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ABSTRACT

The Satellite Based Augmentation System (SBAS) improves the accuracy and reliability of user positioning by transmitting

the error correction and integrity information of the global navigation satellite system signal from geostationary satellites in

real time. For this reason, SBAS was designed for aircraft operations and approach procedures and is now in operational or

development stages in many countries. Time has passed since the construction of SBAS and many changes have occurred

in the composition of the monitoring stations and the geostationary satellites. These changes have been investigated and

the current operation and development status of SBAS globally are surveyed. The development and test schedules for the

transition to dual frequency multi-constellation, an important topic in SBAS, are discussed.
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1. INTRODUCTION
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Fig. 1. Published SBAS procedures (SBAS IWG 2021).
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2. SBAS OVERVIEW
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Table 1. Requirements for precision approach and takeoff and landing of aircraft (ICAO 2018b).

Service level Accuracy horizontal (m) | Accuracyvertical (m) | TTA(s) |Integrity (/h) (approach)| Continuity (/h) | POP Availability
En-route 3700 - 300 107 10"~ 10°
En-route terminal 740 15 107 10"~ 10°
RNPO0.1 72 - 10 107 10"~ 10°
APV-1 16 20 10 107 1-~8x10° 15s | 0.99 ~ 0.99999
APV-1.5 (LPV) 16 20 6 1-2x107 1~8x10° 158
APV-2 16 8 6 1-2x107 1~8x10° 158
CAT-1 (LPV-200) 16 4 6 1~-2x107 1~ 8x10° 15s
ol2|gt Ml S Z3Zo 23t SBAS Y X H &L 9] x{5}i= SBASS]
a7l LA A LS e 7R & a9dofth Eg £2AXA
Zr R AlTEE AES AAnE JAAE] Skl H85
7] YAl AR AR 2 HgsloF sh=t, o] =Rt AgEt
LS Tt
S BYAY R s E FEsHe olFFat 415 E
ARESHE AT 4 Sl e, ol GPS 5 EE GNSSOﬂH ol
ot A5 E AFsheE olfelth. GPS& LTt L2 415§ o] 838]
o] AFZAE AAT £ e, L2 4159 Hopy Y %%%
o= gf HIZhe L5 4157 EYEHGIch o3 L5 415 &4
2 SBAS W Z7)oll= 1= R] §9k7] wiZell, 7]& SBASE

Fig. 2. Future approach capability with SBAS evolutions next 4 years

(Availability with VAL= 50 m, HAL= 40 m) (SBAS IWG 2021).
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2.2 DFMC SBAS
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Fig. 3. Future approach capability with dual frequency / constellation
(Availability with VAL= 50 m, HAL= 40 m) (SBAS IWG 2021).

Table 2. RWAAS GEO satellite operations information.

% o n

Fig. 4. WAAS WRS network (Johnson et al. 2019).

D Satellite Longitude (°) | PRN | Launch | WAASservice | Contract period
GEO5 | Eutelsat 117West (SatMex 9) 117TW 131 | Mar.2013 | Mar. 2018 ~2028
GEO6 SES-15 129W 133 | May2017 Jul. 2019 ~2029
GEO7 Intelsat Galaxy 30 125W 135 | Aug.2020 | Jun.?2022

o] 9 7184 (availability) ] =2 UeRf 3 glch (SBAS IWG
2021). 74442 VAL= 50 m & HAL= 40 mo]] 278} Floju],
7HE 99%E 7IE 2R T off AH|A THERE WA HAA 9
8045%% Fotu|2|7} GRS Al tf o] Sx|o} sk L
31513 9Jt}h. DEMC £9JA] 7|2 L1 SBAS AH|AE Zx|5H= A
o] ohuje} 519] 33Hd-E& SIsiAl WaAsHA et o2t 5kl &
43S §A 5= A= DEMC SBAS 7jite] 323 Agtolh,

3. SBAS STATUS

3.1 WAAS

ul=of| Al 1992 HE] tele] L8570 WAASE Hl=F £E
o] SBAS HARHZ ATal= A< 2xa s} 20039 Initial
Operating Capability I0C) o]& 2] &A1 7S AX A
£ AU Q@ HAE 2ol RAAHRE AFsk It} (FAA
2023b). WAAS A]AEIS 387]2] Wide Area Reference Stations
(WRS)OA 4R35+ GPS A K E 37[12] WAAS Master Stationse]]
A g5k, )& 6719 Ground Uplink Stationsol| 4] 37]2] A ]
HA=LA (Geostationary Orbit, GEO) 2. 2 A 435I} (FAA 2020,
2023a, Navipedia 2023d). 27]2] Operational Control Centers
(OCO)NM A AR A5 ZHAl D Alo| & 3Tt

Fig. 4= WRSQ] £2 &5 Yehfj 1 Ql=d], 7ivfrtel HA|Z %]
HoflAje] MuIAE {5l vttt ()2t HAE (57])= WRSZL
AA =] e AL & 4 3l v]=F Puerto Ricod = 172
WRS7} A x| E]o] It} (Johnson et al. 2019).

