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GNSS INTEGRITY AUGMENTATION AND TEST FOR
APPROACH OF CIVIL AIRCRAFT

ABSTRACT

Among the four performance indices of the navigation system, integrity is directly related to
safety and reliability. And integrity is the most concerned index in the safety critical applications,
such as civil aviation. This paper focuses on the integrity of the GNSS-based airborne navigation
system, including aircraft autonomous integrity monitoring (AAIM) algorithms and aircraft based
augmentation system (ABAS) technologies, for the purpose of enhancing the availability of the
aircraft navigation system in the approach process of the civil aircrafts and improving the economy
and the operational efficiency of the aircrafts. The study in this paper involves three parts:
theoretical research, algorithm design and testing technology. In detail, the paper 1) reviews the
theory framework of the integrity, 2) gives the simulations of the availability of ARAIM to provide
LPV-200 service and CAT-1 service separately, 3) regards GNSS/INS tightly coupled system as a
promising candidate for ABAS and designs the fault detection algorithm and the AAIM algorithm
for the integration system; 4) realizes the algorithms above and validates these algorithms by
simulations; and 5) studies on the similarity between UAV and the civil aircraft during approach
process and designs the testing technologies of integrity-related algorithms based on Unmanned
Aerial Vehicle (UAV) for the purpose of testing the algorithms using real data. Conclusions show
that: 1) DFMC ARAIM algorithm can provide the LPV-200 service globally but it can’t satisfy the
requirements of providing CAT-1 service globally; 2) GNSS/INS tightly coupled system can
effectively reduce the value of protection levels and enhance the availability for CAT-I service; 3)
robust estimation can enhance the ability of fault detection algorithm; 4) the proposed fault
detection algorithm can detect both the GNSS faults and the filter faults and can separate these two
kinds of faults; and 5) the testing platform based on UAV can realize the validation of the integrity-
related algorithms and it is extensible for other relative algorithms.

Key words: GNSS, integrated navigation, civil aircraft, approach, integrity monitoring
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1.1 MRE=

43k P S £ 4i(Global Navigation Satellite System, GNSS)/& —Ffh s 4 BR7E 75 4 K
IR RS = SRS, HMEER GPS R4, HEIIL RS, KKEH Galileo R4,
5 Wi Glonass RG%5 SR AL, H AT SRSl 1M GNSS #UHLE A KL i 17
K. DRESMARMEAIEMENR. RE. BN, ST SRS 2N A, HN A
YO SZ ARG I IBR ] o ASCH AL TR ST AT LR RIS, Bk, BFF GNSS
TE ML S AL R R R

GNSS HIRT] IRk RARI AR SS, HREIFIELN 5. GNSS Rgta Wi
IS LE ) R, CFE R, WSO RS, XX R — @ 2, 24 GNSS 1
FAP R RAN 2Ci8 . MRS Ay 2 4 B AR MAT AT, w7 BRI SR AW “ 58
L4 (Integrity) 7, 0 EDLE ST 28 40 0 30 e ) 2 R85 Y 7 DURE S FH P B iR 0 e D0, BN
J& ST RGN AT FH I BBt ) FH P 25 e 1R R 7 o S - PEAR DG IR ME S AN BV B 78 5 — 2 b HAR A

M.

AR SE B2 RUAFAT ML A P B RS AL R MR RE L — WA RLZA SRR G 58
GFVEREAT MEIN o SEUF RN I R B . R R RE =, e R e ) 3 SE A
BRI DR L e I ] BRAMUX A1 B4 S AN AR A P T A5 8132 RO L TR 92 o AR SC AR F 7 B
RN FHR S B T e RS

HE FHARGR TR PR R UL U7 AT 5 B RS R S SRS 4L & &
4i. GNSS/INS F# 40—t A H & FAURGE, 2R G AT LUSE e S UE AL AORS FE AT &R,
WS MRS I e I I B R AR 2 — o FIE ] GNSS Toidkid 3 75 R (1 5t PR EOR I
UM & SR GORIE B S ARG S, 48, R SRR G SRR I EA R
THAE TN ASCE ST GNSS/INS B4 RE0 FALR G e i ML 3 .

GNSS S8 AL BT T, L35 GNSS SE i I BEIE | 76 11k I P4 2 DL K Se i P 0 i R 48
XY JE GNSS FERMIEF SR M . 25 GNSS IRg5 HERE LA K i i R T S A F 2L
B AR 2| DAV AN AR G2 OG0, BRI A I B 58 4k BT 7T 24

1.2  #ER

ARSI FEI A T FR G BT IR, FH A 1 S e e 1) R, X — U (R A SR 46 T BN
)\ THFERES, EJLHERIGE] T B N AMEE R T )72 0 o B AR i 7] 8 1)
W IE F EEAAHE =R 5 el Rtk &R, Bl B e i R B, AL S R 45t
UF PRI R A

TESEUF I BARAR R AU FE 2, R Al K5 25 e ALE 8 SO & 2 6k GNSS
SEUFIE MR R A T A S MG, T T GNSS SEiFE 1A B AS R SRR, BFIT T AR se i
P ) R RS AR ), S TR 7 GNSS SElif- 1 B 48 SRR X [ 7 [ H T oK
] Washington Y. Ochieng W7t 1 GPS 5E i1 K BT KL S AN RATPY B SE PR R B, X
2 G S It GNSS 78 ML CHLE&AS AT B B i mT B4 () Al
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FEUCHL A 3 58 8-V W Il (Receiver Autonomous Integrity Monitoring, RAIM)& &) 7T
SULINAE A AT I B B ) — S0P A 3t 1 S B A e PR 0 5 3R 51 0 5 e e IXURG: 2 75 8 1
AV T BN AMR 2 38 XL 5 i e ST TS, AN S
ALFE LRAF 7K 5 5 VRSN B RN 55 HE Bk 77 7% (Fault detection and exclusion, FDE) 151
Wy . EF RN EH T CHFF 2 B 2 5 1) ARAIM(Advanced Receiver Autonomous
Integrity Monitoring) 5535, A RUEAK T H PRI 7KPRe21,

