source) RF power

amplifier.

For 0 < wt < &, the drive voltage is positive and the transistor Q, is ON and the transistor Q,

is OFF. The current and voltage waveforms are
Upp = V,= Upi
Ups1 =V + Uy = Vi+V, =2V,

_ Upl _ Up2 _ V[

v
Y oon n n

and

. I, .
i =Idmsma)t=7msma)t for O<wr<n

and

i, =0

where 1, is the peak drain current.

(4.244)
(4.245)

(4.246)

(4.247)

(4.248)
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For r < wt < 2, the drive voltage is negative and transistor Q, is OFF and transistor O, is ON.
The waveforms for this time interval are

Uy ==V, =0, (4.249)
Upsy =V =0, =V, = (=V) =2V, (4.250)
v v 1%
b= = 2o 4.251)
n n n
in; =0 (4.252)
and I
ipy = =1, sinwt = —=sinwt for = <wt<2x (4.253)
n
The amplitude of the fundamental component of the drain-to-source voltage is
Van =2V, (4.254)
T
The amplitude of the output voltage is
V V
y =l _ 24 (4.255)
n T n
The current through the dc voltage source V; is a full-wave rectified sinusoid
I
i =ip +ipy = 1I,|sinwt| = =| sinwi| (4.256)
n
The dc supply current is
2r
1 my o 21, 2 2V, 8 Vi
I = — — tldlwt) = =—==1;, = =———=——— 4.257
"o fy n | sinotld(ewr) zn  x™ zn’R,  n’n’R, ¢ )

The dc resistance presented by the amplifier to the dc supply source V; is

V, 7[2 2 V] 7[2
R .=-L_7 =L==Z_R 4.258
pc=7 g L I 3 ( )

4.13.2 Power

The output power is
vios Vi 8V

P,= ==—=—— 4.259
©T 2R, T x2n?R, * R (4259)
The dc supply power is
V2
Pyl =3 1 (4.260)
11— "' — ”2 anL .

Neglecting conduction losses in the MOSFET on-resistances and switching losses, the drain

efficiency is
_Po

= =1 4.261
2 (4.261)

"p

4.13.3 Current and Voltage Stresses

The MOSFET current and voltage stresses are

I
Iy =2 (4.262)
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and

Vg =2V, = %"vm (4.263)

The output-power capability is

P / v,
cp=ﬂ=1<i>< Z >=1><n><l=i=0.159 (4.264)
25 Vosu 4 \Upy Viosm 4 2 2m

4.13.4 Efficiency

The rms value of the drain current is

I, = 1/— / T 2 d(ot) = I —I"’” (4.265)
Srms — - .

Hence, the conduction power loss in the MOSFET on-resistance 7 is

rpsl? rpsl2, r
— 2 _ 'DSdm _ "DS'm _  'DS
P.ps = Tpsls s = > - = o 4”2RLP0 (4.266)
The drain efficiency is
P, 1 1
= = = 4.267
o PO + 2PrDS 1 2PrDS 1+ V.;S ( )
+ P, 2n’R;
The power loss in the ESR of the resonant inductor r; is
rLI,iQ[z‘ rLQI%
L=, = R, Lo (4.268)
and the power loss in the ESR of the resonant capacitor r is
rel0F Q]
P..= 7 = R, P, (4.269)
The total power loss is
r Q*(r, +re)
Plow =2Ppg+ Py +Po=Py |2 4 L1 C (4.270)
n*R; R;
Hence, the overall efficiency is
P P
p=0_-_"0 _ L (4.271)
P Po+ P |4 DS O, (r, +ro)
n’R; R,

Example 4.4

Design a push—pull Class D voltage-switching RF power amplifier to meet the following specifi-
cations: V; =28 V,P, =50 W, R, = 50 Q, BW = 240 MHz, and f = 2.4 GHz. Neglect switching
losses.

Solution. Assuming the efficiency of the resonant circuits #, = 0.96, the drain power is

Py 50
Ppo=-—2=—""0r=52083W 4272
bS™ . 7096 ( )
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Assume the minimum value of the drain-to-source voltage V., = 1 V. The resistance seen
across one part of the primary winding is

_ i (VI - VDSmin)2 _ i (28 — 1)2
72 Pps 72 52.083

The transformer turns ratio is

n=q B o JU39 6476 (4.274)
R, 50

=11345W (4.273)

. 1
Pl"cfll{lg a?n;%iitude of the fundamental component of the drain-to-source voltage is
Vim = %VI = % X 28 =3565V (4.275)
The amplitude of the fundamental component of the drain current is
1, = M =36 3142 A (4.276)

" R 11345
The dc supply current is

I = %Idm _2 x3.142=2A 4.277)
7 7
The dc supply power is
P, =V =28Xx2=56W (4.278)

The rms value of each MOSFET is

I
= lam 3142 oA (4.279)

ISrm,\‘ =
V2 V2

Assuming rp¢ = 0.2 Q, we obtain the conduction loss in each MOSFET

Pops = rpsls,, = 02x2222> =0.9875 W (4.280)

The drain efficiency is

Py 50

Py +2P.ps 50 +2x0.9875 ’ (4.281)

p

The maximum drain current is

Iy, =1,,=3.142 A (4.282)
The maximum drain-to-source voltage is
Veuy =2V, =2x28=56V (4.283)
The loaded quality factor is
fe 2400
=2 ="_"=-10 4.284
L= 3w = 240 (4289

The resonant inductance is
_OR,  10x11.345

L = =7.523 nH (4.285)
, 2w x 2.4 % 10°
The resonant capacitance is
= ! | = 0.585 pF (4.286)

®.0R, 27 % 24 % 10° x 10 x 11.345
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4.14 Class D Full-Bridge RF Power Amplifier
4.14.1 Currents, Voltages, and Powers

The circuit of a Class D full-bridge with a series-resonant amplifier is shown in Fig. 4.32. It con-
sists of four controllable switches and a series-resonant circuit. Current and voltage waveforms
in the amplifier are shown in Fig. 4.33. Notice that the voltage at the input of the resonant circuit
is twice as high as that of the half-bridge amplifier. The average resistance of the on-resistances
of power MOSFETSs is rg = (rpg; + 'pso + Fpss + Fpsa) /4 = 2rpg. The total parasitic resistance
is represented by

R 2rpg+ 1 41 (4.287)

which yields the overall resistance
R =R+r~R+2rps+r, +71¢ (4.288)

When the switches S| and S; are ON and the switches S, and S, are OFF, v = V,. When the
switches S| and S; are OFF and the switches S, and S, are oN, v = —V,. Referring to Fig. 4.33,
the input voltage of the series-resonant circuit is a square wave described by

V for 0<owt<
v=4 1 or wrsz (4.289)
-V for 7 <wt<2nm
The Fourier expansion of this voltage is
4V, Q1-(-1y | 4V, < sin[(2k — Dot]
S X e R Ty
=V, (i sinwr + —- sin 3ot + — sin Sof + - - ) (4.290)
T 3z Sz
The fundamental component of voltage v is
v,; =V, sinwt (4.291)
where its amplitude is given by
4v,
V,=—~1273V, (4.292)
T
Hence, one obtains the rms value of v},
Vv 24/2V,
v, == 2v2v, 0.9V, (4.293)
: \/5 7

S1 84
J_LO-I L Cc R |—o o
vV, =—
—+ —_—
s TN ¢ AL
1re o

Figure 4.32 Full-bridge Class D power amplifier with a series-resonant circuit.
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Figure 4.33 Waveforms in the Class D full-bridge power amplifier. (a) For f < f,. (b) For f =, .
(c)Forf > f..

The current through the switches S, and S; is

I, sin(wt — for 0<owt<
i =iy = 4 mSM@ ) for O<orsa (4.294)
0 for 7 <wt<2x
and the current through the switches S, and S, is
0 for 0<owt<
Iy =gy = . o wr=7 (4.295)
-1, sin(wt — y) for 7 <wt<2r
The input current of the amplifier is
ip=ig +ig (4.296)

The frequency of the input current is twice the operating frequency. Hence, from (4.55), (4.57),
and (4.292), one obtains the dc component of the input current
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F 1 * 21 cos 2V cos 8V, cos
1,=%/0 iSld(a)t)=;m/0 sin(@ — y)d(wr) = -2V _ ZTm SOV OFCO%W

74 b 2V4
_ 8Vcos’y  8V/R, 21, 3 8V,
2 @ _ % R |1+02 (L - =
”\/1 ’ QL<CU0 @ > o QL @, w
(4.297)
Atf=f,
I = 2, _ 8V, (4.298)
I~z - 7’R, ’
The dc input power is
8V7cos?y 8V? 8VIR,
Pr=tvi= 2R, - R\2 2
C [Hgi(g_&) ] oz [(;) o(2-2) ]
w, Z, w,
(4.299)
Atf =/,
P 8V; 4.300
"™ 2R, (4-300)

The current through the series-resonant circuit is given by (4.145). From (4.57), (4.59), and
(4.292), its amplitude can be found as

V, 4V, 4V,cosy 4V,

n=7 T az 7R, —
1o %)
0w, o

4V,
= ! (4.301)
R 2 [0) w 2
7 _t +(=-=2
() +(2-%)
At f =71,
4V,
Iy, =1 = — 4.302
SM m(fo) ﬂRt ( )
The voltage stress of each switch is
Vaur =V; (4.303)
The output power is obtained from (4.301)
AR 8VZRcos’y 8VZR
0 = = =
2 12R? 2
’ 2R l1+Q§<ﬂ—ﬂ> ]
0w,
8VIR
= (4.304)
R, 2 o o\
222 L + | = — 9
~%|(z) +(&-3)
At f =,
8VIR 8V}
P, = ~ (4.305)

7[2Rt2 R
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From (4.301), one obtains the amplitude of the voltage across the capacitor C

I, 4V,
Vem = — = (4.306)
wC 2 2
[} R, [} @,
| — =) +(—-=
(G +(22)
Similarly, the amplitude of the voltage across the inductor L is
4v, <ﬂ>
0}
Vim = oLl = = (4.307)
J(2) (%)
=) +(—-—=2
Z() w(} w
At f =1, .
ViQ
VCm VLm = Zolmr = Lvm = # (4.308)

4.14.2 Efficiency of Full-Bridge Class D RF Power Amplifier

The conduction losses in each transistor, resonant inductor, and resonant capacitor are given by
(4.169), (4.170), and (4.171), respectively. The conduction power loss in the four transistors and

the resonant circuit is
2 Qrpg+r, +ro)l
T
The turn-on switching loss per transistor for operation below resonance P, is given by (4.192).
The overall power dissipation in the Class D amplifier for operation below resonance is

(4.309)

Py =P, +4P, +4P; = %’3’ + 40Cds(25V)\/V713 + 410, Visyp (4.310)
Hence, the efficiency of the full-bridge amplifier operating below resonance is
__Po Po
P,+P; Po+P.+4P, +4P;

n 4.311)

The turn-off switching loss per transistor operating above resonance P, is given by (4.213).
The overall power dissipation in the amplifier operating above resonance is

I 4t
Pr =P, +4P,; +4P; = 7’” +fVilppr <?r + 2tf> +4f0,Vis,y (4.312)

resulting in the efficiency of the Class D full-bridge series-resonant amplifier operating above

resonance
PO PO

T Po+P; P+ P +4P+4P;

Ny (4.313)

4.14.3 Operation Under Short-Circuit and Open-Circuit
Conditions

The Class D amplifier with a series-resonant circuit can operate safely with an open circuit at
the output. However, it is prone to catastrophic failure if the output is short-circuited at f close
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to f,. If R = 0, the amplitude of the current through the resonant circuit and the switches is

4V,
I = (4.314)

" 2 2
zry/ 1+ é @ %
r 0w, o

The maximum value of /,, occurs at f = f, and is given by

4v,
= — (4.315)
The amplitudes of the voltages across the resonant components L and C are
I 4v,Z, 4V,0
VCm VLm a):er = a)oLImr = olmr = 70 = To (4.316)
4.14.4 Voltage Transfer Function
The input of the amplifier to the input of the resonant circuit is
%
My, = —== 4 ~ 1.273 (4.317)
‘ V T
I

The magnitude of the dc-to-ac voltage transfer function for the Class D full-bridge amplifier
with a series resonant is

Vo ViV, 4
My, = o ooy g o (4.318)
VI Vm VI

2
n\/1+Q§<wﬂ—%>

o

The maximum value of M, occurs at f/f, = 1 and equals M,,,,,. = 4n,./7 = 1.237n,,. Thus,
the values of My, range from O to 1.237,,.

Example 4.5

Design a Class D full-bridge amplifier of Fig. 4.32 to meet the following specifications: V, =
270V, P, =500 W, and f = 110 kHz. Assume Q; =5.3, y = 30° (i.e., cos?y = 0.75), and the
efficiency #;, = 94%. Neglect switching losses.

Solution. The input power of the amplifier is

_Po _ 500
"o, T 094

The overall resistance of the amplifier can be obtained from (4.304)

=5319W (4.319)

8?2 2
R = —Lcosty = SX210°_ 475-8330 (4.320)
n’P; 72 x531.9

Following the design procedure of Example 4.2, one obtains
R=n,R, =094 %x833=783Q (4.321)
r=R,—-R=833-783=5Q (4.322)
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P
LB yg7p
v, 270

1
2P /
Im _ R(rms) _ 2 % 500 —3574 A
R 78.3

I

2 o 2 o
£=%<taﬂ+ mn_zw+4 >=% ltan5(330)+ tan(320)+4 ] - 1.056
£ 0o, o2 . 53
3
f=—_ JHOXI0 o0,
f/f,) 1.056
R
L:QL r_ 5.3x83.3 — 674 puH
®, 2xx1042x 103
1 1

=3.46 nF

T 0,0,R,  27x 1042x 10° x 5.3 x 833

/ / -6
Z, = L_ M:441.4Q
C 3.46 x 109
From (4.316), the maximum voltage stresses for the resonant components are

4v
VCm = VLm = ;TQL = 4x 277(: x3.3 =1822V

Referring to (4.303), the peak value of the switch voltage is equal to the input voltage

Vegy =V, =270V

(4.323)

(4.324)

(4.325)

(4.326)

(4.327)

(4.328)

(4.329)

(4.330)

(4.331)

4.15 Phase Control of Full-Bridge Class D Power

Amplifier

Figure 4.34 shows a full-bridge Class D power amplifier with phase control. The output voltage,
output current, and output power can be controlled by varying the phase shift A¢ between

[ o |

81 83
BRI R e
vV, =
82 AL J S4
D J ” FI—

=

7

Figure 4.34 Full-bridge Class D power amplifier with phase control.
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the gate-to-source voltages of the left leg and the right leg, while maintaining a constant
operating frequency f. The operating frequency f can be equal to the resonant frequency f,.
Constant-frequency operation is preferred in most applications. Equivalent circuits of the
amplifier are shown in Fig. 4.35. Figure 4.36 shows the waveforms of the gate-to-source
voltages and the voltage across the resonant circuit.

