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Status of MADOCA
Development



MADOCA

Multi-GNSS Advanced Demonstration tool
for Orbit and Clock Analysis

 For PPP service via QZSS LEX and L6b*

— Many PPP applications over global area
— Providing sub-dm to cm-class accuracy

* Precise orbit/clock for multiple constellation GNSS
— Key-technology for future precise positioning

— Over-100 satellites expected in near future

— GPS, GLONASS, QZSS and Galileo already supported,

BeiDou planned
* under study



PPP Applications

Natural Hazard Mlmng Machlne
Mitigation Control

Pressure MSL (hPa) : 2004/10/15 00:00 T= 0 H= OhPa

Offshore Constrution Autonomous Weather Forecast
Driving



MADOCA-PPP via QZSS

GPS GLONASS Galileo BeiDou QZSS

W P PP T

LEX, L6b*
~ 1.7 Kbit/s

Reference
Stations

PPP Users

MADOCA

Precise
Orbit/Clock
Estimation

* under study 6



R&D Activities for MADOCA

e June 2011 - March 2013 (1st phase)
— Design and implementation of S/W from scratch

— Verification by post-processing and simulation

* April 2013 -
— Broadcasting MT12 via QZSS-1 "Michibiki" LEX channel
— Support GPS, QZSS and GLONASS (Nov 2013 -)

* Feb 2014 - March 2016 (2nd phase)

— Continuous improvement of accuracy, stability and
reliability on orbits and clocks

— Support BeiDou
— New features added: FCB and local-iono/trop products
— Multiple-sensor integration to PPP for severe environment
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Architecture (1st Phase)

Data Interfaces Parameter Estimator Data Interfaces
MGRTE

MGM Real-Time
-Net EKF

I/F
RTCM, Y >
BINEX, 8 QZSs
Javad | I MCS
MGEST

LMG

s — omme |- DT T
| s s

MGPLOT MADOCA API




MADOCA LEX Format

 Definition has been added in recent IS-QZSS as LEX MT12

(1S-QZSS 1.6 draft, 5.7.2.2.5)
* Formats based on RTCM 3 SSR orbit, high-rate clock, DCB

and URA with minor modification

RTCM Message

RTCM Message #N

e RTCM Message #1 o | e RTCM Message #2 - o .
o il ) il T -
Freamble Reserved Message W CRC Preamble Reserved Message TR B CRC Preamble Reserved Message VTR AR CRC
(Bhits) (6hits) Length IzEll==r [24bits) {8hits) (Bhits) Length PeEli==z2 (2abits) (2hits) (Bhits) Length PeEli==z2 (2abits)
(10bits) (Variable) (10bits) (Varizble)

(10bits) {Variable}
LEX Message l /////,*

Header TOW WHN 35R Packet #1 S5R Packst #2 . 335R Packet #M Reserved Reed-Solomon code
{49hirs) [20its) {13hits) [Wariable) [variable) [ariable) [Wariable) [256hits)
< > € <
Data Part(1695 bits)
& ‘\\
-~ LEX message(2000 bits/sec)
Preambile PRN Message Type ID
{32bits) (&its) [8hits)
Figurel. LEX Message Structure




Improvement of
Orbit and Clock



MADOCA Evaluation System (1)

* Objectives

— Provide environment for long-term system test and track
existing and remaining issues

— Improve product quality (accuracy, stability and reliability)
by tuning various optional parameters

— Verify newly implemented algorithms and models
— Accumulate operational experience for practical use

Product
PP- and RT- )
MADOCA g > Monitor and
Products _
Evaluation
. N

Fix bugs, Performance
add new :
features Continuous feed-back evaluation,

bug reports
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MADOCA Evaluation System (2)

JAXA
G5 NTRIP
( Internet )
|
NTRIP R — — 1
WWWwW
Caster | |
VPS
SVR-5 SVR-4 SVR-3
for RT2- || for RT1- || forpp- || 2VR:2 || SVRT
Work/ File
NTRIP/ Product, | [ Product, | | Product, R
HTTP ) ) ] e-Proc Server
RTcM 3 | Monitor | | Monitor | | Monitor