Table 20 Uep Hle} ZHo] 2023 109 PAH 32l |4
E914 (GEO 5, 6 W )2 £-8515L 3.o0], WAAS AulA 8
Al A7) 7h2t 2018 39, 20194 9%, B 20223 6dolk. o
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Fig. 5. WASS phase-4B development schedule (Thompson 2021).
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Fig. 6. EGNOS operational RIMS network (Bauer et al. 2019).

Table 3. EGNOS GEO satellite operations information.

D Satellite Longitude (°) | PRN | Launch |EGNOS service Misc.
GEO1 SES-5 5E 136 | Jul. 2012 Sep. 2015 DEMC, DTH
GEO2 Astra 5B 31.5E 123 | Mar. 2014 Jun. 2014 DFMC
GEO3 | Eutelsat5 West B (E5WB) 5W 121 | Oct.2019 Testing
GEO4 INMARSAT 4F2 64E 126 | Nov. 2005 Backup / Testing

Hzel SBAS BYHHE AlFste AS %EE"—_ ghct. 2009
d Open Service (0S)E A|ZF5}9d o, 2011d Safety of Life
Service (SoL)E A|ZFs}9it}. 2012 oY= EGNOS Data Access
ServiceZ L2519 01, 3| APV-ILPV-200 430] A2
A= AFsta ok (Navipedia 2023a).

EGNOS AJAHEI-L 397]9] Ranging Integrity Monitoring
Stations (RIMS)oA4] 4Z3}F GPS A K E 27§¢] Mission
Control Centres (MCC)ol|A] 2]8]5}1L, o]& 470 2] Navigation
Land Earth Stations (NLES)oj|A] 27]2] GEO ¥Ao 2 A%
gich (EGNOS User Support 2023, Navipedia 2023a). Central
Processing Facility (CPF)ojlA]= A AE] A= 7FA] D Aol & 4
3J5lcl, EGNOS AJAE] Alo]9] Holg] A4S EGNOS Wide
Area Network (EWAN)E §3f| o] F0{Zit}.

Fig. 6& EGNOS RIMS ZHA1%¢] )22 Lfehf 3 Qli=e,
S 23 opmelr Aelelw AAHe] gk AL & 4
t} (Bauer et al. 2019). 2| 37]9] A =-& F7F5}o] F 42719
RIMSE 9% AZIE), 2718 2422 Kuusamo (HHE)
Kiev (f-32to]Lh) 9 Al'Agaba (8 2Eho|t}.

Table 32 EGNOS GEO 9144 ¥ 2 Uehf 1 g1t 271<]
HA AT L &8 = (SES-5, Astra 5B)o|n], 2712 o=
Al 2 wdgoz 28 o]} (EGNOS User Support 2023,
Navipedia 2023a, Mozo 2021). ESWBE AR EZ &8 Zo
1, SES-55 thA| S of|F o|c}. Astra 5BL} SES-5 25 DFMC A
H|AZ 9J3}F GPS LILS 2 Galileo EVES A5 £% 7|52 7%
T itk SES-5% 9JAJHkES 71 o|A] R Z 4:2415}= Direct to

32 off

o

Home?] A5/ efstol 7= Slck

EGNOS2| 534S g Ado] (&2 08 4545
of k=], MeEs B R 9 544 A5l gt gate
5 JHgol 8 WgolH, Fig. 70 Fa]=lo] Qlrt. 20239 A=Y
EGNOS V2.42BZ £-85}7 gt EGNOSE 20258 Exa
EGNOS V35 /it Q1= 71 L Legacy A28 9] %53

Fig. 7. EGNOS V3 service development schedule (EUSPA 2021).

