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ABSTRACT

Global Navigation Satellite Systems are expected to meet system-defined integrity requirements when users utilize the system
for safety critical applications. While the guaranteed integrity performance of GPS and Galileo is publicly available, their
integrity assurance procedure and related methodology have not been released to the public in an official document format.
This paper summarizes the integrity assurance procedures of Global Positioning System (GPS) and Galileo, which were utilized
during their system development, through a literature survey of their integrity assurance methodology. GPS Block II assures
system integrity using the following methods: continuous performance monitoring and maintenance on Space Segment (SS)
and Control Segment (CS), through a cause and effect analysis of anomalies and a failure analysis. In GPS Block I, to achieve
more stringent integrity performance, safety requirements are integrated into the system design and development from its
starting phase to the final phase. Galileo's integrity performance is provided in the Integrity Support Message (ISM) format,
as Galileo utilizes a Dual Frequency Multi Constellation (DFMC) Satellite Based Augmentation System (SBAS) and Advanced
Receiver Autonomous Integrity Monitoring (ARAIM) to serve safety critical applications. The integrity performance of Galileo
is ensured by using a methodology similar to GPS Block II (i.e. continuous performance monitoring and maintenance on the
system). The integrity assurance procedures reviewed in this paper can be utilized for a new satellite navigation system that
will be developed in the near future.
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X A5E, 2 AL oA BAH Kol oiet
M2ol 2415 Aol 914 ek GPSe} Galileo AlA519] 3
AHQl FAA obrlEH W RAY A B HES 748
£ B0 B4 AR Qs S W ES Sershlo] of
2ol Qleh. webA] B = Roli, 7] E AA TR ALY
21 GPS} Galieoo] AlA%) AHAIZ9l A4 A% BA WS
ZASER BABICh 2 AlAH 0] RAY A WS TR
39 Y BRSS S48 24} BT, A0S v}
goz, 2t AATHTHALT ] BA4 A BAPEE A
stk s Aaks Mol AL ST A o) 2
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gl thola xﬂnﬂﬂ:,L o] guy, 7t Blockoﬂ ujet B35k £

1 450 Xpol 2 Q13 SIS T2 A BARPEC] 2ol7} glek.
GPse] Block b 3% 224 A% S8 AL At

ol BdE] ok, o5 mekslr] Ssto] 2442 A B
1,]5-]34,]- DA ERAY A 313F

Segment (SS)Q} Control Segment (CS)OﬂH 7—!'7—!' ’\oﬂﬂ =2y
ST §A RS Bl R PAY Helrla s 2 Y B
sliet,

37Z}o]| Al GPS Block 119] EAA Ag]7|&S A5t
GPS Block YA &= oA BT ¢ =& =2
< BAsl7] 5 AlARlS] QA e RS T A Y
N3] (safety assured development)o] 3§ =]Ic} (Shaw &
Katronick 2013). Safety assured development% E35lo] A|AH
o] A BHALS THESHEA] ofRE e Wk o)A
Bristo] Aol AW 3, HF Aol YR AAHL Bx
3 A4 A% BT 4 oAl Gk GPS Block oA 523
=] Safety Assured Development®} System Safety Assessment
(SsA)o] 3%toll A BAE AT

4o A=, Galileo2] FAA 2]7]|&L B4 Galileo
= BAA A5-& Integrity Support Message (ISM) &A1 o 2 |
¥5}oq, Dual Frequency Multi Constellation (DFMC) Satellite
Based Augmentation System (SBAS)@} Advanced Receiver
Autonomous Integrity Monitoring (ARAIM)-S £35} Safety
Critical Applicationg x|5}122} §tc} (Brieden et al. 2019).
Galileo®] ISM 273 351t alid 24 e Bde 48
oA BTl

B = Bo ] ALSE ol &, SARE Hol ] AL o] o]
of] gk Lol 3t Tofof thste] Awsigich A2 A|A
Hlo] @ 25 (failure) & <Ju]star, ‘o] A Adeoll A Hloid
o]#|(anomaly)& o|7|gtt}. ‘Element'= A|ARE F435H= 51
[AE on|3it}

2. GPS BLOCK l1e] &4
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2.1 GPS Block 12| SIS 224 45

GPS& ml=o] AAFAITHA LT 02, 1993 A 7€ GPS
9] M5 E =2 'Performance standard' FA12 5o 3715k
om, 2020 o] 3 SHA| M o] K4l FAjolct (US. DoD
2020). U.S. DoD (2020)0]| 4] A543 9J= GPS Block I19] 2
ddse ohea 2ok

"User Range Error (URE)7} Not to Exceed (NTE)E Y=
URES] 2H48 A], ARgALo]l Rt 73 (alert) 7} 8.0 o|Ul2 A
2] k= AbA ] ¥hY gH5-0] 107/hr/SV (Satellite Vehicle, SV)E.
t} Wolof Gl o 714 NTE Zh-& User Range Accuracy (URA)
9] 442v 2 4=, URAE URES] B42Q1 Al oAl

(Root Mean Square) % x]o|t} (U.S. DoD 2020).

