JPNT 12(1), 23-35 (2023) Journal of Positioning,
https://doi.org/10.11003/JPNT.2023.12.1.23 ] P N T Navigation, and Timing

Development of Real-time Mission Monitoring for the Korea
Augmentation Satellite System

Daehee Won'', Koontack Kim?, Eunsung Lee', Jungja Kim?, Youngjae Song*

!Satellite Ground Station R&D Division, Korea Aerospace Research Institute, Daejeon 34133, Korea

2SBAS System Engineering & Integration Team, Korea Aerospace Research Institute, Daejeon 34133, Korea
3KCEI, M&S Research Institution, Seoul 08390, Korea

“JIT Solution, SW Division, Daejeon 34016, Korea

ABSTRACT

Korea Augmentation Satellite System (KASS) is a satellite-based augmentation system (SBAS) that provides approach
procedure with vertical guidance-1 (APV-1) level corrections and integrity information to Korea territory. KASS is used to
monitor navigation performance in real-time, and this paper introduces the design, implementation, and verification process
of mission monitoring (MIMO) in KASS. MIMO was developed in compliance with the Minimum Operational Performance
Standards of the Radio Technical Commission for Aeronautics for Global Positioning System (GPS)/SBAS airborne equipment.
In this study, the MIMO system was verified by comparing and analyzing the outputs of reference tools. Additionally, the
definition and derivation method of accuracy, integrity, continuity, and availability subject to MIMO were examined. The
internal and external interfaces and functions were then designed and implemented. The GPS data pre-processing was
minimized during the implementation to evaluate the navigation performance experienced by general users. Subsequently,
tests and verification methods were used to compare the obtained results based on reference tools. The test was performed
using the KASS dataset, which included GPS and SBAS observations. The decoding performance of the developed MIMO
was identical to that of the reference tools. Additionally, the navigation performance was verified by confirming the similarity
in trends. As MIMO is a component of KASS used for real-time monitoring of the navigation performance of SBAS, the KASS
operator can identify whether an abnormality exists in the navigation performance in real-time. Moreover, the preliminary
identification of the abnormal point during the post-processing of data can improve operational efficiency.
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Fig. 1. GPS and SBAS data flow for MIMO input.
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2. MIMO PERFORMANCE INDEX

Global Positioning System (GPS) £J4J¢] A5 & 7+
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o)A £A1=E GPS °J/\] 415 9 SBAS EAAE 7 MIMOZE ¢}
Hulo] F2, 44, A543, 7189 B ARE
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Fig. 2. Example of Stanford diagram.

Table 1. SBAS performance for each service level.

Performance

APV-I NPA 0s
parameters
Service area Korea mainland Incheon FIR Incheon FIR Korea mainland
& Jeju airport & Jeju airport
Accuracy 16 m (H) 220m(H) 220m(H) 16 m (H)
20m (V) N/A N/A 20m (V)
Alarm limit 40m (H) 0.3NM (H) N/A N/A
50m (V) N/A N/A N/A
Upehit}. g E-Hofol i PES] B34S 125 PLE
St HE AR (Alarm Limit, AL) 23} 6] 2E ZA}5}e

o qo
X

EE rz;

r°1'

e} 1:]— Uﬂx-]& 7(15'_]-2-1 og o]ngsl—
= 2 Fig. 29] Stanford diagramo] tf 4
t}. Stanford diagram— 22K gz 2, V228 PES e
) ojn|glt}, 75 A Zof| thsle] PE, PLo|| A}
EHi goll Urehfjo] ALS] x3} o .5 weksict
PE PL, AL®] M35 53] 7 9318 Lo, 7 ool AIE-8
(Normal operation), A| A& H]7}-& (System unavailable), €%
H (Misleading Information, MI), A1Z}s1 3] 94 5 (Hazardously
Misleading Information, HMDE- A 2|3t} (Hofmann-Wellenhof
et al. 2008, ESA 2022a).
AA&A] o A AH0] 9T

