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Time Systems

* Time Systems

— TAI: International Atomic Time

— UTC: Coordinated Universal Time

— Local Time (JST, EDT, ...)

— UTO, UT1, UT2: Universal Time

— GMST: Greenwich Mean Sidereal Time
— GPS Time

— GLONASS Time



Time System Conversion
Al 1o e

tyte =tra + (UTC _TAI) -25 1990/1/1- -30 1996/1/1-
-26 1991/1/1- 31 1997/7/1-

UTC to UT1: 27  1992/7/1-  -32  1999/1/1-
tyt1 =tytc T+ (UT1-UTC) -28  1993/7/1-  -33  2006/1/1-
=29  1994/7/1-  -34  2009/1/1-

UT1 to GMST: &

GMSTy,uT1 = 2411054841+ 8640184812866, +0.0931047",2-62x107°T,

GMST = GMSTyyt1 + M (tut1 ~tonuT)
r =1.00273790930795+ 5.9006x10 11T',-59x107°T"
T',=d', /36525 d',: number of days elapsed since 2000 Jan 1, 12h UT1

GPS Time to TAI:

tral =tgpst +19s

GPS Time to UTC:

tutc =tepst~ (4tLs + Ao + AlltepsT ~tot))




Coordinate Systems

e ECEF: Earth-Centered Earth-Fixed
— |ITRF
— WGS 84: US (GPS)
— PZ90: Russia (GLONASS), ...

e ECI: Earth-Centered Inertial

— ICRF: International Celestial
Reference Frame

e ECI-ECEF Connection

Reference

Reference
— Precession/Nutation Model meridian ECEF

— EOP: Earth Orientation Parameters



ITRF

* International Terrestrial Reference Frame
— A "Realization" of Maintained by IERS
— GPS, VLBI, SLR, DORIS Site Position/Velocity List
— ITRF2005, ITRF2000, ITRF97, ITRF96,

VLBI: Very Long Baseline Interferometry ITRS: International Terrestrial Reference System

SLR: Satellite Laser Ranging IERS: International Earth Rotation Service
DORIS: Doppler Orbit determination and Radiopositioning Integrated on Satellite

o ITRF2005 Sites
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ECEF to ECI Transformation

)

ECEF
(ITRF)
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Date
P : Precession
N : Nutation

W : Polar Motion
GST=GMST + 4y cose p

+0".00264sin 2 +0".000063Xin202
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EOP: Earth Orientation Parameters

Polar Motion: Earth Rotation Angle:
UT1-UTC
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IERS CO4 Series (1962/1/1-2009/8/11)



Ellipsoid and Datum
Ellipsoid:

a (m) 6378137 6378137
f 1/298.257222 1/298.257223
101 563
GM 3986005.000 3986004.418
(m3/s?) x 108 x 108

Lat/Lon/Height to ECEF:

X,y plane
e?=f(@2-f)
N = a
\/1—e23in2¢
(N + h)cospcosA
¢': Geocentric Latitude A : Longitude r, =| (N +h)cosgsinA
¢ : Geodetic Latitude  h: Ellipsoidal Height (N(@L+€e?) +h)sing
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Geoid

Geopotential:
GM o(a) = = Geoid )
V(I‘,(ﬂ',/\):T 1"'22 " (CrmYnme * ShimYnms)

H : Geodetic Height

)

n=2m=0 0

' Ellipsoid




Spherical Harmonics

Spherical harmonic functions:

Yno = Ynoe
Yame = Pam(Singd) cosmi
Ynms = Pam(sing) sinm/

Legendre function:
5nm = NpmPams Poo(X) =1, Bp(X) = X
Pn—],n(x) =0,
Pan(¥) = 20 =)@ x*) 2Py (%)
(2n=DXxBy_1m(X) —(N+M=DR,_5 n(X)

Pam(X) =

ecoesecee
ECECCHECO
eeeereeot
ereeneeee
CHEEEES O
greceeceee
geereceeee
erececocae
oo

n—-m
v2n+1 (m=0)
Nom = \/2(2n +1)(n—m)! (m>0)
(n+m)!

=
N



Coordinates Transformation

Helmert Transformation (A to B):

X Tl 1 _R3 R2 X
y| =|T, |+@+D) Ry 1 -R|Y
Z B T3 _R2 F\‘).I. 1 Z A

-T1, T2, T3 : Translation along coordinate axis
-D : Scale factor
- R1, R2, R3 : Rotation of coordinate axis

(mm mm) (mm) (10 ) | (mas)

ITRF2005 ITRF2000

0.2/y 0.1/y -1.8/y 0.08/y 0.00/y 0.00/y 0.00/y

(Epoch 2000.0) 13



Precise Ephemeris

* Precise Satellite Orbit and Clock

— By Post-Processing or in Real-time
— Observation Data of Tracking Stations World-Wide

* Format:
— Orbit: NGS SP3
— Clock: NGS SP3 or RINEX Clock Extension

e Contents:
— Orbit: ECEF-Positions of Satellite Mass Center
— Clock: Clock-biases wrt Time Scale Aligned to GPS Time

14



IGS: International GNSS Service
@%Ci @ Deta (BPS/BLONASS Global Data Centers

Raw, Ephemeris,...)

'ﬁ' Analysis Centers (ACs) . CDDIS 510
N /T\ N CODE || NRCan IGN “ KASI
N ESOC S|IO

NN : GFZ || USNO |~ ACC é%
N /rl\\ N JPL MIT Products

. GNAACs Regional DCs
RNAACs Oper. DCs

Tracking Network

15



IGS Products

Rapid Ultra-Rapid (IGU)
Broadcast
(G

Orbit ~2.5cm ~2.5cm ~3cm ~5cm ~100cm
Accurac ~
v Cloc ~75PS RMS  ~75ps RMS :{‘m’s ~3ns RMS  ~5ns RMS
20ps STD 25ps STD ~50ps STD 1.5ns STD ~2.5ns STD
Latency 12-18 days 17-41 3-9 hours realtime realtime
hours
Updates every at 17 UTC at 03, 09, at 03, 09, _
P Thursday daily 15,21 UTC 15,21 UTC
Orbit 15min 15min 15min 15min daily
Sample
Interval :
Clock >at: 30? 5min 15min 15min daily
Stn: S5min

(2009/8, http://igscb.jpl.nasa.gov/)
16



Interpolation of Satellite Orbit

Lagrange Interpolation:
sy (L _t2)(t _t3)---(t _tn+1) S (t _tl)(t _t3)---(t _tn+1) S
t) = t t
L (t —t2)(t —t3)-.. (& ~tha) B (t2 —t)(t2 —t3)...(2 ~th41) S
(t—tg)(t —t5)...( —thsq) (S(tg) 4.t (t—t){t—tp)...— )
(tz ~1)(t3 ~t2)...(&3 ~ th+1) (th+1 ~ ) (e — t2)---Cnsz — )

r3(tn+1)

Interpolation Error of 15-min Sample Orbit
Degree of Position RMS Error (cm) Velocity RMS Error (cm/s)

Polynomial Along-Trk Along-Trk

n=5 72.10 73.84 57.48 0.253 0.260 0.202
n=6 7.31 6.89 5.75 0.032 0.031 0.025
n=7 0.63 0.63 0.50 0.017 0.019 0.014
n=8 0.08 0.11 0.08 0.017 0.018 0.013
n=9 0.05 0.11 0.05 0.017 0.018 0.013
n=10 0.05 0.10 0.06 0.017 0.018 0.013
n=11 0.05 0.12 0.06 0.017 0.018 0.013

