Antenna Positioning Analysis and
Dual-Frequency Antenna Design of
High Frequency Ratio for Advanced

Electronic Code Responding Labels

by

Kin Seong Leong

B.E. (Electrical & Electronic, First Class Honours),
The University of Adelaide, Australia, 2003

Thesis submitted for the degree of
Doctor of Philosophy
in
The School of Electrical & Electronic Engineering,

The Faculty of Engineering, Computer and Mathematical Sciences,
The University of Adelaide, Australia

January 2008



THE UNIVERSITY
OF ADELAIDE

AUSTRALIA

(© 2008
Kin Seong Leong

E—— All Rights Reserved




To

My Parents



Page iv



Contents

Contents v
Abstract XV
Statement of Originality Xvii
Acknowledgment XiX
Conventions XXi
Publications xxiii
List of Figures xxvii
List of Tables XXXVii
Chapter 1. Thesis Introduction 1
1.1 ThesisTitle . . . . . . . . . . e 2
1.2 Background of Research . .. ... ... ... ... ............. 2
1.3 Motivation . . . . . . . . . e e e 3
1.4 Contribution . . . . . . . . ... 5
1.5 ThesisStructure . . . . . . . . . . . .. ... 7
1.6 ChapterStructure . . . . .. .. ... ... .. L 9
Chapter 2. RFID Systems 11
21 Introduction . . . . . .. . . ... 12
22 Historyof RFID . . . . ... ... . .. 12
23 ASimpleRFIDSystem . . .. ... ...................... 13




Contents

24 Variantsof RFID . . . . .. ... ... .. ... .. . . 14
241 ActiveandPassiveRFIDTags. . . . ... ... ... ........ 14

242 Backscattering . . . . ... ... L oo 15

243 Common Frequency Bands for RFID Operations . . . . . .. ... 16

25 RFIDand SupplyChain . .. ... ...................... 17
26 TheEPCNetwork . . . .. ... ... ... ... . ... . ... ... ... 19
2.6.1 The Early Stage EPC Network . .. ... .............. 19

2.6.2 The EPC Network CurrentState . . . . ... ... ......... 21

27 RFIDStandards . . .. ... ... ... ... ... . .. 24
Chapter 3. Path Loss and Position Analysis 27
31 Introduction . ... ... ... ... . 28
32 PathLossModel . . . .. ... ... ... .. ... .. . .. ... .. .. .. 31
321 PFreeSpacePathlLoss . ... .......... ... . ... ..... 31

322 In-buildingPathLoss . ... ..................... 31

33 Experiment. . . ... ... ... ... 32
34 PathLossModelforRFID . . ... ... ................... 33
3.5 Simple Two Reader Interference . . . . . . ... ... ... .. .. ..... 34
3.6 Background for RFID Positioning Analysis . . ... ... ......... 37
3.6.1 PowerDensity . ... ................. ... . ..., 37

3.6.2 AntennaGainPattern . .. ... ... ... .. ... . . ... 39

3.6.3 Frequency Spectrum Channelling . . ... ............. 40

364 ListenBeforeTalk . .. ... ... ... ... ... ... ..... 41

3.7 SimulationConcepts . . . . . ... ... .. o 43
3.7.1 Simulation Concepts Example . . . ... ... ........... 47

3.8 Results and Discussion (RITR) . . . . .. ... ... ... .. ........ 48
3.8.1 Modification of Existing Software . . ... .. ........... 48

Page vi



Contents

3.8.2 Guidelinesto Avoid RITR . . . . ... ... ... ... ...... 50

3.9 Results and Discussion (RRS) . . . ... ... ... ... ... ....... 52
39.1 One Antenna Simulation . . ... ... ............... 53

39.2 Two Antenna Simulation . . . ... ... ... ... ... .. 55

3.9.3 One Antenna in Horizontal Position . . . . . ... ... ... ... 56

3.94 Antennas Operating in Different Channels . . . . ... ... ... 57

39.5 A More Hostile Environment . . . . .. ... ... ... ...... 63

3.10 Real Life Application . . . . .. ... .............. .. ..... 63
3.10.1 A CheckoutCounter . . . ... ... ... ... ... ... . 63
3.10.2 Reader Synchronisation . . ... ................... 64

311 Conclusion . . . . . .. . .. 65
Chapter 4. RFID Operational Considerations 67
41 Introduction . .. ... ... .. .. 68
42 RFID EMCBackground . ... ........................ 69
42.1 Frequency Hopping Spread Spectrum (FHSS) . .. ... ... .. 70

422 Listen Before Talk (LBT) . . . . ... ... ... .. ......... 70

43 RFIDProtocol . ... ... ... . . . 70
44 Path Loss Measurement Experiment . . . . . ... ... .. ........ 71
441 Experimental Setup: . .. ... ..... ... ... .. ... 72