2.2 GPS Block 12| & X2|7|&

GPS2] Block II 9JA7FA= SS&F CSo] AA DA oA =4
AR AEY a4 AE 18T “741 4 Jtho] 4337 %
th. wehA] (US. DoD 2020)¢] %52 2|42 0. 2 8517

o] GPS Block IIi= A|AE] 244 Asol tist RUEl, 317 ‘,ﬂg
A R0 5w, Telm 0 wHE Ao R AAE &
A B 46hs HHHES A185199t} (Lavrakas & Broomfield 2003,
Walter et al. 2010).

Block Ilof] A8= ZAA x8]7]|&L GPSe] A]AE] Segment
of wa} SSofl g5 FAA *2]7]&x} CSofl 481 72744 A
2|42 FREG 839 £24 27148 thal AR BY

B (self check)} A1 2]A] A|AHE] A A (reliable system design)

2 JRLM, CSe] BAA Ae)r|eL Al AAMconsistency

check)e} A2 A AR AR S

j9 81:2

2.2.1 Space segment2| Xt Q1 2 L|E{Z

sse] Al
2Jsisit

Watch Dog Monitoring (WDM) — $-FHI}A T
RE] YEEE U] YAtE2 A E S

0|5 o] 23} A]A &2 AH]| 9 bit flip E+= bit hit A5 24
AlZItk. WDML o]2]gh bit hitg A&sh= EUER, ol A&
A] Non-Standard Code (NSC)E 42351, EA|1E sl 435 & ¢
o] AAR Standard CodeZE £Z5lALf CSe] W& vk
Standard Code & 4£-&35Hc} (Langley 1999).

Time Keeping System (TKS)+= $]/d 2] A|AIEQFY ol thH]
SFo] Atomic Frequency Standard (AFS), Voltage Controlled
Oscillator (VCX0)9] 5 742 W41 AHgste] $4A1A 2L
B9 517, M 0 2 AI7HS 425K AAEO]T} (Wu 1996).
TKSE AFS7F AltjA o 2 =& Z7|oFd A (long-term stability)

2 ZHeThs AT VCXOE Fo] FFssiths A B8sidict
il Xﬁ AFSe} VCXOof|A] L5zmitt 5 0 8 A7 £33,

AIZF AR 9] 2po]E 600 MHzL] sAYES ZH= Phase Meter
& o AT o5, ALK . A7t A u| Tpolsh Phase

EUE Wl tigh 2APEIE thEollA 4



lock loop filterg E3l VCX0o| At HAH VCXOE vt
Bo 2 XE X|7to] A U SR ETh (e, 10.23 MHz7} 421 %H)
(Wu 1996).

Ay718E 27kA]) RAA HE]7]& ol %, GPS Block I $j43-&
S| A1 2] BUE|, Anti-spoofing U E], E4 €}9] ] $JA41A|
Al 37l gk RUE S AFEsto] 914d9] o)/ delitg BUEY
gt e BRUE Y 2ollA] olds HET Al ARgALOA 62
ool &t (Langley 1999).

2.2.2 Space segment2| TAZ|A A[AE M7

SS9] 1A1Z)/d A AR Ao thgh AP thEollA] A 2
SHict.

Four Reaction Wheels, Hydrazine Thrusters - GPS $JA]&
Four Reaction Wheels, Hydrazine Thrusters®] & ZHH| S A&
sto] Qo] v 25FE AofRict A 55
2 Yo AN extel HERSE b7 4 e e b0l
o, HIARQ &5 WA 4 Sl tHaEd el Al
Momentum dump2} Eclipse season©] 91t} (Shank & Lavrakas
1993).

Momentum dump@}, £J43 2] Z}FA|E #|©{5}+= reaction wheel
9] Z+&5HS Eolv A(dumpsl= A)S ¢u|ght. Reaction
wheel> wheel®] Z}714 5 5 H3AA 9140 2] ZFAE A|ofghtt.
o]uf], reaction wheel?] §+& S|-H}eko 20t Z7& & 7p 27 o]
=, 225 B3 2 0] Ha, 71AAR] TAR sl Hkel
ek Zh--FFo] Mgl (saturation)7} =, aig Hek
=] |

ol F7HHQ] AT MRS WA TIA) Tk Al
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o
c} A1, Momentum dumpE- £3}o] wheel?] 7Z+-&Efo]
3l = A8 vbx|sich 129 Momentum dumpingS S wj
1 2o g5 Aol 93] oH a8 4 glck.

| &=aF uhajo] Tz 21L& eclipse season©.
[e)
[e]

&
Lo
2 o

i [
24

A 23], 733t eclipseE WHEA 02 HJAske 710H& SRRtk
Eclipse A2& $149] A% o]/ido] WA¥sto] JabAz]of 15~30
m Ao x5 WYAI7] o] o] It} (Shank & Lavrakas
1993).

