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Introduction-SBAS

Single Frequency SBAS
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L. .

ltem DFMC
Service NPA CAT-|
Service Signal GPS L1 GPS L5
Augmentated Signal GPS L1 C/A GPSL1C/A&LS

BDS B1C & B2a

Position Accuracy

Horizontal: 2.5m

Horizontal: 1.5m

(95%) Vertical: 4.0m Vertical: 2.0m
Time to Alert 10s 6s

Integrity 2x10°7/150s 2x10°7/150s

Continuity 1-8x106/15s 1-8x10/15s

Availability

99%

99.9%

— e,
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RTXWN (Westemn North America) RTXEN (Eastern North America) RTXAE (Europe/Africa) - RTXIO (Central Asia) /
1557.8615 MHz at 600 baud b4 1557.8590 MHz at 600 baud SN 1539.8125 MHz at 2400 baud 1545.5300 MHz =7 700 baud
RTXCN (Central North America) . B RTXSA (Latin America) B RTXAP (AsialPacific) W (_J 205050

Z8  1557.8150 MHz at 2400 baud 1539.8325 MHz at 600 baud 1539.8325 MHz at 600 baud
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RTX: Real Time eXtended

RTX Standard RTX Fast Sen s

or- ——%5% 2D Regonal lono.

RTX FAST<1min

Global lonosphere Regional lono model
model Regional Tropo model

Biases Biases

Global 110 stations Distance 150-200km

[ 6 [] 10 12
Convergence time [in]

Cold start 1min RTX<16.3min
RTX : RTX FAST :
v'Position accuracy: H:2.5cm,V:5cm ; v'Position accuracy: H:2.5cm,V:5cm ;
\/Convergence time : <20min ; \/Convergence time :<1min;

v'Service area: Global v'Service area: America and Europe
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Start on 2018.11
GRID Corrections
20~30Km

_ L6E @

------'h

I'Service to Japan |
I area where dense |

Serwce to the ocean
| and other countries

: and stable CORS : 1 where CORS are not
are set up. Isetu
L————p————l h——p ————————
A
A
A
A A
g ; A
Coyerage of QZSS / MADOCA
Message Service Area Accuracy | TTFF CORS Data Size
CLAS Around Japan cm-level 1min 20 to 30 km interval 2kbps for Japan
MADOCA Coyerage_of QZ.SS_ cm-level EDm_m About 100 in the world 2kbps for World
All over the woarld via internet *1min
IS ———————————————————————————————————_—————————————————————_=wwwwwwwwwy




B mEREEMEARLE5035)

B% Spac-eimsmffr”j"e.(‘:hnology Co.,Ltd

Introduction-WAL

Manufacturer Coverage Performance
TrivdO Global RTX : H:2.5cm,V:5¢cm ; Convergence Time: < 15min
rimble
Region RTX Fast : H:2.5cm,V:5cm ; Convergence Time: < 1min
_ _ VBS: Sub-meter ; HP: 5-10cm ;
OmniSTAR ( Trimble) Global _
XP: 20-35cm ; G2: Decimeter ;
TerraStar-C: 5¢cm; Convergence Time: 25min ;
TerraStar ( Hexagon ) Global _ _
TerraStar-D: 10cm; Convergence Time: 20min ;
, Apex: H:5cm, V:12cm ;
Veripos ( Hexagon ) Global
Ultra: H:10cm, V:20cm ;
StarFIRE Global 10cm ; Convergence Time: 20min
07SS Global CLAS: Centimeter; Convergence Time: < 1min;
Z
Region MADOCA: Centimeter; Convergence Time: < 30min;
Atlas/ChinaCM Global 4cm; Convergence Time: 10-40min;
HI-RTP Global 4cm;
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Model for orbit and clock corrections

Slow clock correction:

p! = p°® —Gdeph +cdt, —cdt’ + ¢

xS _y ysat —y 7% _ 5

G= Fsat_r" rsat_r" psat _p

, deph — ':dxsat ’ dysat ’ dzsat

v First solve the clock errors of satellites and stations;
v Chose one station as the master station;
v" ignore the orbit error at this step ;

v" Satellite clock error shall absorb the orbit radial direction error.

v" This clock results are treat as slow clock corrections
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Model for orbit and clock corrections

Slow orbit correction:
X, =(A+G'W?G)'G'Wz

P, =(A"+G'W'G)™
v" Minimum variance (MV) estimation method is used,;
v" A Is the prior variance of the ephemeris;
v’ z is the residual after removing the satellite and station clock errors;
v" ignore the clock error at this step ;
v' Carrier phase epoch changes are used to constrain the orbit;
v" This orbit results are treat as slow orbit corrections.

v' After this, clock errors are solved again as fast corrections.

