
Fundamentals of RF 
and Microwave 
Transistor Amplifiers 
Inder J. Bahl 

©WILEY 
A John Wiley & Sons, Inc., Publication 



Contents 

Foreword xvii 

Preface xix 

1. Introduction 1 

1.1. Transistor Amplifier 1 

1.2. Early History of Transistor Amplifiers 3 

1.3. Benefits of Transistor Amplifiers 3 

1.4. Transistors 4 

1.5. Design of Amplifiers 5 

1.6. Amplifier Manufacturing Technologies 7 

1.7. Applications of Amplifiers 7 

1.8. Amplifier Cost 12 

1.9. Current Trends 12 

1.10. Book Organization 13 

References 14 

2. Linear Network Analysis 17 

2.1. Impedance Matrix 18 

2.2. Admittance Matrix 20 

2.3. ABCD Parameters 21 

2.4. S-Parameters 23 

2.4.1. S-Parameters for a One-Port Network 29 

2.5. Relationships Between Various Two-Port Parameters 29 

References 31 

Problems 31 

3. Amplifier Characteristics and Definitions 33 

3.1. Bandwidth 33 

3.2. Power Gain 34 

3.3. Input and Output VSWR 38 

3.4. Output Power 38 

3.5. Power Added Efficiency 39 

3.6. Intermodulation Distortion 40 

3.6.1. IP3 40 
3.6.2. ACPR 41 
3.6.3. EVM 41 

3.7. Harmonic Power 43 



viii CONTENTS 

3.8. Peak-to-Average Ratio 43 

3.9. Combiner Efficiency 44 

3.10. Noise Characterization 46 

3.10.1. Noise Figure 47 

3.10.2. Noise Temperature 47 

3.10.3. Noise Bandwidth 48 

3.10.4. Optimum Noise Match 48 

3.10.5. Constant Noise Figure and Gain Circles 

3.10.6. Simultaneous Input and Noise Match 

3.11. Dynamic Range 51 

3.12. Multistage Amplifier Characteristics 53 

3.12.1. Multistage IP3 53 

3.12.2. Multistage РАЕ 54 

3.12.3. Multistage NF 54 

3.13. Gate and Drain Pushing Factors 56 

3.14. Amplifier Temperature Coefficient 57 

3.15. Mean Time to Failure 58 

References 59 

Problems 59 

4. Transistors 

4.1. Transistor Types 61 

4.2. Silicon Bipolar Transistor 63 

4.2.1. Figure of Merit 65 

4.2.2. High-Frequency Noise Performance of Silicon BJT 66 

4.2.3. Power Performance 67 

4.3. GaAs MESFET 68 

4.3.1. Small-Signal Equivalent Circuit 71 

4.3.2. Figure of Merit 72 

4.3.3. High-Frequency Noise Properties of MESFETs 75 

4.4. Heterojunction Field Effect Transistor 77 

4.4.1. High-Frequency Noise Properties of HEMTs 78 

4.4.2. Indium Phosphide pHEMTs 79 

4.5. Heterojunction Bipolar Transistors 80 

4.5.1. High-Frequency Noise Properties of HBTs 83 

4.5.2. SiGe Heterojunction Bipolar Transistors 85 

4.6. MOSFET 86 

References 88 

Problems 90 

5. Transistor Models 91 

5.1. Transistor Model Types 91 

5.1.1. Physics/Electromagnetic Theory Based Models 91 

5.1.2. Analytical or Hybrid Models 92 

5.1.3. Measurement Based Models 92 

5.2. MESFET Models 99 

5.2.1. Linear Models 99 

5.2.2. Nonlinear Models 102 

5.3. pHEMT Models 105 

5.3.1. Linear Models 105 

49 

51 

61 



CONTENTS ix 

5.3.2. Nonlinear Models 106 

5.4. HBT Model 109 

5.5. MOSFET Models 110 

5.6. BJT Models 111 

5.7. Transistor Model Scaling 112 

5.8. Source-Pull and Load-Pull Data 113 

5.8.1. Theoretical Load-Pull Data 113 

5.8.2. Measured Power and РАЕ Source Pull and Load Pull 116 

5.8.3. Measured IP3 Source and Load Impedance 118 

5.8.4. Source and Load Impedance Scaling 118 

5.9. Temperature-Dependent Models 120 

References 121 

Problems 123 

6. Matching Network Components 125 

6.1. Impedance Matching Elements 125 