Figure 4.35(a) shows the equivalent circuit when S, and S5 are ON and S, and S, are OFF,
producing the voltage across the resonant circuit v = 0. Figure 4.35(b) shows the equivalent
circuit, when S; and S, are oN and S, and S5 are OFF. In this case, the voltage across the resonant
circuitis v = V,. Figure 4.35(c) shows the equivalent circuit, when S; and S5 are OFF and S, and
S, are ON, generating the voltage across the resonant circuit v = 0. Figure 4.35(d) shows the
equivalent circuit, when S, and S, are OFF and S, and S; are ON. In this case, the voltage across
the resonant circuit is v = —V,. The duty cycle corresponding to the width of the positive pulse
or the negative pulse of the voltage across the resonant circuit v is given by
T-Ap _ 1 _Ag

- _ 7 4.332
2r 2 2r (4.332)

When the phase shift A¢ increases from O to z, the duty cycle D decreases from 50% to zero.
The phase shift A¢ in terms of the duty cycle D is expressed by

A¢=ﬂ—27rD=2n'(%—D> for 0<D<0.5 (4.333)

D=

The even harmonics of the voltage v are zero. The amplitudes of the odd harmonics of the voltage
v are

v

m

4v,
= —sin(zD) for 0<D<05 and n=13,5, ... (4.334)
n

Higher harmonics are attenuated by the resonant circuit, which acts as a bandpass filter. The
amplitude of the fundamental component V,, of the voltage v is given by

4v, | 4V, A¢
V, = —sin(zD) = — cos > for 0<D<05 (4.335)
b b/

(a) (b)

(c) (d)

Figure 4.35 Equivalent circuits of full-bridge Class D power amplifier with phase control. (a) S,
and S, oN, while S, and S, OFF. (b) S, and S, ON, while S, and S; OFF. (c) S, and S, ON, while S, and §;
OFF. (d) S, and S; ON, while S, and S, OFF.
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Figure 4.36 Waveforms of a full-bridge Class D power amplifier with phase control.

Thus, the amplitude of the fundamental component V,, of the voltage v decreases from V,,, .,y =
4V, /x to zero as D decreases from 0.5 to 0, or A¢ increases from 0 to z. Therefore, the out-
put current, the output voltage, and the output power can be controlled by varying the phase

shift Ap.

4.16 Class D Current-Switching RF Power Amplifier
4.16.1 Circuit and Waveforms

The Class D current-switching (current-source) RF power amplifier of in Fig. 4.37(a) was
introduced in [12]. This circuit is dual to the Class D voltage-switching (voltage-source) RF
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Figure 4.37 Class D current-switching (current-source) RF power amplifier [12]. (a) Circuit. (b)
Equivalent circuit.

power amplifier. An equivalent circuit of the amplifier is shown in Fig. 4.37(b). Voltage and
current waveforms, which explain the principle of operation of the amplifier, are depicted in
Fig. 4.38. It can be seen the MOSFETs are operated under ZVS conditions. The dc voltage
source V; and the form a dc current source /;. When the MOSFET switch S, is OFF and the
MOSFET switch S, is oN, the current flowing into the load network is

ipy =1, (4.336)

When the MOSFET switch S, is oN and the MOSFET switch S, is OFF, the current flowing into
the load network is
iy =0 (4.337)

Thus, dc voltage source V;, RFC, and two MOSFET switches form a square-wave current-source
whose lower value is zero and the upper value is ;. The parallel-resonant circuit behaves as
a bandpass filter and filters out all harmonics, and only the fundamental component flows to
the load resistance R. When the operating frequency is equal to the resonant frequency f, =

1/(2z+/LC), the parallel-resonant circuit forces a sinusoidal voltage

v, =V, sinwt (4.338)
yielding a sinusoidal output current

i, =1,sinwt (4.339)

where the amplitude of the output current is

po=Vn 4.340
== (4.340)

m
The dc input voltage is

1 2 1 2 \%
V=5 / Opsid(@) = 5~ / V,, sinwtd(or) = 2 = 2 (4.341)
T Jo T Jo T
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Figure 4.38 Waveforms in Class D current-switching (current-source) RF power amplifier.

The amplitude of the output current is

Hence,

I

The dc resistance is

EN ]

T 2

Vi _m
== 3%

2

I
==

V \%
Rpe = 1_1 2 L 2
I

= —— = —R=0.2026R
72 1 w2

m

(4.342)

(4.343)

(4.344)
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4.16.2 Power

The output power is

V:ioo o2V}
P,=-2= r 1

2R 2 R

The dc supply power is

P =y =% i

1=V =5

Hence, the drain efficiency for the idealized amplifier is

P, !
p = P, =

4.16.3 Voltage and Current Stresses

The transistor current and voltage stresses are
Vosu = 7V,
and
Ipy =1
The peak current in the resonant inductor L and capacitor are
ILm = ICm = QLIm
where the loaded quality factor is

R
o L (20

and the characteristic impedance of the resonant circuit is

The output-power capability is

P 1 V
cp=70=l —’>< ’>=i=0.159
2o Vpsu 2 \1py Vosu 2z

4.16.4 Efficiency

The rms value of the MOSFET current is

1 2z II
Lgms = _/ Izd(wt) =
2z f, ! \/E

Hence, the conduction power loss in the MOSFET on-resistance rp is

2
rpst; _ 7% T'ps

2
P!‘DS = rDSISrms = 2 4 R 0

(4.345)

(4.346)

(4.347)

(4.348)

(4.349)

(4.350)

(4.351)

(4.352)

(4.353)

(4.354)

(4.355)
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The drain efficiency is

pp=—to 1 (4.356)
P P+ 2P, 2P, s 7> I'ps '
I+ —— 1+—=—
P, 2 R
The power loss in the ESR of the RFC ry- is
2 2
2 _ 7TREC o _ 7T TREC
Prpc = gpcl] = 1 =5 P, (4.357)
The power loss in the ESR of the resonant inductor r; is
r LI;iQi T LQi
p,=—=""%— P 4.358
rL 2 R ] ( )
and the power loss in the ESR of the resonant capacitor 7. is
reln 07 CQi
P, = = P 4.359
rC 2 R o ( )
The total power loss is
wrps | Brpee | Q0L+
Py =2P.pg+ Prpe+ Py + P, =P R + R + R (4.360)
Hence, the overall efficiency is
P P
peo__ Yo _ 1 _ 4.361)
Py Po+ Py | 72 Ips + T'rpe QL(rL‘l'rC)
2 R R
Example 4.6

Design a push—pull Class D current-switching RF power amplifier to meet the following speci-
fications: V; =12V, P, = 10 W, BW = 240 MHz, and f, = 2.4 GHz.

Solution. Assuming the efficiency of the resonant circuit is 1, = 0.94, the drain power is

Py 10
Ppg=—= 001 = 10.638 W (4.362)

The load resistance is )
P V[ _ 72 122

== =66.799 W 4.363
2 Ppg 2 10.638 ( )

The peak value of the drain-to-source voltage is
V,=aV,=2x12=377V. (4.364)

The amplitude of the fundamental component of the drain current is
V377

mT R T 66.799

=0.564 A (4.365)

The dc supply current is

I, = %Im = g X 0.564 = 0.8859 A (4.366)

The dc supply power is
P, =V, I, =12x0.8859 = 10.631 W (4.367)
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The rms value of the switch current is
_ I, 0.8859

ISrms - T =" =
V2o V2

Assuming rjg = 0.1 Q, the conduction power loss of each MOSFET is

=0.626 A (4.368)

P.ps = rpgls,, = 0.1x0.626 = 0.0392 W (4.369)
The drain efficiency is
Py 10
= = =99.22% 4.370
D= P 2P 10+ 2 % 0.0392 ‘ (4-370)
The loaded quality factor is
fe 2400
9= 3w = 240 370
The resonant inductance is
L=-R _ 66.799 = 0443 nH (4.372)
©0.0; 27x24x10°x10
The resonant capacitance is
C= % _ 10 =993 pF (4.373)

@R 27 x2.4x10° X 66.799

4.17 Transformer-Coupled Push-pull Class D
Current-Switching RF Power Amplifier

4.17.1 Waveforms

A circuit of a push—pull Class D current-switching power amplifier is shown in Fig. 4.39. It is the
dual of the push—pull voltage-switching Class D amplifier. The impedance matching of the load
to the transistors is achieved by the transformer. The magnetizing inductance on the transformer
secondary side is absorbed into the resonant inductance L.

Current and voltage waveforms are shown in Fig. 4.40. The transistors turn on at zero voltage
if the switching frequency is equal to the resonant frequency of the parallel-resonant circuit. The
output current is

i, =1,sinwt (4.374)
and the output voltage is
v, =V, sinwt (4.375)
where
V,=R.1, (4.376)

When the drive voltage is positive, transistor O, is ON and transistor Q, is OFF. The drain
currents are
ipy=0 for O<wt<x (4.377)

and
ipp=1; for O0<wt<rm (4.378)

The transformer output current is

i=nip =nl, for 0<owt<n (4.379)
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Figure 4.39 Push—pull Class D current-switching (current-source) RF power amplifier.

The voltage across the upper half of the primary winding is

= = inwr = 20 g 4.380
v, = —nv, =nV, sinwt = — sin wt (4.380)
The drain-to-source voltages are

Upsi = Up1 + Upp =20, =V, sinwt =2nV, sinwt for 0 <owr <z (4.381)

and
Upsy =0 for O<wt<r (4.382)

where the peak value of the drain-to-source voltage is
Vi =20V, (4.383)

When the drive voltage is negative, transistor O, is OFF and transistor Q, is ON. The drain
currents are
ipy =1, for n<wt<2rx (4.384)

and
inp=0 for 7#<wt<2n (4.385)

The transformer output current is
i=—-nip, =-nl, for n7<wt<2rx (4.386)

The voltage across the lower half of the primary winding is

v
Uy =nv, = —nV, sinot = —% sinwt for 7 <owt<2r (4.387)
The drain-to-source voltages are

Ups; =0 for 7 <wt<2nm (4.388)

and
Upsy = Uy = =V sinwt = =2nV, sinwt  for = <wt<2n (4.389)

The output current of the transformer is

. 4V G sin[(2k — Doot]
i=— Z

4.390
2k —1 ( )

k=1



230 RF POWER AMPLIFIERS

A
UGs1
0 I >
T 2r wt
UGs2
o— 1 |
T 2r wt
i
D1 //
0 >
T 2r wt
i
D2 II
0
b4 2 wt
i
nl,
0
b4 2r  wt
_nl,
UDs1 A T
2nV,, Y
0 y Y A >
n 2r wt
3
Ups2 A
2n¥m
0
b4 2r wt
Uo N
Vi
A
0 >
7[\/271’ wt

Figure 4.40 Waveforms in a push-pull Class D current-switching (current-source) RF power
amplifier.

The parallel-resonant circuit exhibits a very low reactance for current harmonics and an infinite
reactance for the fundamental frequency component. Therefore, only the fundamental com-
ponent flows through the load resistance, resulting in sinusoidal output current and voltage
waveforms.
The amplitude of the fundamental component of the drain current is
2

lyn= =1, (4.391)

The amplitude of the output current is

I, = 4nI, =2nl,, (4.392)

T
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The dc supply voltage is
Vdm zan
Vl = — =
7 b2
yielding
7
Vm = % 1
The resistance seen by each MOSFET is
R= anL
4.17.2 Power
The dc supply current is
7 ﬂll_n_lﬁ_ﬂl Vi 2V

I

=], =-= = =
2™ 4n " 4nR, 8 n’R, 8 R
The dc resistance seen by the dc power supply is

Vi 8
Rpe=—+=
I

The output power is
2 2
oV 2V

P = = — = —_——
©7 2R, 8mR, 8 R
The dc supply current is
v? 2V}
L ald ag
P,=V,I,=§ R -8R
L
Ideally, the drain efficiency is
p="p,

4.17.3 Device Stresses

The current and voltage stresses of the MOSFETSs are

Ipy =1;
and
Vosu = 7V,
The output-power capability is
Py P, LV 1

21 DM VDSM 21 DM VDSM 21 DM VDSM 27

Cp

4.17.4 Efficiency

The rms drain current is

1 2 I
ISrm.Y = Py / Ilzd(wt) = —
2 T \/5

(4.393)

(4.394)

(4.395)

(4.396)

(4.397)

(4.398)

(4.399)

(4.400)

(4.401)

(4.402)

(4.403)

(4.404)
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Hence, the conduction power loss in the MOSFET on-resistance rpg is

2
'psly 22 Tpg

— 2 _
P.ps = Tpslsms = 5 = anRL 0 (4.405)
The drain efficiency is
P, 1 1
np = = = (4.406)
P P+ 2P ]+2PrDS 7 Tps
P, 2 n’R;
The power loss in the ESR of the RFC ry- is
2r 2r
Prpc = rpcl? = —25P, = = K€ 4.407
rFC = TRFC] 2 "T 2R, O ( )
The power loss in the ESR of the resonant inductor r; is
rLI,QnQi rLQi
P, = = P 4.408
rL P RL o0 ( )
and the power loss in the ESR of the resonant capacitor 7 is
T CIiQi T CQi
P.= = P 4.409
rC P RL o ( )
The total power loss is
72(rps + reee)  QrrL +7¢)
Ploss =2P.ps+ Prpe + P+ P =Py ;SZR m : R (4.410)
eIy L
Hence, the overall efficiency is
P P
n=-2 S ! (4.411)

PI PO + PLoss 77:2 'ps + 'riC Qi(rL + rC)

2 n’R, R,

Example 4.7

Design a transformer-coupled push—pull Class D current-switching RF power amplifier to meet
the following specifications: V; = 12V, P, = 12 W, BW = 180 MHz, R; =50, and f. =
1.8 GHz.