R FHRR M I, BWE I LR S S RS S A ATH B kel %, W R
P2 PRGNSR A% 1 SR SS I SCRFRE T o BRI, MRS IR G e dF PRI s AR
FRB) T ARGV T2 0% Ik, EARFM TS H T &Lk e b s ai
KRG 71 o i WAL 56 U P39 5 7 V2 A48 5] NBh ZH B R 1 58 RAIM B ARAIM 1] i 4
(YRR, A AR T A B o 5 4 M 1R VRS, DR BN 30T R St (Inertial Navigation
System, INS)fi B3 55 52 41 (1) J k2524800, Horp 5| NS T ECE 10 1 S0 R A5 H B 24t
JE FMARG R —) GNSS S NHG SN ARG, X HE FHRG N 547 P I R
ZIANBIHLE A 5 MW AR (Aircraft Autonomous Integrity Monitoring, AAIM) H1131,
A P8 TSN B 3 58 i M s DR (RAIM) T %

W ANLER AT R G U ISR BRI A BRI 2: (1) P MRl S5 HERR (FDED
REJy, BSEPRAG H b, SEAERRIR S, (2) RS NIRG IR K, ARG BRI KF
ARG B RTEAR G T F O T80 HE kiR & FDE G870, FRIRERY K,
PASKR- G 2R 8 0] LAY A2 B ARG 35 I () S 0 R 85K o A ST R BIF 9 H2 T ] 3% — 4k

1.3 WHRAS

ASCEE Ny “RMUCHLEE R B TR S e I G R SRR, RN ARG <58
W R, FEAREEISEE. BIERTRIARER =5 . BARN AR

(1) EELWTE:

W T8 S 2R G e I PR RS DL R KL AN AT I B () Se P K i 9 5 e e s
LB MR 2 BRI S R 48 A 3 5 47 1 R W B vk (Aireraft Autonomous
Integrity Monitoring , AAIM) [{) #E & ;. #F 7 AL % 5 i R 46 58 3 14 1 38 (Aircraft Based
Augmentation System, ABAS)/Ji&1%.

(2) Hikitit:

W7t ARAIM Bk 1) J5 8, Gl i vH B LT S 7T ARAIM BETE LPV-200 JiR 55 FrifE R 11
IRATHIVE, BESE ARAIM SLIEFERS & kL 51 T i A BRAT ML BIFFE GNSS/INS B4 & 3
ARSI, BT ST T R4 & KA ERIIRE 7 58, Wit — B w8 MR
HEFHRG H B RN, JF— Pt R A SN R AR Z a5 i e A
PEAE Lo

() MHAFEA:

3T MATLAB/Simulink 1) ARAIM AT P4 H-F 6 81 GNSS/INS 45 R4 H &
SERFIE R A BT & s FE AT T AN LB T8 S 1 e S & IR R SRk
R

IR RN A B E E SR ES G, Bk, =k, Bl 1-1 4G T E
AR 70 JEL I 0
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BRA INSHH4T GNSS/INS% WEAZALE
B3 7% WAEER% F b Y]

B 1-1 CEBBEN

KRN ARG R . LFEHNE, F-FRLENLEL, MR E
RRISR I Ze K, WFFCRI N AR LA S B8 B SE i MR B 45k, B T A SO I BB I 7L
Gr; B AN R R T A SR BIA R 4y, Horb A = m R m UL A 3 e U R SRR
JEEE B, BT T ARAIM BT LPV-200 (4 BR T FHPEAS 0L, 45 DU 25 BF 9 A% 00 L 52
U PEIEGR, BEFC T GNSS/INS R4L& RS0 H 5 M Wi i i, 5e Bl T MR BE it 5
LI A RA MR BARI Y, BT —8 ARAIM B EII R T 6. —E584H
ARG H LS RIS L 5 A M — BT AN B 32 58 07 M W0 S LR
a, AT O BRI MR I SN E AW TAE SR Rt i B, HhiE

%£¢2A$T~%9%$mﬁﬂi”*m {1 A SR 1) — LB BIF 52 7 1HD

1.4 HiRE

ASCHEFTTE [F] GNSS 7E R LR, B SN S AT ARSI 5S4 1, A5 s bLE
ARG R B AT Ber T ik, JCHOR B AR AT WYUK S BE i i B g T
ko AW FE I S B 3 e i P M SR i M BOR W 7T, o T AR TR T S AEA
HL BT SN SEEIT 6 DO AR EESEAT RAEAT I AW 7EBAT DUF RO

() FARL, WUESMARG SRR B R SUE A TR, AR T b
BERFEE R SRR R AN S, BREVERT. AT A SRE I A5 T .

(2) LR E, BTN ARG E U TG SR BoARAT BT R KA LA ARG 3 BE L F BOATRS
TR BOB DRI AR e BOAKAS, anph DR . IR SE AR 0 R G5, iR
IBATRER, BRISAT IR, BARFENEGESG AT RRAT W12 att; it
FRUARGE A 58 0Pk RIS A I B AT T HES AR G SR AE R S B S B X
S AR TR AT AN SR IET &, — T e 7 SIRmmrsEr:, 5—Jrmt—
SEREFE ERRAR 7 RERAER A, X0 T LS AR G E AT IE R A H .
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AR BAERA S ERHIE FCER 53, 45 H 58 i PR AN 58 S PR I AR DG IR SR BT AU ik o A F IR
WHEZHN: 21 WA HSM ARG SRS, I i RSN B SRR R, H
TG IEESR: 2.2 TR ERNMAR R, 2.3 TAAIERSM RS A Bk
MBFIRLRE, TN EBRA M E S 24 TR ATR NG,

