
Contents

Foreword x
Acknowledgments xi

1 Introduction 1

1.1 What Is a Cognitive Radio and Why Is It Needed? 1

1.2 Book Coverage and Philosophy 2

1.3 The Origin of Cognitive Radio 3

1.4 Overview of Cognitive Radio Operation 5

1.5 An Illustrative Example of Cognitive Radio Application:
Dynamic Spectrum Access in the Broadcast Television Bands 11

1.5.1 Introduction 11
1.5.2 Identifying Frequencies for Cognitive Radio Operation:

TV Channel Occupancy in the United States 12
1.5.3 FCC Rules and Commercial Standards for Unlicensed Television

Band Devices (TVBDs) 13
1.5.4 FCC Rule Implementation by the IEEE 802.11af Standard 16
1.5.5 TV White Space Databases 16
1.5.6 Standard ECMA-392 16
1.5.7 Cognitive Radio Design for U.S. TV White Space 17

1.6 Can a Radio Really Be Cognitive? 18

2 Cognitive Engine Design 23

2.1 Introduction 23

2.2 The Basic Function of a Cognitive Engine 24

2.3 Cognitive Engine Organization 25

2.3.1 Optimizer 27
2.3.2 Objective Analyzer 27
2.3.3 Ranker 28

v



vi Contents

2.3.4 Knowledge Base 28
2.3.5 Radio Interface 28
2.3.6 Sensor 28
2.3.7 User Interface 29
2.3.8 Controller 30

2.4 Tools and Techniques for CE Component Design 30

2.4.1 Machine Learning 30
2.4.2 Optimizers 35
2.4.3 Estimation 38
2.4.4 Sensing 39

2.5 Cognitive Engine Architecture 42

2.5.1 Broad Considerations 42
2.5.2 Monolithic Versus Distributed 44
2.5.3 Standards 45
2.5.4 Original CE Architecture 49
2.5.5 CSERE Architecture 53

2.6 Information Flow in Cognitive Engines 55

2.6.1 Example Use of Uncertainty Coefficient 57

2.7 Conclusion 60

3 RF Platforms for Cognitive Radio 65

3.1 Introduction 65

3.2 Preliminary Considerations in Choosing an RF Platform 66

3.3 RF Architectures 67

3.3.1 Receivers 67
3.3.2 Transmitter 68

3.4 Receiver RF Specifications 71

3.4.1 Introduction 71
3.4.2 Noise, Noise Performance, and Weak Signal Behavior 72
3.4.3 Strong Signal Behavior 77

3.5 Transmitter RF Specifications 85

3.6 MAC and Performance Considerations 88

3.7 Radio Frequency Integrated Circuits 90

3.7.1 Introduction 90
3.7.2 Example: RFM69CW 90
3.7.3 Computational Support for RFICs 92

3.8 Platforms for Software Defined Radio 94

3.8.1 Introduction 94
3.8.2 Packaged RF Front Ends and All-in-one Platforms 94

3.9 Conclusion 99



Contents vii

4 Cognitive Radio Computation
and Computational Platforms 103

4.1 The Role of Computing and Cognitive Radio
Architecture 103

4.2 Control Flow and Data Flow Computer Architectures 103

4.2.1 Control Flow Computing 103
4.2.2 Data Flow Computing 106

4.3 Overview of Computational Devices (GPP, DSP, FPGA) 107

4.3.1 Digital Signal Processors 107
4.3.2 General Purpose Processors 108
4.3.3 Field-programmable Gate Arrays 108
4.3.4 Alternative Computational Devices 109
4.3.5 Computational Heterogeneity 109

4.4 Models of Computation 110

4.4.1 Reactive and Real-time Systems 111
4.4.2 Data Flow Models of Computation 112
4.4.3 Process Algebra 119
4.4.4 Calculus of Communicating Systems and �-calculus 122

4.5 Models-of-Computation Use 123

4.6 Conclusion 123

5 Integrating and Programming RF and Computational
Platforms for Cognitive Radio 127

5.1 SDR Platforms 127

5.2 Choosing a Platform 128

5.2.1 Choosing Between RF Alternatives 128
5.2.2 Processor Choices 129
5.2.3 Benchmarks 130
5.2.4 Processor Interconnect 130
5.2.5 Other Considerations 131

5.3 Programming 131

5.3.1 Classic Approach 132
5.3.2 Model-Based Design 134
5.3.3 Application of Models-of-Computation 134

5.4 Concluding Remarks 142

6 Cognitive Radio Evaluation 147

6.1 Introduction 147

6.2 Performance Evaluation Principles 148



viii Contents

6.3 Metrics and Factors for Cognitive Radio Evaluation 149

6.3.1 Purpose 150
6.3.2 Language 151
6.3.3 Actions 154

6.4 Practical Evaluation Methods 154

6.4.1 Setup 155
6.4.2 Logging 155
6.4.3 Encoding 155
6.4.4 Interpolation 157
6.4.5 Alternative Approaches to Evaluation 159

