GPS  QZSS

ASTUDY ON INTEGRATION OF GPS AND
QUASI-ZENITH SATELLITE SYSTEM

MARCH 2008

Graduate School of Marine Science and Technology
Tokyo University of Marine Science and Technology
Doctor Course of Applied Marine Environmental Studies

Yun Zhang



Deeply thanks for my parents and my wife



GPS  QZSS

ASTUDY ON INTEGRATION OF GPS AND
QUASI-ZENITH SATELLITE SYSTEM

2008.3

Graduate School of Marine Science and Technology
Tokyo University of Marine Science and Technology
Doctor Course of Applied Marine Environmental Studies

Yun Zhang



LIST OF CONTENTS

LIST OF CONT EN T S e e e e e e e iv
LIST OF TABLES. .. Vi
LIST OF FIGURES........coco oottt ettt ettt ettt ettt viii
A B ST R A T Xi
R B I @ 1 L6 L @ I 1 N PR PP 1
11 BACKGROUND. ...ttt et e e e e e e e e et e e e e e e et e e e et e e an e 1
1.2 RESEARCH OBJIECTIVE. .. .ot e e e e e et e et e e te e e e e e 2
1.3 ARTICLE OUTLINE. ..o e e e e e e e e e e et e e et et et e e e e i
2. GPS MODERNIAZTION AND JAPANESE QZSS.......oo i 4
2.1 GPS MODERNIZATION. .. e e e e e e e e e e et e e e e e e eaeeaere e 4
2.1.1  Modernization GPS PrOGramM... ... ... it et e e et e e et et e e ee e e e aen e 4
2.1.2  GPS Satellite MOGEINIZAIION. ... . vttt et et e e e e e e e e e e 5
2.1.3  NeW GPS CiVil SIgNalS. .. ....o it e e e e e e e e e e 6

2.2 JAPAINESE QZSS. ... et e e e e e e 7
A R O A N T o (0] £ 11 | D 7
2.2.2 QZSS CoNStellation. .. ...ttt e e e e e 7
2.2.3  QZSS SIGNAL... e e e 9
2.2.4  GPS Augmentative With QZSS. .. ... ... e 11

3. TRIPLE FREQUENCY AMBIGUITY RESOLUTION. .. ..ottt 12
3.1 OBSERVATION MEASUREMENTS . ... e e e e e 12
311 SINGIE OBSEIVALION. ... ettt et e et e et e e e e e e e e 12
3.1.2 Double Difference (DD) ODSEIVALION. ........uitie ittt e e e e e 13
3.1.3 Linear Combination with Triple Frequency DD Carrier Phase Observations..................... 15

3.2 WIDE-LANE (WL) METHOD. ... cuttii ittt e et e et e et et e e ee e e e 17
3.2.1 WL Combination Signal.........o.eie i e e e e e 17
3.2.2 AR with WL signals for Dual freQUENCY......... e e e e e 20
3.2.3 AR with WL signals for Triple freqQUENCY ........c.uie i e e 22
3.2.4 Limitation in Triple Frequency WL Method...........coiinii i e e, 25
3.2.5 Impact from Triple Frequency WL Method............ouiiii e e e 28

3.3 GEOMETRY-FREE (GF) AR METHOD.... ettt e e e e e e e e 30
3.3.1 GF Combination Signal.........cc.ue i e 30
3.3.2 AR WIth GF SIgNalS. ... e e e e 32

3.4 IONOSPHERE-FREE (IF) AR METHOD ... ... et et e e e e e 35
3.4.1 1F Combination Signal..... ..o e 35



3.4.2 AR WIth TF SIGNAIS. .. .cooiiiiiitiicieee et eb e b e ere e 37

4. QZSS PERFORMANCE ANALY SIS .. .o 41
4.1 PERFORMANCE EVALUATION PARAMETERS. ... .o e 41
4.2 TRIPLE FREQUENCIES SIMULATOR. ... e e e e e e e e 41

421 EITOr MOUOEL. ..o e e e 41
4.2.2 QZSS Orbit MOUEL... ... e e e e 49
4.2.3 Data from Triple Frequency SimUIAtOr. .. ... ..ot e e 50
4.2.4 Numerical EStimation Parameters.........c..uie ittt et e et e e e 53
4.2.5  ASR ESHMAION. ... et e et e e e e e e e e e 55
4.3 SPATIAL ESTIMATION . ..ot e e e e et e et e et e e e e aaeea e 56
4.3.1 Number of Visible Satellites (NVS)... ... e 56
4.3.2 Dilution of Precision of POSItion (PDOP).... ..ot e e e e 60
4.4 TEMPEROAL AN ALY SIS .o e e e e e e e e e e ea e 64
4.4.1 QZSS CoNnStellation. .. ... ittt e e e e e e e e e e 65
442 NVS N 24 Nl e e e e e e e e e e 74
A.4.3 PDOP N 24 Nl e e e e e e e e e e 79
444 L1 Code DGPS N 24 Nl.enni e e e e e e e e e e 82
AA5  ASR N 24 Nl e e e 86
4.5 SUMM A Y Lo e e e e e e e e e e ae e 88

5. POSITIONING WITH QZSS... ..o e e aee e 89
5.1 PARAMETERS IN POSITIONING ANALYSIS. ..o e e 89
5.2 NVS & DO ...t e e e e e e e e e e e 90

5.2.1 NVS at Base and ROVEN STALIONS. .. ... c. et eit e vttt e e et e e e en e 91
5.2.2 PDOP at Base and ROVEN SEAIONS. .. ... c. vttt it e et e e et et e e e e e 92

5.3 DGPS POSITIONING IN DIFFERENT BASELINE.......c.ui e e 93
5.3.1  CommMON NV S e 93
5.3.2 DGPS POSITIONING. ... ettt e e e e et e e et e e e et et e e e et e e e e 96

54 ASR IN DIFFERENT BASELINE. .. ... e e e e e ea e 99
5.4.1 ASR in Short or Medium Baseline..........oooouiiii i e e 99
5.4.2 ASR in Long or Extra-1ong Baseline...........c.oui i e 100

5.6 SUMM A RY L e e e e e e e e e e e e e e e e e e e e 101
6. CONCLUSION & RECOMMENDATION. .. .o, 102



21
2.2
2.3
3.1
3.2
3.3

3.4

35
3.6
3.7
4.1
4.2
4.3
4.4
45

4.6
4.7
4.8
4.9
4.10
411
412
4.13
4.14
4.15
4.16
4.17
51
52
53
54
55

LIST OF TABLES

QZSS Satellite Orbit ParameterS. .. .ot it ei e e e e e et et e e e e e e e e e e e
Planned QZSS SIgNAIS... ...t i e e e e e e e e e e e
GPS and QZSS SIgNalS. .. ... et e e

Characters in the single and DD primary signals in triple frequencies..............ccooiiiiiiiinn.
Influence of ionosphere errors and measurement noise in three WL signals................c...o.o.e.
Influence of ionosphere errors and measurement noise on each step

using dual frequency WL Method.........o.oiniir i e e e e
Influence of ionosphere errors and measurement noise on each step

using triple frequency WL MEthOd..........ie oo e
Influence of ionosphere errors and measurement noise in two GF signals................c...o.o.e.
Coefficients and measurement noise in IF Signals......... ..o,
Three proposed triple frequency LC AR MethodS.........oi i e,
Model error parameters in GPS triple frequencies simulation................cooooiiiiii e,
Sample Values of the GPS antenna phase offset for NOVATEL 702..........cooiiiiiiiiiie e
Noise simulation parameters in triple-frequency simulator..............oocoiiiiiiii i,
Parameters of four satellite orbit options for QZSS..........oi i
Accuracy of SGPS positioning at Sapporo for 24 hours without QZSS or with QZSS Option 3

using different range data from triple SIMUIALOr... ... ..o
Parameters in numerical eStimation.............ooiiie it e e
Locations of base and rover cities in DGPS positioning or DD AR.........cccoiiiiiiiiiiiie i
Percentage of minimum NVS in 24 hr in the East Asian region............ccooveiiiiiiieiiniiiiianeenn.
Percentage of minimum NVS in 24 hr in near t0 Japan area.............coeveeiiinineiiieeiie e,
Interpretation Of DOP ValUe... ... .e i e e e
Average PDOP (NVS>3) in each region in 24 hOUrS...... ...t e,
Average PDOP (NVS > 3) in the East Asian region and near to Japan area.............ccceceueenen.
Min. QZS mask elevation with three QZSs in 24 hours at each City...........ccooiiiiiiiiinnn.
NVS analysis in 24 hours at six cities (mask angle iS 15%).......ccoiiiiiiiii i,
Average PDOP (NVS > 3) analysis in 24 hours at six cities (mask angle is 15°%)......................
Standard deviation (m) in L1 code DGPS positioning (mask angle is 15%..........c.ccceeevennnnne.
ASR of L1 signal in five areas for 24 hr (mask angle is 15°).......cooiiiiiiiiiiiiii e,
Locations of reference and rover StatiONS..........c.oiuieiuiie it e e e e e
NVS in 24 Nr at @aCH STALION. .....ov et e e e e e
PDOP (when NVS > 3) in 24 hr at each Station...........c..ooi it e e
Common NVS with or without QZSS in different baseline distance for 24 hr.....................
Standard deviation (m) in L1 code DGPS positioning (CommNVS > 4)

with or without QZSS when mask angle is 15 degree.......c.oouviiiiiiii i

Vi

14
19

22



5.6
5.7

ASR of primary signal for 24 hour in short or medium baseline (CommNVS >4)

ASR of primary signal for 24 hour in long or extra-long baseline (CommNVS >4)............... 100

Vii



21
2.2
2.3
24
25
3.1
3.2
3.3
3.4
35
4.1
4.2

431

4.3.2
4.3.3
434
435
4.4

451
452

453
454
4.6
4.7.1
4.7.2
4.7.3
4.7.4
48.1
4.8.2
491
4.9.2
4.9.3
4.10.1

LIST OF FIGURES

GPS Block IR Satellite (Left) and 1IF Satellite (RIight)........coooiiiiiiiiiiiiiiieee e e 5
Modernization GPS Signal..........c..oii i el D
IMage Of QZS-L. . e e e e e e e e e e e 8
Ground track of Asymmetric 8-shape QZSS satellite orbit.............coooiiiiiiii i, 9
QZSS navigation Signal SPECIIUM ... e e e e e e e e e e e 10
Flowchart of WL Method in dual (left) and triple (right) frequency AR.............ccccoiiii. 19
Success rate of rounding in three steps using triple frequency WL method................... 27
L1 signal success rate of rounding using triple or dual frequency WL method..................... 29
Flowchart of GF method with triple freqUeNCY...... ..ot 33
Flow chat of IF Method...... ..o e e 37
Triple-frequency simulator flow chart.............oo i 42

Local time variations of the one-hour-average VTEC measured by single
dual-frequency receiver and from IRI-95 model for 24 hours............coooiii i 43
Results of carrier to noise ratio (c/ng) estimated using NOVATEL OEM3 receiver

and NOVATEL 702 antenna for 12 hOUrS...... ..o e e e 46
Simulated code noise generated from PRN31 for 2 hours (multipath error absent)................ 47
Simulated carrier noise generated from PRN31 for 2 hours (multipath error absent)............. 47
Simulated multipath code error reflected from ground on PRN31 for 2 hours................... 48
Simulated multipath carrier error reflected from ground on PRN31 for 2 hours.................. 48
Ground tracks of each QZSS option in SiMUlAtOr......... oot 50
SGPS positioning using simulated range includes code thermal noise with GPS only.............51

SGPS positioning using simulated range includes code noise and
multipath error with GPS 0Only.......o.o e 51
SGPS using simulated range including noise and various ranger errors with GPS only.......... 52

SGPS using simulated range including noise and various ranger errors with GPS and QZSS...52

Locations of cities for temporal estimation............ ..o 55
Average NVS with and without QZSS in 24 hr in the East Asian region.............c.c.ccoevenen. 57
Min. NVS with and without QZSS in 24 hr in the East Asian region............c.cccooveveiennn. 57
Max. NVS with and without QZSS in 24 hr in the East Asian region.............cccocoevevinenen. 58
NVS comparison with four QZSS options or without QZSS in two regions.................c....... 59
DOP estimated from three satellites..........c.oiir i e 61
DOP estimated from three more evenly-distributed satellites................cooiiiiiii e 61
Average PDOP for 24 hr with and without QZSS when the mask angle is 15°.................. 62
Min. PDOP for 24 hr with and without QZSS when the mask angle is 15°................c.oone. 62
Comparing average PDOP with four QZSS options or without QZSS in two regions............ 64
Elevation of three QZSs with four QZSS options at Japanese Sapporo...........c.coeceeveeennns 65

viii



4.10.2
4.10.3
4104
4.10.5
4.10.6
4.10.7
4.10.8
4.10.9
4.10.10
411.1
4.11.2
4.11.3
4114
4115
4.11.6
4.11.7
412.1
4.12.2
4.12.3
412.4
4.12.5
4.12.6
4.13.1
4.13.2
4.13.3
4.13.4
4.13.5
4.13.6
51
521

522

523

524

53.1

Elevation of three QZSs with four QZSS options at Japanese TOKYO..........cccovvevieinnnennn.
Elevation of three QZSs with four QZSS options at Japanese Naha.............c.cccviveiniennn.
Elevation of three QZSs with four QZSS options at Indonesia Jakarta..................ccocoeeinnnis
Elevation of three QZSs with four QZSS options at Chinese Shanghai...........................
Elevation of three QZSs with four QZSS options at Chinese Kashi.................ccooceoiine.
Sky plot of one QZS in 24 hr at six cities using orbit option 1...........c.oooiiiiiiiii e,
Sky plot of one QZS in 24 hr at six cities using orbit option 2...........c.oooii i,
Sky plot of one QZS in 24 hr at six cities using QZSS orbit (option 3)..........c.ceevvennnenn.
Sky plot of one QZS in 24 hr at six cities using orbit option 4.,
NVS at Sapporo with four QZSS options or without QZSS (mask angle is 15°).................
NVS at Tokyo with four QZSS options or without QZSS (mask angle is 15°).................
NVS at Naha with four QZSS options or without QZSS (mask angle is 15°).................
NVS at Jakarta with four QZSS options or without QZSS (mask angle is 15°).................
NVS at Shanghai with four QZSS options or without QZSS (mask angle is 15°).................
NVS at Kashi with four QZSS options or without QZSS (mask angle is 15°.................
Visible QZS number at six cities using QZSS orbit (option 3) when mask angle is 15° .........
PDOP at Sapporo with four QZSS options or without QZSS (mask angle is 159)...............
PDOP at Tokyo with four QZSS options or without QZSS (mask angle is 15°)...................
PDOP at Naha with four QZSS options or without QZSS (mask angle is 15°)..........c...ceetnes
PDOP at Jakarta with four QZSS options or without QZSS (mask angle is 15°)..................
PDOP at Shanghai with four QZSS options or without QZSS (mask angle is 159)................
PDOP at Kashi with four QZSS options or without QZSS (mask angle is 15°..................
DGPS results at Sapporo with four QZSS options or without QZSS (mask angle is 15°)........
DGPS results at Tokyo with four QZSS options or without QZSS (mask angle is 159)...........
DGPS results at Naha with four QZSS options or without QZSS (mask angle is 159).............
DGPS results at Jakarta with four QZSS options or without QZSS (mask angle is 15°)..........
DGPS results at Shanghai with four QZSS options or without QZSS (mask angle is 159)........
DGPS results at Kashi with four QZSS options or without QZSS (mask angle is 159)............
Locations of each station in positioning analysSiS...........ooiueii i e,
Common NVS for 24 hr with or without QZSS in short baseline

(MasSK aNgIe 1S 15 UEOIEE) ... . e tu et it et et e e et e et e e e et e e e e
Common NVS for 24 hr with or without QZSS in medium baseline
(Mask aNQgIE 1S 15 UBOIEE) ... . e eu it ettt e et e et e e e et e e e ean
Common NVS for 24 hr with or without QZSS in long baseline
(MasSK aNGIE 1S 15 UEOIEE) ... . e e ien ittt e e et e et e et et et et e e e e e
Common NVS for 24 hr with or without QZSS in extra-ling baseline
(MasSK aNGIE 1S 15 UBOIEE) ... . e eu ittt et e et e e e e e e e et e e e ean

L1 code positioning in short baseline......... ..o,

iX



532
5.3.3
534

L1 code positioning in medium baseline...

L1 code positioning in long baseline.........

L1 code positioning in extra-long baseline



ABSTRACT

A Study on Integration of GPS and Quasi-zenith Satellite System

GPS

GPS
L1C/A
QZSS
/
1.
GPS
L1 L2
Saastamoinen
2.
QZSS
QZSS

15 24

QZSS
0462035 Yun Zhang
Course of Applied Marine Environmental Studies
Tokyo University of Marine Science and Technology
QZSS
Galileo
GPS
L1C L2C LS
100%
QZSS
LS QZSS
LS
Klobuchar
DLL PLL
QZSS
60°E-152°E 10°S-60°N
11259E-145°E 259N-45°N
95%
minNVS 5 24

Xi



PDOP  2.3%-28% minNVS

6 PDOP  25%
/ /
/ L1 DGPS
24 4%-4T%
16%-47% RTK 24
ASR  99.0%
0ZSS
3. 8
0ZSS 8 8
8
8 8
24 PDOP
8
4. DGPS
0ZSS L1 DGPS
/ /
14.167km / 180.871knm
/ ( 521.715Knm 0ZSS
9.0 10.0 10.64
13.46 15.83 16.92
19.21 26.32 0ZSS
DGPS DGPS

5. RTK AR / ASR

0ZSS AR

AR

QZSS 24 5

Xii



RTK
24 ASR  99.8%

AR
85 70%
0ZSS AR

Xiii

ASR

97.6%

ASR

GF



ACKNOWLEDGEMENTS

I am deeply indebted to my supervisor Prof. Dr. Akio YASUDA, who not only offered
the research chance and environment, but also gave the encouragement, guidance, and
financial support during my graduate studies.

Special thanks also goes to Mr. Masayuki UCHIYAMA, CEO of Geosurf Corporation,
for his giving environment and assistance in the research. It also goes to Mr. Nobuaki
KUBO, the assistant in Yasuda Laboratory. The author has gained a lot from his teachings
in GPS theory and C programming. It also goes to Mr. Falin Wu, Department of Geospatial
Science, RMIT University Australia, for his teaching in QZSS theory.