17



Interpolation of Satellite Clock

Linear Interpolation:
) = (t, —)dT>(ty) + (t — ) dT>(tp)
b4

dT>(t + At

Satellite Clock Stability:

10 —e— Block IVTIA Cs |-
; ~o- Block IVTIA Rb
== Block I[IR Rb
€
0710 "} S
s
5
5
2]
a
E —13
= 10 7
10_14*1 I IHH”IO I”””Il I I”””IE I I””HI3 I II”HI4 T 3
10 10 10 10 10 10 10°

Averaging TimeT (sec)
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lonospheric Delay

lonospheric Delay Model:

n?=1- X

=1- X =1- f3/ f2 (L -band)

. Yo 2 Y, 2

1-i1Z - T4 T +Y) : Appleton-Hartree Formula
20- X -iZ) \/4(1— x-iz)?2 b OPP

2

n=+1-f2/f2=1-f2/2f2=1-4030N../ f2 f§ =—>=—: plasma frequency
‘/ N N € N AT 9,
oy 241 — 6 2
IrS ~J-4030Ne/f dl = 4030x10"°TEC/ f TEC: Total Electron Content

Electron Density (N_):

- 410" ET ; ; - i -

g S¥107 E

il

@ 2x10" E- =

g 1><10“;— —é

i O§ T | =

4] 5040 10030 1500 2000

Height, km

IRI-2007 model: 2009/7/31 0:00 Tokyo (http://modelweb.gsfc.nasa.gov/models/iri.html)
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Solar Cycle

International Sunspot Number (ISN): 1700-2009

iy

202122 23 °

AMMA

by SIDC (Solar Influences Data AnaIyS|s Center) in Belglum (http //sidc.oma.be)

Solar Cycle Prediction: Cycle 24

Solar Cyele 24 Sunspot Nurmber Prediction ISES Solar Cycle Sunspot Number Progression
Data Through 31 Mar 07 nugh Apr
175 T T T T T T T T T i 175 =
150]- EJT = - 1saf J\ ﬁ -
125 h ig T : f ; - 1251 I -
o C A J I 3
s C iy ] o r ]
E 1m0 : - E 100 "+t
S C . [ : S - :
= ﬁ i o - 4 = r i T -
= 7R s Frs — o TR —
= - i/ AN - o - ]
w = Y H . -] m - \
5 saF : i S saf
> 4 : : —
TER UM N T M :
25 Ja i = - - 25 L -
C l ErE f i . C ]
a M}\i \ \ \ \ E A \ L \\w-: al .
1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 0/00 [ S U N . A (\@
3 e
Low Pradiction (Smoothed) ——— High Prediction (Smoothed) - 1—=Sigma Error —— Smaocthed Monthly Walues —— Manthly Yolues —— Predicted Yaolues {Smoothed)
Srnaathed Monthly Values —— Maenthly Volues
Updated 2007 Apr 20 NOAA/SEC Boulder, GO USA  Updatsd 2009 May & HOAL/SWRT Boulder, 0O US4

by NOAA SWPC (Space Weather Prediction Center) (http://www.swpc.noaa.gov/SolarCycle) -



LC: Linear Combination

C=a® +b®; +CcR +dP (P = hg, @, = Ax¢0)

Coeff|C|ents Wave
ﬂn-ﬂ e

L1 Carrier-Phase 19.0 1.0 0.3

L2 L2 Carrier-Phase 0 1 0 0 24.4 1.6 0.3
LC/L3 lono-Free Phase C C, 0 0 - 0.0 0.9
LG/L4 Geometry-Free Phase 1 -1 0 0 - 0.6 0.4
WL Wide-Lane Phase  Aw/A4 —Ay/A 0O 0 86.2 1.3 1.7
NL  Narrow-Lane Phase An/A /A 0 0 10.7 1.3 1.7
MW  Melbourne-Wibbena Ay/A -Ay/Ay ANIA An/A> 86.2 0.0 21
MP1 L1-Multipath 2C, -1 -2C, 1 0 - 0.0 30
MP2 L2-Multipath 2, 2G,-1 0 1 - 0.0 30

Cy = f21(f2 = £,°), Cy = =2 /(£,2 = £,°), Ay =LA A =1/ Ay), Ay =LA A +11 M)
21



Single Layer Model

lonospheric Delay Model:

_ 4030x10' 1 4030x10Y°
| =———TEC= ————5—— *VTECt. ¢y App)
Satellite
IPP: lonospheric
Pierce Poin S
IPP Position/Slant Factor:
z=n2-El /
sinz i
7' = arcsi Re a=z-2 lonosphere
Re + I'Iion

@p = arcsin(cossing+ sinacospcosAz)  Receiver

. Sina.Sin Az

A 0= A +arcsin
@
pp

P

22



lonospheric TEC Grid

Tonosphers Map VTEC(TECT) : 20090731 00.00:00 Hed30km

2009/7/31 0:00

Ionosphers Map VTEC(TECU) ; 20090731 08.00:00 H=430km

2009/7/31 8:00

Tonosphers Map VTEC(TECT) : 200907531 16:00:00 H=d30km

2009/7/31 16:00

Tonosphers Map VTEC(TECT) : 2009/07/31 02.00.00 H=4 50knu

2009/7/31 2:00

Tomosphers Map VTEC(TECY) : 2009/07731 10:00.00 H=430km

2009/7/31 10:00

Tonosphers Map VTEC(TECT) : 2009/07731 18:00.00 H=430kn

2009/7/31 18:00

Tonosphers Map VTEC(TECT) : 2009/07/31 08 0000 H=4 50kru

2009/7/31 4:00

Tomosphers Map VTEC(TECY) : 2009/07/31 120000 H=430km

2009/7/31 20:00

(IGS TEC Final, GPS Time)

Tonosphers Map VTECCTECT) : 200910731 04:00:00 =450k

2009/7/31 6:00

Tonosphers Map VTECCTECY) ; 2009/07/31 14:00:00 K=450km

2009/7/31 14:00

Tonosphers Map VTECCTECT) : 2009/07/31 22:00.00 H=450km

2009/7/31 22:00
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Tropospheric Delay

Tropospheric Delay Model:

T =m,(E)ZHD + m,,(El)ZWD
0.002276&
1-0.00266c02¢9— 28x10 "H

: Zenith Hydrostatic Delay (m)
ZWD :Zenith Wet Delay (m)

my(El) : Hydrostatic Mapping Function

ZHD =

Zenith
Delay

L1777/ 7777

m, (El) :Wet Mapping Function

ZWD to PWV (Precipitable Water Vapor):

T, =702+ 072T
R, =461k =776,
1x10°

PWV = ) ZWD  k, =7198 kg = 3.754x10°

k
R,(kz - klrrn}d/ + T3 m, =18.0152 my = 289644
m

24



Mapping Function (El=5

m(El) =

Mapping Function

a

1+ 2

1+cC

1+

5 a,b,c : Mapping Function

sin(El) + b Coefficients

Hirdrostatic Mapping Function : Pos=36.1% 140.1° 6Tm

sin(El) +

sin(El) +c
NMF, GMF, VMF1

Wet Mapping Function : Pos=36.1° 140.1° 6Tm

Hydrostatic

, 11 :
= W
e || 1095 et

VMF1

NMF
GMF
VMF1

10.9

.l" 10.83

i 108

P
Mapping Function (E1=5 =)
=

1 1 1 1 1
20062 20064 20066 20068 2007
Year

10

1 1 1 1 S 1 1 1 1 1 ] 1 1 1
20072 20074 20076 2007.8 2008 2006 20062 20064 20066 2006.8 2007 20072 20074 20076 20078 2008

