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Abstract

Over the past two decades, Global Navigation Satellite System(GNSS) has
experienced a dramatic development. Starting from two full operation
constellations(GPS and GLONASS), a set of five global or regional navigation
satellite systems are offering, or at least preparing positioning and timing service.
BDS(BeiDou Navigation Satellite System) in China and Galileo in Europe emerged
an outstanding stage in the past decade, which are now offering us an initial service.
So, right now there are four main constellations coexisted in the space. Along with the
development of GPS real-time product, the status of navigation satellite in real-time
applications is becoming more and more important, and as known to most of us
Multi-GNSS can indeed offer numerous advantages over stand-alone GPS navigation.
So, there is an urgent requirement of precise real-time product for the new emerging
constellations, Galileo and BDS.

First, this contribution expanded the predicted product to BDS and Galileo
based on the precise orbit determination software that implemented by myself.
Analyze specially the accuracy of eclipsing satellites, and put forward an enhanced
integration method. Second, develop real-time orbit determination software using
square root information filter. Key points like real-time preprocessing, real-time
ambiguity resolution, maneuver and attitude turns are solved with recommended
methods. Two kinds of real-time orbits are compared in different case. Finally,
real-time satellite clocks are estimated based on two different real-time orbits, and
then we do real-time kinematic Precise Point Positioning by using a third independent
software to evaluate the quality of two real-time products. The main result and content
includes:

(1) Develop Multi-GNSS orbit determination software, test the result using 60
stations all over the world, which includes 45 Galileo sites and 36 BDS sites. 3D inner
accuracy of full sunlight GPS, BDS and Galileo satellite is 6.1cm, 17.9cm and 15.5¢cm
respectively. 3D inner accuracy of eclipsing GPS and BDS satellite is 14.0cm and
86.8cm respectively. In order to improve the accuracy of eclipsing satellite, we add
three velocity change parameters in Along, Cross and Radial direction, and test the
affection. The result shows that 3D inner accuracy of eclipsing GPS and BDS satellite
improves to 5.2cm and 19.2cm respectively, which is at the same level as full sunlight

v



GNSS

satellite. ECOM2 solar radiation model is tested for BDS satellite. The result shows
that by comparing with ECOM model, 3D inner accuracy of full sunlight satellite
improves 12.5%, which is mostly in radial direction, while 3D inner accuracy of
eclipsing satellite drops 52.3%.

(2) Length of orbit arc is proved to be important to the predicted orbits. We use
MGEX orbit as pseudo-observation, test the precision of predicted orbit by using
different orbit arcs. It is proved that arc length of 42 hours shows the best accuracy for
GPS, BDS and Galileo satellite. The maximum Integration error introduced by
Adams-Mouldon method in eclipsing satellite after 3 days could be 80cm, the average
value is 24cm, which mostly lies in along direction. We recommend an improved
integration method that detects the shadow boundary, changes the step size flexibly,
and mitigates the integration errors as much as possible. The result indicates that
integration errors drop to no more than 6cm afterwards. After the post processing of
orbit, we predict the trajectory for 6 hours using an arc length of 42 hours and the
enhanced integration method. Accuracy in along, cross and radial is 10.7cm, 5.0cm
and 3.1cm for full sunlight GPS satellite, 24.0cm, 15.2cm and 5.7cm for full sunlight
BDS satellite, and 37.3cm 22.4cm and 10.0cm for full sunlight Galileo satellite.
When satellites are in shadow, precision of GPS is 17.7cm, 5.4cm and 4.0cm,
precision of BDS is 161.6cm, 42.3cm and 30.1cm. So, accuracy of predicted orbit will
decrease along with the arc length especially for eclipsing satellites.

(3) In order to avoid the precision decrease in predicted orbit, we develop an
extended square-root-information filter, in which we integrate all the functions into an
unified program. Before turning to real data, we test that filter with different batch
size can achieve the same result after convergence, and the filter processing is
theoretically the same as least square method. Ambiguity resolution needs to update
the covariance matrix, but the information matrix passed by square root information
filter is a triangular matrix, which means that the covariance matrix has to be
decomposed. However, the decomposition of a huge matrix takes a lot of time. We
develop an epoch-wise ambiguity resolution method and the result shows that
ambiguity fixed solution improves the orbit of 17.4% in along, 7.8% in cross and 1.3%
in radial for GPS satellite. The ambiguity fixed solution of BDS and Galileo satellite
stays almost the same as float solution.Satellite maneuver and attitude turn will lead
the predicted information deviate the true situation, which will cause divergence in
the filter. We use one month measurements of BDS satellite to test the affection of
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maneuver and attitude turn to the final orbit. The result indicates that attitude turn will
slightly damage the result in a while, but maneuver will destroy the whole filter. Aims
at that, we take the solar radiation pressure parameters(SRP) as processing noise,
which have a processing noise of 10" for normal situation, 10 °for attitude turn and
10" *for maneuver. The result tells us all satellites achieve a good result except during
the maneuver period.

(4) Put square root information filter into real-time estimation, orbit precision
in along, corss and radial is 8.5cm, 5.1cm and 3.3cm for GPS full sunlight, and
24.0cm, 13.2cmand 5.5cm for BDS full sunlight, and 22.1cm, 17.3cm and 10.4cm for
Galileo full sunlight. For eclipsing satellites, orbit precision in along, corss and radial
iIs 7.5cm, 4.4cm and 3.7cm for GPS, and 74.5cm, 20.5cm and 29.9cm for BDS
satellite. Compare real-time estimated orbit and predicted orbit. Real-time estimated
orbit shows an obvious improvement in along direction, which is 20.6% 57.6% 0.1%
53.9% and 40.8% for full sunlight GPS, eclipsing GPS, full sunlight BDS, eclipsing
BDS and full sunlight Galileo respectively. Improvement in cross and radial direction
is small but for the eclipsing satellite, the improvement still exists.

(5) Study the precision of two real-time satellite clocks. RMS of clocks based on
predicted orbit for full sunlight GPS, BDS and Galileo satellites is 0.55ns, 2.26ns and
0.90ns, STD is 0.43ns, 0.54ns and 0.63ns. RMS of clocks based on estimated orbit for
full sunlight GPS, BDS and Galileo satellites is 0.34ns, 2.11ns and 0.78ns, STD is
0.43ns, 0.54ns and 0.63ns. RMS of clocks based on predicted orbit for eclipsing GPS
and BDS satellites is 0.76ns, 3.86ns, STD is 0.59ns, 1.95ns. RMS of clocks based on
estimated orbit for eclipsing GPS and BDS satellites is 0.47ns, 3.03ns, STD is 0.28ns,
0.82ns. So, real-time precision of real-time clock based on estimated orbit is better
than that based on predicted orbit.Study GPS and the combination of GPS, BDS and
Galileo in real-time kinematic Precise Point Positioning. The result shows that
GPS+BDS+Galileo perform the best accuracy, and then is GPS+BDS, GPS+Galileo
and GPS. Real-time kinematic Precise Point Positioning by using the estimated
real-time product in this thesis can almost achieve the same accuracy with that by
using CODE precise product, which has an accuracy of 3.0cm, 3.1cm and 8.7cm in
north, east and up.

Key words: Multi-GNSS, Real-time orbit determination, Real-time clock, Real-time
Ambiguity resolution, Square root information filter, Attitude turn

VI



1.1 G\SS
1.11
1.1.2
1.1.3

1.2

1.3
1.3.1
1.3.2

1.4
1.41
1.4.2

2.1

2.2
2.2.1
2.2.2
2.2.3

2.3 A\sS
2.3.1
2.3.2

2.4
2.4.1
2.4.2
2.4.3
2.4.4

2.5

3 MEX

3.1

3.2 MEX
3.2.1
3.2.2
3.2.3

3.3

3.4

Glileo BDS

Vil



GNSS

A.2.1 95
A.2.2 57
4.2.3 MIti-G\SS 60
4.3 MILti-AG\NSS 66
4.3.1 67
4.3.2 69
4.3.3 BEGOVE 71
4.3.4B1 MO 73
4.4 MILEi-A\NSS 75
o 78
5 MIlti-G\SS 80
5T 80
5.2 MIlti-G\SS 80
S.2.1 80
S.2.2 83
S.2.3 85
5.3 87
5.3 L 87

5. 3. 2 90
5.3.3 94
54 MIti-AG\NSS 98
S.A L 98
5.4.2 MIlti-G\SS 100
5.4.3 MIlti-G\SS 102
544 MIti-GNSS 105

5T T 106
6 MiIlti-G\SS PPP 108
e 108
6.2 MILti-QG\SS 108
6.2.1 MIlti-G\SS L 108
6.22 111
6.3 PPP 113
6. 4 119
725 121
7 121
T 2 124
............................................................. 125
......................................................... 127
....................... 133

Vil



AC
BETN
BDS
BDT
BKG
BNC
CHAMP
CNES
CODE
CRS
CTP
DBD
ESA
ET
FOC
GAST
GEO
GFZ
GNSS
GPS
GPST
GRACE
GST
IAG
IAU
IGS
IGU
1GSO
l0C
10OV
ITRF
IUGG
JAXA
JPL
LSP
LSQ
MEO
MGEX
NASA
0OCX

Analysis Center

BDS Experimental Test Service

BeiDou Navigation Satellite System

BDS Time

Federal Agency for Cartography and Geodesy
BKG NTRIP Client

CHAIllenging Minisatellite Payload

Centre National dEtudes Spatiales

Center for Orbit Determination in Europe
Conventianal Inertial reference System
Conventional Terrestrial Pole

Day Boundary Discontinue

European Space Agency

Ephemeris Time

Full Operation Capability

Greenwich Apparent Sidereal Time
Geostationary Orbit

Deutsches GeoForschungsZentrum

Global Navigation Satellite System

Global Positioning System

GPS Time

Gravity Recovery and Climate Experiment
Galileo Time

International Association of Geodesy
International Astronomical Union
International GNSS Service

IGS Ultra-Rapid Orbit

Inclined Geosynchronous Orbit

Initial Operation Capability

In-Oribit \Validation

International Terrestrial Reference Frame
International Union of Geodesy and Geophysics
Japan Aerospace Exploration Agency

Jet Propulsion Laboratory

Least Square Predicted Orbit

Least Square orbit

Medium Earth Orbit

Multi-GNSS Experiment

National Aeronautics and Space Administration
Operational Control System

IX



GNSS

PANDA
PPP
QZSS
RK
RKF
RNSS
RMS
RTPPP
RTS
SA
SBAS
SFE
SISRE
STD
TAI
TCB
TCG
TDB
TDT
TRS
TT
TUM
uT
uTC
WGS84

Position and Navigation Data Analyst
Precise Point Positioning

Quasi Zenith Satellite System
Runge-Kutta

Runge-Kutta-Fehlberg

Regional Navigation Satellite System
Root Mean Square

Real-time PPP

Real-time Service

Selective Availability

Satellite Based Augmentation System
Square-Root-Information Filter Estimation
Signal-1n-Space User Range Error, SISRE
Standard Deviation

Temps Atomique International
Barycentric Coordinate Time
Geocentric Coordinate Time
Barycentric Dynamical Time
Terrestrial Dynamical Time
Terrestrial Reference System
Terrestrial Time