Solution. Assuming the efficiency of the resonant circuit is 7, = 0.93, the drain power is

P, 12
Ppe=—2=—==12903 W 4.412
bS™ oy 7093 (4412)

The resistance seen across one part of the primary winding is

2 VP oz o2
o _or 12 437680 4413
8§ Pps 8 12.903 (4.413)

The transformer turns ratio is

n= R J1T8 5047 (4.414)
R, 50
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Pick n = % The resistance seen by each MOSFET is

2
R =R, = (%) x50 = 12.5Q
The peak value of the drain-to-source voltage is
V=2V, =2x12=377V

The amplitude of the output voltage is
T 7

V =—V,=——x12=377V
"o T 2%0.5
The dc resistance seen by the dc power supply is
V
Rye=— = Br=2 x13768=11.160
I, n? 72

The amplitude of the fundamental component of the drain current is

Vi _ 377
I, = ==— =306 A
mT R TI125
The dc supply current is
2y 2
R e RS RPN
8 R 8 12.5
The amplitude of the output current is
Vv,
=2 =37 _3016A
R 12.5
The output power is
V2 2
m _ 377 _ 1421 W

PO = — =
2R,  2x50
The dc supply power is
P, =V, =12x1.184 = 14208 W

The rms value of the switch current is

I
_ Al _LI8 oA

1
Srms \/E \/E

Assuming rjg = 0.1 Q, the conduction power loss in each MOSFET is

P s =rpsls =0.1%x0.8372> =0.07 W

Srms

The drain efficiency is

Mp = PO = ! =
D P0+2PrDS 1 77:_2’”.2 1+ 7[2 0.1
4n% R 4x%x0.5212.5

Assuming the resistance rpp- = 0.11 Q, we have
Pric = rrpcl® = 0.11 x 1.184% = 0.154 Q

The loaded quality factor is
Je 1800
BW 180

oL

The resonant inductance is
R, 50

= = 0.442 nH
0.Q; 27x18x10°x10

L=

(4.415)

(4.4106)

(4.417)

(4.418)

(4.419)

(4.420)

4.421)

(4.422)

(4.423)

(4.424)

(4.425)

(4.426)

(4.427)

(4.428)

(4.429)
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The resonant capacitance is

o _ 10
o.R, 27x1.8x10°x50

Assuming r; = 0.009 Q and r- = 0.01 Q, we get

= 17.68 pF (4.430)

_nnQl 0009 x3.016 x 10
rL 2 2

=4.09W (4.431)

rel? 0? 2 2
P.= c z L_ 0.01 X3.(;16 x 10 — 4548 W (4.432)

Hence, the total power loss is
P =2P.pg+ Prpe + P + P, =2x0.074+0.154 +4.09 + 4.548 = 8.932 W  (4.433)
The overall efficiency is

P 1421
Py +P,,, 1421+8932

n =61.4% (4.434)

4.18 Bridge Class D Current-Switching RF Power
Amplifier

A circuit of a bridge Class D current-switching (current-source) RF power amplifier is shown
in Fig. 4.41(a). When one transistor is ON, the other transistor is OFF. Current and voltage wave-
forms are shown in Fig. 4.42. Figure 4.41(c) shows an equivalent circuit when transistor Q,;
is OFF and transistor Q, is ON. For the switching frequency equal to the resonant frequency of
the parallel-resonant circuit, the transistors turns on at zero voltage, reducing switching losses.
The main disadvantage of the circuit is that the currents of both chokes flow through one of the
transistors at all times, causing high conduction loss.
The current and voltage waveforms are given by

i=1 for O<wt<rmw (4.435)
in;=0 for O<wt<n (4.436)
ipp =21, for O<wt<x (4.437)
and
Ups1 = V,sinwt for 0<ot< 7. (4.438)

Figure 4.41(b) shows an equivalent circuit when transistor Q; is OFF and transistor Q, is ON.
The waveforms are as follows:

i=-l, for 7#<owt<2n (4.439)
ipy =21, for n<wt<2x (4.440)
ipp=0 for 7 <wt<2xn (4.441)
and
Upsy ==V, sinwt for 7 <owt<2n (4.442)

The output voltage is
v, =V, sinot (4.443)
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Figure 4.41 Bridge Class D current-switching (current-source) RF power amplifier. (a) Circuit.
(b) Equivalent circuit when transistor Q, is OFF and transistor Q, is ON. (c) Equivalent circuit when

transistor Q, is ON and transistor Q, is OFF.

where
V,=RIl,=7V,

The output current is
i, =1, sinwt

where the amplitude of the output current is

=4
T

m

resulting in

~
3
EE

(4.444)

(4.445)

(4.446)

(4.447)
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Figure 4.42 Waveforms in bridge Class D current-switching (current-source) RF power amplifier.

The dc resistance is

The dc supply power is

vV, 2
Rpe=—-==R
be™ o T 22

2
p=2v,=% 1L

(4.448)

(4.449)
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The output power is
Vo _RE g2V}
The rms value of the switch current is

1 2z ) 1 T

Hence, the conduction loss in each transistor is

N
=

7? z*r
Pops = rpsl? = 2rpel? = ol = 2= 25p, (4.452)
8 4 R
The drain efficiency is
P
PR, S— (4.453)
Py + 2P ¢ 72 I'pg
I+ —=—
2 R
The power loss in each RFC resistance ryp s
2 V2 2 V2 7 'riC
PRFC:”RFCI12 :rRFCEf =rRFCE7m =g R o0 (4.454)
The power loss in the ESR of the resonant inductor r; is
rLI,ZnQi rLQi
Py =t = Tk, (4455)
and the power loss in the ESR of the resonant capacitor 7. is
rel2Q?  roQ?
Po=—2"L o CElp (4.456)

2 R,

The total power loss is

2 2 2
Trps T Q;(rp+re)
s Z TR | FL

Pprog =2P,ps + 2Pgpc + Py + P =Py R IR R (4.457)
Hence, the overall efficiency is
P P
n=-2= S ! . (4.458)
P, Po+Pp 227ps 72 Trec QL(rL +7e)
2 R 4 R R
Example 4.8

Design a bridge Class D current-switching RF power amplifier to meet the following specifica-
tions: V; =5V, P, =6 W, BW = 240 MHz, and f, = 2.4 GHz.

Solution. Assuming the efficiency of the resonant circuit is #, = 0.92, the drain power is

Py 6
P o=-2=—""_=652W 4.459
Sy 7092 ( )

The load resistance is

R=2_L - =18.916 Q (4.460)
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The amplitude of the output voltage and the peak value of the drain-to-source voltage is

V,=aV,=xx5=15708V

The dc resistance seen by the dc power supply is

R 0 iR—£><18916—3833Q
L
The amplitude of the output current is
v
h,=- =708 _ge3a

"7 R 18916
The dc supply current is
2
5

7
— =0.652 A
4 18.916 065

INES
x|=

The dc supply power is
P, =2IV; =2%x0.652 X5 =6522W
Assuming rpg = 0.1 Q, the conduction power loss in each MOSFET is
P.ps = rpgl? = 0.1 X 0.652% = 0.0425 W

The drain efficiency is

P
= —=— 1L 1 = 97.46%
P0+2PrDS 1+7[_@ 1+77:_ 0.1
2R 2 18916

Assuming the resistance rgp- = 0.12 Q,
Pogrc = rrecl; = 0.12x0.652% = 0.051 Q
The loaded quality factor is

f. 2400

o BW 240
The resonant inductance is

R
L= Lo _ 18916 —0.1254 nH
0.0, 27x24%x10°x10
The resonant capacitance is
c- 2 10 =35.06 pF

ok, 27mx24%10°x 18.916
Assuming r; = 0.08 Q and r. = 0.05 Q, we get

07 0.08 % 0.832 x 102

= = =2.7556 W
2 2

rol? 0? 25102
P.= C : L_ 0.05)(0.283 X 10 — 172 W

Hence, the total power loss is

(4.461)

(4.462)

(4.463)

(4.464)

(4.465)

(4.466)

(4.467)

(4.468)

(4.469)

(4.470)

4.471)

(4.472)

(4.473)

Py s =2P.pg + 2Pppc + Py + P o =2X0.0425 +2 % 0.051 + 2.7556 + 1.722 = 4.6646 W

The overall efficiency is

P, 5

- = = 51.74%
P,+P,,., 5+46646 ‘

n

(4.474)

(4.475)
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4.19 Summary

e The maximum voltage across the switches in both Class D half-bridge and full-bridge ampli-
fiers is low and equal to the dc input voltage V.

e Operation with a capacitive load (i.e., below resonance) is not recommended. The antiparallel
diodes turn off at a high di/dt. If the MOSFET’s body—drain pn junction diode (or any pn
junction diode) is used as an antiparallel diode, it generates high reverse-recovery current
spikes. These spikes occur in the switch current waveforms at both the switch turn-on and
turn-off and may destroy the transistor. The reverse-recovery spikes may initiate the turn-on
of parasitic BIT in the MOSFET structure and may cause the MOSFET to fail due to the
second breakdown of parasitic BJT. The current spikes can be reduced by adding a Schottky
antiparallel diode (if V; is below 100 V), or a series diode and an antiparallel diode.

e For operation below resonance, the transistors are turned on at a high voltage equal to V;
and the transistor output capacitance is short-circuited by a low-transistor on-resistance, dis-
sipating the energy stored in that capacitance. Therefore, the turn-on switching loss is high,
Miller’s effect is significant, the transistor input capacitance is high, the gate drive power is
high, and the turn-on transition speed is reduced.

e Operation with an inductive load (i.e., above resonance) is preferred. The antiparallel diodes
turn off at a low di/dt. Therefore, the MOSFET’s body—drain pn junction diodes can be used
as antiparallel diodes because these diodes do not generate reverse-recovery current spikes
and are sufficiently fast.

e For operation above resonance, the transistors turn on at zero voltage. For this reason, the
turn-on switching loss is reduced, Miller’s effect is absent, the transistor input capacitance is
low, the gate drive power is low, and turn-on speed is high. However, the turn-off is lossy.

e The efficiency is high at light loads because R/r increases when R increases [see Equation
(4.174)].

e The amplifier can operate safely with an open circuit at the output.

e There is a risk of catastrophic failure if the output is short-circuited when the operating fre-
quency f approaches the resonant frequency f,.

e The input voltage of the resonant circuit in the Class D full-bridge amplifier is a square wave
whose low level is —V; and whose high level is V. The peak-to-peak voltage across the res-
onant circuit in the full-bridge amplifier is twice as high as that of the half-bridge amplifier.
Therefore, the output power of the full-bridge amplifier is four times higher than that in the
half-bridge amplifier at the same load resistance R, at the same dc supply voltage V,, and at
the same ratio f /f,,.

e The dc voltage source V, and the switches form an ideal square-wave voltage source; there-
fore, many loads can be connected between the two switches and ground, and can be operated
without mutual interactions.

e Not only MOSFETs, but other power switches can be used, such as MESFETS, BJTs, thyris-
tors, MOS-controlled thyristors (MCTs), gate turn-off thyristors (GTOs), and insulated gate
bipolar transistors (IGBTs).

e The power losses in the parasitic resistances of the series-resonant circuit are Qi times lower
than those in the parallel-resonant circuit.
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4.20 Review Questions

4.1

4.2
4.3

4.4

4.5
4.6
4.7
4.8
4.9

4.10
4.11
4.12
4.13

4.14
4.15
4.16
4.17

4.18

Draw the inductive reactance X, capacitive reactance X, and total reactance X; — X
versus frequency for the series-resonant circuit. What occurs at the resonance frequency?

What is the voltage across the switches in Class D half-bridge and full-bridge amplifiers?

What is the frequency range in which a series-resonant circuit represents a capacitive load
to the switching part of the Class D series-resonant circuit amplifier?

What are the disadvantages of operation of the Class D series-resonant circuit amplifier
with a capacitive load?

Is the turn-on switching loss of the power MOSFETS zero below resonance?
Is the turn-off switching loss of the power MOSFETs zero below resonance?
Is Miller’s effect present at turn-on or turn-off below resonance?

What is the influence of zero-voltage switching on Miller’s effect?

What is the frequency range in which a series-resonant circuit represents an inductive load
to the switching part of the amplifier?

What are the merits of operation of the Class D amplifier with an inductive load?
Is the turn-on switching loss of the power MOSFETS zero above resonance?
Is the turn-off switching loss of the power MOSFETSs zero above resonance?

What is the voltage stress of the resonant capacitor and inductor in half-bridge and
full-bridge amplifiers?

What are the worst conditions for the voltage stresses of resonant components?
What happens when the output of the amplifier is short-circuited?
Is the part-load efficiency of the Class D amplifier with a series-resonant circuit high?

What kind of switching takes place in Class D current-switching power amplifiers when
the operating frequency is equal to the resonant frequency?

What is the role of the transformer in impedance matching in push—pull power amplifiers?

4.21 Problems

4.1

4.2

4.3

Design a Class D RF power amplifier to meet the following specifications: V; =5V, P, =
IW,f=f =1GHz, rpy =0.1Q,0, =7, Q,, =200, and Q, = 1000.

A series-resonant circuit consists of an inductor L = 84 pH and a capacitor C = 300 pF.
The ESRs of these components at the resonant frequency are r;, = 1.4 Q and r = 50 m,
respectively. The load resistance is R = 200 Q. The resonant circuit is driven by a sinu-
soidal voltage source whose amplitude is V,, = 100 V. Find the resonant frequency f,,
characteristic impedance Z, loaded quality factor Q, , unloaded quality factor Q,, quality
factor of the inductor Q,,, and quality factor of the capacitor Q.