S e B
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SBAS Ephemerlsv C,@,rre'_’-i_-%zﬁ.z_f?o#n & Integrlty'

Integrity check for correction
e=(P*+G'WG)'G'Wz

P=(P'+G'WG)"

k e'P'e

state

v’ Calculate the residual or remain ephemeris errors e;
v e" P e will follow the chi-square distribution while e is Gaussian type function:

v K, is 4.3 fault alarm rate is 103

v The satellite is consider as normal when K., <K,
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Calculation of UDRE:
UDRE is broadcasted to bound the residual errors after application of ephemeris

corrections.

2
Proadcast = Ouore Mg Fhroadcast = (%) (Kpg + Kea) P

Consider station i is fault and in the service area:

o, —Max(ﬂ/u Ru;)  Fo=Max( ﬁj ~ )

I:)broadcast (%) (kmd +kFA) F P

P U'U UDRE=U,, MT,=U/U,,

broadcast

v K. 4 is 6.13 when the missed detection rate is 4.5x10™°

v F’i IS the posterior covariance without station |

S e B
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Corrections for precise orbit and clock T meancO1om stk 028m | o
° meany 0.39m stdy 0.33m
eanz 0.17m stdz 0.23m

v" Should be close to zero ; i
. e 4 50 §
v" Clock accuracy is about 10cm s o
v' Orbit accuracy is about 40cm ° or pRNpEheNt o

. . -2 30

v" Fast clock correction is small ) 5

Slow orbit correction

v' DFMC cancel fast correction e P

: St 1. Clock & Elevation F " , Sl SRR N ~ x10°gg

{ | i m‘ean-0.02m étd0.07m { L5 { | 4 mean-0.02m std0.04m { "

1.5 80 .

1 70 1 70
g 05 60 8 g 05 60 g
g . & 50 % E 0 - igigeinlnyepstipondiin® 50 %
g -0.5 40 é g 0.5 40 %

=1 30 1 \\ 30

g< Slow clock correction ¥ 20 s Fast clock correction 20

-24.-9 4.5-)5 5 5.05 5.-1 5.15 5.%0 _24.9 4.;95 5 5.05 5.-1 5.15 5.-210

. Secondof week _— .5 Second of week

10
X LU __ _ _ A LU
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SBAS Ephemeri '- -~~-I?-ntegr|ty

" 10 ’ . - -+90
Corrections for broadcast orbit and clock L a6 80
. meanz-0.46m stdz 0.64m
v Clock accuracy is about 10cm . f\ "
£ 4 F 60 g
v Orbit and clock accuracy degrade with ¢ , / .-
satellite growing up O o vl N T
v . . E ; \ 30
Fast clock correction is small . _ N\
Slow orbit correction
_64.7 4.75 4.-8 4.85 4.-9 4.95 S0
Sat21 Clock & Elevation Satzf%%c?((g \A:l?evatlon X 105
2 T T T 90 2 T 90
{ . mean0.00m std0.28m { . mean0.00m std0.07m
1.5 80 15 80

-0.5 40 -0.
-1 \\ 30 -1 \ 30
L5 / LN, 15+ fFast clock correctiol\, -

Slow clock correction

47 4.75 4.8 4.85 4.9 4.95 5 4.7 4.75 4.8 4.85 4.9 4.95 5

-, nd aof weal P B 3 [ d of week
XCONGOTWECK .~ XXCONCOTWEEK

Clock error/m
o

Clock error/m
o
7

N (jn o
o o
Elevation/degree

Elevation/degree
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Integrity test for corrections
v' Chi-square test is used to ensure the integrity
v Test threshold is 4.3 for 4 parameters

v" UDRE is decreasing while satellite growing up

Chi-square test & Threshold Satellite UDRE & Elevation
7 . | : 20 . r r £ T
Chi-square test 181" . UDRE il
6 «  Threshold=4.3 |- e Average UDRE
16
5F i
4

