Contents

Table of Contents

1. INTRODUCTION

INEFOAUCTION .. e 1
1.1 Objectives of the Present ThesiS.........cccccveieeccie e, 1
1.2 Scope of the Present TheSIS.......coovvevee e 2

2. GLOBAL POSITIONING SYSTEM

(00 (U (o] ISR 4
2.1 GPS satellite SyStem ........ooocieecie e 4
2.2 GPS Configuralions...........ccceeeiieeeiiieeesreessieeeseeeseee e e snee e 5
2.2.1 SPACE SEYMENT.....ceiiiiiiiieiee et 5
2.2.2 Control SEgMENT .......coceeiierie e 6
2.2.3USEr SEOMENT.......oiiiiiiiie et 7
2.3 GPS Satellite SIgNalS.......ccooeeiiieiieceece e 8
2.4 GPS Ephemeris Data..........ccccccveeiieeesiee e 11
2.4.1 Broadcast EPhemeriS.......ccccvceiviieiiiie e 12
2.4.2 Precise Ephemeris.......cccccv e, 13
2.5 GPS Precise DataFOrmat ...........ccccoveeveeiiee e 14
2.5. 1 RINEX FOrMEL......cccouviiieieeiiieriee e 14
2.5.2 SP3FOrMEL .......ovveeieiiieee e 16
26 TIMEaNd GPS..........coo i 17
2.6.1 Coordinated Universal Time Generation...........cccccve..... 17
2.6.2 GPS System TiMe.....ccccveiiiieiiee e siee e 17
2.7 Satellite Coordinate System in SPace........cccevceeveeeevveesvenne, 19
2.7.1 Orbit of Satellite .......cccceeeveeeceeeee e 19
2.7.2 Orbital Coordinate System (OR) ......ccceevcveevieeciieeceene 21
2.7.3 Earth's Coordinate System.........ccccevceeevieeevcee e 22
2.7.4 Aligning the Satellite Coordinate Systems..................... 23
2.8VeECtOr iINGPS........ooi e 23
2.9 HOW GPS WOIKS......ccciiieiiiicciee et 24
2.9.1 Navigation EQUatiON ..........ccovcueeiieeesiee e e 25
2.10 GPS Measurements and ResUltS...........ccccceevceeeciee e, 27
2.10.1 Code MEaSUremMENtS..........ceecveeeieeesiieeeseeesreeesreeeseee e 27
2.10.2 Carrier MeasuremMents..........cceeveeeeireeeneeesineessseeeseeeenns 28
2.10.2.1 How carrier Waves Produce Basdlines................. 29



Contents

2.10.2.1. 1 Filtrating of Error.........ccccoevveeevieeciiee e, 30
2.10.2.1.2 Integer AMDIQUILY .......coevcvereiieeiiee e 34
2.10.3 Comparison of Code and Carrier Measurements.......... 36
2.11 Positioning TEChNIQUES..........cceeiiiriiiiesiee e 37
2.11.1 GPS Absolute Point PoSItioning..........ccccevcvreiieeivennne 42
2.11.1.1 GPS Absolute Solution Process...........cccccveevnenne 42
2.11.1.1.1 PsSeudoranges ........ccceeeeeveeeenieeesieessieeeseee e 43
2.11.1.2 GPS Absolute Positioning Accuracies.................. 45
2.11.2 Differential GPS POSItIONING ......cccocveeiiieeciee e 46
2.11.2.1 General Concept of DGPS............cccccoeviveiieennnnnn, 47
2.11.2.1.1 Post-Processed DGPS Implementation......... 48
2.11.2.1.2 Real-Time DGPS Implementation................ 49
2.11.2.2 DGPS Solution ProCess ........cccoveveeiieesieesie e 51
2.11.2.2.1 Differential Positioning (Code

Phase Tracking) .......cccceeveevceeeviee e 51

2.11.2.2.2 Differential Positioning (Carrier
Phase Tracking) .......ccocoeeveevcee v, 52
2.11.2.3 DGPS ACCUIaCIES .....ocveeciee et esiee e esiee e siee e 54
2.11.2.3.1 Pseudorange code acCuraCies...........cceuueennens 54
2.11.2.3.2 Carrier phase formulations............c.ccceeeueeunenn 55
2.12 RECEIVEN TYPBS ..eeiiuiiieieieeieeesiteesteeesiaeesteeessresssne e ssseesaee e 55
2.13 Techniquesto improve GPS aCCuracy ..........ccceevveevveesvenne 56
2.14 GPS Augmentation OptionS ..........ccccvveeiieeesieeenee e 59
2.14.1 Global GPS Augmentation ...........ccccceevceeeiieesiieeeninennn, 59