PP-Products,

QC-Monitor RT-Products

reports

CPU: Core i7 4770 (4-core/8-thread), RAM: 16GB,
SSD: 120GB, HDD: 4TB or 8TB,
OS: Ubuntu 13.10 (64bit), gcc/gfortran 4.7, MKL 11.3
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MADOCA Evaluation System (3)

SVR-5 SVR-4 SVR-3 SVR-2 SVR-1



PP-Products

MGU (Ultra-rapid)

MGR (Rapid)

MGF (Final)

Update Interval 6H 24H 24H
Latency 1-31H/0H 10- 34 H 37-67H
Est/Predict Arc 24H / 24H 24 H/ - 3H+24H +3H/ -

Satellites GPS, GLONASS, QZSS, (Galileo not yet included)
Products Oribit/Clock (SP3), Clock (RNX CLK), EOP, AMB, FCB

Sample Interval

300's (SP3), 30 s (RNX CLK, FCB), 1 day (EOP)

Processing Time ~ 20 min ~ 30 min ~ 185 min
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v MR oS

65 Stations Tor MGU

o MalEA oSt

78 Stations Tor MGR

86 MR 1 sy

152 Statlons“’for MGF
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Accuracy of PP-Orbits

MGF wrt IGR

(GPS)

MGF wrt IGV (GLONASS)

T T T T T T T T T T T T T T T T T T T T T T
AVE: 0.0052 m STD: 0.0077:m RMS: 0:.0108 m : ! AVE: 0.0001 m STD: 0.0149:m RMS: 0:0158 m !
)5 |- 3DRMS::0.0182 m; il | 3DRMS:0.0604 m; . i
R -
15 . - .
- 3}-0 } } t t t t t t t t t t t } t t t t t t t t t t t t
AVE: 0.0006 m STD: 0.0101:m RMS: 0:0104 m AVE: 0.0024 m STD: 0.0388:m RMS: 0:0417 m
¥ e T L T O e D R e e e e 1
A -
1.5 .| i =
-10 z | z : : : : : : : z z | : : : | : : | | : : : : :
AVE: -0.0028 m STD: 0.0091 m RMS: 0.0103 m : { AVE: 0.0074 m STD: 0.0326:m RMS: 0.0407 m §
-3 A T TR S S o L §
C
15 F 8 L o
-1.0 L L L L L L L L I I I L I L I L L I L L L I I I I I
0 12 24 36 48 60 72 84 96 108 120 132 144 156 0 12 24 36 48 60 72 84 96 108 120 132 144 156
( ) TIME (H) (T0=2014/09/21 00:00:00) TIME (H) (T0=2014/09/21 00:00:00)
Orbit E MGF wrt QZF (QZSS)
10 T T T T T

RMS (cm)

R

A

C 3D

GPS 1.08

1.04

1.03 1.82

GLO 1.58

4.17

4.07 6.04

Q2SS 22.49

23.70

10.76 34.40

R (m)

A (m)

C(m)

AVE: -0.0139 m STD: 0.2244 m RMS: 0.2249 m |
| 3DRMS:0.3440 m SO SO

I I I I I | | I I | I I I

AVE: 0.1007 m STD: 0.2145:m RMS: 0.2370 m : : : : : : : :
Pk ) e Ry s lgiea : ‘ :
Il 1 Il 1 Il 1 | 45 I

: ; ; ; : ; : : :

Il | 45 1
AVE: -0.0401 m STD: 0.0999 m RMS: 0.1076 m :

L L L L L L I I I I I

GPS Week 1811 (2014/9/21 - 27)

36 48 60 72 84 96 108 120 132 144 156
TIME (H) (T0=2014/09/21 00:00:00)
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0- 2 3jf§ | AVE: -0.001:

PPP Accuracy with PP-Products

E (m)

N (m)

U (m)

E (m)

N (m)

U (m)