(2006/1/1-2007/12/31, TSKB, E|=5deg)w

25



Tropospheric Gradient

North (1) East{m)

Up(m)

Mapping Function with Horizontal Gradient:
m(El, Az) = my(El) + my(El) cot(El)(Gy cos(Az) + Gg sin(A2))

Gy ,Gg : North/East Gradient Parameters

PPP Solutions PPP Solutions
with Gradient Estimation without Gradient Estimation

Receiver Position TSKB :2007/01/01 00:00:00-2007/12131 00:00:00 <]=] Receiver Position TSKB : 200701401 12:00:00-2007/12/31 12:00:00 <[>
0.05 0.05
oo | REF:1GS05 MEAN: -0.0013m RMSI0.0044m ’ poror bbb n bbb T REF: 16305 MEAN: -0{0015m BMST0.0647m
= 0
] i pE R
oY N Y A Y N N Y A T O N Y A Y o N N N T Y Y A N ¢ N O Y O G
- 4.0
8-83 T T L T T L T T 1T 83‘ T T T T T T T T T

| REF. G805 MEAN: -0.0009m BMS0.0037m

b1 REF-IGSYS NWEAN: 01000 m BMS! 0.0453m

Morth (m)

AR O 0
L1 HEF-IGSDS NEAN 010070m BMS: 0.0887m

245 R T S N S O O O
N R T HEF: 16833 MEAN: 00070m RMS:0.0093m

005 | 3 A I Y T T N N N N Y Y M S
o7l 0732 07311 07/6/30 07/3729 07/10128 01227 073 0731 07630

200771/1—12/31, 24H-Static PPP, TSKB



Antenna Phase

Receiver Antenna
Phase Center:

Antenna
Phase

Center |;
': dr,pcv
. dr, pco
Antenna Antenna Phase
Reference Center Offset
Point (ARP)
/777777 /777 Z(U)
y (N) x (E)

3
Y '
1
1

Center 1

Antenna Phase Center Variation (PCV)

Choke-Ring Type

Zero-Offset Type

IGS Absolute Antenna Model (IGS05.PCV)

27




Antenna Phase Center 2

Satellite Antenna

Phase Center:

Antenna Phase
Center

.
\,
\,
\,
\
N
s,
s
<.
S,

d Spcv /

Satellite Coordinate to ECEF:

Esat_ ecef = (eSX’eSy’eSZ)

S S
r r |
S S
r Fsun— T
S S
e zXeg
eSy — ,eSX — eSy X eSZ

v

Earth

Mass Center of
Satellite

d S Antenna Phase
PCO center Offset

/ Nadir Angle

Satellite

28




Site Displacement

* Displacement of Ground-Fixed Receiver
— Solid Earth Tide
— Ocean Tide Loading (OTL)
— Pole Tide
— Atmospheric Loading

e Tide Model
— |ERS Conventions 1996/2003/2010

— Ocean Loading: Schwiderski, GOT99.2/00.2, CSR 3.0/4.0,
FES99/2004, NA099.b

i MZISZINZIK2'K1101'P1'O~1'M1'Mmissa
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Earth Tides

E-W (cm)

U-D (cm)

N-S (cm)

Earth Tides Model

[ I I I I I I
{- -
| | | I | | |
100 200 300 400 500 600 700
Time (H)

IERS Conventions 1996 + NA0O99.b, 2007/1/1-1/31, TSKB

30



Phase Wind-up Effect

* Relative rotation between satellite and receiver antennas
effect to the measured phase of RHCP signal.

iDr /2m+ N

dp = A< sign(e; [{D* x Dy )) arccoi‘ ol
r

DS
D]
D° =e; —e;(e; [&3) —&; xey : Dipole Vector of Satellite Antenna
D, = x—€(e’ [& ) +& x& y : Dipole Vector of Receiver Antenna
Eccef_enu™ (er,xT,er,yT,er,zT)T : ECEF to ENU Transformation Matrix

ers : LOS Vector from Receiver to Satellite Antenna

N :Integer Ambiguity

31



Relativistic Effects

e Satellite/Receiver:

— Frequency Shift by Earth Gravity (General Rel.)

— Frequency Shift by Sun/Moon Gravity (General Rel.)

— Second-Order Doppler-Shift by Motion (Special Rel.)
e Signal Propagation:

— Sagnac Correction (Rotating Coordinates)

— Shapiro Time Delay Effect

— Lense-Thirring Drag

Satellite Clock Bias/Rate Correction : orS S

+ Periodic Term: el T2

32



Standard Data Format

 RINEX (Receiver Independent Echange)
— Text-based Standard GNSS data file format
— Mainly for post-processing
* RINEX Types
— OBS: Observation data
— NAV: navigation data, (GNAV: GLONASS, HNAV: SBAS)
— MET: Meteorological data
— CLK: Clock product

e RINEX Version
— ver. 2 (2.10, 2.11, 2.12), ver. 3 (3.00, 3.01, 3.02m, ...)

33



RINEX OBS (Observation Data)

2. 10 OBSERVATI ON DATA M (M XED) RI NEX VERSI ON / TYPE
RTKCONV 2. 4.0 20110423 090647 UTC PGM/ RUN BY / DATE
MARKER NAVE
. ) MARKER NUVBER
Receiver Time Tag OBSERVER / AGENCY

REC # /| TYPE / VERS
ANT # [ TYPE
0. 0000 0. 0000 0. 0000 APPROX POSI TI ON XYZ

. 0000 0. 0000 0. 0000 ANTENNA: DELTA H E/ N

1 WAVELENGTH FACT L1/2
8 # | TYPES OF OBSERV
2010 .
2010 28 54. 0000000 GPS TI ME OF LAST OBS

END OF HEADER Types of OBS

10 10 15 0 0 0.0000000 0 10G 6G23Gl6GI9G21GL3G 3G31S29S37 *.
0849038 484 100567124 316 —— 1039 68 75000~ 20849930, 125 —F : Pseudorange

85377001. 480 1511. 441 41. 000 L*: Carrier-phase
22450960. 859  117980618. 953 1062. 035 42. 000 450959. 898 .
91932917. 910 827. 555 38. 000 D*: Doppler Freq
20790247.117 109253470. 496 334. 336 45. 000 20790246. 844 S*: CNO (dBHz)
85132587. 789 260. 520 41. 000
24794846. 031  130297776. 969 3763. 289 38. 000 422

101530723. 414 2932. 430 32. 000
23378478. 469  122854746. 020 860. 133 40. 000 23378477. Satellite List
95730986. 191 670. 234 34. 000
24155219. 492  126936537. 238 2611. 234 35. 000 24155223. 109 hn, Gnn: GPS
98911564. 082 2034. 727 33. 000 Rnn: GLONASS
21765068. 656  114376223. 133 3035. 375 42. 000 21765071. 242 :
89124339. 934 2365. 223 38. 000 Jnn: QZSS
21044041. 703 110587188. 461 -1456. 918 45. 000 21044041.797 [ . Golileo
86171830. 961 -1135. 266 42. 000 :
37172827.633  195344531. 559 2. 965 38. 000 Snn: SBAS
37203973.328 195508183. 188 -0.992 39. 000

10 10 15 0 O 1.0000000 O 10G 6(&x23GL6G19G21G13G 3G31S29S37
20849559. 430 109565184. 891 1939. 090 45. 000 20849561. 062
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RINEX NAV (Navigation Data)

