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GALILEO §>§

E1/E5(a,b)/E6

Beidou

B1/B2/B3

R
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GNSSOIM X5 = FH 0= S2d

« An important benefit of GNSS is that it can provide
absolute time and position information anytime
anywhere

« To help users on wide area to generate accurate
estimates on absolute time, position, and atmospheric
delays, an efficient master station is required

& BELR FENCH g
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‘ Garcia

[Source: https://www.gps.gov]
B Master Control Station (1)

@ Monitor Station (5)
/\ Ground Antenna (3)
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Thule A.F.
Greenla

: New Boston
Unlted Klngdom Colorado S FS, NH

Oselt Washingt
South Korea @ ! Washington
Manama, o Gaum Vandenberg A.F.B., | b (e

Bahrain © *iCape

-

----"Canaveral,
FL

5 Ascension Quito'o
' Island ; " Papeete, Ecuador

Tahiti

= Wellington,
New Zealand

© NGA Monitoring Stations @ AFSCN Remote Tracking Station
© Master Control Station @ Air Force Monitoring Stations
(Schriever A.F.B. Colorado Springs, CO) * Ground Antenna

© Alternate Master Control Station [Source: https://www.gps.gov]

¢ BUAIRIGE 20

http:/ /nisl.kau.ac.kr




= Positioning signal
- Navigation message

w— Bidirectional time
comparison

> TLM/CMD

Reinforcement signal

Test receiver T 703
@* Application s ' %
| verification terminal ) v =
‘ g 9 overseas and Time control test station
0 - E E domestic stations i

Laser ranging station Positioning movlitor test station

Ground equipment
Standard time facility
UTC (NICT)

QZS tracking ‘
and control station =] - Pseudo-clock

AA ‘, @NICT

AIST device monitor

control equipment @AIST

i Bl | Electronic base point

cvrseaion | | L1-SAIF station

@SPAC @ENRI Correction information generation device for positioning @GSl
* L1-SAIF: L1-Submeter-class Augmentation with Integrity Function :

NICT: National Institute AIST: Advanced . ENRI: Electronic GSI: Geospatial :l SPAC: Satellite Positioning

:I JAXA |:]of Information and |:|Industrial Science and ' Navigation Research | Information Research and Application

Communications Technology Institute Authority of Japan Center
Technology

[Source: http://spaceflight101.com/spacecraft/qzss]
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QZSS L1 SAIF AMH|22] JidH

QZSS

L1-SAIF Signal Generation
A A

Augmentation Information
-Clock Correction
-Orbit Correction
-lonospheric Correction|

b

Information to accelerate
TTFF

GEONET
GPS Earth Observation Network System
Collect GEONET data 1200 points

[Source: High Precision Navigation Capabilities(L1-SAIF) and Applications Using Japanese Quasi-Zenith Satellite System
(QZSS), Satellite Positioning Research and Application Center, ICG WG-B Application SG Meeting, Munich, Germany,
March 12, 2012]
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MADOCA PPP AH|22] Il

- Multi-GNSS Support (GPS,GLONASS,Galileo and QZSS)
- Offline/Real-Time Estimator
- Precise Estimation using latest models

GLONASS GPS Galileo BDS sts/ Reduction of Processing Time by Multi-threading

‘ f" - Maintainability and Portability which can run on note PC
‘Z Q

MGM net etc.

%

NTRIP Caster

_ Tracking&Control
{provided by BKG}

Station
@0Okinawa

Data interface PPP users

LEX message Master Control

orbit & clock generator Station(MCS)
estimator

@Tsukuba Target Accuracy

MADOCA < 6/10cm {H/V RM

[Source: https://ssl.tksc.jaxa.jp/madocal]
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MADOCA =x2| §i4lg

* Single NEQ + Network AR
— GEONET (1244) + 1GS (7)

— Position (24h static), Clock,
ZTD/Grad and Ambiguity

# Estimations # Parameters CPU Resource
Sat Sta EP CMN EP RAM File Time

31, 307, 288| 28,770| 97,632 9.1GB| 21.2GB 15m
31| 604| 288| 57,099| 183,168 | 29.2GB| 788GB| 1h40m

31| S04 | 288| 86,659| 269,568 | 62.8GB| 173.9GB| 5h27m

311,251 | 288 | 119,090 | 369,216 | 113.3GB | 380.4 GB | 14h 05m
Xeon E5-2687W x 2 (16 core), RAM 128 GB, HDD 8TB, SSD 480GB