Technische Universitat Minchen
Universal Time

Universal Time Coordinated

World Geodetic System 1984



1.1 G\SS
GNSS 20000km
GPS(Global Positioning System) GLONASS Galileo
BDS
(Satellite Based Augmentation System,
SBAS) WAAS EGNOS MSAS
(Regional Navigation Satellite System, RNSS) IRNSS QZSS
GPS Galileo BDS
1.1.1GS
(1) GPS
GPS 1978 2 22
Block | 15 1993 12 24
1995 6 (http://lwww.gps.gov) GPS
(SA) 100m 20
90 GPS
GNSS 2000 5 SA GPS
10
GPS 6 ( 1.1 ) 4
55° 20200km 3.9km/s

11 58  ( Lechner,2000) GPS

(Massatt P 1998)
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1.1 GPS

(http://www.gps.gov)

Figure 1.1 GPS constellation(http://www.gps.gov)

1.1 GPS

Table 1.1 Statue of GPS constellation

Orbit plane SVN PRN Block type
A 65,52,64,48 24,31,30,7 IIF,1IR-M,1IF,1IR-M
B 56,62,44,58,71,51 16,25,28,12,26,20 IR, IIF1IR,IIR-M,IIF,1IR
C 57,66,72,53,59 29,27,8,17,19 [IR-M,IIFIF1IR-M,IIR
D 61,63,45,67,46 2,1,21,6,11 R, IFIR,IF R
E 69,47,50,54,73 3,22,5,18,10 HFE R, IIR-M, IR, IIF
F 41,55,68,60,70,43 14,15,9,23,32,13  IIR,IIR-M,IIFIIR,IIF IR
GPS Block | 1978 1985 11
(ftp://tycho.usno.navy.mil/pub/gps/gpsbl.txt) 845kg 4.5
3 4 Block 11 1A
1989 28  (ftp://tycho.usno.navy.mil/pub/gps/gpsb2.txt)
1500kg 75 Block 1A
180
(Green 1989) Block IIR 1997 Block 11
20 2000kg 10 Block IIR
(Rajian 2001) Block IIR-M 2006 9 26
8 L2C (Maine 2003) Block IIF 2010
5 28 12 L5



32 GPS Block IIR 12 Block IIR-M
7 Block IIF 12

30 GPS 2016 4  GPS 1.1
(http://www.navcen.uscg.gov)
(2) GPS
GPS L1 C/A P
Y C/A P SA
Y P Block IIR-M GPS
L2C M M
L1 L2 PIY (Barker 2006) L1
L2 Block IIF L5
L1C GPS
GNSS Galileo QZSS BDS
L1C 1.2
1.2 GPS

Table 1.2 GPS signal structure

Frequency band Service name Frequency

L1 CI/A, P(Y) Code, M Code, L1C 1575.42MHz

L2 L2CM, L2CL, P(Y) Code, M Code  1227.60MHz

L5 L51, L5Q 1176.45MHz
(3) GPS

(Beutler 1994 Rodriguez-Solana 2012)

wind-up
(Wu 1993) (Schmid  2005)
GPS
1.2 (Dilssner 2011) GPS
(yaw rate) (yaw) yaw-steering

(Kouba 2009 Marquis 2014 Dilssner 2010) Yaw-steering Nominal
yaw Y

Y = ATAN2(- tan b,sin n) (1.2)

b n

Midnight Midnight m=10° Noon
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m=180° 1.3 (Montenbruck 2015) b
Midnight Noon Y 180°
(Bar-Sever 1996)

pitch

1.2 GPS (Dilssner 2011)
Figure 1.2 maintenance of GPS satellite attitude(Dilssner 2011)

—

Sun Orbit Plane
] J Narmal

1.3 - - (Montenbruck 2015)
Figurel.3 Satellite-Sun-Earth position(Montenbruck 2015)

Midnight  Noon Nominal yaw-angle 180°
GPS Block 11A
( 0.10-013/s)
30 (Kouba J 2009)
1995 11 GPS A +0.5°
(Bar-Sever 1996) IHA
30 Bar-Sever



Block I1A GPS Block IIR

(0.20°/s) Yaw-steering
“ Midnight” (Fliegel 1996) GPS Block IIF
b 8’ lIF lIR b 8’
lIF 0.06° /s
5 (Dilssner F 2011) GPS
1.3 (Rahman 2011 Dilssner F 2011)
1.3 GPS

Table 1.3 GPS satellite attitude control during eclipse season

GPS 1A GPSIIR  GPSIIF
Noon turn m=180°  |b|<4.9° |b|<2.4° |b|<45°
Midnight turn /7=0°  |p| <13.5° || <135° |b|<135°
Shadow maneuver All All All
Post shadow recovery 30 minutes after exit - 5 minutes after exit
m=180° GPS b “ Noon
turn” m=0° || <135° GPS “ Midnight turn”
yaw A
IF IGS (http://acc.igs.org)
GPS yaw-angle Fortran eclips.f 2014 1
(4) GPS
GPS GPS Block
Il
Block 111 2016
(http://gpsworld.com) (0CX) Block IIR
Block IIF 111
(http://www.insidegnss.com)
1.12 Glileo
(1) Galileo
20 90 Galileo
30 GPS Galileo
3 55° 8

45 2
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Galileo 14 5 23222km

(Montenbruck
2014) Galileo

1.4 Galileo (http://www.navipedia.net)
Figurel.4 Galileo constellation(http://www.navipedia.net)

Galileo (In-Oribit
Validation, I0V) (Initial Operation Capability, IOC)
(Full Operation Capability, FOC) IOV GIOVE-A
GIOVE-B 2005 12 2008 4
(Medium-Earth Orbit, MEO)
2012 7 I0C 2011 10 21 2012 4
4
14 18 (http://europa.eu) FOC
30
Galileo 1.4
1.4 Galileo

Table 1.4 statue of Galileo constellation

Name SVN PRN

IOV-1, IOV-2, I0V-3, IOV-4 E101, E102, E103, E104 E11, E12, E19, E20
FOC-1, FOC-2, FOC-3, FOC-4 E201, E202, E203, E204 E18, E14, E26, E22
FOC-5, FOC-6, FOC-8, FOC-9 E205, E206, E208, E209 E24, E30, E08, E09
15 2013 1 1 2016 4 10 Galileo
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(32 L1103 | ]
GAL-104 [ ] 4
GAL-201 | - S S — -
GAL-202 - — C— 4
GAL-203 | — S ————— o
GAL-204 |- = P .
GAL-205 |- - EEEE—— .
GAL-206 - » — 4
GAL-208 + — 4
GAL-209 | , , s , , , . — .
Jan Jul Jan Jul Jan Jul Jan Jul
2013 2013 2014 2014 2015 2015 2016 2016
1.5 Galileo (http://mgex.igs.org)
Figure 1.5 Condition of Galileo signal transmission(http://mgex.igs.org)
(2) Galileo
Galileo E1 E5a E5b E6 El
ES5a GPS L1 L5 E6 (Galileo ICD 2008) Galileo
15
1.5 Galileo
Table 1.5 Galileo signal structure
Frequency band Service name Frequency
El E1l OS, PRS 1575.42MHz
E5a E5a data, E5a pilot 1176.45MHz
E5b E5b data, E5b pilot 1207.140MHz

E5(E5a+E5b) E5a data, E5a pilot, E5b data, E5b pilot  1191.795MHz

E6 E6 CS data, E6 CS pilot, EGPRS 1278.75MHz
(3) Galileo
Galileo GPS yaw-steering
|b|<2°  Galileo “ dynamic yaw-steering” (Ebert
2008) Galileo
(European Space Agency, ESA) Galileo
Galileo

(http://m.esa.int)

1.1.3 B

(1) BDS
BDS 1997 BDS
2012
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BDS GPS  Galileo 5
(GEO) 3 (IGSO) 27 MEO
1.6 GEO BDS
(LRA) (SLR) GEO
35786km 58.75° 80.75° 1105° 140° 160° 1GSO
35786km 55° 23 56  MEO
21528km 55° 12 53 (Steigenberger 2013
2013)

1.6 BDS (http://www.navipedia.net)
Figure 1.6 Constellation of BDS(http://www.navipedia.net)

1.6 BDS
Table 1.6 Statue of BDS constellation

Name SVN PRN Generation
GEO1, GEO6, GEO3, C003, C016, C004, C006, CO01, C02, C03, C04,
GEO4, GEO5 Co011 C05

IGSO1, IGS02, IGSO3,
GSO04, 1IGSO5
MEO3, MEO4, MEOS5,

€005, C007, C008, C009, CO06, CO7, C08, C09, BeiDou-2
Co010 C10
C011, C012, C013, C014 C11, C12,C13,C14

MEOG6
IGSO1-S,IGS0O2-S,MEO1-S, C101, C104, C102, C102, C31, C32, C33, C34,
BeiDou-3
MEQO2-S, MEO3-S C105 -
BDS
BeiDou-1
5 GEO 5 1IGSO 4 MEO

2020 35



BDS 1.6
2016-04.10
oy ———— ——— —— —————
coz
co3
co4
cos
Co6
co7
cos
Ccog
Cc10
C11

%-s_____________________________________________________________________________________________________________ ]
C13
C14 §

| I N T T T T T N N Y

C30

C31 | &

caz2 ]

C33 |- GEO IGSO MEO BeiDou-3 —_—

C34 L L L L L ——— . T
Jan Jul Jan Jul Jan Jul Jan Jul
2013 2013 2014 2014 2015 2015 2016 2016

1.7 BDS (http://mgex.igs.org)
Figure 1.7 Condition of BDS signal transmission(http://mgex.igs.org)
17 2013 1 1 2016 4 10 BDS
(2) BDS
BDS Bl B2 B3 B2 Galileo
E5b BDS 1.7
1.7 BDS
Table 1.7 BDS signal structure
Frequency band Service name Frequency
B1 B1 GSO, BIN-GSO 1561.098MHz
B2 B2 GSO, B2N-GSO  1207.14MHz
B3 B3 GSO, B3N-GSO 1268.52MHz
(3) BDS
BDS IGSO MEO GPS yaw-steering
b GEO “ orbit-normal”
Orbit-normal Z Y
X 1.8
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———
e T

[~ ,/’ A
Sur / Orbit Plane \
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. I8
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,/____4—'“ # -___‘::_'__\_ 1
) 4& _______ j% %

\\ . /,f-’
\\\ /«'/
1.8 orbit-normal (Montenbruck 2015)
Figure 1.8 orbit-normal attitude(Montenbruck 2015)
(4) BDS
(BeiDou-3)
BDS
BDS
1.2
6 (PNT)
120 Multi-GNSS
GPS
(Montenbruck 2014)
(Elsobeiey 2014 Li
2015 Wang 2015)
PNT GNSS
GNSS
(International GNSS Service, IGS) 1992 6 21
GPS (http://igs.org) GNSS
IGS 2012 Multi-GNSS Experiment(MGEX)
Multi-GNSS Multi-GNSS

GNSS

GNSS

10
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IGS 2007 (RTPP)

2011 8 GPS
GNSS Galileo BDS
GPS Galileo BDS(IGSO,MEOQ)