6.2. Transmission Line Matching Elements 125 

6.2.1. Microstrip 126 

6.2.2. Coplanar Lines 134 

6.3. Lumped Elements 134 

6.3.1. Capacitors 135 

6.3.2. Inductors 136 

6.3.3. Resistors 139 

6.4. Bond Wire Inductors 141 

6.4.1. Single Wire 141 

6.4.2. Ground Plane Effect 142 

6.4.3. Multiple Wires 143 

6.4.4. Maximum Current Handling of Wire 145 

6.5. Broadband Inductors 145 

References 147 

Problems 147 

7. Impedance Matching Techniques 149 

7.1. One-Port and Two-Port Networks 149 

7.2. Narrowband Matching Techniques 150 

7.2.1. Lumped-Element Matching Techniques 150 

7.2.2. Transmission Line Matching Techniques 156 

7.3. WideBand Matching Techniques 163 

7.3.1. Gain-Bandwidth Limitations 164 

7.3.2. Lumped-Element Wideband Matching Techniques 169 

7.3.3. Transmission Line Wideband Matching Networks 172 

7.3.4. Balun-Type Wideband Matching Techniques 177 

7.3.5. Bridged-T Matching Network 180 

References 182 

Problems 183 

8. Amplifier Classes and Analyses 185 

8.1. Classes of Amplifiers 185 

8.2. Analysis of Class-A Amplifiers 188 



x CONTENTS 

8.3. Analysis of Class-B Amplifiers 190 

8.3.1. Single-Ended Class-B Amplifier 191 

8.3.2. Push-Pull Class-B Amplifier 192 

8.3.3. Overdriven Class-B Amplifier 194 

8.4. Analysis of Class-C Amplifiers 196 

8.5. Analysis of Class-E Amplifiers 197 

8.6. Analysis of Class-F Amplifiers 201 

8.7. Comparison of Various Amplifier Classes 204 

References 207 

Problems 208 

9. Amplifier Design Methods 

9.1. Amplifier Design 211 

9.1.1. Transistor Type and Fabrication Technology 212 

9.1.2. Transistor Size Selection 212 

9.1.3. Design Method 213 

9.1.4. Circuit Topology 213 

9.1.5. Circuit Analysis and Optimization 214 

9.1.6. Stability and Thermal Analyses 215 

9.2. Amplifier Design Techniques 215 

9.2.1. Load-Line Method 216 

9.2.2. Low Loss Match Design Technique 218 

9.2.3. Nonlinear Design Method 221 

9.2.4. Taguchi Experimental Method 222 

9.3. Matching Networks 226 

9.3.1. Reactive/Resistive 226 

9.3.2. Cluster Matching Technique 228 

9.4. Amplifier Design Examples 230 

9.4.1. Low-Noise Amplifier Design 230 

9.4.2. Maximum Gain Amplifier Design 232 

9.4.3. Power Amplifier Design 234 

9.4.4. Multistage Driver Amplifier Design 239 

9.4.5. GaAs HBT Power Amplifer 244 

9.5. Silicon Based Amplifier Design 248 

9.5.1. S i lCLNA 248 

9.5.2. Si 1С Power Amplifiers 249 

References 255 

Problems 257 

10. High-Efficiency Amplifier Techniques 259 

10.1. High-Efficiency Design 259 

10.1.1. Overdriven Amplifier Design 261 

10.1.2. Class-B Amplifier Design 263 

10.1.3. Class-E Amplifier Design 269 

10.1.4. Class-F Amplifier Design 274 

10.2. Harmonic Reaction Amplifier 282 

10.3. Harmonic Injection Technique 282 

10.4. Harmonic Control Amplifier 283 

10.5. High-PAE Design Considerations 284 

211 



CONTENTS xi 

10.5.1. Harmonie Tuning Bench 284 

10.5.2. Matching Network Loss Calculation 287 

10.5.3. Matching Network Loss Reduction 289 

References 290 

Problems 294 

11. Broadband Amplifier Techniques 295 

11.1. Transistor Bandwidth Limitations 295 

11.1.1. Transistor Gain Roll-off 295 

11.1.2. Variable Device Input and Output Impedance 296 

11.1.3. Power-Bandwidth Product 297 