GPS gle e 253 RUEs} 24 A7) 228 5
Slo] 1A 0 2 & 255 WISk EAY S 7%, Four Reaction
Wheels} Hydrazine Thrusters& AF&5}o] o] A|o{sic).

Hardened EAROM - $-Z3}7o]| A= bit hite} 7+ W& ] o]
3ddo] IR 4 Uk GPS Block 119} A A &= o] {3 4]
£ siAs517] Y8l FEIHIAI A £ bit hite]] v} 7FASE Electrically
Alterable, Read-Only Memory (EAROM)of| #&stc} (Langley
1999). T35k 4 9] 3PH Z2A|AE u] 6xnfc} 'Scratch-Pad
Random-Access Memory'S 'EAROMO 2 HE| HES JH'a 2
713lekch wabA, HlRe] AR ST 5 e AR
o|AFS 622 AIGF 4= 2Tt (Langley 1999).

Resets satellite processor every 24s+—= RAM ¥uto] ofu]z}
ZRAME 24z0tc}t 27]3)510], ZEAA WS HolE] Z1E]
of] o]ito] A7l A5 tloleE AMS S RS WAlsh: 714
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o]t} (Langley 1999).

Redundant frequency standards:= Frequency Standard ©]
Ao QIstel AT 4 Uk SAA T e AFAS
B2517] €8l Frequency StandardE th&3}sl= Aot} TKS
ofA] AFgSl= AFS= F 7le] FH|F standarde} slube] Al
standardES AF8-5}o] frequency standardE t}£5lsh= HHH S
AFE519I T} (Parkinson & Spilker 1996).

Autonomous Navigation (AutoNav)= z]Al}
Aol diulslel $idol ApRIH 0 = Sk
Sh= 7]5o|tk (Weiss et al. 2010). Z|Ak}F EAl0]
AH = (ephemeris) E $/FAIA o4} Zlof| of
o|EY 4~ it} wzkA] GPS Block Iofli= 2]/4a}o]
IAEH E HGAA 22t Bdo] thet setnlelg AbA o
2 2A357] ¥5ked, Ultra-high frequency 7]4te] 14J7F cross-
link 7)%50] &=t} (Parkinson & Spilker 1996). AutoNav+
cross-link & &3l -2 SHAE 7|¥1e 2 PHHAIZE o]
E5}e] 2JATHe] E41gl0] 18027 $140] ABH 02 Q15 S 4
3 715515 & 3o} (Weiss et al. 2010).
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2.2.3 Control segmentQ| Y2k Z{At

CS9o] A4 A= GPS9] ok o= (Master Control
Station, MCS)ol| A 3=, FGA|o]=e] &3t Flight
commander, Crew chief, Satellite vehicle/Engineering officer,
Navigation analyst, Ground system operator} 2~34 9] Satellite
system operator® JLAJH & 7~8H <] BA7IE0 oJste] Uyt
A A} 439 =T} (Lavrakas & Broomfield 2003). U344 ZA}
ol I olAkTt SIHTIES oAb HATh €S9
T Artel] g 2AME IS ool A A E]seitt

Check the K-Pointi= 7 Z| o] £33} QL= A=<
A SRR HAS SRS 7o FSgAolTAlA 153
ottt 43 == Y3 Aot (Langley 1999). ZHAl=-2 2023
W 129 71&, A AFH R 67]9] n]ET A=) &8 Fo]
t} (GPS.GOV 2023a). 'Check the K-Point'e]|:= Pseudorange
Residual (PRR), Kalman Filter Estimated Deviations (ERDs), L
2] 11 Observed Range Residual (ORD)2] A 7}A] H}Alo] Qlth
(Lavrakas & Broomfield 2003).

(1) PRRZ 'AFE ) (smoothing) e SJA}A 2] S X]'e} FUA|
ofFol UHHEE B3l 2L dabAe FHX'e] Aol &
‘?‘ j=aNe) =4 =
= A% AWHEE {7 3 wizkA] g S8 E At
LE9] SYX] Yol E I ol A] A|elgitt (Shank &

1993). T2k 15~20 me] A Lol AHS-Hrt.