2.10 N GPS NAV DATA RI NEX VERSI ON / TYPE

RTKCONV 2.4.0 20110423 090647 UTC PGM/ RUN BY / DATE
1.1176E-08 0. OO0OE+00 -5.9605E-08 0. 0000E+00 | ON ALPHA
9.0112E+04 0. OO0OOE+00 -1.9661E+05 0. 0000E+00 | ON BETA

-.838190317154E-08 -.310862446895E- 13 61440 1606 DELTA-UTC. A0, A1, T,W
15 LEAP SECONDS
END OF HEADER

31 10 10 15 2 O 0.0 -.724568963051E-06 .352429196937E-11 .000000000000E+00
. 810000000000E+02 . 105937500000E+02 .427089218552E-08 -.148856857180E+01
.571832060814E-06 .746127020102E-02 .472925603390E-05 .515378055573E+04
. 439200000000E+06 -.176951289177E-06 .679765366385E-02 .540167093277E-07
. 978380240916E+00 . 300062500000E+03 -.105249752834E+01 -.819426989566E- 08
. 142863093678E- 10 . 100000000000E+01 .160500000000E+04 . 000000000000E+00
. 240000000000E+01 . 000000000000E+00 -.130385160446E-07 .810000000000E+02
.432006000000E+06___. 000000000000E+00

6 10 10 15 2 0 0.0 .455596484244E-03 -.140971678775E-10 .000000000000E+00
. 230000000000E+02 -.352500000000E+02 .500699427569E-08 .227090783348E+01
-.185333192348E-05 .616293260828E-02 .853091478348E-05 .515365624428E+04
. 439200000000E+06 .104308128357E-06 .204411629865E+01 . 353902578354E-07
. 934819176502E+00 . 200625000000E+03 -.936257940341E+00 -.811783814054E-08
. 169649923743E-09 . 100000000000E+01 .160500000000E+04 .000000000000E+00
. 240000000000E+01 . 000000000000E+00 -.512227416039E-08 .230000000000E+02
. 432006000000E+06 . 000000000000E+00
PRN Toc SV cl ock_bi as SV clock drift SV clock drift _rate

| ODE Crs Delta_n MD

Cuc e Cus sqrt (A

Toe Cc OVEGA Cs

i0 Crc onega OVEGA DOT
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PPP (Precise Point Positioning)

* Feature
— with Single Receiver (No Reference Station)
— Efficient Analysis for Many Receivers
— Precise Ephemeris
— Conventionally Post-Processing
e Applications
— GPS Seismometer
— GPS Meteorology

— POD (Precise Orbit Determination) of LEO Satellite
— Precise Time Transfer
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Static PPP vs Kinematic PPP

Static PPP Results
Station: GEONET 0837

¥ De¥projértklib_test¥ppp¥sol3¥0837_2008.

Kinematic PPP Results
Station: IGS CONZ

[ Eile Edit view Help
w1 7] 1z ’Posmon viZAu_ *|H-HT @ « & o o 1] i | X Gi

E-W (m) : ORI=31.824060872° 130,599593859" 314,6555m
AVE=0.0000m 5TD=0.0084m RMS5=0.0083m

0.05

" L e T
0.0 ‘w\w@»\%\x’wz».;wyw.‘*m‘f’w"x\..mjﬂ.'ﬁ”"_ e,

y mmu@&wwW‘%"«iMfW‘ R

AVE=-0.0000m STD=0.0055m RM5=0.0055m

VE=-0,0000m STD=0.0110m RM5=0.0110m

. g e sl VL e
T L e '
B e e SN e |

-0.10
09/03 05/05 0s/07 09/10 0gf12

(1120090101 00:00:00 GPST-12/31 00:00:00 GPST : N=3A5 B=0.0km Q= 6:365(100.0%)

2009/1/1-2009/12/31
Interval: 1day

File'  Edit View Help i
m 2] 12 iPasition - _-iﬁ “HMHT @ o o & [ | 3|
e

ORI=-36.84376528° -73.02551480% . 130.653m
AVE=1,4395m 5TD=1,388m RM5=2.035m

f

AVE=0.25%9m 5TD=0.359m RM5=0.442m

06:30 06:40

[1]2010/02/27 06: 28:00 GPST-02/27 06:45:00 GPST : N=1017 B=0,0km Q= 5:5{0. 5%} 6:1012(33.5%)

2010/2/27 6:28-6:45 GPST
Interval: 1 s
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Real-time PPP

Commercial RT- PPP/GDPS Services

Provider orbit/ ey
sions |Gl

<10cmH
. World- 3 GEO 1 min/ JPL
StarFire NavCom wide L-band 60 12 < RTG <15.cm Vv
(1 sigma)
ST V\\x)icrilg- 6 GEO 100 b sy Fugro dm-class
XP/HP+ L-band 10's 8
(Land)
Fugro |
SeaSTAR World-— ¢ 6ro i | T
XP/G2 wide L-band 100 10's ESOC dm-class
(Sea) (G2)
10cmH
VERIPOS World- 7 GEO 30 s/ JPL/
Ultra/Apex VERIPOS wide L-band 80 30s ESOC 2?9§$)V
(0}
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IGS Real-time Service

e Developed by IGS-RTPP

— RTCM v.3 MT1057-1068 (SSR)

— Corrections to broadcast ephemeris

— Real-time NTRIP stream

— Interval: 10 s, Latency: 5 -

— GPS and GLONASS
e Analysis Strategy

10 s

— Orbit: fixed to IGU or estimated

— Clock: estimated with IGS
tracking network

real-time

4

ucts [ Projects ]
| Avout 1 Mail | _____Faa____| Publications L Fre ]

Real-

TPl Wk FR OBE JVIR-T 9vE9 AL

me Service sorAcosss RTSMonioring  Contibutors M

RTS Products

The RTS Products consist of GNSS satellite orbit and clock corrections to the broadcast ephemeris. The RTS correction stream
according to the RTCM SSR standard for State Space Representation and are broadcast using the NTRIP protocol. RTS correc
expressed within the International Terrestrial Reference Frame 2008 (ITRF08).

The product streams available in the RTS are combination solutions generated by processing individual Real Time solutions fro
time Analysis Centers (RTAC). The effect of combining the different RTAC results is a more reliable and stable performance th
AC's product. Operational responsibility for the official combination products lies with the IGS Real Time Analysis Center Coordi

The official products currently include corrections to the GPS sateliite orbits and clocks:

. Single epoch GPS is a single-ep solution produced using software develor
The solution epochs in this product are completely independent of each other, which has the advantage that the full acou
5000 as product generation starts. The combination process removes a common offset from all satellite clocks at each &
processing pairs of Analysis Center solutions, in order to align the clocks in each contributing solution. The aligned clocks
outliers and combined by calculating a weighted average clock value for each satelite. The orbit states are combined by
value from all contributions. The product is offered with the orbit solution referred to the antenna phase center under the
parallel product in center of mass coordinates is designated IGCO1. Analysis Center RTCM stream decoding and combin
encoding uses BKG's BNC software.