STATION POSITION ERROR

m STD: 0.0065 m RMS: 0.0066 m

0.10
0.05
0.00
-0.05
-0.10
-0.15
-0.20
015 |-
010 |

! ! |
T T T
(AVE: 0.0016. m. STD:- 0.0074.m RMS: 0.0076.m

Il } }
| AVE: 0.0061 m STD: 0.0181 m RMS: 0.0191 m

0.20 T T T
AVE: -0.0000.m.STD:.0.0045 m RMS: 0.9045 m..

TIME (H) (T0=2014/09/21 00:00:00)

Kinematic PPP with MGF, GPS Week 1811 (2014/9/21 - 27)

RMSE

0.66

0.76

1.91
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QZSS MS

4 )
%
FAR

xR

4 )
%
RLAR

RT-Product (1)

Control and Monitor

AxR

MGM-Net

4 )
%
ALA

AxR

IGS/MGEX

MGRT1 WWW
— RTCM 3,
*% — SP3, RNX
Telnet L—> * MGRTE B — CLK
JAXA — NTRIP —> RTCM 3
NTRIP STRMON}_ Caster [~ SSR
RTCM 3, RTCM 3
BINEX, MSM 1
JAVAD (Combined) MGRTE -— RTCM 3,
* ) SP3, RNX
CLK
MGRT2
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RT-Product (2)

RT-Products Messages

RTCM MT
Product Mo.u nt Contents Update Latency
Point GPS GLO Q2SS GAL Interval
Orbit 1057 1063 1246 -
Clock 1058 1064 1247 -
30s
MADOCA . ~
MGRT1 _SSR1 Code Bias - - - - 53s
URA 1061 1067 1250 -
HR-Clock 1062 1068 1251 - 1s
MGRT2 MADOCA same as above by different settings

_SSR2
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Ref. Stations for RT-Products

Station Position # of Valid Stations (latency < 5 s)

—
[— 16s
3 MGEX
| — Mem
‘| — MGRT1

_80 ..... ..... ..... ..... ..... ..... ..... ..... ..... ..... ..... ..... ..... ..... ,,,,, ;| — qzssms||

L

i P O I T 0 1 T S N N .18 11
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

2014/10/05 00:00-24:00 GPST
® QZSS-MS ® MIGM-Net ® IGS ® VIGEX e Total
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Accuracy of RT-Orbits

MGRT1 wrt IGR (GPS)

-0 T T T T
1 AVE: 0.0134 m STD: 0.0204'm RMS: 0.0266 m | ] !
)5 |- 3DRMS::0.0770 m;_ ;

MGRT1 wrt IGV (GLONASS)

L3DRMS: 01136 M .../l

T T T T T T
AVE: 0. 0044 m STD 0. 0253 m RMS: 0 0271m : ! :

1 L 1 1 I
o 12 24 36 48 60 72 84 96 108 120 132
TIME (H) (T0=2014/09/21 00:00:00)

Orbit Error

I
144

1
156

RMS (cm)

R A C

3D

GPS 2.66 560 457

7.70

GLO 271 7.73 7.87

11.36

QZSS 23.66 92.74 36.36

102.4

GPS Week 1811 (2014/9/21 27)

R (m)

A (m)

C(m)

; ; i i i
AVE: -0.0188 m STD: 0.0711 m RMS: 0.0773 m

;
-0.0787m

L L L L L L
12 24 36 48 60 72 84 96 108 120 132 144 156
TIMF (H) (TO=2014/00/21 00-00-00)

MGRT1 wrt QZF (QZ5S)

T
AVE: 0. 0152 m STD 0 2361 m RMS: 0 2366 m
[.3DRMS;;1.0238 m; .