[Source:#82 GNSS S EMERZ#H E v — IV MADOCADFSE, JPGU, 2013]
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BDS X|ARE22| I

g uen

Navigation
___ Satellite

150 national wide-area RSs

~_ -1,200 regional RSs

GLONASS

Y

ey

Reference Wide Area RSs

)

Regional RSs

[

Stations |

@
Communication
Network Eystem

Y

T

vael Weath
y er
Seismologica| Lan
1 d
BDS Performance Monitor
& Evaluation System

Transpo
1-tation

[CAS]
J

|

@ [
1dust1‘ial[

Data

Basic
support
platform

Prcessin

rocessin
System

Data Processing
Subsystem
Data Distribution
Subsystem
Dperating Monitoring

J

Platfprm

~

Digital Radio

[ Satellite ] [

J [ N Mob%le . I

(5)Data
roadcastin

J

System

RT m level irvice RT dm servi&

RT cm sen-’i& Post mm sen-'iCJ

(®User
erminals

| 8 &

[Source: China Satellite Navigation Office, 2016]
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Wide-area real- Wide-area real- Wide-area real-
Augmentation time single- time single- time dual- Local-area real-time  Post-processing
Mode frequency pseudo frequency carrier frequency carrier RTK millimeter mode

range mode phase mode phase mode
Horizontal Meter level Meter level Decimeter lever Centimeter level Millimeter level

Position (95%) (95%) (95%) (RMS) (RMS)
Accuracy
Vertical Meter level (95%) Meter level (95%) Decimeterlever  Centimeter level Millimeter level
Position (95%) (RMS) (RMS)
Accuracy

Broadcasting Synthetic correction

Data of Precise orbit, Clock bias, lonosphere Post processing
Data data

Broadcasting _ o _ _ o Mobile
Satellite , Digital Radio, Mobile Communication - Internet
Mode Communication

[Source: China Satellite Navigation Office, 2016]
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Examples
- GPS master station : satellite/receiver IFB

- IGS : global ionospheric delay model, satellite receiver IFB
- Space-based augmentation system

Centralized Master Station Algorithm

-
.
RLE T T .

- huge-dimensional centralized filter
- high-dimensional functional basis functions for ionospheric delay

- no processing on tropospheric delay
- Focuses on code measurement processing

reports raw
measurements

[ R AN T
---.-l" taa,,
ITERR LA S A Yag,
PR ",
R
.

no precise
timing/positioning
for each
station pair

(RN}
IlllllIllllllllllllllllllllllllll'.II

Ld
Ld
L4
Ld
&
L4

L4
R
&
&
R
&
L4
&
&

No Differentia.l’.

Module

R
R4
4
R4
R4
R4

satellite/receiver clock errors
satellite/receiver inter-frequency bias
orbit errors

fonospheric delay

no tropospheric.deldy..

No Standalone
Module

dedicated/selected

reference
stations

lhg %ﬁ-ﬁ%ﬂ%ﬁ,ﬁ

http:/ /nisl.kau.ac.kr



Optional Fusion Module ot errors
(Centralized Frame Filter)

Example
- Trimble GPSNet™

A
-
amumEREEEEEENEEEy,

L4
llllllllllllllllllIIIIIQ.IIIIIIII-

.."l--l- -
"mETEsEEEEEEn
reports o
&
..

raw measurements
s | Standalone

from
houndary stations
Module
satellite/receiver dek errors

&
L4
&
&
orbit errors &
tropospheric tlelay

Master Fusion
Module
(Federated Geometry
reports

estimated

FI lte r) satellite

clock errors
¥ CORS

satellite clock errors

smmnnnng
.
.

X. Chen, U. Vollath, H. Landau, "Federated Filter Approach for GNSS Network
Processing," Proceedings of IAIN World Congress 2006, Jeju

J, ¢ VAR I=NEN uo
(| http:/ /nisl.kau.ac.kr




7|1=9] Inter-Station Xz2| 7§

Example
-VRS, FKP, MAC
-Derives seudo-differential ionospheric error as dispersive error (DD method)

- Other error terms are merged into non-dispersive error

Ld

Ld

v L]
""llllllllllllll-lllllll--ll-.lll-g.lllIIIIlIl"'--. SEEEaa

»
M
»
- M
. »
DL T TS
D
g
g
D

DD integer amibiguity reso/uz‘/bn.:'
DD or pseudo-5D ionospheric error

I no differential timing
& no differential IFB ‘
s Auxiliary CORS 1

\Master CORS
N

N
* N
\¢ N
-‘-.-III‘I"--ll----III--II-I‘.I---........ >
N l,i.....
R ",

.
"y
Taa,
"y
o]
",
tea,
Y,
e,
e,

' Auxiliary CORS 1

. .
L '
o T .,

“ .l...

