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ABSTRACT

The Satellite-Based Augmentation System (SBAS) plays a significant role in the fields of aviation and navigation: it
corrects signal errors of the Global Navigation Satellite System (GNSS) and provides integrity information to facilitate
precise positioning. These SBAS systems have been adopted as international standards by the International Civil Aviation
Organization (ICAO). In recent SBAS system design, the Minimum Operational Performance Standards (MOPS) defined by
the Radio Technical Commission for Aeronautics (RTCA) must be followed. In October 2014, South Korea embarked on the
development of a Korean GPS precision position correction system, referred to as Korea Augmentation Satellite System (KASS).

The goal is to achieve APV-1 Standard of Service Level (SoL) service level and acquisition of CAT-1 test operating technology.
The first satellite of KASS, KASS Prototype 1, was successfully launched from the Guiana Space Centre in South America on
June 23, 2020. In December 2022 and June 2023, the first and second service signals of KASS were broadcasted, and full-scale
KASS correction signal broadcasting is scheduled to start at the end of 2023. The aim of this study is to analyze the precision
of both the GNSS system and KASS system by comparing them. KASS is also compared with Japan's Multi-functional Satellite
Augmentation System (MSAS), which is available in Korea. The final objective of this work is to validate the usefulness of KASS

correction navigation in the South Korean operational environment.
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Table 1. Comparison of receivable frequencies.

GNSS system Signal OEM7700 BD-990 ZED-F9P Neo-M9N

L1C/A,L1C L] ° @ (onlyL1C/A) @ (onlyL1C/A)
GPS L2C, L2P . ° ® (onlyL2C)

L5 ° °

L1C/A [ ] [ [ ] [ ]
GLONASS L2C/A,L2P [ ] [} °

L3 [ ] [ ]

El [ ] [} [ ] [ ]
Galileo E5a,b ° ° @ (only E5b)

E6 [ ] [}

B1,B1C ° ° ° ® (only B1)
BeiDou B2I, B2A, B2B [ ] [ ] ® (only B2I)

B3 [ ] [ ]

L1C/A L1IC ° ° ° @ (only L1 C/A)
QZSs L2C ° ° °

L5 [ ] [}
NAVIC L5 ® [}

L1C/A ® [ ] ° [
SBAS 15 ° °

Fig. 1. Test environment configuration.

Fig. 2. GNSS & SBAS (KASS) signal test bed setup using commercial
receiver.
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b= 2ok o A 4 Qlok £ el 1% i"LH Al AEIA &

=2

9l KASS HAH RS Za3lo], 17}e] 2A17]5E] 27}e] 441
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Table 2. SBAS & using KASS message type.

Type Contents Using KASS
0 Don't use for safety applications (for SBAS testing) °
1 PRN Mask assignments, set up to 51 of 210 bits [
2-5 Fastcorrections (]
6 Integrity information °
7 Fast correction degradation factor [
8 Reserved for future messages
9 GEO navigation message (X, Y, Z, time, etc.) )
10 Degradation parameters °
11  Reserved for future messages
12 SBASnetwork time/UTC offset parameters
13-16 Reserved for future messages
17 GEO satellite almanacs o
18 Ionospheric grid point masks [
19-23 Reserved for future messages
24 Mixed fast corrections/long term satellite error corrections
25  Longterm satellite error corrections (]
26  Ionospheric delay corrections (]
27  SBASservice message (]
28  Clock-Ephemeris covariance matrix message
29-61 Reserved for future messages
62  Internal test message
63  Null message [

Z %] (Ionospheric correction) S| )t} 2}
A% o AAZE A& JHAAEHET AR EH, o] & o] &5)e] At ], SBAS H|A
Ag, o] 2F A, 7T XA, AlA L2 5& BAT =