1.3

1.3.1 Ml ti-G\SS

IGS MGEX Multi-GNSS IGS
2016 4 10 153 Multi-GNSS
GPS153  GLONASS150  Galileo 143  BDS 105
1.9 Multi-GNSS (NASA) CDDIS

(ftp://cddis.gsfc.nasa.gov)

GPS-153

% GLO-140
GAL-143

*  EBDS-105

1.9 Multi-GNSS
Figure 1.9 Multi-GNSS network
MGEX 6 Multi-GNSS 1.8
GFZ JAXA TUM 5 GFZ CNES
30s CODE GFz CODE GFz

Wuhan University CNES

11
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1.8 MGEX
Table 1.8 MGEX analysis center

ID AC name Constellations included Product Delay
sp3, clk, 2 week
com CODE GPS+GLO+GAL+BDS(IGSO,MEQ)+QZSS
erp, bias
sp3, clk, 30h
gbm GFz GPS+GLO+GAL+BDS(GEO,IGSO,MEQ)+QZSS
erp, bias
sp3, clk, 1 week
grm  CNES/CLS GPS+GLO+GAL
snx
gzf JAXA GPS+ QZSS sp3 1week
tum TUM GAL + QZSS sp3 3-5days
Wuhan sp3, clk, 3-5days
wum GPS+GLO+GAL+BDS(GEO,IGSO,MEQ)+QZSS
University erp
1.9 (Prange 2015 Meng
2015)
1.9 MGEX

Table 1.9 processing of MGEX centers

CODE GFz CNES TUM WHU
Observation  Double-diff.(orbit)
Undiff. Undiff. Undiff. Undiff.
equation Undiff.(clock)
3days(orbit), 3days(orbit), 5days(orbit), 3days(orbit),
Data span 3h+24h+3h
1day(clock) 1day(clock) lday(clock)  lday(clock)
3min(orbit)
Sampling 5min 15min 30s 30s
5min(clk)
SRP ECOM2 ECOM ECOM ECOM2 ECOM
ISB 1-day ISB 1-day ISB 1-day ISB 1-day ISB 1-day ISB
CODE
TUM Galileo
5} CODE TUM 2015
ECOM?2
gzf GPS  GLONASS IGS
GPS 2.5cm - 0.075ns  GLONASS
3cm(http://igs.org) (Day Boundary

Discontinue, DBD) 2014 MGEX BeiDou

12



Galileo 1.10 (Guo 2016)
1.10 MGEX BDS Galileo ( cm)
Table 1.10 DBD of BDS and Galileo orbit products of different MGEX ACs(unit:cm)

BDS GEO BDSIGSO BDSMEO Galileo

wum 64.8 30.3 14.6 26.2
gbm 149.0 32.1 26.6 18.6
com - 14.9 10.0 9.0
tum - - - 8.2
grm - - - 11.2
MGEX GNSS
(IGMAS)  BeiDou (BETN)
( 2014) TUM Galileo 5
GPS GPS
(Inter System Bias, ISB) Galileo
TUM Galileo (Steigenberger 2015) CODE
TUM 2015 ECOM?2 Cuboid
Box-Wing Galileo
10%(Montenbruck 2015 Arnold 2015) Galileo
0.75ns 0.15ns b
BeiDou (Prange 2015)
MGEX GNSS
(
1992 1995)
( 1997) GPS
( 1995)
GPS
( 2004) PANDA GPS
PANDA GPS
IGS ( 2007)
CHAMP GRACE
0.26m ( 2011) PANDA “ "

BDS

13
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3cm ( 2013) PANDA
BDS GEO IGSO MEO 114cm
29cm  48cm MEO
IGSO MEO ( 2014) BDS
1.3.2 A\sS
GPS 2 (Malys 1997
Warren 2003 Creel 2007 Cohenour 2011 Gruber 2012 Cooley2015)
GPS GPS
GPS (Signal-In-Space User Range
Error, SISRE) 1997 4.5m 2015 0.7m Galileo 10
(Lucas 2013) Galileo
SISRE 1-2m BDS 1 (Chen 2013 Hu
2013) BDS BDS GEO
IGSO MEO SISRE 0.9-1.8m 0.6-0.8m 0.5m
1.11 RMS SISRE ( m)

Table 1.11 RMS of broadcast ephemerides relative to precise ephemerides and SISRE

value(unit:m)

System Radial Along Cross T SISRE
GPS IIA 0.26 121 037 110 1.09
GPS IR 0.14 1.04 042 052 053
GPS IIF 0.14 075 032 028 034
Galileo 0.63 265 229 162 164
BDS(MEO+IGSO) 0.50 2.42 131 087 102
111 2013 6 2014 6 RMS
SISRE  (Montenbruck 2015) T GPS
Im BDS Galileo
2004 4 19 IGS GPS
48 24 24
GPS 5cm

3ns(http://igs.org) 2007 IGS
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2011 8 GPS

1GS01 8cm(http://www.igs.org/rts)
1GS02 IGS03
1GS02 GLONASS
(Deutsche GeoForschungsZentrum, GFZ) GPS GLONASS Galileo BDS
ESA Galileo
IGS RTS Multi-GNSS
2016 4 10 174 174
GPS 159  GLONASS 84  Galileo 54  BeiDou 1.10

(Federal Agency for Cartography and Geodesy, BKG)
BKG NTRIP Client(BNC)

GPS-174

> GLO-153
GAL-B4
+  BDS-54

1.10 RTS
Figure 1.10 RTS network

IGS MGEX

1.4

1.4.1

GPS BDS Galileo
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(1)
GNSS

(2)
GNSS

Galileo

(3)
GNSS

(4) ECOM2 BeiDou
BDS
ECOM2 BeiDou

()

(6)

(7)

16
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1.4.2

GPS BDS
Multi-GNSS
GNSS
IGS MGEX
IGSO MEO
Galileo BDS
GNSS

GPS Galileo BDS

GNSS

Galileo
GNSS GNSS

GPS Galileo BDS
BDS

Multi-GNSS

batch

CODE
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2 Q\5S
2.1
IGS
2.2
2.2.1
Q) (UTO UT1 UT2)
(Universal Time, UT)
1995 (1AV)

2003)
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UTC
1972

(2.1)

(2.2)

50ns

UTC
GST

1 UTO
1 UTL uTo D/
I UT2 UTl oT
UTl
(GAST)
(2) (TAI UTC GPST GST BDT)
(TAI) 9192631770
50 200
1958 1 1 0"UTi(Forman 1985 Goodman
1986)
| (UTC)
uTC UTl
+0.9s uTC (Lewandowski 2011) UTC
2015 6 30 TAI  UTC
TAIl - UTC =36s
I GPS (GPST)
GPST GPS GPST
1980 1 6 0"UTC GPST GPS
604800 GPS uTC
GPST TAI (Michael J  2013)
TAl - GPST =19s
I Galileo (GST)
GST Galileo TAI
GST 604799
0 GST GPST uTC GST
1999 8 22 0 13 1999 8 22 0Q"UTC
13 (Galileo ICD 2008)
1 BeiDou (BDT)
BDT BeiDou
uTC 100ns 2006 1 1 O0"UTC (
2013) BDT UTC

3) (ET TDT TT TCG TDT TCB)
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(ET) 1960
(Seidelmann  1992)
ET
1960 1984
ET
(1AV) 1984
(TDT) (TT) TDT
TT TDT ET
TAI
TT =TDT =TAIl +32.184s

IAU 1992 (TCG) TCG

TT 1977 1 1 0O'TT TT

TCG =TT + L, M JD- 24431445)>86400s
L, =6.9692903 10 JD
TCG (TDB) (
TDB (TCB) (McCarthy 1996)
2.2.2
GNSS
(1)
GNSS
Z
X Y X Z
(Seidelmann 1982) IAU

(IUGG) 2000 1 1 12"UTC
J2000.0(Fricke  1988)
J2000.0 Z X J2000.0
Y X z
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(2.3)
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)

VA X
Y X Z
(1AV)
(IAG) 1967 1900 1905
(CTP) ( 2009)
Z
CTP X CTP Y X Z
WGS84  ITRF
®3)
VA Y
X Y Z
(4)
E N H
(%)
R
A R C
R A
2.2.3 A\NSS
GNSS 21.2
(1)
CRS
TRS
CRS =Q(t)>R(t)>W(t)>TRS (2.5)
Q(t) R(t) W(t) t

( 2007)

t =(TT - 2000 Januaryl.5)in days/ 36525 (2.6)
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Q(t) R(t) WC(t)

IERS Conventions(2010) 1AU
SOFA CRS TRS IERS
(http://hpiers.obspm.fr/)
(2 GNSS
GNSS
( CRS)
CRS rsat rsun
(ex !ey €, )
e, =- st 2.7)
Ve
ey — ez: (rsun - Tsat ) (28)
|ez (rsun - Tsat )|
e =e, €, (2.9)
(Dx,Dy,Dz) ATX CRS
(Dx,Dy,Dz )crs
(Dx,Dy,Dz )eps =(ey.€y ;)" X Dx,Dy,Dz) (2.10)
3) GNSS
(DE,DN,DU )
( 2004)
a®X § g sinL - sinBcosL cosBcos L &bE ¢
gDY; =¢ cosL - sinBsinL cosBsinLgDN; (2.11)
&DZ5.. & O cos B sinB %DU
B L
(4)
CRS S
ARC
lsat
rar” = (g £a.8c ) ear (2.12)
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rCRS CRS - 4CRS ]
®r = SéltRs » €A :H! €c =€a ER (2.13)
rsat | rsat at |
2.3 A\5S
2.3.1
GNSS
GM & 0
# =- — % (2.14)
Ir| |r|ﬂ
GM r
(
1997)
b=& +&, +&, (2.15)
&
B =8 +& +8; + 8+ (2.16)
% 2 o
( ) & N
&&QEL
&,
By =8 +&p + 8, + &, (2.17)
“b & WEA
&,
Wémp (
2004)
GNSS
(Bomford 1980 1995 1997 2000 Montenbruck

2001 2006 Petit 2010) IGS CODE
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2.1
2.1 CODE

Table 2.1 Perturbation models adopted by CODE analysis center

12° 12 EGM2008
GM =3986004415km° / sec®>  a =6378.1363km
IERS 2010 FES2004

JPL DE421 (Folkner 2009)
GM gy =132712500000km> / sec?  GM poon = 4902.7890km? / sec?