L 1
84 96 108

TIME (H) (T0=2014/09/21 00:00:00)




PPP Accuracy with RT-Products

RMSE

0.2:

m
E (m)

m
E (m)

=
N (m)

cC
U (m)

(m)

015
0.10
0.05
0.00
-0.05
-0.10
-0.15

-0.20
015
0.10
0.05
0.00

-0.05

-0.10

-0.15

-0.20

STATION POSITION ERROR

STATION POSITION ERROR

1 1

0 12 24 36 48 60 72 84 96 108 120 132 144 156

TIME (H) (T0=2014/09/21 00:00:00)

Kinematic PPP with MGRT1, GPS Week 1811 (2014/9/21 - 27)

4.89

4.06

6.28

4.59

2.91

6.69

(cm)
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Product Quality Monitor

£ MADOCA: Final Product x

MADOCA: Reference S

& > C  [xbEpsS://wwwi234uq.sakura.ne.jp/m/madoca_monitor_mgf.htm 9% % = = « ©  xbEps//www1234uq.sakura.ne.jp/m/madoc
Overview | Survey(NTRIP,CDDIS)| Products(MGU,MGR,MGF) | Monitor(MGU,MGR, MGF) | PPP(MGU,MGR,MGF) | e Bl e A B -
Network | RT-Products | RT-Monitor | RT-PPP | LEX-PPP Quervi (NTRIP,CDDIS) 2

O

Network | RT-Products
MADOCA: Final Products(MGF) Quality Monitor \ MADOCA: Reference Station Network

Final Products Monitor:

Change station map QZSS-MS,MEM-NET,IGS/MGEX->QZS5S-MS,MEM-NET, IGS, MGEX.(Ref.#146)

- MGF GPS orbit vs IGR. - 2014/09/19 : Add contents, add Number of Valid Stations.(Ref.#146)
- MGF GPS clack vs IGR - 2014/07/26 : Change realy station name(list).
- MGF GLONASS orbit vs IGV - 2014/07/23 : Add daily status contents, add Network Station List for Real-Time Product for 2014/07/23

- Updates: At ~ 17:00 UTC daily for previous day's products(latency: 41 - 65 hours)

- Monitor Statistics: When 3D RMS exceeds threshold(10cm), back ground color shall indicate red
Contents:

History: - tat A

- 2014-06-17 : Add statistics validation.

- 2014-05-27 : Add contents, add MGF Monitor Statistics. - R

- 2014-04-27 : Changad parameter, add QZS. (R

Network Station MAP and Number of Valid Stations(LATENCY <= 5.0 s)

ALL STATION

STATION POSITION

- Network SIation(LATENCY <
GPS Week 1812, 2014/09/28-2014/10/04)_T
MGF Monitor Statistics
GPS Orbit/Clock Errors Wrt IGR GLONASS Orbit Errors Wrt IGV. "
Orbit(m) Orbit(m) ) by
Product Clock(ns) Result Files NIV e v
R A c 3D R A
RMS | RMS | RMS | RMs | sTD RMS | RMS | RMS ®
[Total 0.0120 0.0133] o0.0116] 0.0213] 0.052f 0.332] 0.0143] 0.0308 -
mofts12s] 0.0123] o.0142] o.0120] c.oz2z]  o0.043] 0332 o.01a0 0.0305 2
mgf1s1z4| 00116 0.0141 0.0123] 0.0221] 0041 0326 0.0155 0.0424] ©
mgf1s123| o0.0121] o0.0131] 0.0113] 0.0211] 0042 0326 0.0132] 0.0463
mgf1s122| 00113 0.0114] 0.010s] 0.0193] 0.044] 0323 0.0135] 0.0376
mgf1s121| 0.0124] 0.0130] 0.0116] 0.0214] o0.038] 0343 0.0142] 0.0373
mgf18120] o0.0120] 0.0134] o.0118] o.0215] 0039 0344 00143 00367 L o
GPS Orbit/Clock Errors wrt IGR
T T G B
sarmrs cns wwon TIME (H) (T0=2014/10/06 0
L " ©® ozss-ms @ mam-net @ 165 @ meex
. ; ; MGRT1
ol STATION POSITION(MGRT2)
o MGAT! Notwork Staion(LATENC
i " 100
s
02/ ©
B’ i i
= e 2 = = [ —-1 = = = = = »
M e FR ke Yo e L P
z
©
. ‘ »