2.1 EFMHSERMSAMIMEREREK

2.1.1 FELFIEMES

“SEUFIE (Integrity) ” A& GNSS [P BEFE AR (GNSS “PIUtE") 2 —, R H A FEMERM %
MR REBAEVI—MERETEbR o SR IR IRE SO B : S FHLRGA 0] IS S B [
F P AL 2R 1) RE 7, R B2 X A RGP - FHUE B IER RS AR - Bk,
SHARGA TR Re A G i — & RGN R E T s, XN rT ae e A
ks, PTRESE R R AR, AR AT RE A R 2 A, (H R A B T R 8T
LR GA AT FH T4 € SRS, IX I 1) 5 2 AR i 5, — 2 SRR A W
B AT R R SRS I ER, P an vl W TR BN R, thEEIR ZE W 7 21K,
PREJURAI 30 2255, 1R LA i T FE h b R R s S R G A v, X B 1) 2 AT TR
AR SE U1 RS 75 2 o Se e JRURS PR 2 SCRI, 75 51T 28 0 5 g 00 50 920 o ) e s e iz
B 58 A7 15 22 B ) [R) I 1R REL R o (AR HR Y, fE S It B &, B St
— 1], X RIFE T ) P R AR A BRI, RGeAS T F S 1A B P 5 A B TR AR ) |
BRARAE 5 25w ) (Time To Alert, TTA).

WRYE_EiR oy, WS MRS e — e E e br, P ads: HERE (Alert
Limit), S 2 7E— & B 5e it X GBS 1C1E Py, Probability of Hazardously Misleading
Information) "N RJ VR I K E R 2z 15 A] TTA 4%,

SEUFES GNSS RS HAD = ANMEREe bR, BUREREE. LM mnl HME, JHAEEIRmo
R, MR OGN . X B g th F At = AR REFR AR S K B IR ()2 — s BB LR
NIE AR ZEAE L EBNETR (1) 02 AT R G AE — B[R] P S AS o W it — s R FE A0 Se i
PEREM SRS IRE 75 AT F M S M 1) 2 S R G e S (L AR 45 A ek it o (R R3S S P2 52 0T
P PR SR I ) (5 RN R AR . ] 2-1 A T SRS VUM Z A E R R

Py
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T RNRS “ VUM Uh 2 ER S 2R SE A ORI o X TR 0T 2 4
PERIATSEVERIATE, WM. ML, W15, SELFIE R o R I AT RE TR AR . P DARR
IXAT VY N e i BUR A R Cntegrity-Sensitive Application, 1SP). 7S SCHF 5T ff) 52
SR GAE RAT TR L, 17 B A B PR R ) B A 2 A R R SE P AT, BRI SGT IR
JC N A AT R G S U I AR S O . B PR IRTZHZY ICAO s HE T A 1 5 aF PR
Refabr, BAE T —/ TR,

2.1.2 BRI FMIPEREZR

PR AT 2 ICAO AR SLBr 1) SE B & 50 A R ZEoR, 2 7 2 F M g T Wi
(Performance Based Navigation, PBN)J#f:&. PBN == ZL5m i EA R 1) KATF BL s ST &R
GO PEREESR, WS xRS R el SRR sk . Hodr, R KHLIK
KATHY B AL LK B (En-route). #&3# [X (Terminal). JEkS 253 (Non Precision Approach,
NPA). R4t E 5| F1HEL (Approach with Vertical Guidance, APV, {55 APV-I fil APV-
1D, k%3t (Precision Approach, PA, fif& CAT-1. CAT-1 1 CAT-II1). H¢HlHL, LPV-200

(Localizer Performance with Vertical Guidance-200) #&/~F APV-1 il APV-II 2 [a] ki i
T, BN RS AE K LBEUT 25 B b T 200feet (£ 60 2K (Rt FR 4L B 3 B 51 S 2 41
FEARPERE T S, 75 AT R R Er bR, Frf Mt pestim. & 2-1 b g
ICAO HHHILRE (5N K AT B B 1) B /A E 14 Be Ar #E (Minimum Operation Performance Standard,
MOPS) B,

R 2-1 R AT EN BRI SAERR TR

FEE (95%) AL SeiF L
BBt TTA | #E&E | TTH%E
K #EH KF #EH %
A 4% 3.7km 3.7km 5min
2R itk 0.74km N/A 1.85km N/A 1-107/hr 15s | 1-10%5/hr
NPA 220m 556m
10s
APV-| 20m 50m
LPV-200 4m 35m 1-2x107 1-8x106
16m 40m
APV-1| 8m 20m /approach 6s /15s 0,00~
CAT- 4-6m 10-15m 0.99999
1-4x106
CAT-II 6.9m 2m 17.3m 5.3m
/15s
1-10° 1s 1-2x106
/15s /30s(H)
CAT-I 6.2m 2m 15.5m 5.3m
1-2x106
/15s(V)

F: LPV-200 J& —MAHXS B g5 pnite, 78 bR R ZH 2352 () SARPs (Standard and
Recommended Practices) U473 5B A28 LPV-200 H S AitERETR K. LPV-200 s ffi %
SASGERNE RPN, JCHE R R5 SBAS HIN A M =41 — /N3
R 55 bRite o 7658 =35 rf, K FUANVKHR SBAS UK A M UL B 3 se i RS N Bk 2 5 w]
DAL LPV-200 Al 55

K 2-1 P SRUERE TR R A2 S5 S0 T SRS 15 T LU T AH B3k i B 1) 3 AR
W HA R SRR e bR, 5 FHUERET KX bk AW 2 5 mT 1% RATRY B

% 5 7 3£ 60 0l
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2.2 FESFME MR RERA

W 2.1 A, FelFtER S A SEE B O, T B PR RATAH R G T &
YATBY B SRR SR, BRIk, 7EAS R SR S R0 T 3 Gt AT 56 B 1 M It 3k
R T I P AURR IR I FH PR DA SRS SR o T B M U T DAARARR B ) B 53 D = K M T SE L 1t
WEMiEIE (GNSS Integrity Channel or Ground Integrity Channel, GIC), B3 [ 3= 58 i I il
(Satellite Autonomous Integrity Monitoring, SAIM) FIHLE T AT R 48 B 3 5845 PE R CAircraft
Autonomous Integrity Monitoring, AAIM). A0 5858 i WS AR & rb 1) = 2R IS 0 7 74
A ETT