For the resonant circuit given in Problem 4.2, find the reactive power of the inductor Q and
the total real power P,,.
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4.4 For the resonant circuit given in Problem 4.2, find the voltage and current stresses for
the resonant inductor and the resonant capacitor. Calculate also the reactive power of the
resonant components.

4.5 Find the efficiency for the resonant circuit given in Problem 4.2. Is the efficiency dependent
on the operating frequency?

4.6 Write general expressions for the instantaneous energy stored in the resonant inductor
w, (1) and in the resonant capacitor w(t), as well as the total instantaneous energy stored
in the resonant circuit w,(f). Sketch these waveforms for f = f,. Explain briefly how the
energy is transferred between the resonant components.

4.7 A Class D half-bridge amplifier is supplied by a dc voltage source of 350400 V. Find
the voltage stresses of the switches. Repeat the same problem for the Class D full-bridge
amplifier.

4.8 A series-resonant circuit, which consists of a resistance R = 25 Q, inductance L = 100 pH,
and capacitance C = 4.7 nF, is driven by a sinusoidal voltage source v = 100 sin @t (V).
The operating frequency can be changed over a wide range. Calculate exactly the maximum
voltage stresses for the resonant components. Compare the results with voltages across the
inductance and the capacitance at the resonant frequency.

4.9 Design a Class D half-bridge series-resonant amplifier that delivers power P, = 30 W to
the load resistance. The amplifier is supplied from input voltage source V; = 180 V. It is
required that the operating frequency is f = 210 kHz. Neglect switching and drive power
losses.

4.10 Design a full-bridge Class D power amplifier with the following specifications: V; = 100V,
P,=80W,f =f =500kHz, and O, =5.

4.11 Compare the power loss in the parallel and series resonant circuits at the same loaded
quality factor Q; and the amplitude of the load current /,,.

4.12 Design a Class D RF power amplifier to meet the following specifications: P, = 5W, V; =
12V, Vpguin = 0.5V, and f = f, = 5 GHz.

Smin
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Class E Zero-Voltage
Switching RF Power
Amplifiers

5.1 Introduction

There are two types of Class E power amplifiers [1-97], also called Class E dc—ac inverters:
(1) Class E zero-voltage switching (ZVS) power amplifiers, which are the subject of this chapter,
and (2) Class E zero-current switching (ZCS) power amplifiers. In Class E amplifiers, the transis-
tor is operated as a switch. Class E ZVS power amplifiers [ 1-35] are the most efficient amplifiers
known so far. The current and voltage waveforms of the switch are displaced with respect to time,
yielding a very low-power dissipation in the transistor. In particular, the switch turns on at zero
voltage if the component values of the resonant circuit are properly chosen. Since the switch
current and voltage waveforms do not overlap during the switching time intervals, switching
losses are virtually zero, yielding high efficiency.

We shall start by presenting a simple qualitative description of the operation of the Class E
ZVS amplifier. Although simple, this description provides considerable insight into the perfor-
mance of the amplifier as a basic power cell. Further, we shall quickly move to the quantitative
description of the amplifier. Finally, we will present matching resonant circuits and give a design
procedure for the amplifier. By the end of this chapter, the reader will be able to perform rapid
first-order analysis as well as design a single-stage Class E ZVS amplifier.

5.2 Circuit Description

The basic circuit of the Class E ZVS power amplifier is shown in Fig. 5.1(a). It consists of
the power MOSFET operating as a switch, L-C-R series-resonant circuit, shunt capacitor C,

RF Power Amplifiers, Second Edition. Marian K. Kazimierczuk.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
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Figure 5.1 Class E zero-voltage switching RF power amplifier. (a) Circuit. (b) Equivalent circuit
for operation above resonance. (c) Equivalent circuit with the dc voltage source V, and the RF choke
L, replaced by a dc current source /; and the series-resonant circuit replaced by an ac current source i.
(d) Equivalent circuit with the two current sources combined into one current source /, — i.

and choke inductor L;. The switch turns on and off at the operating frequency f = o/(27)
determined by a driver. The transistor output capacitance, the choke parasitic capacitance, and
stray capacitances are included in the shunt capacitance C,. For high operating frequencies, all
of the capacitance C; can be supplied by the overall shunt parasitic capacitance. The resistor
R is an ac load. The choke inductance L, is assumed to be high enough so that the ac current
ripple on the dc supply current /, can be neglected. A small inductance with a large current
ripple is also possible [41].

When the switch is ON, the resonant circuit consists of L, C, and R because the capacitance C,
is short-circuited by the switch. However, when the switch is OFF, the resonant circuit consists
of C,, L, C, and R connected in series. Because C; and C are connected in series, the equivalent

capacitance
cc
C, = ! (5.1
1 C+C

is lower than C and C,. The load network is characterized by two resonant frequencies and two
loaded quality factors. When the switch is ON,

fnl =

(5.2)

1
27[\/If
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Figure 5.2 Class E zero-voltage switching RF power amplifier with a transformer.

and
C001[‘ 1
= = 5.3
QL = @, CR (5-3)
When the switch is OFF,
1
Jo=—F—— (5.4)
LCC,
2r
C+C
and
_ woZL _ 1
On="pg = ,,RCC, (5-5)
C+C,
The ratio of the two resonant frequencies is
& = % = G (5.6)

fo oy, V¢ +c

An equivalent circuit of the amplifier for operation above resonance is shown in Fig. 5.1(b). In
Fig. 5.1(c), the dc source V; and radio-frequency choke (RFC) L, are replaced by a dc current
source /; and the series-resonant circuit is replaced by an ac current source i. Figure 5.1(d) shows
an equivalent circuit of the Class E amplifier with the two current sources combined into one
current source /; — i.

If the operating frequency f is greater than the resonant frequency f,,, the L-C-R
series-resonant circuit represents an inductive load at the operating frequency f. There-
fore, the inductance L can be divided into two inductances, L, and L,, connected in series such
that L = L, + L, and L, resonates with C at the operating frequency f, that is,

®=— (5.7)
L,C
The loaded quality factor is defined at the operating frequency as
oL, +L oL
R 58)

R R oCR R
A transformer version of the Class E amplifier is shown in Fig. 5.2. The transformer leakage
inductance can be absorbed into the resonant inductance L.

5.3 Circuit Operation

Circuits with hard-switching operation of semiconductor components, such as pulse width mod-
ulation (PWM) power converters and digital gates, suffer from switching losses. The voltage



246 RF POWER AMPLIFIERS

waveform in these circuits decreases abruptly from a high value, often equal to the dc supply
voltage V,, to nearly zero, when a switching device turns on. The energy stored in the transis-
tor output capacitance and load capacitance C just before the turn-on transitions (assuming that
these capacitances are linear) is given by

W= %cv} (5.9)

where V; is the dc supply voltage. When the transistor is turned on, the current is circulating
through the transistor on-resistance rp,q, and all the stored energy is lost in the on-resistance rpg
as heat. This energy is independent of the transistor on-resistance rg. The switching power loss
of the transistor is given by

P, = %fCVf (5.10)

The switching losses can be avoided if the voltage across the transistor vg is zero, when the
transistor turns on

US(ttum—on) =0 (511)

Then the charge stored in the transistor output capacitance is zero, and the energy stored in
this capacitance is zero. The main idea of the Class E radio-frequency (RF) power amplifier is
that the transistor turns on as a switch at zero voltage, resulting in zero switching loss and high
efficiency. The Class E power amplifier in its basic form contains a single switch. The switch
turns on at zero voltage (ZVS), and the switch may also turn on at zero derivative (ZDS). In
general, this type of operation is called soft-switching.

Figure 5.3 shows the current and voltage waveforms in the Class E ZVS amplifier for three
cases: (1) dvg(wt)/d(wt) =0, (2) dvg(wt)/d(wt) < 0, and (3) dvg(wt)/d(wt) > 0 at wt =2x
when the switch turns on. In all three cases, the voltage vg across the switch and the shunt
capacitance C, is zero when the switch turns on. Therefore, the energy stored in the shunt capac-
itance C, is zero when the switch turns on, yielding zero turn-on switching loss. Thus, the ZVS
condition is expressed as

vg(2m) =0 (5.12)

The choke inductor L, forces a dc current ;. To achieve ZV'S turn-on of the switch, the operating

frequency f = w/(2z) should be greater than the resonant frequency f,, = 1/(2x \/L_C), that
is, f > f,;. However, the operating frequency is usually lower than f, = 1/(274/LC,,), that
is, f < f,,. The shape of the waveform of current i depends on the loaded quality factor. If Q;
is high (i.e., Q; > 2.5), the shape of the waveform of current i is approximately sinusoidal. If
Q; is low, the shape of the waveform of the current i becomes close to an exponential function
[22]. The combination of the choke inductor Lf and the L-C-R series-resonant circuit acts as a
current source whose current is I;-i. When the switch is ON, the current /;-i flows through the
switch. When the switch is OFF, the current /,-i flows through the capacitor C;, producing the
voltage across the shunt capacitor C, and the switch. Therefore, the shunt capacitor C; shapes
the voltage across the switch.

5.4 ZVS and ZDS Operations of Class E Amplifier

When the transistor turns on at wt = 2z in the Class E power amplifier, the ZVS condition and
zero-derivative switching (ZDS) condition are satisfied

vs(2m) =0 (5.13)
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Figure 5.3 Waveforms in the Class E zero-voltage switching amplifier. (a) For optimum operation.
(b) For suboptimum operation with dvg(wt)/d(wt) < 0 at wt = 2z. (c) For suboptimum operation with
dvg(wt)/d(wt) > 0 at wt = 27.

and
dvg(wt)
|wt=27r
d(wt)

Current and voltage waveforms for ZVS and ZDS operations are shown in Fig. 5.3(a). ZVS
implies that the energy stored in the shunt capacitance C, is zero when the transistor turns on,
yielding zero turn-on switching loss. Because the derivative of vy is zero at the time when the
switch turns on, the switch current ig increases gradually from zero after the switch is closed.
The operation for which both the ZVS and ZDS conditions are satisfied simultaneously is called
the nominal operationor optimum operation. Both the switch voltage and the switch current
waveforms are positive for the optimum operation. Therefore, there is no need to add any diode
to the switch.

Relationships among C, L,, R, f, and D must be satisfied to achieve optimum operation [22].
Therefore, optimum operation is achieved only for the optimum load resistance R =R, . In

=0 (5.14)

opt*
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addition, the operating frequency f for optimum operation must be located between two resonant
frequencies

Jor <f <Jan (5.15)

If R > R,,, the amplitude /,, of the current i through the L-C-R series-resonant circuit is lower
than that required for the optimum operation, and thus the voltage drop across the shunt capacitor
C, decreases. Also, the switch voltage vy is greater than zero at turn-on. On the other hand, if
R <R, the amplitude /,, is higher than that required for optimum operation, the voltage drop
across the shunt capacitor C, increases, and the switch voltage vy is less than zero at turn-on.
In both cases, assuming a linear capacitance C,, the energy stored in C, just before turn-on of
the switch is W2z—) = %C | U§(27r—). This energy is dissipated in the transistor as heat after the
switch is turned on, resulting in a turn-on switching loss. To obtain the ZVS operation at a wider
load range, an antiparallel or a series diode can be added to the transistor. This improvement

ensures that the switch automatically turns on at zero voltage for R < R,,,.

5.5 Suboptimum Operation

In many applications, the load resistance varies over a certain range. The turn-on of the switch at
zero voltage can be achieved for suboptimum operation for 0 < R < R,,,,. For suboptimum oper-
ation, vg(27) = 0 and either dvg(wt)/d(wt) < 0 or dvg(wt)/d(wt) > 0. Figure 5.3(b) shows the
current and voltage waveforms for the case when v¢(27) = 0 and dvg(wt)/d(wt) < 0 at wt = 27.
Power MOSFETSs are bidirectional switches because their current can flow in both directions,
but their voltage can only be greater than —0.7 V. When the switch voltage reaches —0.7 V, the
antiparallel diode turns on and, therefore, the switch automatically turns on. The diode acceler-
ates the time at which the switch turns on. This time is no longer determined by the gate-to-source
voltage. Since the switch turns on at zero voltage, the turn-on switching loss is zero, yielding
high efficiency. Such an operation can be achieved for 0 < R < R, In addition, if R < R, the
operating frequency f and the transistor ON switch duty cycle D, can vary in bounded ranges.
When the switch current is negative, the antiparallel diode is ON, but the transistor can either be
ON or OFF. Therefore, the transistor ON switch duty cycle D, is less than or equal to the oN switch
duty cycle of the entire switch D. When the switch current is positive, the diode is OFF and the
transistor must be oN. Hence, the range of D, is D,,;,, < D, < D, as indicated in Fig. 5.3(b) by
the shaded area.

Figure 5.3(c) depicts current and voltage waveforms for the case when vg(27) =0 and
dvg(wt)/d(wt) > 0 at wt = 2x. Notice that the switch current ig is always positive, but the
switch voltage vy has positive and negative values. Therefore, a unidirectional switch for
current and a bidirectional switch for voltage is needed. Such a switch can be obtained by
adding a diode in series with a MOSFET. When the switch voltage v is negative the diode is
OFF and supports the switch voltage, regardless of the state of the MOSFET. The MOSFET is
turned on during the time interval when the switch voltage is negative. Once the switch voltage
reaches 0.7 V with a positive derivative, the diode turns on, turning the entire switch on. The
series diode delays the time at which the switch turns on. The range of D, is D <D, < D,,...
as shown in Fig. 5.3(c) by the shaded area. The disadvantages of the switch with a series
diode are higher on-voltage and higher conduction loss. Another disadvantage is associated
with the transistor output capacitance. When the switch voltage increases, the transistor output
capacitance is charged through the series diode to the peak value of the switch voltage and then
remains at this voltage until the transistor turns on (because the diode is OFF). At this time, the
transistor output capacitance is discharged through the MOSFET on-resistance, dissipating the
stored energy.

tmin
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5.6 Analysis
5.6.1 Assumptions

The analysis of the Class E ZVS amplifier of Fig. 5.1(a) is carried out under the following
assumptions:

1) The transistor and the antiparallel diode form an ideal switch whose on-resistance is zero,
off-resistance is infinity, and switching times are zero.