(2) EDRs= 'PRROJ|A| AMS-E ZARHHE] Q] oJAbAE] 4]
o} ‘¢ o B HE $EH FHHAIA'E AHESo] A4 2JArA
2] A9 Zol& Y FAFOE AHgshe BUEE Uil
g BUEE 94 AR Y] 715 Yullo] E(contingency
update)E 2 sh= TS 4P stH, YA 10 mo]ot (Shank
& Lavrakas 1993).
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(3) ORD= 'A R H oxpAR] £
FHHAA'ERE AL oJAA T
l%kﬂe AHgSlE EUEE ittt
AgkE 7102 Z_T;L Yol E 4 L4
=HAA T S ¢
S Ay ¢ /\1741 L
0] 1992\ o] 2 2= Y 25 AFSSHA] &
Lavrakas 1993).

'Check the K-point's ZHFHE] Q] 24 2] JH|o|E F7]21
155 0tc} 38 =] 7] ool njHEE wAo] g B A 15
7 =0l 21&% 4~ 9] onj (Shank & Lavrakas 1993), 'Check the
K-point'e] u|HE A&l tist £A43} E4 ol M AL
Hofl 21go] & 4 Sl YAAR 227} 208 A &2 5 5ol
slol=|9it} (Langley 1999). TE35L 'Check the K-point's 7FA] =+
S XIS AFESH] wiRel|, #1432 ZhAlAdell AA &gt
gHAg o] ek

L-Band Monitor Function (LBMON) - 'Check the K-Point'
o TAE F b7 HH o2 HUE o] a3Ee= FARPE S
ZAs}7] 95 LBMONo]| A|2t=]9ith (Langley 1999, Langer et al.
2002). LBMON ‘A2 F Qx5 B3 oAbA ] S %]'9}
FHUAA S Bo) AEHE SAA e 2HA'9] 2ol & B
£A%o s AFgsto], 6xulrt 2Tk LBMONE 71433}
el WA olARANE R WESIN, A EA] QA
< & 79 SATZAP(PRN FEES 378102 njTto] s 914
o PHAAAE © o4k AHE5IA FHHES she DS A
t} (Langley 1999). o] ¢ FHHAAE YR ESIO] i 9142
‘Marginal' e 2 A ghs}a, SAAA=52] 2470 s o]
Aol thgh 24 9 AvbgE] A& $3ste] g 2ol
SEYH FHUAAE thA] Y 2 ESLo] Healthy ]2 H25H
(Shank & Lavrakas 1993). LBMON& ZIA]2: 24 |UFS- AL

7] w2l ghe] 7pAIAo] 2A] elEaiche abAe] Stk
AZ SUN 22 1401 AV B50] ke Aol el
Asled, o|F A AplA Aol 7Pt Aol olu] 2
SIS WYAA FH 0] BASHA WG S 9] Aol m)
% Abel2 o) 2145 Ajefl7} 9T} (Langer et al. 2002).

Monitoring using measurements from core NIMA sites+ $|
3 7 FAE FESH] fIstod, A= o]@]ofl, National
Imagery and Mapping Agency (NIMA)7} A-85111 Q& XA
2 3712 Bgslo] ZHX oAkS PESH= Zolt (Langer et
al. 2002). 2023 9 715, A 2& 0.2 107]9] NIMA ZJAHE

o] £8 Zo|t} (GPS.GOV 2023a). NIMA AAFZo|A] 2=2E &
A2 AT 158 ARGE SRS FUYA o TFollA] AFESH
t}. Langer et al. (2002)0] &35 20024 7| %, 2 A|o]Zo|=
NIMAS] glo|8| & X &]e 4 )= Temporary ana1y51s tool for
second space operation squadrono| A x|l AFE]$ 7]l S HF
MEL 71 FYANT R Y] BAES FBT 4 9 )
$ $-8 URF 5 ShUITh ST, NIMAS] S5 XE GPS
AFo] 2R Rt 03} U uloloj AR QIF kS © W] o
2ol 27 X0 LY Hlolo2 Fol gk #7449l Tt Be
St} (Langer et al. 2002).
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Pathfinding with Internet-based Global Differential GPS
(IGDG)+ 'Monitoring using measurements from core NIMA
sites' ok RALSH W 0 2, $1419] A S AN 915
o] IGDGY] AArES &851= HHoltl IGDGE NASA Jet
Propulsion Laboj|A] 2%5H= QIE|Yl 7|Hte] H7lesPHA|AE O
2 36719 A4=(2002'd 7]8)& AHgste] 12 F712 SAAIA
AR 9 A5 P02 PAstel AT IGDGE] A4

£ F5to] 9ol tigt 7kal A o] S7HEl AR, IGDG A)/4=-9] ]|

o] ¢JA] NIMA Hlo]e|ol FUslA #71412] Fo] Pasiet.
weba], IGDGONA] oid-& A&7 4, o1& SUAol=ol A
sfof s gkl that #7449 A5 +WSAE s1e o
sh= A0 2 mpebE ) (Langer et al. 2002).