SBAS X KASSoJA] AFRE| &= HA| A=

ot Yk oz 9% 7] AN E ol g5le] Lal ekt exht (e BAs)
1 31,24, 25018 o} st AtrE By 25
A LY SR sk 914 T 9X18 chEdh o
Table 26} 20} (KASS  WIAIAIONE 9142 A A9k AA 93 Busk mgeich o

in

ICD 2022), o] % Bk Woke oAt Ml sl WAL 9 Aol ) B 2)e] ghdel Sol met Y] By Aw

sto] 314 HAYXE AHGsHH HoBl & AHS5H7] A, AR 71T 7} ALk R /ol gk BRI AleE o siEg 9149
PRN mpA 7} 4lE of A=) 2lsfiof ghet. Table 29 AA @A}, §2] o] WHaks, $1d AlAl @af, LE AL 943 Al
SBAS SIA1A 1,25, 200 olalol AN UHTCL AL A 224 bk 207} T 2] el €1 221
7Fs?F PRN REA S 7L LA R] OF2 72, a4 B & ALk 2 dells M3ks A E glo] sid 4459 1A exket AlA|

4 SISk D81 A THS PRN ORAZ7) e A o A 21 il SRRLE A7) 27 AU o, FRN v
st 114 B A %] 9] Injection Order of Data Page (IODP)L?.]- PRN IODP2} H|w5}o] UX|E 7 ofut ¥4 A7t Axkect 18
ukA 3.9] IODPE H| 2§} IODP7E A2 thE 744 PRI &2 u 240% o]t A H = AR 4 gl 5ol Foaliok gtk Eaq. (2)
Fast correction& A4t 4 9ich. 22U I0DP7F 5905k 4%, & 914 A1 @3} Ak olek

229 1& BAR 7 AL A7) E

el

A A7k Hlmalo] 62

olAre] zpolzt U 14 A2 A4 & 911, 6% o]yie] 8Atg, (t) = Sag + Bagy (t — to)
FRY wjollet Eq. )& o] &5} 11 HAX]E A4kt (Mte)is = Atey — Tap ©
PRCcorrected(t) = PRC(tof) + RRC(tor) * (t = tor) A7 A At (O time of day (2] A|A| 22} 74 Zho|w, day= Al
RRC(t,;) = PRCeyrrent = PRCpreviqus Al 92} B, da = AA ©2F Wsk&o] AR, T 15 Al
At A AIZHE 5ttt Y A= X $14d 9] Y1X] 94| HE 9} &)
AL = (tor = Lor previous) W o} o]x] ©x}o] Mslg MEIS M o Astslo] Eq. (3T} 7
3 L S2= g q. 32
714 PRC, o= 7V F 0l W2 3185 B X], PRC,,j0= ©l o] AlAKt 4= St
Hojl vke 314 1A 2], Range rate correction (RRC)+= PRC ¥ s
88, 1, % BAAY S8 AR, by oo e 1% o
uzax]; Tﬁ/\]{o% AN om}zquo RC 0 A 8Ry, = [gz: 8y + c;y (t—t,) 3
= WEA) 9] te] PRC 2h& Ao 2 A Saok s, )
IALA‘—’J Ao 2 PRCE 002 A A] 235]2] £ 50l $/e] 9z ox-E HE] Ao R ALK of, 7Ht 718l
AETHE A& sle] PRCE 002 AAste] B %IE Al H OHE* H“WPZH A HEE 741"‘}5‘}1, o] Al41 HE e} $1%]
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1-6]-211:]- (Kee et al. 2010).
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Table 3. Meteorological parameters for tropospheric delay.