* Ta,
. e,
L}

‘e
.,..

~
]
"taa.,

YELE FmNaM nay

hi
(| http:/ /nisl.kau.ac.kr




DD
ionospheric delay, tropospheric delay, and integer ambiguity

2 — 2L receiver
ionospheric delay tropospheric delay integer ambiguity inter-frequenc
(master satellite) (master satellite) (master satellite) . q y

SD
ionospheric delay, tropospheric delay, integer ambiguity, and receiver inter-frequency bias

references
for absolute modeling
EITES

Absolute

ionospheric delay, tropospheric delay, receiver/satellite inter-frequency bias, timing and ephemeris
information

& YA TENGE H30
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= ALO]2] LIS 2HA|

clock bias

/. inter-
.' integer '. .'

D - frequency
. ambiguities | )
\ \ bias

troposheric |." ionoshperic |

I I\Cys/
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FM7| CIE{H|0]|A Y GNSS HIEQT &M 7|&

JES Y HE 4

> T, AMEXel Y
> IP, Port, ID, Password

NTRIP
Server

O

r

H

Ntrip

. Source table =4I
. Mount Point
. IOJEf =4

7[EF =471 F 7 A2 IIES

- HIo[H =4
. CIO|E| HEY, 7| &=

- HIOIE] HEY, 7] S8R9 7 ¥
=Ko B8
= o -l o ’

NTRIP
Broadcaster

JIE=S Y 4%
1.2 Y 4%
(ex. Delaunay triangle)
2. Master Station A%
!

NTRIP RINEX I
Client NEZ Y WS U HOIE 24 e

k)

v

T EEL

1. H|S7| 4Ol X2
NTRIP 2. 37| HolH Nz|
Broadcaster 3. 23 HO|H-dH

HEST HAS I3 ME/EI0/E Ha| 2ME

;iﬁﬁﬂﬂ_‘mfﬂﬂ’“ a1l
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Clro] SAlZSAZ2

L o
0| AS

T

HO ddo
cH— O /11—

710]= =80l

‘ Load Reference Station RINEX file ‘ ‘ Load IGS IONEX file ‘

v

‘ Satellite DCB correction ‘

v

—>{ Multipath/Cycle-Slip Detection ‘

YES
v

Kalman Filter Partial Reset

¢ IPP A 4
lonospheric Pierce Point 4% Spatial Interpolation ‘

—4 Kalman Filter Algorithm GPS T Temporal Interpolation ‘
Ime

v

‘ Plot results

He|s xd 2ol

¢ PNIZNCN 39
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F Navigation l Im

N

+30
+10

- RDCB(0) =
RDCB{0) =

= RDCB(0) = -30
3-sigma envelope |

-

time {second)
! 2=417] GPS IFB Of|A|

o
=
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=
ch

ol
A}
K
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100
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v [IE

uo mE |

2SI GPS, GLONASS, Beidou, Galileo &
HTo| ZHEX[O et B JE MM S A 7| F

A, SEHAX], AZEY, 2lSHE, 4T &2

CtS GNSS B =2| 71¥

o YELR ZENCH o
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CIS GNSS O|X|8+ 23

Ef 2l E 2ol g2t BLHES ?Iot0] dZL[0{0F 5= 7|

ICB(Inter-Channel Bias)/IFB(Inter-Frequency Bias)/ISB(Inter-System Bias)&2| 124
o o
=

DCB(Differential Code Bias)=Code IFB*

[ Ref. |
- RTK Procedure

______EKF |

Baseline, DCB, ICB, N Fixed N (G) = Baseline
= Float N (R)

Residual Based ICB Search Residual Based ICB Search

Float N (G/R) = ICB Float N (R) & ICB

AR (GPS/GLONASS) AR (GPS/GLONASS)

Fixed N (G/R) Fixed N (G/R)

Fixed/Float Solution (

ICBE 12{st O|X|d5 AP HEf

& YA TENAE H30
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HIEHI L Tl 0]X|Z+ =2t

ol 7J|IMMo = FME GNSS HIEQA0A 2

| CHE 7I=0l CHeh S Cietol s et

o YELR ZENCH o
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Cr¥et fldetEof tiet & E