Monitoring dissemination of Navigation Message= $¢]Ajo]|
QREG PHHANE AT T A PUAAAE L F
SA1E ) F A A S Bl ETH R bl mste] ahHuA Al o
gk do]E] AH|AL] BA/GE BRUE P Zolt} (Parkinson
& Spilker 1996).

Smoothed Measurement Residual Program (SMRES)+= <}
Alota: ZRHLElS] 452 Bk SIo) YR S
Zo]t} (Shank & Lavrakas 1993). SMRES: '7FA|=+3} Defense
Mapping Agency (DMA)2] 2UE AE|o]dolx S H S|
o 'FYA o= AThE oA Fsk= YAAR FAHX| (9149
91X D AA 2X1E TuroR AR Sl X2 g $14-
ZEA1 3 Aol tated, 'S 2ok 21 2] 2o]'e] 5} FQke] A
FRTAFLE Atolel 018 FATAYOR NgUe W
OA1E MAT 15t £0GH 22 ALgslel 245k
AHEAE ALKt A2 DMAS] '$417] AlA] @&}
74]'&?} AHEX] 9] P wigo] A AT RS 2

2 Hopfield 2&-& AMg5lo] BASIC RUE 9] ATk

m/SV/dayQ} 3.2 m/SV/day/all SVE F UAZFS 78S

A3-FAl= S BUEFGSH] wliol old@d w4

o]dglAto] 914 FANA A =] FAINAE
It} (Shank & Lavrakas 1993).
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2.2.4 Control segment2| TLAIZ|A A|AE M7

CS9] a4l=4d A|AR A tigh
ke,

Q-bump= 'FUYA| = A|A 7} A= Gl & wof], oFF A o
LRIEE|S Be FUA0IE A shebulelGRate 0 ) F
'S 435}7] ¢sle] 1Qt=E Qi (Shank & Lavrakas 1993). =
FAolT2 A|ARS =2 AFGE BAsh] flal AAE o
Stafo] ARgaREt], ALE 59 A7) ool Whast A e o
AAE AAETE AAZE A= o AHE-L AA7F AFHGE 7] i
of, FYA= AlA" ahatulE] F2gof gt B0 S718)
Al et o2k A|A AR QT AlA otetu|e Y] S-S
GRS Yiogel Folek 2ick SAlel e ol 9191 5
ol AJA' 2A| & FYA o AlA FEtulE] 2G| EAb
ST 610 7 £ 41 A 23
t} (Shank & Lavrakas 1993).
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Table 1. GPS block Il integrity assurance methodology (Woo et al. 2023).
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Segment Type Name of methodology Corresponding anomaly
Watch dog monitor Bit hit
Self check Time kee§ing system Clock instability
Four reaction wheels, hydrazine thrusters Momentum dump, Eclipse season
Space Hardened electrically alterable, read-only memory  Bithit
segment Reliable system design Resets satellite processor every 24s Erroneous position in memory
Redundant frequency standards. Frequency standard failure
Autonomous navigation Loss of communication with ground system
Check the K-point
L-band monitor function
Consistency check lg/izlgz;?;érﬁ$f;z}ssgments from core NIMA sites Erroneous clock and ephemeris
Control Monitoring dissemination of Navigation message
segment Smoothed measurement residual program
Q-bump MCS clock instability
Reliable system design Positive definiteness check MCS clock Kalman filter anomaly
Redundant master control station General MCS SW/HW anomalies
Training simulator Human error

*MCS: Master control station

Positive Definiteness Check= Zo}A|o] AJA| S FA 5=
ZHbhE] o] ZRAL 3§ o] oko] HH 5 A (Positive Definiteness)
£ Esk= Aol Colorado springs®] ZhA[=oll A AlA <
frequency standardg WASH= IPFNA LD FEAN 24
x] 9] 31-f%k(eigenvalue)o] S47 El& Abd o] WY IL/Gk
o] 47} FlITHe ojnlis, ZukEE FHA AL 257
ANSS ouict. FAloll= o] HEsH] Yt o] sl

ool FAt H o] ool FH S (positive definite) o]
2 w712 ZREgE Yool ES 435k Zalgitt. ol g A
£ alidshr] 98k, 1993 AL EQo] Yul|o|EoflA] FEA E
o] ko] ARSAE Rlske argj&o] F7H=E I} (Shank &
Lavrakas 1993).

=9 AEYolH, dH] FFAol= - o]e]o| & GPS Block I1of|
Ae YA TE 285l Q€Y AR WAk oA
£ z|aglslaa 29 AlEYolE & Adsle] Z8319ith B3,
u] g2 Marylandef] $]x]g} Falcon AFBe]] F-tAl|of=te] ofjH]
FEAATE Fol A=Y stEHe], AZLE O] o]ite|
tjv]5}9i Tt (Shank & Lavrakas 1993).