11.2. Broadband Amplifier Techniques 297 

11.2.1. Reactive/Resistive Topology 298 

11.2.2. Feedback Amplifiers 303 

11.2.3. Balanced Amplifiers 307 

11.2.4. Distributed Amplifiers 310 

11.2.5. Active Matching Broadband Technique 320 

11.2.6. Cascode Configuration 324 

11.2.7. Comparison of Broadband Techniques 325 

11.3. Broadband Power Amplifier Design Considerations 325 

11.3.1. Topology Selection 326 

11.3.2. Device Aspect Ratio 326 

11.3.3. Low-Loss Matching Networks 327 

11.3.4. Gain Flatness Technique 327 

11.3.5. Harmonic Termination 327 

11.3.6. Thermal Design 327 

References 328 

Problems 328 

12. Linearization Techniques 331 

12.1. Nonlinear Analysis 332 

12.1.1. Single-Tone Analysis 332 

12.1.2. Two-Tone Analysis 334 

12.2. Phase Distortion 337 

12.3. Linearization of Power Amplifiers 339 

12.3.1. Pulsed-Doped Devices and Optimum Match 339 

12.3.2. Predistortion Techniques 342 

12.3.3. Feedforward Technique 343 

12.4. Efficiency Enhancement Techniques for Linear Amplifiers 344 

12.4.1. Chireix Outphasing 345 

12.4.2. Doherty Amplifier 345 

12.4.3. Envelope Elimination and Restoration 347 

12.4.4. Bias Adaptation 348 

12.5. Linear Amplifier Design Considerations 349 

12.5.1. Amplifier Gain 349 

12.5.2. Minimum Source and Load Mismatch 350 

12.6. Linear Amplifier Design Examples 350 

References 358 

Problems 361 



xii CONTENTS 

13. High-Voltage Power Amplifier Design 363 

13.1. Performance Overview of High-Voltage Transistors 363 

13.1.1. Advantages 366 

13.1.2. Applications 366 

13.2. High-Voltage Transistors 366 

13.2.1. Si Bipolar Junction Transistors 367 

13.2.2. Si LDMOS Transistors 367 

13.2.3. GaAs FieldPlate MESFETs 368 

13.2.4. GaAs FieldPlate pHEMTs 370 

13.2.5. GaAsHBTs 370 

13.2.6. SiC MESFET 371 

13.2.7. SiC GaN HEMTs 371 

13.3. High-Power Amplifier Design Considerations 372 

13.3.1. Thermal Design of Active Devices 373 

13.3.2. Power Handling of Passive Components 374 

13.4. Power Amplifier Design Examples 382 

13.4.1. HV Hybrid Amplifiers 382 

13.4.2. HV Monolithic Amplifiers 386 

13.5. Broadband HV Amplifiers 388 

13.6. Series FET Amplifiers 390 

References 394 

Problems 397 

14. Hybrid Amplifiers 399 

14.1. Hybrid Amplifier Technologies 399 

14.2. Printed Circuit Boards 399 

14.3. Hybrid Integrated Circuits 401 

14.3.1. Thin-Film MIC Technology 405 

14.3.2. Thick-Film MIC Technology 406 

14.3.3. Corked Ceramic and Glass-Ceramic Technology 406 

14.4. Design of Internally Matched Power Amplifiers 408 

14.5. Low-Noise Amplifiers 410 

14.5.1. Narrowband Low-Noise Amplifier 410 

14.5.2. Ultra-wideband Low-Noise Amplifier 411 

14.5.3. Broadband Distributed LNA 412 

14.6. Power Amplifiers 413 

14.6.1. Narrowband Power Amplifier 413 

14.6.2. Broadband Power Amplifier 416 

References 416 

Problems 417 

15. Monolithic Amplifiers 419 

15.1. Advantages of Monolithic Amplifiers 419 

15.2. Monolithic 1С Technology 420 

15.2.1. MMIC Fabrication 420 

15.2.2. MMIC Substrates 421 

15.2.3. MMIC Active Devices 422 

15.2.4. MMIC Matching Elements 423 



CONTENTS xiii 

15.3. 

15.4. 

15.5. 

MMIC Design 428 

15.3.1. 

15.3.2. 

15.3.3. 

Design 

15.4.1. 

15.4.2. 

15.4.3. 

15.4.4. 

15.4.5. 

15.4.6. 

15.4.7. 

15.4.8. 

15.4.9. 