7| X EG 0| A jamming/interference & SHA ChHA 7t

SIERIO GNSS =2l 7| 20t BHd, 7 d 52 0|FHO0|

o —

GLONASS
Beidou &

Galileo

(10 PN
i 595 > e
o N _

L1/L2/L5

\
__ SDRCORs ™

. BR3

< z : GPS: Real-Time S.P.0.T.
£ | SDRCORS®, ‘

|D|splay Type ISky View

| Real-Time Information
Time (UTC) 20.08.2012 16:00:14.000
Rec Loc 37 81666°S 144.96667 °E 100.0m
Rec Att Y:-88.507° P:0.000° R:0.000°
HDOP / PDOP 083/206

Legend: @) LOS

.LOS (Ant.Pat loss)

@ LOS + Echoes

@ LOS + Echoes (Ant.Pat. loss)
@ Echoes G-GPS _ 210°
@ Obscured g gngligs
@ nactive B - BeiDou

l rmwﬂa ?-mhl'ﬁ%au“?ﬂ
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-
-
amsmEEEEENENER Ny,

L4
llllllllllllllllllllllllllllllllllll.;llll.l-

Standalone
Module

L4
L4
&
-
L4
&
&
-
&
&
L4
&

Master Fusion
Module

Differential

".|l llll....../

bkl
/

http:/ /nisl.kau.ac.kr

lhg %ﬁ-ﬁ%ﬂ%ﬂ%ﬁ




R ) =

Master
Fusion
Module
(MFM)

Differential  standalone
Module Module

¢ BUAIRIGE 20
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« A DM (differential module) generates accurate estimates on
differential receiver DCB (differential code bias), ionospheric
delay, and tropospheric delay

An SM (standalone module) generates coarse estimates on
absolute DCB, ionospheric delay, tropospheric delay, and residual
biases for each satellite

« An MFM (master fusion module) combines information from DMs
and SMs to generate accurate estimates on absolute values

& PRRITICN o3
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= Al0]|2] £

lono-Free
Carrier

lono-Free
Code

Tropo. Delay
Combined SCE/RCE/OBE
IF Cycle Ambiguity

Tropo. Delay SCE
RCE
OBE

Station N
Station 2
Station 1

SDCB
RDCB
(isolated)

Fusion
Module

IF C.A. lono. Delay

Geometry-Free
Carrier

Geometry-Free
Code

lono. Delay
Combined SDCB/RDCB
GF Cycle Ambiguity

& YA TENGE H30
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GNSS Y EQ|A

X

27 mietolg

Jlo

4
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k2!

EERY

=2, 4
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EQ3

2|2| 80|

I

4|

KNSS
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GALILEO
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GLONASS

GPS
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Fusion 20| 0|Sz}El E4 1= IS

Master

Fusion
Magter Module 1
Fusion (MFM 1)

Q\

\ {{ ]
WOH

/ pe—

), ERAIEUSE,
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2015-06-03 ~ 2015-06-08
(6 days)
Sampling Interval 30 seconds

Number of GPS Receivers 5~35
RIM Update Interval (hour) 2 hours

Latitude Grid (degree) 15 ~ 55 (N)

Longitude Grid (degree) 105 ~ 150 (E)

Grid Interval (degree) 1

YECH

Latitude {degree)

*GP m : group m (5 7He| =417|2 /)
**GP mn : group m + group (m+1) + ... group n

| I | |
(m £ n) 126 127 128 129
Longitude (degree)

= 9K

& PRRITICN o3
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RIM [TECU]

—
=
—_
>
K]
<]
O
2
P
]
<
o
[%2]
o
<
i)
©
2
—
b
(]
>

Vertical lonospheric Delay [m]

latitude: 40 °
longitude: 120 °

RMS difference: 0.53 m

* red line with circle

: IGS final product

* other lines
: proposed method

&

Iy

latitude: 35 °

R

longitude: 115 °
RMS difference: 0.87

20 30
time (2 hours)

.« mmﬂa ?.mhlﬁae.“?ﬂ
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sample.mp4
sample3.wmv

M=STT} 3/6)

« L1 pseudorange measurement

ri: geometric distance from receiver to satellite

/Y J J j ] :
Pix =N + C|:5tu,k — ot ] +T/) +(r=1)OF} -VID, +V/, ¢[ t, — ot’ | receiver and satellite clock error

T :tropospheric delay

« lonosphere-free measurement combination

f?
f?—f7

f

I

| ~
P~

Pir =

ijF,error szjF _rj :C|:5tu _5tj:|+T

pl=r +c[5tu —5tj]+T

« Non-dispersive error correction > 2= Fz|= x|¢oto|

i i -y i j i i
2 _IOIF,error_r +OF"-VID +tép +V,

x| 2Xlo] =8 R0I0| E|= 2

A Moz M &d 4%

lhg %ﬁ-ﬁ%ﬂ%ﬁ,ﬁ
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M=SHHT} 46)