442 RoomGrid. . . . . . . . . 72

443 ExperimentalResults. . . ... .................... 73

444 DiscusSion . . . . . ..o e 76

45 Sources of SimulationError . . . ... ... Lo o Lo 80
451 PathLossModel . ... ... ... ... . ... ... ... ..... 80

4.5.2 Reflection, Refraction, and Diffraction . . . . ... ... ... ... 82

453 Radiation Patternof Antenna . . . . ... ... ... ... ... .. 84

Page vii



Contents

4.6

4.7

4.8

Chapter
5.1

52

53

54

55

5.6

454 Simulation Result Interpretation and Analysis . . . ... .. ... 85
Second CarrierSensing . . . . . . .. ... .. ... 86
4.6.1 Effect of the PositionofTags . . ... ... ... .......... 90
4.6.2 Effect of Environment Factor . . . .. ... ... ... ... .... 91
4.6.3 Combining First and Second Carrier Sensing . . . . . . ... ... 92
Investigation of Specific Absorption Rate (SAR) . . ... ... .. .. .. 96
471 SAR Level for UHF RFID Operation . . . . ... ... ....... 96
472 ExperimentSite . . . ... ... ... L oL 96
473 Simulation of Power Density . . . ... ... ... ... ...... 97
474 Maximum Power for Every Channel . . . . .. ... ........ 98
475 Worst-Case Scenario . . . . . . .. ... ... e 100
476 RecommendationsonSAR . ... ... .. ... ... . ...... 102
Conclusion . . . . . . ... 103
5. Reader Synchronisation 105
Introduction . . . . . ... 106
Background . .. ... ... 107
521 ETSI302208 . . . . . . . e 107
5.2.2 EPC Class 1 Generation 2 Protocol . . . . . ... ... ... .... 107
523 Problem in Dense Reader Environment . . . . ... ... .. ... 108
Reader Synchronisation . .. ... ... ... ... ... . ... ..., 109
Actual Implementation . . . . ... ... ... L 110
541 Connectivity . . . ... ... o 110
5.4.2 Positioning of LBT Sensors . . . .. ... ... ........... 111
5.4.3 AntennaPositioning . . . ... ... ... ... .. . L. 113
CaseStudy . . . . .. ... . 114
Synchronisation Fine-tuning . . . . . ... .. ................ 115

Page viii



Contents

5.6.1 Reduction of OutputPower . . . ... ... .. ... ... .. ... 116

5.6.2 Reduction of Overall Reader Talking Time . .. ... ... .. .. 117

5.6.3 Useof ExternalSensors . .. ... .......... ... ..... 117

5.6.4 RF Opaque or RF Absorbing Materials. . . . . ... ........ 118

5.6.5 Frequent Rearrangement of Channels . . . . ... ... ... ... 118

5.7 Variation of Synchronisation . . . . . .. .... ... ... .. .. .. ... 119
571 Separation of Transmitting and Receiving Channels . . . . . . .. 119

5.7.2  Separation of RFID and Non-RFID Signals . . .. ... ...... 121

5.8 Updated Progress on Development of RFID Reader Synchronisation . . 121
59 Conclusion . . . . .. ... L L 122
Chapter 6. RFID Tag Antenna Design 123
6.1 Introduction . ... ... ... ... ... .. L 124
6.2 AntennaTheory . . ... .. ... ... ... ... ... . ... . ... ... 125
6.3 Antenna Parameters . . ... ... ... ... ... ... ... 134
6.4 Resonant Circuitfor Antenna . . . . ... ... ... . ........... 137
6.5 Challenges in RFID Tag Antenna Design . . . . . .. ... ... .. .... 140
6.6 RFIDChips. . . ... ... .. ... .. .. . 144
6.7 RFIDReaders . ... ... ... .. ... ... 147
671 HFReader . . ... ... ... ... ... ... . ... . ... 147

672 UHFReader . . . ... ... .. ... .. .. . . ... . . ... . 147

6.8 RFID Tag Fabrication . . . ... ... .. ... .. ............. 149
6.9 Antenna Design and Simulation . .. ... ... ... ... ... .... 150
69.1 Ansoft HFSS. .. .. ... ... ... .. ... .. ... .. .. ... 151

6.9.2 ScriptinginHFSS . . ... ... ... ... . 00 000 155

6.9.3 PlottinginHFSS . . ... ... ... ... .. o 0L 157

694 ISO-Pro ... .. .. ... . .. ... 160




Contents

6.10 HF RFID Antenna Design . . . . .. ... .................. 160
6.10.1 A SimpleLoop Antenna . . . . ... ... .. ... ... .. 161
6.10.2 A HF Planar Spiral Coil Antenna . . . . . ... ... ... ..... 162
6.10.3 An HF Antenna for a New Wine Closures . . . . . ... ... ... 167
6.104 An HF AntennaforaPigs . . ... ... ............... 168