2.2 0]|A] Adrg 3t Block Ilof|A] 2§35+ 278 2] 7]&2} 5f
F FAd AP 7)sol tf-Sshe ol /A& Table 19 A 25131
o} (Woo et al. 2023).

[m

3. GPS ll12] &4 xM27|=

3.1 GPS Block I112] SIS 224 s

GPS Block III= Block II #¢] &4 Ao 2 Lockheed
MartinAle] FE2 7= Qi) (Shaw & Katronick 2013). 2018
d A Block LA o] WAL= 12, 2023 129 A4l 671<]
Block III YJAj o] A5 =of 91t} (GPS.GOV 2023b). GPS Block III
o] s QP X 7L u|=9] Air Force Global Positioning System
Directorate®} FAAS] ¥2]-& E5}o] Safety Critical Application

AFEALE A LSEE S ZAA E it} (Shaw & Katronick 2013).

Block 119 2% E3 FA4A4 AL tf&3} Zt} (Kovach et
al. 2008, Shaw & Katronick 2013):

"URE7} URAS] 573815 H& URES] &Y A] ARgxle] ofjsh
A7} 522 o= ADEA] Qe ARi] WAy o] 10 iy
SV} yolo} g}

Block I, o ¢ 2% 244 458 uleko = GPSE
2 safety critical applicationof] A}&sle= AS 232 A
t} (Shaw & Katronick 2013).

3.2 GPS Block ll12] £ZH Xz2|7|=

GPS Block 112} 7% 44713t B350 BEAL 458 24
}7] 98l Safety Assured DevelopmentZ} 4~8J =] 9t} Safety
assured development= A|AE J|tabgofA] FHA] QLA
(FEAA o324, AHA o312 5 WH5s17] ¢13) SSA
£ 7)uto 2 A AHES AAlsH= 4 S Wit Safety assured
developments} SSAL SHIA RFRTE FEAIAE Sk TE
712 Aslr] Ysto] meke HPH O 2 GPS Block I 94 E3L,
2xalt QHIA RFEAL BEAITNY] Hslo] g wpE S
25}o] 7= 9Tt (Shaw & Katronick 2013).

SSA+= A AlARS PR e BHE v e R Bagh
Y L FRAL WET 4 i AlAH oslElA et o) 4]
28 I element(5FY] 24)& 7sHE W otk (Wang 2017).
SSA I A, AIARS A5k 519 A|AE] 9 element7} 4]
Lo 51 A]AE 2 element7} THES}oF 5= Development
Assurance Level (DAL)o] Asf It AA] A|AES] oS B
Zol7] YA, SSAE &5l ZHE DALE AT £ &g,
5H AlAE] 9 element2] FfEbo] e |ojof Shrt SSAOAIE
DAL 25t ofal, oA @ F2AE F557] Sigt A2
o] o}7|El X7} FfXIch A AR o} 7|El X = 2|F A a2
718 3 oA 9] SSAS Balo] Qiefol= e,

=2 w1 = R R B S

GPS Block oAl 3% SSAE th3-9] 4712 o2

Z
A
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Fig. 1. System safety assessment diagram (Shaw & Katronick 2013).

B==c} (Shaw & Katronick 2013): Functional Hazardous
Assessment (FHA), Integrity & Continuity Assessment, Element
Failure Mode Effects and Causes Analysis (FMECA), 12|31
Element Reliability Predictions. Fig. 12 47}2] 114 o] 34A|9}
915 =48k olct,

FHASLAE A4 Al289] 22 7% ol B A4S
HAZ % G 3191 7155 ApEsie, 2t 519) 59 ol4

=
o] AA AAE] v X FFE B4R} (Shaw & Katronick
2013). FHAS] 241 tj4He ‘A28 o}7]e]3 o]}, FHAL BE
7153} 519171550 AHE urix] SAMR s, 04 7]
& (Function)o]] 27& w3o] $3Hr} (Wang 2017). 5191 7%
o] ool AlA8lo] BIAIt Wik A7k (severity)ol wfel 25
wlu, 4174 0 2E) i 519] 7)'5o] 589 DALe] A st
(Shaw & Katronick 2013, Wang 2017). A1ZHd 3} DALS] #AE
Kritzinger (2016)0]|A] Zto} Table 29} Zro] &l JLAI5}QICT

Integrity & Continuity Assessment ¥}7 o]l 4= Fault Tree
Analysis (FTA)} Common Cause Analysis (CCA)7} =3 =it}
(Shaw & Katronick 2013). FTA2} CCAQ] EAThALS A AH] o}
7152 o]c}. FTAL FHAS S3)l AlH 519] 7]%5-¢] o]4}g at
N2 4 Qi 51 Al2w 9 Element AlAE ol 714 S 3
£5}0] top-down ¥4l o 2 AlHSH} (Shaw & Katronick 2013).
FTASIA S 519 71 oJAHE 4D € BaAIE 4 9l B
£ 7Pt 21218 2 A T}, CCAL 8}9] A4 o]
AH 13), Element oJ4H(H 1) 7o) ATBAE molot
#Ajolth, FTAS} CCA®] 272, 319] 71% o)4%, 319] A48 of
43, Element 0|45 7+o] BAE T wofl oot 4= Ql= Tree &
oFo] Tl (fault tree)7} AFEE T, fault treeS HIEFOZ AJA
do] 45 W 4 Qs B84 mYo] A&t (Shaw &
Katronick 2013).