3. GPSERROR SOURCES

3.1 GPS Range Error Budgeét...........cccoevieeiieeeciee e 61
3.1.1 Satellite Error SOUICE........cveveviieeieesee et see e 63
3.1.1.1 Ephemeris errors and orbit perturbations................. 63
3.1.1.2 Clock Stability .....ccceveeeeeiiriiiesee e 63
3.1.1.3 Selective Availability and Anti-Spoofing................ 65
3.1.1.4 Geometrical Dilution of precision ..........ccccceevvennne. 65
3.1.2 SPectrum EIror SOUICE..........occuveeeee e 69
3.1.2.1 lonosphere delays.......ccccoeevieeevieecciee e 69
3.1.2.1.1 Klobuchar modé ...........cccoovvriiniiiree 70
3.1.2.1.2 Standard model ...........cceverriienie e 71



Contents

3.1.2.1.3 Global / Regional model ............ccoceevveevreeennene, 71
3.1.2.2 Troposphere delays........cccceeevevieeciieecciee e 71
3.1.2.2.1 Saastamoinen Model ..........cccoeveveveevincsee e 70
3.1.2.2.2 Hopfield model ..........coeeveeeiieee e, 71
3.1.2.3 MUItIPEALN......eeeeieecee e 74
3.1.3 ReCaIVEr ErrOr SOUICES.......ccovvieeiieeeiienenieeeseeesiee e 74
3.1.3.1 RECAIVEN NOISE.......coecieeeiieeciee et 74
3.1.3.2 User Equivalent Range Error.........ccoceevveevcieeennnnn. 74

4. INTERNATIONAL GNSS SERVICE

4.1 Introduction about the IGS ..., 76
4.2 MISSION ..ottt ettt e st sre e ere e sneeereesnne s 77
4.3 1GS COMPONENTS......uviieiiiiriiieeeeiirieee e ssrreee e e ssrneee e ssnreeeeseans /8
4.3.1 Networks of tracking StationS..........cccceeveeeevieesiveesensnens 78
4.3.1.1 Procedures for becoming an IGS Station.................. 79
4.3.2 Data CONENS......coeiiiieeeeiiiie et 81
4.3.3 ANAlYSIS CONLEIS.....ccveieiiee et 82
4.3.4 Analysis Coordinator ..........ccceevveeeeieeesieeesieesseeeseee e 82
4.3.5 Working Groups and Pilot Projects..........cccceeceeevveeennee. 82
4.3.6 Central BUr@al ..........ccoecueeiieriieniir e e see e 83
4.3.7 Governing Board ..........cccocoevieeiieiie e 83
N [ C 1S B L - RS 84
4.4.1 DaAa FOIMEL .........ceeeeiiieiiiieee e 84
4.4.2 DataFlow and ArChiVe........cccocceeicieeccie e 84
4.4.2.1 Observation File.........cccoovevii i, 84
4.4.2.2 Navigation Message Files........ccocevvvviiceeccie e, 85
4.4.2.3 Meteorological Fles.........ccooveviieviiineecee e 85
4.4.2.4 Summary FleS.......ccccoviviieieece e 85

4.5 How to Access |GS Tracking Data..........cccceeveveeveeseeciieenennnn 88
4.5.1 Identification of the Tracking Sites.........cccccccovevciveennen. 88
4.5.2 ldentification of the Data Center .........cccccveveevveeieenennnn, 90
4.5.3 DataDownload.........cccccceeviiniiiieciiee e 91
4.5.4 Receiver/antennainformation..........cccccceevceeeieeesven e, 91
4.5.5 ITRF Coordinates of the Tracking Site..........c.ccccueeneee. 92
4.6 Contributing Organizations ...........ccccceevveeeeceeesiee e see e 93
4.7 1GS Products and Applications..........ccccceeeveeesiieeeseeesiiee e 93

Vi



Contents

5. PRACTICAL APPLICATION

o300 B g 110 1 ox £ o o R 96
5.1 Evaluation of GPS-SPP Model .........ccocoeviviiienieceeree e 96
5.1.1 Description of the GPS DataUsed .........cccccccveveeviecveenee, 96
5.1.2 Methodology of Investigation............ccceeveevieriieeesienenne 98
5.1.3 Processing Strategies & Analysis of Results.................... 98
5.1.3.1 Positional dilution of precision (PDOP) ...........cc....... 99
5132 Cut off angle......ccceevceieiie e 101
5.1.3.2.1 Processing Stral€gi€sS........ccceevvveerieeeiiveesiieeeseeens 101
5.1.3.2.2 Numerical Resultsand Analysisform................ 101
S.L3.3FreqUENCY ....cccevviiieiiiiieee et 108
5.1.3.3.1 Processing Strat€gi€sS ........cccveveeiueeriersenesiensnens 108
5.1.3.3.2 Numerical Resultsand Analysisform................ 108
5.1.3.4 Troposphere models..........cccvvvevieviecieeve e 115
5.1.3.4.1 Processing Strategies .......cccevvvveeveeeiiieeesneesnenenn 115