I would also specially acknowledge Mr. Hiroshi Isshiki, in Institute of Mathematical
Analysis (IMA), for teaching me the mathematical theory in GPS system. It also goes to
Mr. Ronald R. Hatch, NavCom Technology, for his teaching on triple frequency ambiguity
resolution method.

I would like to appreciate Kazuhiro NII, Yushi NISHIKAWA and other numbers in
Geosurf Corporation, for their collaboration in the research. Thanks also to Keiichi INOUE,
Dept. of Agricultural Machinery of national Agriculture Research Center for Hokkaido
Region, for his teaching in Kalman Filter solution.

Thanks also goes to Dr. Kentaro KONDO, the fellow doctor student in the laboratory,
for his teaching the theory of ambiguity resolution, and to Dr. Sounosuke FUKUSHIMA,
the fellow doctor student in the laboratory, for his teaching the theory of the satellite orbit
calculation, and to Mr. Maeda HIROAKI, NEC Toshiba Space System, Ltd., Japan, for
discussion on QZSS orbit options.

I would like to appreciate Shunichiro KONDO , Reiji TOMINAGA and other numbers
in the research group in Yasuda Laboratory. Our close collaboration during the past years
has made the work a pleasure. Thanks are also extends to Mr. Masashi Kawamura for his
assistance in the experiment.

Finally, 1 would thank my fellow graduate students in this Laboratory: Takaki

TOMINAGA , Takashi SUZUKI, Shinya OKAMOTO, Shinji TANAKA, and others who
have given me much help in my study, and also in my life.

Xiv



CHAPTER 1
INTRODUCTION

1.1 BACKGROUND

From last decade, the US has implemented several improvements for both civil and military applications. In
GPS modernization, a second civil signal (L2C), and a third civil signal on an additional frequency L5 would
be offered for civil users. The first modernized Block IIR (designated as the 1IR-M) with L2C was launched
on 26 September 2005, and L5 will be broadcast from the first 1IF satellite (the next generation of GPS
satellite) in the new future. Therefore, future GPS users can receive three frequency signals on L1, L2 and L5,
which could improve the accuracy and reliability of GPS positioning. [Yun Zhang, Nobuaki Kubo, Akio
Yasuda. (2005)]

The dual-frequency Global Positioning System (GPS) has found widespread use for many precision
applications. However, there are still some situations where using GPS only cannot provide the required
precision and reliability. For GPS complementation and augmentation, Japan has started Quasi-zenith
Satellite System (QZSS) project since 2002. The basic design and manufacturing of the engineering models

of the on-board equipment started in 2004. [Kogure, S., Kawano, 1., and Kajii, M., 2003].

Japanese QZSS is a regional space-based positioning system that used constellation of satellites placed in
multiple orbital planes. QZSS consists of three satellites, the system covers regions in East Asia and Oceania
centering and at least one satellite stays around the zenith for about 8 hr and is visible with high elevation.
[Yun Zhang, Falin Wu, Akio Yasuda (2007)]. The first QZSS satellite will be launched in 2009. That GPS and
QZSS have complete compatibility and interoperability has been agreed in the 5" TWG (Technical Working
Group), on January 26, 2006. [Satoshi Kogure, Mikio Sawabe, Motohisa Kishimoto, (2006)] QZSS satellites
will use modernized GPS signals as a base, transmitting six navigation signal, including L1C/A signal, L1C
signal, L2C signal L5 signal, L1-SIRF signal and LEX signal [Japan Aerospace of Exploration Agency,
(2007)].

For the purpose of QZSS, with integrating QZSS with GPS, the number of visible satellites (NVS) and
dilution of precision (DOP) could be improved not only in Japan, but also throughout most of the East Asian
region, therefore satellite availability and environment for satellite positioning are expected to be greatly
improved, moreover, triple frequency measurement can also substantially aid in the process of carrier phase
ambiguity resolution (AR). [Yun Zhang, Nobuaki Kubo, Akio Yasuda. (2005)] Reliability and efficiency of

the system were also expected to be improved.



1.2 RESEARCH OBJECTIVE

The main purpose of this research is to ensure performance of integrating QZSS with GPS. The specific

objectives are as follows:

® Develop triple frequency simulator to perform numerical measurement

®  Study impact from triple frequency in AR

®  Study the feature of QZSS orbit

® Study the advantage of GPS with QZSS in NVS, Position Dilution of Precision (PDOP) analysis

®  Study the improvement of GPS with QZSS in Differential GPS positioning (DGPS) in different baseline

Study the impact of GPS with QZSS in Double Differential (DD) carrier phase AR in different baseline

1.3ARTICLE OUTLINE

The thesis is composed of 6 chapters. Background and purpose of research were introduced in chapter 1.

In chapter 2, modernization GPS and QZSS was overviewed. Program of two systems were described, and
new civil signals and constellation were given here. Expected of impact in integrating QZSS with GPS was

also shown here.

In chapter 3, several linear combination signals with triple frequency signals were discussed, three linear
combination algorisms for carrier based AR with triple frequency were offered, wide-lane (WL) method,

geometry-free (GF) method and ionosphere-free (IF) method for long-base method were introduced.

In chapter 4, triple frequency simulator was introduced in brief. Error models and noise parameters were
shown here. Using the simulator, numerical estimating was performed with four QZSS constellation options
or without QZSS. NVS, PDOP, short-baseline L1 DGPS positioning and short-baseline primary signal
Ambiguity Success Rate (ASR) were measured. Region for spatial estimation was East Asia Region. Six
cities, Sapporo, Tokyo, Naha in Japan, Shanghai, Kashi in China, and Jakarta in Indonesia were chosen for

temporal estimation.



In chapter 5, positioning with QZSS or without QZSS was studied. QZSS Option 3 constellation was used
here because it was decided as the formal orbit in QZSS. Five Japanese cities were chosen as reference and
rover stations to positioning in short distance (about 0.7km), medium distance (about 14.2km), long distance
(about 190.9km) and extra-long distance (521.7km). Several AR algorisms for each baseline introduced in

chapter 3 were used here.

In chapter 6, the whole research works was summarized with conclusions and recommendations.



CHAPTER 2
GPSMODERNIZATION AND JAPANESE QZSS

In this chapter, programs of modernization GPS and QZSS program are introduced respectively. A discussion
on the compatibility and interoperability of the two systems is also included, and the expected impacts of the

systems for improving performance are presented here.

2.1 GPSMODERNIZATION

In this section, modernization GPS program, new satellite and new signal were introduced.

2.1.1 Modernization GPS Program

The United States' Global Positioning System (GPS), having reached “Fully Operational Capability” on July
17, 1995, completed its original design goals. However, additional advances in technology and new demands
on the existing system led to the effort to modernize the GPS system. Announcements from the Vice
President and the White House in 1998 initiated these changes. In 2000, U.S. Congress authorized the effort,
referred to as GPS Ill. The project involves new ground stations and new satellites, with additional
navigation signals for both civilian and military users, and aims to improve the accuracy and availability for

all users. The target date is 2013 with incentives offered to the contractors if they can complete it by 2011.

The goals of the program are to protect the military user’s services and enhance civil use. [Swider, (2001)]

For these reasons, the modernization should:

® For the military user: add new signals with spectral separation and increased signal power to improve
protection, prevention and preservation capacity

® For the civil user: add new signals to improve accuracy, availability and signal redundancy.

For civil GPS users worldwide, the first real step of GPS modernization was removing the degradation
capability, known as Selective Availability (SA) from GPS signal, The amount of error added was “set to
zero” [THE WHITE HOUSE, (2000)] at midnight on May 1, 2000, which could improve the accuracy of
measurement data and navigation result.[Miyano Tomoyuki, Kawano lIsao, Mokuno Masaaki, Suzuki
Takashi, (2000)]. On 19 Sep. 2007, United States Department of Defense announced that they would not
procure any more satellites capable of implementing SA. [U.S. DoD., (2007)]

2.1.2 GPS Satellite M oder nization

Four generations of satellites have flown in the GPS constellation: Block 1, Block II, Block 1A

(Augmentation), and Block IIR.



Block 1IRs began replacing older Block Il and I1As in 1997. Block IIR satellites provided dramatic
improvements over previous blocks. They could determine their own position by performing inter-satellite
ranging with other IIR vehicles. They also had reprogrammable satellite processors enabling problem fixes

and upgrades in flight, increased satellite autonomy, and radiation hardness.

The first modernized Block IR (designed as 1IR-M) with L2C (1227.60MHz) was launched on 26 September
2005. The fourth Block 11R-M satellite was launched successfully on 17 Oct, 2007. Currently 12 1IR and 4
IIR-M satellites are on orbit. It will be maneuvered into the F2 slot in the sixth of the six GPS orbital planes,
near to a 16-year-old Block I1A space vehicle (SV29, PRN29) on which three of the satellite's four atomic
clocks have ceased functioning. [Inside GNSS, (2007)] Recently, Lockheed Martin-led team has begun
production activities to reconfigure a Block 1IR-M to include a new demonstration payload that will transmit
a third civil signal, which was located on L5 frequency (1176.45MHz). [GPS World, (2007)]

Block IIF satellites are the next generation of GPS space vehicles. The Block IIF system allows affordable
technology insertion and block upgrades, while emphasizing compatibility and interoperability with the
current space vehicles, ground control system, and user equipment GPS Block IIF satellites will feature
extended design life more than 12 years, faster processors with more memory, and a new civil signal on a
third frequency (L5). Boeing confirmed what the Air Force announced in August: the satellite is on track for
launch sometime in 2008. [GPS World, (2007)]

Figure 2.1 shows the image of GPS Block IIR (on the left) and Block I1F (on the right) satellites.

Figure2.1 GPSBlock IR Satellite (Left) and 11F Satellite (Right) [Lt Col John Wilt, (2001)]



2.1.3 New GPS Civil Signals

Figure 2.2 shows the modernized GPS signals from [U.S. Dot, (2003)].

Today’s GPS
Signal structure

Modernized GPS P(Y
Signal Structure ‘..

afa s

W CA N CA
P (Y

1176.45

LS

1227.60 1575.42

L2 L1

Civilian GPS Signals: || N

Military-only GPS Signals: [ INNEGN

Figure 2.2 Moder nization GPS signal [U.S. Dot, (2003)]

¢ L2C (1227.6MH2)

A White House press release on March 30, 1998, announces that a civil signal would be added to the GPS L2
frequency. Block 1IR-M satellites firstly launched in 2005 broadcast L2C signals. The most important object
was to L2C enable the development of low-cost, dual frequency civil GPS receivers that allow for correction
of ionosphere error. [Sakai Takeyasu, Fukushima Sonosuke, Takeichi Noboru, Aramaki, Masae, Ito Ken,
(2007)]

¢ L5(1176.45MHz)

L5 signal will be broadcast beginning with the first I1F satellite, and demo signal will be with [IR-M satellite.
It will transmit at a high power than current civil GPS signals, and have a wider bandwidth. Because of the

lower frequency, indoor users could also be enhanced reception.

¢ L1C (1575.42MHz)

On June 26", 2004, the United States of America and European Community established the “Agreement on
the Promotion, Provision and Use of GALILEO and GPS Satellite Based Navigation Systems and Related
Applications” (form “http://pnt.gov/public/docs/2004-US-EC-agreement.pdf”’) It was to adopt a common
baseline signal to be transmitted in the future by GALILEO and GPS on L1 center frequency. L1C signal will
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build on improved characteristics of other modernized GPS signal. The detail of L1C project could be found

from “http://www.navcen.uscg.gov/gps/modernization/L1/L1C-report-short.pdf”.

2.2 JAPANESE QZSS

In this section, program, constellation and signal of QZSS were introduced, augmentation GPS with QZSS

was also presented.

221 QZSSProgram

The Quasi-zenith Satellite System is a satellite navigation system in Japan which is designed to complement
and augment global-positioning satellites (GPS). On Jan 2007, JAXA (Japan Aerospace of Exploration
Agency) released the initial version of the "Interface Specifications for the Quasi Zenith Satellite System
(QZSS)"(1S-QZSS Version 0.0.). [Japan Aerospace of Exploration Agency, (2007)] This document
summarizes the specifications of positioning signals and messages sent from the QZSS, its service outline,

and performance. The second draft was also released on June 8, 2007.

According to the document, QZSS project will be promoted incrementally in accord with the official policy

of the Government of Japan released on March 31, 2006 as follows:

® Phase One: the first QZSS satellite will be launched in 2009. Technical validation and application
demonstration will be conducted.

® Phase Two: following the successful completion of Phase One, the 2nd and 3rd QZSS satellites will be

launched. Full system operation will be demonstrated.

2.2.2 QZSS Constédllation

€ QZSdesign

Figure 2.3 shows image of QZS-1. QZS has two deployable solar cell array panels, an L-band transmission
antenna (L-ANT), an L1-SAIF transmission antenna (LS-ANT), and a TTC antenna. The QZS utilizes fixed
(non-steerable) antennas mounted on one side of the spacecraft. The QZS attitude is controlled is controlled
to ensure that these antennas always point toward the center of the Earth. Yaw steering controls the
orientation of the solar cell arrays to optimize reception of sunlight. [Japan Aerospace of Exploration Agency;,
(2007)]



-~

Figure2.3 Image of QZS-1 (Source: 1S QZSSVer.0.1)
¢ Orbit
Table 2.1 indicates the parameters of three operational satellites for Asymmetric QZSS Satellite orbit In the

option, argument of perigee is set to 270° to enable the placement of the apogee in the northern hemisphere.

The feature of asymmetric QZSS satellite orbit will be discussed in chapter 4 in details.

Semi-major Axis 42,164km (average)
Eccentricity 0.099
Inclination 450450
Argument of perigee 270°£1°
Mean Motion 120°
Longitude of ascending node (LAN 146.3°East +5°

Table 2.1 QZSS satellite orbit parameters

€ Constelation

The baseline QZSS constellation will consist of initially one satellite, and ultimately three (or more) satellites.
Figure 2.4 illustrates the ground tracks of the QZSS constellation [Petrovski, I. G., Ishii, M., Torimoto, H.,
Kishimoto, H., Furukawa, T., Saito, M., Tanaka, T., and Maeda, H., (2003)] and [Wu, F., Kubo, N., and
Yasuda, A, (2004)]. All QZS are in orbits, which are the same as “8-shape” ground track, as shown in figure

2.4. The average central longitude of the QZS ground track is 135°East.
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Figure 2.4 Ground track of Asymmetric 8-shape QZSS satellite or bit

2.2.3QZSS Signal

QZSS will transmit six positioning signal: L1C/A signal, L1-SAIF signal, L1C signal, L2C signal, LEX
signal and L5 signal. L1C/A signal, L1C signal, L2C signal and L5 signal are to ensure compatibility and
interoperability with existing and modernized GPS signal. This will minimizes changes to specifications and
receiver designs. L1-SAIF signal and LEX signal are known as sub-meter class performance enhanced signal

to improve of reliability of the system. In this research L1, L2 and L5 signal are interested.

Signal Frequency [MHz] Wavelength [m] Note
L1-C/A, L1-C 1575.42 0.1903 Compatibility and interoperability
L2-Civil 1227.60 0.2442 with existing and modernized GPS
L5-Civil 1176.45 0.2548 signal
L1-SAIF 1575.42 0.1903 Compatibility with GPS-SBAS
LEX 1278.75 0.2344 Compatibility withGALILEO-E6

Table 2.2 Planned QZSS signals



Table 2.2 gives an overview of planed QZSS signals with corresponding frequencies and wavelengths
[Satoshi KOGURE, (2007)]. Figure 2.5 shows the QZSS navigation signal spectrum.

0 FL ! ! ! !

‘L1C
*L1SAIF
L1C/IA

Relative Power Spectrum Density [dBW/Hz]

1300 1400 1500 1600 1700
Frequency [MHz]

Figure 2.5 QZSS navigation signal spectrum (Source: |S-QZSSVer. 0.1)

Table 2.3 summarized schedule of modernized GPS and QZSS signals. [Richard D. Fontana, Wai Cheung,
Tom Stansell, (2001)] and [Japan Aerospace of Exploration Agency, (2007)]

Signal/SVv GPS/IIR | GPS/IIR-M GPS/IIF GPS/11I QZSs
L1C/A o o o o o
L1P/Y o o o o

L1M o o o
L1C o o

L1-SAIF o
L2 Civil o o o
L2 PIY o o o

L2M o o o
L5 Civil o o o
LEX o

Table 2.3 GPSand QZSSsignals
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2.2.4 GPS Augmentative with QZSS

In the open environment, the position of the receiver can be easily and accurately determined using GPS
signal, however, in the center of city or canyons in the mountainous terrain, accurate position could not
be estimated accurately because the GPS signal path was obstructed, performance of system was limited
because narrow roads and high building around. Integrating QZSS with GPS, availability and accuracy
of satellite positioning are expected to be improved using extra high elevation QZSS satellites,

especially in urban environment.

In QZSS, accuracy of SIS (Signal in Space) URE (User Range Error) is excepted approximately 30cm
(1-sigma), and the User Positioning Error (UPE) with GPS-QZSS combination is to be almost
equivalent or slightly better than UPE by only GPS signals [Satoshi Kogure, Mikio Sawabe, Motohisa
Kishimoto, (2006)]. Performance in carrier phase-based positioning in QZSS with modernization GPS
was expected to be enhanced, because

e using more linear combinations with extra signal;

e using better initial receiver accuracy with modernization signal;

e using better constellation geometry with extra satellites.

ASR in DD carrier phase AR could be estimated more precisely. Resolving time of AR was expected to
be reduced. Efficiency and reliability were also expected to be improved. Impact from triple frequency

system will be studied in chapter 3 and QZSS positioning will be discussed in chapter 5 in details.
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CHAPTER 3
TRIPLE FREQUENCY AMBIGUITY RESOLUTION

The imminent triple frequency systems, including QZSS and modernization GPS, will enable more linear
combinations of the carrier phase observations. The purpose here is in an attempt to seek proper candidates

with good features for better AR performance.

In this chapter, double difference (DD) code and carrier measurement equations were discussed. Several
ambiguity resolution (AR) methods with various linear combinations (LC) of three signals, L1
(1575.42MHz), L2 (1227.60MHz) and L5 (1176.45MHz), were developed. Wide-Lane (WL) for shorter
baseline, Geometry-Free (GF) and lonosphere-Free (IF) methods for longer baseline were introduced here.

Excepted impact from triple frequency was also presented in this chapter.

