PREFACE xv

Contents

ACKNOWLEDGMENTS xvi

CHAPTER 1

CHAPTER 2

Microwave Circuits 1

1.1 Introduction 1
1.2 Circuit Elements 3

1.2.1 Ground Planes 3

1.2.2 Linear R, L, C Circuit Elements 4
1.2.3 Distributed Parameter Circuits 5
1.2.4 Transmission Line Types 9

Models, Modeling, and Characterization 11

2.1 Modeling and Characterization 11

2.1.1 Two Terminal Components 12

2.2 Two-Port Circuits 12
2.2.1 Two-Port Parameters 13
2.2.2 Immittance Two-Port Parameters 13
2.2.3 Chain Two-Port Parameters 14
2.2.4 Hybrid Two-Port Parameters 15

2.3 S Parameters (Scattering Parameters —Voltage Referenced) 16

2.3.1 S Parameters—One-Port 16

2.3.2 § Parameters—Multiport 18

2.3.3 Relationships between S Parameters and Other Parameters 21
2.3.4 The Series and the Shunt Impedance Circuits 24

2.3.5 Measuring the Series R of a Series R-L-C Circuit 24

2.4 T Parameters 25

vii



viii

CHAPTER 3

CHAPTER 4

Contents

2.5 The Smith® Chart 27

2.5.1 Bilinear Transformations and the Reflection Coefficient Plane 27

2.5.2 Straight Lines in the Impedance Plane on the Reflection
Coefficient Chart 28

2.5.3 The Z-Y Chart 30

2.5.4 Extended (Compressed) Reflection Coefficient Chart 32

2.5.5 Normalization Impedance Change 34

2.5.6 The Carter Chart 34

2.6 Transmission Line Model 34
2.6.1 S Matrix of a Transmission Line 34
2.6.2 The S Matrix of a Lossy Transmission Line 36
2.6.3 Input Reflection Coefficient Seen Looking into a Terminated
Two-Port 37
2.6.4 Shift of Reference Plane on a Transmission Line 38
2.7 Components—Resistor, Capacitor, Inductor, and Stubs 39
2.7.1 Resistor Components 40
2.7.2 Capacitor Components 43
2.7.3 Inductor Components 48
2.7.3.1 MMIC Inductors 50
2.74 Stubs 50
2.7.5 Stubs in Parallel or Series 52
2.7.6 Input Immittance into Lossy Stubs 54
2.7.7 Foreshortening Stubs 55

2.8 Test Fixture Consideration 57
2.9 Transmission Line Discontinuities 58

S-Parameter Measurement Methods 61

3.1 S-Parameter Measurement Methods 61

3.1.1 S-Parameter Measurement Using an Oscilloscope 61
3.1.2 S-Parameter Measurement Using Traveling Waves 62
3.1.3 Measuring the S Parameters with a Slotted Line 65
3.1.4 One-Plus-I" Method of Measuring Scattering Parameters 66
3.1.5 Low-Impedance Scattering Parameter Measurements 70
3.1.6 Scattering Parameters Using Load Pull Methods 70
3.1.7 A General Relationship for Determining Scattering Parameters
3.2 Scattering Parameter Calculations Using Spice 77
3.3 Network Analyzer Calibration 78

3.3.1 Basic Network Analyzer and a Phase-Adjustment Procedure 80

Multiport and Differential-Mode Scattering Parameters 83

4.1 Three-Port and Four-Port Scattering Parameters 83
4.2 Two-Port to Three-Port and Three-Port to Two-Port
Conversions 83
4.2.1 Two-Port to Three-Port Conversion 83
4.2.2 Two-Port to Three-Port and Three-Port to Two-Port Conversion
for Three-Terminal Networks 85
4.2.3 Mutual Inductance Considerations 87

4.3 Three-Port and Four-Port Scattering Parameters 87