AR E ST 4 e é%% UrEPﬂDP Q z’ﬁ%
siAlE 2712 SQ%F 27do] EARick: )*li‘%‘%i loll 8%
AR FABEAL Qlojok ahu, 2) AFE &4 717 HollA S
olo] AA E2F 7Hsafok SHc} (ICAO 2006, RTCA 2006). APV-I
AH| A Q] ALA]0 & 55t Precision Approach (PA) 5 A|7te]|
ok PLO] AL O|SHPL<AL)E §-A| == A7) H[-&E A4kt
olef, A& AR YFAIZ BRE 7|HEe 2 A=l B g 13]
9] Continuity risk @Y A] 15% F7to] B A &sicla kst
ol& xEfsle, A% ES A (DI} o] A4t (Tabti et
al. 2021, Coordinates 2022).
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Continuity risks x15 (1)
#Total valid samples

Continulty =1 —

744498 PLO| AL o5t2 $4(PL<AL)E &= 1] &< el
o, 4] (2)9} ko] HA AIZFShu] 7HEE AIZbO) ]2 Al
(Tabti et al. 2021, Coordinates 2022).

. s #Available Samples
Availability = ==

#Unavailable Samples 2)
#Total Samples
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Fig. 3. MIMO interface diagram.
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3. DESIGN AND IMPLEMENTATION

ot AollAlE MIMO 87ARE Ao E.a1 Uf/€] 5 QIEjH]|o]
2 4 0] 3 A RA Q1 A/ tiste] 7]e7ieh

3.1 MIMO 23 Are Ho|

MIMO 7Hig 18l Qubeel AA8 35 2 PARY o
5ol MIMO 118 Q715 4410k Tick, Che-& -2 MIMO
Q FLAFgo|t} (Germa 2017, Comelli 2019, Won & Lee 2021).
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Table2. Contents of MIMO data.

Data

Contents

GPS data GPS ephemeris data

GPS raw measurement from 7 KRSs

SBAS data SBAS messages for xPL and xPE computation
- KASS mode (test/non-SoL/SoL): MTO, 0/2 or MT2
- PRN mask and IGP mask: MT1 and MT18
- SBAS corrections for satellites and IGP: MT2-5, MT24, MT25 and MT26
- Integrity data (UDRE and GIVE): MT2-5, MT6 and MT26
- Degradation parameters: MT7, MT10 and MT27/28
- SBAS GEO information: MT9 and MT17

Command  Commands to control the MIMO operation

MIMO config.  Alarm limits and Accuracy limits of SBAS service level

Grid configuration
GPS mask angle
SBAS service area

Event Raised events according to pre-defined event definition
Monitoring data MIMO status and mode information

@KRS #1...7

GPS data Navigation Compute xPE Acctracyi—

i Displ
iomﬂ, Compute xPL Integrity —> lsg ay

— Save

Data Get SBAS Continuity —
Gathering sBas = Corrections Availabilit Graph

dat @Grid Point #1...N Yalaoiy,

Fig. 4. MIMO computation function design.

A o] ofof it} Fig. 32 MIMO2] U/9] 1 Q1 E]x]

A1 9l E °‘EMl°l 25 ATEY, Y dlojels 7=
3, GPS/SBAS dJo[E], MIMO 4%, A|ZtY Bolt}, 7|&= ik
= FEA ALl AMHEE= 718 o], KASS AJAE] 9] Fof
4 ézéi 225 Y wH=tt GPS/SBAS HlolEl= 77} 7|

Fo 2 MIMOZ] Al4tof| ARE-HTH MIMO A
2 AL, A4HEY F7], Mask angle, d2]5 AxH JE 5
o] gt 3T o]l E GPS AlZF ARE 9 RERE
o ylol, MIMO Qi4to] 8t %2 dlo]Eli= MIMO 4|
Aute} A4t P oflA] /g o]HIE FRolth 9 oo
KASS Monitoring & Control £-50 2 AgE] o] o= 11 7]
Hrot R™g o g2 golg] 44 (Data gathering), MIMO ¢
(MIMO computation), A]Z+3+2] (Time management), MIMO
Z} (Startup) 2-& 7+2] ¢lejw|o| AR A oJ5lc}

> ozi r[r ™ 12 o

3.3 Functional Design

Al Aot JIE|H O] AE 7|E 0 R 7t AR 7] (Startup,
Data gathering, MIMO computation, Time management)o]] ti
slo] AAZCE $4 MIMO 2ol B2HQ 7|5 Sashs
MIMO A&} X zbgkele] thste] Armich, MIMO AJZH:
MIMO SW2] A|Z+HS Wl BRo g AL 2|9t 7|55
o] el S5k} E 3l olMIE HRE Ao} 27] 4
B2 A Zeh Ak R KASS $He9 el Gps 4
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AN