6.5 Example Evaluation 159

6.5.1 Setup Phase 159
6.5.2 Logging Phase 160
6.5.3 Encoding Phase 161
6.5.4 Interpolation 163

6.6 Example Code 167

6.6.1 Free FEC Cognitive Radio 167
6.6.2 Fixed FEC Cognitive Radio 172
6.6.3 Interpolation Code 176

6.7 Conclusion 178

7 Cognitive Radio Design for Networking 179

7.1 Networks of Cognitive Radios Versus Cognitive Networks 179

7.2 Cognitive Network Goals 180

7.3 Interaction Methods for Cognitive Radios 182

7.3.1 Social Language 183

7.4 Components of Interaction 187

7.4.1 Observability 187
7.4.2 Understanding 189

7.5 Analyzing Interactions 190

7.5.1 An Example Analysis 191
7.5.2 Analysis Results 192

7.6 Group Learning 194

7.7 Building a Cognitive Network with Social Language 196

7.7.1 MAC Layer Considerations 196
7.7.2 Behavior-based Design and Social Language 197
7.7.3 Tasks and Behaviors 197
7.7.4 Hardware Considerations and Implementation 198



Contents ix

7.7.5 Implementing Behaviors in Software and Hardware 200
7.7.6 Network Evaluation 207
7.7.7 The Entry Scenario 207
7.7.8 Social Learning 210
7.7.9 Total System Behavior 211

8 Cognitive Radio Applications 215

8.1 Introduction 215

8.2 Zoned Dynamic Spectrum Access 215

8.3 Cognitive WiFi and LTE Operation in TV White Space Spectrum 216

8.3.1 WiFi Frequency Translators 216
8.3.2 LTE Frequency Converters 221

8.4 LTE Cognitive Repeaters for Indoor Applications 221

8.5 Cognitive Radio and Cognitive Radar: Communications and Radar
System Coexistence 222

8.5.1 Cognitive Radar 222
8.5.2 Legacy Radar and Communications System Coexistence 224

8.6 Ka Band Geostationary Satellite Applications 228

8.6.1 Introduction 228

8.7 Public Safety and Emergency First Responder Communication 232

8.7.1 Introduction 232
8.7.2 The Virginia Tech Public Safety Cognitive Radio 233
8.7.3 Current (2016) Situation 235

8.8 Cognitive Radio and Autonomous Vehicles 236

8.9 Smart Grids 239

Index 245



Acknowledgments

This book began as a keynote address for the 2013 North American Radio Science Meeting
and an invited paper for Radio Science Bulletin. We are grateful to Amir Zaghloul and W. Ross
Stone for those invitations and to Piergiorgio L.E. Uslenghi for encouraging us to turn that
material into a book.

Alexander R. Young played an important role in the initial planning for this book and
assisted with early drafts. Although he did not continue as a co-author, we are grateful for his
contributions and friendship.

The faculty, students, and staff of theVirginiaTech Center for WirelessTelecommunications
(CWT) contributed greatly to the development of cognitive radio, and we have referenced much
of their work. The authors were very fortunate to have them as colleagues and friends. Their
work was funded by the National Science Foundation, the National Institute of Justice, the
Defense Advanced Research Projects Agency, and the United States Air Force. We are grateful
for their support and for the advice and encouragement provided by an outstanding group of
program managers, including but not limited to Preston Marshall, Joseph Evans, Joseph Heaps,
and Bruce Fette.

Joseph Mitola started it all, and we are grateful for his many contributions and his willing-
ness to share ideas with newcomers to the field. We note with thanks that then student Christian
Rieser (now with MITRE) first brought Mitola’s pioneering dissertation on cognitive radio to
Charles Bostian’s attention. Christian adamantly would not accept Charles’ initial refusal to let
the laboratory pursue cognitive radio research. Charles changed his mind, and many fruitful
years followed.

We are grateful to many people whose support and assistance made this book what it is.
Those whose comments improved early drafts includeAhmed Eltawil (U.C. Irvine) and Stephen
J. Shellhammer (Qualcomm). Brad Brannon (Analog Devices) and Damian Anzaldo (Maxim
Integrated) generously shared their knowledge and discussed their design techniques with the
authors and helped us secure needed graphical material. Matt Ettus, Neel Pandeya, and Erik
Luther (all of Ettus Research), Patrick Murphy (Mango), and Iyappan Subbiah (RWTH Aachen
University) provided valuable information and advice. Douglas Sicker (Carnegie Melon Uni-
versity) and Thomas Rondeau (DARPA) generously reviewed the draft manuscript and offered
many excellent suggestions which we gratefully adopted.

Our wives Frieda Bostian, Jennifer Kaminski, and Sarah Feda deserve a special and heartfelt
word of thanks for their continuing support and encouragement.

xi