CAD Tools 428 

Design Procedure 428 

EM Simulators 429 

Examples 431 

Low-Noise Amplifier 431 

High-Power Limiter/LNA 431 

Narrowband PA 432 

Broadband PA 434 

Ultra-Wideband PA 437 

High-Power Amplifier 440 

High-Efficiency PA 441 

Millimeter-Wave PA 441 

Wireless Power Amplifier Design Example 

CMOS Fabrication 448 

References 

Probl ;ms 

449 

452 

442 

16. Thermal Design 453 

16.1. Thermal Basics 454 

16.2. Transistor Thermal Design 456 

16.2.1. Cooke Model 456 

16.2.2. Single-Gate Thermal Model 457 

16.2.3. Multiple-Gate Thermal Model 458 

16.3. Amplifier Thermal Design 461 

16.4. Pulsed Operation 464 

16.5. Heat Sink Design 467 

16.5.1. Convectional and Forced Cooling 470 

16.5.2. Design Example 471 

16.6. Thermal Resistance Measurement 472 

16.6.1. IR Image Measurement 472 

16.6.2. Liquid Crystal Measurement 473 

16.6.3. Electrical Measurement Technique 475 

References 476 

Problems 477 

17. Stability Analysis 479 

17.1. Even-Mode Oscillations 480 

17.1.1. Even-Mode Stability Analysis 480 

17.1.2. Even-Mode Oscillation Suppression Techniques 487 

17.2. Odd-Mode Oscillations 490 

" 17.2.1. Odd-Mode Stability Analysis 491 

17.2.2. Odd-Mode Oscillation Suppression Techniques 499 

17.2.3. Instability in Distributed Amplifiers 500 

17.3. Parametric Oscillations 500 

17.4. Spurious Parametric Oscillations 501 

17.5. Low-Frequency Oscillations 502 



xiv CONTENTS 

References 503 

Problems 504 

18. Biasing Networks 507 

18.1. Biasing of Transistors 507 
18.1.1. Transistor Bias Point 507 
18.1.2. Biasing Schemes 509 

18.2. Biasing Network Design Considerations 513 

18.2.1. Microstrip Biasing Circuit 514 

18.2.2. Lumped-Element Biasing Circuit 516 

18.2.3. High-PAE Biasing Circuit 519 

18.2.4. Electromigration Current Limits 520 

18.3. Self-Bias Technique 520 

18.4. Biasing Multistage Amplifiers 523 

18.5. Biasing Circuitry for Low-Frequency Stabilization 524 

18.6. Biasing Sequence 524 

References 525 

Problems 526 

19. Power Combining 527 

19.1. Device-Level Power Combining 527 

19.2. Circuit-Level Power Combining 530 

19.2.1. Graceful Degradation 532 
19.2.2. Power Combining Efficiency 534 

19.3. Power Dividers, Hybrids, and Couplers 537 

19.3.1. Power Dividers 537 
19.3.2. 90° Hybrids 540 

19.3.3. Coupled-Line Directional Couplers 541 

19.4. N-Way Combiners 545 

19.5. Corporate Structures 546 

19.6. Power Handling of Isolation Resistors 550 

19.7. Spatial Power Combiners 551 

19.8. Comparison of Power Combining Schemes 553 

References 553 

Problems 555 

20. Integrated Function Amplifiers 557 

20.1. Integrated Limiter/LNA 557 