ECOM2
(Rodriguez  2012)

Nominal attitude

IERS 2010

CODE
2.1

m/s"2

1E0

1B |

1E-13 —

; H ; i i i ; i
Earth S Noon Solid Ocean Pole Ohlate solar Relativity
earth tide tide pess

2.1

Figure 2.1 Satellite acceleration caused by different perturbations

DC,n DS,
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GNSS
1cm(Rodriguez-Solano and U.Hugentobler 2012)

2.3.2
2.3.1
71 %Xo0 = %o
Xo:(ro & po)
(2.18) X
(2.18) X Taylor
PERE S €.519) IRV (2.19)
fix X=x"
At 5 100
¢lr & Tp+ 2 | 009
POt _Cfé & fR-_ S & fe: 25
Sl (2.20)
LA PR T Tp. ¢ir & Tp=
T T Th. €0 0 05
Tr & Tog
0 3°n | 33
d=x-x A=JEU (2.19)
ﬂX X=X
d=Ad (2.21)
(2.21)
d=F(tt,)d, (2.22)
TR (tt)= AXE(Lt,) (2.23)

|
TF(toty) =1

I F(tt)
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@t WO @l I o

Mo o oo+ Mo Th o<

SICT A TL-ALIN L -3 LR L
UG W Tl (Mo 16 Tl

e T T g0 0 1
&fr, 16, ﬂpor?)é

(2.20) (2.23) T TR fE & E

TR TESE D R T
I, Trfirp M8, Tpfip 9T

e _TEIr TR TE TP _ R Ar T 98
T I Mf TEE o TE Ir Th R T

T T qr | TR TR T Tip _ fE fr |, TR

Moo Mrfpe TEMpy TP Tpe Mir My  Tp

( 1997)

2.4

2.4.1

t; X = f(x.t) tin
X =X+ 6 F(x.4 )dt
f(x.t) Taylor
X, =X +hf Hx t.)+0O(h?)

h=ti- 4 O(h?)
GNSS
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(1) (Runge-Kutta, RK)
(2.29) fH(x%.t)
4 (RK4) (Hairer 1978)
X =X, +%[k1 +2k, + 2K, +K, |
ik =hf (%, t)
T, =nf & + 2k, t+=h2 (2.30)
T e 2 2 g

|
iy e 1 1.0
'|'k3_hfgxi+5k2’ ti+Eh_

Yk, =hf(x +ks, t;+h)

RK4 Taylor
GNSS
Runge-Kutta-Fehlberg(RKF) RK n n+l
RK
6 7 RKF

i d ,
iXia =X thac;f; +O(h )
| j=1

| 9 (2.31)
! 9 .
.I.Xi+1 =X +ha Cj f] +O(h )
t =
.i.fOZf(Xi’ t)
fe_ @ K 6 j=
.'.f-:féx.+hg by, t+ha,d 171219 (2:32)
1) ! ] i j-
| k=0 o
Ti+l
11
Ti+1:?0(fo+f7- f,- f,) (2.33)
ay by cj ¢ ( 1997 2004
Prince 1981)
(2) Adams-Bashforth
RKF RKF
(2.28)
F(xit) p(t) p(t)
m-1 Pm(t) t, m
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Pt amo
prln :a('l)J : jgmfl
j=0 lo
(2.28)
X, =X+ 3" p!dt
ko-l
Xia =X tha b fi.; k=123 L
j=0
i Slamo
ibg=(-1'a g; I
| m=j€J @
-1 51 4
: m k:0m+1' k k
T+ 2+ ig, L g =1
Tm2m—13m—2 m+10
by (Grigorieff 1983)
(3) Adams-Moulton
Adams-Bashforth p(t) m
t Lt Adams-Bashforth
Adams-Moulton (Grigorieff R
Adams-Moulton A A m
N amo .
'1—61( l)Jgj mf|+1
Xis1 =X +ha ka i K=123 L
j=0
i * i K 1@0 *
T bkj :(' 1)Jé e /8
I m=1€J @
tj+£g Wlpoapa j_uumzm
LI T It gz m+17° {0,(m? 0)
Tm
¥é g, =gn(m=012L)
j=0
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2.4.2
6
a e i W
7 T, t, r
& (GoldsteinH 1980 Battin 1987)
1)
| h
h=r" 8=(hy,h,,h;) (2.41)
| I W
cosi :& tanW:L (2.42)
i - h,
1 p
nf
i 2.43
P =G (2.43)
| a
g° 0
:(E?Z - L_ = G|\3/| (244)
grl oM a
| e
o= / _P (2.45)
a
| 75
ecosvzﬁ- 1 esinv:E P (2.46)
I Il VGm
cosu _lor sinu =2 1) (2.47)
I hxr
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)

M(t)=nxt-

T)

E

n=

M =E-esinE

r=a(l- ecosk)

Iy &,
r, =r(cosv,sinv0) #§ = %(- sinv,cosv,0)
Va -e
f &,

b

GM

3

a

r=Ry(- W)Ry(-i)Rg(- w)r, =(P Q W),

B=Ry(- W)R,(- 1 )Ry(- w1y, =(P Q W)

a cosucosW- sinucosi sSinWg

&+ sinusini

as,ksinisinWQ
W = g sini cos W-

&+ cosi

]

o
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(2.50)

(2.51)

(2.52)

(2.53)

(2.54)

(2.55)

(2.56)

(2.57)

g Se sinwcosW- coswcosi sSinWg
P =c+coswsinW+sinueosicosWs  Q =¢- sinwsinW+ coswcosi cosW-

&+ coswsini
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2.4.3
2.2 1GS
2.21GS
Table 2.2 Integrators and step size in IGS analysis centers
ACs Integrators Integration step
CODE Polynomial of degree 10 1 hour
EMR  Variable (high) order Adams-Moulton Variable
ESA Adams-Moulton 8th order 120 steps per revolution
GFz Single step(Everhart)for orbit Variable for orbit
Multi-step(Stoermer-Cowell)for variation equation Fixed for variation equation
GRGS Cowell order 8 15 minutes
JPL Variable (high) order Adams-Moulton Variable
MIT 11-order Adams-Moulton 75 seconds
NGS  \Variable (high) order Adams-Moulton Variable
SIO 11-order Adams-Moulton 75 seconds
6 Adams-Moulton RK4 RKF
2015 12 1 O O O GPS GO01
6
zm-‘* RKEFETEIR A SR BREE

e D W W W W

0005| =+~ h=30s

;"

] vy ]

=2 0 e 1 1 1 1

0 10 0 a0 40 al

10 T T M
5 —+—h=150s 1

(I i I I I I I
0 10 20 30 10 a0 g0 70
Hour
2.2 RK4
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Figure 2.2 Precision analysis of RK4 method
5xm5 RKFITET RS F B EREE

—+—10s
=esiie
4L | —+—EDs
150s

45k

Hour

2.3 RKF

Figure 2.3 Precision analysis of RKF method

w07 Adamas-Moulton AT RN FH NI EREE
15 T T T T T T

=il
==y
—4—hle

-— 1505

Unit: m

o T erptla 3 1 1 1 1 1
a 10 20 a0 40 a0 [=11] 70
Hour

2.4 Adams-Moulton
Figure 2.4 Precision analysis of Adams-Moulton integrator

2.2 2.3 24 RK4 RKF  Adams-Moulton
10s 30s 60s 150s
dr =y/(dx? +dy? +dz?) RK4
RKF
RK4

Adamas-Moulton

2.3

Table 2.3 Analysis of all integrators

Name RK4(Unit:m) RKF(Unit:m) Adamas-Moulton(Unit:m)

Step lday 2days 3days 1day 2days 3days lday
10s 3.E-05 8.E-05 1E-04 1E-05 2E-05 5.E-05 5.E-07
30s 3.E-03 6.E-03 9.E-03 1.E-06 5E-06 3.E-06 1.E-06
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60s 4E-02 1E-01 1E-01 2E-06 1.E-06 8.E-06 2E-06 8E-06 1.E-05
150s 2.E+00 5.E+00 9.E+00 2.E-06 6.E-06 1.E-05 1.E-06 6.E-06 1.E-05
2.3 1 2 3
RK4 150s 9m
RKF  Adams-Moulton 150s
2.4.4 A\SS
2.3.3
2.5
Shadow factor Pemmurithis Penumbra
A | . 1
Full Sunlight bl ba | b3§ b4! Full Sunlight
1 ‘ | : .
0 n-1l
2.5
Figure 2.5 Schematic diagram of satellite crossing Earth shadow
n n+1
(Woodburn J
2001 Laurichesse 2009)
n b, b, b,

b, n+1
Adams-Moulton

2015 12 1 (doy335) 2015 12 30 (doy364)30
10
IGS MGEX
4  GPS 2  BeiDou
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2.4

2.4

Table 2.4 Entering and exiting time of eclipse

Start and end doy Total times of eclipse

Adams-Moulton

unit: crn

20k

40k

B0+

-80

26a b ¢

1.2cm

T T
G17 G189

a7

unit:cm

0a

(=]

Rk

-15

T
G0E

Go08 335 to 364 2*30
G17 335 to 364 2*30
G19 335 to 364 2*30
G27 335 to 364 2*30
Cos8 350 to 364 2*15
C11 340 to 364 2*25
4  GPS Co08 C11
243
10s 60s
(10s) 60s
Adams-Moulton 60s 10s
Along Cross Radial 3
Cc08 C11
Along 80cm Cross  Radial
8.9cm 3
Difference in Along direction b Difference in Cross direction

T T T T
G617 G19 G627 cos

M

njlumhfq hplrilq; # M‘

o

335

I
340

1 1 I
350 385 360
doy

I
345 365

34
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1
35 340

I 1 |
350 355 360
doy

I
345 365



GNSS

unit:cm

Difference in Radial direction

o L L L L L
33 340 345 3a0 355 360 65

doy

2.6 Adams-Moulton (

cm)

Figure 2.6 Integration errors of Adams-Moulton method with different step size(unit:cm)

2.5

Cross

2.560s

3 RMS
RMS 4.4cm 13.2cm
Radial RMS
10s (

1-2cm

cm)

Along
24.0cm

Table 2.5 difference of 60s step size result and 10s step size result within a single day(unit:cm)

Along Cross Radial

Istday 2ndday 3rdday 1stday 2ndday 3rdday 1stday 2ndday 3rdday
Gos8 4.8 15.3 27.3 0.1 0.1 0.1 0.9 11 15
G17 3.4 12.0 28.0 0.1 0.2 0.2 1.0 1.8 2.2
G19 5.1 13.0 25.7 0.1 0.1 0.2 1.2 1.3 1.6
G27 7.7 15.8 26.7 0.1 0.2 0.2 1.2 2.2 2.6
co8 2.0 14.3 19.5 0.1 0.2 0.2 1.5 2.6 2.7
Cc11 3.4 8.8 16.7 0.1 0.1 0.2 1.0 1.7 1.9
Mean 4.4 132  24.0 0.1 0.2 0.2 1.1 1.8 2.1
60s 10s 2.7
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a Diffetercesin .ﬂl.lung difecticn Difference in Cross direction

03

b

T
Gi7

T
GO

G19

G627

T
G1a

o

®
- ‘
-0.3
ok -0.4
-2%35 3;10 31|15 SéD 35|5 3éD 3685 'D%ae 3:|10 3)15 3%0 35|5 3!;10 365
::Dy P . Differen:e in Radial directiu‘n . "
3|
£
_%35 Elllﬂ 3:15 jéﬂ 3%5 3IISD 365
oy
2.7 ( cm)
Figure 2.7 Integration errors after shadow boundary detection(unit:cm)
27a b ¢ 60s 10s
Along Cross Radial 2.6 Along
80cm 25cm  Radial 8cm 4cm
2.6 60s 10s ( cm)

Table 2.6 difference of 60s step size result and 10s step size result within a single day after shadow

boundary detection(unit:cm)