FMECA - t}x]u} oA 2 FMECA2} Reliability Prediction
o] 8=} (Shaw & Katronick 2013). FMECA2} Reliability
Prediction®] 241 thALE AJAENS LAISLA Q)= elemento]|T},

FMECA: A AES JLAJSH= elemento] theh B0 2 A|AH)

flL

e
ki

=

tlo
7|
H

rol

oF
Y

N
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Table 2. Relation between DAL and severity (Kritzinger 2016).

Severity Quantitative probability ~Development assurance level
Catastrophic  In the order of < 10 A
Hazardous In the order 0f 10" to 10” B
Major In the order of 10° to 10” C
Minor In the order 0f 10°to 10° D
No safety effect None E

TSk elementol| A EUEA] 249 715 7HA] oH 1A
ZHAS Shetsls BA1H 0 2, Bottom-Up HHAL0.2 48]
t} (Wang 2017). | 2418 =5 A|AE Q] 519 element7}
A8 A o] v X &= ks Tetslr] wfiiol, FHACA] DALS
273 237 FMECAC]AIL: elemente] DALS 278 4+ Itk.
FMECAS} FTA, FHAS}S] 2o -8 FMECAO] 4]+ element o]AF
of e B4 wubo] okfzh FMECAS) 2% Higto 2 A
28] 9] off S Hmitigation)& AIRFeH= Aot (Wang 2017).
ARt of-SHeHE 2 ghsle] FMECAE RHE 385}o] oy 3+t

[}
o] gEAE AFTH

> oo e

h)

A5t} (Shaw & Katronick 2013). Reliability Predictionof|A]&=
214 element?] &-g-d|o]E], E&(standard), FMECA A3}, g]
AE folE 5& 7§t g A48 #3351, elemente] o}F
$}H(redundancy)& efsto] 1% WAYSES FHTct (Wang
2017). Reliability predictions E3} element 1173e] ARy SH
EO| AFEEW, ¢4 BE B4 (FHA, FTA, CCA, FMECA)2] A3}
£ AdE 3oslo], A" AAQ] A5E HUHE 4 oA Ho

GPS Block IIof| A& Safety assured development 2]o]| &=, A}
B2F A 712622 ol ARgAAl HuHDE FF
A1717] $J51, 714 <1 SS EH|Ql RUER o] SVOI+ $}/def
2=]9jch (Shaw & Katronick 2013). &4 #|o]2& o] 'AJA&
A S|Z7}=(circuit card)'of] st ZUER, $AfollAf o] 714
ol B4l R, 3] slol 2ok ghadnlA 7he] 1Ak
SUE Y, 92 Adell ZUEI o] 8=t SS EUE ol
7% SAI NSCE AR & Hehsto] AHE-
M-S G o 8M, AMEAF HaAZE BEY e =

[e)

= =
S} 4= o)t} (Shaw & Katronick 2013).

AR TP A 02, GPSe}
H g AI Al o]t} 2016 187)
o] 2JAI& vlEro 2 Initial Operational CapabilityS 335191 17,
2023 12 ¥4A) Full Operational CapabilityS ZA15}7] €519
A& 0 2 74k Zof| 91t} (ESA Navipedia 2023).

Galileo= 20044, GPS-Galileo o tfigt U.S.-EUS] g}
o] Aat=, DFMC SBASQ} ARAIMS £56}o Safety Critical
Applicationg X sH= A& AA519 T} (Brieden et al. 2019).
ARAIME DFMC AF&AFE 2]5F RAIM7] % o], &= ICAO
SARPs B417} 7HaF 2o 9Jch (ICAO NSP 2018). DEMC SBAS
o] 739~ 20230 L3P 2|41 ICAO SARPsof|A] s W& &l
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Table 3. Galileo's integrity related performance parameters description (ESA 2021).

ISM parameter Description
Oura Standard deviation of a zero mean normal distribution which overbounds (DeCleene 2000) the actual distribution of SIS range errors
P Probability that one satellite of Galileo operational core constellation provides an instantaneous SIS range error higher than k times the
s Galileo user range accuracy (Galileo URA) and no notification is given to the user
P Probability that, due to a common cause, any subset of two or more satellites within Galileo operational constellation provides an
const instantaneous SIS range error higher than k times the Galileo URA and no notification is given to the user

Table4. Galileo's integrity related performance (ESA 2021).