2.2.1 Mt Se o i I I TE

H T SELF PN MDA TE (GIC) (1) 32 B IR 2 10 b [ 4 T M sy £, X e o] DA
T X 45 32, &Talﬁﬁéﬂﬁiﬁél”ﬁ% XSk 5 AT LI GNSS 55, @it AT
T ) B SR AT AR 5 HERR (Fault Detection and Exclusion, FDE) B3 Hif& R
515 (Fault Detection and Identification, FDID. b [ M 354 18 75 B 37 B 5 % 4%%11}
PRSI B S5 5T R 25 P, T AN Bs B 6 vl LIS Bk B PUE (GEO) B RS, 1X

AR B ARIE T 3 B MITRE 2 & (#4804,

b T 6 e s U TE AR SR A TR ELIUARI GNSS 52, XEFRASH 45 &
E”ﬁu, Fir AR LAFE GNSS ZRGiAN nf FH I v th & 25 s (H2& GIC A H A sk, GIC

FLHTH WG AN GEO TR BAA AR, 1 H 75 E & p i ik 21, X AR GIC A
?F)LI—JE/J;E/T}# WFREREMBN, T IR 2 I E&L I, ARetEA A5
P

TEILSZEL R, GIC [ LK A 45 A i Hb B 1 5 R 48 GBAS Al R 38 R4t SBAS. 4
SR, GBAS Fl SBAS H AW AELHE 58 i M WS AN SE dp PRI s Th g, 10 KA Db FEIE SR INAE, (HA2
BEE GNSS RaitEre i AWrHEFt, hFEsRIIAE1EZH 559/t . SBAS R4, GBAS R4t
EPSER AR TN, SEEK WAAS R4 LASS 240, THIEFIE}F SBAS Fldb-}ih
FEMATR R G, (HI A AT A2 AN ] B8 )

2.2.2 BEE e

REEH TR (SAIMD 12K 7E GNSS L& _Elnde GNSS H2lihl, 2%
) GNSS L e] LA B A TR ) FHUE 5, AR ITURE B3 T sa i v, 24 i)

B TR SRR A, BT R EEERD, SAIM EPL.@:.EEIEH%E%E"JHQ{WJ, Hp A
[ B i 11 A TR 2 1) 3R AT 5 e A AN EL AR AR A, B (P IR %%« SAIME BT DL N0 () e s L4545
SO MR BAEERE R WS EEA L LR A SR . A SAIM 1)
JRER AR, SAIM T AL AR AT IR (Xs 9D Ml 4 56 B 14 10 750 TT A 2t A7
B PEAE PR ZZ A IR R B i, 75 RS S NSRRI 2 /T, SAIM Bt 2 &%) H 5%
U 3EAT T B o A SCHERBI T2 B, SAIM X T GNSS T2 T AR B i 22 B A ISR AR &
B DRI A 18em K/ HIE AR ] iR 2200 (B A3 48 H , SAIM FEAIK TR Z IR =%,
Sof T BRARAR Y K A B EH . {52, SAIM i L E A6 A, & EH, SAIM ik
Tl 2] GNSS 15 5 &t 2 J5 PR ST Bl Bee, b G me 2 J2 o (1) g B A X 3 23 P s o

2.2.3 NSRS B £ 58 i

WL AT RS B 3 50 0 P s I ) 32 22 B =2 L3k S R U B 245 B IUR R T
0 BF, Hrl LRI TUARAE BT — 8BRS, WA BEREL T, S MNEEMN IS
PR, S— BRI AE N, WA RAE T M. 78 DRSSk, ARSI — B RR 1
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BEUSHL E 52t A (Receiver Autonomous Integrity Monitoring, RAIM), {H RAIM 14t
T GNSS FF S0i, A& SHARGN H E iR NANARE RAIM, 1R & FHLE S
iR % HE Xoetr i (Aircraft Autonomous Integrity Monitoring, AAIM) 7G5, AAIM
sE b RAIM B[RS, BR T RAIM Z 4k, ‘Bt Hh GNSS/ UK THH & 3t & 4t GNSS/INS
HAE SN ARGRENE ECE RN . AAIM FTFer, R IOUKSENLEAL BT B 3 52 if
W, A .

AAIM/RAIM 158 HAR s & ARSI SCRE  BOAR T LT8R PR i ) g e 2 2
A, 11 AAIM/RAIM tHFE I B4 mi 43 2] T 22 AR FF T SR bk, BN T RSN
2 WEFEEBCNIR AN B SE I IS DN R o ST ) 6 B e N R 2 L 4% AAIM BV . AR 1)
2.3 A 4R AAIM AT/

2.3 ESMAS B ETF I ENEELGIR

AAIM ZEFTTHE SN RGN H E el IR A . X BRPLE S ARG T L2
GNSS #4t (JLi] AAIM B2 RAIM/ARAIM £y, A P2 GNSS/ LT GNSSHHR S«
GNSS/llEE Y (DME) &F4H& 3t RS0 H £ 5u it &% . AAIM R H R S0 UK S
WUER T AT 2 45 ()0 B B AT e PR S N, T A 75 8 By T 003l i3 66 5 A P A 0 1132
Fro NHXE WH AAIM EEEET 4.