2) The choke inductance is high enough so that the ac component is much lower than the dc
component of the input current.

3) The loaded quality factor Q; of the LCR series-resonant circuit is high enough so that the
current i through the resonant circuit is sinusoidal.

4) The duty ratio D is 0.5.

5.6.2 Current and Voltage Waveforms

The current through the series-resonant circuit is sinusoidal and given by
i =1, sin(wt + ¢) (5.16)
where [, is the amplitude and ¢ is the initial phase of the current i. According to Fig. 5.1(a),
ig+ioy =1 —i=1;—-1,sin(wt + ¢) (5.17)

For the time interval 0 < wt < &, the switch is ON and, therefore i, = 0. Consequently, the
current through the MOSFET is given by

I, —1,sin(wt +¢) for O<owt<nm
ig = (5.18)
0 for 7 <wt<2n

For the time interval 7 < wt < 2z, the switch is OFF which implies that i¢ = 0. Hence, the current
through the shunt capacitor C, is given by

0 for O<wt<nm
i) = (5.19)
I, = I,sin(wt+¢) for n<wt<2n

The voltage across the shunt capacitor and the switch is
1 wt 1 wt
Vg =Vp = — ic dlwf) = — I, — I sin(wt + ¢)]d(wt
s = Uci a)Cl/,[ c1()wC1/ﬁ[, n SIN( d)ld(wt)

0 for O<wt<nxm

= 1 (5.20)
oC. {I;(wt — ) + I ,[cos(wt + ¢p) + cosp]} for n <wt<2rm
1

Substitution of the ZVS condition v¢(27) = 0 into (5.20) produces a relationship among /1, I,,,
and ¢

P
I =-
" 12 cos ¢

(5.21)
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Substitution of (5.21) into (5.18) yields the switch current waveform

V4

sinfwt + ¢) for O<wt<nm

lI_S — 2 cos d) (522)
I 0 for 7<wt<L2x

Likewise, substituting (5.21) into (5.19), one obtains the current through the shunt capacitor C,

0 for O<wt<rx

fet I (5.23)
I 1+ sin(wt + ¢) for 7 <wt <2xw
2cos ¢

From (5.21), equation (5.20) becomes

0 for O<wt<nm
(5.24)

V=14 |
s w_a{wt—%—zczs¢[cos(mt+¢)]} for 7 <wt<2r

Using the ZDS condition dvg/d(wt) = 0 at wt = 27, one obtains the phase of the output current
waveform i

tan ¢ = _2 (5.25)
z
from which
¢ = 7 — arctan (3> = 2.5747 rad = 147.52° (5.26)
T
Using trigonometric relationships,
sing = 2 (5.27)
w2+ 4
and
cosp= ——2 (5.28)
n*+4

Substitution of (5.28) into (5.21) yields the amplitude of the output current

Vr2+4

I, = TII ~ 1.86211, (5.29)
yielding
I 7> +4
=2 =1 _ ~1.8621 5.30
71 I B ( )
Hence,
. Vrr+4
1 _— <
I_S=< 1 > sin(wt +¢) for O<wt<rx (5.31)
! 0 for 7 <wt<2x
. 0 for O<wt<rx
e
— = 5 (5.32)
\/ 4
I l—ﬂT+sin(a)t+¢) for 7 <t <2
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and

0 for O<wt<nxm

Us =14 [ 37 =« .
L (wt— —_— - —coswt—smwt) for 7<owt<2x
oC, 2 2

(5.33)

The dc component of the voltage across an ideal choke inductor is zero. From (5.24), the dc
input voltage is found as

1 o I o RV A 4 . I
Vi=— vg d(wt) = (a)t — = —=coswt — sma)t) d(wt) =
27 J, 2r0Cy J, 2 2 rwC,

(5.34)

Rearrangement of this equation produces the dc input resistance of the Class E amplifier

Rpr=—= 5.35
be= 1, 7 reC, (5-35)
Hence,
244
I, = ”Tercl v, (5.36)

From (5.33) and (5.35), one arrives at the normalized switch voltage waveform

0 for O0<owt<2rx
_ 3 (5.37)

- T T .
Vi n(wt—;—icosa)t—sma)t) for 7 <wt<2x

%

5.6.3 Current and Voltage Stresses

Differentiating (5.22),
dig - Vrr+4
dwty ' 2

one obtains the value of wt at which the peak value of the switch current occurs

cos(wt+ ) =0 (5.38)

wt;, = 37” — ¢ =270° — 147.52° = 122.48° (5.39)
Substitution of this into (5.22) yields the switch peak current
244
I =1, (”TJ“ + 1> = 2.8621, (5.40)
Differentiating the switch voltage waveform vg in (5.24)
s _ 2y 14— sin@r+ ¢)| =0 (5.41)
= ! = B
d(wt) i 2cos ¢ sti@
yields the trigonometric equation
2
sinr, +¢)=—25P_ 2 _Gnp=sinr—)=sinQr+r-)  (542)
4 w2+ 4

the solution of which gives the value of wt at which the peak value of the switch voltage occurs

ot,,, =31 —2¢ =3 x 180° — 2 X 147.52° = 244.96° (5.43)
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Hence,
Vo =2n(x — p)V, = 2x(x — 2.5747)V, = 3.562V, (5.44)
The amplitude of the voltage across the resonant capacitor C is
Ve = 1 Xc(HI, = dl (5.45)
Cm — C f m oC .
and the amplitude of the voltage across the resonant inductor L is
Vim =X . (HI, = oL, (5.46)

Neglecting the power losses, the ac output power P,, is equal to the dc input power P; = V,I,.
Hence, using Iy, /I, and V§,,/V,, one obtains the power-output capability

C=Po_11V1_ 1 _1X1
" daVsw  IsVsu a(n—gyVmita+2) 28627 3562

=0.0981  (5.47)

5.6.4 Voltage Amplitudes Across the Series-Resonant Circuit

The current through the series-resonant circuit is sinusoidal. Consequently, higher harmonics
of the input power are zero. Therefore, it is sufficient to consider the input impedance of the
series-resonant circuit at the operating frequency f. Figure 5.4 shows an equivalent circuit of
the series-resonant circuit above resonance at the operating frequency f. A phasor diagram of
the voltages at the fundamental component is depicted in Fig. 5.5. The voltage across the load
resistance R is

Vg = iR = Vp,, sin(wt + ¢) (5.48)

where Vj,, = RI,, is the amplitude of the output voltage and ¢ is the initial phase. The voltage vy
across the L-C components is nonsinusoidal, equal to vy = vy — vg. The fundamental component

i Ly
—_—
P—
+ + Vip1— +
Us1 R <up

Figure 5.4 Equivalent circuit of the series-resonant circuit above resonance at the operating fre-
quency f.

Vibmi

Figure 5.5 Phasor diagram of the voltages at the operating frequency f.
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of the voltage across the C-L, circuit is zero because the reactance of this circuit at the operating
frequency f is zero. The fundamental component of the voltage across the inductance L, is

Urp1 = Vipm Cos(ot + @) (5.49)

where V;,,., = wL,1,,. The fundamental component of the switch voltage, which is the input
voltage of the series-resonant circuit at the operating frequency, is given by

Vg1 = Ug + Uppyy = Vi sin(ot + @) + Vy,, cos(of + @) (5.50)
Using (5.24) and the Fourier trigonometric series formula,

2
Vem = 1 / v sin(wt + ¢)d(wt)
T ¥4

2
1 / v,z [a)z—3—”— T cos(wt + ¢)| sin(wt + p)d(w?)

T 2 2cos¢
= Lv, ~ 1.074V, (5.51)
nr+4
The waveform of the output voltage is
v, = Vg, sin(wt + ¢) = 4 sin(wt + 147.52°) (5.52)
244

Substituting (5.24) into the Fourier formula and using (5.34), the amplitude of the fundamental
component of the voltage across the input reactance of the series-resonant circuit (equal to the
reactance of the inductance L) is obtained as

2z
Vipm = @L,I, = % / v cos(wt + ¢p)d(wt)
K

2r -
= l/ Viz [a)t 3z __ =z cos(wt + ¢)| cos(wt + ¢)d(wt) = MVI

7 2 2cos¢ 472 +4
~ 1.2378V, (5.53)

The waveform of the fundamental component of the voltage across the inductance L, is
n(n* —4)

Va(x?+4)

The amplitude of the fundamental component of the switch voltage is

272 — 4)2 ) 272 — 4)2
=v,\/ 16, 24 =\/ 6+ 2 AP _ |
> +4

Urpt = Vipm cos(of + @) = cos(wt + 147.52°) (5.54)

— 2 2
sml = VRm + Vmel

A(x2 + 4) 16(x% + 4)2
(5.55)

yielding

Vomi 16 r2(m? — 4)2 256 + 72(n2 — 4)2
Ty T + = =1.7279 5.56
T, \/”2 +4 0 16(z> +4)? 16(x% + 4)2 (>56)

The phase of the fundamental component of the switch voltage is
0 =¢+w =147.52° + 49.0525° = 196.5725° (5.57)
The fundamental component of the switch voltage is

vy = Vi, sin(ot + 0) = 17279V, sin(wt + 196.57°) (5.58)
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5.6.5 Component Values of the Load Network

Combining (5.21), (5.34), and (5.51), we get
4

_ Vl
R Vim 72+ 4 _ 8
Lo~ \z2+a z(7? + HoC,
Tmcl V;
resulting in
oC(R = _8 ~ 0.1836
(x> +4)
and
P
a)Cl = _02
7V}
Similarly, using (5.21), (5.34), and (5.53),
x(7? —4) v,
V 42 +4 2_
XLb — (,ULb — Lbml — e+ - 3 4
I, 2+ 4 2(z? +4wC,
———wC,V;
2
producing
2 _
WL,C, = 2 =% ~02116
2(x2+4)

The ratio of (5.63) to (5.60) is
2L, C L, X 2_ ¢y
tany = Z0C _ P A 1@ 8 s)s
oC,R R R 16

yielding

\% L 2 _
Wy = arctan Loml ) — arctan en 3 = arctan M = 49.05°
. R 16

From (5.7), (5.8), and (5.64), the reactance of the resonant inductor is
oL = Q;R

and the reactance of the resonant capacitor is

1 oL,
XC=R:wLa=w(L—Lb)=QLR—CoLb=R QL_T
(7> =4)

=R [QL— z = ] = R(Q, — 1.1525)

(5.59)

(5.60)

(5.61)

(5.62)

(5.63)

(5.64)

(5.65)

(5.66)

(5.67)

The impedance of the series combination of components R and L, at the operating frequency

in terms of R is

L 2_4
Z:R+jXLb=R+ja)Lb=R<1+ij>=R[1+j”(”—)]

16
~ (1 +j1.1525)R = 1.52586**9°R (Q)

(5.68)
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and in terms of wC| is

7 =R+ iol, = 8 ny 7’ —4 _ 1 §+.ﬂ2—4
T = L@ ¥ BaC, 2+ e, (72 + daC, )

1 64 (@ =4 1 905 0 28 i49.05°
= -+ —— —¢ Q 5.69
72 +4\V 72 4 oC, ~ wC, ) (569)
The reactance of the shunt capacitance at the operating frequency is
1 . (7> + 4R
o = Xa=T——g

JoC,
The input impedance of the load network at the operating frequency is

~ —j5.44658R (Q2) (5.70)

1 .ﬂ(ﬂ2 ﬂ'(ﬂ' +4)R
Z,=27 Rl +j——— —_—
|| ( c1> j ] I~
47° + 327* + 6477 ,7r(7r8 + 1272° — 167* — 44872 — 1024)
70 + 24x% + 14472 + 256 I +1927* + 115272 + 2048
~ (1.5261 +j1.1064)R (5.71)
5.6.6 Ovutput Power
From (5.51), one obtains the output power
V2 g V7 V2
Py=-22 = L ~0.5768— 572
7 2R T a2+4R R ©-72)
Since R = 8/[x (x> + 4)wC,], the output power is
P, = nwC,V} =27°fC\V} (5.73)
Because 1/R = n(z> — 4)/(16wL,), the output power is
x(w? —4) V12

= L 5.74
07 2x2 +4) oL, (5.74)

5.7 Drain Efficiency of Ideal Class E Amplifier

The drain efficiency of the Class E RF power amplifier with ideal components for optimum
operation is

n _Fo_1 <1m> <V )cosw 13/5 cosy
=5>=5\7 = 57161
b=p 2 v,

_lx\/ir2+4>< 256+71'2(71'2—4)2>< 16 _1 (5.75)
T2 2 16(x2 + 4) V256 + 2z — 42 '

5.8 RF Choke Inductance

In order to reduce the ripple input current, the RFC must have a large enough inductance L, >
Ly,;,- When the switch is ON, the voltage across the choke inductor is

o, =V, (5.76)
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and the current through the choke inductance L, is

.1 [ : 1 v
ip = — v dt+i; (0)= — / Viydt+i i, 0)=Lr+ lL ) 5.77)
R g L L
Hence,
i (2) = 25 4, = o+, 0) (579)
i (= i .
b\2 2Lf f ;o
The peak-to-peak current ripple through the choke inductor is
. T
Ay =iy, ( ) L, (0) = 2fo (5.79)
Thus, the minimum choke inductance required for the maximum peak-to-peak current ripple is
L = 7 _ v _ Rpc _ 7>+ 4 R
fmin 2f AlL/ max AiL/max AiL,max 16 AiL/-max
2f1, ‘ 2f ‘ f '
! I I I
R
~ 0.86685 ———— (5.80)
AlL max
f i
For Aij 0 /1; = 0.1,
Ly = 8.6685% 581
“finin — ©- f ( . )

An alternative method for determining Ly, is by separating the low-frequency modulating
voltage and the high-frequency carrier voltage in a Class E RF transmitter with amplitude mod-
ulation (AM). The minimum value of choke inductance Ly, to obtain the peak-to-peak current
ripple less than 10% of dc current J; is given by Kazimierczuk [17]

72 R TR
L. =2=—+1)=»~— 5.82
“fimin <4 >f 7 ( )

5.9 Maximum Operating Frequency of Class E
Amplifier

At high frequencies, the transistor output capacitance C, becomes higher than the shunt capac-
itance C, required to achieve the ZVS and ZDS operations. The maximum frequency occurs
when C; = C,. Assume that the transistor output capacitance C, is linear. For D = 0.5, the max-
imum operating frequency f,,,, at which Class E ZVS and ZDS operations are achievable is
determined by the condition

8
27 nax CoR = i d (5.83)
yielding
4 0.02922
= ~ 5.84
Fmax X (7> +4)C,R C,R (5:84)
Since

2
8 Vi
T @ 4ap, -89
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we obtain the maximum operating frequency of the Class E amplifier that satisfies both the ZVS
and ZDS conditions at D = 0.5

Po

Forr = Po 0.05066
max — 271'2C V2 ~ Y.