AF 7159 MR A olnt. 71 4 % A4t
413} GPS d|o|Elo]| SBAS BAYHRE X85
ubch PE 2 PLE A4KHC} o] 3 P 2}
o] Ay BAAY A% 718A4S &5t AxE A% AlAE
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Aol A GPS 24 7ke] o0, PE Alte] 7151} Hat
A BAN HEE AR

GPS 2 SBAS T|o]E|2 12 27| 2 X]2|slo] PEQ} PLS AAF
shul, of 1smtch S A RS EHHES THslch 2% A3
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RABITE 015 I, 1583} 24X12F £330 Hlo]E] &3 vim
(Circular buffer)S =59t 1% &% A4 ZHS 155 &3 H
o] uo] Es}a, o] % ulf 158utc} 244171 23 W{T & ¢Eo]
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KASS MIMO= RTCA (2006)0]l4] Yisle Anciul 4as)
At} (Won & Lee 2021). A1 (3)x} (4)% HLeE AT HPES 1}
EfliH, 574 AIRF HA(1002)S 7|Eo & vheat Hakso] 715

A5 ol oxpAR 9 35 S PSR
Pproj =Ppq+ %((pn - ¢n—1) (3)
P = aPn + (1 ) proj (4)

o714, P AP SAAT, P, P, WA} AU AT
95 oJAlAE], A= L1 wavelength, ¢= WFEntE Uepdch 1]
1 gl ARG 40] 7152 LR, SBASS] ALY AJA
210022 F83}o] 11002 A543t

342SBAS EFEE ME

H Hol|l A= SBAS HAA Kl Fast correction, Long-term

o A& W th RS o3k ALt wHo
94 Fast correction& QJAAE] HA 7o,
SBAS message type 2~5 3 242 t]F3}oq, Al (5), (6)1}
o] Z+ GPS 9§49l oJAlA ] BAA] (Pseudo Range Correction,
PRC)2} oJa}AE] ¥3}& (Range Rate Correction, RRC)Z AJAt
ghct

correction,

chstol Ak
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To GPS Satellite

—
Ionosphere

Ellipsoid Earth's
Center

Fig. 5. lonospheric pierce point geometry (RTCA 2006).

PRcorrected (t) = PRmeasured (t) + PRC(tof) + RRC(tof) X (t - tof) (5)

RRC (tof) — PRCcurrent;fRCprevious (6)

Oq 7] /\1 pRmrrecled ZO-]E] 4*]‘7‘]‘—_4 PRmea:umf‘:_ é‘x _r:;]_ —0‘4}\]—7‘]‘115
PRCE SjapA=] BAA), 1= AR o] AR 12 BPH R 7]
F ARE, At AR HAA R} ARF A S L}E} o}.

Long-term correction& 94 A|Z+a} 94 9]x]¢] »AZro|m
Message type 24, 2580 3 W47} HSET 943 ]7—?% A
(D3} 2o clock offset (day) T} clock drift(8a,) 2 HA 51, ¢4
AR BAEE A (8)& F8l X B (0x,0y,02)2 WHskE B
(8%, 0y, 02) O 2 AT
SAts,(t) = Sagy + Sap (t —ty) (@)
Sxy 5x 8%
o] 3]+ 2] -0 ®

$% 93 RTCA (2006)04 % el5k melo] 7]uks}o]
Mapping function® 2 AIAFEIT 4] (9)2} 2] AF8R} $13]0114
W) AZ AAW, )T 58 AAA,)0) ol $14 U2
(EDS vhojsled Hojgint, 7ok, L&, 45798, Lxuslg,
571903 iskie] dlelel 4 W AU el o)
o] AYec) Sig B AL wake
BOIEIo] o, 48R A E AFes 8

7S LAE ALkl

Tropospheric correction = —(dhyd +dyer) - m(ED  (9)