+ I1GS02: Kalman fliter GPS is a Kalman fiter produced using BKG's BNC software. The Kalma
requires a few minutes convergence time to reach full accuracy. Once converged, the accuracy is maintained unless thet
restart the software. A mechanism is in place to avoid publishing results during the convergence period. The orbit inform:
extracted from one of the incoming ultra-rapid solutions. In the Kalman Filter approach satellte clocks estimated by indivi
(ACs) are used as pseudo observations within the adjustment process. Each observation is modeled as a linear function
parameters: AC specific offset, sateliite specific offset common to all ACs, and the actual satelite clock correction which r
the combination. These three parameter types differ in their statistical properties. The satellite clock offsets are assumed
parameters while AC specific and satellite specific offsets are stochastic parameters with appropriate white noise. The so
a set of minimal constraints. A recursive algorithm is used to detect orbit outiers. The greatest difference between AC sp
satellite positions is computed. If this is greater than a threshold, then corrections of the affiliated AC are ignored for the ¢

The IGS is working on including solutions for additional constellations, starting with GLONASS. A third combination product, IGE
and GLONASS corrections is offered as an experimental product:

+ 1GS03: Kalman filter GPS+GLONASS combination is a Kalman filter combination produced using BKG's BNC software
‘approach as IGS02. The major difference from IGS02 is that GLONASS corrections are included in addition to GPS. Whil
for both systems in a Kalman filter approach, orbits are extracted from one of the incoming correction streams and check
Contributing analysis centers use orbit information either from IGS Ultra Rapid products (IGV), or disseminate their own ¢
that a major part of the real-time IGS reference stations nowadays supports GLONASS.

Content Description of the RTS Product Streams

The RTS products are disseminated in the form of RTCM SSR streams. The technical content of the RTS products is describec
The nradiicte desinnatad at IGSN1ACGN1 and IRSN2_enntain ~nrractinns nnlv for the GPS satallites. Tha axnarimantal nradiir:
>

http://rts.igs.org
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RT-PPP Performance with IGS

: BKG: CLK10 * BKG: CLK11 GPS ) :
E-W {m) 18 389665459° 1003.9071m + E-W (m) 003.9071m
L 'D=0.0360m RM5=0.0381m L4 15=0.0323m
05 05
Lo e, 0.0 b 00 i -
L oA
05 -05 -05
-10 -10 -10
N-5 (m) AVE=-0.0426m STD=0.0344m RMS=0.0548m N-5(m) AVE=-0.0382m STD=0.0318m RMS=0.0437m N-5 (m) AVE=-0.0423m STD=0.0239m RM5=0.0518m
0.5 05 05
0.0 iy [y i P sty 00 oy i evpmw ) 00 -~
o -.‘W-'— Tk oo T - Sotonr — o H—
05 05 05
-10 -10 -10
U-D (m] AVE=-0.0144m STD=0.0756m RM5=0.0769m U-D(m) AVE=-0.0149m STD=0.0683m RMS=0.0705m U-D (m} AVE=0.0174m STD=0.0664m RM5=0.0686m
05 05 05
| .
05 -05 05
10 -10
03:00 06:00 12:00 03:00 06:00 12:00 03:00 06:00 12:00
9w ESA ESOC CLK31 »ww ESAJESOC: CLK51 : TUW: CLK61
E-W {m) ‘59‘ mus 9071m E-W (m) ° 11003.9071m E-W (m) 18.389665459° 1003.9071m
MS=0.0566m D=0.2333m RMS=0.3148m

-10
N-S (m) | | AVE=|0.0110m STD=0.1207m RMS=0.1212m
05

ooq’ml — L “ WMM

w«

\
|
|
|
t
03:00 05:00 12:00

RMS 14. O 12. 1 '23.4cm

AVE=-0.0541m 5TD=0.2280m RMS5=0.2344m

-10
U-0 (m)

0
N-S {m}) AVE=-0.0363m STD=0.0406m RMS=0.0544m
05
0.0 Mo . gy T
05
U-D(m) AVE=0.0294m STD=0.1124m RMS=0.1162m
05
0 DWM

03:00 06:00 12:00

RI\/IS 57 54, 11.6cm

WMW\V
:MWW

-05

AVE=0.1235m STD=0.167m RMS=0.2098m

AVE=-0.0349m 5TD=0.2476m RMS=0.2500m

03:00 06:00 12:00

RMS 23. 3 21. O '25.0cm

2010/9/18 0:00-23:59, 1Hz, Kinematic PPP, NovAtel OEMV-3+GPS-702, RTKLIB 2.4.1
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B-7
Exercise of PPP
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PPP Analysis for Reference Point

RTKPOST

 Objective

PPP Analysis for Reference Point -_faf"‘*:;fs:;ﬂPi”"“““"

e Program | s s
rtklib_2.4.2¥bin¥rtkpost.exe

* Data
sampled¥
09160700.110, 09160700.11n (RINEX) Date:
21100700.110, 21100700.11n (RINEX) 2011/3/11 GPST
igs16265.sp3 (Precise Orbit) ISPS \AéeE%NlEE’.ngé;igr?:{ o790
igs16265.clk_30s (Precise Clock) 020916: Minamikata

92110: Tsukuba

Acknowledgment: Sample Data are provided by GSI and IGS
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IGS Data/Products

~ Intemnational GNSS Service, formerly the International GPS Service

Online GNSS Data Sources

GEONET Data

= BE TwLR—2 OB ED AT Pk BE For BE JvOT-0 D42 ED AL
| T,T | | + | @ http://igsch.jpl.nasa.gov/ ¢ | | Q- gz vision | O~ - | T,T | | + | http://terras.gsi.go.jp/iasindex.html & | | Q- gz vision | O &
‘I BEFEERT SR#EY—EX
mmm
[ A T FaQ | Publications [ Organkzation | FTP [ __Siteindex ] i = 7
5T F =
The International GNSS Service (IGS), formerly the International GPS
Service, is a voluntary federation of more than 200 worldwide agencies 7 _j::_
that pool resources and permanent GPS & GLONASS station data to ;‘ig%m Ei ;C_E) %%ﬁfﬁ%ﬁg%i ] .gé::irﬂ‘:— g‘gém_ re
generate precise GPS & GLONASS products. The IG5 is committed to WREEA i —Fy LEF FALTI—FOERFIcRET 3
providing the highest quality data and products as the standard for CEEHMELTLNET.
Global Navigation Satellite Systems (GNSS) in support of Earth science .
o pat g =
research, multidisciplinary applications, and education. Currently the § ¢ ﬂ_J?'C MARESARET L—Lt=a—MRECH o
IGS includes two GNSS, GPS and the Russian GLONASS, and intends to ‘TOP’\— o]
incorporate future GNSS. You can think of the IGS as the highest- =T [NEwW 11 j.ij %ﬂi@lz g'ﬁ- ERHT 2RHHE (5L
precision international civilian GPS community. i ARy
> ® EFRELEROFLERRICOVTIELELETRIES
Whenever your use of IGS data or products results in a publication, = amw (A
please include a citation.
L EES ST

Updated: February, 2011.

General GP5/GNSS questions?
Please visit resource links

What's new:
« IGS 2010 Workshop Summary
Recommendataions
o 1GS 2010 Workshop Presentation
Videos
« [GS Strategic Implementation
Plan - 2011
+ New Reference Frame
Coordinator

This web site is part of the IGS Central Bureau Information System
(CBIS), providing both IGS member organizations and the public with
information about the IGS organization, the IGS network of stations, and
1GS data & data products (such as precise ephemerides).

