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ABSTRACT

Galileo is a European Global Navigation Satellite System (GNSS) that has offered the Galileo Open Service since 2016.
Consequently, the standardization of GNSS augmentation systems, such as Satellite Based Augmentation System (SBAS),
Ground Based Augmentation System (GBAS), and Aircraft Based Augmentation System (ABAS) for Galileo signals, is
ongoing. In 2023, the European Union Space Programme Agency (EUSPA) released prior probabilities of a satellite fault and
a constellation fault for Galileo, which are 3x10° and 2x10* per hour, respectively. In particular, the prior probability of a
Galileo constellation fault is significantly higher than that for the GPS constellation fault, which is defined as 1x10® per hour.
This raised concerns about its potential impact on GBAS integrity monitoring. According to the Global Positioning System
(GPS) Standard Positioning Service Performance Standard (SPS PS), a constellation fault is classified as a wide fault. A wide
fault refers to a fault that affects more than two satellites due to a common cause. Such a fault can be caused by a failure in the
Earth Orientation Parameter (EOP). The EOP is used when transforming the inertial axis, on which the orbit determination
is based, to Earth Centered Earth Fixed (ECEF) axis, accounting for the irregularities in the rotation of the Earth. Therefore, a
faulty EOP can introduce errors when computing a satellite position with respect to the ECEF axis. In GNSS, the ephemeris
parameters are estimated based on the positions of satellites and are transmitted to navigation satellites. Subsequently, these
ephemeris parameters are broadcasted via the navigation message to users. Therefore, a faulty EOP results in erroneous
broadcast ephemeris data. In this paper, we assess the conventional ephemeris fault detection monitor currently employed
in GBAS for wide faults, as current GBAS considers only single failure cases. In addition to the existing requirements defined
in the standards on the Probability of Missed Detection (PMD), we derive a new PMD requirement tailored for a wide fault.
The compliance of the current ephemeris monitor to the derived requirement is evaluated through a simulation. Our findings
confirm that the conventional monitor meets the requirement even for wide fault scenarios.
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Fig. 1. Loss of Integrity (LOI) allocation for GBAS supporting CAT | Precision Approach (Pullen 2012).
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Fig. 2. Satellite position error based on ZOH and FOH by Pervan & Gratton (2005).
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Fig. 3. Flow chart of validation of the updated ephemeris.

A g AEY 1 HE BUEE U Al=Ho] AEA
78 s gelgitt A4 71F
R DY 09 e AU ASH RS £ 03
Zro] A ol=lt} (Pervan & Gratton 2005). Eq. ()] RUE=
2] GBASS] DQMo]| AF2-5E] 31 9T} (RTCA 2004).

q = 6xTCx16% 1)
o171A dx= ol W A=Y ZNro g ALk f1d f1x]et Af
£71 A 0 AR Ao Ak S 9139 Kol 2
Uehitt 9 T 9l 917 Fgte] TR WP L s
], 34 Cx= WA Al (inflation factor)E WA 2 51= PPolc}
Qubd o2 B BAE B4 AEH) SEAE BRI 9]
SIAE 24071 o)A o) W A= S Easlo] ox ghe AKEITH

aEu Y& mi(rising) 9432 7 484
ol WE A=HE AHEE 4§71 w2l Zero-Order Hold
(ZOH) E*= First-Order Hold (FOH)E 7|¥ko 2 1Y =29 A
o] uid =S AR sljof sh} ZOHS] A$ 3pA 9] vhd A=
2ol 23 914 A= shetulE R RE da A 948 As
gtetule] & 02} 2 715te] @]4k(extrapolation)ste] 74
3H= "l o] 1, FOH: 12} $h42 71A5e] 2451 ulHo|c},
Pervan & Gratton (2005)¢] ZOH, FOHE 7|4¥to g nzto] kY
SlA] k& QA o] 2] QXS 42|83t 1T Fig. 29} Zth