3.1 OBSERVATION MEAUREMENTS

There are two types of GPS observations: pseudorange (code) and carrier phase. Pseudorange is often used in
navigation, and carrier phase is favored in high precision surveying. [Alfred Leick, (1995)] In QZSS and
modernization GPS, there will be two more civil GPS signals in addition to the current one at the L1
frequency (1575.42 MHz). The second civil signal will be broadcast at the L2 frequency (1227.60 MHz), and
the third civil signal will be broadcast at L5 frequency (1176.45 MHz).

In this section, single and double difference (DD) code, carrier measurements were introduced. DD LC
signals with three primary signals were discussed, measurement noise, ionosphere error and geometry error

in LC signal and AR with LC signal were also studied here.
3.1.1 Single Observation
€ Single code observation

Pseudorange is a measurement of the distance between the satellite and the receiver’s antenna, referring to
the epochs of emission and reception of the code. Single position range between one satellite i and one

receiver « was given as:

: f2 : : :
P,;a=p+f—L§|'Lla+T;+c;¢a—c,¢'+bKa+b,L+5K (m) (3.1.1)

K
where,
£ . geometric range

f,.: means frequency of L1, L2 and L5 signals
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I, : ionosphere ranger error on L1 signal

T : troposphere range error

- clock error in receiver o or in satellite i

b : hardware bias in receiver « orin satellite i

J @ noise in code measurement
€ Singlecarrier phase observation

The phase observable is the difference between the received satellite carrier phase (as sensed by the
receiver’s antenna) and the phase of the internal receiver oscillator. Single carrier phase range in unit m

between one satellite i and one receiver « was given as:

: £2 : : : :
o =p—f—L;|'L1a +T) + A NL +cu, —cu' +b,, +bl. +&, (m) (3.12)

K
where,

£ . geometric range

f,. : frequency of signal

A, - wavelength of signal

N : unknown cycle integer ambiguity

I, : ionosphere ranger error on L1 signal

- clock error in receiver o or in satellite i

b : hardware bias in receiver « orin satellite i

&£ noise in carrier phase measurement.

Carrier phase range in unit cycles was also given:

: o . : : :
oL, =%p—7’fll'_la +%T0" + Ny o+ fop, —fou +%bm +%b,'( +%g,€ (cycle) (3.1.3)
K L1 K K K K

3.1.2 Double Difference (DD) Observation

In single observable from equations (3.1.1), (3.1.2) and (3.1.3), the clock error x, and hardware bias b,
in the receiver a can be cancelled by single difference between two satellites, and the clock error yi and
hardware bias b,i( in the satellite i can be cancelled by single difference between two receivers. So both

hardware bias and clock error can all be removed using DD method.

In this research, DD measurements were interested, because the most important feature of DD observation is
the cancellation of the large receives clock error. Residual DD ionosphere range error, DD troposphere range

error and DD ephemeris error were neglected in short baseline, however, they will become worse when
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baseline are longer. Because multipath error is a function of the specific receiver-satellite-reflector geometry,

it does not cancel in the double-difference observable.
€ DD Codeobservation

DD code measurement between two satellites i, j and two receiverse, £ were written as:

2
VAP, =VAp + (%j VAl + VAT + VAS, (m) (3.2)

K

where,

VA : double differencing operator between two satellites and two receivers:

VAR)= (@)1, = (o)), ~ (o)) ~ (o), - ()})

€ DD carrier phase observation

DD carrier phase measurement was estimated from phase observations with a pair of satellites and a pair of

receivers. DD carrier phase measurement equation between two satellites i, j and two receiversa, S was
written in unit m as equation (3.4).

2
VAD, =VAp - (%J VAl + VAT + 4,.VAN _ + VAg, (m) (3.3)

K

where:
VA : double differencing operator between two satellites and two receivers

VAN : unknown DD cycle integer ambiguity, which plays an important role in double differencing.

DD carrier phase measurement could also be expressed in unit cycle:

VAg, = %mp - j—évm L+ iVAT +VAN, + %mgk (cycle) (3.4)
Signal Frequency | Wavelength | lono. error on d of noise d of noise
(MH2) L1single(m) (cycle) (m)
VA L1 1575.42 0.1903 1.0 0.014 0.0027
VA L2 1227.60 0.2442 1.31 0.018 0.0044
VAL5 1176.45 0.2538 1.36 0.009 0.0023
VAP1 1575.42 0.1903 1.0 1.58 0.20

Table 3.1 Charactersin theprimary signalsin triple frequencies

14



Table 3.1 shows characters in the DD signals in triple frequencies system in this research. [Yun Zhang,
Nobuaki Kubo, Akio Yasuda. (2005)]

3.1.3 Linear Combination with Triple Frequency DD Carrier Phase Observations

General DD carrier phase linear combination (LC) signal for triple frequency in unit cycles was given as:
VA¢LC = leA¢Ll + kZVA¢L2 + k3VA¢L5 (CyC|e) (351)

where ¢,, ¢ ,and ¢ s means carrier phase measurements in unit cycles on L1, L2 and L5 frequency,

respectively.

Basing on DD carrier phase observation from equation (3.4), LC signal in unit cycles was also expressed:

VAjc = (ﬁ LS +k—3J(VAp +VAT)- [kli b A2 kg l—f]vm 4
A A s A L1 L1 (cycle)  (35.2)
+VAN ¢ + (ﬁmgu + k—zmgLZ + k—3VAg,_5J
/11 12 lLS
where,
LC signal ambiguity VAN, . was given as:
VAN LC = k1VAN L1 + kszN L2 + k3VAN L5 (353)

where N;, N ,and N s meansambiguity on L1, L2 and L5 carrier phase measurement, respectively.

Frequency of LC signal was: f o =k, fi; +K,f 5 +Kgfis (3.5.4)
. c 1
Wavelength of LC signal was: A, = = 3.55
’ ’ Kk ko fp kst ﬁJrkiZ ks 559
ﬂ“Ll ZLZ ZLS

. . . k k k .
where the basic requirement to be met is that (k, f,; +k, f , +k3f,5)>0 or ——+—2 4+ 250, Using
L1 L2 L5

equation (3.5.4) and (3.5.5), frequency and wavelength of LC signal could be calculated.
€ Measurement noisein LC signal

Measurement noise in LC signal in unit m was expressed as equation (3.5.6), and which in unit cycles was

expressed in equation (3.5.7).

VAG ¢ =\/k12VA0'g|_12 +k2VAG, .2 +kZVAG 52 (M) (3.5.6)

\/kaAangZ +k2VAo, .2 +kZVAG, 5
ﬂ'LC

where VAo shows standard deviation of carrier phase measurement noise in unit m.

VAO—LC =

(cycle) (3.5.7)
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¢ lonosphereerror in LC signal

According to equation (3.5.2), ionosphere error corresponding on L1 signal in LC signal in unit cycle was:

VAl ¢ = ng[kl%Jr k, /ILJF ks @J X&IH: [kl +k, %Jr ks @JX%IM (cycle)  (3.5.8)

2 2
L1 A Al L1 L1 L1 L1

DD ionosphere error in LC signal in unit m was:

A A
A Al Al

In equations (3.5.8) and (3.5.9) ionosphere error in LC signal expressed to be compared to the DD ionosphere
influence on the L1 signal. LC signal lonosphere error VAIl,; was equal to be zero

when [kl +k, A2 + ks ﬁ =0, LC signal is refer to as ionosphere-free (1 F) signal.
ﬂ’Ll lLl

€ Geometryerror in LC signal

According to equation (3.5.2), geometry error in LC signal in unit cycle was:

VAG ¢ = (ﬁ + ;—2 + ;—SJ(VA,D +VAT) (cycle) (3.5.10)
L1 L2 L5

If A.c could be calculated from equation (3.5.5), geometry error in LC signal could also be expressed as:

VAG ¢ = %(VA/) +VAT) (cycle) (3.5.11)
LC

Equation (3.5.11) indicated that the LC signal geometry error in cycle will be decreased when LC signal
. . k k k . .
wavelength is greater. Assuming that (—1+/1—2+/1—3J =0, the influence of the geometrical error on LC
L1 L2 L5

signal in cycle is not existed, so this LC signal was refer to as a geometry-free (GF) signal.
€ ARinLCsignal

From measurement noise, ionosphere error and geometry error in LC signal analysis in above, standard

deviation of total error in LC signal was given as:
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VAGgnoric =VAo ¢ +VAog + VAo, (M) (3.5.12)

where, VAo - means standard deviation of measurement noise in LC signal in unit m, VAo, means
standard deviation of ionosphere error in LC signal in unit m, VAo g means standard deviation of geometry

error in LC signal in unit m.

If the total error in unit m is under the half of LC signal wavelength VAo g/ o <%/1,_C, VAN ¢ could be

rounded correct from float ambiguity in AR. [Jung, J, P. Enge, and B. Pervan, (2000)]

From the next section, LC signals, including WL signal, GF signal and IF signal, were discussed in details,
and several AR method using LC signals were also proposed. Because DD measurements were interested in
this research, DD carrier phase measurements liner combinations were discussed directly. “VA ™ will be

neglected in the equation.

3.2WIDE-LANE (WL) METHOD

WL method with triple frequency has been provided by [Ronald R. Hatch, (1982)] early. This section is a

summary of the aforementioned WL method for triple frequency system.
3.2.1 WL Combination Signal

In three frequencies system, a user can generate three beat frequency signals. The L1 and L2 carrier
frequencies are processed to create the Wide-Line (WL) signal with wavelength 86 centimeters. The
combination of L1 and L5 could offer the second beat frequency with 75 centimeters in wave length. The
combination of the L2 and L5 carrier frequencies could create the third beat frequency with 5.9 meter in

wavelength.

In unit meters, WL linear combination can be given as following:

A A f,2
e @K_w_zq)ﬂ =P+ﬁ||_1+/1wuqu+T+‘9wm(m) (3.6.1)

Dyp =
; 4 ﬂ% Kk 'A

K
where,

frequency of WL signal is f,,;, = . — f;;

wave length of EWL is: 4,,,, = ; ¢ ; ﬂ/[%—%} (m);
2 )

K

¢ means light velocity.
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WL signal could also be expressed in unit cycles:

Pucr =P — P2 =% (cycle) (3.6.2)

WxA

Ewxa 18 the noise in the WL signal, if assuming no correlation between the primary signals, standard

deviation of noise in unit m can be calculated in equation (3.7.1), and equation (3.7.2) show standard

deviation of WL signal noise ¢,,,; in unitcycle.

At At
O =202 + 2252 (m) 3.7.1)
ﬂ“rc 2‘/1
\/ﬂWng KZ ﬂ’WK/ZIZ 0_12
ﬂ'K’ ﬂ“l
Cwih = n (cycle) (3.7.2)

WiA

where, o shows noise in primary carrier signal in unit m.

lonosphere error in WL signal in unit m was expressed in equation (3.7.3), and that in unit cycle was

expressed in equation (3.7.4).

f 2

Lot ==—=—111 (M) (3.7.3)
fl( fl
Ay f2 1

lyg = -2 —LL L (cycle) (3.7.4)

ﬂ‘wrd fK' fl L1

WL combination signals with L1, L2 and L5 signal could be written in unit m were given in equations (3.8),

(3.9) and (3.10), respectively.

2

fia

Dy =p+ i I +T + AgaceNwiae + €warze (M) (3.8)
e
f|_12

Dys=p+ i T +T + AyasNuas + Ewase (M) (3.9)
Lttis
f|_12

D5 =p+ f Il +T + AwatsNwiows + Ewtotse (M) (3.10)
L2 Tis

In the research, ®,,,is called WL single, ®,sis called medium WL (MWL) single, and ®,,,s is called
extra WL signal (EWL). Basing on measurement noise of primary signal noise given in table 3.1, table 3.2

summarized the ionosphere error and measurement noise in three WL signals.

18



WL (L1-L2) MWL (L1-L5) EWL (L2-L5)

Frequency (MHz) 347.82 398.97 51.15

Wavelength 0.86 0.75 5.86
lonosphere error (m) -1.28 1, -1.341 1721,

Measurement noise (m) 0.020 0.013 0.118
lonosphere error (cycles) -O.ZSIA _0_33IA -O.OGIA
L1 ﬂ’Ll L1

Measurement noise (cycles) 0.0228 0.0166 0.020

Table 3.2 Influence of ionosphere errorsand measurement noisein three WL signals

Figure 3.1 shows flow char of WL methods in dual frequencies (left) or triple frequencies (right) AR. There
are two steps in WL method for dual frequency system. The first step in approach for AR was estimating
ambiguity N3, OfWL® ,, , signal. With the result from the first step, N, of L1 signal is resolved

using estimated ®,,4,, signal in the second step.

L1 signal pseudorange
DGPS positioning

I

Wide-lane (L2-L5) AR

L1 signal psendorange
DGPS positioning

[nitial estimate of the wide-lane
ambiguity

b

Wide-lane Ambiguity Search

Wide-lane (L1-L2) AR

Initial estimate of the wide-lane

ambiguity { ‘|7
Wide-lane Ambiguity Judge
Wide-lane Ambiguity Search T
Wide-lune signal positioning
Wide-lane Ambiguity Judge

Wide-lane signal positioning

4

.1 Signal AR

Flowehart ol OTT algarithms
in dual frequency AR
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Figure 3.1 Flowchart of WL Method in dual (left) and triple (right) frequency AR



There are three steps in WL method for triple frequency system. The first step in approach for AR was
estimating ambiguity N, » 5 0of EWL @5 signal. This combination has a wavelength of 5.86 m and the

ambiguity is resolved by rounding “float” solution to the nearest integer. With the result from the first step,
Nyiis of WL @45 signal is resolved in the second step. Using the results of the first two steps, ambiguity
of primary signal could be estimated.

3.2.2 AR with WL signalsfor Dual Frequency

€ First Sep for dual frequency WL method

Combination code observation from equation (3.2) and WL signal from equation (3.8), the float WL

ambiguities NleLz could be resolved using L1 pseudorange:

f 2

Dy —Pu+ [— f L? +1J| L1

~ etz

Ny = 1 (3.11)
wLLL2

lonosphere error in the first step is:

2
les =| - i 4 Iy (m) (3.12.1)
lefLZ
2
[— ffL; +1J/1Ll
lpg =~ 2 I (yele) (3.12.2)
ﬂ“leLZ ﬂ'Ll

Measurement noise in the first step is:

OFs :\/O'Ple tou, (M) (3.13.1)
[ 2 2
Opi 04112

ﬂ'WLlLZ
where, op; Shows standard deviation of L1 pseudorange noise in unit m, and o4, Shows the standard

(cycle) (3.13.2)

OFs =

deviation of WL signal noise in unit m.
If the condition that the sum of ionosphere errors and the measurement noise in equation (3.13) is within half

of MWL wavelength, the integer WL ambiguity can be successfully obtained by rounding the float ambiguity

to the nearest integer:

N wL1L2 = round (N wL1L2 ) (3- 14)
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After the WL ambiguity is fixed, the MWL becomes the most precise range and therefore can be used in the

estimation of the L1 ambiguity.
€ Second Sep for dual frequency WL method

Combination WL from equation (3.8) and carrier phase observation from equation (3.3), the float L1

ambiguities Nu could be resolved using MWL range:

f 2
D =Py + AwrazNwiar2 +[1+ f > JILl

~ f
N, - L' (3.15)
ﬂ'Ll
lonosphere error in the second step is:
fLl2
lefLZ
2
lgg =— 1+L NEIEY (cycle) (3.16.2)
lefLZ L1

Measurement noise in the second step is:

Oss :\/Ua_lz +O'é1_1|_22 (m) (3.17.1)
[ 2
+
Ta1 TIdu2 (cycle) (3.17.2)

/1L1
where, o ,;shows standard deviation of L1 carrier phase measurement noise in unit m, and o4, Shows

Ogs =

the standard deviation of WL signal noise in unit m.

The integer L1 ambiguity can be obtained in equation (3.18) assuming that the sum of ionosphere error and

measurement noise in equation (3.17) does not exceed half of an L1 cycle.
N L1~ round (N Ll) (3.18)

There are two mainly error sources in WL method:
1) ionosphere error depending on baseline distance;

2) Amplified measurement noise in combination signals, including multipath error
Basing on measurement noise of primary signal noise given in table 3.1 and which of WL signal in table 3.2,

table 3.3 indicates influence of ionosphere errors and measurement noise on each step using WL method for

dual frequency.
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Seps lonosphereerror M easurement noise

in meters
1 '0.28 I L1 0.201
2 -2.28 14 0.020
in cycles
1 0.234
_0.07|A
L1
2 0.104
-glggli
A

Table 3.3 Influence of ionosphere errorsand measurement noise on each step

using dual frequency WL method

The further information of WL method for dual frequency could also be found in [T. Tsujii, M. Murata, M.

Harigae, T. Ono and T. Inagaki, (1998)].
3.2.3AR with WL signalsfor Triple Frequency
¢ FirstSep

Combination code observation from equation (3.1) and EWL signal from equation (3.10), the float EWL

ambiguities NW,_Z,_S could be resolved using L1 pseudorange:

f 2
Dy — P+ - +1]l,
L2fL5

NyLois =

(3.19)
ﬁ“WLZLS

lonosphere error in the first step is:

f 2
L2 'L5
2
[— ffL# +1],1L1
lpg =2 10 <L (eycle) (3.20.2)
/IWLZLS ﬁ“Ll

Standard deviation of measurement noise in the first step was given as:

OFs :VGPle +040s (M) (3.211)
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[ 2 2
Op1 t042.5

Opg = (cycle) (3.21.2)
ﬂWL2L5

where, op; Shows standard deviation of L1 pseudorange noise in unit m, and o, ,. 5 Shows the standard

deviation of EWL signal noise in unit m.

As the EWL wavelength are 5.861m, the influence of residual ionosphere error and the measurement noise

on EWL AR in equation (3.21) should be limited, so the integer EWL ambiguity can obtained:

NWL2L5:round (N wL2L5) (3-22)
where ,.q(x) indicates the nearest integer number to x .