A7} DFMC L5 AH|A 7% 2712 2328 51
2018, Braun et al. 2022). V31 L1 Ailﬂ] A9 51
92 7]& GPS Als#at olyz} Galileo 415
= BAYPHE A5, Kriging 71 AFHR 2 In ter—Frequency
Bias A% AL/AS 29 oz 513 9t} V329 EGNOS
GPS L1/L59} Galileo El/E5ao] tjst R YA HE YA
sl AL BHE 5, Galileo 9% BE & 525l AR 117
= 71 LPV-200 TjA]
olele] £
Ay L ‘3‘ Slgnal Quality

3.3 MSAS

QR4 1993 E] Fire] AZHE MSASE Q¥ HEo]
SBAS BAHRE AT A& ZHE ek 2000858 A
Bed B AHAZ Ashe s AL 19999 GEO 14
MTSAT-19] a2 2915 chr}, 20058 MTSAT-IR £]43 9]
SR 241 A1E (0C)e] AZEI9ieh. £ ¥} GEO 9
4321 MTSAT-2 $h4o] Akl 20074d0] FOCE Atsioct.
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Fig. 8. MSAS system configuration (NEC 2023).
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2019).

Table 4. GAGAN GEO satellite operations information..

Name Satellite | Longitude (°) | PRN Launch | Drymass(kg) | Design life (years)
GSAT-8 | INSAT-4G 55E 127 May 2011 1,426 12
GSAT-10 INSAT 83E 128 Sep. 2012 1,498 15
GSAT-15 INSAT 93.5E 132 Nov. 2015 1,440 12

MSAS A AR 42 gko w5yt QI =, 7)ol 670
9] Ground Monitoring Stations (GMS)} 27§2] Monitor and
Ranging Stationof|A] 4~%1$F GPS A HE 27]1¢] Master Control
Stationol| Al H&5}a, o] & 2t A A HELA MTSAT-IR
I+ MTSAT-22 4313t 2020 o] Fofl= o] T54
MTSAT £1/dti4l QZS-3 GEO 94 Ih= 351 Ql=t, 1tH
9] Ql/dellAd 2702] GEO PRN H K & HH55h= W& AHEslaL
ATt Fig. 82 MSAS ZJA|AH 9 QZS-3 9148 45 Uet
I 9=t (NEC 2023), GMSE 137] 2 tZ 27519l om, A5
£Z<1 (Uplink Station, US)& 37§12 £7}5193ch

Fig. 9of] Uebd Z3} ZHo] MSASe| 4534k 7H-2 MSAS
VI~V48] 4TA 2 U A 3= T} (Saito 2019). VIS 2007 d 8
E] 2020 7H4] X8 AR 67]2] GMSe} 1~2tfje] GEO 914
S A}235H= ThA|o]m, RNAV (En-route to RNP 0.3) ¥ 5t
< AlFal et 2020 2 3 VagAel| A=, 137§2] GMS
£ AHESEaL, GEO 91435 QZSS M3 o= thAste] ARgskaL 9l
t} 2023 A QZSS GEO £JAjo] 1tfj#ojz 2 MSAS HAA
B 1tie] GEO $PgollAet &3l 911, o] & &g &84
2 TE5h7]= of§dth 20239 o|F 2= V3 A7 AR
o], QZSS GEO $}44& F718le] 2tff o]4fe] GEO $144& 85
2, A= AdolHe] S myg R
=< /idste] LPV-200& 35t A 5 g
A= DFMCe| 93t A 57idE 532 sk, 20179 RE 7
wro] AJZFE] )T} (Sakai 2017). CAT-1 S B X 2 5}, QZSS
GEO ¥4t ofu]a} QZSS Inclined Geosynchronous Orbit (IGSO)
S E 85t Aol EAolt} A&l $X]5F GEO $14de] H]
3 IGSO $14d2 A+ EFAH7IA] EG5IEE A9 s A Hof
A Q] 7F8AJ o] SEAFEITH (Sakai 2018, Johnson et al. 2019). QZSS
IGSO $FolA] WAAS 4158 A ZsHe S 50] 291 9 4
of 2|0l AFgAe] THEA 0] FAFEIH, & Az A5
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3.4 GAGAN

A =olA 20013 HE NES A]25Ee] 24520 GAGAN
£ 2007 Technology Demonstration System, 20093 Initial
Experimental Phase T4 ©]&, 20141 Final Operational Phase
SAE 223519t GAGAN AJAEL 157 9] Indian Reference
Stationsof|A] 3= GPS d]o]&] & 27l ] Indian Master Control
Centerol| 4] 2]2]5lo] BAA B E A5 & 37]9] Indian Land
Uplink Station& £3)| 3t 2] GEO $]d 02 £A15ic}.