Expected performance

Conditions and constraints

For E1-E5a DF combination: * Atany user location

Ouyga,pr< 6 M

« Applicable to a healthy OS SIS
« Propagation and user contributions excluded

For E1 and E5a SF SIS: * Atany user location

Ouypa,sp< 7.5 M

« Applicable to a healthy OS SIS
« Propagation and user contributions excluded

« Atany location in the respective visibility areas of the affected satellites

Py < 2x10™ « Applicable to both OS single frequency users (E1 and E5a) and dual frequency users (E1/E5a combination)
« Propagation and user contributions excluded
« SISE > k x Galileo URA (e.g. kis 4.17 for P, 3x10°)
P <3x10°  Atany location in the respective visibility areas of the affected satellites
s « Applicable to both OS single frequency users (E1 and E5a) and dual frequency users (E1/E5a combination)

» Propagation and user contributions excluded

*DF: dual frequency, SF: single frequency

Table 5. Integrity performance and assurance methodology of GPS and Galileo

GNSS system  Integrity risk probability per SV

Integrity assurance methodology

« Continuous performance monitoring

< -5
GPS Block Il <1x10 » Maintenance on SS and CS
8 « Safety assured development
GPS BlockIII <1x10 « Additional complementary monitoring on SS
Galileo <3x10° « Continuous performance monitoring and analysis

« Safety critical application through DEMC SBAS, and ARAIM

S} 4= 9Jt}. US.-EU geke vlelo @ WG-C, ARAIM Technical
Subgroupo] ZAJ=lo] s TLFollA] ARAIMO| =] ojghrt.
WG-C, ARAIM Technical Subgroup2] 1712 3}+2 ARAIMO] &
aejEo] FAstE o] 2010 FE] W] x| T B aaofa]
Q)1 7H ] 2of] ZAE B 1A= WGC-ARAIM TSG (2016)
o]},

ARAIM E8-2 9I3) 7t S EE g s zel 22
A 3ZR1 ISME Al-FsloF gt ARAIMOA = ISME 2§
%A&]i’-_,] Xq E}:Z—] ‘:'73/\'1 A&]_‘:_.Q I:]]-Oﬂ'(ﬂ—q- GalileoE® ISM
3 735 ARE AFSHAL 1o, ESA 2021)0f| 4] FAISHAL
ISM B2/ A5 A9 F7e}d55S Tables 33} 40]

ox.

%
fo 30 40 L ox

12 rr i N o

<o gk ASEA (Performance analy51s)E 7\]—:’;—%42 4
3i5lo] GalileoQ] ISM & 24 AS428 B4l 9t
(Perea et al. 2017, 2022). Galileo®] 3415 93} RUEEL
Time and Geodetic Validation Facilityol| A A A A 1770 2] Galileo
Experimental Sensor Stations®] 4 2| & H}Elo 2 434 &| 17 Q)
ou, th-o] Al GAIE F5to] FHAS eXp7} Al4lE o] By
E]lg =it} (Brieden et al. 2019):

O W5 SEAE 22 AlLE () W SAHAIA 241 Al4E 3)
A5, 2215 AHERF $1x]oll £o5191& wo] fhHAlS @} A4

o

5 &&=

£ =RoAe AATAGFHAIARI(GPSS} Galileo)o] £
4 ii?ﬁlgé ZARSIACE ZF A| AR B Fsa B “’7“*
2]2]7]%-& Table 59] Q¢k5}3itt. GPS Block 119} Block = &
q5he= F ”ﬁ“ 452l xfo| & 15}, HEsle T2 HErls
o] = x}o|7} 2t} GPS Block II7HA] = x40l A mUE e
I A WA B S B A RSE Bl 2AA4 S BAS)

O

=T = 0o TEaog o
It} GPS Block Mo A= QHAAl @ TRAEAN @ F2A
EEDE 1T A28 A 9 R ag at 27121 SS By
ElSo| 85 ¢], GPS Block I8t} & £72/4d H5& BAth
t}. Galileo= GPS Block 19] 44} A% B2+ v a} S Alsh H
el A&AQ s BUEH T} fA R4 Fole] £243 45
& BAslal 9lom, T A A5 ISM 4] 0 2 A|F5}

DFMC SBAS2} ARAIM-S £3t Safety critical applicationS 2]

H =10] GPSe} Galileoo] B£4A Xg]7|& RAF A= A
2 SRR AL ] Fasine 286 4 8
Aog 7ldideh. A& S0, MEL AT HAIAR A 72
2T LS dAsIE 2 Jusichy, GPS Block 119] Safety
assured development H}Alo] AF&E 4= Qlt}. ESH Safety
assured development I+ oA A|AE BAX g AES A

ZL
N
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