The Central Bureau is sponsored by the National Aeronautics and Space
Administration (NASA} and managed for NASA by the et Propulsion
Laboratory of the California Institute of Technology.

e IGS is a service of the International Association of Geodesy

| IR ROURC TV TR L WP e

3tzmm_:;a::our

=
DEFLEAPCVIRET—
Pra

Dz
=E+ A=

D1 P——

ok E kR K K & (BT
NFADY—REEIZONT

GPS 9‘7'}7UJ9'I\'7Z

(htt ,"/ ahouse s i jip/)iz2
WTIE, "} EZWL@?—&EEG)M?—:({-%E&LE?} #L<
& FRZFSAILESRENES

6 ; [S) Er—?ﬁ‘ YFYdnt AoHd—s @it cd & Bams ¢
IPDFiR 72KB]

BAMLE)6GPS T—299UTFYLYT
EEEE KK EE

in

* %k %k ¥k ¥ ¥ ¥ ¥
XX EEXEXFEX

COH—EATIE, T2OREOMTHTEY, MEEISOLTIEL
BLTLEEA, E?!i!ﬁﬂ)ﬁt%i—ﬂt&fd)!?;ﬁﬁi%m [F 20

B
. i Fh, BEORICEAER
FRAThEBEEED T L—b TRBY—ER] £UsEAILE '-J
THRESGD—F—E%) KUBFATELN,

TRELAREFHEY—EA) Bob5b
F&ﬁﬂﬁtﬁj » TR @ﬂ*fﬁﬂ%féiﬁ"’l; FHEABRET

T., BARLMETIBEE, BERRETHEY—EADHP £ TKL
&, FREET2T(EED, MERRETT,

EFEZAOIABRREICONT

http://igscb.jpl.nasa.gov

http://terras.gsi.go.jp/ja/index.html
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RTKPOST - Options

Pasitioning Mode

Frequencdes

Solution Type

Elevation Mask (%) [ SMR Mask (dbHz)
Rec Dynamics/Earth Tides Correction
Ionosphere Correction

Troposphere Correction

Satellite Ephemeris/Clock

IPP'P Kinematic TI
L1412 |
|Cumb4'ned _ﬂ
o o

jorr  =lfon
|Ernadcast

Estimate ZTD

Precise

Exduded Satellites (FRM ...J

IV GPS [T GLo ™ Galisa [T Gzss [T sBAS [~ Compass

Settingd | Setting2 | Qutput | Statistics | Eusiﬁm Files lMisc |

Satelite Antenna PCV File ANTEX

= .|

|D:¥projér thib¥data¥igs05_1604.atx
Recever Antenna PCY File ANTEX or MGS

|D:¥proj¥ér thib¥data¥igs05_1604.atx

zeoid Data File

DICE File CODE Format

Google Earth Exe File

IC:¥Prngram Files¥Google¥Google Earth¥googlesarth.exe

Load | Save | oK | Cancel

Load Save
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B-8
Advanced Topics
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Advanced Topics

 Multi-GNSS RTK

* Long-Baseline RTK

e INS-Aided RTK

 Ambiguity Resolution for PPP
e MADOCA
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GNSS Evolution

Number of Planned GNSS Satellites

| system | 2010 | 2013 | 206 [ 2019
GPS 31 31 32

32
GLONASS 23 (+2) 24 (+3) 24 (+3) 24 (+3)
Galileo 0 18 27 (+3)
Compass 6 32 (+3)
QZSS 1 7
IRNSS 0 7
SBAS 7 8 11 N 11
Total 68 91 126 140
L3 GNSS Signal Frequencies
L5/E5a ESb L2 L2 E6/LEX L1/E1
RIZANNNT  VAVAAVE ANV ANV e || N/ AN/ A\
ARAY PN NS 1 VAR NN M WAl XS ) SN R/
O /AR L YAVES R fmé-!-y Pl Al —AU\\ a/L\ WAL AUAIN VAT

(Y.Yang, COMPASS: View on Compatlblllty and Interoperablllty, 2009)



Multi-GNSS RTK Performance

RTK Performance Baseline 13.3 km, Instantaneous AR

El Mask=15°

m
mm Fixing | RMS Error (cm) | Fixing | RMS Error (cm) _
Ratio | EW | N-S | U-D | Ratio | E-W [ N-5 [ U-D|

0, 0,
GPS L111+L2 49.7% 46 81 19.0 233% 714 115.0 289
L1,L2 - 9.0% 14 13 19 87.6% 34 105 155
L1,L2,L5 - 9.0% 14 13 19 873% 34 105 156
L1 El 98.8% 13 12 19 90.1% 1.2 21 2.7

GPS{GALLL k1 989% 14 12 1.7 987% 12 10 16

E1,ES5a,

L1,L2,L5 ESh

989% 15 13 2.0 989% 1.3 1.1 1.8
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Multi-GNSS Receiver

e Moore's Law
— More correlators
— More tracking channels
— More powerful embedded CPU

 Consumer-grade Multi-GNSS Receiver
— SkyTraq: GPS + GLONASS
— STMicro: GPS + GLONASS
— Broadcom: GPS + GLONASS + QZSS
— u-blox: GPS + Galileo
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Issues for Multi-GNSS RTK

 Multi-GNSS Integration Issue
— Time-system, Coordinate-system
— Receiver H/W Biases

e Multi-code System Issue
— L1C/A-L1P(Y)-L1Cd-L1Cp, L2P(Y)-L2C, L5I-L5Q
— Quarter cycle phase-shift problem
e GLONASS FDMA lIssue
— Receiver Inter-channel biases (Receiver Interoperability)
— Calibration Message Standard
— Antenna Calibration
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......................................................................... 1’000km

Long-Baseline RTK

GPS Tsunami
Monitoring System
(Currently ~15 km off-shore)

http://www.tsunamigps.com
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BL
l (km) | ephem

Error Elimination

Long-Baseline RTK Strategy
_lonos | Tropos | Others

Strategy

S O0—-10 Broadcast - - - Conventional
RTK
10 — Dual-Freq - -
M 100 Broadcast
Interpolation - Network RTK
Real-time : .
1 100 — Precise  Dual-Fre Estimate Earth Long-Baseline
1,000 9 ZID+MF  Tides RTK
(IGU)
Non-RT Estimate Earth Post-
VL >1,000 Precise  Dual-Freq 71D + MF Tides, Processing
(IGR, 1GS) Ph-WU or PPP
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Long-Baseline RTK with RTKLIB

January 1-7,2009 | BL=471.2 km | July 1-7, 2009 zowsme

= 00 MWMWMMWWMW*W
-0.1 -0.1
-0.2 -0.2

NS (m) AVE=-0.0015m 5TD=0.0091m RMS5=0.0092m N-5 (m) AVE=-0.0022m 5TD=0.0127m RM5=0.0129m

“lup [m}) AVE=-0.0081m 5TD=0.0227m RMS5=0.0241m U-D (m) AVE=0.0073m STD=0.0377m RM5=0.0384m

STD 070923cmFIX 998% %0 STD 111338‘cmFIX 990%

0.2

E-W (m) ORI=44.433686068" 143 ORI=44.433686068" 143.224179125" 54.5733m
0.1 AVE=-0.0040m STD: m AVE=0.0011m STD=0.0105m RMS5=0.0105m
0.0 WWWWWMW : WMWWM%

E-W

AVE=-0.0026m STD=0.0148m RM5=0.0150m

N-S (m) AVE=-0.0028m 5TD=0.0129m RMS=0.0132m

AVE=-0.0079m 5TD=0.0296m RMS=0.0307m AVE=0.0128m STD=0.0362m RMS=0.038m

o STD=1.6,1.3,3.0 cm FIX=98.8% <. STD=1.1,1.5,3.6 cm FIX=96.2%
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Mobile AP issues for RTK

e Cycle-Slips
— Frequent cycle-slip with around obstacles
— Miss-detection of cycle-slip

* Low Solution Availability
— Long acquisition time by weak signal (Low C/NO)
— Half-cycle ambiguity resolution with Costas-PLL
— Low fixing ratio