6.11 UHF RFID AntennaDesign . . . . ... ................... 179
6.11.1 ACommon UHFRFIDTag . .. ... ................ 181
6.11.2 Simple Planar Dipole . . . . . . ... ... ... .. ... ... ... 182
6.11.3 A UHF Antenna forSheep . . . . . .. .. ... ... .. ...... 183
6.11.4 AUHF AntennaforPigs. . . . ... ... .............. 185
6.11.5 A UHF Antenna for BeerKegs . . . ... ... ... ........ 187
6.11.6 A UHF Antenna for New Wine Closures . . . ... ........ 188

6.12 Conclusion . . . . ... ... L 188

Chapter 7. Dual-Frequency RFID Antenna 191

71 Introduction . ... ... ... ... ... 192

7.2 Current Dual-Frequency Antenna Design . . . . ... ... ........ 193

73 Design Aims . . . .. .. ... 194

74 Dual-Frequency Antenna Design . . . . ... ... ............. 196
74.1 Independent HF and UHF Antenna Design . . . . . ... ... .. 196
742 Quick Feasibility Test. . . . . ... ... ... .. ... ...... 198
743 TunabilityTest . .. ... ... ... ... . ... ... . ... ... 200
744 Redesignofthe UHFDipole . . ... ................ 206
745 Compatibility of DipoleinHF . . ... ... ... ... ...... 210
7.4.6 Merging of the New UHF Dipole with the HF Coil . . . . . . . .. 212

7.5 Antenna Fabricationand Testing . . . ... ... ... ........... 217

7.6 Miniaturisation of Dual-Frequency RFID Antenna with High Frequency

Ratio . . . . . e e, 220

Page x



Contents

7.7 Improvement on Novel Dual-Frequency Antenna . . . ... ..... .. 221
7.8 Testing on Miniaturised Antenna . . . . . ... ... ............ 230
7.9 Final Design of Miniaturised Dual-Frequency Antenna . . . . ... ... 231
710 Conclusion . . . . .. ... L 231
Chapter 8. Alternative Dual-frequency Antenna Designs 235
8.1 Introduction . ... ... . ... ... 236
8.2 Alternate Methods in Merging an HF Antenna and a UHF Antenna . . . 236
8.2.1 Different Feed Point Location . . . . . . ... ... ......... 237

8.2.2 Different UHF Antenna Types . . . .. ... ... ......... 239

8.3 HF Antenna Acting as UHF AntennaatUHF . . . .. ... ... ... .. 241
831 LossinAntenna. ... ......................... 244

8.3.2 Antenna Measurement Results . . . . ... ... ... ....... 245

8.4 UHF Antenna Acting as an HF AntennaatHF . ... ... ... ... .. 246
8.5 Multi-Feed Point Antenna . . . . .. ... ... ... ... ... ... 247
8.5.1 Stacking UHFand HF Antennas . . . ... ............. 247

8.5.2 Side-by-side HF and UHF Antenna . . . . ... .......... 251

8.6 Comparison Between Different Methodologies . . . . .. ... ... ... 251
8.7 Conclusion . . . . . . .. L 253
Chapter 9. Measurement Techniques 255
9.1 Introduction . ... ... ... . ... 256
9.2 Background and Literature Review . . . . . ... ... ... .. ...... 257
9.3 Settings and Connection . . . ... ... ................... 259
94 MeasurementResults . . . ... ... .. oo Lo 262
941 ABalanced Bow TieAntenna . . . . ... ... ........... 262

9.4.2 Half Bow Tie Antenna on Ground Plane . . . . . .. ... ... .. 264

9.4.3 Results Interpretation . . . ... ... ... ... ........ 264




Contents

9.5 Discussion and Improvement . . . .. ... ... ... .. . 0L 265
9.6 Effect of Inaccuracy in Measurement . . . . . ... ... .. ... ... .. 268
9.7 Conclusion . . . . . . . . . . e 272
Chapter 10. Thesis Conclusions 273
10.1 Introduction . . . . . . . . . ... 274
10.2 Review of Thesis . . . . . . . . . . . . . . . 274
10.3 Possible Research Extensions . . . . .. ... ... ... .......... 275
10.4 Summary of Contributions . . . . . .. .. ...... ... ... .. .. .. 276
105 Conclusion . . . . . . . . . . e 278
Appendix A. Calculation of Impedance of Coplanar Strip Line 279
Appendix B. Some Notes on the Concept of Inductance 281
Appendix C. MATLAB Code for Path Loss Calculation 285
C1 MainCode . . . . . . . . . e 285
C.2 Antenna GainPattern. . . . ... ... ... ... ... oL 286
C3 PathLoss . . . ... ... . . e e e 288
Appendix D. MATLAB Code for HFSS VB Script Generation 201
Appendix E. MATLAB Code for Inductance Calculation 297
E1l MainCode . . . . . . . . . e 297
E.2 Inductance Calculation . . . . .. . ... ... . ... ... . ........ 301
E.3 Mutual Inductance - Positive . . . . .. ... .. ... ... ........ 302
E.4 Mutual Inductance - Negative . . . . . ... ... ... ... ... .... 303
Appendix F. Path Loss Experiment 305
FE1 Preliminary Setting Up Procedure . . . ... ... ... ... ....... 305
F2 Experiment Procedureand Results . . . . ... ... .......... .. 306