Average Seasonal variation
Latitude (°) | Py(mbar) T,(K) e,(mbar) B,(k/m) A, |AP(mbar) AT(K) Ae(mbar) AB(k/m) AL
15 orless 1013.25 299.65 26.31 6.30e-3 2.77 0.00 0.00 0.00 0.00e-3 0.00
30 1017.25 294.15 21.79 6.05e-3 3.15 -3.75 7.00 8.85 0.25e-3  0.33
45 1015.75 283.15 11.66 5.58e-3 2.57 -2.25 11.00 7.24 0.32e-3 0.46
60 1011.75 272.15 6.78 5.39e-3 1.81 -1.75 15.00 5.36 0.8le-3 0.74
75 or greater | 1013.00 263.65 4.11 4.53e-3 1.55 -0.50 14.50 3.39 0.62e-3 0.30

of Azke} e o] 93] oAt HHE A "k o] 1A LA} HE
© AlA @aFe}F AetE o] Eq. ()9} ol Altksh 2F Z7] B
BALOE A et A71A o= Lo £55 3k

[

ol

LC = e'-8Ry + c-Atg,

~
o~

)

A3 AA eapo] Atk flsto] 18, 2681 WA A& AHESH
o}, 188 wiA| A= @A of® A S APl AujaT7t AlF
SUAE LR, 23 A2 A2 97he] et 7h2 11
7o HHER o] oA QlTh ZF HiEof= oF 2007]2] A= o] §L
om, 18 HA A= ofE AP o] HRE st E Uehd
t}. 26W WA A] = 1851 WA Z]o]lA] g o) Az o] 2] e S
A%k 9 G 7 ks Algsh, shte] HA A ofl= 15779
YR HEI} A o] AR E Gt o g thE B Fof
A 7P =A AeAok. Aol ZAxpdof| ot lonospheric Grid
Point Vertical Delay Estimator (IGP VDE)2}, Grid Ionospheric
Vertical Error Indicator (GIVED&] ARE- 7}5 o] H.E glelsit), o]
IgolA] 6002 o)t | AR = f8 7|7to] Ao ng AR
4 §lem, GIVEL gto] 1591 739 slig A= ofl i3k IGP VDE %}
2 BEHA| 92 3o 2 IHE B E Aelsfof gt [e S St
At Az Abolo] AR E 7IREO.R o 9] A& AFgSte] 7Hs
A& AKRIth o] 7HEAE FEste] Arbg o] 2] Al S A
o] 7 ol MEls T o A HES A w78
Sk AR 75 S AR 9] 7t Al ZHY w Eq. (5)2F o] A4
s, |l 7§ wfjo] B2k HE-8 Eq. (6) AT

)
(6)

TVpp(‘Ppp' App) = 213= 1 WiGpps Yop) Twi
Tupp (Pops App) = i = 1 Wi(Xpp, Ypp) Toi
A7|A 1,5 AES THE 2 £2 S AAE onlskaL i
£ 7 S Az gist A9 A, Wi x,, 3, Woe (5%, Yy

Wi (lx,)(1y,), W= x, ()& =3k}, 7+ A4 Eq. ()3}
zro] 3k 4 9l

App =2pp — M
App = bpp — b1
Ayp

APV

— Adpp

S Aar— @)

03714 Axp o A Hofl sfiFste M2 F2lS T A% 4
Ao AE, ME 5 AR AR, 62 BE AR A s,
¢ F5 AR Y] FEE KR Egs. ()¢} (6)0l4] Alikd A
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2% Sapdel 44 AeE A gl Eq. @) 2ol 74k A%
2 Bl %A WEE AQ gh AL, ©|F BTl HE
o