2
o] o]

(5.86)

A higher maximum operating frequency than that given by (5.86) for D = 0.5 can be obtained
only when the ZVS condition is satisfied, but the ZDS condition is not. The maximum operating
frequency of the Class E amplifier under the ZVS and ZDS conditions increases as the duty
cycle D decreases [79]. However, at low values of D (usually for D < 0.2), the efficiency of
the amplifier decreases [58]. For f > f,,.., a Class CE operation can be obtained, which offers a
reasonably high efficiency [27].

5.10 Summary of Parameters at D = 0.5

The parameters of the Class E ZVS amplifier for the duty cycle D = 0.5 are as follows:

i Zsinwt—coswr+1 for O<awt<rm
5_J)2 (5.87)
I 0 for 7 <wt<2x
vg 0 for O<wt<nm
Y _ ) (5.88)
7 ﬂ(mt—%—%coswt—sina)t> for 7 <wt<2x
i) 0 for O<wt<n
I (5.89)
I Esmwt—coswt+1 for 7 <wt<2x
tangp = —2 (5.90)
T
sing= —2 (5.91)
n*+4
cos ¢ = —% (5.92)
w2+ 4
¢ = x — arctan (3> —2.5747 rad = 147.52° (5.93)
T
V, 2
Rpe= =L =% *4p_17337R (5.94)
I, 7C, 8
I Vrt+4
sm_ VR 23862 (5.95)
1, 2
1%
M — 2x(x — ¢) = 3.562 (5.96)
VI
LV
I r ! =0.0981 (5.97)

c. = =
L A 7 2 — )2 + V2 +4)



258 RF POWER AMPLIFIERS

I 7r+4
= VT T 8621 5.98
71 11 ) ( )
V., 256 + 72(n2 — 4)?
£ = Vl - —+”2(” ) 17279 (5.99)
, 16(z2 + 4)
v,
Yem _ 4 o074 (5.100)
Vi 2 +4
1% 2_
wm _ FE =D 5aag (5.101)
Vi a/z2y4
V2 g V? V2
p,=-tn— L =05768—-L =27%fC,V? 5.102
OT 2R T 22+4R TR (5102)
wCR = — 8 01836 (5.103)
772 +4)
L 2_y4
ol, _z(@ -4 _ | ss (5.104)
R 16
2 _
WL,C, = Z—% —02116 (5.105)
2z +4)
1 oL, n(z? —4)
=0 - - 7T L0 —1.1525 5.106
®CR o R o 16 o ( )
4 P,
- - 5.107
Fra 73z +4)C,R  2x2C,V? G107
. 0.28 i49.05°
Z=R+jX,, = 22 5.108
+JX. wCle ( )
zZ=7| < 1 ) = (1.5261 + j1.1064)R (5.109)
JoCy

5.11 Efficiency

The power losses and the efficiency of the Class E amplifier will be considered for the duty cycle
D = 0.5. The current through the input choke inductor L, is nearly constant. Hence, from (5.98)
the rms value of the inductor current is

21,
(5.110)

V2 +4

The amplifier efficiency is defined as ; = P,,/P; and P, = RI2 /2. From (5.102) and (5.110),
the power loss in the dc ESR ", of the choke inductor L is

%_zb:
Foms

4],3lrLf SrLf

— 2 _ _
PrLf_rL/IL/)'ms_ (”2+4) - (77,'2+4)RP0. (5111)




CLASS E ZERO-VOLTAGE SWITCHING RF POWER AMPLIFIERS 259

For the duty cycle D = 0.5, the rms value of the switch current is found from (5.87)

1 [, ILVr2+28 I, [z2428
Lgps =1/ 5= sdot) = ———— == 5 (5.112)
2z Jo 4 2 m*+4

resulting in the switch conduction loss
Po—r P rpsla(m? + 28) _ (7 + 28)rpg
DS TIPS Sms T 422 + 4) 2z +4HR
Using (5.89), the rms value of the current through the shunt capacitor C, is

2z 2
[ 1 . V-4 1 72 —4
Clrms 2”/[ lc1 (a)) 4 2 7T2+4 ( )

which leads to the power loss in the ESR r, of the shunt capacitor C,

rClI,%l(Jr2 —4) _ (n2 - Drey

(5.113)

- 2 —
Prcl - rClIClrmX = 4(7[2 T 4) = 2(7[2 n 4)R 19) (5.115)
The power loss in the ESR r; of the resonant inductor L is

rLIrzn _

P, = = EPO (5.116)
and in the ESR 7 of the resonant capacitor C is

rel2

p = lchn _Tcp 5.117)

e 2 E o
The turn-on switching loss is zero if the ZVS condition is satisfied. The turn-off switching
loss can be estimated as follows. Assume that the transistor current during the turn-off time
decreases linearly

iS=211<1_“’Z;”> for 7 <ot <7+l (5.118)
i

The sinusoidal current through the resonant circuit does not change significantly during the fall
time 7, and is i ~ 21;. Hence, the current through the shunt capacitor C; can be approximated by

21 (ot — 1)

iy ———— for 7w <wt <7+l (5.119)

a)tf ’

which gives the voltage across the shunt capacitor C; and the switch

ot I, (wt)?=2zwt+7x% Vizl(ot) - 2ot + x°
o= - [ i den = S @) = 2merta”_ Virl(on I (5120
oC, J, oC, ot ot
Thus, the average value of the power loss associated with the fall time 7, is
1 [mrer (wt7) (1)

i = Z IgUg d(a)t) = TP[ ~ TPO (5121)

From (5.111), (5.113), (5.115), (5.121), (5.116), and (5.117), one obtains the overall power
loss

PLS:PrLf+PrUS+PrC1+P"L+PrC+PZf

(5.122)

87y, N (72 +28)rps  roy(mr—4) o +re (wff)2
Ol @#@2+4R  2x2+4)R  2x>+4)R R 12
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Figure 5.6 Efficiency of the Class E ZVS amplifier as a function of load resistance R for
I, = 0.15Q, rpg=0.85Q,r, =0.5Q,r. =0.05Q, ro; =0.076 Q, and 7, = 20 ns.

The efficiency of the Class E amplifier is given by

N
P Py P 1+ Prs
PO
1
= . (5.123)
8r, (7 +28)rps (B2 =Hyrey  roAre (o)
(r2+ 4R~ 2 +4R 2z + 4R R 12

Figure 5.6 shows a plot of the efficiency # as a function of R.
The gate-drive power of each MOSFET that is required to charge and discharge a highly non-
linear MOSFET input capacitance is given by

P =fVesuQ, (5.124)

where Vg, is the peak value of the gate-to-source voltage vgg and Q, is the gate charge at

Vs = Vasm:
The power-added efficiency (PAE) is

Po—P; P,—Pg

= = 5.125
e Py Po+ P ( )
The power gain of the Class E ZVS amplifier at D = 0.5 is given by
P v;
k,= -2 = 8 « ! (5.126)

P, n2+4" RfVg,0,

The maximum efficiency of the Class E amplifier is achieved under ZVS and ZDS conditions
only when all the components are ideal with zero parasitic resistances. However, real Class
E amplifiers are built using real components. The transistor on-resistance is nonzero, and the
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inductors and capacitors have nonzero ESRs. The maximum efficiency of the Class E amplifier
with real components is obtained when the ZVS and ZDS conditions are not satisfied. The switch
voltage when the transistor turns on V, is positive, usually

V,

turn—on

urn—on

=(0.03 to 0.15)V, (5.127)

The derivative of the switch voltage when the switch turns on is usually slightly positive. Under
these conditions, there is a nonzero switching power loss at the transistor turn-on time

Psw = %f:vcl Vtzum—on (5128)

However, the shapes of the current waveforms and their rms values are modified so that the
conduction losses in different components are reduced, yielding the maximum overall efficiency.

5.12 Design of Basic Class E Amplifier

The component values of the resonant circuit of the basic Class E amplifier shown in Fig. 5.1(a)
are obtained from (5.8), (5.102), (5.103), and (5.106) for optimum operation at D = 0.5

VZ 2
8 I I
R= L ~05768— (5.129)
72 +4P, P,
2 4 4R
Xy = —— = T YIRS ss66r (5.130)
wC, 8
X, = wL = Q,R (5.131)
1 7r(7r2—4)
X.= =g - T =N p 2 (0, - 1.1525)R 132
e [QL I3 ] (Or 525) (5.132)

Suboptimum operation (i.e., for only ZVS operation) occurs for load resistance R, lower than
that given in (5.129), that is,

0 < Ry <R (5.133)

The Class E ZVS amplifier with the basic resonant circuit shown in Fig. 5.1(a) operates safely
under short-circuit conditions.

The basic resonant circuit of Fig. 5.1(a) does not have matching capability. In order to transfer
a specified amount of power P, at a specified dc voltage V;, the load resistance R must be of the
value determined by (5.129).

Example 5.1

Design a Class E ZVS amplifier of Fig. 5.1(a) to satisfy the following specifications: V; =100V,
Popae =80 W, and f = 1.2 MHz. Assume D = 0.5.
Solution. Using (5.102), the full-load resistance is
2

Vv 2
R=—3 1T _05768x 2 _ 7210 (5.134)
72 +4 P, 80
From (5.94), the dc resistance of the amplifier is
2 +4

Rpe = 3 R=17337x72.1=125Q (5.135)
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The amplitude of the output voltage is computed from (5.100) as

Vim = LV, =1.074 x 100 = 107.4 V (5.136)

N 2 +4
The maximum voltage across the switch and the shunt capacitor C; can be calculated from (5.96)
as

Vou = Vern = 3.562V, =3.562 x 100 = 356.2V (5.137)
Assuming the amplifier efficiency # = 0.9, the dc input power is
P
=0 =80 _gqorw (5.138)
n 0.9
yielding the dc input current
P
=1 821 _hemia (5.139)
v, 100
The maximum switch current obtained using (5.95) is
244
Iy, = <”T+ + 1) I, = 2.862 X 0.8421 = 2.41 A (5.140)
The amplitude of the current through the resonant circuit computed from (5.98) is
Vrl+4
I, = ”TJrI, = 1.8621 X 0.8421 = 1.568 A (5.141)

The amplitude of the current through the resonant circuit is

2P
Io=1) 22 = /2X80 _ 49, (5.142)
R 721

Select the MOSFET process with K, = pu,,C,. =0.142x 1073 A/V2, V,=0.5V, and

ox

L =0.65 pm. The peak value of a gate square voltage is Vg = 3.5 V. Let us assume that
Ipea/Isyy = 2. Then

Ingy =21, =2%241 =482A (5.143)
The aspect ratio of the n-channel MOSFET is
21
¥ Dt __ 2% 4.82 = 7534 (5.144)
L K(Vg—V)? 0.142x1073x(3.5—0.5)
Let W/L = 7600. The width of the channel is
W= <%>L:7600x0.65x 107° = 4940 pm (5.145)

Assuming Q; =7 and using (5.66), (5.103), and (5.106), the component values of the load
network are

R
Lo &R X721 oo (5.146)
0] 27 x 1.2 x 100
C= ! = ! =314.6pF (5.147)
n(z? —4) 27 X 1.2 x 100 x 72.1 X (7 — 1.1525)
oR |Q;, — ———
16
The peak voltages across the resonant capacitor C and the peak voltage across the inductor L are
8 8

C, = = = 337.4pF 5.148
"7 a(m2 +4wR T 2m2(x +4) x 1.2 x 100 x 72.1 P ( )
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Let the MOSFET output capacitance be C, = 37.4 pF. Hence, the external shunt capacitance is
Ciy =C, —C,=3374—-374=300pF (5.149)

Pick C,,,, = 300 pF/400 V.
The peak voltages across the resonant capacitor C and the inductor L are
1, 1.49

V., =" = =628.07V 5.150
™ wC ~ 27 x1.2% 106 x 314.6 X 10-12 ( )

and
V=Ll =27 x1.2x10°x66.9x 107°x 1.49 = 751.58 V (5.151)

Pick C = 330 pF/700 V.
It follows from (5.82) that in order to keep the current ripple in the choke inductor below 10%
full-load dc input current /;, the value of the choke inductance must be greater than

2 R 7x72.1
L=2(Z +1)3 =22 =42058H 5.152
/ <4 >f 12 % 106 " ©.152)
The peak voltage across the RFC is
Vigm = Veu — V; =356.2—-100 = 2562V (5.153)

Assume that the dc ESR of the choke Lf Iy r, = 0.15 Q. Hence, from (5.111), the power loss
in 1, is
Py =ry, I} =0.15x0.8421% = 0.106 W (5.154)

From (5.112), the rms value of the switch current is

IVn?+28
I, = % = 0.8421 x 1.5385 = 1.296 A (5.155)
Select an International Rectifier IRF840 power MOSFET, which has Vg = 500V, I, = 8 A,
rps = 0.85Q, 7, =20 ns, and Q, = 63 nC. The transistor conduction power loss is

Ps =rpsls = 0.85x1.296% = 1.428 W (5.156)

Srms
Using (5.114), one obtains the rms current through the shunt capacitance C,

I\Vr#? -4

cims = == = 0.8421 X 0.6057 = 0.51 A. (5.157)

Assume the ESR of the capacitor C; to be r-; = 76 mQ, one arrives at the conduction power
loss in r¢

Py =ral,,, =0076x0.51% = 0.02W (5.158)

Assuming the ESRs of the resonant inductor L and the resonant capacitor C to be r;, = 0.5Q
and r- = 50 mQ at f = 1.2 MHz. Hence, the power losses in the resonant components are
r 12 2
Py =" w —0.555W (5.159)

and

rol? 2
Pe="C"= M = 0.056 W (5.160)
The drain current fall time is 7, = 20 ns. Hence, wf; = 27 X 1.2 X 10° x 20 x 1072 = 0.151 rad.