,j-(lnterp olate)s}od

S 2xb= Message type 188104 Al Fsh= A2 A Bt
Message type 26/H9] Ha]5 ox JHIZ ALkict A2k 5
5 7A0R PASHGIIE A9 AL 0% o4, & 1808
7Hel Azl gk Al BA A4S 1WA HH‘:(band)Oﬂ )
ol BRgict. Ae)go] A Wert 7By w2 15 E 350 km
2 7Pgsta, A (10), ME AFEAHS, v 2 914 S1XE 71%

& Tonospheric pierce point (IPP)E ZAA gttt o] PP (A,,.¢,,)
Zujo] Hp2 R AxY AHE H7kslo] [PPo] £]HksE 0 2}
(1,8 AARBIL, o]F 4] (12), (3)ol|A] A|AAHE WaFo 2 =
3 (-F, 1,5k AeEE Q25 A4k of7]A AR+ 22
Mg 712 Sh el ogztolm, R AT ekl
(63781363 km), h= Mg H| Az} W& TE(350 km)S L}
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Fig. 6. SBAS correction process.

Table3. Timeout interval of APV-I.

Data Message type Timeout (seconds)
PRN mask 1 600
UDREI 2-6,24 12
Fast corrections 2-5,24 12-120
Long-term corrections 24,25 240
Fast correction degradation 7 240
Degradation parameters 10 240
Ionospheric mask 18 1,200
Tonospheric corrections 26 600
Service level 27 86,400
PN5teta TA|E melze,

$pp = sin~1(sing, cosy,,, + cosg,siny,,cosA) (10)

_ R Sinl/}ppCOSA
App = Ay +sin (—COS%I7 ) (11)
lonospheric correction = —F,, " Typy (12)
1
_ _ ((RecosEN] 2
Fpp - [1 (Re+h1 )] (13)
343SBAS EHEE Sl HsXE E&
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3} Fig 62 SBAS HAME Mg U ) £& 7S et
Wit olf, Zkzke] SBAS HAIAI: 441 F A A7 9] el
A9t & a5l Table 3o A o]F Timeout A7 7|&02 11 &

AL A1) 4 g3t
SBAS ¥ A H7} Adojx|H, PES} PLE AAlslo] YA B4
%, A5 7HEA 0] S AEE EEIUTH S4 PEE 15 Ha
X]-g‘t‘l:']‘ (Weighted least squares)2 ZAAE {Jx|sfe} 7]& T
£ Hlasto] A4 PLE 4] (14), (15)f] 9]s 242+ 4~ (HPL),
$Z|(VPL) o g ALbstY Ky, Ko &t 40F 7H217F 2
HE T4, & PR Uehdch
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Fig. 7. Integrity check logic.

HPL = Ky - dinajor (14)

VPL =Ky * dmajor (15)
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3.5 Implementation

MIMO prototype2 MATLABS 2 35191 11, A A|7F MIMO
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4. TEST & VERIFICATION
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Fig. 10. Examples of MIMO output window: (a) horizontal position error, (b)
horizontal position error and protection level, (c) histogram of horizontal
position error, (d) horizontal safety index, (e) horizontal protection level,
and (f) continuity map.
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Table 4. Reference tool list for MIMO validation.

Table 5. Validation results of SBAS message decoding.

Tool name Version Usage Distributor Message type Contents Validation results
SBAS teacher 2.1 SBAS message decoding ESA 1 PRN mask Pass
PEGASUS 19.07.25 SBAS solutions EUROCONTOL 2 Fast corrections Pass

3 Fast corrections Pass
4 Fast corrections Pass

) 6 Integrity information Pass

U = EDD 7 Fast correction degradation factor Pass

u. g 10 Degradation parameters Pass

18 Tonosphere grid points mask Pass
KASS data MIMO Prototype |||| u 25 Long-term satellite error corrections Pass
26 Tonosphere delay corrections Pass
27 SBAS service area Pass

Result Analysis
(Prototype vs. Pegasus)

RINEX,
EMS —_———

SBAS Teacher
+ Pegasus

Fig. 11. Verification flow for MIMO prototype.

i ; i

MIMO Prototype

KRS data
streaming
—
—

HASS MIMO SW
simulator

L(((

KASS data

» @
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Fig. 12. Verification flow for real-time MIMO SW.
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© 2 225t 91 (* EDD)o|t}. GPS Hlo]&]&= KASS 11§ ZH o

2415 A 4 A=Y JEE 2351, SBAS Ho|E &= 713
[e)

ke
] 232 250 bits2] SBAS raw datao|t} (Teske 2022).