Page xii



Contents

E21 Map . ... ... . e 306

FE2.2 Signal Strength at Different Distances (Within and Between Build-
INGS) . . . e 306
E2.3 Reflection from Typical Wall and a Conductive Fence . . . . . . . 310
F2.4 Propagation Loss Outdoors . . . ... ................ 312
F3 Conclusion . . . . .. .. . . 313
Appendix G. RFID Deployment in Piggery 315
G.1 Modelling of PigFeeder . . ... ... .................... 315
G.2 FinalReport . . .. .. ... .. .. . ... 317
G.21 Executive Summary . ... ... ... ... ... L 317
G.22 Designof RFID Tag Antennas . . . . .. ............... 318
G.2.3 Feeder Design and ExperimentSetup . . . ... ... ... .. .. 322
G.24 NetworkSetup . ... ... .. ... . ... Lo 322
G.25 ExperimentResults . .. ... .. ................... 324
G.2.6 Conclusions . . . . . ... ... ... 329
Bibliography 333

Page xiii



Page xiv



Abstract

The research background of this thesis is Radio Frequency Identification (RFID), where
an object can be identified remotely using electromagnetic waves. The focus of this the-
sis is on the in-depth investigation of two major problems in the RFID deployment in
supply chain applications, namely the reader collision problem in dense reader envi-

ronments and the tag performance problem in hostile environments.

To resolve the reader collision problem, the first part of this thesis offers a compre-
hensive path loss model for the analysis of the positioning of RFID reader antennas.
Simulation software was developed to predict the signal strength at a certain distance

from a reader antenna in a dense reader environment.

This simulation software was also utilised to publish insights and research results in
four major areas, which are: (i) Investigation on the sources of error in RFID simula-
tion, to provide sensible and meaningful simulation results before actual deployment
of RFID readers. (ii) The development of the idea of reader synchronisation, mainly
to address the strict regulations imposed on the deployment of RFID readers in Eu-
rope. (iii) The determination of the threshold value for second carrier sensing in RFID,
to enable the proper enforcement of second carrier sensing to avoid tag confusion in
dense reader environments. (iv) The examination of Specific Absorption Rate (SAR) to

ensure human safety in a dense RFID reader environment.

The second part of this thesis addresses the RFID tag performance problem in hostile
environments. The focus is on the development of HF and UHF tags, from the initial
tag antenna design, tag antenna simulation, tag antenna prototyping and measure-
ment, to the manufacturing of fully functional RFID tags at laboratory standards by

combining RFID chips on to tag antennas.
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Abstract

Though there are existing commercial grade HF and UHF RFID tags, they are mostly
aimed at pallet level applications and are not suitable for deployment in hostile en-
vironments. The study cases presented in this thesis are mostly industrially driven,

where there is a need to design specialty HF and UHF tag antennas.

With a strong foundation in the development of HF and UHF RFID tags for various
industrially driven applications, the research then concentrates on the development
of a novel dual-frequency RFID antenna, which operates in both the HF and UHF
regions. This dual-frequency RFID tag antenna embraces the benefits of both the HF
and UHF tag antenna, which enable it to have a good read range while operating in
environments that pose difficulties for RFID technology, for example applications in

which ionised liquid is present, such as in cases of wine or bottled drinks.

Several methodologies were used to develop a dual-frequency antenna, including the
merging of HF and UHF antennas, and having a UHF resonance point on a typical HF
antenna. With the successful development of an original dual-frequency antenna, the

research was then expanded to miniaturise this dual-frequency antenna.

The benetfits of RFID deployment in supply chains are undoubtedly massive, though
there are still issues and challenges to be resolved before a world-wide adoption is
possible. This thesis contributes in recommending various reader antenna positioning
and deployment techniques, and also contributes in developing HF tag antennas and
UHF tag antennas for hostile environments, and a novel dual-frequency tag antenna

to progress towards the aim of ubiquitous object identification.
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