Once the EWL ambiguity is resolved, the fixed EWL range becomes the most precise range and therefore can

be used to resolve the WL ambiguity in the second step.
€ Second Sep

Combination MWL from equation (3.9) and EWL signal from equation (3.10), the float MWL ambiguities

N 1.5 could be resolved using EWL range:

f .2 f,°
D15 = Pyos + AwiaisNuwias J{— f L? + f Llf ]ILl
tlis L2 TLs

NWL1L5 =

3.23
Awats ™ (29

lonosphere error in the second step is:

fl,2 fl,2
lgg =| ——2—+—L I, (m) (3.24.1)

lefLS fL2 fL5

(— ffl‘;z + flefzlel
tulis TaTes % T (cycle) (3.24.2)
AwiiLs Au

ISS:

Standard deviation of measurement noise in the second step is:

Oss :\/O-d_lLSZ +o40s (M) (3.25.1)

2 2
+
Ogg = \/GMLS TaaLs (cycle) (3.25.2)

/1WL1L5
where, o5 shows the standard deviation of MWL signal noise in unit m, and o4, 5 shows the

standard deviation of EWL signal noise in unit m.
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If the condition the sum of ionosphere range errors and the measurement noise in equation (3.25) is within
half of MWL wavelength, the integer MWL ambiguity can be successfully obtained by rounding the float

ambiguity to the nearest integer:

Nyiics “round (N wL1L5 ) (3.26)

After the MWL ambiguity is fixed, the MWL becomes the most precise range and therefore can be used in

the estimation of the L1 ambiguity.
€ Third Sep

Combination MWL from equation (3.9) and carrier phase observation from equation (3.4), the float L1

ambiguities Nu could be resolved using MWL range:

f 2
D —DPys + AwasNwias +[1+ f > Jlu

~ f
N, - L1'Ls (3.27)
ﬂ*Ll
lonosphere error in the third step is:
le2
lefLS
2
lys = I WRNLIEAN (WLIEY (cycle) (3.27.2)
lefLS L1

Standard deviation of measurement noise in the third step is:

OTs :Vo'guz +O'g|_1L52 (m) (3.28.1)
V%le +Ggl_lL52

/1L1
where, o5 shows the standard deviation of MWL signal noise in unit m., and o, shows the standard

(cycle) (3.28.1)

Ot1s =

deviation of L1 carrier phase signal noise in unit m.

The integer L1 ambiguity can be obtained in equation (3.29) assuming that the sum of ionosphere error and

measurement noise in equation (3.28) does not exceed half of an L1 cycle.

N L1~ round (N Ll) (3.29)
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OnceN;, N5 and N, 5 5are fixed, the other primary signal ambiguities could also be derived as:

Nis =Ny = Nyas (3.30.1)
N2 =Ny = Nys = Nyos (3.30.2)

Similar to dual frequency WL method, there are two mainly error sources, ionosphere error and amplified
measurement noise, in WL method. Basing on measurement noise of primary signal noise given in table 3.1
and which of WL signal in table 3.2, table 3.4 indicates influence of ionosphere errors and measurement

noise on each step using WL method for triple frequency.

Seps lonosphereerror M easurement noise
in meters
1 -0.721 4 0.232
2 0.381; 0.119
3 -2.341 4 0.013
in cycles
1 0.04
002311
L1
2 0.16
10,0061
L1
3 0.07
-234'&
L1

Table 3.4 Influence of ionosphere errorsand measurement noise on each step

using triple frequency WL method

According to table 3.4, the influence of ionosphere error on EWL AR in the first step could be almost
negligible. In the second step, the influence of ionosphere error on WL AR increases significantly, but still no
more than 0.1 time of 1, in unit cycles. However, ionosphere error in L1 AR in the third step is amplified
over 2.0 time of 1, inunitcycles. Among three steps AR, step3 is the worst in ionosphere error, and step 2

is the worst in measurement noise. Step 1 is the best in ionosphere error and measurement noise.

3.2.4 Limitation in Triple Frequency WL Method

In this part, probability of success rounding in three steps in triple frequency WL method was estimated to

evaluate AR performance.
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€ Probability of successrounding of EWL signal in triple frequency WL method

In the first step, the difference x between float EWL ambiguity NWLZLS and corresponding correct

ambiguity N, 5 5is:

X=Nyats = Nyiors (3.25.1)

The difference follows a normal distribution as:

X2

1
HC-AE exp[— 21 (3.25.2)
270y

O

where, u, is the mean value of X, and o, is the standard deviation in unit cycle, which could estimated

as:

o, =yl + 0 (cycle) (3.25.3)

where o? means the variance of the residual ionosphere error in unit cycle, and o means the variance of

the measurement noise in unit cycle, which has been listed in table 3.2 In order to fix correct integer through
rounding, it should be satisfied with |x| <0.5,[Jung, J, P. Enge, and B. Pervan, (2000)] so the probability in
the firststep Peyrrecen,,, could calculated in equation (3.25.4) when meansof X iszero.

0.5
Prorrect Ney, = j_o_s f (x)dx (3.25.4)

€ Probability of successrounding of MWL signal in triple frequency WL method

Similar to the first step, the difference y between float NleLS and corresponding correct ambiguity

Ny1s in the second step was give as:

Y =Ny15 = Nyias (3.26.1)
0.5 0.5 0.5
Peorect N = | o TV X Peorratrig, = [ FOIAY[ 100 (3262)

when meansof y iszero.

€ Probability of successrounding of L1 signal in triple frequency WL method

Similar to the first step, the difference z between float Nu and corresponding correct ambiguity N ; in

the third step was give as:
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0.5 0.5 0.5 0.5
Pcorrect Ny = J‘—OS f (Z)dZ X Pcorrect Nywe % I:’correct Newe — -[—05 f (Z)dZJ‘—OS f (y)dYJ_OS f (X)dX (3-27-2)

when meansof z iszero.

According to derived ionosphere error and measurement noise with triple frequency WL AR in table 3.4,
figure 3.2 gives the probability of success rounding Peorrectng,, + Peorrect Ny,  @Nd Peorrectn,, 1N 3 steps

with increase of the residual DD ionosphere range errors, assuming zeromean of x,y,z.
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Figure 3.2 Success rate of rounding in three stepsusing triple frequency WL method.
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In figure 3.2, figure 3.2(a) gives the success rate of rounding in step 1 Pyy e v, » figure 3.2(b) gives the
success rate of rounding in step 2 Pygpect v, » @nd figure 3.2(c) gives the success rate of rounding in step
3 Porrect n,, - With the increasing in ionosphere error from 0.0 to 1.0, the probability of correct rounding for
EWL in step 1 was all 100.0%. It means that ionosphere error could not affect the performance in EWL
ambiguity estimation. Though the probability of correct rounding for MWL in step 2 was worse than which
in step 1, it could also more than 99.0%. However, probability of the correct rounding on L1 signal in step 3
drops to a very low level when ionosphere became greater, it means that L1 ambiguity estimation in step 3 is

very sensitive to the growth of the ionosphere error.

From figure 3.2, over short distance, ionosphere error can be effectively cancelled by double differencing, so
the ambiguity estimation is mainly subject to measurement noise, ambiguity could be estimated perfectly
using WL method. However, with increasing baseline distance, the residual ionosphere error increases
gradually. The increased ionosphere error may lead to failures of integer round in longer baseline. Limitation
of WL method was concluded, Therefore, AR with WL method is generally possible over short baseline. In

this research, WL method was proposed in short and medium baseline.
3.2.5 Impact from Triple Frequency WL Method

In this part, expected impact form triple frequency WL method was discussed. Probability of success
rounding on L1 signal using triple frequency WL method was compared to which using dual frequency WL

method.
€ Probability of successrounding of L1 signal in dual frequency WL method

Using acknowledges introduced in the last part, probability of success rounding on L1 signal using dual

frequency WL method was given as:

0.5 0.5 0.5
F’correct Ny = -[—0.5 f (y)dypcorrect Ny — -[—0.5 f (Y)dy‘[_ol5 f (X)dX (3'27-3)

where:
difference x between float NleLz and corresponding correct ambiguity N,,; , in the first step was
given as:

X=Nyi2 — Ny » When meansof x iszero.

difference y between float Nu and corresponding correct ambiguity N ; in the second step was give

as:
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y=N_; —N,;, when meansof y iszero.

1
% =4 Triple freugency
0.9

== Dual frequency

=
T

=
o

=
=

Possibility of Success (%0)
= =
e in

T~

0 01 02 03 04 05 06 0.7 08 09 1
DD residual ionsphere error (in unit of L1 cycle)

=
)

=
[

=

Figure 3.3 L1 signal successrate of rounding using triple or dual frequency WL method.

€ Impact in shorter baselinefrom triple frequency WL AR

According to ionosphere error and measurement noise with dual frequency WL AR derived in table 3.3 and
which with triple frequency WL AR derived in table 3.4, figure 3.3 gives the probability of success rounding

of L1 signal with triple and dual WL AR with increasing of ionosphere error.

. . . . . VAI
From figure 3.3, using triple frequency WL method, in shorter baseline, when /1—Ll < 0.15(cycle), because
L1

ionosphere error was not greater, the probabilities of L1 signal success rounding were much more higher than
which using dual frequency WL method, efficiency and reliability were improved. The impact from triple
frequency could be concluded. However, with limitation in WL AR in longer baseline, which was introduced
in the last part, ionosphere error became mainly error to influent the AR performance in the last step of WL
AR, probability of L1 signal success rounding could not be improved obviously from using triple frequency

WL method.
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In present dual frequency system, it is very difficult to resolve ambiguity problem completely in longer
baseline without the assistance from external sources. However, in triple frequency system, it makes possible
to determine ambiguity with LC signals. In this research, geometry-free (GF) method and ionosphere-free

(IF) method were proposed for longer baseline AR.

3.3 GEOMETRY-FREE (GF) AR MEHTOD

The geometry-free (GF) method in triple frequency system was introduced in this section. In this method,
two linear independent GF signal could be formed with primary and estimated WL signals, and then using
an ionosphere-free (IF) combination measurement with two GF signals. The similar GF AR method was
developed by Mr. Isshiki at 2003 early. [H.1sshiki (2003)]

3.3.1 GF Combination Signal

Geometry-Free (GF) combination signal can be shown as following:
f’ f
Ogy =P, D, :[_fL_:ZJFﬁJI L+ (4N =Ny ) +ég,, (M) (3.25.1)
where
wavelength of GF signal is: Ag,; =4, — 4, (M);
when A, -4, >0.

frequency of GF signal is: fg,, = —
GrA
¢ means light velocity;

£gx 1S the measurement noise in GF signal.

GF signal could also be expressed in unit cycles:
Peir = At — A28, (Cycles) (3.25.2)

In three frequencies system, there are two different GF combinations in the carrier phase measurements. It is
the most difference to the dual frequencies because there is only one GF combination in the carrier phase
measurements in dual frequency system. Two GF combination signals ®g 5515 and ®gq.5.5 Which
were interested in GF method were derived from primary signal L5 and EWL signal or primary signal L5 and
MWL signal.

@gois15 =Pyros —Prs (M) (3.26.1)
fii’ fia’

Dglots 15 = > T I I1 + (AwatsNwiats = AsNis) + €Lars-s (M) (3.26.2)
fis L2 TLs
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f f f
DgLors-15 = e el 11— AsNis + AwioisNuios + €aLas-ts (M) (3.26.3)
fis\ fis  fio
@gis 15 =Pyrss — Prs (M) (3.27.1)
fL12 fL12
D5 15 = > T ot Iy + (AwiasNuwas — AsNis) + €ras—us (M) (3.27.2)
L5 L1'L5
f f
Dgys 5= f_u[i + 1}' 11— AsNis + AwtasNwias + €oras-is (M) (3.27.3)
s\ Tes

where,
noise in each GF combination signal: eg 5 515 = €215 — €15 €6L1L5-L5 = €LiLs — €15
@ isL5 carrier signal, @, isL2-L5WLsignal, o5 isL1-L5 WL signal
fiy fLo fus is frequency of each primary frequency
A5 is wavelength of L5 signal
AwioLs 1S wavelength of L2-L5 WL signal
Awias 1S wavelength of L1-L5 WL signal

I, isionosphere error on L1 signal

lonosphere error in GF signal @ g 5,55 IS:

f’ fia’
loLats s = _2+f f Iy (m) (3.28.1)
fis L2Tis

2 2
leZ + fl i
fis flofis

XLA (cycle) (3.28.2)

loLots1s = 1
GL2L5-L5 L1

Standard deviation of measurement noise in GF signal @, 5_, 5,5 i unit m was given in equation (3.29.1)

and that in unit cycle was given in equation (3.29.2).

OGL2L5-L5 = 0'g|_52 + O"g|_2|_52 (m) (3.29.1)
[ 2 2
_\VO45 TO425 | 29.2
OGL2L5-L5 = 2 (cycle) (3.29.2)
GL2L5-L5

where, o, 5 Shows the standard deviation of EWL signal noise in unit m, and o, shows the standard

deviation of L5 carrier phase signal noise in unit m.
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lonosphere error in GF signal @ g 1,5 5IS:

fn®  fu’
loLis-1s =| —5 + . Iy (m) (3.29.3)
L5 L1'L5

2 2
fL12 " fl AL
fis fLifis

|
loLis 15 = X/l_Ll (cycle) (3.29.4)

ﬂ’GLlLS—LS L1

Standard deviation of measurement noise in GF signal @5 5_, 5.5 in unit m was given in equation (3.29.5)

and that in unit cycle was given in equation (3.29.6).

[ 2 2

OGLILs-15s =VOas + 0415 (M) (3.29.5)
[ 2
Ods5 T 0415

/]’GL1L5—L5
where, o5 shows the standard deviation of MWL signal noise in unit m, and o, shows the standard

(cycle) (3.29.6)

OGLIL5-L5 =

deviation of L5 carrier phase signal noise in unit m. Basing on measurement noise in primary signal given in
table 3.1 and which in WL signal given in table 3.2, table 3.5 summarized the influence of ionosphere errors

and measurement noise in two GF signals.

GF signal Dgois-15 DoLis s
Frequency (MHz) 53.3564 598.6596
Wavelength 5.605 0.495
lonosphere error (m) 35131, 3.133 1,

Measurement noise (m) 0.1184 0.013
lonosphere error (cycles) 0.119 Ta 1.19|A
L1 ﬂ“Ll

Measurement noise (cycles) 0.021 0.026

Table 3.5 Influence of ionosphere errorsand measurement noise in two GF signals

3.3.2AR with GF Signals

There are three steps in the proposed GF method. Figure 3.4 shows the flow chat of GF method.In figure 3.4,
the first step in approach for AR was estimating ambiguity N, 50f EWL®,; signal. With the result

from the first step, N, ;5 of MWL @, signal is resolved in the second step. In the third step, one GF

signal was from L5 signal and estimated EWL signal, the other GF signal was from L5 signal and estimated
MWL signal. Using IF combination with these two GF signals, N gof primary L5 signal could be estimated

through time average.
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EWL ambiguity (L2-L5) AR

MWL ambiguity (L1-L5) AR

time average of IF combination
with two GF signal
(EWL-LS and MWL-LS),

Primary signal ambiguity estimate

Figure 3.4 Flowchart of GF method

¢ First Sep

The same as the first step in WL method, EWL ambiguities N, , 5 could be resolved using L1 pseudorange.

€ Second Sep

The same as the second step in WL method, MWL ambiguities N, ;, 5 could be resolved using EWL range.

€ Third Sep

Two GF signals could be derived from EWL, MWL and L5 signals. IF combination with two GF signals,

ambiguity of primary could be estimated. From equation (3.26.3) and equation (3.27.3), IF combination

algorithm between two GF signals is given as following:
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@ IF = a(DGLlLS—LS - ﬁ(DGLZLS—LS (3301)

(], L
Where g=~=t27_ 92541 p=>1'> ~__g2553

(1_f|-1J (1_f|-1]
flo fLo

~ a(q)GLlLS—LE - A’WLlLS N wL1L5 ) - ﬂ(CDGLZLE—LS - A’WLZLS N wL2L5 ) + g’\]Ls

lLS

where, noise in equation (3.30.2) is: &5 =-a&g15-15 + PéaLaLs-Ls
L5

In the equation (3.30), both residual ionosphere errors and geometrical errors are cancelled. However, the
measurement noise &5, in equation (3.30) is too large to be practical. According to measurement noise in

two GF signals given in table 3.5, standard deviation of measurement noise Tq. in equation (3.30) in unit

m could be calculated in equation (3.31.1) and noise in unit cycles was given in equation (3.31.2):

O :\/(ﬂ*UGLst—Ls )2 +(a*o6Lis Ls )2 =1.1009 (m) (3.31.1)

1
Of.. :T\/(ﬂ*UGLZLS—LS ) +(@*ogisis)’ =4.3208 (cycle) (3.31.2)
L5
where, og o 5.5 Shows the standard deviation of GF signal ® g 5 5 5 Nnoise in unit m, and og 1515

shows the standard deviation of GF signal ® g 4,55 Noise in unit m.

Advantage of GF method is that AR will not be affected by the distance influence. In this method, the
troposphere and satellite ephemeris error can be canceled in each GF combinations; the ionosphere error will
be canceled in IF combination between equations (3.26) and (3.27), however, the problem is the amplified
measurement noise in equation (3.31), the amplified noise is more than 4.0 times of wavelength of L5 signal,
it was difficult to estimate ambiguity directly. Assuming measurement noise is near to white noise, by simple
time average processing of continuous signal for long sessions, ambiguity could be estimated. Time average

was expressed as:

Z N Ls(n)
n=0

n

Nis= (3.32)

round

where, n is average epoch.

In this research, GF method was used in long and extra-long baseline AR, and 120 seconds was used in

time average of continuous signal estimation in GF method.
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3.41O0NOSPHERE-FREE (IF) AR METHOD

In the last section, GF method was developed using IF combination with two GF signals. In this section, that
using GF combination with two IF signals was proposed, so the method was called ionosphere-free (IF) AR
method. The theory of IF method was developed by Mr. Hatch at 2006 [Ronald R. Hatch, (2006)] early.

3.4.1 |F Combination Signal

Carrier phase observation on primary signal in unit m was rewritten as:

X,(=(¢,{—NKM,(=p+T+%+sK (m) (3.33)

K

where, ¢ means carrier phase observation in unit cycle,
N means ambiguity of signal
A means wavelength of signal

I means ionosphere error

WL signal in unit m was also rewritten as:

|
XWKA = (¢K _¢ﬂ, - NWK},)/IWK% =,O+T +W+ Ewrd (m) (334)
KA

Where, f means frequency of signal.

¢ |Fwith two WL signals

IF combination signal Xy, in unit m with EWL and WL signals was given as:

f f
Xwie = ﬁxwuu - f;SfXWLZLS =p+T +eye (M) (3.34)
1t~ Ts L~ T
where,

measurement noise in unit m in equation (3.34) is

f ? f ?
OwlIF = #*quu + L*GW|_2|_5 (m)
fli—fis fli—fus

Equation (3.34) gives us a carrier phase measurement with no ionosphere range error corruption.