FCB Products for
PPP-AR



FCB Estimation for PPP-AR

 PPP-AR (ambiguity resolution)
— Many research works in recent years (2007 - )
— AR improves accuracy and convergence time in PPP

e PP-FCB Products

— ZD-L1/L2 fractional bias in phase observables
— GPS and QZSS (GLONASS not provided)

— Interval: 30 s

— Consistent to MADOCA PP-Orbit/Clock

e RT-FCB Products

— Under development
— Expect to use extended RTCM 3 SSR messages
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PP-FCB Generation Flow

MGEST Orbit/Clock Estimation
é WL and LC Ambiguity
Fix WL/NL Ambiguity
: Average SD-WL/NL FCB
GENFCB \/

Separate SD- to ZD-WL/NL FCB

Convert WL/NL to L1/L2 FCB

ZD L1/L2 FCB
Products




Example of PP-FCB Estimation

SATELLITE FCB

0 12 24 36 48 60 72 84 96 108 120 132 144 156
(Cycle) TIME (H) (T0O=2014/09/21 00:00:00)
GPS Week 1811 (2014/9/21 - 27)
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PPP Accuracy with FCB

Horizontal RMSE

100 -
_ 80
E
wW 6.
o 6.0
% 4.0
e 254 252 231 399 284 28 270 267 2.41

2.0 .

0.0

GMSD SGQzZ MNGO
Vertical RMSE

10.0

8.0
T 558 s
g 6.0
oy 435 422 399 403
£ 4.0 3.43
e 279 278 5.3
#

20 - ] L

00 -

GMSD SGQZ MNGO

PPP (GPS), PPP (GPS+QZS), PPP-AR (GPS), PPP-AR (GPS+QZS)

Kinematic PPP, 2014/8/16 (24H, interval 30 s)
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STEC/Tropos Products
for Fast Convergence



STEC/Tropos Products

Objectives
— Fast convergence time of PPP solutions
— Single-frequency PPP for mass-market receiver users

STEC Products
— STEC (slant-TEC) estimation in PPP process
— 30 s interval product for each satellite-station pair

Troposphere Products
— Estimate ZTD and gradient in PPP process
— 30 s interval product for each station

Interpolation to grid points (IGP/TGP) to broadcast
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STEC Estimation in PPP

e Slant iono-delay is derived from phase OBS - range,
clock, tropos, bias and DCB terms

* Range, clocks, tropos term can be estimated in PPP
process

 Ambiguity-resolved LC bias is separated to L1 and L2
by using WL biases

BC = Clﬂ’lBl + CzﬂQBz + &

BW :MW//Q,W

By =(B¢ +CypBy )/ Ay, By =By~ By

L =(p+ec(d—dT)+T+ 4B +d +¢ —C,D)~ 1L,

L =(p+c(dt—dT)+T + By +d + ¢ + C\D) — L,
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ION1 (m)

VION1 (m)

Example of STEC Estimation

IONOSPHERIC DELAY (2110)

................................................................

\»,J P O R TR R ey W 0 s S
. \«\'1 ‘\\
K :

: "r“

0 1 2 3 B! 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
TIME (H) (T0=2014/08/24 00:00:00)

2014/8/26 (24H, interval 30 s), GEONET Station 2110, Only GPS
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Convergence Time of PPP

L1/L2, L1 with STEC, L1/L2 with STEC, L1/L2 with STEC/Tropos

STATION POSITION
T T T

10

N 0.0 e —

1 1 | 1 1 1 1 | 1 1 1
5 10 15 20 25 30 35 0 as 50 55 )
(m) TIME (min) (TO=2013/06/21 00:00:00) (min)

Kinematic PPP, 2014/6/21 (1 H, interval 1 s), GEONET Station 2110
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Future Work

Orbit/Clock Products

— Improve accuracy, stability and reliability continuously
— Add BeiDou orbit/clock

FCB Products
— Add RT-Products
— Support L5 FCB for triple frequency PPP-AR

STEC/Tropos Products
— Add RT-Products
— Combine PPP-AR for much faster convergence

Multiple-sensor integration to PPP
— INS-PPP integration for severe environment
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