5.1.3.4.2 Numerica Resultsand Analysisform
Using Hopfield modél..........ccccooveiieiieenn, 116

5.1.3.4.3 Numerical Results and Analysisform
Using Simplified Hopfield moddl .................... 121

5.1.3.4.4 Numerical Results and Analysisform
Using Saastemoinen model.............ccccccvevveeneen, 124

5.1.3.4.5 Numerical Resultsand Analysisform
Using Essen and Froome moded! ...................... 127

5.1.3.4.6 Numerical Results and Analysisform
Using No troposphere modd ............ccceeenneee, 129

5.1.3.4.7 Numerical Results and Analysisform
Using all available troposphere models........... 132
5.1.3.5 lonosphere models.........cocoeveevceeccciee e 137
5.1.3.5.1 Processing Strat€gi€sS ........cccvveveeviueerierseeesiensnens 137
5.1.3.5.2 Numerical Resultsand Analysisform................ 139
5.1.3.6 Precise Ephemeris using GPS-SPP Moddl ............... 145
5.1.3.6.1 Cut off angle and Precise Ephemeris.................. 145
5.1.3.6.1.1 Processing Strategi€s........cceevveevveeerreeesvnnnne 145
5.1.3.6.1.2 Numerical Resultsand Anaysisform.......... 146

5.1.3.6.2 Broadcast Ephemeris versus Precise Ephemeris. 148

Vii



Contents

5.2 Evaluation of GPS-RP Model ..........cccovoviveniiieieesieceeniens 151
5.2.1 Description of the GPS DataUsed .........cccccccveevieeennennne, 151
5.2.2 Methodology of Investigation...........cccceevuveieeieeeiieenennns 151
5.2.3 Processing Strategies & Analysis of Results.................. 152

5.2.3.1 Cut off angle using GPS-RP Moddl............c.c.ccuuenn.ee. 153
5.2.3.1.1 Processing Strat€gies .......cccovcveeveeeiieeeseeeseen e 153
5.2.3.1.2 Numerical Resultsand Analysisform................ 153

5.2.3.2 Frequency using GPS-RP Moddl .........c.cccccvevveennee. 156
5.2.3.2.1 Processing Stral€gi€sS.........ccceevveevieeesiveeeieeeseens 156
5.2.3.2.2 Numerical Results and Analysisform................. 156

5.2.3.3 Troposphere models using GPS-RP Modd .............. 160
5.2.3.3.1 Processing Strat€gi€sS ........cccveveeriueerierseeenensnens 160
5.2.3.3.2 Numerical Results and Analysisform................. 160

5.2.3.4 lonosphere models using GPS-RP Moddl.................. 165
5.2.3.4.1 Processing Stral€gi€sS........ccceevvveevieeesireesieeeseeens 165
5.2.3.4.2 Numerical Resultsand Analysisform................ 165

5.2.3.5 Broadcast Ephemeris versus
Precise Ephemeris GPS-RP Modd...............c........... 166

5.3 Evaluation of using IGS Stations ..........cccevvevvcveevieeeiieeseeenen. 168
5.3.1 Description of the GPS DataUsed ..........cccceeeeiveeeenneen. 168
5.3.2 Methodology of Investigation............cccecveveieeeicierininenne 173
5.3.3 Processing Strategies & Analysis of Results.................. 174

5.3.3.1 Broadcast Ephemeris versus Precise Ephemeris

using DRAG IGS Station .........ccceevveevcieeevieeecieeene 175
5.3.3.1.1 Processing Stral€gi€sS........cccceevveevieeeiiveeeieeesnens 175
5.3.3.1.2 Numerical Resultsand Analysisform................ 175
5.3.3.1 Broadcast Ephemeris versus Precise Ephemeris
using RAMO IGS Station ........ccccvevveevieeeiieesien e 180
5.3.3.1.1 Processing Strat€giesS........cccvevveeriieeesireeeineesennns 180
5.3.3.1.2 Numerical Resultsand Analysisform................ 180

6. Summary, Conclusions and Recommendations

g1 o 18 Tox 1T 0] o [P 182
6.1 SUMIMAIY ...ceiiiiiiiiiie ettt ssrre e e e e e err e e e e 182
5.2 CONCIUSIONS ..ottt e e e e e aara e e e e e 184
6.3 RECOMMENTALIONS..........eevveeieieee e 191

viii