¢ |Fwith threefrequenciessignals

LC combination signal with three signals was rewritten in unit m as:
Xic=aX, +bX, +cX;. +& (m) (3.36.1)
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From equation (3.33), LC in unit m was derived as:

b

X Lo :(a+b+c)(p+T)—[ faz 4

—+ C2J|+5LC (m) (3.36.2)
L1 fL2 fL5

where: & c means noise in LC signal: ¢ ¢ =ag|; ++be , ++Ce 5

Using acknowledges introduced in section (3.1.3), in order to convert LC signal, expressed as equation
(3.36.2), into IF combination signal and to minimize the amplified noise in IF signal, the value of
coefficients,a b and c should be satisfied :

a+b+c=1 (3.37.1)

2 +L2+L2= 0 (3.37.2)
le fLZ fL5

a? +b? +c® =min (3.37.3)

Equation (3.37.1) ensures the range measurement is not scaled. Equation (3.37.2) ensures that the ionosphere

range error is canceled, and equation (3.37.3) ensures that minimum amplified measurement noise.
In this research, equation (3.37.3) was set to zero, the minimum noise IF signal X, was shown as:
Xwir =amir X +0vir X2 + Cmip Xs =+ T + ey (M) (3.38)

where,

Cvie =1-awr —bwie;

f2 f2(f% - f2)
buir = S —amE o = Ayl
fo- 15 o (fG - 15%)
Q-a-p+2ap)
amir = 2
20-p+p%)

£wir Means measurement noise in IF signal X, , standard deviation of noise in unit m could be estimated

from equation (3.5.7).

Basing on measurement signal noise of primary signal given in table 3.1 and which of WL signal given in
table 3.2, measurement noises in two IF signals could be estimated. Table 3.6 gives the coefficients and
measurement noise for two IF signals. From table 3.6, IF signal @, from three primary signals has much
lower noise than that in @y, signal form two WL signals. It shows that, if the primary ambiguities could

be resolved, @, signal would be in a slightly lower measurement noise.
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IF signal a b c noise (m)
Dyie 3.949 2.949 0 0.3568
D \ie -0.3596 2.3269 -0.9673 0.0105

Table 3.6 Coefficients and measurement noisein IF signals

3.4.2 AR with |F Signal

There are three steps in the proposed IF method. Figure 3.5 shows the flow chat of IF method. In figure 3.5,
the first step in approach for AR was estimating ambiguity N, , 5 0f EWL®,; signal. With the result
from the first step, N1 5 of MWL @45 signal is resolved in the second step. In the third step, one IF
signal was derived from estimated EWL signal and WL signal, which was estimated but noisy. The other IF
signal was derived from three primary signals, which was with small measurement but ambiguity was

unknown. Using time average method, primary ambiguity could be estimated through GF combination.

EWL ambiguity (L2-L5) AR

|

MWL ambiguity (L1-L5) AR

-

IF signal from estimated WL and EWL signals,
Min noise IF signal from three primary signals

I

Initial primary signal ambiguity,
Average filtering of GF combination
with two IF signals

|

Primary signal ambiguity estimate

Figure 3.5 Flow chat of IF method
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¢ First Sep

The same as the first step in WL method, EWL ambiguities N, » 5 could be resolved using L1 pseudorange.

€ Second Sep

The same as the second step in WL method, MWL ambiguities N, ;5 could be resolved using EWL range.

€ Third Sep
Because two WL signal ambiguities were determined, the third WL signal ambiguity could also be estimated,
so all three of the wide lane ambiguities Ny, 4,5, Nyio 5 and Ny,q o were known. Measuring IF signal

X from equation (3.34) from estimated EWL signal and WL signal.

Now assuming the initial ambiguity of one primary signal, for example: N, . Estimating error k cycle was

included, so

Because three true WL signal ambiguities were estimated in the first step, we also can get:

NLZ:NLl_NleLZ:NL2+(NL1_NL1):NL2+k (3.40)

Defining the minimum-noise IF signal with three primary signals could be shown as X, , using equation

(3.38), X e signal with initial ambiguities could be given as:
Xmie =amieAu (@ — (N +K) + by Ao (P — (N +K)) + Cyip Aus (As — (N s + k) (m)(3.42)
Because in equation (3.37.1), a + b + ¢ = 1, IF signal could be derived as:

Xmie =ame X +bwie X2 +Cmie X5 = + T + ey + +KAy e (M) (3.43)

where, Ay Was wavelength of minimum noise IF signal : ayg A1 +Byir AL2 + Cvie ALs

The offset difference value at epoch i between two IF signals Xy, (3.34) and X, from equation (3.43)

was:
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Oi =Xwir,i — Xmik,i :(P+T +5WIF)_(:D+T +EmiF +k/1M|F):(€W|F —&ewie) —Kluie

(3.44)

=& —KAwie
Equation (3.44) was also called GF combination, because geometry “ p+T “could be deleted here. From
equation (3.44), at a specific epoch, the offset O; consist of a noise component & which will arise
primarily mainly from the noise amplification in the IF signal X,z and a constant bias kA4, which

arises from the initial error estimate in the whole cycle ambiguity value at primary frequency signal.

According to two IF signals’ measurement noises given in table 3.6, standard deviation of noise in unit m in

equation (3.44) was given in equation (3.45.1), and noise in unit cycles was also given is equation (3.45.2).

i =y o’ + oy’ =0.3570 (m) (3.45.1)
_ 1 2 2 _

L1

Because noise in equation (3.44) was too large, it was about 1.88 times of L1 signal wavelength in unit cycles,
it was no possible to estimate L1 ambiguity directly. Assuming the ambiguity was constant and noise of | F
signal was white, using the average filtering, after sufficient smoothing time, noise will average toward zero,
and the value kAgc can be estimated. The smoothed offset was defined asS,,. True ambiguity of primary
signal could be estimated from equation (3.46).

N =N+ ound (Sn 1 2mig ): N —k (3.46)

IF method was also proposed for long and extra long baseline AR. In the research, the smoothing time

was set to 120 seconds.

3.5 SUMMARY

In this chapter, various linear combination signals with triple frequency signal were developed. WL method,
GF method and IF method with triple frequency signals were discussed. Impact from triple frequency was

also studied. Table 3.7 summarized three proposed triple frequency LC AR methods.

From table 3.7, the same AR, EWL AR and MWL AR, was performed at the first and second step among
three triple frequency AR methods. At the third step, primary ambiguity was estimated using range of MWL
signal directly in WL method, performance was affected easily with increasing residual ionosphere error. In
GF and IF methods, primary ambiguity was estimate using various LC signals, ionosphere and geometry

error could be canceled, however, amplified measurement noise in LC signal became the mainly error.
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Ambiguity could not be estimated without extra suitable method.

Because differential ionosphere delay could be canceled in DD method in short or medium baseline, WL
method was offered. From analysis, in shorter baseline, with extra frequency signal, probability of success

rounding was improved, primary signal ambiguity could be expected to estimate more accurate and fast.

In long or extra-long baseline, differential ionosphere delay was not neglected. Triple frequency signals could

also supply the chance to resolve the ambiguity problem using proposed GF method and IF method.

In GF method, measurement noise was about 4.3208 cycle of L5 signal wavelength in L5 signal AR. In IF

method, measurement noise was only about 1.88 cycle of L1 signal wavelength in L1 signal AR. AR

performance in IF method was expected better than which in GF method.

WL method GF method IF method
First step EWL AR using EWL AR using EWL AR using
L1 pseudorange L1 pseudorange L1 pseudorange
Second step MWL AR using MWL AR using MWL AR using
EWL single EWL single EWL single
Third step Primary signal AR using two GF signals two IF signals
MWL signal (®graLsLs: L5 and MWL) (X : WL and EWL)
(®gos 5:L5and EWL) | (X : L1, L2 and L5)
IF combination with GF combination with
two GF signals two IF signals
Primary signal AR using Primary signal AR using
time average average filter from initial
primary ambiguity
Mainly Residual ionosphere range Amplified measurement Amplified measurement
error error noise noise
Errorin _2.34|A +0.07 4.3208 1.88
primary Ay
signal AR
(cycle)
Baseline Short and Medium Long and Extra-long Long and Extra-long

Table 3.7 Three proposed triple frequency LC AR methods
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CHAPTER 4
QZSSPERFORMANCE ANALYSIS

In this chapter, expected performance of GPS augmentation with QZSS was studied using estimating NVS,
DOP, DGPS positioning results and L1 signal ASR in short baseline. Numerical estimation was used the
triple frequency simulator. In this Chapter, flow chart of triple frequency simulator was introduced. QZSS
performance in near to Japan area or in East Asia region was discussed. The feature of QZSS orbit was also

studied.

4.1 PERFORMANCE EVALUATION PARAMETERS

Performance of QZSS would be evaluated using data from triple frequency simulator as following:

Availability of system was proved using measurement of NVS (Number of Visible Satellites). Higher

numbers of NVS are better.

Accuracy of system was assessed using estimation of PDOP (Position Dilution of Precision). Lower numbers
of PDOP are better.

Efficiency and reliability of system was evaluated using GPS L1 carrier phase ambiguity resolution success
rate (ASR). Higher numbers of ASR are better.

4.2 TRIPLE FREQUENCIES SIMULATOR

Because there is no third frequency signal in fact, and QZSS is not in operating, the triple-frequency
simulator was developed to evaluate QZSS performance in this research. Range error and noise models used
in the simulator were introduced in this section. The details of triple-frequency simulator can also be found in

[Yun Zhang, (2005)].

4.2.1Error Model

The triple-frequency simulator was created to perform numerical estimations of the GPS constellation and
measurement [Yun Zhang, Nobuaki Kubo, Akio Yasuda. (2005)]. Figure 4.1 shows the flow chart of the GPS

triple-frequency simulator, and Table 4.1 summarizes the model error parameters used in the triple-frequency

simulator.
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GPS Orbit from YUMA file
+ QZSS Orbit from Options Parameters

+ Receiver coordinator
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F 3

Ephemeris

error

error

h 4
F 3

Traposphere

erronr

'

Carrier multipath &
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Code multipath &

noise

l
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Figure 4.1 Triple-frequency simulator flow chart.

Error Parameters

Error Model

lonosphere error model

Klobuchar’s model

Troposphere error model

Saastamoinen’s model

Ephemeris error

RMS 2.1 m white noise

Code noise

DLL thermal noise

Carrier noise

PLL thermal noise

Multipath error

Reflected from ground

Antenna carrier offset

Download from

National Geodetic Survey (NGS)

Table4.1 Model error parametersin GPStriple frequencies smulation
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¢ lonosphereerror

The ionosphere is a region of ionized plasma that extends from roughly 50km to 2000km surrounding the
surface of the earth. The ionosphere can be usually divided into D, E, F1, F2 and H+ regions according to the
electron density, thus the F2 regions (210-1000km) is the most dense and also the highest variability, causing
most of the potential effects on GPS receiver system. The ionosphere causes GPS signal delays due to the
Total Electron Content (TEC) along the path from the GPS satellite to receiver. [Yun Zhang, Falin Wu,
Nobuaki Kubo, Akio Yasuda, (2003)] Vertical TEC (VTEC) could be converted from the slang TEC (STEC)
using mapping function in the single layer model (SLM). Figure 4.2 shows VTECs measured by single
dual-frequency GPS receiver and from International Reference lonosphere (IRI-95) model
(http://modelweb.gsfc.nasa.gov/ionos/iri.ntml) from 00:00 to 24:00 (LT) July 7, 2003 for 24 hours at (E 35°
39, N 139°47").

42
——IRI-95(m) —— VTECI{m) ;}?\

; 3.0 —
= / \\\
26 N
g \\ //
-

1.8 \‘-...//

1_1_ 1 1 1 1

0 3 6 9 12 15 18 21 24

Local Time (hour)

Figure 4.2 L ocal time variations of the one-hour-average VTEC measured by single dual-frequency

receiver and from IRI-95 model for 24 hours
In the simulator, ionosphere range error was modeled as Klobuchar’s model.[Klobuchar, 1996] In the model,
the ionosphere delay time T,,,, estimate at local time t is given as following (Here ® is approximate

geodetic latitude, 4, is geodetic longitude, E is elevation angle and A is azimuth for every satellites):

1) Calculate the Earth-centered angle,
w =0.0137/(E +0.11) - 0.022  (semicircles) (4.1.1)
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2) Compute the subionospheric latitude, @,
D, =D, +wcosA (semicircles) 4.1.2)
if ®, >+0.416,then ®, =+0.416.If ®, <-0.416,then ®, =-0.416

3) Compute the subionospheric longitude, A,

A =4, +(wsinalcos®,) (semicircles) (4.1.3)

4) Find the geomagnetic latitude, @, , of the subionosphere location looking toward each GPS satellite.
Itisfound by @, =®, +0.064cos(4, —1.617) (semicircles) (4.1.4)

5) Find the local time, t at the subionosphere point
t=4.32x10*2, +GPS time (seconds) (4.1.5)
if t>86,400, use t=t-86,400; if t<0, add 86,400.

6) To convert to slant time delay, compute the slant factor F
F=1.0+16.0x(0.53- E)® (4.1.6)

7) Then compute the ionosphere time delay T, by first computing x

. _ 27(t =50400)

3 (4.1.7)

> gy,

n=0
if [X|>1.57, Ty, = F x(5x107%) (second) (4.1.8)
Otherwise

PR n x> x4
Tiono = F x[5x10 +n§ancpm x(1==-+- )] (second)
8) lonosphere delay can be estimated:

lono_delay = Cs xT;y,, (meter) (4.1.9)

where, Cs is light velocity

€ Troposphereerror

Troposphere is the neutral atmosphere comprising the lower 8km of the atmosphere. Troposphere error on
GPS signals is of the non-dispersive variety because it is not frequency-dependent and hence impacts on both
the L1 and L2 signals by the same amount (unlike that within the lonosphere). In the simulator, troposphere
range error was modeled as Saastamoinen’s model. [Saastamoinen, 1973] The zenith dry and wet delays T,

are given as following:
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T, =0.002277(1+ D)secy, (P, + (ﬁﬁ+ 0.005)e, — Btan® yy]+ Jg (M) (4.2)

0

where, D = 0.0026 cos 2¢ + 0.00028h,

(¢ isthe local latitude, and h is the station height in km)
v, =90deg—E (E >=10 degree, satellite elevation angles).

P,and e, are in millibars, and Ty is in K.
€ Antenna phase center offset

Antenna phase center offset is the difference between the phase center and the geometry center, determined
by the producer. Most of antenna phase center variation depends on satellite elevation angle. [Frank
Czopek, Gerald Mader, (2002)]

In the simulator, the values of the receiver antenna phase center offset were given from National Geodetic
Survey (NGS) (http://lwww.ngs.noaa.gov/ANTCAL/index.shtml). Antenna NOVATEL 702 was considered

here, the values are given in table 4.2.

L1 offset (rms): north: 0.2mm; east: 0.2mm; up: 0.3mm

L2 offset (rms): north: 0.1mm; east: 0.0mm; up: 0.5mm

Elevation (degree) 90 85 80 75 70 65 60 55 50

L1 offset RMS (mm) | 0.0 0.1 0.2 0.2 0.2 0.2 0.1 0.0 0.0

L2 offset RMS (mm) | 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.1

Elevation (degree) 45 40 35 30 25 20 15 10 5

L1 offset RMS (mm) | 0.0 0.0 0.0 0.0 0.0 0.1 0.3 0.0 0.0

L2 offset RMS (mm) | 0.2 0.2 0.2 0.3 0.3 0.2 0.3 0.3 0.0

Table 4.2 Sample values of the GPS antenna phase offset for NOVATEL 702
¢ Ephemeriserror
Ephemeris error is a difference between the expected and actual orbital position of a GPS satellite. The
accuracy of the current GPS broadcast ephemeris is around 2.6m, and it will be further reduced to 1.25m in
GPS modernization [IGS, (2005)]. Ephemeris errors are largely mitigated by DGPS positioning or in DD

carrier phase based positioning when the receivers are not up to a few tens of kilometers apart.

In this research, RMS ranging error caused by ephemeris was set to about 2.1 m for a forecast period of up to
24 hr. [Parkinson, B. W., Spilker, J. J., Axelrad, P., and Enge, P., (1996)]
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€ Codenoiseand carrier noise

Code noise and carrier noise were estimated by delay locked-loop (DLL) and phase locked-loop (PLL),
[Parkinson, B. W., Spilker, J. J., Axelrad, P., and Enge, P., (1996)], and the noise simulation parameters in this

research are given in table 4.3. Early-late correlator was considered here.

L1 L2 L5
Ac (m) 293.05 293.05 29.305
AL (m) 0.1903 0.224 0.2548

d (chip) 0.1 0.1 1.0
Ty (Ms) 20 20 10

Bow (H2) 0.5 0.5 0.5

BL(Hz) 10 10 10

Table 4.3 Noise simulation parametersin triple-frequency simulator

In Table 4.3, A- means chip width of the pseudo random noise (PRN) code. In this simulator, using the chip
width of the C/A code for the L1 and L2 signals and using the chip width of the P code for the L5 signal. 1,
gives wavelength for the L1, L2 and L5 signals. d means chip spacing between early, prompt, and late

(dimensionless). 0.1chip correlator was used on L1 and L2 signal and 1.0 chip correlator was used on L5
signal. T4 indicates predetection integration time. 20ms was on L1, L2 signal and 10ms was on L5

signal. Bp,, means code loop noise bandwidth and B, means carrier loop noise bandwidth.
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Figure4.3.1 Resultsof carrier tonoiseratio (c¢/n,) estimated using NOVATEL OEM 3 receiver
and NOVATEL 702 antennafor 12 hours
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In order to generate the code and phase noise in the simulation, the signal-noise ratio (C/ny) with different
elevation was determined by the experiment using NOVATEL 702 choke-ring antenna and NOVETAL
OEM3 receiver for 24 hours under the clean” environment. [Yun Zhang, Nobuaki Kubo, Akio Yasuda.
(2005)] Figure 4.3.1 gives results of carrier to noise ratio (c/n,) estimated by NOVATEL OEM3 receiver
and NOVATEL 702 antenna for 12 hours. Figure 4.3.2 shows simulated code noise generated from PRN31
for 2 hours (multipath error absent), and figure 4.3.23shows simulated carrier phase noise generated from
PRN3L1 for 2 hours (multipath error absent).
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Figure4.3.2 Simulated code noise generated from PRN31 for 2 hours (multipath error absent)

|—L1—1L2 L5 — Elevation|

0.005 50
- \

voas | | .
g 0002 \l I. — i|| y | ||! i 35 g
z 0-00; ﬁ'“L'LU \ M'“nllil 'dwli. I 1} Hr M{NM | H‘ﬁriwh Iy z: %
= lJ’t \ SR AT T ) || | £
£ -0.001 | : ‘ \T ik M > E
™ _0.002 ! i ] | | 15 ﬁ

T TR

~0.003 — 10

~0.004

~0.005 0

GPSTIME (second)

Figure4.3.3 Simulated carrier noise generated from PRN3L1 for 2 hours (multipath error absent)
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€ Multipath error

In the research, effects of Multipath error on Code Tracking Loop and on Phase Tracking Loop reflected form
ground were only considered. The receiver amplitude between the direct and multipath signals was set as
0.25 (about 12dB). Refection material was considered as medium dry ground. Conductivity of reflection
coefficient was 0.04 and Relative Permissive was 7. [Jayanta, 1999] Figure 4.3.4 shows simulated multipath
code error reflected from ground on PRN31 for 2 hours, and figure 4.3.5 shows simulated multipath carrier

error reflected from ground on PRN31 for 2 hours
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Figure 4.3.4 Simulated multipath code error reflected from ground on PRN31 for 2 hours
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Figure 4.3.5 Simulated multipath carrier error reflected from ground on PRN31 for 2 hours
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€ Simulator validation

Validation of the simulator was done using observational data from the Japan Geographical Survey Institute
GPS continuousness observation system (GEONET) [GSI, 2004] by [Yun Zhang, Nobuaki Kubo, Akio
Yasuda., (2005)]. Further information about the theory of DLL and PLL can be found in reports by
[Parkinson, B. W., Spilker, J. J., Axelrad, P., and Enge, P., (1996)] and [Kaplan, E. D., (1996)].