Kb

4.2 Verification Method
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o8 FEM, Z4zke] ASel gk Wy & At MIMO
prototype®] SBAS B H E&o] HAs] LHHG=A
of thek 5ol s, olF {5l Y AlIF dlolglof of
5} Reference toole] &Y} Hlwsle] A=E 4345}9 ).
Reference tool& SBAS teacher (ESA 2022b)@} PEGASUS
(Eurocontrol 2003, 2011, 2018, 2022)E 1A 5}91c}. SBAS
teacher+= Binary SEj2] SBAS message”} A43] t]Z Y5}
=2 A%5H7] 5 AHESE AL, PEGASUSS= SBAS B R
g Al ZUEE PE 9 PLY B A3 919 AHglck
Reference tool2] A% SARS- Table 49} Zt},

Fig. 11& MIMO prototypex} Reference tool 7Fe] AS 52
S UERit) 912 Bjo]ElS Al EH, MIMO prototyped KAS
EDD #Y-& A5 tlZdsto] X 2|gict. §F PEGASUSS] ¢

o

iy

wn
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Table 6. Position errors of MIMO prototype and PEGASUS (unit: meter).

Error type MIMO PEGASUS Difference
Horizontal Mean 0.501 0517  0.016 (3.08%)
error STD 0.251 0.273 0.021 (7.84%)

HPE (95%) 0.953 0.998  0.045(4.51%)
Vertical Mean 0.615 0.623 0.008 (1.27%)
error STD 0.463 0485  0.021(4.48%)
VPE(95%) 1511 1575  0.064(4.06%)
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APV-17} Z5]lt) oA X<}k 2F5}% SBAS message2] Timeout
Ent gelslng 5o Ei Al 270 AntE Uehd
o} uhEHol A3} AAl B gsirky HrkEle] HE Avks
APV-Tof] tsi AT 7] & 3hch.
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4.3 Verification Results
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teacher'e] t]3Y AI}E 1112 H| 25}l SBAS message Tt
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PEGASUS Result: HPE and HPL (86400 epochs)
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Fig. 13. Protection level from PEGASUS.
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Fig. 14. Protection level from MIMO prototype.
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Fig. 15. HPL and HAL in MIMO prototype and PEGASUS.
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Fig. 16. Horizontal Stanford diagram by MIMO prototype outputs.

Table 7. Correlation checks for PLs between MIMO prototype and
PEGASUS.

Type Correlation coefficient
Pearson Kendall Spearman’s Rho

HPL 0.8620 0.6876 0.8750

VPL 09026 0.7239 0.8975
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ES
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AF IR el $1 71518HA R Eapo] WAlst Ao &
SHth MIMOZ2] 7%, 5% A]-ef PLo] ALS 2351A] gkt
AFH A AR Al A PL>ALR] B EE WAYEHA] et
HEZAY 4 Lo sl A1 &] PES}E PL B APV-T A{H] A9
ALE zafsl] oFal 2 W3] glo] P dolng FAf F2te R
wheric

MIMO prototypeo]] thsle] =& % PE, PLS Fig. 162] Stanford
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Table 8. Continuity & availability analysis for MIMO prototype and
PEGASUS.

Items Continuity Availability
#Cont.risk  Probability #Unavailable Probability
MIMO prototype 3 0.999479 15 0.999826
PEGASUS 4 0.999306 25 0.999711

Table 9. Position errors of MIMO prototype and MIMO SW (unit: meter).

Error type MIMO prototype  MIMOSW  Difference
Horizontal Mean 0.501 0.501 0.000
error STD 0.251 0.251 0.000

HPE (95%) 0.953 0.953 0.000
Vertical Mean 0.615 0.615 0.000
error STD 0.463 0.463 0.000
HPE (95%) 1.511 1.511 0.000

Table 10. Continuity & availability analysis for MIMO prototype and MIMO
SW.

Continuity Availability
#Cont.risk  Probability #Unavailable Probability
MIMO prototype 3 0.999479 15 0.999826
MIMO SW 3 0.999479 15 0.999826
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4.4 Discussion
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5. CONCLUSIONS
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