Along Cross Radial

I1stday 2ndday 3rdday 1stday 2ndday 3rdday 1stday 2ndday 3rdday

cogs 0.6 1.7 4.4 0.0 0.0 0.1 0.2 0.4 05
c17 07 2.0 46 0.0 0.1 0.1 0.2 05 0.6
Gl9 06 2.2 5.0 0.0 0.0 0.1 0.2 0.4 05
co7 08 2.4 6.3 0.0 0.1 0.1 0.2 05 06
cos 21 4.2 5.4 0.0 0.0 0.1 0.4 0.4 0.7
ci1 06 3.3 8.8 0.0 0.0 0.1 0.2 06 1.0

Mean 0.9 2.6 5.8 0.0 0.0 0.1 0.2 05 0.7
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2.6
RMS Along
RMS 3cm
RMS lcm Along Cross
50.0% 66.7%
2.5
GNSS
RK4 RKF  Adams-Moulton
Adams-Moulton
Along
13.2cm 24.0cm Cross
1-2cm
Along RMS 1cm
6cm Radial RMS lcm
75.8% 50.0% 66.7%
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3
RMS 1cm
RMS 6cm Radial
Radial 75.8%
GPS
IGS CODE
RK4
RKF
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3  MGEX

3.1

IGS MGEX 2012 6 CODE GFz
GPS+GLONASS+Galileo+BDS+QZSS
CNES GPS+GLONASS+Galileo JAXA
GPS+QZSS TUM Galileo+QZSS
Multi-GNSS
MGEX

MGEX BDS Galileo
IGS IGU BDS Galileo

BDS Galileo

3.2 MEX

IGS GPS
GPS BDS Galileo
IGS
GPS ) ( BDS Galileo )
( BDS Galileo )
MGEX GPS Galileo BDS
2015 12 1 (doy335) 2015 12  30(doy364)
3.1
3.1

Table 3.1 Information of eclipsing satellites

Start and end doy Total times Penumbra duration Umbra duration

G08 335to364 2*30 60-70seconds 50-60minutes
G17 335to364 2*30 60-70seconds 50-60minutes
G19 335to364 2*30 60-70seconds 50-60minutes
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G27 335to0 364 2*30 60-70seconds 50-60minutes

G29 335to0 364 2*30 60-70seconds 50-60minutes

C08 350to 364 2*15 60-70seconds 50-60minutes

C11 340to 364 2*25 60-70seconds 50-60minutes

C12 340to 364 2*25 60-70seconds 50-60minutes

(penumbra) 1 (umbra)
1
50
3.21 @S e

GPS IGS
2.5cm(http://acc.igs.org/) MGEX

GPS

b G18 Block IIR G29
Block IIF G27 3.2

3.2

Table 3.2 Information of 3 experimental satellites

1

%

|l

\|'f

Satellite Type 1 day eclipses Alleclipses Range of beta(® ) PCO(X)
G18 IR 0 0 64 to 74 0.000m
G27 IF 2 2*30 8to-13 0.394m
G29 IR 2 2*30 11to-11 0.000m
MGEX G18 IGS
3.1 32a b 3D b
a Cormnparisan with GRS GS final orbitPRN1TE) b Comparison with GPS IG5 final clk(PRN1S)
0.z . ‘ ‘ 80 2 : ‘ : 80
gt o
015 3;” //”/ \\\\\ 475
———heta ™
= // § %
E 01k mgg 3 m‘,l _mg
il ) -
nost 68
i ” s W 1 M W
& ﬂ it }ﬂ* I ul i )
it

ik

350 340 345
doy

355 380

IGS

L L
350 355

doy

L
360

365

3.1 MGEX G18
Figure 3.1 Difference of MGEX G18 orbit and clock with IGS final product
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qzf IGS
IGS
RMS 3.2
b
a i 1day‘ s ‘ - b ' 1dayI ms i
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a7t ¥ /,/"_““ : ;f: 76 x o I grb:
o * o gm e + wum
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3.2 MGEX G18 IGS RMS
Figure 3.2 RMS of difference between MGEX G18 orbit/clock and IGS product
MGEX G29 IGS
3.3 qzf b 0 3D
16cm grm b 0 IGS
0.75ns b
a Compatison with GPS IG5 final orbit(PRIN23) b Comparison with GPE IGS final clk(PRM2%)
0z ‘ - . 20 1 . : ‘ .
ghm
01sF =~ grm 10 o5k
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3.3 MGEX GPS PRN29 IGS 3D
Figure 3.3 3D difference of MGEX GPS PRN29 orbit and clock with IGS final product
34 G229 RMS  qzf b 0
RMS 11.8cm grm b 0 RMS 0.6ns
b GPSIIR

40



GNSS

a - 1day‘rms . - b - 1day‘rms . -
*—* * com +  com
# wum *  ghm
T e + ghm (10 + o
(™ rm || # wmum
e " : . o S % o pep HID
L il ———theta RES
" ali ., beta | |5 : g + :
g M e \\\ E T, £
g s * o ek Tt oe o= oaf B ooz
= k. W - * w7 5
2 $i St L+ ++| o * *e -
il ﬁj* * ** 4 " ;;\* i** i@ r ** B s gy £
* % + e **** *\t* W 02F o G Y
one}+ ¥ *#***** ﬁfi#i : *1 ﬂii** 10 L i T *1%* :* £*1
Brtepleenr aga 0T Belpe 00
L =0 B =0 = 0 % = 30 25 =0 % %0 e
doy doy
3.4 MGEX GPS PRN27 IGS 3D RMS
Figure 3.4 RMS of 3D difference between MGEX GPS PRN27 and IGS product
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3.5 MGEX G27 IGS 3D
Figure 3.5 3D difference of MGEX G27 orbit and clock with IGS final product
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3.6 MGEX G27 IGS 3D RMS
Figure 3.6 RMS of 3D difference between MGEX G27 and IGS product
GPS MGEX
3.3
3.3
Table 3.3 Analysis of all experimental satellites
Orbit 3D RMS(cm) Clock RMS(ns)

Satellite Type
com wum gbm grm qzf com wum gbm grm

Full sunlight Al 31 20 22 27 62 019 010 0.14 0.17

Eclipse IR 38 21 23 28 65 017 011 011 0.17
Eclipse IHF 438 2.2 24 36 341 030 012 0.29 0.29
qzf RMS  6.2cm
RMS 2.5cm  0.15ns Block I1IR
Block IIF gzf com
com 4.8cm 0.30ns
qzf 34.1cm
3.2.2 @Glileo BDS G~Z
IGS Galileo BDS MGEX
Multi-GNSS GFz gbm
BDS GEO
(1) Galileo
Galileo 37a b ¢ d
com grm tum wum Galileo gbm 3D
b

42



GNSS

a Difference of Galileo orbit between corm and gbm b Difference of Galileo arbit between grm and gbm
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3.7 Galileo GFz
Figure 3.7 Comparison of different analysis centers with GFZ on Galileo satellite orbit
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3.8 Galileo GFz
Figure 3.8 Comparison of different analysis centers with GFZ on Galileo satellite clock
E26 E30
Galileo gbm RMS

43



3  MGEX

15cm com  grm
0.43ns  0.39ns
BDS

3.4
34 Galileo
Table 3.4 Orbit and clock comparison of all Galileo satellites in one month
Reftogbm com grm tum wum
OrbitRMS 0.15m 0.13m 0.16m 0.14m
Clock RMS 1.82ns 2.82ns - -
Clock STD 0.43ns 0.39ns - -
Galileo
RMS ns STD
(2) BDS
BDS C08 Cl1 cC12
Cc08 C09 C11 Ci12 Ci4 5
BDS
= Diftrence of Bei0ou orsit between com and gbrn b

100

—C03
—C03
—lT

c12
—Cu4

Difference of BeiDou arbit between wum and ghm

a0

S ssi ]

C [—1 )

= ——cme
o2 [T
—cu

—50

3D difference: m

3D difference: m
beta angle: degree

140

beta angle: degree

3.9 BDS GFz
Figure 3.9 Comparison of different analysis centers with GFZ on BDS satellite orbit
3.9a com BDS gbm 3D
b BDS 3D
17cm b 0 CODE com
GFZ gbm 3D 2.5m
3.5 3.10b  wum gbm 3D
35 BDS ( com gbm )

Table 3.5 Orbit jump information for BDS eclipsing satellites(compare com to gbm)

Time Beta angle(®° )

C08 Doy355.0000 4.67
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C11 Doy350.0000 4.75
C12 Doy350.0000 4.37
3.10a b com wum BeiDou gbm
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3.10 Beidou GFz
Figure 3.10 Comparison of different analysis centers with GFZ on Galileo satellite clock
GFz b
0 BeiDou CODE GFz
com wum BDS
gbm 3.6
3.6 BDS

Table 3.6 Orbit and clock comparison of all BDS satellites in one month

Ref to gbm IGSO MEO

Orbit RMS Clock STD Orbit RMS Clock STD

com Full Sunlight 0.23m 0.45ns 0.11m 0.31ns
com Eclipse 0.51m 0.55ns 0.40m 0.45ns
wum Full sunlight 0.22m 0.36ns 0.07m 0.31ns
wum Eclipse 0.23m 0.37ns 0.14m 0.36ns
wum gbm b 0
com b 0
323 &ileo BB 08D
3.2.2 Galileo BeiDou

GFz
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Galileo  BeiDou

Day Boundary Discontinue(DBD) (Griffiths 2009) 3.11
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Day A % 23:52:30
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3.11 (DBD)
Figure 3.11 day boundary discontinue(DBD) between two orbits
(1) Galileo DBD
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3.12 Galileo DBD
Figure 3.12 DBD value of different analysis centers on Galileo satellite orbit
Galileo DBD 3.13 tum com gbm
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Figure 3.14 DBD value analysis of IGSO satellite orbit
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3.15 MEO DBD
Figure 3.15 DBD value analysis of MEO satellite orbit
wum GFz gbm
0 CODE com b
0 gbm  wum
3.7 BeiDou ( com gbm )

Table 3.7 Orbit jump information for BeiDou eclipsing satellites(compare com to gbm)

heta angle: degrae

com gbm wum

Time(doy) Betaangle(° ) Time(doy) Betaangle(°® ) Time(doy) Betaangle(® )
C08  355.000 4.67 - - - -

C11  350.000 4.75 351.000 3.92 350.000 4.75
C12  350.000 4.37 350.000 4.37 349.000 5.19
BeiDou Cl C12
doy350.8194  doy350.5866 b 4° (personal communication)
b 4°
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BeiDou
DBD
18.4cm

DBD
com
b

3.3

GPS

IGSO

DBD of BeiDou satellites in one month

0 Eo Surlight  IGSO Sunlight  MEO Eclipse 1350 Eclipse
satellites
3.16 BeiDou DBD
Figure 3.16 DBD of all BeiDou satellites in one month
BeiDou DBD 3.16
com IGSO MEO DBD 7.6cm  4.5cm gbm
wum IGSO MEO DBD 26.7cm
BeiDou b 0 com DBD
MEO DBD 43.5cm  28.1cm gbm  wum
BeiDou
gbm  wum BeiDou
0 gbm  wum com
Glileo BeiDou
3.17
W— _ - ‘\\ predicted arc
initial orbit Theo.o-@
3.17
Figure 3.17 Principle of orbit prediction
(Choi  2013) 40 45