 High Noise Level
— High multipath level even in carrier-phase

— Jamming by RFI

54



Cycle-Slips

Carrier-Phase —

|

(Half-Cycle

Cycle Slip Slip)

l Time

/et
Signal Outage/ \ o
Receiver  Data Gap Half-Cycle Ambiguity
Detects Reacquisition ~ Resolution
Loss-of-Lock (<1s) (0-12s) *
* Depend on Receiver
12 500
14 e . —————— " T<1s: 724(68.2%)
16 -t A Al e et il %_400 T<3s: 869(81.8%) |
=N = T<5s: 932(87.8%)
z T 300 -
a s}
o 22 il e “6
g 29 ] w11 o | 1] D i | e g 200
v 30 fo | ] e s | 1, || | || s | | {2, g 100
31 ] ] o ] ] e =

32 ittt bl 4 et e - bttt b
01:25 01:30 01:35 01:40 01:45

0 1
0 10 20
Span of Data Gap (s) (EL>15°)
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INS-Aided RTK

w,f

Cryv

IMU

Filter —

Navi

Loosely-Coupled
Integration

w,f
IMU Crv
Filter —
BB
P,.D

Tightly-Coupled

Integration

w,f
IMU Crv
NCO Filter —
i BB
IS’QS

Deep Integration

(Ultra-Tightly)
High sensitivity
(DLL, PLL)
Slip resistance
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ALbiglJity Resolution for PPP

e with AR for PPP

— Improve Convergence Time
— Improve Accuracy of Static Solution (EW, UD)
— Improve Stability of Kinematic Solution

e Difficulties of AR for PPP
— Unknown Satellite Initial Phase Biases
— Effect of Precise Orbit/Clock Error
— Effect of lonospheric Delay
— Code/Phase Bias Instability
— Multipath Effect at Reference Station Network
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M.Ge et al., EGU 2007

M.Ge et al., Resolution of GPS carrier-phase ambiguity in precise point positioning, EGU

Daily UDP of Wide-lane [Cycles]

WL Phase Bias Stability

NL Phase Bias Stability

F
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D.Laurichesse, ION 2010

 Real-Time Implementation of PPP-AR
— Network WL ambiguity fixing

— Parameter estimation by EKF with iono-free code/phase:
phase-clock, code-phase-bias, ZTD, station position, orbit
correction to IGU, phase ambiguity

— Orbit construction + high-rate clock generation

e Evaluation of Accuracy

— Orbit: 4cm, code-clock: 5 cm, phase-clock: 1cm
 RT-PPP with AR ("CNES Integer PPP")

— 1 cm HRMS
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MADOCA

Multi-GNSS Advanced Demonstration tool
for Orbit and Clock Analysis

* For real-time PPP service via QZSS LEX
— Many (potential) applications over global area

* Precise orbit/clock for multi-GNSS constellation
— Key-technology for future cm-class positioning

 Brand-new codes developed from scratch
— Optimized multi-threading design for recent CPU
— As basis of future model improvements
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Real-Time PPP via QZSS

GPS GLONASS Galileo QZSS

Reference Stations
(MGM-Net)

W

MADOCA

Precise Orbit/Clock PPP Users
Estimation
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MADOCA: Models

e Satellite Orbit Models
— EGM 2008+solid earth tide+FES2004
— Sun, Moon, Venus and Jupiter with JPL DE421
— Empirical SRP model, ...

e Measurement Models
— ZD lono-free phase+ pseudorange, 2nd-order-iono
— ZTD+gradient estimation with GPT+GMF/VMF1
— |ERS DEHANTIDEINEL+FES2004+pole tide+CMC

e ECI-ECEF Coordinates Transformation
— |IAU 2000A/2006 by IAU SOFA
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MADOCA: SRP Model

midnight

satellite

dy, =S ((Dy+ D¢ cos f + Dg sin f) ey + (B, + B¢ cos f + B sin f) e
+ (Y, + Y. cos f + Y sin f) e,) x 10° (m/s?)

GPS Block IIR GLONASS QZSS
. . . . . . —_— . . . . . . 40 — : ; ; .
—m R — D
15} — B0 al — B0 — B0 ||
— Y0 — Y0 — Y0
——De —De D
Ir ——Ds ] 3t — D 00 —— Ds
P Be . Be Be
n.ﬁ 0sr Bs 2k —Bs —Bs
o B N = B
g 0 - 1r T 0
=
:8 05t S 0 = \d_'-\/.n \/-,__/ = A0
B \//\/\ | | TW \/ ﬁ | |
st 4 A W \_/\/T S0l YS E C YS
TTHoow w2 0w ® @ ® B S ST R S a— 0 N )
Beta Angle (deg) eta Angle (deg) Beta Angle (deg)



MADOCA: Parameter Adjustment

Offline Real-Time
Algorithm Iterated Weighted LSQ, Dual-Cycle-EKF
Estimated Orbit, SRP/Emp-Acc, Clock, Position, ZTD/Grad,
Parameters Ambiguity, Bias, EOP
Measurements ZD Carrier-Phase and Peudo-range
Numerical NEQ by Cholesky Numerical Stable
Solver Factorization EKF

Clock Estimation

Parameter Elimination

State as White-Noise

in NEQ or Random-Walk
Integer Ambiguity Network AR Real-Time
Resolution (Ge., 2005) Network AR
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MADOCA: Iterated LSQ

Initial Xo

Parameters

Orbit Generation

rt)=r)+ [ f(tr.v, pyt

OBS Data ... %

Measurement Eq.

v

N N £ N#+H"WH
Stack NEQ .
é I b qb+HW(y, —h(x))

> Solve NEQ by Cholesky | Ax=NTb

Epoch NEQ v
Scratch Update Parameters X — X +OX
v
Network AR

Constraint to ¢

Fixed Ambiguity

Generate Products

—00d

SP3, EOP, RINEX CLK, ... ¢



Network AR

e Dynamic baseline selection to convert ZD to DD
e WL and NL DD ambiguities by rounding

e Validation by confidence function and FCB

* For GPS, QZSS and Galileo (no GLONASS)

AR-OFF

T T T T T
R:1.29cm A:4.55cm C:2.73cm 3D:5.63cm : :
m A1 75cm C;-0 74cm i ¥ ¥

ong

AR-ON

T T T T T
m A:1.67cm C:1.54cm 3D:2(59¢m : :
Ocm C:-0.04cm § i ¥

(hr)

(hr)
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Dual-Cycle-EKF

Epoch Parameters Common Parameters
Time )A(e,k < Xe0 )A(C - f(tk’)'ic)
Update P, — diag(c?,02,..) P. « PP& +Q
OBS V=y-h(%e X, H = (HoH ), R
Data Y
= T T
S_HePeHe'FHtPé_Ic"'R
\|/
Meas. ?
Update Ke=PH St K.=PHJs™
Xo « X+ K Y Xe « Xe+ KWV
P « (I —KH 9P P. « (I —K.H )P,
Epoch cycle (1Hz) Common cycle (30 s)
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Numerically Stable EKF

Measurement Update of EKF
K=P"H'(HPTH"+R)™
X" =x"+K(y-h(x"))
P"=(1 —KH)P~

Standard EKF

(1)v=y-h(x),H,R

(2) D=PH' (sparse)
(3)S=HD+R (sparse)
(4) U =chol(S)  DPOTRF
(5) K= (D U?)UT DTRSM

