Contents

FLN 01 1 i Yt PR vii
2 TcTS] 3T N ix
2 3cTS] ' N xi
Acknowledgements.......eeeeeeeeeeeeeeneeeneennneniienniiaaaaaaa... xiii
(010} 11 731 1 RN XV
List Of FigUIES ...ceevversrisiiiiiiiiiiissssssssssssssssssssssssssnnnes xxi
List of Tables .cccvvuuuuiiiiiiiiiiiiiiiiiiiniiiiiitiiiiennieccranensse s scseesasaessssenns xxvii
List of SymDbOIS..cccuuuueiiiiiiiiiimiiiiiiiiiiiiiiiiiiiennntctrtisce s eeeens XXix
Abbreviations and ACroNYMmS........ceeieeriiiieeuuiiiiiiniiiiiemuiiiineniieemmn xXxxi

Part I Introduction

1  General Information About This Thesis.......cccoeerrrrmmuuiiiiiiiiiieenennniiienns 1
1.1 FrameworK .....oooiiiiiiii e 1
1.2 MOBIVALION ...ttt ee et 3
1.3 ODJECEIVES ettt 4
1.4 INOVEIEIES ...ttt 6
1.5 Organization of the Thesis ........cccceviiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeee, 6

2 Multilateration Systems Review .....ccccovvvveiiiiiiiiiiireuniiiiiiniiiiienuniniiiennneee 9
2.1 Operating Principles of Multilateration ..........cccccccccvvveiiieeiennnee. 9

2.1.1 A Brief History cooooeeiiiiiii 9
2.1.2 Definition and Theoretical Foundations.....................oooeee. 13
2.1.3 Signals Used in MLAT SyStems .......ccoovvvuvviiiieeeiinnniiiiieeeenn. 29
2.2 Multilateration Systems in the CNS/ATM Scheme.................. 32

2.3 A General Scheme for Multilateration Systems ..............cccco..... 33



xvi Contents

2.3.1 General Architecture for MLAT Systems......cccccoovvivveieeeeenn. 33

Part II Multilateration Systems Design and Deployment

3  Overall Frame and Design Problem .......ccccccoerruueiiiiieniiirieniicriennecnnees 41
3.1 Multilateration System Design and its Particularities .............. 41
3.1.1 Performance Parameters for MLAT Systems .............cccee.e.. 43
3.1.2 Design System Parameters .........ccooeeeeeeiieeiieeiieieieeeeeeeeeeeee, 45
3.1.3 Performance Parameters vs. Design Parameters ................... 50
3.14 Particularities for the MLAT Stations Deployment .............. 52

3.2 Solutions for MLAT Systems Design: State of the Art............. 53

4  Optimization Theory: A Short Review .....cccccceeeriiiierririrennnnssiceneneeeennns 59
4.1 Combinatorial Optimization Problems................cooooiiiiinnnie. 59
4.1.1 Complexity of a CO Problem .............eeuueviiiiiiiiiiiiiiiiiiiiiiiinnn. 61
4.1.2 On the Solution of CO problems .........cocuuvuiiiiiiiiiiiiiiiiinnnee. 62

4.2 Introduction to Metaheuristic Optimization Methods............... 63
4.3 Review on Genetic Algorithms.........ccccovvviiiiiiiiiinniiiin, 65
4.3.1 Evolutionary Computation .............uuuueiirieeeeiiiiiiiiiineneeeeeeeninns 65
4.3.2 Genetic AlgOrithms.......cooovviiiiiiiiiiiceen 66

5  General Procedures for Optimizing the Multilateration Layout ......... 73
5.1 The Multilateration System Design as a Combinatorial
Optimization Problem ...........ooiiiiiiiiiiiii e 73
5.1.1 Mapping the MLAT System Design to a CO Problem.......... 75

5.2 Complexity Analysis of the MLAT Design Problem................. 78
5.3 Description of the Overall Design Procedure ...........ccccccuuveeenee. 84
5.3.1 General Framework .............uuueeiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii 84
5.3.2 Iterative Numerical Procedure.............ccooiiiiiiiiiiiiiiinnn, 87

5.4 Proposed Design Strategies ......ccoeeeeeeiiiiiiiiiiiieeeeeeiiiiiiieieeeeeeeeenns 90

5.4.1 Standard MLAT System with a Fixed Number of Stations ..91
5.4.2 Standard MLAT System with a Variable Number of Stations.