GPS GPS
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Orhit difference: m

Orbit difference: m

1)

Galileo  BeiDou
Galileo
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3.18 Glileo (E11)
Figure 3.18 Difference between Galileo predicted orbit and precise orbit(E11)
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Accuracy of Predicted Galileo orbits

I -ong
[ lcross
I R dial

25

RMS:cm

32hour 42hour 52hour G2hour
arc length

3.19 Galileo
Figure 3.19 precision of predicted Galileo orbits based on different arc length

Galileo GPS
42h 24 Along Cross  Radial RMS
16.4cm 6.0cm  7.0cm
2 BeiDou
BeiDou
32h 42h 52h 62h 24h
3.8
3.8 BeiDou ( cm)

Table 3.8 Precision of BeiDou predicted orbit based on different arc length(unit: cm)

arc based 32h 42h 52h 62h

Satllite = A C R A C R A C R A C R
IGSO-E  151.8 201 305 1308 21.9 268 1249 351 282 1434 443 292

IGSO-E 356 75 77 290 89 68 329 101 7.7 376 115 84
MEO-E 863 103 178 985 241 186 1140 289 20.1 1305 348 209
MEO-E 89 33 19 83 34 20 107 37 24 129 39 27

IGSO-E  MEO-E IGSO MEO
IGSO-F  MEO-F IGSO MEO
GPS  Galileo 42h BeiDou
24 IGSO Along Cross  Radial RMS 29.0cm 8.9cm
6.8cm MEO Along Cross Radial RMS 8.3cm  3.4cm
2.0cm IGSO Along Cross Radial RMS
130.8cm 21.9cm  26.8cm MEO Along Cross  Radial RMS

98.5cm 24.1cm 18.6cm
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Predicted arbit and com arbit-C08
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Figure 3.20 Precision analysis of predicted orbit and precise orbit
3.9 BeiDou ( )

Table 3.9 Orbit jump information for BeiDou eclipsing satellites(compare predicted orbit to

precise orbit)

Time Betaangle(®° )
C08 Doy351 8.01
Cl11 Doy350 4.75
C12 Doy350 4.37

3.7 Cl1

3.4

Ci12

3.8
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IGS MGEX
GPS Galileo BDS
GPS IGS GFz
Galileo BDS
Galileo BDS
GPS qzf 6.2cm
GPS RMS 2.5cm RMS  0.15ns
Block IIR
Block I1F com 4.8cm 0.30ns qzf
34.1cm
GFz Galileo  BDS
Galileo RMS 15cm
com grm RMS ns STD 0.43ns
0.39ns com wum
BeiDou gbm IGSO
STD 0.23m 0.40ns MEO STD 0.09m  0.31ns
b 0 wum com
Galileo BDS DBD
TUM Galileo DBD 7.1cm
CODE Galileo TUM DBD 8.2cm GFZ
CNES DBD 159cm 16.1cm  18.5cm
BeiDou CODE IGSO MEO
DBD 7.6cm 45cm GFZ IGSO MEO DBD
24.8cm  18.1cm IGSO MEO DBD
28.6cm  18.6cm CODE BDS
IGSO MEO DBD 43.5cm  28.1cm GFz
com Galileo  BeiDou
GPS 42 Galileo
BeiDou Galileo 24 Along Cross
Radial RMS 16.4cm 6.0cm  7.0cm BeiDou 24 IGSO
Along Cross Radial RMS 29.0cm 8.9cm  6.8cm MEO
Along Cross Radial RMS 8.3cm 3.4cm  2.0cm
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IGSO Along Cross Radial RMS 130.8cm
21.9cm  26.8cm MEO Along Cross  Radial RMS 98.5cm
24.1cm  18.6cm
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4 Multi-GNSS

4 Mil ti-Q\SS
4.1
Multi-GNSS
Multi-GNSS
Multi-GNSS
BDSIGSO MEO b 0° yaw-steering
orbit-normal
ECOM GPS CODE
ECOM2 BeiDou
Multi-GNSS

GPS Galileo BeiDou

4.2

4.2.1

4.1
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it HiE

4.1

Figure 4.1 Principle of post-processing orbit determination

X, X Fo,j i
GNSS (Hofmann 1992 Dach 2007)
Pl =r°+cxdt - codt® +1°+T° +d, , +d +Multi) +¢&° (4.1)

LS = 7% +codt, - cxdt® - 1°+T° +%bf +d,p +dS +Multiz +&  (4.2)

S S
f; S p; L
re c dt, dt® IS
TS biS dr,p dr,F
df, dp Multi;
Multig e, &
Multi-GNSS Galileo
GPS BeiDou GPS
j 5
fo :(XOvYO12011&01%vﬁOvDOvYOvXOvXCOvXSo)
rS:(XS’yS’ZS) j
% 6 &2
X Y- z.-12.C '
V:§| J s ,|yJ Ys ’| J S :><;dy, ++ Ad- | (4.3)
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(4.3
a("Xs yj'ys Zj'zsd

i ey e T
el ) S J S J S| @
(2.24) 5
11711 j 13
(2.24)
Foi 311
GNSS
)
(2)
(Bbhm 2006 DowJ 2007)
3

(Matsumoto  2000)

(4)
(Leick 2015 Elliott 2005)
4.2.2
GNSS
(1)
(4.4)

Z=AxX+v
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J(x)=(z- AX)"(z- Ax)=min

(4.6) J(x) 0
d](x):dl(z- Ax)TJ(z- Ax)+(z- AX)  dfz- AX]
=k (AT Ax- ATz)+[akT(ATAx- ATz)]T

aA(x)=0
ATAx=A"z
Xis
X, =(ATA)*A’z
(4.5) v
E(v)=0,E(w") =1
4.5  (4.9)

ATAx, =ATz=ATAx+A'v
(4.11)
ATA(X, - X)=A"v

(4.10) v X=E(X;)
(AT A)E|(x, - X)(x, - X) (ATA)= ATE(wW" )A

Pe. = E|(Xs - X)(% - X)T|=(ATA)
Px,. (ATA)! L
GNSS

(Deutsch  1965)
)

X1

(4.5) X
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(4.5)
s
:,X Y (4.15)
12=AX+v
Ji(x)
3 (x)=(x- X) L(x- X)+(z- AX)"(z- Ax)
- N N (4.16)
=x"(L +ATA)x-xT(Li+ATz)-[XT(LY+AT2)]+§TLY+ZTZ
Ji(x)
A (x)=ak (L +ATA)X- &' (LX +A"z)+
pomactt A8 (LxwAz) ! (4.17)
x"(L +ATA)ak-[akT(LY+ATz)]
a,(x)=0
(L+ATA), =L+ A’z (4.18)
les
Py, ZEl(% - x)(R, - x)]=(L +ATA)? (4.19)
X (4.18)  (4.19)
GNSS
GNSS
p( ) y (
)
J j+1
épu éM  uépu  éwu
a0 =6 @ te 'l (4.20)
&d. & Il & a
M 0 1
1 2
w; I N(0,57)
|
j Nj Z; :Ay+Bpj+vj
~ épu €U
Nj+N; epa =6 ' (4.21)
Yu; &0
N; (4.18)
|
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] N;
RS
S o U=& U (4.22)
8Nj NJ @ng &yv0
(4.20) ] j+1 w;
fWj =1, (X; - Mxx;.1)=0
er,M r, 0% o &
? N 11 ) 12 ,A a éA a
gN,- 0 Nj uugip,ﬂg:@ng (4.23)
C - ~ o U a4 & U
BN 0 NPgViag &y
P
4.2.3 Mil ti-Q\SS
4.2
Constraint

Ambiguity

Resolution
Estimation

e Sigma

Residual

Integrator Orbit&state
Preprocessing Elepned
Rinex

Residual
Check

4.2

Figure 4.2 Process of LSQ method

(1)
RK4 RKF  Adams-Moulton

Adams-Moulton RK4 RKF
RK4 RKF
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(2)
RINEX
4.3
Rinex
_"._‘_‘__//"'_"‘*-.
Cll)ck Update arcs
Remove
event short arcs
Update arcs Cheok 1=
Remove PC
short arcs
Ch;ck Check
wide-lane| gec}"f:: y_
4.3
Figure 4.3 Post preprocessing of observation
|
1ms
RINEX 1ms
( TRIMBLE 4000 ASHTECH ZzZ-XII)
(Zhang 2007 Chen
2009) ii-1 DP,
DPCi = F)Ci ) PCi-l D_Ci = I‘Ci ) LCi-l (4.24)
DR, Dl 1ms
1 Melbourne-Wibbena(MW)
MW
4.4
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Figure 4.4 Cycle slips and outliers detection based on MW combination

o

<b,, > Sw Sw 0.5
0.5
j-1
bj_l Stdj_1 ] bj4
1
i j+1
b; std; std; 0.5 j+1
3* std; std; 0.5
int(b, - b,_,)
<b, > 5
| (Geometry-Free)
(Blewitt  1990)
(Blewitt  1990)
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3 (Bernese
\ersion 5.0) L - P
2m LC = PC 3
3)
45
| Satellite & site Reference orbit
clock offzet & State matrix
T i
¥
Cleaned
chservallons
Nurmal HLI!MLJ:U[I.
information
45
Figure 4.5 Process of parameter estimation
(
)
Multi-GNSS
4.1 (Bertiger
2010)

4.1
Table 4.1 Settings of parameters in sequential LSQ method

Parameter Initial value A priorisigma Process noise Time update Time

correlation

Sat. position Broadcast 10m - - -
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Sat. velocity Broadcast lemi/s - - -

SRP Zero 0.1 - - -

Sat.clock Broadcast 50m 300km 300s White noise
Rec.clock Estimated 50m 500km 300s White noise
ZTD Model 0.5m 0.05mm/sec™®  3600s Random wallk

Ambiguity  Estimated 5m - - -
ISB Zero 1000m - - -

(SRP) 0

(4)

GNSS

4.6
Figure 4.6 Ambiguity resolution

be
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by, =(n} + frac,, )+ DFL - Dfg, (4.25)
i k Ny fract,
Df.  DFg,
bt b She (4.25)
bl Df.  DFfg,
fract,
|
N
ka sb\'/vk
. | (b‘k-f)‘k)2>
i i _ < Wi Wi
Wk _< wk> SB\iNk _\/—Nli( (4.26)
() N,
by} =byy - bl - (bl - b) S hut) :‘/sévk +s§v,-vk +s§5vI +s§v,-vI (4.27)
Pu Sig)
(Dong 1989 Teunissen 1995)
|
TR TR T f+ 1
L) -1 211l 2 ] — 1 2
boyy = f Bey) - f+t, M SBnL’j = f SBCL’j (4.28)
b - A
|
b_cikj,l
(bey - bl )- (bey - bdy) =D (4.29)
(10
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4.3 Mil ti-QG\sSS
IGS RTS MGEX
4.7 GPS 60
BeiDou 36