Table 4= GAGAN GEO 94 B2 Uehj=d], 3tf o] 914
RS upjet 3 ApRAIze] A B4 914e) At Wash
Fslo|t} (Reddy 2022). 3the] GEO €J4 2]x]9} GAGAN A5

_%

A AR, £ I FohAloptA 57t £

o flo

1T} (Ramasubramanian 2016, Ramarao 2023).
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GAGANL 20134 3l|%F& *3Fst Q1= Flight Information
Region ¢JJo]lA] RNP 0.1& @Alstgion 2015 Q& &
Z| G ol A APV-1/1.55 A5}t (Ganeshan et al. 2016,
Ramasubramanian 2016, Dhital 2023, Navipedia 2023b). Fig. 10
2 GAGAN AH|A FF& UERH AL Qltt. o, APV-12 He| 58
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Fig. 10. GAGAN RNP 0.1 and APV-1/1.5 service area (Ramasubramanian
2016).

st HaslshA 2k 20214 o] Qlwo] 528 RE
7= Q& WzIs}a=k Directorate General of Civil Aviationof]
A 9153 GAGAN $41718 BAiste s o) R ajsh whioz
GAGAN 85 & =o|7] 93] =¥35}aL 9lct. DFMC 13 ¢
3 2025-20283 8- BEE sk A AL YA
(ICAO 2018a), Tk X|E 11 9l = Ao 2 wlebgr}

3.5 BDSBAS

Z ol A st =9l SBASE ¢} Satellite Navigation
Augmentation System (SNAS)zZ}= W3l o 2 H2]t}r} BDSBAS
2 MRt 5 Aol SBAS HYHRE AFsh= A& &
22 5h, 2023 10C ¥ 2025 FOCE A&Eska gt (ICAO
2020). Fig. 11-& BDSBAS2] 307l] Monitoring Station ¢JX] & L}t
e led, Sijh 2 7 Ao Wol HixEH S Y
9t} R AIA|AES 27} 9] Data Processing Centers (DPC) U 3
7He] USE /dErt. GEO Y442 3t FA=] glom, A
A A AEL 7FA]5EaL Ta]/A|o15)= Operation Control Center
(OCC)= VHE /= of ok

Table 5= BDSBAS GEO AR E ey 1 gt 2|
S]Ado] obd BDSe| GEO $JA-& AF25)ar it} BDSBAS GEO
91 A154% 3oL Alm W, BDS GEO $148 0|45}
o] Hl2d FUs Ao uAse} 9k AL T 4 Ut
(Cheng et al. 2021, Navipedia 2023c, Chen 2023).

Fig. 12+= BDSBAS?| /fUd4-& Uefl 2 ¢l+=tl, 20234
I0CE SR2 AL 1Y Folch. B5s RYFRE A5}
= Aol GPS LI C/A BAHEE AF3lT APV-1S &
22 Pk ol FEu4 BAREE AFsHs 28I E GPS
L1 % L5 AR o]¢lo]] BDS BIC/B2a HAA KT |25t
CAT-1& 522 3t} (Chen 2023).
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Fig. 11. BDSBAS monitoring stations (Gao et al. 2022).

Table 5. BDSBAS GEO satellite operations information.

Name Satellite | Longitude (°) | PRN Launch Note
GEO-1 BDS-3 140E 130 Nov. 2018
GSAT-10 | BDS-3 80E 144 | Mar. 2020 | Testing
GSAT-15 BDS-3 110.5E 143 June 2020

|
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|
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H
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Fig. 12. BDSBAS monitoring stations (Gao et al. 2022).

3.6 SDCM

#HAJo}= GPS<e} GLObal NAvigation Satellite System
(GLONASS) A159] B4R W 2244 B E #|F5l= SDCM
£ JWdsta o} (Stupak 2013, Krasuski et al. 2022). SDCM2]
247} 2] Monitoring Points (MP)of|A] YAJSHH Al S & 7FA]s=0|
0% 57) MP= alile]l x| o] Qlct. 2| FH 0 & 467l 9] MPE
el A x]8laL 77] 2] MPE sfielof| HX|5t= RS S22 3
Qitt. 371€] US, 17§€] Center of Global Monitoring 2 3tj<]
AHAE o2 A=t 7F 91442 GPS L1 a4 4154k
4£-Z35}31 PRN 141, 125 9 1408 AF&31C)