1=

o

2 A9S AA BY RS A& 4 ek o7&

®

hR3 A oA BEE Ao G 415 thRS A
S A5k, A 9 71 @ 48 378J3F Saastamoinen 2@ ¥}
22 9 Sy Bazof g 7S ARSSH, At H 2
=2 < = Hopfiled 2&-& AFE-SHC} (Lee
2002). 22, 74 A RE AFEA} A Agslok ek w
2 QI5lo] 7|=to] ofd BFe] GPS AMEAP} tiH-5 A &
A5 BAlolE ofeigol olek. o] 28] SBASOIAL: ALg
A7L A4 ARE HER AR PobE, AthH o2 B
S 7S XA 3 YT 4 e 2 UNB3 2
& Agrshar ARgshar Qltt (Kim et al. 2016). ofo]] wha}, & 1
of A= UNB3 BR& ARSI 01, o]= u]=-2] SBAS A|AF]
©1 Wide Area Augmentation System% o] 2&-& 7[dto 2 oz}
£ AATT. o] BEL2 714 FH glo]& SBAS AHGAY] thF
= 214 0x2 gk o 2 A AT 4 ¢Jth (El-Arini et al. 2008).
UNB3 BE2 th714E (P), 7= (D), 571 49 (o), 2%
H3kE (B), 1AL 5719 HskE M) 22 oAl 71x] J R
£ 2gsjol iR AR TRk o] REE ol I

£ B7hE 38, A AT RS AdFS ALk ol AR
e}, Table 32 UNB3 R9g ALg317] $18t o5 A1 91t
% 9 71 mabulele] Wagt @ AEY Wskeke ekt
(RTCA DO-229D 2006).

Z}F QI2} &= Eq. (9)2} o] AXKEM, D, day of year (D), 3]
& 9% (9 s, o17]4 D,, & B9 28, W) 210leh. s
oea|e o] P D AFA W gho] 4171 x| wet A
Akt

365.25 (9)

41719 Y=ol w714 wEtul el Egs. (10), (D3 2o
AR EHE S5l AR Y57 (gl<15" H g =275°% A,
§ B A& Table 33t Zron], =71 15°<(¢|<75" Heloll A= 7
%, & R ALY ghe 41719 fEOA HE TR T (9,
¢.)9] Tt Atololl A A B7ke Abgste] mlE] ALk

£(¢, D) = & () — AE(P) - cos (M)

ol

£0(9) = (@) + 6o (Pir) — L@ 20 (10)

i+1—Pi)



Sung-Hyun Park et al, Commercial Receiver-Based KASS Accuracy Assessment 353

Table4. Novatel single frequency solution error (m).

Positioning solution ~ Avg.SVs Avg. PDOP Horizontal (RMS) Vertical (RMS) Horizontal 2DRMS) 3D accuracy (90%)
GPS Only 9.1 1.804 1.038 2.370 2.076 3.899
GPS + Galileo 16.3 1.271 0.904 2.210 1.808 3.662
GPS + BeiDou 29.2 0.960 0.822 2.339 1.643 3.238
GPS + Galileo + BeiDou 43.2 0.757 0.820 2.347 1.640 3.381
Average 244 1.198 0.896 2.316 1.792 3.545

BE(P) = DE(P) + [AE(Dirn) — BEP)I 2= (1)

P4 Tl 2 o GRiel g3 A o)
ol gt BAAZADL (d,) D BEEEAE (4,08

AVgICE nhA] 0.2, 914 ZhEo] et ol 2 (m

g
fjr
>
4y oo X,

A5kaL A At
TC = —(dpya + dye) - m(EL;) (12)

o} AU 7149 o3k a8 B HEIL R
7t AR olgslo] Eq, (13)7} o] PRCS ALY

4n
X
R
i

i % 9l
PRC; = FC; + LC; + IC; + TC; (13)
& Aol A= KASSe] ek SBAS RAEH 45 Blas
stof T AJAE] ] AR Akt oS AIAR A9 A
Ae 831k 012 91510l Geometry B G| AlA 03}
s 24 AlaE HE Zesto] Atbeles daelEe 74
519131 Eq. (4)9} o] A oJgic}
@l @ o 10 0
a @ a1 0 0
IS w10 0
L 1 !
o Oy, a4 01
glo glo glo
G= X2 Y2 .Zz 01 (14)

L 1. 1
a?? %% 2%’ 01 0

Xn yn Zn

bds bds bds

az® ay! 2> 00
bds bds abds 00 1

Ax, Ay, Z2

bds bds bds
laxs® aye® age 0 0 1]