4.2.2 QZSS Orbit M odel

In the simulator, four optional QZSS orbit models, (8-shaped, Egg-shaped 1, Asym-8-shaped, Egg-shaped 2,
were interested. Table 4.4 summarizes the parameters of the four most favored satellite orbit options for the
QZSS in this research. Among them, Option 3, Asymmetric 8-shaped, was QZSS or bit. [Japan Aerospace
of Exploration Agency, (2007)] Figure 4.4 illustrates the ground tracks of each QZSS constellation options in
the simulator. [Wu, F., Kubo, N., and Yasuda, A., (2004)]

In Table 4.4, “Right ascension” means right ascension of the ascending node. Because three operating QZSS
satellites are considered, regular right ascensions were simulated as 0.5° for QZSS1, 120.5° for QZSS2 and
240.5° for QZSS3, and four mean motions were simulated as 120.0° for QZSS1, 0.0° for QZSS2 and 240° for
QZSS3.

QZSS Option Option 1 Option 2 Option 3 Option 4
8-shaped Egg-shaped 1 | Asym. 8-shaped Egg-shaped 2
Satellites 3 3 3 3
Semi-major axis (km) 42,164.17 42,164.17 42,164.17 42,164.17
Eccentricity 0.0 0.21 0.099 0.36
Inclination (°) 45.0 42.5 45.0 52.6
Argument of perigee (°) 270.0 270.0 270.0 270.0
Right ascension (°) 0.5 0.5 0.5 0.5
120.5 120.5 120.5 120.5
240.5 240.5 240.5 240.5
Mean mation (°) 120.0 120.0 120.0 120.0
0.0 0.0 0.0 0.0
240.0 240.0 240.0 240.0

Table 4.4 Parameters of four satellite orbit optionsfor QZSS
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FOpﬁ;l?tl
Inclination | 45° 425" 45° 52.6°
Eccentricity | () 021 0.099 0.36
Number of | 3 3 3 3
satellites

Figure 4.4 Ground tracks of each QZSS option in ssimulator

4.2.3 Datafrom Triple Frequency Simulator

In this research, L1, L2 and L5 signal data from the triple-frequency simulator were used in dual- and triple-

frequency numerical estimation.

Single GPS (SGPS) positioning results using data from triple simulator on horizontal coordinator at Sapporo
for 24 hours was given from figure 4.5.1 to figure 4.5.4. Figure 4.5.1 shows SGPS using range data from
simulation only includes code thermal noise with GPS only. Figure 4.5.2 shows SGPS using range data
including code noise and multipath error form ground with GPS only. Figure 4.5.3 shows SGPS using range
data including code noise, multipath error and other error, i.e. ionosphere and troposphere error, with GPS
only. Figure 4.5.4 shows SGPS using range including noise and all range error with GPS integrating QZSS
Option 3.
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Figure 4.5.3 SGPS using simulated range including noise and variousranger errorswith GPSonly
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Table 4.5 shows standard deviation and average amount of north error and east error on SGPS positioning.
From figure 4.5 and table 4.5, basing on code noise generated form noise parameter in Table 4.2 and various
range errors generated from error model in Table 4.1, influence of simulated noise and range error on
positioning could be seen. From figure 4.5.4 and table 4.5, impact on positioning with simulated QZSs

generated from orbit parameters could also be presented.

Range from triple simulator SGPS East error (m) | SGPS North error (m)

GPS Only
Code noise Std. 0.37 0.38
Ave. 0.01 0.02
Code noise + multipath error from ground Std. 0.67 0.69
Ave. 0.05 0.04
Code noise + multipath error from ground Std. 1.50 1.64
+ other range error Ave. 4.64 591

GPS + QZSS

Code noise + multipath error from ground Std. 1.17 1.42
+ other range error Ave. 4.38 5.59

Table 4.5 Accuracy of SGPS positioning at Sapporo for 24 hourswithout QZSS or with QZSS Option 3

using different range data from triple smulator

4.2.4 Numerical Estimation Parameters

The parameters of estimation in performance analysis are shown in Table 4.6. Yuma 191 downloaded from
Navigation Center [Navigation Center, (2006)] was used to estimate the GPS constellation. Four options of

QZSS constellation and three QZSs were considered.

East Asia region (Longitude: 60° E - 152° E, Latitude: 10° S - 60° N) and near to Japan area (Longitude: 125°
E - 145° E, Latitude: 25° N - 45° N) were interested for spatial estimation. Mesh grid was 0.5 degree. Six East
Asian cities, Sapporo (north of Japan), Naha (south of Japan), Tokyo (mid of Japan), Shanghai (East of

China), Kashi (west of China) and Jakarta (south of East Asia) were chosen to perform temporal estimating.

Estimation time was 00:00 UTC -- 24:00 UTC April 21, 2003 for 24 hours. Sampling time of output data
from simulator is 120 seconds. Multipath error was only simulated as refracting from ground. Only short
distance positioning was interested here. No carrier smoothing L1 code DGPS and single L1 Ambiguity were

estimated.
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System GPS, GPS + QZSS (four options)

Number of QZS 3
GPS ephemeris YUMA191 file
Region East Asian Region

(Longitude: 60° E - 152° E, Latitude: 10° S - 60° N)

Near to Japan area
(Longitude: 125° E - 145° E, Latitude: 25° N - 45° N)

Location Sapporo, Naha, Tokyo, Shanghai, Kashi, Jakarta
24 hours, 00:00 UTC — 24:00 UTC April 21, 2003

Mesh grid 0.5°

Estimation time

120 seconds

Dell GX270, Celeron 2.2 GHz

Sampling interval

Simulator computer

Distance between about 5.56km
Base and Rover stations
Antenna NOVATEL 702

Multipath error Reflected from ground on each station

Height 100m at each station
DGPS No carrier smoothing L1 code
AR Single epcoh

Table 4.6 Parametersin numerical estimation

Figure 4.6 shows the locations of six cities for temporal estimation. Table 4.7 shows the locations of base and
rover stations in DGPS positioning estimation or DD AR. Distance between the base and rover stations is

about 5.56 km. Height of every site is 100m.

Area Base Station Rover Station
Sapporo Lat: 43.04°N, Lon: 141.21°E Lat: 43.09° N. Lon: 141.21°E
Tokyo Lat: 35.67°N, Lon: 139.74 E Lat: 35.72 N, Lon: 139.74E

Naha Lat: 26.13° N, Lon: 127.41°E Lat: 26.18° N, Lon: 127.41°E
Shanghai Lat: 31.06° N, Lon: 121.22° E Lat: 31.11° N, Lon: 121.22° E
Kashi Lat: 39.28° N, Lon: 75.59° E Lat: 39.33° N, Lon: 75.59° E
Jakarta Lat: 6.08° S, Lon: 106.45° E Lat: 6.03° S, Lon: 106.45° E

Table 4.7 Locations of base and rover citiesin DGPS positioning or DD AR
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Figure 4.6 L ocations of citiesfor temporal estimation

4.25ASR Estimation

For carrier phase-based positioning, AR is the mathematical process of converting ambiguity ranges (carrier
phase measurements) to unambiguous range data. Triple-frequency measurements provided the opportunity
to resolve the integer ambiguities for the WL combination between L2 and L5 signals using pseudo-range

measurements directly.

Single epoch AR in short distance was investigated in this research. WL AR method which has been
introduced in the last chapter was used here. In AR, with a sampling interval of 2 min, the total estimation
epoch number is 720. After each interval of 2 min, only one epoch of data was taken, processed and analyzed.
In AR, the necessary NVS was more than 5.The ASR is given by Equation (4.3).

_ Success EpochNumber
Epochs(CommonNSV >4)
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4.3 SPATIAL ESTIMATION

In this section, NVS, PDOP with four QZSS options or without QZSS in East Asian region or in near to
Japan region were estimated. From spatial estimation, expected impact from QZSS could be concluded, and
the feature QZSS orbit was also studied here.

4.3.1 Number of visible satellites (NVS)

The NVS is an important parameter of satellite positioning because three-dimensional GPS position

calculation based on horizontal coordinates and elevation requires a minimum of four visible satellites.

€ NVSinEast Asian region

In this part, the minimum, maximum and average NVS with or without QZSS in 24 hr at each mesh grid in

two regions were calculated when the mask angle was set to 15°, 25° and 30°, respectively.

Mask angle | Opt. 1+ GPS | Opt. 2+ GPS | Opt. 3+ GPS | Opt. 4+ GPS GPS Only

Min. NVS =4

15° 100% 100% 100% 100% 93.02%

25° 83.38% 91.17% 86.44% 91.19% 16.70%

30° 60.16% 67.29% 67.02% 64.23% 0.0%
Min. NVS =5

15° 94.87% 95.60% 99.45% 97.44% 53.79%

25° 54.35% 64.65% 62.56% 70.26% 0.0%

30° 31.24% 38.21% 34.20% 32.97% 0.0%
Min. NVS =6

15° 82.72% 90.72% 88.36% 91.05% 17.59%

25° 26.37% 29.95% 27.97% 23.20% 0.0%

300 1.05% 1.20% 1.09% 0.29% 0.0%
Min. NVS =7

15° 51.78% 53.99% 51.38% 55.36% 0.34%

25° 3.66% 3.19% 3.24% 0.56% 0.0%

30° 0.0% 0.0% 0.0% 0.0% 0.0%

Table 4.8 Percentage of minimum NVSin 24 hr in the East Asian region
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Figure4.7.1 Average NVS with and without QZSSin 24 hr in the East Asian region.

Option 1+ GPS

Option 2 + GPS Option 3 + GPS Option 4 + GPS

——— = =

Numbers in 24 hours when mask angle is 15

- *':d. ]
Min. Visible Satellite N

Min. Visible Satellite Numbers in 24 hourswhen mask angle is 30 degree

T W [ 7 T [ 77 .

3 4 5 &6 7 8 % 101112 15 14 15 16 17 18
Figure4.7.2 Min. NVSwith and without QZSSin 24 hr in the East Asian region.
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Figure4.7.3 Max. NVSwith and without QZSSin 24 hr in the East Asian region.

Table 4.8 shows the percentages of minimum NVS in 24 hr when the minimum NVS was 4, 5, 6 and 7,
respectively, in the East Asian region. Figure 4.7 shows NVS with four options QZSS or without QZSS in 24
hours in the East Asian region. Figure 4.7.1 shows average NVS, figure 4.7.2 shows min. NVS and figure
4.7.3 shows max NVS.

Tables 4.8 and figure 4.7 show that in each QZSS orbit option, NVSs with different orbit options could all be
improved when the mask angle was 15°, 25° and 30°, respectively, not only in the Japan region, but also in
the East Asian region. Especially, when the mask angle was 15°, by integrating QZSS, the minimum NVS

could be at least 5 for more than 95% of the East Asian region.

€ NVSComparison in the East Asian and near the Japan areas

Table 4.9 shows the percentages of minimum NVS in 24 hr when the minimum NVS was 4, 5, 6 and 7,
respectively, in the neat to Japan region. Basing on table 4.8 and table 4.9, figure 4.7.4 indicates the average
of all percentage numbers in all cases in two tables with four QZSS options or without QZSS in two regions.
Among four QZSS options, Option 2 revealed the best improvement of NVS in the East Asian region, and

Option 3 gave the best performance for the near Japan area.
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Mask angle | Opt. 1+GPS | Opt. 2+GPS | Opt. 3+GPS | Opt. 4+GPS GPS Only

Min. NVS =4

15° 100% 100% 100% 100% 100%

25° 100% 100% 100% 100% 42.06%

30° 100% 100% 100% 100.0% 0.0%
Min. NVS =5

15° 100% 100% 100% 100% 61.17%

25° 100% 98.0% 100% 94.88% 0.0%

30° 91.76% 64.93% 92.12% 46.26% 0.0%
Min. NVS =6

15° 100% 100% 100% 100% 0.0%

25° 55.18% 41.46% 56.85% 26.39% 0.0%

30° 0.0% 0.0% 0.0% 0.0% 0.0%
Min. NVS =7

15° 77.25% 70.17% 77.77% 66.45% 0.0%

25° 0.0% 0.0% 3.24% 0.0% 0.0%

30° 0.0% 0.0% 0.0% 0.0% 0.0%

80%
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30%

D W
S I
s

Percentage of mesh grid in region
ok o
= =
X X

East Asia

Near to Japan area

Table 4.9 Percentage of minimum NVSin 24 hr in near to Japan area

@ Option 1
1 Option 2
B Option 3
L1 Option 4
B GPS Only

Figure4.7.4 NV S comparison with four QZSS options or without QZSSin two regions
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The NVS results analysis indicates that with extra satellites through using QZSS, the availability of satellites

could be improved. Positioning geometry condition was expected to be improved.

4.3.2 Dilution of Precision of Position (PDOP)

€ PDOPdefinition

DOP Rating Description
Value
1 Ideal This is the highest possible confidence level to be used for applications

demanding the highest possible precision at all times

2-3 Excellent | At this confidence level, positional measurements are considered accurate

enough to meet all but the most sensitive applications

4-6 Good Represents a level that marks the minimum appropriate for making business
decisions. Positional measurements could be used to make reliable in-route

navigation suggestions to the user

7-8 Moderate | Positional measurements could be used for calculations, but the fix quality

could still be improved. A more open view of the sky is recommended

9-20 Fair Represents a low confidence level. Positional measurements should be

discarded or used only to indicate a very rough estimate of the current location

21-50 Poor At this level, measurements are inaccurate by as much as half a football field

and should be discarded

Table 4.10 I nter pretation of DOP value

DOP is a function expressing the mathematical quality of solutions based on the geometry of the satellites.
PDOP (dilution of precision of position), the most common such value, has a best case value of one. Higher

numbers of PDOP are worse. Table 4.10 shows the interpretation of DOP value. [Jon Person, (2004)]

Figure 4.8.1 shows solution area created from three satellites. Estimated location could be any point within
the gray-colored area. DOP becomes worse when the grey area grows larger. Figure 4.8.2 shows solution
area estimated from three more evenly distributed throughout the sky. The solution area in figure 4.8.2 was
smaller than in figure 4.8.1, DOP was improved. From figure 4.8, using extra suitable satellite, better

positioning environment could be provided.
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Possible Solubdons

Chosen Solubon

5
Figure 4.8.2 DOP estimated from three more evenly-distributed satellites

€ PDOPIin East Asian region

In this research, min and average PDOP (NVS > 3) for 24 hr at each mesh grid in the East Asian region was

measured when the mask angle of the visible satellite was 15°.

Average PDOP in different longitude regions was also estimated using equation (4.4) when NVS > 3.
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Lon2Lat2

Z Z PDOPAvein24hour (M )(N)

Aveppop = LOILLEL (4.4)

M*N

(if NVS(M)(N) > 3)

where, M is longitude grid index and N is latitude grid index.

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 40

Figure4.9.1 Average PDOP for 24 hr with and without QZSS when the mask angleis 15°.

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 32 5.4 3.6 3.8 4.0

Figure4.9.2 Min. PDOPfor 24 hr with and without QZSS when the mask angleis 15°.

Different longitude regions in East Asian region were shown as follows:

Region 1: Lon 60°E - 75°E, Lat 10°S - 60° E
Region 2: Lon 75°E - 90° E, Lat 10°S - 60° E
Region 3: Lon 90° E - 105° E, Lat: 10°S - 60° E
Region 4: Lon 105° E - 120° E, Lat: 10°S - 60° E
Region 5: Lon 120°E - 135°E, Lat: 10°S - 60° E
Region 6: Lon 135° E - 150° E, Lat: 10°S - 60° E

Total mesh grid amount in every region was 6330.

From analysis of different PDOP amounts in different longitude region, the feature of QZS could be indicated.
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Opt.1+GPS | Opt.2+GPS | Opt.3+GPS | Opt. 4+GPS | GPS Only
Region 1
NVS>3 98.37% 100.0% 100.0% 100.0% 85.59%
PDOP (NVS>3) 1.70 1.68 1.69 1.72 1.76
Region 2
NVS>3 100.0% 100.0% 100.0% 100.0% 100.0%
PDOP (NVS>3) 2.18 2.19 2.20 2.16 2.55
Region 3
NVS>3 100.0% 100.0% 100.0% 100.0% 98.88%
PDOP (NVS>3) 221 217 2.22 2.20 2.67
Region 4
NVS>3 100.0% 100.0% 100.0% 100.0% 99.95%
PDOP (NVS>3) 2.09 2.07 2.08 2.18 2.73
Region 5
NVS>3 100.0% 100.0% 100.0% 100.0% 100.0%
PDOP (NVS>3) 1.98 2.01 1.98 2.14 2.67
Region 6
NVS>3 100.0% 100.0% 100.0% 100.0% 99.15%
PDOP (NVS>3) 1.97 1.99 197 2.13 2.72

Table 4.11 Average PDOP (NVS>3)in each region in 24 hour s

Table 4.11 shows the average PDOP for 24 hr in different longitude regions. Figure 4.9.1 shows average
PDOP (NVS > 3) and figure 4.9.2 shows min PDOP for 24 hr at each mesh grid with and without QZSS

when the mask angle is 15°.