From (5.121), the turn-off switching loss is

_(@)’Py 01512 x 80
T 12 T 12

=0.152W. (5.161)
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The power loss (excluding the gate-drive power) is
Prs=Pup+Pps+Pci+Py+Pc+Py
=0.106 + 1.428 + 0.02 + 0.555 + 0.056 + 0.152 = 2317 W (5.162)

The efficiency of the amplifier becomes

P, 80

= = =97.82% 5.163
T= P, +P, 80+2317 ’ (>-163)
Assuming V,, = 8 V, one obtains the gate-drive power
PG =fViguQ = 1.2 10° x 8 x 63 x 107 = 0.605 W (5.164)
The PAE is
Po—P;  Py—P; 80 —0.605
e = "p Py+P  80+2317 ’ (5-163)
The power gain of the amplifier is
P
ko=0_ 80 _y323-2121dB (5.166)
P Pg 0.605
The equivalent capacitance when the switch is OFF is
CC, _330x3374
C,= = = 167 pF 5.167
“=CtC,  330+3374 P (>-167)
The resonant frequencies are
L= ! = ! = 1.071 MHz (5.168)
27VLC  27/66.9 x 1076 x 330 x 10-12
and
1 1
fn = = 1.51 MHz (5.169)

272+/LC,,  274/66.9 x 10-6 X 167 x 10-12

Note that the operating frequency f = 1.2 MHz is between the resonant frequencies f,;, and f,,.

5.13 Impedance Matching Resonant Circuits

The purpose of the impedance matching network is to convert the load resistance or impedance
into the impedance required to produce the desired output power P, at the specified supply
voltage V; and the operating frequency f. According to (5.129), V;, P, and R are dependent
quantities. In many applications, the load resistance is given and is different from that given in
(5.129). Therefore, there is a need for a matching circuit that provides impedance transformation
downward or upward. A block diagram of the Class E amplifier with an impedance matching
circuit is shown in Fig. 5.7. Figure 5.8 shows various impedance matching resonant circuits. In
the circuits shown in Fig. 5.8(a) and (c), impedance transformation is accomplished by tapping
the resonant capacitance C, and in the circuits shown in Fig. 5.8(b) and (d) by tapping the reso-
nant inductance L. All these circuits provide downward impedance transformation. The vertical
inductance L, in Fig. 5.8(b) and the vertical inductance L, in Fig. 5.8(d) can be replaced by a
step-up or step-down transformer, yielding additional impedance transformation. The topologies
of these circuits are similar to the Greek letter z.
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L
fm Impedance +
V/ -|' O-l =

= Cy Ma_tchi_ng R v,
Circuit -

Z,‘= R +ja)Lb

Figure 5.7 Block diagram of the Class E amplifier with impedance matching resonant circuit.

L C c L
o—p—""—( l o——]
T Cq Cs T R TG4 L, SR,
O . O
(@ (b)
L Cs C Ly
OT/‘MTl °__|<
T o} T C, R =c, L, R.
o—e O

© d

Figure 5.8 Maitching resonant circuits. (a) Resonant circuit z1a. (b) Resonant circuit z2a. (c) Res-
onant circuit 7 1b. (d) Resonant circuit z2b.

5.13.1 Tapped Capacitor Downward Impedance Matching
Resonant Circuit = 1a

Figure 5.9(a) shows the tapped capacitor matching circuit with downward impedance trans-
formation (R; > R). Its equivalent circuit is shown in Fig. 5.9(b). Let us assume that the load
resistance R; is given. Using (5.129), the series equivalent resistance for optimum operation at
D = 0.5 is given by

g V f
R=R, = — ~ 0.5768 — (5.170)
Yox2+4P, P,

The components C; and L are given by (5.130) and (5.131)

1 (7> + 4R
Xa = =

~ 5.4466R (5.171)
wC, 8

and
X, =wL=Q,R (5.172)
The reactance factor of the R;-C; and R,-C, equivalent two-terminal networks is

R _Xo _Xo
X, R R

s

q (5.173)
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TC1 TC SR

(a)

L G Cs
N—| (¢
NI
c Rs

1

(b)

Figure 5.9 Tapped capacitor impedance matching resonant circuit zla providing downward
impedance transformation. (a) Matching circuit z1a. (b) Equivalent circuit of the matching circuit z1a.

Resistances R, and R; as well as the reactances X, and X, are related by

R, R,
R,=R 2 2
1+¢ < R, )
X3
and
X X3 _ X3
Cs 1 X
I+—= 148y
R,
Hence,

Rearrangement of (5.174) gives

From (5.173) and (5.177),

XC3

Substitution of (5.177) into (5.173) yields

\/7
\/7

Referring to Fig. 5.9 and using (5.132) and (5.179), one arrives at
7[(772 - 4)]

1
Xey = — oC =Xc—Xey = [QL
2

_r lQL_n'(n' —4 / ]

(5.174)

(5.175)

(5.176)

(5.177)

(5.178)

(5.179)

(5.180)
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Rs A
Xc

Rsmax 2

Figure 5.10 Series equivalent resistance R, and reactance X, as functions of load resistance R, in
the circuit zla. (a) R, versus R, . (b) X, versus R, .

It follows from (5.178) that the circuit shown in Fig. 5.8(a) can match the resistances that
satisfy the inequality

R, <R, (5.181)
Suboptimum operation is obtained for
0 < Ry < R (5.182)
which corresponds to
Ry < Rgypy < (5.183)

Expressions (5.174) and (5.175) are illustrated in Fig. 5.10. As R; is increased from 0 to X5, R,
increases to X3 /2, R, reaches the maximum value R,,,,, = X3/2 at R, = X5;as R; isincreased
from X5 to oo, R, decreases from X;/2 to 0. Thus, the R;-C; circuit acts as an impedance
inverter [20] for R; > X . If the optimum operation occurs at R; = X3, then R, = X3/2
and the amplifier operates under ZVS conditions at any load resistance R; [28]. This is because
R, <R, = X3/2 at any values of R;. As R; increases from 0 to co, X increases from O to

s - smax

X3 and C decreases from oo to C;.

Example 5.2

Design a Class E ZVS amplifier of Fig. 5.1(a) to satisty the following specifications: V, = 100V,
Pomar =80 W, R, =150€Q, and f = 1.2 MHz. Assume D = 0.5.

Solution. Tt is sufficient to design the amplifier for full power. The required series resistance is
2

\% 2
R, =R= 8 1 _os5768x 0 _ 7010 (5.184)
: 72 +4P, 80

Thus, the amplifier requires a matching circuit. The reactance factor is

IR, 150
=) o1=q/22 - 1=1.039 5.185
T= VR, 72.1 189
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Hence,

Xpp= —— =L =2 =14437Q (5.186)

resulting in the capacitance

1 1
c, = - —~ 919 pF 5.187
3T WXe | 22X 12x 100 % 14437 P (5-187)

The amplitude of the voltage across the capacitor C; is the same as the amplitude of the voltage
across the load resistance R; . Thus,

Vesm = Vam = V2R Pp = V2 X 150%x80 =155V (5.188)
Pick C; =910 pF/200 V. Let Q; = 7. Hence,
1 w(x* —4)

C2=E=XC_XCS=RS 0, - 16 -4
2
=72.1(7 - 1.1525 — 1.039) = 346.7 Q (5.189)
yielding
1 1
G, = = = 383 pF 5.190
27 WX | 2mx 1.2x 10° % 346.7 P ©.150)
The amplitude of the voltage across the capacitor C, is
Veon = Xeol,, =346.7%x1.49 =517V (5.191)

Select C, = 390 pF/600 V. All other parameters are the same as those in Example 5.1.

5.13.2 Tapped Inductor Downward Impedance Matching
Resonant Circuit n2a

Figure 5.11(a) shows the tapped inductor matching resonant circuit of Fig. 5.8(b) that provides
downward impedance transformation (R, > R). Its equivalent circuit is depicted in Fig. 5.11(b).

c L
-
.~ C1 L2 RL
o
(a)
c L L
—_—
.~ C1 L RS
o

Figure 5.11 Tapped inductor downward impedance matching circuit 72a. (a) Matching circuit z2a.
(b) The parallel impedance R, —L, is converted into a series impedance R —L,.
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The values of R, X, and X for the resonant circuit can be calculated for optimum operation
at D = 0.5 from (5.170), (5.130), and (5.132), respectively. The series resistance is

8 V2 2
R,=R= L ~05768-L (5.192)
‘ > +4P, P,
1 z(z> +4)R
Xo = — = ———— ~ 5.4466R 5.193
=50 3 ( )
and
1 m(x? - 4)
Xe=—= - ———|R= — 1.1525)R 5.194
c=—= [QL 16] © ) (5.194)
The reactance factor of the R, -L, and R -L, equivalent two-terminal networks is
R X
g= L =_= (5.195)
X, R
Resistances R, and R, as well as the reactances X; and X, are related by
R R
RS=R=1 L2= L - (5.196)
+q R,
I+| —
X L
and
X X
X, = b - = 5 (5.197)
+= . X1,
q R,
Hence,
L L
L, = 2= 2 > (5.198)
1+ —= Xis
C]2 1+ <R—L>
The reactance factor is
=R 1 (5.199)
q= R, .
Hence,
R R
X, =ol,=—+t=—Lt— (5.200)
i R
£
RS
Since
X
0,=%L_ZtL (5.201)
RX S
and
X, =qR, (5.202)

one obtains

X, =L =aol—-L)=X,-X, =(Q,-qR, = <QL Y E )Rs (5.203)
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The range of resistances that can be matched by the circuit shown in Fig. 5.8(b) is

R, <R, (5.204)
Suboptimum operation takes place for
0 < Ry <R (5.205)
and consequently for
Ry <R < (5.206)

It follows from (5.196) that when R, is increased from 0 to X; , R, increases from O to R, =
X, /2, and when R, is increased from X, to oo, R, decreases from X; /2 t0 0. Itis clear that the
R, -L, circuit behaves like an impedance inverter for R; > X, . If the optimum operation occurs
at R, =X, , then R, = X, /2 and the ZVS operation occurs at any load resistance [25, 30]. In
this case, R; < R,,,,, = X, /2. As R increases from 0 to oo, X; increases from 0 to X; and L,
increases from O to L,.

The vertical inductance L, can be replaced by a step-up or step-down transformer, providing
additional impedance transformation. The transformer leakage inductance can be absorbed into
the horizontal inductance L,. Figure 5.2 shows a Class E RF power amplifier with a transformer.
The impedance transformation is increased by the square of the transformer turn ratio. The trans-
former leakage inductance L, is absorbed into inductance L. The magnetizing inductance L,, is
used as an inductor L, connected in parallel with the load reflected to the primary side of the
transformer. The load of this circuit can be a rectifier. The transformer may be used for wireless
power transmission. The circuit can be used to charge a battery installed inside a person’s body.

Example 5.3

Design a Class E ZVS amplifier with the tapped inductor downward impedance matching circuit
#2a shown in Fig. 5.11(a) to satisfy the following specifications: V; = 100 V, P, .. = 80 W,
R, =150Q, and f = 1.2 MHz. Assume D = 0.5.

Solution. The series resistance R, is

VZ
R,=R= 8 1
72 +4P,

A matching circuit is needed. The reactance factor is

IR, /150
1 R, 72.1 ( )

2
=0.5768 x % =72.1Q (5.207)

The reactance X is

R; 150
X, =wl,=—=——=14437Q 5.209
L= @ = T 1039 (5:209)
resulting in the inductance
X, 14437

L, = =19puH (5.210)

o 27 x1.2x10°
The amplitude of the voltage across the inductance L, is the same as the amplitude of the voltage
across the load resistance R, . Thus,

Viom = Vi = V2R,Py = V2 X 150 80 = 155V (5.211)
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Let Q; = 7. Hence,
X, =oL =X, - X, =R(Q, —¢q) =72.1(7—-1.039) = 429.79 Q (5.212)
producing

X, 429.79
Ll ==
o 2rx12x10°
The amplitude of the voltage across the inductor L; is

Vi =X, 1, =429.79 X 1.49 = 640.387 V (5.214)

= 57uH (5.213)

All other parameters are identical to those in Example 5.1.