Galileo 45

4.7 ( GPS Galileo BeiDou
Figure 4.7 Sites information(green star represent GPS site, red circle denotes Galileo site, and
black dot indicates BeiDou site)
2015 12 1 (doy335)
30s GPS G04

4.2

2015 12 30 (doy364)

4.2

Table 4.2 Entering and exiting time of eclipse

Start and end doy Total times Penumbra duration Umbra duration

G08 335 to 364 2*30 60-70seconds 50-60minutes
G17 335 to 364 2*30 60-70seconds 50-60minutes
G19 335 to 364 2*30 60-70seconds 50-60minutes
G27 335 to 364 2*30 60-70seconds 50-60minutes
G29 335 to 364 2*30 60-70seconds 50-60minutes
Cco8 350 to 364 2*15 60-70seconds 50-60minutes
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ci11 340 to 364 2*25 60-70seconds 50-60minutes
C12 340 to 364 2*25 60-70seconds 50-60minutes
(penumbra) 1 (umbra)
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Figure 4.8 RMS of different orbit with different step size
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b
CODE
4.9
Along Cross
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Figure 4.9 Overlap and accuracy w.r.t CODE orbits
“ GPS” GPS RMS
“CcIr ot C-m BeiDou IGSO MEO RMS
“1ov” Galileo RMS
BeiDou
4.3
4.3 Multi-GNSS ( cm)
Figure4.3 Precision analysis of Multi-GNSS orbit(unit:cm)
2-day overlap Difference w.r.t CODE orbit
Along Cross Radial Along Cross Radial
GPS Full sunlight 5.3 2.9 1.3 45 4.3 3.1
GPS Eclipse 129 48 2.6 15.2 3.9 4.6

BeiDou Full sunlight 145 9.9 3.9 14.6 10.9 3.8
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36.8 13.6 17.6

814 268 137
19.7 20.2 9.4

BeiDou Eclipse

Galileo 136 6.4 3.8
GPS BeiDou  Galileo 6.1cm
17.9cm  15.5cm 6.9cm 18.6cm  29.7cm GPS
14.0cm  16.4cm BeiDou

86.8cm  43.0cm

4.3.2
(Velocity Break) (Psuedo-stochastic
parameters)
GNSS
12 Along Cross Radial
v, :Fto,tv0+Fti‘t>dv>et (4.30)
Fis €
1E®m/sec 1E™m/sec 1.E®m/sec t3t,
(4.30)
Along Cross
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Figure 4.10 2-day orbit overlap after considering velocity breaks
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4 Multi-GNSS

411
Figure 4.11 Orbit precision with respect to CODE orbit after considering velocity breaks
4.11 CODE
G08 GPS
BeiDou b 0 Along RMS
2 Radial RMS 75cm
4.4 Multi-GNSS ( cm)

Table 4.4 Precision of Multi-GNSS orbit after adding velocity change parameters(unit:cm)
2-day overlap RMS RMS w.r.t. CODE orbit
Along Cross Radial Along Cross Radial
GPS Full sunlight 3.7 2.2 1.3 5.2 51 35

GPS Eclipse 4.5 2.0 1.8 5.1 3.3 3.9
BeiDou Full sunlight 16.3 10.3 5.9 22.7 173 9.2
BeiDou Eclipse 153 8.6 7.8 38.3 144  20.7
Galileo 13.3 8.1 5.1 254 19.6 11.6
4.4
GPS BeiDou Galileo 45cm 20.2cm  16.4cm
GPS BeiDou 5.2cm  19.2cm
4.3 BeiDou Galileo
52.9% 30.4% GPS BeiDou
92.7% 114.3%
Multi-GNSS GPS

BeiDou Galileo

4. 3.3 B0V
ECOM(Empirical CODE Orbit Model) CODE 1994
IGS ECOM GPS Multi-GNSS
CODE ECOM ECOM2
(Montenbruck 2015) Galileo Cuboid
box-wing ECOM2 Galileo Radial
20cm 5cm Galileo
ECOM2 BeiDou
ro-r e e ,
ep = e, =-—2 eg=ey e 4.31
D |r_S _ r| Y er B eD B D Y ( )
rS r er
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a=a, +D(u)ep +Y(u)e, +B(u)eg (4.32)

ay u ECOM D(u) Y(u) B(u)

D(u)=D, + D, cosu + D, sinu
Y(u)=Y,+Y,cosu+Y,sinu (4.33)
B(u)=B, +B,cosu+Bsinu

2013 CODE 5
D, Y, B, B, B, ECOM?2 D(u) Y(u) B(u)

n

i=1
Y(u)=Y, (4.34)
Ns
B(u)=B,+Q {BZi-l,c €os(2i- 1)Du + By ;4 sin(2i - 1)DU}
i=1
Du=u-ug u np=0 ng=1
(4.34) (4.33) (Arnold D 2015) Np=2 ng=1 ERP
4.5 ECOM?2 BeiDou
12
45 ECOM2 Multi-GNSS ( cm)

412

Table 4.5 Precision of Multi-GNSS orbit after adapting ECOM2 model(unit:cm)
2-day overlap RMS of one month

Along Cross Radial
BeiDou Full sunlight 15.3 9.9 5.3
BeiDou Eclipse 18.8 9.8 11.3
ECOM?2 ECOM
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Improvernent of ECOMZ model w.r.t ECOM model for BDS
20 T T

I -iong
ol [ s 1
. I Fadial
| Il
=
£ -10f
a
=
i)
g
= R
£
Aok
ank
_SD 1 1
BDS Full sunlight BDS eclipse

4.12 ECOM2 BDS
Figure 4.12 Improvement of BDS orbit by using ECOM2 model

BeiDou 12.5% Radial
BeiDou 52.3% Radial

4.3.4 BeiDou IGO0 MEO

BeiDou GEO orbit-normal
IGSO MEO GPS yaw-steering
b 0%( 4°)  1IGSO MEO GEO
43.1 2015 12 17 2015
12 24 BeiDou C11 C12 b
40
4.13
4.14 b
Midnight n b n
Along  Radial Im Cross
10cm n
b 0
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difference: m

difference: m

Difference between yaw-steering and orbit norrmal
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Figure 4.13 Orbit difference of C11 with different attitude and relationship with 6 and 77

Difference between yaw-steeting and orbit normal
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2 i s o o ¢ T
— —=
e gL SR 355M W ® B9 ® ®
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Figure 4.14 Orbit difference of C12 with different attitude and relationship with 6 and 77
Cl1 C12 CODE GFzZ
4.15 com
Along Cross Radial RMS 0.760m 0.166m  0.422m
yaw-steering Along Cross Radial RMS
0.546m 0.184m  0.323m gbm
Along Cross Radial RMS 0.159m 0.072m  0.082m
yaw-steering Along Cross Radial RMS

0.634m 0.101m  0.300m
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Comparison of estimated orbit with com and gmb orbit --C11

0.a I T T
0.6 H
I -dial
£
2 04 B
S
=
i ||| III III{__:
D |l ]
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Comparison of estimated orbit with com and gmb orbit -C12
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I - ong
06 [Ccross |
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=
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il {__‘III _
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Figure 4.15 Comparison of com and gbm orbit with that estimated from two attitudes

gbm BeiDou IGSO MEO b
yaw-steering orbit-normal com
4.4 MIl ti-Q\SS
Multi-GNSS
4.16
Imitial orhit at
end epoch
4%h orbits ' Orbit fit

RFE integrator
with flexible
step gize

Update initial
arbit

Predicted orbit

4.16
Figure4.16 Process of orbit prediction
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Along Cross
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Figure 4.18 Precision of 6hour-predicted orbits
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Table 4.6 Precision analysis of predicted orbit(unit:cm)
24h predicted orbit 6h predicted orbit
Along Cross Radial Along Cross Radial
GPS full sunlight 171 6.3 3.9 10.7 5.0 3.1
GPS eclipse 279 6.9 4.2 177 54 4.0
BeiDou full sunlight 329 163 7.9 24.0 152 57
BeiDou eclipse 226.3 543 38.2 161.6 423 30.1
Galileo full sunlight 52.3 240 12.2 373 224 100
6h 24h GPS
6h
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12.2cm 18.9cm 4.3 75.6%
162.3% BeiDou b 0°
BeiDou 6h Galileo

28.9cm  44.6cm
55.4% 49.9%

4.5
Multi-GNSS GPS BDS  Galileo
2cm GPS BDS  Galileo
6.1cm 17.9cm  15.5cm GPS BDS
14.0cm  86.8cm
GPS BeiDou
92.7% 114.3% GPS
4.5cm BeiDou  Galileo
52.9% 30.4% GPS
Galileo  BeiDou
ECOM2 BeiDou ECOM
BeiDou 12.5% Radial
BeiDou 52.3% Radial
BeiDou IGSO MEO Along Radial
Im Cross 10cm
n
b 0 com gbm
gbm BeiDou IGSO MEO b
yaw-steering orbit-normal com
Multi-GNSS
GPS 6h

12.2cm 18.9cm 75.6%
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162.3% BeiDou 6 b 0°
BeiDou Galileo 6
28.9cm  44.6cm 55.4% 49.9%
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5 Mil ti - G\NSS

51
Multi-GNSS
Multi-GNSS
GNSS
GNSS
BeiDou GEO IGSO BeiDou IGSO
MEO & 0°

5.2 Mil ti-QG\SS
521

4.2

I(x)=(z- AX)'(z- AX)=|z- A, A(m,n), m3n (5.1)
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J(x) T

J(x)

21" =lel

X n
2006)
JO)=[T(z- A (5.2)
T (Golub  1965)
T(Az)= _eq legn ng (5.3)
(5.2)
300 =z~ R + 2ol (5.4)

(Businger 1965 Lawson 1969)
Rx=1z (5.5)

(Wilkinson 1965)

P,=(R'R)"* (5.6)
T T(Az) (Az2)
Householder (Bierman 1977)
& U
T(AZ)=§ Ay (5.7)
o i
T(Az) m n A m (n-1) s
1
s =- sgn(A(L1) ga [Ai D) 22 (5.8)
1]
ui) » 9 A
u(l)= AlL1)- s (5.9)
u(i)= A1), i=2m (5.10)
b=1(s>u(1)) (5.12)
g=b>sém u(iAG,j), j=2L.n (5.12)
i=1
Ali,j-1)=Ali,j)+gu(), i=1L,m (5.13)
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(.1)  (5.13)

(5.5) R X
[R 2] 7=Rx+¥

RU &0
é WX=a (g &4 5.14
pn el & o1
(5.14) Householder
RU @i & U
e WX=@a g é ( 5.15
05 & & 1)
0 1
z, = AX, +Vv, Z, =Rx +V, (5.16)
I:0,1 X, Xl
X; = Fg1%X0 +Gw (5.17)
G W,
z, =R,w, +v, (5.18)
JM  (Kaminski 1971a)
- ~ 2
30 =2, - Roxo|| +zo - Aveol” +zu - Rl (5.19)
ko &
J(l):AoaX_Aol) T .
ngOO gZoH ” A W”
- 2
eR,U €U 2
=lle " Xo- e g F|[RwWo - Z 5.20
2000 %OH ”WO W|| (5.20)
A 2
=leol +||R0x0- Z0” R - 2,
Xy IO X X, RY =RyF 5
IO =g +[RoF 2 - GWo )= 2| +[Ruo - 2,
g B On et 621
’ (23 RldG Rld ngl H gzo
Xq X, X, W, X,