From Figure 4.9 and Table 4.11, usable grid mesh amount was improved to 6330 in each region except for
the case of Region 1 by integrating Option 1. Moreover, PDOP could be improved about 2.3% ~ 4.5% in
region 1, 13.7% ~ 15.3% in region 2, 16.9% ~ 18.7% in region 3, 20.1% ~ 24.2% in region 4, 19.9% ~ 25.8%
in region 5, and 21.7% ~ 27.6% in region 6. After using QZSS in East Asia region, PDOP could be improved

significantly when longitude of location is close to Japan center longitude (135°East). .

Table 4.12 shows the average PDOP (NVS > 3) comparison in the East Asian and near the Japan areas.
Basing on table 4.12, figure 4.8.3 indicates comparing PDOP with four QZSS options or without QZSS in
two regions, among the four QZSS options, augmentation with QZSS Option 2 obtained the best
performance of PDOP in the East Asian region, and using Option 3 was the best for the near Japan area. The
same result was also derived form NVS analysis in the last section. It indicates that option 3, QZSS orbit,

was the best option for improving availability and augmentation in near to Japan area.
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€ PDOP Comparison in the East Asian and near the Japan areas

Average PDOP (NVS > 3)
Opt.1+GPS Opt.2+GPS Opt.3+GPS | Opt.4+GPS GPS Only
East Asia 2.08 2.00 2.02 2.08 2.52
Near to 2.03 2.00 1.98 2.08 2.58
Japan area

Table 4.12 Average PDOP (NVS > 3) in the East Asian region and near to Japan area

PDOP
[u—y
th
|

East Asia

Near to Japan area

[ Option 1
L1 Option 2
B Option 3
[J Option 4
B GPS Only

Figure 4.9.3 Comparing average PDOP with four QZSS options or without QZSS in two regions

4.4 TEMPEROAL ANALYSIS

In this section, temporal analysis at six East Asian cities, which was given in table 4.7, for 24 hours was

performed. Mask angle was 15 degree. NVS, PDOP, short baseline L1 code DGPS positioning and primary

signal short baseline AR were estimated. From results analysis, performance of QZSS could be proved.
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4.4.1 QZSS Constellation

€ QZSselevation
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Figure4.10.1 Elevation of three QZSswith four QZSS options at Japanese Sapporo
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Figure 4.10.2 Elevation of three QZSswith four QZSS options at Japanese Tokyo
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Figure 4.10.3 Elevation of three QZSswith four QZSS options at Japanese Naha
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Figure 4.10.4 Elevation of three QZSswith four QZSS optionsat Indonesia Jakarta
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Figure 4.10.5 Elevation of three QZSswith four QZSS options at Chinese Shanghai
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Figure 4.10.6 Elevation of three QZSswith four QZSS options at Chinese K ashi
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From figure 4.10.1 to figure 4.10.6, elevations of three QZSs with four QZSS options at each city were given.
Figure 4.10.1 shows which at Japanese Sapporo, figure 4.10.2 shows which at Japanese Tokyo, figure 4.10.3
shows which at Japanese Naha, figure 4.10.4 shows which at Indonesia Jakarta, figure 4.10.5 shows which at
Chinese Shanghai, and figure 4.10.6 shows which at Chinese Kashi. Elevations and visibility time of three

QZSs with four QZSS options were given from figures.

€ QZSssky plot

From figure 4.10.7 to figure 4.10.10, sky plots of one QZS in 24 hr at six cities were given. Figure 4.10.7
shows which using orbit option 1, figure 4.10.8 shows which using orbit option 2, figure 4.10.9 shows
which using QZSS orbit (orbit option 3), and figure 4.10.10 shows which using orbit option 4.Elevation and

azimuth of QZS were shown in the figures with four QZSS options.
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Figure 4.10.7 Sky plot of one QZSin 24 hr at six cities using orbit option 1
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Figure 4.10.9 Sky plot of one QZSin 24 hr at six citiesusing QZSS orbit (option 3)
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Sapporo Tokyo MNaha

Jakarta Shanghai Kashi

Figure 4.10.10 Sky plot of one QZSin 24 hr at six citiesusing orbit option 4

Table 4.13 shows min. QZS mask elevation with three QZSs in 24 hours at each city. From figure 4.10 and
table 4.13, at each city, QZSs could offer high visibility elevation for user, and a user can track at least one
QZSS satellite with 25° mask elevation using QZSS.

After using QZSS orbit (option 3), at three Japanese cities, at least one QZS could be tracked about 70° mask
elevation in one day. Highest elevation of QZS in 24 hours was at Tokyo, and lowest elevation was at Kashi,

because the longitude of Kashi was far from the centre longitude of Japan (135°East.).

City QZSS Optionl QZSS Option2 QZSS Option3 QZSS Option4
Sapporo 62.2° 72.3° 72.3° 77.1°
Tokyo 70.5° 78.3° 78.5° 70.4°
Naha 65.7° 69.5° 69.6° 59.4°
Jakarta 44.6° 40.5° 40.3° 31.7°
Shanghai 65.1° 70.6° 68.6° 62.6°
Kashi 25.0° 37.2° 3L7° 43.2°

Table4.13 Min. QZS mask elevation with three QZSsin 24 hoursat each city



44.2NVSin 24 hr
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Figure4.11.1 NVSat Sapporo with four QZSS options or without QZSS (mask angleis 15°)
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Figure4.11.2 NVS at Tokyo with four QZSS options or without QZSS (mask angleis 15°)
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Figure4.11.3 NVS at Naha with four QZSS options or without QZSS (mask angleis 15°)

NVS at Jakarta
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Figure4.11.4 NVS at Jakarta with four QZSS options or without QZSS (mask angleis 15°)
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NVS at Shanghai

15
+ GPS Only
= QZSS Optionl
13 1 Qzss option2 = -
QZSS Option3 . s - ——
11 | = QZSS Optiond o SV S
e N o P S —
wn
; 9
- |
5 o ve - -
»
3 . . . . .
0 10000 20000 30000 40000 50000 60000 70000 80000
GPSTIME (s)

Figure4.11.5 NVS at Shanghai with four QZSS options or without QZSS (mask angleis 15°)

NVS at Kashi

+ GPS Only
= QZSS Optionl
13 1 Qzss Option2
QZSS Option3 - =

11 | = QZSS Optiond - o

Ex Ry Bx X P SR e e R W o B

A EOE  OnOE ey x4 ¢4 A * o it Y N 4 e 4 e

3 1 1 1 1 1 1

0 10000 20000 30000 40000 50000 60000 70000 80000
GPSTIME (s)

Figure4.11.6 NVSat Kashi with four QZSS options or without QZSS (mask angle is 15°)
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NVS in 24 hours
Area Opt. 1 Opt. 2 Opt. 3 Opt. 4 GPS
+GPS + GPS + GPS + GPS Only
Sapporo min 6 6 6 6 4
max 14 14 14 14 11
average 9.33 9.54 9.58 9.54 7.27
Tokyo min 6 7 7 7 4
max 14 14 14 14 11
average 9.66 9.73 9.82 9.79 7.39
Naha min 7 7 7 7 5
max 13 13 13 13 10
average 10.0 10.1 10.1 9.95 7.45
Jakarta min 8 8 8 8 5
max 14 14 14 14 11
average 10.95 10.95 10.95 10.46 7.95
Shanghai min 7 7 7 7 4
max 13 13 13 13 10
average 9.71 9.83 9.80 9.76 7.35
Kashi min 5 6 6 6 4
max 12 12 12 12 10
average 8.63 8.99 8.88 9.14 7.17

Table 4.14 NVS analysisin 24 hoursat six cities (mask angle is 15°)

NVS in 24 hours with four QZSS options or without QZSS in each city when mask angle is 15° was given
from figure 4.11.1 to figure 4.11.6. Figure 4.11.1 shows at Japanese Sapporo, figure 4.11.2 shows at Japanese
Tokyo, figure 4.11.3 shows at Japanese Naha, figure 4.11.4 shows at Indonesia Jakarta, figure 4.11.5 shows at

Chinese Shanghai, and figure 4.11.6 shows at Chinese Kashi.

Table 4.14 also gives NVS in 24 hours at six cities when mask angle is 15°. According to table 4.14, after
using QZSS:

e min NVS was 2 more than in Sapporo, 2~3 more than in Tokyo, 2 more than in Naha, 3 more than in
Shanghai, 1~2 more than in Kashi, and 3 more than in Jakarta.
e max NVS was 3 more than in Sapporo, 3 more than in Tokyo, 3 more than in Naha, 3 more than in

Shanghai, 2 more than in Kashi, and 3 more than in Jakarta.
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e average NVS could be could be improved 28.34%~31.77% in Sapporo, 30.72%~32.88% in Tokyo,
33.56%~34.36% in Naha, 32.11%~33.74% in Shanghai, 20.36%~27.48% in Kashi, and
31.57%~37.74% in Jakarta.

NVS could all be improved with 4 QZSS options in each city. Impact from QZSS could be seen.

Figure 4.11.7 gives visible QZS number at six cities using QZSS orbit (option 3) only when mask angle is
15°. From figure 4.11 and table 4.14, min NVS could all be improved at each six cities, at least six satellites
and one QZSS satellite with 15° mask degree can be seen in all day. Using QZSS orbit (option 3), two QZSs

can be tracked in all the time of the day except for which at Chinese Kashi.
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Figure4.11.7 Visible QZS number at six citiesusing QZSS orbit (option 3) when mask angleis 15°
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443 PDOPiIn 24 hr
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Figure4.12.1 PDOP at Sapporo with four QZSS options or without QZSS (mask angleis 15°)
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Figure 4.12.2 PDOP at Tokyo with four QZSS options or without QZSS (mask angleis 15°)
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PDOP at Naha
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Figure 4.12.3 PDOP at Naha with four QZSS options or without QZSS (mask angleis 15°)
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Figure 4.12.4 PDOP at Jakarta with four QZSS options or without QZSS (mask angle is 15°)
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PDOP at Shanghai
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Figure 4.12.5 PDOP at Shanghai with four QZSS options or without QZSS (mask angleis 15°)
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Figure 4.12.6 PDOP at Kashi with four QZSS options or without QZSS (mask angleis 15°)
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Area Opt. 1 Opt. 2 Opt. 3 Opt. 4 GPS
+GPS + GPS + GPS + GPS Only

Sapporo average 2.09 2.07 2.06 211 3.12
Tokyo average 2.02 1.98 1.97 2.06 2.81
Naha average 2.00 1.95 1.95 2.13 2.62
Jakarta average 1.95 1.89 1.93 1.89 2.26
Shanghai average 2.08 2.01 2.02 2.04 2.60
Kashi average 2.29 2.28 2.27 2.27 2.60

Table 4.15 Average PDOP (NVS > 3) analysisin 24 hours at six cities (mask angle is 15°)

Figure 4.12 shows PDOP (NVS > 3) in 24 hours with four QZSS options or without QZSS in each city when
mask angle is 15 degree. Figure 4.12.1 shows at Japanese Sapporo, figure 4.12.2 shows at Japanese Tokyo,
figure 4.12.3 shows at Japanese Naha, figure 4.12.4 shows at Indonesia Jakarta, figure 4.12.5 shows at

Chinese Shanghai, and figure 4.12.6 shows at Chinese Kashi.

Table 4.15 shows average PDOP in 24 hours at six cities when mask angle is 15 degree. Form figure 4.12 and
table 4.15, average PDOP could be could be improved 32.37%~33.97% in Sapporo, 26.69%~29.89% in
Tokyo, 18.70%~25.57% in Naha, 20.0%~22.69% in Shanghai, 11.92%~12.69% in Kashi, and
13.72%~16.37% in Jakarta. With extra QZSs, the satellite geometry could be even better at each cities,

accuracy of positioning was expected to be improved.

44411 CodeDGPSin 24 hr

L1 code DGPS positioning in short baseline was invested here. Carrier smoothing was not used in
positioning. Figure 4.13 shows DGPS results in 24 hours with four QZSS options or without QZSS in each
city when mask angle is 15 degree. Figure 4.13.1 shows at Japanese Sapporo, figure 4.13.2 shows at Japanese
Tokyo, figure 4.13.3 shows at Japanese Naha, figure 4.13.4 shows at Indonesia Jakarta, figure 4.13.5 shows

at Chinese Shanghai, and figure 4.13.6 shows at Chinese Kashi.

Table 4.16 shows the horizontal standard deviation of the L1 code DGPS positioning results. In table 4.16,
2drms (m) of DGPS positioning results could be improved 33.78%~45.27% in Sapporo, 42.0%~45.33% in
Tokyo, 11.21%~23.36% in Naha, 8.08%~16.16% in Shanghai, 7.87%~11.24% in Kashi, and 6.86%~12.75%
in Jakarta. From 4.16 and figure 4.13, L1 Code DGPS positioning results show that the accuracy of

positioning could be improved using QZSS.
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Horizontal error in DGPS at Sapporo
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Figure 4.13.1 DGPSresults at Sapporo with four QZSS options or without QZSS
(mask angleis 15°)
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Figure4.13.2 DGPSresults at Tokyo with four QZSS options or without QZSS
(mask angleis 15°)
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Horizontal error in DGPS at Naha
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Figure 4.13.3 DGPSresults at Naha with four QZSS options or without QZSS
(mask angleis 15°)

Horizontal error in DGPS at Jakarta
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Figure4.13.4 DGPSresults at Jakarta with four QZSS options or without QZSS
(mask angleis 15°)
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Horizontal error in DGPS at Shanghai
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Figure 4.13.5 DGPSresults at Shanghai with four QZSS options or without QZSS
(mask angleis 15°)
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Figure 4.13.6 DGPSresults at Kashi with four QZSS options or without QZSS
(mask angleis 15°)
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Area Opt. 1 Opt. 2 Opt. 3 Opt. 4 GPS
+GPS + GPS + GPS + GPS Only

Sapporo X (m) 0.31 0.31 0.31 0.32 0.53
Y (m) 0.26 0.26 0.26 0.27 0.52

2drms (m) 0.81 0.81 0.81 0.98 1.48

Tokyo X (m) 0.32 0.31 0.31 0.33 0.53
Y (m) 0.28 0.27 0.27 0.28 0.53

2drms (m) 0.85 0.82 0.82 0.87 1.50

Naha X (m) 0.28 0.26 0.28 0.31 0.34
Y (m) 0.36 0.32 0.33 0.36 0.41

2drms (m) 0.91 0.82 0.87 0.95 1.07

Shanghai X (m) 0.25 0.25 0.24 0.26 0.29
Y (m) 0.38 0.36 0.34 0.36 0.40

2drms (m) 0.91 0.88 0.83 0.89 0.99

Kashi X (m) 0.16 0.16 0.16 0.16 0.20
Y (m) 0.38 0.38 0.36 0.36 0.40

2drms (m) 0.82 0.82 0.79 0.79 0.89

Jakarta X (m) 0.20 0.22 0.21 0.23 0.24
Y (m) 0.42 0.42 0.41 0.38 0.45

2drms (m) 0.93 0.95 0.92 0.89 1.02

Table 4.16 Sandard deviation (m) in L1 code DGPS positioning with or without QZSS
(mask angleis 15°)

4.45ASR in 24hr

Single epoch L1 signal AR in short baseline (mask angle is 15°) was estimated here. WL method which was
introduced in chapter 3 was proposed here. GPS with QZSS was considered as triple frequency system, GPS
only was considered as dual frequency system. In the case of GPS with QZSS, triple frequency WL method

was used, and in the case of GPS only, dual frequency system WL was proposed.

Table 4.17 gives the ASR of the L1 signal in 24 hr with or without QZSS. Table 4.17 shows that integrating
QZSS with GPS, epoch when common NVS at each city was all more than five in all of the day. Epoch of
common NVS more than five could be improved about 1.5% in Sapporo, 0.3% in Tokyo, 0.0% in Naha, 0.7%
in Shanghai, 2.4% in Kashi, and 0.0% in Jakarta. The basic requirement for RTK positioning could be offered
in 24 hours using GPS with QZSS.

At six cities, ASR (common NVS > 4) using four QZSS options in 24 h were all more than 99.0%. Using
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orbit option 3 (QZSS orbit), ASR could be improved about 5.95% in Sapporo, 5.28% in Tokyo, 5.28% in
Naha, 5.06% in Shanghai, 5.41% in Kashi, and 5.62% in Jakarta. Therefore, the time of AR could be reduced.
From ASR results, the efficiency and reliability for highly precise positioning could be improved after
integrating QZSS with GPS.

Signal Triple-frequency Dual-frequency
Satellite Opt.1 Opt.2 Opt.3 Opt.4 GPS
+GPS +GPS | +GPS | +GPS Only
Sapporo | Epoch common NVS <5 0 0 0 0 11
Success epoch number 718 717 718 715 667
Common NVS >4 100% 100% 100% 100% 98.5%
ASR (common NVS > 4) 99.7% 99.6% 99.7% 99.3% 94.1%
Tokyo Epoch common NVS <5 0 0 0 0 2
Success epoch number 718 718 718 715 680
Common NVS >4 100% 100% 100% 100% 99.74%
ASR (common NVS >4) 99.7% 99.7% 99.7% 99.3% 94.7%
Naha Epoch common NVS <5 0 0 0 0 0
Success epoch number 717 717 718 714 682
Common NVS > 4 100% 100% 100% 100% 100%
ASR (common NVS >4) 99.6% 99.6% 99.7% 99.2% 94.7%
Shanghai | Epoch common NVS <5 0 0 0 0 5
Success epoch number 717 718 717 715 678
Common NVS >4 100% 100% 100% 100% 99.3%
ASR (common NVS >4) 99.6% 99.7% 99.6% 99.3% 94.8%
Kashi Epoch common NVS <5 0 0 0 0 17
Success epoch number 714 716 715 716 662
Common NVS >4 100% 100% 100% 100% 97.6%
ASR (common NVS >4) 99.2% 99.4% 99.3% 99.4% 94.2%
Jakarta | Epoch common NVS <5 0 0 0 0 0
Success epoch number 716 717 717 714 679
Common NVS > 4 100% 100% 100% 100% 100%
ASR (common NVS >4) 99.4% 99.6% 99.6% 99.2% 94.3%

Table4.17 ASR of L1 signal at six citiesfor 24 hr (mask angle is15°)
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4.5 SUMMARY

In this section, triple frequency simulator was introduced. Noise and error models in the simulator were

presented here. Performance of QZSS was evaluated using data from simulator.