T=EH 2 X| K}
— dae/ 7|1 &=
RIM 0| &05}X|

o
=
N

O_l_
- XRes M Xgez 18

north [m]

east [m]

(a) Correction by the
IGS final product

2 - = 2 - = 2 -
east [m] east [m] east [m]

(b) Correction by GP13 (c) Correction by GP15 (d) Correction by GP17

), ¢ PRARZUSELESS
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7t (s16)

Xl Q| X| X} (RMSE)

DOY-155 DOY-156 DOY-157 DOY-158
Horizontal Vertical Horizontal Vertical Horizontal Vertical Horizontal Vertical
RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE
IGS product 0.838 1.902 0,795 1.964 0.830 2120 0.848 2147
GP1 0.576 0.988 0.602 1.002 0,743 1223 0.755 1146
GPZ2 0.605 0.941 0.623 1.037 0.728 1.211 0.742 1.058
GP3 0.581 (0.900 0.592 0.863 0.723 1117 0.676 0.951
GP4 0.686 0.946 0.617 1.024 0.786 1.244 0.817 1.047
GPS 0722 0.974 0.716 1.038 0.803 1177 0771 0,983
GP6 0.678 0.963 0.708 0.976 0.835 1.254 0.703 1.084
GP7 0.570 0.961 0.602 0.962 0.674 1115 0.6064 0.986
GP12 0.558 0.926 0.618 0.938 0.685 1137 0.705 1.047
GP13 0.567 0,917 0.596 0,939 0.674 1132 0,704 1.030
GP14 0.572 0.936 0.588 0.977 0.673 1128 0.725 1.060
GP15 0.557 0.879 0.619 1.049 0.662 1118 0.663 0.967
GPl6 0.565 0.916 0.587 0,942 0.666 1.076 0.651 0,949
GP17 ﬁ 0,917 0.552 0,913 0.662 1.086 0.628 0,948

*unit : meter

IGS final product & CHH|
T2 :52~57% &Y, T8 :16 ~48% Y

lLi Nav g’&m masﬁs"?ﬂ
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ME=ETTL (6/6)

» Processing Time [ms]

XHEE{ M| Of A Fa HMe|AZ

15 20 25 30
reference station index

Reference Stations Local Total
Kalman Filter (Krlglng)

19.3
4.3 75 79.3

& Al 1= 0| ¢2ef AIZH0] 28 & Z10|2} O & &

A
o

»
EN

A
[N

N

w
o

processing time [msec / epoch]

w
o

o

& YA TENAE H30
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TGD (Timing Group Delay)

Atsv,L1P — Atsv,LZP SDCBj

TGD' = =
1-y

15
GPS time [s]

lhg %ﬁ-ﬁ%ﬂ%ﬂ%ﬁ
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M=T™7I} : Interpolated Dispersive/Non-Dispersive Error

Tropospheric Delay (PRN:01)

Tropospheric Delay (PRN:09)

T

‘ - IntoAvpolutod

L]
kL o, M

355 36 365
GPS Time (sec)

Tropospheric Delay (PRN:20)

x10

355 36
GPS Time (sec)

©71 -« Interpolated
| Estimated

o
-0.02
-0.04
-0.06

Tropospheric Delay (PRN:28)

Interpolated
Estimated

3.62 364 3.66
GPS Time (sec)

-0.08
3.56

i i
357 358 350 36 361
GPS Time (sec)

8] A3} CD (GPS) : 1, 9, 20, 28

Tropospheric Delay (PRN:45)

Tropospheric Delay (PRN:44)

-~ Interpolated
- Estimated

35 356 3.
GPS Time (sec) s

x10
Tropospheric Delay (PRN:46)

355 S
GPS Time (sec)
Tropospheric Delay (PRN:56)

+Interpolated
Estimated
b
~ “,.‘ R\&M' ? _‘,Ag :
(&)

k: vl R i
000 ARt U

" >

356 388 36 362 364 366 368

GPS Time (sec) «10°

008
006
004
002

1]
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Comparison of Relative Positioning Accuracy
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SM : Standalone Module
DM : Differential Module

FM : Fusion Module

PSC : Partial State Correction

local SM-
state leveled
estimates estimates

RIM : Regional lonospheric Map
IPP : lonospheric Pierce Point
VID : Vertical lonospheric Delay
IM : interface module
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DM- IPP and
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integer
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GA FAS glﬂ = = éll Of 5 \ Welcome to Navigation & Information Systems Laboratory (NISL) ~~
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AIOII f o/ 7‘ l — Services (LBS), Inteligent Trans ’ n
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