3
o
ofN
it
N
>
i

FOH 7|4ko 2 2415 914 A stebu]el 22 A4t &
191 AU 7} Z0H 714he] o 237 A
2Fo 72 oF 2 olt} 7}zho] H)
qqmg 2,500 m, 800 mO‘—% o} —*r =y
R 7401@ umame g gidel Bk A%
A A Atolell 914 7150l SglA] olkie] nhet 914 =
e A BYOR TRE T, Z2te] 49 ThE $70) 14 1%
BUES F89 B = Zola 9 Q1 utel o] BY
% A58 24 A% BUHE Tef

3. CIE 2x}oil st
oM

WS HES 0F 2L A

3.1 Wide Faultof| Cit 2L|E 222 &&

2 GBASOIA ALLE T Qi vk AlEE v AE
= o) QA pAbe| st =
-2 1x107/hE, T2 $14del %AIOH %
slutsly] wiiel wha wedsia 9l gith Y
220] &Aof] TAfo] HRAES= wide faulto] 73S0 =

L ST
oX

)
e
(s
Job O% i
4o I ro

Q
g
[92]
lo
o

http://www.ipnt.or.kr



192  JPNT 13(2), 189-197 (2024)
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Fig. 4. PMD requirement for GAST-D under malfunction case: (a) single-failure, (b) dual-failure, and (c) wide fault.
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Fig. 5. Frequency of vertical projection factor being larger than the value of x: (a) Maximum, (b) 2" maximum, and (c) 3 maximum.

2 7hgsilk

@%, 7|& Hc}'o
Eq. Q)¢ 2ol A 4~ lch

q = 8XTCITI8% = 6XT(VDV 1) 716X > 2|67 3)
o714 W VDV 914 A 03} FRA WU WAL
HS 3F FHE 183 Bl (eigenvalue decomposition)st A
solck. B v R R THE B, Dk LG B2
AR 2 Aol W18 1 2 TRl ¥

o=

4 A% BUH & S16x|uch e Ac
1 —

;ka%% A= el ol &

=2
L
-

o
o
odo koo

_,d
W
re

jus)
013 o
= f
N
o
)

i
Shs

H

& Aol ;141—:1 e 3
central chi-square distribution)% [ R=A=R= % |

2}o] €] (noncentral parameter)2 FH _‘.3_14 E{ A=
o o 4 rk LUH o) AR doln, £
o5t 9 AR g FEL 1x10°S A]-ﬁ*}oﬂl:]- (Patel et al.
A SIS e Xt o dusE BUE g

(non-

N
X o
HI o>

(RS V=)

a

o B

0

N
(=]
N

e
b
i

(o) - 10
4 2 U Ee] PMDE Al4F 4= Qlct.
A Adrgt Ho]"ﬂ% gg3lo] E}"ka 3719 A= e}
g} 4~ Qlt}. Fig.
49] 1& B Lo xFo] ERo| °PL4 2 X HF o
22 e+ EVY S & 4 Ut mEkA Eq. Q= Al4RRE ER
2 437 Qx| o2 Eost= I o] Qste], ICAO SARPs
(2009)0f|4] 5 7R @] F17e] thgh & WS 28510 Eq. W<

i

Ol

olgich

N
EV =) Suere, i-onmax " ER: @)

i=1
o714 NE 4 2 b S 18
LA (ndex)§ SJoIBTh W S, PIAZ 2 55 00
5 59 1 roeetion coffien) & Liehch %, 5411 0
ol $Pe] 3 5w, Whel T $1el elo) e A
A 712] 9 HIF 0.2} ERE ICAO SARPs (2009)2] 2 ZHH-&
#gs10] 475e] Siadell WASH ERZ o AOIA NA)2) 7}
A

3 2 5 A4S Fstol AT /g 2 WAl £ A%

Table 1. Obtained maximum to 6th maximum of the vertical projection
coefficients for Galileo only constellation.