FAAEH-L Luch-5 A|2| 2 49 AFESEAL Ql=tl], &S
4 4712 2 29 S AFstar Aok BAlob= FEZL H7|
ol ohE SBASe] H]sf] At o2 W HAHEL ol TR
Slt} GPS LI/L5 2 GLONASS LVL3 BEAA B A|go] B-Fo]u],
Zrjol Ao A VN $4d9 BYH R ASE Al
Ao ZRAHGL 27 e &5t 415 AlFsiA ot Aot
730 LPV-200 AU AS A BSH: AS SR 3hw 9,
Al SBAS HAFA H o] Q]of| cm 4~F2] Precise Point Positioning
(PPP) AMH|AE AlF5l= A= AES}aL Qlrt. Fig. 132 SDCM]
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Fig. 13. . SDCM ionospheric grids (SDCM 2023).

Hel% A2 & LRI Qe (SDCM 2023), $3 Tt
L2t Q7R TP S W G FHE AT
ZED R

3.7 7IEt SBAS

SUolA] 2014 RE] S A2 KASSE 20229 3
£ ¢tgsla, 20233 A AlH &£ =o]t} (Ahn 2023). 77
9] KASS Reference Station, 27]<] KASS Uplink Station, 17]<]
MCCE FA=th MCCx KASS Control Station (53H-&93<)
T} KASS Processing Station (£} 2]<h) 0 2 JLAI =t} (Won et
al. 2023). FAHEHEL 22 42 AL, Dlo]rlote]
Measat-3D EAIYAS 15 15717} 20223 12956 A4l
32 WS Folh 574 L5 YIX]|5hH PRN 1342 GPS LI4lS
£ 5= Solth

a}7| AErA] 2015EHE] i A& 291 PakSBASE 127]1€]
Ground Reference Stations, 17§2] DPC, 17§ 2] Ground Up-Link
Station & 2t}j2] GEO ¢4 o2 LAt (Ahmad 2022). GPS
LIz} L5 B R E 2 25He DEMC Au]ARE Azt Aol
1, B2b A1 5.5 33l PPP AJH| AL A|3-g of g o]ct. 2023 F-E
Bz 0] e A|2kslod 202613 10C & 2035 FOCE 2u 2
F3L Qlek 441 om G A Foke PPP AH|A0] He 71 4
HAzre] Q3| 10C DAlol A& 304, FOC DAlolA & 1

T2 5k e
ofxelz} A& AMulAsty] Qs i F<¢1 Augmented
Navigation for Africa (ANGA)E o}z g]7} W Q1 & oko] 187} =
712 FAE Agency for Air Navigation Safety in Africa and
Madagascar (ASECNA)O|A] S =512 Qtt (SBAS IWG
2021). 2020 5E] NIGCOMSAT-IR $]4S o]&5}0] SBAS A|
Pul4-g AT, oL a7l FAR XS thio 2 APV-
1 AHIAE Q)5 B HE A2 9ic} (Lawal 2023). 202513
He] B4 7Hss5ks A4S S22 51 9len, 20309 DFMC
AHIAS S2E 5L gl

e AEH Y otel FAMEAA Y F<l Southern
Positioning Augmentation Network (SouthPAN)+= 2022 9
He] A|gubsS A5} L1 GPS2F DFMC o] ¢]o]| PPP Via
SouthPAN (PVS)& A 3at Algleld], PVSE 10 cm & &k& o] PPP
AUIAE T3} 2008d71A] Q1% e AL BRE AT F
o]t} (SouthPAN 2023).
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4. CONCLUSIONS

AIA ZFke] SBASS) 241, Aot W AAAES 28 @
e ZABIL ALY Y 52 24510k SBASTH 1%
w)7] AIAREA] AR A1Zke] AU, ZAF P4 2 RS
9V FAOIE B W} 9lgich. 71 SBASE GPS L1 415
dah g R AFstel HelFel ot Yo FEFY

2

o] A &2 o2 Y= o] $itt. Galileo, BDS 5 t5-9

ZQ1 o] o= B2, H|A| Zh=-0] SBASE DFMC SBASZ.9]
kS 9Jsf| 4] Fo|t}. DFMC SBASE 7|& A|AH3}e] 53}
A= Aslolstal ZhE HASHAE AlZto] 28HEE, F7]4
WEA = 7ol Hasioh

ro
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