20.1.1. Limiter/LNA Topology 558 
20.1.2. Limiter Requirements 559 
20.1.3. Schottky Diode Design and Limiter Configuration 560 
20.1.4. 10-W Limiter/LNA Design 562 
20.1.5. Test Data and Discussions 565 

20.2. Transmitter Chain 567 
20.2.1. Variable Gain Amplifier 569 
20.2.2. Variable Power Amplifier 571 
20.2.3. Amplifier Temperature Compensation 573 
20.2.4. Power Monitor/Detector 575 
20.2.5. Protection Against Load Mismatch 580 



CONTENTS xv 

20.3. Cascading of Amplifiers 581 

References 581 

Problems 583 

21. Amplifier Packages 585 

21.1. Amplifier Packaging Overview 585 

21.1.1. Brief History 587 

21.1.2. Types of Packages 590 

21.2. Materials for Packages 592 

21.2.1. Ceramics 592 

21.2.2. Polymers 592 

21.2.3. Metals 592 

21.3. Ceramic Package Design 593 

21.3.1. Design of RF Feedthrough 593 

21.3.2. Cavity Design 595 

21.3.3. Bias Lines 597 

21.3.4. Ceramic Package Construction 597 

21.3.5. Ceramic Package Model 599 

21.4. Plastic Package Design 599 

21.4.1. Plastic Packages 600 

21.4.2. Plastic Package Model 600 

21.5. Package Assembly 601 

21.5.1. Die Attach 602 

21.5.2. Die Wire Bonding 603 

21.5.3. Assembly of Ceramic Packages 605 

21.5.4. Assembly of Plastic Packages 606 

21.5.5. Hermetic Sealing and Encapsulation 607 

21.6. Thermal Considerations 608 

21.7. CAD Tools For Packages 609 

21.8. Power Amplifier Modules 609 

References 611 

Problems 611 

22. Transistor and Amplifier Measurements 613 

22.1. Transistor Measurements 613 

22.1.1. I-V Measurements 614 

22.1.2. S-Parameter Measurements 615 

22.1.3. Noise Parameter Measurements 619 

22.1.4. Source-Pull and Load-Pull Measurements 620 

22.2. Amplifier Measurements 623 

22.2.1. Measurements Using RF Probes 624 

22.2.2. Driver Amplifier and HPA Test 625 

22.2.3. Large-Signal Output VSWR 626 

22.2.4. Noise Figure Measurements 626 

22.3. Distortion Measurements 627 

22.3.1. AM-AM and AM-PM 627 

22.3.2. 1РЗЛМЗ Measurement 628 

22.3.3. ACPR Measurement 629 

22.3.4. NPR Measurement 630 

22.3.5. EVM Measurement 630 



xvi CONTENTS 

22.4. Phase Noise Measurement 630 

22.5. Recovery Time Measurement 632 

References 635 

Problems 636 

Appendix A. Physical Constants and Other Data 637 

Appendix B. Units and Symbols 639 

Appendix C. Frequency Band Designations 641 

Appendix D. Decibel Units (dB) 643 

Appendix E. Mathematical Relationships 647 

Appendix F. Smith Chart 649 

Appendix G. Graphical Symbols 651 

Appendix H. Acronyms and Abbreviations 653 

Appendix I. List Of Symbols 657 

Appendix J. Multiple Access and Modulation Techniques 661 

Index 663 