5.13.3 Matiching Resonant Circuit z1b

Figure 5.12(a) shows the tapped capacitor downward and upward impedance matching circuit.
The values of R, X-;, and X; for the circuit shown in Fig. 5.12(a) can be calculated for optimum
operation at D = 0.5 from (5.170), (5.130), and (5.131), respectively. The series resistance R_,
and the reactances of the shunt capacitance C, and the resonant inductance L are

8 V] 7
R, = 5 — ~0.5768 — (5.215)

72 +4P, P,

1 z(z® + 4)R
Xy = —=———" x~54466R 5.216
7 wC, 8 (5:216)
and

X, = O,R (5.217)

L B A C;

)
7
o
S
ey

Al
/1
iy
o €4
$
Ayl
/1
O
Re]

Figure 5.12 Tapped capacitor downward impedance matching circuit 7 1b. (a) Matching circuit z 1b.
(b) The series impedance R, -C; is converted to a parallel impedance R -C,. (c) The parallel impedance
R,-X} is converted to the series impedance R -C..
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The reactance factor of the series circuit R; -C; located to the right of point A in Fig. 5.12(a)
is

X., R
gp=-— = (5.218)
RL XCp

The series circuit R; —C; can be converted to the parallel circuit R,—C, as depicted in Fig. 5.12(b),
using the following equations:

R =R.(1 2N XC3 g
L
1 R\’
ch =X 1+ = |= Xez |1+ | — (5.220)
qy Xes
and
G

C,, - ; (5.221)

1+ —

En

The total capacitance to the right of point B is C = C, + C, and the total reactance to the
right of point B is
1 + 1 (5.222)
XB XC2 XCp
The parallel impedance R,-X; can be converted to the series impedance R.-C, as shown in
Fig. 5.12(c). The conversion equations are

ap = B _Xo (5.223)
XB Rs
R
R =R=—"_= L (5.224)
1+43 <Rp )2

1+ (2

XB

X X
Xey=Xpo=—2— = 5 (5.225)

On the other hand, the reactance of the capacitance C is
x(7? —4)
16
Hence, the reactance factor of the impedance to the right of point B is

_&—)&—Q _”(ﬂ2_4)
B=R TR T 16

s s

X.=Xq, = [QL - ] R~ (Q, — 1.1525)R (5.226)

~ Q; —1.1525 (5.227)

The parallel resistance is

x(x? —4)

2
RP=R(1+qB)=R{1+

2
] } = RI(Q, — 1.1525)* + 1] (5.228)

The reactance factor of the impedance to the right of point A is

Ry 1 5.229
qa = R_L_ (5. )
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Hence, the design equation for the reactance of the capacitor Cj is

1 RI(Q; — 1.1525)2 4+ 1]
X = —g.R, =R -1 5.230
c3 wC, dalip L\/ R, ( )

The parallel reactance is

R —1.15252 + 1
Xe, = X3 (1 + i2> = [Q y +1l (5.231)
44 R[(Q, — 1.1525)> + 1]
R,
The parallel reactance is
R, R[(Q,—1.1525) + 1
X, = o _ K@ )+ 1 (5.232)
qs 0, —1.1525
The reactance X is given by
1 _t_1 (5.233)
XC2 XB ‘Xp
This gives the design equation for the reactance X, as
RI(Q; — 1.1525)% + 1
Xep = _]c = 1@, ) (5.234)
0t RI(Q; — 1.1525)% + 1
QL—1.1525—\/ [Q, ) I
R,
The resistances that can be matched by the above-mentioned circuit are
R,
<R, <R, (5.235)
(Q, — 1.1525)2 + 1
Suboptimum operation takes place for
Rs(sub) < Rs (5236)
and therefore for
Rqupy <Ry (5.237)

Example 5.4

Design a Class E ZVS amplifier with tapped capacitor downward impedance matching circuit
m1b depicted in Fig. 5.12(a) to satisfy the following specifications: V; = 100 V, P, .. = 80 W,
R; =150Q, and f = 1.2 MHz. Assume D = 0.5.

Solution. Assuming Q; = 7, the reactance of the capacitor Cj is calculated as

RI(Q, — 1.1525)2 + 1 _ 2
1 _R, (o, L =]50\/72.1[(7 1.1525)2 + 1]
R, 150

-1

G [0 C3

=598.43 Q (5.238)

resulting

c =1 1

- - — 221.6285 pF 5.239
@Xey | 27X 1.2 % 100 x 598.43 P (5:239)
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The amplitude of the current through the load resistance R; and the capacitance C; is

[2P, 2 x 80
Iy, = 1/ =2 = =1.067A 5.240
R R, 150 (5:240)

Hence, the amplitude of the voltage across the capacitance C; is
Ve = Xealpn = 598.43 X 1.067 = 638.32V (5.241)

Pick C; =220 pF/700 V.
The reactance of the capacitor C, is

1 R(Q, — 1.1525)* + 1]
YT oe T RI(Q, — 1.1525)% + 1]
-1 +
QL—1.1525—\/ % -1
Ry
_ 72.1[(7 — 1.1525)> + 1] _ 1365.690 (5.242)
72.1[(7 = 1.1525)* + 1]
7 —1.1525 - -1
\/ 150
yielding
C, = L _ ! =97.115 pF (5.243)
wXeH 27 x 1.2 X% 100 X 1365.69
The amplitude of the current through the capacitor C, is
Ve = Vlﬁm + Vém = V/160.052 + 638.322 = 658.08 V (5.244)

Pick C, = 100 pF/700 V. All other parameters are the same as those in Example 5.1.

5.13.4 Matiching Resonant Circuit 2b

Figure 5.13(a) shows a downward and upward matching circuit z2b. The values of R, X , and
X for the circuit shown in in Fig. 5.13(a) can be calculated for optimum operation at D = 0.5
from (5.170), (5.130), and (5.132), respectively. The series resistance R, and the reactance of
the shunt capacitance C, are

g Vi Vi
R,=R= — ~ 0.5768 — (5.245)
72 +4P, P,
and
1 z(x? —4)
X =— = —-——|R 5.246
7w, [QL 16 ] ( )

The reactance factor of the series circuit R, -L, and the equivalent parallel circuit R -L, is given
by

X, R
g =2 =L (5.247)
RL XL

The parallel components are

2 XLz ’
R,=R,(1+q) =R, [1+ <R_> (5.248)

L
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Figure 5.13 Tapped inductor downward impedance matching resonant circuit z2b. (a)

275

Match-

ing resonant circuit x2b. (b) Series impedance R;-L, is converted into a parallel impedance R,-L,.

(c) Parallel impedance R ~L,~L, is converted into a series impedance R—L,.

and

The reactance of the components L;-L,-R,, is
1 1 1
—_ = — 4+ —
XB XL] XLp

The series components R -L, can be described by

0, =gy= =ttt
FETTX, R, R
RP RP
e ™ r
g 1+<—p>
XB
and
XB XB
XL=X5= 1: X 2
1+ B
1+ (=
o (%)

The parallel resistance is

R,=R(1+q}) =R(+0})

(5.249)

(5.250)

(5.251)

(5.252)

(5.253)

(5.254)

(5.255)
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Next,
R RQ?*+ 1)
gy = _P_1=\/—L -1 (5.256)
Ry Ry
Hence,
R(Q; + 1)
X, =qR, =R, —x 1 (5.257)
L
The parallel reactance is
RQ; + 1)
X, =X, <1 + %) =—-"* - (5.258)
a4 RO} +1) _1
R
The parallel reactance is
R, RQ?+1)
p=—L=—"r = (5.259)
qp 0/
Using
1 _1_ 1 (5.260)
X, Xp  Xpp
we obtain
R(Q? + 1)
X, =olL, = L (5.261)
0 /R(Qi +1) ]
L R,
This circuit can match resistances in the range
R
L_ <R ,<R, (5.262)
o;+1
Suboptimum operation takes place for
R (upy < Ry (5.263)
and therefore for
Rs(sub) < RL (5264)

Example 5.5

Design a Class E ZVS amplifier with tapped inductor downward impedance matching circuit
w2b shown in Fig. 5.13(a) to satisfy the following specifications: V; = 100 V, P,,,.. = 80 W,
R; =150Q, and f = 1.2 MHz. Assume D = 0.5.

Solution. Assume that Q; = 7. The reactance of the inductance L, is

RQ; +1) B 72.1(7> + 1)

R(Q2+ 1) - 21T +1) |
Q-\—x ! V™ 150
L

=1638.1Q (5.265)

XL] =wl, =
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Hence, the inductance L, is

X
L=t 16881 51706uH (5.266)
® 2z x12x106

The reactance of L, is

R(Q? +1) 172
X, =Ry Rt s TR EAD L Gos06a (5.267)
L, =L R 150
L

Hence, the inductance L, is

X, 719.896
o 2rx1.2x10°
All other parameters are identical to those of Example 5.1.

L,= =95.48 uH (5.268)

5.13.5 Quarter-Wavelength Impedance Inverters

An impedance inverter can be realized using a quarter-wavelength transmission line inserted
between the series-resonant circuit and a load impedance Z, , as shown in Fig. 5.14. The length of
the transmission line is / = A/4 or an odd number multiple of a quarter wavelength / = 4/[4(2n —
1)]. The input impedance of the A/4 transmission line loaded with impedance Z; is given by

. 2z A
Z +]Z()tan(71> ~ 2

T A

Z,=2, Sha]
Zo+jZLtan(271> Z

l

(5.269)

Figure 5.15 shows two quarter-wavelength impedance inverters using z-configuration lumped-
element resonant circuits. The characteristic impedance of both circuits is given by

1

Z,=wL=— 5.270
,=ol=— (5.270)
The input impedance of the impedance inverter of Fig. 5.15(a) is
-jz,Z, z: z2
Z; = —JZ,|l <J'Zg + M) =jZl— =~ (5.271)
ZL _/Zn ZL _JZ() ZL
Likewise, the input impedance of the impedance inverter of Fig. 5.15(b) is
Z,Z, z z2
7= 2, (=i, + 2 ) =7l = 2 (5.272)
ZL _]Zo ZL + Zo ZL

The expression for the input impedance Z; of these circuits is the same as that for the input
impedance of a quarter-wavelength impedance inverter using a transmission line. As |Z, |
increases, |Z;| decreases.

| |
A

« o
4

I Cy Z

Figure 5.14 Class E RF power amplifier with a quarter-wavelength impedance inverter.
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Figure 5.15 Quarter-wavelength impedance inverters using 7 networks consisting of lumped-
element reactances. (a) Quarter-wavelength impedance inverter consisting of two capacitors and an
inductor. (b) Quarter-wavelength impedance inverter consisting of two inductors and a capacitor.

If Z; = R; and Z; = R, then the required reactances of the quarter-wavelength matching cir-

cuits are given by
1

Z,=X, =0l =Xc=—-=RR, (5.273)
w

Example 5.6
Design a Class E ZVS power amplifier with a quarter-wavelength impedance inverter using

the lumped-element parameters shown in Fig. 5.15(a) to satisfy the following specifications:
V=100V, Py, =80 W, R, =150Q, and f = 1.2 MHz. Assume D = 0.5.

Solution. The reactances of the quarter-wavelength impedance inverter are given by

Z,=X, =L =X.= % = VRR, = V72.1 x 150 = 103.995 Qx (5.274)
'
Hence, the inductance is
Z
p=2e- 103995 3594 (5.275)
®w 2rx1.2x10°
and the capacitances are
! ! =1.2753 nF (5.276)

T wZ,  2zx1.2x10°x 103.995

All other parameters are the same as those of Example 5.1.

Figure 5.16 shows two T-type quarter-wavelength transformers made up of lumped compo-
nents. These transformers are introduced here. In the circuit of Fig. 5.16(a), the capacitances C
and C, can be combined into a single capacitor. In the circuit of Fig. 5.16(b), the inductances L
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Figure 5.16 Quarter-wavelength impedance inverters using 7-type networks consisting of
lumped-element reactances. (a) Quarter-wavelength impedance inverter consisting of two capacitors
and an inductor. (b) Quarter-wavelength impedance inverter consisting of two inductors and a capacitor.

and L, can be combined into a single inductor. The characteristic impedance of both circuits is
given by

1
Z,=wL=— 5.277
,=ol=— (5.277)
The input impedance of the transformer shown in Fig. 5.16(a) is
Z(—jZ, +2Z;) 73
7= —jz, + L%t % (5.278)
JZy=Jto+2, 7
The input impedance of the transformer shown in Fig. 5.16(b) is
—jZ)GZ, + Z;) 7}
z,=jz,+ JL%t2) 7 (5.279)

i ° —jZ, +jZ,+7Z, 7,

5.14 Class E ZVS RF Power Amplifier with Only
Nonlinear Shunt Capacitance

In this section, we will consider the Class E ZVS RF power amplifier in which the MOSFET
drain-to-source capacitance C, is the only shunt capacitance [40, 56]. The shunt capacitance is
formed by the p-n junction capacitance of the MOSFET antiparallel diode

Cio

v m
(-7)
Vbi

where v, is the diode voltage, V), is the junction built-in potential, Cj, is the diode junc-
tion capacitance at v, =0, and m is the grading coefficient of the diode junction. Since

C = for vy, <V, (5.280)
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Figure 5.17 Ratio C;/C, as a function of drain-to-source voltage v for V,, = 0.7 V at selected
values of grading coefficient m.

Up = —Upg = —Ug, the MOSFET drain-to-source capacitance is
G Co
C = = for vg> -V, (5.281)

C,=C;
ds j L Ups m L Vg m
Vhi Vbi

Figures (5.17) and (5.18) illustrate Cj / CJ-O.

The shunt capacitance consists of only the MOSFET nonlinear capacitance so that C; = C,,.
Assume that the RFC inductance is high enough to conduct only dc current and neglect its current
ripple, that is, i L= I;. Assume also that the loaded quality factor of the series-resonant circuit is
high enough to cause this circuit to conduct the sinusoidal currenti = I,, sin(wt + ¢). Under these
assumptions, all the currents, their harmonics, and the output voltage remain the same as those
in the Class E amplifier with a linear shunt capacitance. Only the switch voltage waveform vy is
affected by the nonlinearity of the shunt capacitance. The current flowing through the nonlinear
shunt capacitance C,;, when the switch is OFF is

icgs =1 —i=1,—1,sin(wt + ¢p) for 7 <wt<2r. (5.282)
This current is related to the shunt capacitance C,, and the switch voltage vy by
. dvg
leas = de.v(vs)m, (5.283)
yielding
C,(vg)dvg = iiCdsd(wt). (5.284)

Substitution of (5.281) and (5.282) into (5.284) produces

dvg = é[l, — 1, sin(@t + ¢)]d(w0). (5.285)
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Figure 5.18 Ratio C;/Cj, as a function of drain-to-source voltage vg for m = 0.5 at selected values

of V.
Integrating both sides of this equation
Ug Cj 1 wt
/ ——dv, = — / [, — 1, sin(wt + ¢)]d(wt), (5.286)
0 Ug w Jg
1+ =
< Vbi)

we obtain

Vi Us o 1
e 1+ — - 1| = —{[(wt — 7)+ 1,[cos(wt + ¢) + cos ¢]}. (5.287)
I-m wCjy
Under the ZVS condition v¢(27) = 0, the left side of this equation is equal to zero,