§,.:(Simulation for 240 hours using optimized constellation)

Max 2"max 3“max 4"max 5"max “"max

2.5 1.6 1.4 1.2 1 0.85

L 247] 22 YEA K (RTCA 2016, WG-C 2019)2 5}0], A
Aol TR 4 Gl 42 W 50 ASE SR HH 02 10
AZE ALK AT EEFIGITE Fig. 5 71 2 ARE Al
HE 2 5 Aol M NES ekl Iolch HILE g5
GPS @&, Galileo ©=, GPS/Galileo, 18] 11 T Fu}4=(single
frequency, SF)/o]|% Fa}4=(dual frequency, DF)o]| tist A1}&
B TAI519 T} GPSe] 748 o|FF a4+ LI/LS, Galileo2] 73
% EVE5a 4155 o|u|gitt. Fig. 5oll4] 25 AMda} o] 7t
7t Galileo 0]% Fulr, G St SYX|E AT 79 ALt
B PAUY Y ALl I yRe FYAD S o

o3}l Wl (frequency)& WFERH Zloltt. 7k T1go A £ Al
o] df ‘% HE7FAY 22 3hE 71508 E&3513icth Table
18 Galileo HI=TF AMESIGFS 79 T Fubeof tis] Al4rd
AN B Alge] iR E oAl hgrtA) Ptk 4
o]t

Eq. 3)S &8slo] £ 379 s Ay 17 x2HE 5

2] %] Foll WA= EVE ALKt 4 9131, Eq. ()F 14+ 7
£ BYE 9] ZEGHS o]g5to] oxoll thek ZUE|2] PMD A4ko]
7lg3ltt. o|ZA A4kt BUE njHE S5 BE EViLel o
8l 31804l E&% PMD @727 g ol5HE WEsh=A] gkl
Shct

N

3.3 A|EY|0] M &3

of om BEEAE wo}aizc@ Aol B @
Table 20]] A|A|=]o] T} ICAO SARPs (2009) —.—/\1
Y5 = 7 (glide path angle)sh 2|4kl A B

I-FU il
Mo o

http://www.ipnt.or.kr



194 JPNT 13(2), 189-197 (2024)

Table 2. Reference and values for parameters used for simulation.

Receiver error model

9 \2
0.15+0.84¢ 155)

I j
RMSpr,gnd,GPS(g) = 4

+ 0.042 6 > 35
a, d,i
gnet 0297 10,042 6 <35
M: number of ground receivers (RTCA 2004)
0
RMSpy irgps(0) = 0.11+0.13¢™+  (RTCA 2004)
Oair,i Y 9
Omuttipatn(8) = (0.13 + 0.53e710) /2 (RTCA 2004)
Flight phase layout
Glide Path Angle (GPA) 2.5 degrees
D, (Distance from ground to threshold) 5km (Guilbert 2016)

Residual ionospheric uncertainty

o (Vertical ionosphere gradient)

X, (Slant range distance from an aircraft location and a reference
point)

v...(Speed of the aircraft)

0.004 mm/km (McGraw et al. 2000, Lee et al. 2007)
(50£t)x(0.3048m/ft)
tan GPA
161 knots (82 m/s) (ICAO 2015)

+Dt, (ICAO 2009)

Residual tropospheric uncertainty

a5 (Refractivity uncertainty)

ho(Tropospheric scale height)

Ah (Difference of altitude between an aircraft and the ground
subsystem)

| 6% | (Magnitude of satellite position error)

| b | (Magnitude of baseline vector from ground to satellite)

p (Distance between ground and satellite)

A (Maximum eigenvalue of covariance of satellite position error)

33 (Guilbert 2016)
15730 m (Guilbert 2016)
50 ft
Parameters for satellite position error
0to5km
5km
20,000 km
236.90* m™ (SESAR 2015)

Fig. 6. PMD according to ER (blue dots) compared with PMD requirement curve (red): (a) single-failure case, and (b)~(g) multiple failure case (two to seven

simultaneous failures).
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