RAIM J& 5 LI —28 AAIM ik, BRTCZ) 124775 T GNSS i+ . RAIM &k
BT 1987 4, 4idin 30 A EEECE R F LK RAIM SR IE 76 it 1
TEIALE T L N R ) RAIM TR RAIM. fRISE RAIM 153 I j2
1988 4F Brown # H! i) 5 Kf#4> 857772 (Maximum Solution Separation, MSS). X4 (K
FEATRRAZ, FRT I TR A R T AT A AR, IR TC R, X £ 4 R ]
IR A S AN T TPRAE, AR TR e AL 4s R S M e A 45 2 [ B &l 71X
—IBRAE, AR A T Mk, 5 IR RAIM B9k =35, il it T O E L ek
BN TR ZEE M EE, X = RAIM BN FEEE TR ER RN, H =
2 RN IR0, A BARA AT R B T M0 RAIM. DAEEIRT) RAIM, I8 %
HAHAL RAIM (Carrier RAIM, CRAIMD, {HiHTH& Z R IEAT S R AR .

ARAIM (Advanced RAIM) & 7EIT LE4FE Rk F R (1) e e B SOl B 2 S8 dF R, tHAY
FHTAX GNSS {5 24t . ARAIM A% T RAIM EER S 2 MAE T ()RS, £
B (2) A E B ZE AR R AT (3)% TR BL 5| T ARk i RE A S R RE S iR
1658 = 2ol HAR A 43 ARAIM B9 U EE

£ 2-2 RAIM Eik43%

AEHR WA
Oy HE
Wi B sk, (R
B A
N /N IR EIE(LS)
LA R B (KF)
- o i
e b
B
2 2K
Gl SR i




VY FRALE

NI suanaral o Tone s RO HLAEN R DR SHEH MBS M EA
(8%
‘ HerR
Yeit vk \
W POk
(LEAT FD
b
FDE e A% EDE fit
N N (AT
SEUFEE bR A

FNAERIF Z (MDB)

K 2-2 45T —F RAIM EEE A0 7.

BIRER 2-2 /X RAIM BIEM 2K, (HERFHISFAERFER T AAIM Bk, xH
fath, HAETH RAIM EERME SR T AT -R/R S BT 201 SRS A F 554
A SN S 22 W PR PR DN 5 v R AR X £ A A 1) B s R 5 HE I R K SRR
XL i FIFEAETE T AAIM BE

A HE DL AAIM B H LR DUR T RATI A& SAR S A GNSS/AUE T4
G MRS GNSS/INS A SRS, AR EATHIBIIEE GNSS 3 Z R &S
JE VAT DA b2 B 7 [ (R0 215 S, DRI mT DUBR w5 S AL R G0 L7 m) PRGBS AR S8 0 1% o X6
THEEG TR, 8RB 7 W 1 et SRR, BONE EE S| St B &
FUC A B 110 SR A B B ()t A L [ RORS FE RN SE 41k, AT AP T R P ERE R SR 5 T
W2 o X UETHA ) GNSS 3§ 5 56 4 PR A 78 BT 1990 4F /A, F) 2000 4 J5 B H g /b
H R RE TUE T AR BRI R 2 A 2 LAXT GNSS #E4748 2% (1% Bl . {3 F U 4 Bl GNSS
(IR 2 S b TAERE B g B Be o T H AT 70 A 8 B 5| Sl B A & dhin g A, <
JEEAT LA PIE A K

FERF TR 5 5 X5 FH AR 540 B GNSS SkSEIINLEL Sl R G e i PE SR I R 2, X2
A (1) RAUHLEGE FAL EAR GBS A m R B i SRS, 23 GNSS/INS B4 &
RGN TG EBA N HARAL R, AW RMARRT: QBIESNRSAS GNSS #HTH
&, T KIRT SRR RS . SRS, X R H A Tk A 5CE GNSS/INS
HEFMARMNE RN LR EER 2 —; Q) MHABESMARSS GNSS #HTH A
TR SAE APV, LPV-200 45 T ml A4 DK AT RE SRS B gL it e —, X
— BRI GNSS/INS £#48 AAIM i 1 E S,

X GNSS/INS 414 REEH) AAIM BIEIRFTE, A LA GNSS/INS 44 S/ R
Ko N=2, BIMAA RSN AAIM Hik. B4 RE8M AAIM FiEDUGEEAAT
AAIM B3 KR & RSt T H A R FEA K HL BB DL RO K BE B 42 - Fra]
PIFEFHAR T A RGNS BN Z R, KT RHE RG0 AAIM BYERT 748
BE2THRWMAE RS .

XFF GNSS/INS fa2l& Z248, Wi GNSS 80 INS F i HL 1k, 4G RFETIER
DU HH 5, DR AR At T PR A R R TR T e AR 22 BT, X BARAE A 1E INLE T
ARG, PRI 76 05 M M RE SR R 48 e iR 2 | S,

X GNSS/INS IRULA 258, AAIM FIL B FUAX 2>, Brown R.G.Z8 AR HIH GI-
RAIM 757272 L L —FhET, I ASIE K2 I R AT T T B & R G0 i
PRI 5 R [ 081, bl T GNSS/INS PR R G502 2 B v« AR 1) 9 T 78 RO 3R 15
ERRRE, XTRAS RGH AAIM BEFIEEIC H TR RS

X GNSS/INS E4 A R, AAIM BRI L, & WLME R Honeywell
N FIRF U 2 3 TR 253 (Maximum Solution Separation, MSS) [ AAIM 592411261
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Diesel %% A\ H&H 1 H I 58 I M 4 #E7%: (Autonomous Integrity monitoring by Extrapolation
Method, AIME) BOIPL K Hewitson 5 A3 Hi 1] eRAIM(extended RAIM) 7 yABY, AL (158 )Y
NS - RENIUE S At a0 i [ T

BJE, EHAE N, (APLECFN RGNS SRS, BEH HAh AL Bk 4 B GNSS K,
I PTRAENLE S I IS 5 R 40 (ABAS), FirLL, AAIM B 5 ABAS HHKEL. GNSS/INS
HE FHRDZ AT ABAS HSEHLE . ILACA F A 20 ABAS R 5.