82



Multi-GNSS
w,,L,w_, Householder (Kaminski 1971b)
N, (5.21)
R 0 z,u éR, (1) R, (1) Z,(1)u
Twé g . . a=e " o T (5.22)
e RIG R 0 8 0 Ry A
Jm
x, =R'Z, P =R'RT (5.23)
R ZU R 20
Te' 'ag=e’ (5.24)
A g @ e
éR(G 0  z(jN €R,(+1) R, (+1)  Z,(j+1)u
Tiwé o s g . u=é ( ~(J _ G (5.25)
€ Na i+ ZJ' 0] @ 0 Rj+1 Zj+1 g
Rju =RiF jju
522
GNSS
I p
I X
I y
J i+l
épu M 0 0 UWpy ew;u
éu _ au ,é u
&a Ter Vi Vyaxg e g (5.26)
yH., © 0 1 Wyl @
M w, (4.20) Vo V, 1V,
F(t) ) =F(totjn ) F Mt t;)
X VP Vy p
y Ve
(1)
J
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)

A
A

Ry Roc Rylepiu &0 &0
€ 5 R Ua "g_é.'0u é.a
ngp x Ry 3§XJ 0~ &x 0" &0
g0 0 R, geYH ng 8‘73/5
z=Ap, +tAX, +tAYy+v
(5.27) (5.28)
gqp RPX RPY ZPH
éRxp Rx ny zx l;'
é u
A A A 7y
é 5 s U
g0 0 R 7§
p X Householder
X R_R zZu & R, R
é~P ~P ~PV ~pl:| é p ,\p APV
~ &R R R Zu & R R,
T < xp X Xy X S — A y
pxe u e ~
éAp A A/ zZy & 0 Ay
é = -0 € ~
eO O RY ZY 0 é) O Ry
T N,+N, Np N,
Householder y
J6R, 70U &K 30
Ty(:aﬂy Ay@:é *
& zH & e
(5.30)
A_"_l,\
y=Ryz,
A~ _"_1,\ - 1" A~
X; =Rz, - R, Rny
J
ng Ropx prgépu &,0 &,u
R, R R0 =81 8,
a xp X xy Hé ] —§ZX u ngu
g0 0 R, EI@ij &t i
(5.26)

Xjs =VoXj +Vppj +Vyy
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(5.35) (5.34)
R, - (RVWV, (RV) R,-(RVV, Ue U &,u &,
e, 5 ‘u_&'a 8.’
&R, - (RVV, RV R, -(RVV, uexmu & &g (536)
e ~ A . A 7
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5.1

Table 5.1 Parameter set up for simulation analysis

Parameter Initial value A priorisigma Process noise Time update Time correlation

Position Broadcast 10 m - Variable -
\elocity Broadcast lemi/s Variable

SRP Zero 0.1 - Variable -

ZTD Model 50cm 0.05mm/sec®® 1 hour Random walk
Sat.clock Broadcast 500m 300km 60s White noise
Rec.clock Estimated 500m 500km 60s White noise

5.3  batch 15 24 8
GPS 3D 12

Cornparison of two filter size

3 satellites

30 RMS: m

53
Figure 5.3 Difference between static processing and batch processing of SRIF

5.3

5.3.1

5.4
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Figure 5.6 Real-time ambiguity resolution

2015 12 1 2015 12
3 300s
5.2
5.2
Table 5.2 Settings of parameters in extended SRIF method

Parameter Type A priori sigma  Process noise Time
correlation
Satellite Position/Velocity Epoch State Estimated - -

Solar Radiation Epoch State Estimated - -
Satellite clock offset Stochastic 50m 300km White noise
Reciever clock offset Stochastic 50m 500km White noise

ZTD Stochastic 0.5m 0.05mm/sec’®  Random wallk
Ambiguity Constant 5m - -
ISB Constant 1000m - -
(5.26) X Xja = ViX; (5.36)
gﬁp (F}vax-l) ﬁpygépj U &,u &,u
gﬁzxp RV,H R, ﬁgx jﬂgz g"zx 3 gvx ﬂ (5.64)
gO 0 IA?y HSV H gzy H 803/ H
(5.63) (5.37) (5.41)
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Figure 5.8 Comparison of ambiguity fixed and float solution for all GPS satellites
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36
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5.3 BeiDou
Table 5.3 information of BDS maneuver
Start time End time Mark
C10 Doy 359 08:00:00 Doy 359 09:30:00 Maneuver
C11 Doy 350 19:40:00 Doy 35021:13:00 Attitude turn
C12 Doy 350 14:04:00 Doy 350 15:34:00 Attitude turn
5.10
C10 C11 C12 Cil4
C11 C12
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Figure 5.10 Code residuals of BDS without considering maneuver
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5.4
Table 5.4 Settings of parameters in extended SRIF method

Parameter Type A priorisigma  Process noise Time
correlation
Satellite Position/Velocity Epoch State Estimated - -

Solar Radiation Stochastic Estimated 10°7,10°%,10°%  Random wallk
Satellite clock offset Stochastic 50m 300km White noise
Reciever clock offset Stochastic 50m 500km White noise

ZTD Stochastic 0.5m 0.05mm/sec’®  Random wallk
Ambiguity Constant 5m - -
ISB Constant 1000m - -
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Figure 5.17 Float solution and ambiguity fixed solution of full sunlight GPS satellites
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Figure 5.18 Float solution and ambiguity fixed solution of full sunlight BDS and Galileo satellites
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Table 5.5 Improvement of ambiguity fixed solution for all satellites(unit: %)

Along Cross Radial
GPS 174 7.8 1.3
BDS IGSO 1.2 -0.6 0.3
BDS MEO 0.9 0.1 0.1
Galileo -1.9 0.7 0.2
GPS BeiDou  Galileo
543 Mul ti-QG\SS
4.5 BeiDou
CODE
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Figure 5.19 Real time orbit accuracy of GPS eclipsing satellites
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Figure 5.20 Analysis of all GPS real-time satellite orbit
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5.21

5.4.4 MIlti-QG\sS

5.2
GPS BeiDou
6 CODE
5.6
5.6 ( cm)

Table 5.6 Precision analysis of all real-time orbit(unit:cm)

6 h predicted orbit Extended SRIF orbit

Along Cross Radial Along Cross Radial
GPS Full sunlight 10.7 5.0 3.1 8.5 5.1 3.3
GPS Eclipse 17.7 5.4 4.0 7.5 4.4 3.7
BDS Full sunlight 24.0 15.2 5.7 24.0 13.2 5.5
BDS Eclipse 161.6 423 301 745 205 299
Galileo Full sunlight 37.3 224  10.0 221 173 104

6h 5.23
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Figure 5.23 Improvement of SRIF orbit to predicted orbit for all satellites
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6 Mil ti-QG\SS PPP
6.1
Multi-GNSS
Multi-GNSS
5
CODE
PPP
CODE PPP
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fl - f2 fl - f2

108



6  Multi-GNSS PPP
f2 f2 c( f,N, - f,N,)
Fir=— : sF1-— 2 >F o =r+c(dt, - dts)+dtrop+%+é(FlF) (6.2)
fo-f; fo-f; fo- 15
P Fir
fizi r C dt, dtg
dtrop Nl NZ 9( I:)IF )
&F )
p
6.1
6.1
Table 6.1 Settings of parameters in real-time clock estimation
Time
Parameter Type A priori sigma  Process noise
correlation
Satellite clock offset  Stochastic 50m 300km White noise
Reciever clock offset  Stochastic 50m 500km White noise
ZTD Stochastic 0.5m 0.05mm/sec®®  Random wallk
Ambiguity Constant 5m - -
ISB Constant 1000m - -
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Figure 6.2 Precision of real-time clock based on LSP orbits

6.2 RMS STD GPS BeiDou Galileo
RMS 0.55ns 2.26ns 0.90ns STD 0.43ns 0.54ns
0.63ns GPS BeiDou RMS 0.76ns 3.86ns STD

0.59ns  1.95ns
6.2 RMS STD
Table 6.2 RMS and STD of real-time satellite clock based on predicted orbits

RMS STD
GPS Full sunlight 0.55ns 0.43ns
BDS Full sunlight 2.26ns 0.54ns
Galileo Full sunlight 0.90ns 0.63ns
GPS eclipse 0.76ns 0.59ns
BDS eclipse 3.86ns 1.95ns
6.2.2
Multi-GNSS
5}

6.3
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Figure 6.3 Estimation of Mult-GNSS real-time clock offset based on SRIF
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Figure 6.4 Precision of real-time clock based on SRIF orbits
6.3 RMS STD
GPS BeiDou Galileo RMS 0.34ns 2.11ns 0.78ns STD 0.17ns
0.37ns  0.51ns GPS BeiDou RMS 0.47ns 3.03ns
STD 0.28ns 0.82ns
6.3 RMS STD

Table 6.3 RMS and STD of real-time satellite clock based on SRIF estimation

RMS STD
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GPS Full sunlight 0.34ns 0.17ns
BDS Full sunlight 2.11ns 0.37ns
Galileo Full sunlight 0.78ns 0.51ns
GPS eclipse 0.47ns 0.28ns
BDS eclipse 3.03ns 0.82ns
6.5
Precision analysis of two kinds of clocks(STD)
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Figure 6.5 Comparison of two kinds of real-time clock products

LSP clock SFE clock
GPS BeiDou Galileo
SFE clock RMS  LSP clock 38.7% 54% 12.4% STD
60.1% 32.1% 18.5% GPS BeiDou SFE clock
RMS  LSP clock 37.6% 21.4% STD 51.9% 58.0%
6.3 PPP
PPP
CODE PPP
PPP
PPP
PPP
6.4
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6.4

PPP

Table 6.4 settings of real-time kinematic PPP

Parameter

Initial value A priori sigma Processing sigma

Time correlation

Kalman Filter state

Receiver position Estimated 10m 1000m Random walk
Receiver clock Estimated 0.1s 0.1s While noise
ZTD Model 0.5m 0.002m Random walk
Ambiguity Estimated 5m - -
ISB Zero 1000m - -
Measurement noise
Pseudo range - - 2m -
Carrier phase - - 0.01m -
8 IGS MGEX
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Figure 6.6 real-time kinematic PPP based on CODE products
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Figure 6.8 real-time kinematic PPP based on LSP products
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Figure 6.10 Real-time kinematic PPP based on SFE products
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Multi-GNSS PPP

GPS BeiDou Galileo
RMS 0.55ns 2.26ns  0.90ns STD
0.43ns 0.54ns  0.63ns RMS
0.34ns 2.11ns 0.78ns STD  0.17ns 0.37ns  0.51ns
GPS BeiDou Galileo

RMS 38.7% 54% 12.4% STD 60.1% 32.1% 18.5%
GPS  BeiDou RMS
0.76ns 3.86ns STD 0.59ns  1.95ns GPS
BeiDou RMS 0.47ns 3.03ns STD 0.28ns 0.82ns RMS STD
37.6% 21.4% 51.9% 58.0%
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