UDRE

Chi-square test

0 —. ; X e - 3 ' 3 3
43 44 45 46 47 48 49 5 51 52 20 20 0 50 60 70
second of weck x10° Elevation/degree

PO P —— Pa— —
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SBAS Ep hem er |s Cgrre 51a"

Simulation faults of ephemeris
v' First time, add errors on satellite clock(0.5m/s, last 100s,@475200);
v Second time, add errors on satellite orbit(Y, 0.5m/s, last 100s,@475200);

Sat21 slow clock correction Sat21 slow clock correction
20 - - = - 10 ¢ r r r r
E /\f"":
§ .
O T ; 0
S
= O
~ L L L L L L L
S 20 10
S 4,751 4.7515 4,752 4.7525 4,753 4.7535 4,754
’q—) 5
x 10
—5 -40 Sat21 slow orbit correction
= F F F F F F
O b £ 0O . _J
-60 °
g 20 \\
80 - : : = © b
-40 © . a . : : .
4.751 4,752 4,753 4.754 4751 47515 4752 47525 4753 47535  4.754
second of week 5 second of week x10°

x 10

Clock errors/faults Orbit errors/faults




SBAS Ephemerls Correction & Integrlty

Position results

v

Klobuchar model for
lonospheric delay

SBAS H<0.8m, V<1.5m
Improved about 30% and
20% in Horizontal and
Vertical.

With SBAS lono model

will be improved further

Horizontal Error/m

Vertical Error/m

N
o1

=

o
&

Q T 1B B R 5 PR 2 S1(503F7)
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SBAS & GPS position error

o o

- SBAS Error

- GPS Error [T

5 10 15 20 25 30
Station number




o N REEEREERASI5036)

2 DEFE Spac.:-ei“St?r”T‘e.(‘:hnology Co.,Ltd

Outline.

O Introduction
O SBAS Ephemeris Correction & Integrity
O SBAS lonospheric Correction & Integrity

O System development

[0 References




SBAS .I onosp her ICCQ” :: f'n & Integ niy

. Q X EERHEARAS(5035)

Space Star Technology Co.,Ltd

O lonospheric delay is a major error source for SBAS

lonospheric delay on each IGP is broadcasted to improve position accuracy,

While a GIVE is also broadcasted to bound the residual error after
lonospheric correction;

GIVE is inflated by several parameters including O unde rsampled to meet the
integrity requirements;

GIVE is a dominant factor of protection levels;

O Spatial threat model should be built for GIVE calculation

Spatial threat model is necessary for GIVE integrity because of the
undersampled IPPs during ionospheric irregularity;

Spatial threat model is depend on regions, station distribution,;

— Data deprivation method is used to generate the threat model,
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O Planar fit is used to estimate the ionospheric delay at an IGP,
assume ionospheric vertical delay can be modeled as a plane.

IAV,IGP(X’ y) =38, +ax+a,y |, pp =G-X

_ A

i 7] = q 2
Ivl|pp1 1 dIPPl,IGP -E dIPPl,IGP ‘N O-lv,lPH_ 1
A IPP2
I 1 d E d N % ;
Iv oo = V,|.PP2 ,G _ IPP,,IGP IPP,,IGP X = éi 1U|2 oo = lv.ipp, .
' : : : R v, : IGP E
| A A a, ) IPP3
Con ey e _1 dIPPN 1o E dIPPN,IGP ‘N ) M
A A A — T ol A —
[ao a a2]:|:(G'\N'GT)1'(-“""\/\/’|\/,|F>P_ Iv,IGP=a0=[1 0 0]'[(G'W'GT)1'G'W'|v,|PP]
B4 ! _
O-I\,V,P + O-decorr O-bias,l,z O-bias,l,n
j ) 17 1
W_1 s Gbias,l,z U'v,nzpz + O-decorr O-bias,z,n ~D Tro1 Tr-1
& =[(G-W-G") ]1’1 =|0| [G-w-G")*]0
L O-bias,l,n Gbias,z,n O-Izw% +G§ecorr_ 0 0
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O IPP search method for planar fit

— Chose IPP with satellite elevation greater than 5° ;

— If IPP number more than N, in the region with

- - A
radius of R,.., then Ry, is R .. ; i
IPP for fit Q.-
— Or, expand Ry, until it defines a circle that surrounds X RN
Ntarget IPPS; O -
: : IGP N
— If R attains a maximum value of R, and IPP
. Reit
number still less than Ny,,.; ,obut more than N.,;,, a A e
estimation is also performed; |

— Or, the GIVE to be broadcast is set to Not Monitored.