(6) x=x+Kv DGEMV
(7YP=P-KD" DGEMM

Numerically Stable EKF

(1)v=y-h(x),H, R

(2) D=PH' (sparse)
(3)S=HD+R (sparse)
(4) U =chol(S) DPOTRF
(5) E=D U DTRSM
(6) K=EUT DTRSM
(7)) x=x+Kv DGEMV
(8) P=P-EE"T  DSYRK

69



Offline GPS/GLO Orbit

O 5 m SATELLITE ORBIT ERROR (G)

+ T T T T T T T - - T - - T T T T T T

. s T e T T T e T SN ANPGRS SR WO | S SRS NP | S—— N N—. NU— N WO— W
3 - 0.0181 ! ] i

R T R A s : e
A

Alm)

(@)
{m)

SATELUTE ORBIT ERROR (RD

GLomgg"TM""&Zts)

o
(m)

im)

(@]
(m)

£ 2011/01/01 - 2011/12/31 (365 days), wrt IGS Final

RMS
R:0.89cm
A:1.10cm
C:1.12cm

~{3D:1.81cm

RMS
R:1.37cm
A:3.70cm
C:2.94cm

| 3D:4.92 cm
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MADOCA GPS Orbit vs. 1IGS AC

2011/01/01-2011/12/31 (365 days), wrt IGS Final

IGS AC Analysis Software #of GPS Orbit RMS {cm) Clock (ns)
Stas R A C 3D STD RMS
MADOCA 0.3.0 77 | 0.89 | 1.10  1.12 | 1.81 | 0.109 | 0.131
ESA NAPEOS 3.5 110 | 0.97 | 1.33 | 1.09 | 1.98 | 0.116 | 0.183
CODE Bernese 5.1 231 | 1.01 | 1.36 | 1.14 | 2.04 | 0.075 | 0.089
NGS arc, orb, pages, gpscom | 199 | 0.95 | 1.46 | 1.41 | 2.24 - -
GFZ EPOS.PV2 191 | 1.15 | 1.64 | 1.59 | 2.56 | 0.146 | 0.169
MIT |GAMIT 10.33, GLOBK 5.16| 263 | 1.37 | 2.12 | 1.39 | 2.88 | 0.277 | 0.316
NRCan GIPSY/OASIS-II 5.0 91 | 258 | 1.72 | 1.77 | 3.57 | 0.128 | 0.148
JPL GIPSY/OASIS-II 5.0 142 | 2.62 | 1.67 | 1.98 | 3.68 | 0.168 | 0.226
SIO |GAMIT 10.20, GLOBK 5.08| 258 | 2.42 | 2.26 | 1.77 | 3.75 - -
GRG GINS, DYNAMO 134 | 2.47 | 2.80 | 1.74 | 4.12 | 0.172 | 0.212
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Offline QZSS Orbit

(@)
(m)

QZSS-1 Michibiki JO1

2011/06/04 - 2011/11/03 (153 days), 24 H-overlap

RMS
R:2.37 cm
A:4.47 cm
C:3.21cm

~13D:5.99cm

= 0.0 MWM“J\MWWMMW‘“ - mmw‘m\.dmg _— \me.n—w‘w—-‘_" . B WMM"\,
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Offline Galileo Orbit

Gallleo E11

1 m i SATELLITE ORBIT ERROR (ELL)
+ : T T T T
AVE: -0.0008 m!STD: 0.0169 m RMS: 0.0170 m : : : :

3DRMS: 0.0888'm
LY nemitin v

=
1

-
.
|
i
l
3

T e e S e e T RMS
-1m wf wf e —————— R:1.70 cm

1 T
AVE: -0.0013 m;5TD: 0.0292 m RMS: 0.0292 m

e s 3D:8.88CM

Alm)
o
o

c(m)
o
o

I I L L L L L L
10 20 30 40 60 80 920 100 110
T\ME (DAYS) (T0=2012/11/02 00:00. 00]

Gallleo E12

SATELLITE ORE?T ERROR (E12)

AVE: -0.0000 m STD: 00265 m RMS. 0.0265 m i i
3DRMS: 0.0956/m ; ; ; : : : : :

R (m)
o
o

e e T R R E I A
Em—— | Ri2.65cm
T L W‘wwwwm prneneed ;8,72 €M

+ T
AVE: -0.0009 m:STD: 0.0291 m RMS: 0.0292 m

e L L O R e o e T R A A

c(m)
o
o

L \ \ \ L L L L L L L
10 50 60 70 80 90 100 110
TIME (DAYS) (T0=2012/11/02 00:00:00)

2012/11/2 - 2013/02/27 (117 days), 24H-overlap &3



Galileo Orbit vs. TUM/GRM

Galileo E11, E12: MADOCA - TUM

e e e s
— | R: 8.32 cm
W %mw A: 23.35 cm
' J Wm C:22.19 cm

fu 13D:33.27 cm
WWI‘MMWW W/\wwﬂﬂ PN AN - AT ""M’WWM““

c (m)
4

E (DA )( 12/11/02

Gallleo E11 E12 MADOCA GRM

R :
RMS
R:18.42 cm
A: 83.92 cm

A (m)
&

C:52.51 cm
~ |3D:100.69 cm

E (DAY )( 12/11/02

2012/11/02 2013/02/27 (117 days)
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Real-Time PPP Test

Control and Monitor

QzSS MS (8)

4 )
%
ALR

Gl

Console

4 )
%
ALR

xX

MGM-Net (17)

(- )
%
*IR

NTRIP

NovAtel OEMV +
GPS 702-GG

Caster

RTCM
OBS

MGRTE

IGS RT

MADOCA

_VV

V
1

RTKLIB 2.4.2
PPP Kinematic

ALY

v

Service

o

IGS/MGEX (21)

RTCM SSR

\4
l




Reference Station Network

STATION POSITION

@® QZSS-MS (8) ® MGM-Net (17) @ IGS/MGEX (21)
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Real-Time PPP Test Results

+O- 5 m 0% E-W (m)
E-W :oomtem

With MADOCA Real-Time Orbit/Clock

_O- 5 m e N-S [m)

- -
N-S == SRR

' i ; Ll TP TR
E_W D'DW* RSy s T TR A .

09:00 10:00 11:00 12:00

.
an

10cm
—

13:00 00 15:00 1 17-:00 00 19:00 20:00 2

With IGS Real-Time Orbit/Clock

10cm
—

13:00 14:00 15:00 17:00 18:00 19:00 20:00 210

© 2013/05/20 09:00 - 21:00 (12 h), 1 Hz, only with GPS

C2Z2m

C2Z2m

RMS

:2.51cm
:2.20 cm
:7.57 cm

RMS

:6.02cm
:3.75cm
:9.61 cm
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B-9
JAXA Activities by
Tateshita-san
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B-10
QZSS LEX-PPP

Demonstration
(provided by JAXA)
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fine day LN

Antenna
Wifi Router
(MZK-RP150N)
buttery
LEX /JAVAD

EX real time stream

(Furuno format)
JPS real time stream

Laptop w/ RTKLIB

= (ata Stream g




System Configuration N

Rover PC for analys|s PC for LEK
GNSS Ant LEX Ant
192.168.1.xx 192.168.1.yy
TNC TCP TCP SMA
8002 10001 i ) USB
Battery JAVADR Strsvr Rtkn_aV| File LEXR Frontend
for single
O LT ETHR l—,(;(l;gl Shared memory
Router File Rtkplot Lexconvfr
P TCP
10102 i
19216811 o0 Rtknay! i
TCP - TCP :
Eneloop 10002 | for ppp File oo Strlsvr File

o R FHE
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MCS

LEX real time strea
(Furuno format)

Laptop w/ RTKLIB

electric source > data stream g3