.............................................................................................. 93
5.4.3 Enhanced MLAT System with a Fixed Number of Stations .94
5.5 Simulation and Results ..........ooovviiiiiiiriiiiiiiiiee e, 95

5.5.1 MLAT System with a Fixed Number of TDOA Stations...... 96
5.5.2 MLAT System with a Variable Number of TDOA Stations .98

5.5.3 MLAT System with a Fixed Number of TDOA/AOA Stations
............................................................................................ 100



Contents xvii

Part III Multilateration Algorithms and Their Improvements

6  Setting the Stage ....cccccvveeuuuiiiiiiiiiiiriiiiiiiinnrrt 105
6.1 Localization Problem in Mode S Multilateration .................... 105
6.1.1 General Problem Description...........ccoovviiiiiiiniiiiiiiiiiiin... 106
6.2 An Inverse Problem Description ..........ccoooeeeiviiiereiiiiiineeniinnnn... 109
6.2.1 TlI-Conditioned Problems ..........coooiiiiiiiiiiiiiiiiiiiiiiiieeeeeee 110
6.2.2 Solving I1l-Conditioned Problems ............ccccceevveereriiiiiiinnnnn.. 111
6.3 Singular Value Decomposition (SVD) and Other Numerical
L0008 e e 113
6.3.1 The Ordinary SVD ..o 113
6.3.2 Null Space and Range of a Matrix .......ccccceeeeiiiiiiin. 114
6.3.3 The Generalized SVD (GSVD)...cccoiiiiiiiiiiiiiiiiiiiiii, 114
6.3.4 Classification of the Ill-Conditioned Problems..................... 115
6.3.5 Basic Parameters to Analyze Ill-Conditioned Problems...... 116
6.4 Least Squares (LS) and the Pseudoinverse ...........cccccevviieeeen. 117
7  Localization Algorithms for Mode S Multilateration......................... 119
7.1 A Prelude to Localization Algorithms.............coeevviviiiiiinnnenn.e. 119
7.1.1 The Data Model .......cooooiiiiiiiiii e 120
7.1.2 The Numerical Algorithm..........oooeiviiiiiiiiiniieiiiiien e 122
7.1.3 The General Framework for Localization Algorithms ......... 122
7.1.4 Setting a General NOLAtION . ......uvrereeiiiiiiiiiiiiee e, 123
7.2 Open Form Algorithms ......c...eeeiiiiiiiiiiiiiie, 125
7.2.1 Taylor-Series Expansion Algorithm ............cccoovvviiiiinenennin, 125
7.3 Closed Form Algorithms ...........cceeiiiiniiiiiiiiiiiiiiiiceees 129
7.3.1 Schmidt Algorithm (Plane Intersection)..........ccccccevveeennnee. 130
7.3.2 Smith and Abel Algorithm (Spherical Interpolation) .......... 132
7.3.3 Friedlander Algorithm (Spherical Interpolation)................. 134
7.3.4 Schau and Robinson Algorithm (Spherical Intersection)..... 137
7.3.5 Chan and Ho Algorithm (Spherical Interpolation with
Quadratic COrrection) ........ccouiuiiiiiiiiiiiiiiii e 139
7.3.6 Bancroft Algorithm .......ccccccceiiiiiiiiii 144
7.3.7  Wikipedia Algorithm (Plane Intersection)............ccccccecuenee. 146
7.3.8 Summary of Localization Algorithms ............cccccovviiiiiin. 147
7.4 Projected Algorithms ..........eeeeeiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiies 148
7.5 Analysis of Ill-Conditioned Problems in Mode S Multilateration.