R =800km,N,, . =30,R_ =2100km,N__ =10

target
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SBAS lonospheric, Corre _ n:,,:& Integnty »

O Irregularity detection and GIVE inflation

— Chi-square is used to evaluate the goodness of fit
ZZ = (Iv,IPP v, IPP) W(Iv PP v, IPP) = I\-/rIPP W[l -G’ (G-W ‘GT)_l'G‘W]' Iv,IPP
— With the degree of freedom and false alarm rate a threshold can be

determined, if the test value of ¥°is greater than threshold then the
GIVE is set to Not Monitored,

— Or a GIVE based on the formal variance is inflated to guarantee integrity

2 Ipn2? 2 2
GGIVE erreg UIGP v maX( erreg Gdecorr Gunde rsampled + Grate of —change +Gantenna_bias
Formal Variance Spatial Threat Temporal Threat Antenna Bias
2
1-P

|rreg (Pfa’ I:)md) "
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SBAS lonospheric: Gorigctton-&-tegrity. ..

O Undersampled threat

— lonospheric delay on IGP is estimated with A
IPPs measured by SBAS monitor stations; IPP for fit Q- “

— Local lonospheric irregularities might not be \\ User IPP
sampled by sparse monitor stations; o

— Users might have IPPs within the :
irregularities but still use surrounding IGPs o
to estimate the delay which will lead to
potential threat of large position error;

— S0 a spatial threat model should be built and added to GIVE to protect
users against such a condition;

— Spatial threat model created based on the historical ionospheric storm data.
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O Undersampled threat model examples

Sundersampled-decorr OVEroOUNa Standard Deprivation; RGM
1 11 - 2 1 2
09 : - 18
08 — 16 08
1 = 16
07 E P 4 o £
Bos -—— 12 506 @
£ i B [} EL
Sos e ——— 1= = ' B
= ; 3 =
% 04 ] 04 'g
- et g
0 o
05
02 4 0.2
01
800 1000 1200 1400 1600 1800 2000 N 800 1000 1200 1400 1600 1800 2000
fit radius (km) Fit Padiiie km

— Function of Ry, (fit radius) and RCM (Relative Centroid Metric);
— Monotonic function of the two metrics;

— Created with data deprivation method.

— e e PR —
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I I
O Data deprivation method | | |

| |
— Threat region: the region between the centers I:é;ant' : :
of the surrounding ionospheric grid squares for — — _:_i_ & —— _: S
any IGP; | | |
| | IGP |
— Annular deprivation: ___:____:____:__-
v’ separate out data in successive annuli, IPPs | | |
on an annulus (red plots) are not used for fit; 1PP for fit b udepp

v The width of each annulus is 200km; O
v" The inner radius of annuli changes from 200km 5 %\
o
(exclude the threat region) to 2000km; \ >

v IPPs in threat region are as virtual users. O %

Virtual users Threat region
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O Data deprivation method

— Three quadrant deprivation:

v IPPs in three quadrants are excluded form fit

algorithm; 5 PP excluded
v IPPs in the remain quadrant are used to / o
perform the planar fit; / |
v' the cutoffs are done at every 100km within a 5 | \’ . g
500km range in four directions. O
— Residuals between measurements and —— 5 ::gr?:

estimation from planar fit of IPPs in the threat
region are prepared for creating the threat

model.
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raw

O Calculation of o, e

raw
O,

IV,IPP

K
R

irreg

~n

IV,IPP

OGive

undersampled

A 2

Iv,IPP a Iv,IPP _RZ &2
2 irreg " IGP
K

(R;;, RCM) = max

2Is ionospheric delay measurement of an IPP
:Is nominal 5.33

1S a inflation factor from chi-square test

IS planar fit estimation

2Is formal variance form planar fit of the IGP

O R;; and RCM metric

N

]

G'-W-1
+d?

cent,y

RCM =,/d IR,

cent,x

T W1

* Space Star Technology Co.,Ltd

O-undersampled

IS monotonic

-
-

Weighted
centroid /

/

A\

u

\ _hx
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O Data chosen according to K and Dst index

Four days of data in 2015 will be used in the analysis.