2.4 KRB

ARERAIBIST T 7, FEA T S MRS A AT AT REF K, JF
i T -2 -R = R St R IR R SRk o Ak, o T ARSI 70 A B s 2 i 0 e 2k
HIFLE SRS B LI CAAIMD, T DAARE A T UMHE LI AAIM k. &
FRIEARWE TN H RN HA I A BRI LK, B TR0 “ SR 50087 1 “ 4%
AR Iy e AFERINE TSR RAEBOHEZ N FRSeaLIT VL “ GNSS Fe 471 il A i Bh 1k g
FESREOR” 2 MBI R — 2D B SRS, IR E AU THLE S AR e 4 PR 98 S5 0L
WRHAGH L e MR BRI N
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S£=F ARAIM BESKII S EMR

ARE SRR T A SCEIVER I — 5 S EL A 3 58 4F M 8 I &% (Advanced
Receiver Autonomous Integrity Monitoring, ARAIM)FSEILS 05 B 7T . A= RN R ZHE
T 3.1 WA ARAIM SIEMITE, A4 ARAIM Bk HESHESERIBE R B, HNH T
ARAIM BIEIRFFCRTHY . 3.2 58/ ARAIM SR ENIGE, FiE B ARAIM
SELE LPV-200 AR AT . 3.3 15— At ARAIM BELE 1 k& ki (CAT-D i)
M. 3.4 T HIARTE NG

3.1 ARAIM EZREIAR: @, RIESHEIE

3.1.1 ARAIM SR

ARAIM %2 2010 4F T U642 i —Frs g sl B E s ik, B DU
18 K22 GPS SE46% Juan Blanch A1 Todd Walter 25 AN 3= 5/ US-EU GPS/Galileo T & 5
AEHZC TAEH (WGC) ARAIM HiARF T/E4 (ARAIMTSG) #2H . % TAEALIIH 7T
H B W TR R T — AR s S T A SR SRR R4, Hrh— DTS2 i 7t
7T GPS-Galileo 1ML R AL LA VEAH A, (Safety of Life) HIMNH M. ARAIM TSG
T 2010 FF AL, 2016 4 2 HAnga 78T ARAIM IS A4 AR HR 151401,

ARAIM HL M EE Hbr 23T GNSS R4t (45 GPS-Galileo £41) F2ALRMT KAHL
AERTE N A T E 5 SR 2 (Localizer Performance with Vertical Guidance, LPV) 1]
SRS . LPV S HARE, —ANME LPV-250, %—AMJE LPV-200, 43548 2K KL
5] S 2 PE BT 250 FCA 200 R, WAREE I SRR ER T .

ARAIM Z I LART BLFRE R “T2k” 1) RAIM, B H B sEE 2 AL Aghin .

(1) WA, £ 2R (Dual Frequency Multi Constellation, DFMC). ARAIM 7% T X{
AR 22 B R G S T (R e, S 22 B R AR T R L T AR, U RV B R SR R
ZE BRARPA BE T 77 22

(2) BEAMMHFER A . ARAIM BERR 7RO 5 TR W i) @4, E5I N T 2 AR
B DA KGR PR RSS2, IR T it e T TR MR R L S R R . ARAIM
{7 285 B (Multiple Hypotheses Solution Separation, MHSS) )51, & —FifE
B (Fault Mode) X B — e B i i o B4 11 18] e e A 2 T DA ry 5 A P B ) B Py ]
PEAIRLE

(3) HIEHBMIRAEA, ARAIM IR ZERARZ ARAIM KRRtz —, R
ARAIM Jedt e E BRI, ARAIM BEHR L H T ORI R Z 7 ZEE 8, Hip AL B0
JEARERR . SRR F P IIFERSEE (User Range Accuracy, URA). FH PR R 22
(User Range Error, URE) LK PhEE A4 X i 2255 . B 56 35 1) 22 B A o] DUSEF B H I ER oK
PFHEAUMRST, HERFE R,

(4) FARHRT P E . ARAIM Sk iR R K P 55 FE 4 ok ™ R B 4
S, RAIM H R KPR VR T P, AT DU R AR K

(5) HEEITERE. ARAIM BEFN T4 RAIM HEEA AL LR IKTF, SCH
W M REER 1 SRS, W1 LPV-200 k%%, AT A3 ks 2 SR 45 (AT F PR K. X

% 10 71 3t 60 W



NETZ/ SHANGHALIAD TONG UNIVERSITY R A B T2 SRS R St R

& ARAIM 32272 JE IR AR A o
(6) 5elFE T HE R (Integrity Support Message, I1ISM). ARAIM R4 FH 52 i1 3 #7745

B i I, A5 T TR Bt A L R R RS . URA SRR
PP 4 R RS E, MAS ARAIM 3%, XA LUE ARAIM 515k 1 25 S8 #Ef .

3.1.2 ARAIM HLyk 5 3 I 44

AN BARA 28 ARAIM B35 1) JEL T . ARAIM AE 932 USR8 3 5 - s ) 4503 Fg — e,
LG AT PR SRR R0 =K Ay, R A 3-1 BRI RAIM/ARAIM [ A B
FEZE . N 3-1 FefLAE H, RAIM/ARAIM BEHAL & A 5% : —=& RAIM/ARAIM A
AT, B AN B SR ORI W ELCTEHERR 15, R . HRl
MU =5 58 0 P I B2 A% 0 B BRI 5 00 F P M BT SR G2 5 v] LSRR M AT BT 16 3
L&

RAIM A F 44 J1] 1t W RPN 5 HEBRFDE

GNSSHl & & IV,
o | LG ES

S R THEARTTIRT

A4
BB fht ot
wrkr L it || L TR mmsmar

h 4

= R (FE) AT H
PL<AL? DETCA L 25 2 —NO—b o B 0 B
NO YES
v v
PO HFHRHR (FE)

A\ 4

=

i B 45 R T

i

& 3-1 RAIM/ARAIM E 2 E
TR ARAIM BV R EE L AR J BART A 30 AN ARAIM TR,

ARAIM L% BAR A AT BLE 2 CHR[40]. 1EE IA9000 ARAIM BERHH BRI T

(1) BB E: FEAH ISM SH0EE . SHMEEERMA . BEMREHTS
B E

() THRRFE R ZE Y 7 22 AR R ZHY, N\ LR A S S H0T R ZE W 5 2 5

(3D Tff s b oo MR T2 i A 5 R 2 B i o M R 25, e 7T AL T 22 74 (Subset)
i pERE . (Fault Mode);