3 GNSS $149] 913] T o2, 417 AA) 034 % Al AH
ZFHGS 2B ALV Sls1ol 1A A4 A S BE
5193t} (Tarrio et al. 2011). 7}2%] 4 2L tlokst 3125
oF Bl o2 be] ©X4E H 4815131, Eq, (15)9} o] 0|5 53
GNSS $1 9] $1x\9} a2, 5417] AA| @3}, 23 A8 2H
Hapg 3510l 7152 AR

X=HWH H"Wv (15)

69 24 oA SA7HA] 24217k HlolEE 351333, 1 Hz F
712 YA] o8| & #3519 T) GNSS QHH|L= Trimble zephyr
35 AFE35}91 on, o]= GPS, GLONASS, Galileo, BeiDou,
OmniSTAR, Trimble RTX % SBASE 418 4= 9l = 1Al S ¢F
glubolt}. GNSS 424171 GPS, GLONASS, Galileo, BeiDou,
QZSSE 41 4 Q131 GPS LI, L2, L5 W th o] gHi4lsE
Z Aol H2]g 4= 91 Novatel OEM-7700 BE-& o] &3]0 A|
HE 7180l YAl BEX] D B A=Y do]elE 4151

=
o= &Y AN X AHEsinh 12 e 4

B 2 GNSS $49 2zEgoln Atk Hug Wk
2 AFESIGITE B AR 917 FakE AIPIA S Elevation

mask angleZl, XA C/No ZF& o)A A3}t £Us}HA Elevation
mask angle2- 10 degree, Minimum C/No ZF-& 35 dBHz o]Alo 2
A¥stgich. Eak Fel o] GLONASSE THESl4 el A7t
TH2 Q)dofl vlsl Ao 7HgAd o] HolA] AL 1] @2 E AR = 7
SRS Hof o] AJgof| A= A|l5liTt (Park et al. 2022).

19 5 Table 49} Zo] KASSO] BT vl 9]
o el ) 9 8 o) HRhES EEsloich GPS only &
ZollA] 2DRMS 2.076 m, 3D A&+% 3.899 m, GPS + Galileox=
2DRMS 1.808 m, 3D HZ% 3662 m, GPS + BeiDour 2DRMS
1.643 m, 3D A &+% 3.238 m, GPS + Galileo + BeiDou+= 2DRMS
1.640 m, 3D A= 3381 mE 1=t Fig. 3-& Table 404
Y7t Aagroll tigk East- North-Up erroro|m, ZF 2] o]
4] A2 Fast, 44 4141 North, 314 A48 Up errorg 1}

Epdict.

L
T
-
>

)
e .
(el
T

ol

jul

3% SBASQ] KASSE ol §:3F WA a 914 =g 7}
317] $15te] HAE AHlA F9) KASS BAMAIAE 24151
7} %417 4 KASS SBAS $1%] s B/} 9]

=
N

$A1715 AHEslo] KASS BASHH A9 4
Y5t A3}, Table 59} T2 &= o] AiLE ATt Ublox Neo-
MON £:417] 2 0]23} 2DRMS @ 2}¢} 3D A bz = 7171 237 m,
1592 m& AF2E ¢ o ZED-FIP 4:417]% 0951 m, 1412 m&
AFEE Qi) E5L Novatel OEM-7700 424171+ 1.292 m, 1.616 m,
Trimble BD-990 2:417] %= 1346 m, 1.547 m& Z+z} A& 5T},
Fig. 5&= Agol AFgH $417]12] KASS HAgg o] st
East-North-Up HeF @ 2folnd z} Jaj o] ZJAY A1 4.0 East, &
A A1/4-2 North, 34 A2 Up BFeF 945 Yepdith 2t 41
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Fig. 3. Single & Integrated navigation East-North-Up error.