10

Kp index

F10.7 index
N

ERRR T BEER NIt DT

i B 1 s S
Day | Kpindex | Dstindex/nT 1:2
76 1.7 -223 C °
174 | 7.7 -204 : f ' |
280 6.0 -124 X .
354 6.3 -155 250 % 100 = 70 20 20 0
Day of 2015

Data source is from: https://omniweb.gsfc.nasa.gov/form/dx1.html
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1 B ‘[ 1
| -
09l 0.9
08l ‘ 0.8
07 0.7
0.6 0.6
05 0.5
0.4 ) 0.4
raw
03 o_eO' 0.3
undersampled

0.2 0.4 0.2
01 0.1

] i b i =3 0 r

800 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1800 2000
1 1
0.9 0.9
0.8 0.8
07 L.~ undersampled ,,
0.6 12 0.6
0.5 1 05
0.4 0.8 0.4
0.3 0.6 0.3
0.2 0.4 0.2
0.1 0.2 0.1

0 o 0

800 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1800 2000

Three Quadrant Deprivation Annular Deprivation

S S—————— PR —
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O With without Irreultydetection

F F 2
1 | i

} - + - |
0. 9 -..‘:_ ] oo~ mm H 18
e T = b | 16
i__ _- - - _— i
- 2 0.7 = 14
- [

1 0.6 1.2
0.5 15 0.5 1
- 1
0.4 B 0.4 058
1
0.3 - - 03 06
0.2 . ! - B 0.2
-< . 0.5 g 0.4
0.1 - - 0.2
- el LN
0 0
800 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1800 2000
1 1
0.9 25 0.9
0.8 0.8
0.7 2 0.7 1.4
0.6 0.6 1.2
0.5 15 0.5 1
0.4 0.4 0.8
1
0.3 0.3 0.6
0.2 0.2 0.4
0.5
0.1 I 0.1 0.2
0 0 0
800 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1800 2000

Without detection With detection

— e e PR —
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OO0 Threat model of different latitude

1
VTEC 0.9
70¢ T T T T 0.8
0.7
90 .
60
05
@ 80
° o 0.4
° 'S
50 e o % S 03
() Lad oype o L °s S 0.2
s *e ° . * ® ® ® °® l
[ [ ;
5 40 o gte  Set Lo et e | L e ™
3 e L. 0 imE®P e ® o Np ot vt 0 ;
N ® o g o 0 > ©® 2 0. o e S ° ® 800 1000 1200 1400 o 1600 1800 2000
~ f o oio ‘ ‘ —
RERIE RO BE P XL 1S - 50 >=30" N
° [ 4 [ ] 1 2
30 r ° i ; i
' L 40 0.9 18
¢ 0.8 16
20 30 0.7 1.4
0.6 12
| 0.5 1
10 | 20
| 0.4 0.8
L r o £ L 0.3 0.6
60 70 80 90 100 110 120 130 140
0.2 0.4
0.1 0.2

VT E C Of I P P 0800 1000 1200 1400 1600 1800 2000 0
>=15° N
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GPS PRN:147&148
System provides PPP and SBAS (Non SOL) service.
¥ g‘

N |
|

T s ae
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G or s S

Base Station Name: 2000815 Base S

Status

- Tracking Graph

[ Tracking Table

Satellite Type: ®GPS(G) @ GLONASS(R) #BDS(C) # GALILEO(E) ® SBAS(S)
E Tracking Graph

B Tracking Skyplot swe: [l wLiiEr @ Lzszez ] @ Lssis/EssEs
El satellite Activation

60

50

40 -

30 A

20 4

10 4

Receiver Configuration

1 3 4 3 9 Gl1 Gl4 Gl6 G22 G23 G R2 R18 R24 R17 R3 R4 5 5120 5123 5136 5147

Data Recordin
= 32° 44° 9Qp° 83° 12° 50° 24¢° 5° 45® 50° 39¢ 23° 21° 3y° 59° 58° 30° 30° 90° 90®* 90° 90°

HCPPP Settings
1/0 Settings
GPRS

WAN

RGE:
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