(B HEMBEW 2 HET /D REHMREERIS, 8N R TR
SEN A THRZE Y T ZRR S Bt 7 2. Foh g oy S SR &AWL A F4E (subset) (1)

5 11 50 3% 60 I
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T SHANGHALJIAO TONG UNIVERSITY R CHEIEM R D2 ST e SRR

R B R S5 T W EEAE (all-in-view) 7 B fliit45 52 1Al 2,

(5) THE AT I [ TPRAA : ARAIM H (1) B A 2 T o0 B9 1, A 20 B TE T MR )
TS Z M IER AT, 196 B2 (False Alarm) HEZETH] LR E H &N 7 [ &S T4
XF LT T BRAR o

(6) HFRATIN: FRIE 5T B 5 B8 145 AN LR T BRAEL, AT i il 5

(T AR5 AR SO AS I ] BRAELAL B P 77 2 DA R Se 0 1 RS 25 SRR 3 /KT

(8) JUBwHME: R E B AR KPR SR, 5 hUMERE 7RI T LU,
I ARAIM J2& 75 1] i .

Tk E it MATLAB/Simulink SEF ARAIM &k, FH3-47 05 B 5T

3.1.3 ARAIM FLyLAf S AT 250

ARAIM [ 2010 “FHEH DLK, RIS FIBEME R RIS 0 SEBR & SU 3 30 AR 5
2RI, ADEFH BT ARAIM EE M SGE R ERERISE T . B AT AR B SR &
BT LUT LA :

(1) ARAIM FL45 ER . % FE R[] 2 R4 & F 1) ARAIM B9 7E N[ RAT By B ]
FATE, e A R B R RSk B R R ARAIM B RE 136

(2) ARAIM BIEMEGIE: 2 1T ARAIM BIERIWE L 2 i 54T, (52 ARAIM 5%
BN, G B BRI, DN A 2 AR U T S i ARAIM B
TR ATAT MY, AT 2 5 06 FH O AMLEEE /NI 45 CHLEEAT AT SEER IR UFHLEL ARAIM &
TR AT R,

(3) PEARLRY AT BARORY /KFrT DA T i, &FE UM TR E R K, Frid
WA IR Z = H IR T AT IE ARAIM BIE 1l Bt — D REAR R K, thin 2 HAstk
I T 15 R AR 2R B /KT3I,

(4) BT ARAIM H i 2 B A 2 B il 7 B 715, Mml L HEHE L
B, SRR A B R, BT DL IR A PR T R R, AR R B
U PR AT I TR T R B,

(5) WFFT eI S5 B S22 ISM 42 ARAIM BB —3K, (H2 2 Bixf T
AT SRBEAER ISM (RIF TR/, Rl AR B K 2 5 B 7 U A 7 e ik e D s U0 92
B ISM F IS ES), ZAF T T ARAIM B IEE [ SR A HE R Y.

(6) W5t ARAIM % Z R I it SE6AE: ARAIM Syl & O BRAR 25 5 25 R A
{ER XA (I HERA B — B 5 R N 22—, BT LASC T XX AN L 38 47 56 40F Bl okt
(R T AR 2 1l

(7) W7 ARAIM 5 SBAS fffili4: ARAIM il SBAS A& T NS R i 58 4 W 77
e, (ERAT LUK g ARk AT HE B M RO, XA R T RN,

A FES T ARAIM FEGF ENERE 5, ARAIM 17 R 7L /2 %) ARAIM 5
ERESIMERAE, WIRHET ARAIM BIESGH BN, J&T ARAIM HEMIEALET 7T, X )54k
MIRTVE AL e 5 A SR fE

3.2 ARAIM B9 LPV-200 AR& BT A5

AACHEHEIT LPV-200 FRS5 T ARAIM SLEI A BRAT k. 3 L <AT I8 102 9 bn 3
RUPERET /L LPV-200 R4S F RIS ATMERE. LPV-200 M55 SHitERE TR Al LT3 2-1.
IRA VR ZS H LPV-200 [ 5 0 1 R 75 R eolieel,

(1) 7£99.99999% K I [A] P , CRAF1 7K PL ZINT5%F B2 1R 7 TR AL He i HAL=40m,

VAL=35m.

5 12 50 3t 60 I
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(2)  7£ 99.999% IS ] P, A RMEALTTBR (Effective Monitoring Threshold, EMT) /s
T+ 15m.
(3> 1E 95%[FIHf ] P, T B e (0 RE BE RO T 4m, JC kB 99.99999% ks 1] P I kE &
¥ 10 k.
Horr, A RCEARTTBR EMT S50 M 2800 T IBR A — NI 3R, 32 ARAIM Sy #2585 5
AN — AR TR AR o
TR, BN/ TEITNHE, NWES AT EZME TIESERE 5.
3.2.1 iH M
KRR T HT MATLAB 1) ARAIM B4 B & AT IR A &, % F 6 5T Wi s
K2 MAAST (MATLAB Algorithm Availability Simulation Toolset) T. ELAHN1, %7 & [ B4k
HEZE W T AL 5.1 77,
PiE P EFREMANET (Almanac) SCHERIEHE TR BAEE . B SO nT BANSE
[ 2 P RN S0y (U.S. Coast Guard Navigation Center) (Ml &, A ik#E GPS
JA 55 907 R SCpE, HAR s GPS £ Galileo 2 )77. JbF RGEHIE T U R Al F#;
Je=k 2 RAG R SCE, fEIEEERE 8N 5 5 GEO P2 3 Wi 1IGSO L EM AL} 318
S
ARAIM i B F SR TN EIF SR EE ASM) MEVESEIENTN, 2HlRT &
3-1 5K 3-2, W& &SI SCHR40AT R & .
R 3-1 BEFHEXFHEESH

e 24 GPS Galileo BDS
URA(m) 1 1 2.4
URE(m) URA*2/3 URA*2/3 URA*2/3

24 XA (m) 0.75 0.75 0.75
TR MR R 10 10° 108
LA B A R 104 104 104

K32 HiESH

¥ BUE
I B 5E i A PHMI_VERT 9.8x108
AP SELF M A PHMI_HOR 2x10°°
T H R MK PFA_VERT 3.9x10°
KPR % PFA_HOR 9x108
TR I 5E 11 JXUSE P_THRES 10°®

iR AEHCP KN 5° >6° , W EIEHUP KN 600s, 47 B KR 10 K.