From spatial and temporal numerical analysis, it was shown that QZSS not only improves the availability and
geometry of satellites using NVS and PDOP estimation, but also enhances the reliability and efficiency of
GPS positioning, using DGPS positioning and ASR estimation, in the near Japan area, and also in most of the

East Asian region.

Feature of QZSS orbit (Asym-8-shape) was also discussed here. Using QZSS in East Asian region, that
geometry position condition was improved significantly when longitude of location is close to Japan center

longitude could also be concluded.
From analysis of NVS and PDOP in the East Asian and Japan regions, among four optional QZSS, Option 3

(Asym-8-shape) constellation is the best option for the local Japan region, and Option 2 (Egg-shaped 1

constellation is the best option for East Asian region.
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CHAPTER S
POSITIONINGWITH QZSS

In this chapter, L1 code DGPS positioning and single epoch DD L1 signal ASR estimation in different
baseline with or without QZSS were measured to prove impact of accuracy and efficiency with QZSS.

Various AR methods, which have been introduced in Chapter 3, were also offered in this chapter.

5.1 PARAMETERSIN POSITIONING ANALY SIS

In this section, parameters in positioning analysis were introduced. L1 code DGPS positioning was measured
and AR for carrier base positioning was performed in different baseline distance. ASR was estimated to prove

the performance of AR.

Five Japanese cities (ICHIKAWAL, ICHIKAWA?2, ADACHI, IWAKI and KUJI) were chosen as reference
and rover stations. Figure 5.1 shows locations of five cities in positioning analysis. Short distance (about
0.7km), medium distance (about 14.2km), long distance (about 190.9km) and extra-long distance (521.7km)
were considered here. Estimation time was 24 hours, and mask angle was 15 degree at each station. Height at

each station was 100m.
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Baseline Position Height (m) Distance (km)
Reference ICHIKAWA1 100
Short ICHIKAWA2 100 0.698
Medium ADACHI 100 14.167
Long IWAKI 100 180.871
Extra-long KUJI 100 521.715

Table 5.1 Locations of reference and rover stations

Multi-path error on code and carrier signal were only simulated as deflecting from ground, because
environment of each station was not considered. Cycle slip was also not considered, single epoch ASR was

estimated. Parameters of numerical estimation were shown as following:

L1, L2 and L5 Signals were generated from GPS triple simulator in 1 Hz,

e  GPS Ephemeris: YUMAL191 file

e QZSS Orbit: Asymmetric 8-shape orbit option,

e  Estimation time: 00:00 UTC - 24:00 UTC, April 21, 2003,

e  Satellite Numbers : GPS+QZSS 29+3 ; GPS Only 29

e  Mask angle: 15° (Both base and rover stations),

e Antenna carrier offset was simulated as NOVATEL antenna GPS702, c/n0 was calculated from
OEM3 receiver,

e No Carrier Smoothing in DGPS positioning and AR

e  Ambiguity of L1 signal estimated by using WL OTF algorithm in Dual frequency AR, and EWL
method in Triple frequency AR,

e Ambiguity of L5 signal estimated by using GF method was used in triple frequency AR in long and
extra long baseline cases, because cycle slip is ignored, 120 second time average of continuous signal
was used in GF method

e In AR, with a sampling interval of 2 minutes, total estimation epoch number is 720. After each

interval of 2 minutes only one epoch of data is taken processed and analysis. ASR was given in

Equation (4.3) in the last chapter.

5.2NVS & PDOP

As introducing in the last section, NVS and PDOP were important parameters in positioning. Before

positioning analysis, NVS and PDOP with or without QZSS at each station were estimated in this section.
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5.2.1 NVSat Base and Rover Sations

Table 5.2 gives temporal variations of NVS for 24 hours at each station when mask angle was 15 degree.

NVS in 24 hours
GPS + QZSS GPS Only
ICHIKAWAL1 (Reference Station)
Min NVS 7 4
Max NVS 14 1
Mean NVS 9.71 7.38
ICHIKAWA?2
Min NVS 7 4
Max NVS 14 11
Mean NVS 9.71 7.38
ADACHI
Min NVS 7 5
Max NVS 14 11
Mean NVS 9.71 7.40
IWAKI
Min NVS 7 5
Max NVS 14 1
Mean NVS 9.65 7.37
KUJI

Min NVS 6 4
Max NVS 14 11
Mean NVS 9.52 7.33

Table. 5.2 NVSin 24 hr at each station
From Table5.2, at least 2 more satellites could be tracked by using QZSS than without QZSS at each station

in one day. After using QZSS, mean NVS for 24 hours can be improved about 31.57% at ICHIKAWAL1
(Reference Station), 31.57% ICHIKAWAZ2, 31.22% at ADACHI, 30.94% at IWAKI, 29.88% at KUJI.
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5.2.2 PDOP at Base and Rover Sations

Table 5.3 give and PDOP (NVS > 3) when mask angle is 15 degree for 24 hours at each station when mask

angle was 15 degree.

PDOP (NVS > 3) in 24 hours
GPS + QZSS GPS Only
ICHIKAWAL1 (Reference Station)
Min PDOP 1.30 1.45
Max PDOP 4.04 6.18
Mean PDOP 1.98 2.49
ICHIKAWA?2
Min PDOP 1.30 1.45
Max PDOP 4.04 6.19
Mean PDOP 1.98 2.49
ADACHI
Min PDOP 1.30 1.45
Max PDOP 4.04 6.19
Mean PDOP 1.98 2.49
IWAKI
Min PDOP 131 1.47
Max PDOP 4.03 6.18
Mean PDOP 2.00 2.50
KUJI
Min PDOP 137 1.53
Max PDOP 4.01 6.18
Mean PDOP 2.02 2.52

Table. 5.3 PDOP (when NVS> 3) in 24 hr at each station

According to table 5.3, after using QZSS,

e min. PDOP for 24 hours could be improved about 10.34% at ICHIKAWAL (Reference Station), 10.34%
at ICHIKAWA?2, 10.34% at ADACHI, 10.88% at IWAKI, and 10.46% at KUJI. Max. PDOP for 24
hours could be improved about 34.62% at ICHIKAWAL, 34.62% at ICHIKAWAZ2, 34.73% at ADACHI,
34.79% at IWAKI, and 35.11% at KUJI;

e mean PDOP for 24 hours could be improved about 20.48% at ICHIKAWAL, 20.48% at ICHIKAWA?2,
20.48% at ADACHI, 20.0% at IWAKI, and 19.84% at KUJI.

It indicates that position geometry condition was improved using QZSS at each station.
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From NVS and PDOP analysis, after using QZSS, NVS and PDOP cold all are improved at base and rover

baselines, performance of positioning was expected to be enhanced.
5.3 DGPSPOSITIONING IN DIFFERENT BASELINE

In this section, L1 code positioning with or without QZSS in short, medium, long and extra-long baseline

was estimated. Carrier smoothing was not used here. Common NVS between reference and rover stations

was also discussed.
5.3.1 Common NVS

Common NVS is the important function in differential positioning. Figure 5.2 shows common NVS with or
without QZSS for 24 hours in different baseline when mask angle is 15 degree. Figure 5.2.1 indicates in short
baseline, figure 5.2.2 indicates in medium baseline, figure 5.2.3 indicates in long baseline, and figure 5.2.4

indicates in extra-long baseline. Table 5.4 summarized temporal variations of common NVS for 24 hours in
different baseline cases.
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Figure5.2.1 Common NV Sfor 24 hr with or without QZSSin short basgline
(mask angleis 15 degree)
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Common NVS

Common NVS

Common NVS in Medium Baseline
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Figure. 5.2.2 Common NVSfor 24 hr with or without QZSS in medium baseline
(mask angleis 15 degree)
Common NVS in Long Baseline
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Figure. 5.2.3 Common NVSfor 24 hr with or without QZSSin long baseline
(mask angleis 15 degree)
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Common NVS in Extra-Long Baseline
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Figure. 5.2.4 Common NVSfor 24 hr with or without QZSSin extra-long baseline
(mask angleis 15 degree)

Form figure 5.2 and table 5.4, it was shown that at least 6 common NVS can be tracked by using QZSS in
each cases, mean common NVS for 24 hours can be improved 31.40% in short baseline, 31.57% in medium
baseline, 31.55% in long baseline, and 28.45% in Extra long base line. From analysis of NVS, PDOP and
common NVS, it indicates that available time for differential positioning, visible satellites and geometry of

satellites could all be improved in each baseline or at each station.

Base Line GPS + QZSS GPS Only

Min Comm. NVS 7 4

Short Max Comm. NVS 14 11
Mean Comm. NVS 9.71 7.39

Min Comm. NVS 7 4

Medium Max Comm. NVS 14 11
Mean Comm. NVS 9.71 7.38

Min Comm. NVS 7 4

Long Max Comm. NVS 14 11
Mean Comm. NVS 9.59 7.29

Min Comm. NVS 6 4

Extra-long Max Comm. NVS 14 11
Mean Comm. NVS 9.32 7.10

Table. 5.4 Common NVSwith or without QZSS in different baseline distancefor 24 hr
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5.3.2 DGPS Positioning
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Figure. 5.3.1 L1 code positioning in short baseline
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Figure. 5.3.2 L1 code positioning in Medium basegline
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In this part, L1 code positioning for 24 hr (Comm. NVS > 4) with or without QZSS in each baseline was
estimated when mask angle was 15 degree. Figure 5.3 shows DGPS results in different baseline (Comm.
NVS > 4), figure 5.3.1 shows which in short baseline, figure 5.3.2 shows which in medium baseline, figure

5.3.3 shows which in long baseline and figure 5.3.4 shows which in extra-long baseline.

Table 5.5 summarized the L1 code DGPS positioning results when Comm. NVS > 4. Because using extra
satellite with QZSS, accuracy of DGPS can be improved 9.0% in horizontal direction and 10.20% in vertical
direction in short baseline, 10.64% in horizontal direction and 13.46% in vertical direction in medium
baseline, 15.83% in horizontal direction and 16.92% in vertical direction in long baseline, 19.21% in
horizontal direction and 26.32% in vertical direction in extra long baseline. After using QZSS with GPS,
availability time for DGPS and accuracy of DGPS could be improved in each baseline, obviously in long and

extra long distance.

Baseline GPS +QZSS | GPS Only
Short CommNVS >4 100% 99.72%
X (m) 0.30 0.34
Y (m) 0.27 0.29
2drms (m) 0.81 0.89
H (m) 0.44 0.49
Medium CommNVS >4 100% 99.58%
X (m) 0.31 0.35
Y (m) 0.28 0.31
2drms (m) 0.84 0.94
H (m) 0.45 0.52
Long CommNVS >4 100% 99.58%
X (m) 0.38 0.44
Y (m) 0.33 0.41
2drms (m) 1.01 1.20
H (m) 0.54 0.65
Extra-long CommNVS >4 100% 98.47%
X (m) 0.53 0.64
Y (m) 0.48 0.61
2drms (m) 143 1.77
H (m) 0.70 0.95

Table 5.5 Sandard deviation (m) in L1 code DGPS positioning (CommNV S > 4)
with or without QZSS when mask angleis 15 degree
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5.4ASR IN DIFFERENT BASELINE

In this section, L1 signal AR with or without QZSS in different baseline was performed when mask angle
was 15 degree. The case of GPS with QZSS was considered as triple frequency system, and the case of GPS
only was considered as dual frequency system. ASR in 24 hours with or without QZSS in different baseline

was estimated here. Higher number of ASR means more reliable and more efficient in AR.

Three triple frequency AR methods which were proposed in this chapter, WL method, GF method and IF

method, have been introduced in chapter 3.

5.4.1ASR in Short or Medium Baseline

WL method was used in short and medium baseline. In case of GPS with QZSS, triple frequency WL method

was proposed, and in case of GPS only, dual frequency WL method was used.

Table 5.6 gives ASR of primary signal (common NVS > 4) in 24 hour in short and medium baseline when
mask angle was 15 degree. From Table 5.6, using GPS with QZSS, epoch of common NVS mort than 5 in
one day could be improved about 0.28% in the case of short baseline, and about 0.42% in the case of medium
baseline, available time for carrier based positioning was improved to be all of the day. RTK positioning

could be possible in 24 hours.

GPS+QZSS GPS Only

(triple frequency system) (dual frequency system)

Short baseline

Epoch CommNVS <5 0 2
Success 719 711
CommNVS >4 100.0% 99.72%
ASR (CommNVS >4) 99.87% 99.03%
Medium distance
Epoch CommNVS <5 0 3
Success 699 651
CommNVS >4 100.0% 99.58%
ASR (CommNVS >4) 97.08% 90.79%

Table 5.6 ASR of primary signal for 24 hour in short or medium baseline (CommNV S >4)
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ASR (common NVS > 4) in 24 hours could be improved about 0.85% in short baseline, and about 6.93% in
medium baseline. Especially, it could be improved to be more than 99.5% when in short base line in case of
GPS with QZSS.

54.2ASR in Long or Extra-long Baseline

GF AR method and IF AR method was proposed for long and extra long baseline in GPS with QZSS.
Evaluating impact of GF and IF methods in longer baseline, WL method was also estimated here. In the case
of AR with GPS only, dual frequency WL method was used. Table 5.7 gives ASR of primary signal (common

NVS > 4) in 24 hour in short and medium baseline when mask angle was 15 degree.

From Table 5.7, using GPS with QZSS, epoch of common NVS mort than 5 in one day could be improved
about 0.42% in the case of long baseline, and about 1.53% in the case of extra-long baseline, available time
for carrier based positioning could also be improved to be all of the day in longer baseline, obviously in

extra-long baseline.

ASR using WL method could not be improved obviously using GPS with QZSS, however, using proposed
triple frequency GF and IF methods, ASR could be improved at more than 80% in long baseline, and to be at
more than 60.0% in extra-long baseline. That proposed GF method and IF method was effective in longer

baseline AR could be concluded.

GPS+QZSS GPS Only

(triple frequency system) (dual frequency system)

Long baseline

Epoch CommNVS <5 0 3
CommNVS >4 100.0% 99.58%
WL GF IF
Success 63 602 635 45
ASR (CommNVS >4) 8.75% 83.61% | 88.19% 6.28%
Extra-long distance
Epoch CommNVS <5 0 11
CommNVS >4 100.0% 98.47%
WL GF IF
Success 4 434 473 2
ASR (CommNVS >4) 0.55% 60.28% | 65.69% 0.28%

Table 5.7 ASR of primary signal for 24 hour in long or extra-long basdine (CommNV S >4)
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Between two long baseline AR methods, ASR estimated in IF method was higher than which in GF method
in both of long and extra-long baseline cases, it indicates that IF method could estimate ambiguity more

accuracy and effectively.

5.5 SUMMARY

In this section, positioning in short, medium, long or extra-long baseline with or without QZSS was discussed.
After using QZSS, NVS and PDOP could all be improved at each station.

In different baseline L1 code DGPS positioning, after using QZSS,

e inshort baseline, accuracy could be improved 9.0% in horizontal direction, 10.20% in vertical direction

e in medium baseline, accuracy could be improved 10.64% in horizontal direction,13.46% in vertical
direction,

e in long baseline, accuracy could be improved 15.83% in horizontal direction and 16.92% in vertical
direction,

e in extra-long baseline, accuracy could be improved 19.21% in horizontal direction and 26.32% in
vertical direction.

It indicates that accuracy of DGPS could be improved at each baseline, obviously in longer baseline.

In different baseline RTK positioning, after using GPS with QZSS,

e in short baseline, epoch of common NVS more than 5 could be improved about 0.28%, ASR could be
improved at more than 99.5% using triple frequency WL method,

e in medium baseline, epoch of common NVS more than 5 could be improved about 0.42%, ASR could
be improved about 6.93% using triple frequency WL method,

e in long baseline, epoch of common NVS more than 5 could be improved about 0.42%, ASR could be
improved at more than 80.0% using GF or IF method,

e inextra-long baseline, epoch of common NVS more than 5 could be improved about 1.53%, ASR could

be improved at more than 60.0% using GF or IF method.

Because using extra satellites with QZSS, there are at least 6 common NVS at each baseline, RTK
positioning could be performed in all of one daytime, which was the most influence in extra-long baseline.
Using extra signal (L5 signal) and better geometry positioning with extra satellite integrating with QZSS, AR

could all be improved at each baseline using proposed AR methods, even if in the case of longer baseline.

From different baseline positioning with QZSS analysis in this chapter, reliability and efficiency of QZSS

could be proved.
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CHAPTERG
CONCLUSION AND RECOMMENDATION

The major of this thesis is to prove impact from integrating GPS and Japanese QZSS. The thesis is composed
three parts. The first part shows the various AR methods using linear combination with three frequencies
signals, the second part indicates performance of QZSS, and the third part points on the impact in positioning
with QZSS.

6.1 CONCLUSION

1. Because now the third frequency signal (L5) has not been transmitted and QZSS is also under the
preparation stage, triple frequency simulator, which was based on several range error and noise model,

was developed for numerical analysis.

2. Performance with QZSS in East Asian region or in local Japan and surrounding region was shown in
this research. It has been shown that QZSS not only improves the availability and geometry of satellites,
but also enhances the reliability and efficiency of GPS positioning in the near Japan area, and also in

most of the East Asian region.

3. Because the QZSS satellite orbit was Asym-8-shaped satellite orbit, the feature of Asym-8-shaped
satellite orbit was shown in this research. From analysis among four optional QZSS, that

Asym-8-shaped satellite orbit is best for Japan region could be concluded.

4. L1 code DGPS positioning with QZSS in different baseline was estimated in this research. After using
QZSS, accuracy of positioning could be all improved in each baseline positioning, obviously in longer

baseline.

5. Primary signal AR in different baseline was interested in this research. After using QZSS, with extra
satellite, it was possible that RTK positioning could be performed in all time of the day, and with extra
signal, more linear combination signal could be developed, ASR could be improved in each baseline

using proposed AR method.
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6.2 RECOMMENDATION

Here are some recommendations for the future work on the study of QZSS:

1.

Study on integrating QZSS and European Galileo is the next stage in the research.

In this research, numerical estimation was used data from triple simulator. When QZSS becomes

available, it is necessary to evaluate efficiency of proposed AR methods.

It is necessary to study how to shorten the initial time in triple frequency GF or IF AR method in longer

baseline.
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