................................................................................................ 150



xviii Contents

7.6 Simulation and Results: Comparison of Localization Algorithms
155

7.6.1 Innsbruck WAM System .........cooooeiiiiiiiiii 156
7.6.2 Malpensa SYSTEIMN ...uuueeeeeeeeee e 161
7.6.3 Linate System (Surface Movement)..........ccceevcuieniinnienncnns 164
7.6.4 Numerical Comparison and General Conclusions for Simulated
SCETLATIOS et eeeet ettt e e e e ettt e e e e e e ettt e e e e e e e eeabtn e e e e e eeeaeban e eeaas 170
7.7 Experimental With Real Data .........cccvviiiiiiiiiiii 175
8  Multilateration Localization by Using Regularization Algorithms....185
8.1 Solving Localization Problem by Tikhonov Regularization..... 187
8.1.1 Solving Regularized MLE by SVD ....ccccccciiiiiii. 189
8.1.2 Effect of Tikhonov Regularization on the Localization
Problem ... 190
8.1.3 Regularization Error of Tikhonov Regularization................ 191
8.1.4 Estimation of the Regularization Parameter for Tikhonov..192
8.2 Solution by SVD Based Methods ............ueveeiiiiiiiiiiiiiiiiiiiiinians 197
8.2.1 Solution by Truncated SVD (T-SVD) ....cccccoviiniiiininiannn. 198

8.2.2 Estimation of the Regularization Parameter for T-SVD .....200
8.2.3  Solution by T-SVD with a Sub-Set Selection (T-SVD SS)..201

8.3 Solution by Total Least Squares (TLS) Based Methods......... 201
8.3.1 Solution by Truncated TLS (T-TLS) ....cccccooeeviiiiiiiinnene 202
8.4 General Localization Strategy and Additional Improvements. 203
8.4.1 Additional Improvements .........ccceeeveieiieiiieiiiieieeeeeeeeeeeee, 206
8.5 Simulation and Results: Analysis for Regularized Location
ESTIMAOTS «evvineeiiii e e 210
8.5.1 Accuracy Analysis for Innsbruck WAM System.................. 211
8.5.2 Accuracy Analysis for Malpensa WAM System .................. 213
8.5.3  Accuracy Analysis for Linate (Surface) LAM System ......... 219
8.6 Simulation and Results: Analysis of the Starting Point Quality ..
................................................................................................ 226

8.6.1 Feasible Options for LAM Operations..........ccccevvuuuiineeeeeene. 227
8.6.2 Feasible Options for WAM Operations ...............cceeeeeeeeeen. 228
8.6.3 Accuracy Analysis for LAM Operations.............cccoeeeeeeenn.. 229
8.6.4 Accuracy Analysis for WAM Operations..........ccoeeeeeeeeeennnn. 238
8.7 Experimental With Real Data: General Localization Strategy247
9  Conclusions and Perspectives ........cccccvvveeiiiiiriiiiinnuneiiiinnniiieennnniiinenns 255
9.1 Conclusions for Design Strategies............uuueeeeeeeeieeieeeiiieiiienennns 255

9.2 Conclusions for Localization Strategies ..........cccccvvveveveevveennnns 257



Contents xix

9.3 Future Work ..o 261
9.4 AULhOT’S METTES ..ttt 262
A Development of Combinatorial by Means of Stirling’s Approximation..
........................................................................................................... 267

B Development of Averaging Kernels for Tikhonov Regularization ..... 269
C  Simulated Scenarios......ccceeeeerieneeieriemneierieneieriesssesiessssssesnssssssssssssses 271
C.1 Scenarios with Real Geometry and Simulated Measurements. 271
C.1.1  Innsbruck SYStEIM ........eeeeeiueeieiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeieeeiees 272
C.1.2 Malpensa SYStEIM .......uuuuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiieiieeeeeeeeeees 273
C.1.3  LiNate SYSTEM....uuuuuiuiiiiiiiiiiiiiiiiiiiieee 274

C.2 Scenario with Real Data, ..........cooeeiiiiiiiiiiiiiiieiiiee e, 275
C.2.1  Tallinn LAM System (ERA A.S.) ooooiiiiiniiiiiiieiiceee 275

5310 0 1 o) 1 277