Fig. 4. KASS PRN 134 tracking information

Table 5. Four different commercial receivers KASS (SBAS) solution error (m).

Receiver Avg.SVs Avg.PDOP Horizontal (RMS) Vertical (RMS) Horizontal (2DRMS) 3D accuracy (90%)

Ublox Neo-M9N 8.0 2.200 0.619 0.941 1.237 1.592

Ublox ZED-F9P 8.7 2.129 0.476 0.952 0.951 1.412

Novatel OEM-7700 8.0 2.191 0.646 1.120 1.292 1.616

Trimble BD-990 8.0 2.191 0.673 0.972 1.346 1.547

Average 8.2 0.603 0.996 1.206 1.541
719 B @ x}= 2DRMS 1.206 m, 3D AZE 1,541 m= EJE‘ el ool lrsl= Axt= Byt (KASS Press Release 2022).
g b3 KASS WA W ashe o o e AuE £ d Table 67} o] KASSS} Tl @ 23 9 13 Aehee} v
Sk 4~ Q)T KASS BB E ARLSH 9] &5 = GNSS 9 Y-S u] Neo-MIN-E 2DRMS 27.9%, 3D A 2+% 54.4%, ZED-
Z] A&tz of Hlg) A AaE U 4 Q1o ERIEond F9P&= 2DRMS 46.9%, 3D ASt% 60.2%, Novatel OEM-7700
A2 2= AR Al AH]AZ2] KASSO] @} 7]&%]2] 1.6 m 2DRMS 27.9%, 3D A3S+E 54.4%, Trimble BD-990-& 2DRMS

https://doi.org/10.11003/JPNT.2023.12.4.349
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Fig. 5. Four different commercial receivers KASS (SBAS) East-North-Up error.

Table 6. Improvement ratio of KASS and GNSS single navigation (%).

Receiver Neo-MON ZED-FO9P OEM-7700 BD-990 Avg.
Horizontal (2DRMS) 27.9 46.9 27.9 24.9 32.7
3D accuracy (90%) 54.4 60.2 54.4 564  56.5

Table 7. KASS & MSAS navigation test result (m).

Avg. Horizontal Vertical Horizontal 3D accuracy
SVs  (RMS) (RMS) (2DRMS) (90%)

Positioning solution

GPS single 9.0 1.244 2.553 2.487 4.492
GPS+MSAS (PRN 137) 8.1 0.669 1.188 1.844 2.484
GPS+KASS(PRN 134) 7.7 0.568 0.804 1.136 1.307

24.9%, 3D A 564%2] 93] A7} AAHY o, HaH
©.2 2DRMS 32.7%, 3D HBHE 56.5%2] A TS Q18 4
9.

miRjeke 2 o) He] MSASS} 3He] KASSE H] 2ot
oA} A FUlol A MSASE ol galo] B MG 4T 4
olont, S 8ol o A3 93 Au| 2] ATARE B
ab] Slall = AlAElo] ek HBHEES Hlmskrh o] slo]
20231 64 279 UTC 00A] 005-5E] 202349 69 27¢ 234] 59
E7}2) 2417} B9k AL 2HH3c) Table 29] wlA]A] & =
A 2B 0] Aju] Ao Wk MSASE 0,1, 3, 4,7, 9, 10, 17, 18, 25, 26,
27, 639] WAAS AF2511T, KASSE 0, 1, 2, 3, 4, 7, 9, 10, 17,
18, 25, 26, 28, 63] H|A| 2| = 2-8-519It}. KASS I MSASS] B4
sHH A5 H] W& Novatel OEM-7700 2 &S o]85}o] 4345}
o A3}k= Table 73} 22t}

Fig. 6. GNSS receiver tracking satellite.

GPS + MSAS A}& A] 2DRMS © 2}o} 3D A ahe = 747} 1844
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S 4 9gie,
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Fig. 7. KASS & MSASS navigation East-North-up error.
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