3.2.2 iR &R 50

AN HAE LPV-200 RS AR GPS/BDS XUE ) ARAIM 4= 1R A] V4 B 45 5,
It 5 GPS/Galileo 145 Sk TxiEL . Hrh BDS /&£ FEHL BDS-3 i J7, B EHLIRE SRS
fIAbf B R (FREE 2020 AREERD), HABR TP T SHE (MEO) 4MibflfE GEO TLE
AIIGSO TA . fj FAHER XU s bR LB SR 1R 22

% 13 T 3 60
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VPL as a function of user location

Latitude (deg)

Longitude (deg)

VPL (m) - 99%

A 3-1 X BDS-3 ERE T EREFTKFE (VPL) £RIAIHM

ility as a function of user location

Latitude (deg)

Longitude (deg)

< 50% > 50% > 75% >09.5% >89.9%

> 95%
VAL =35, HAL = 40, EMT, =15, o, _=1.86, Coverage(99%) = 0%

& 3-2 X BDS-3 E BT LPV-200 k% ARAIM Bk 43R AT B 4 A5

B T7E LPV-200 IR 45, B J7 A (1R 55 B8 )2 TR B EE AOQyE IR, BTDAK 3-1 et T
IXFEREAE 3 RAG I B KPRk A tE Bl AT LR, 7R E A& X, BA
SRR R RN HLIX , VPL FIEUER/DN, BEABKT 30m, X2 & LPV-200 FR &1
35m LRI Z AT LLZIX I VPL e/ (EPEREE ), R~ RS GEO A
FTIGSO A 32 B Xof v [ R L J) iy b X A7 3658, 17 HLp T A Ab BRI X B, 7E R Bk
(RO X sk KRR ) P Rt 215 3 145

] 3-1 Hh 4 H IR 7 LN (A 22 1R R ) () VPL 15 oL, T ] 3-2 Hh4e e T 1Y BDS-3 R
EREA X ARAIM 1] (s 1] o s i 1B 477 AR AR 350 o P LAt R 40 DX 3 T 1
fiKT 50%, AXFEH [ B X 3 A Fg 2P 300 2 X 38k mT B P i 1 50%, il /2 99% % LA_F
5] ARAIM 1 FH (1) 43K 7E 35 268 0%. Rk, nf LIS H4hie, A BDS-3 JoiZi & LPV-200
PIEER

14 7 4k 60 T
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VPL as a function of user location

Latitude (deg)

Latitude (deg)
= B & 3 828

)
=]

s
=

L
@
=

_ -f*—*@ é@*ﬂ;f hﬂ“ﬁ%

150

'
f=s]
=

0 100 100
Longltude (deq)

<12 =15 =20 <25 < 30 < 35 < 40 < 50 = 50

& 3-3(b) GPS/Galileo XUEKET VPL HI&IRZMEH
Kl 3-3(a)FI(b) 7 A4 i T GPS/BDS-3 XA J Al GPS/BDS XU Ji T VPL 4Bk A
Blo TAeRT G 3-3(a) Rl 3-1, AT DABH SR IUNUR BE S A T 42 Bk 1K VPL {EBH B FEK, GPS
(I BA 24858 7 AL BDS I MERERBCAE S Sk, BRI 3-3(a) ok (78 o (1 X 3. Fxt Lk
3-3(a)FI(b) M, T LA I BDS/IGPS XU HA () VPL - T-$5 15 T GPS/Galileo XU Jif¥) VPL
B XMIROHI, BT 5EEARERZI, 555 MERSE URA BEH
5%, GPS 1 Galileo f] URA %€ N 12K, 1M BDS ] URA %5E N 2.4 2K, 30K B4 S8R

24K BDS 2 JEFIPEREZ T GPS 1 Galileo.

215 7 4k 60 7
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Availability as a function of user location

Latitude (deg)

Longitude (deg)

T T
L 1 ! _—_::_
< 50% > 50% > 75% > B5% > 90% > 95% > 99% >89.5% >§9.9%
VAL =35, HAL =40, EMT, =15, , =187, Coverage(99%)= 99.52%

& 3-4(a) BDS/GPS T LPV-200 k%% ARAIM SV & 3R] F 4045

Availability as a function of user location

Latitude (deg)

150 100 50 0 50 100 150
Longitude (deg)
< 50% > 50% > 75% > 85% > 90% > 95% > 99% >99.5% >99.9%
VAL =35, HAL =40, EMT_=15,0_ =187, Coverage(39%) = 99.82%

& 3-4(b) GPS/Galileo £FE T LPV-200 AR5 ARAIM HiE K4 B8R 045

3-4(a) A1 (b) P M Pl 4 )45 H T BDSIGPS XU R Ail GPS/Galileo XUEHE N LPV-200
K55 ARAIM k43K a] PR 0 A il Ol BT LAE H, XUR BEIETE T A P A 0 B S5 4
TR (B 3-2). SRR, L 07 FUF E P 99% LA LI [A] ARAIM w] FH T AR 5 42
BRATHIAR T 99%LL |, Hd GPS/Galileo XUE FETE T LA 99.82% 1) 78 i B& A1 T- GPS/BDS X
G TE NI 99.52% (1) 75 % . M 3-4(a)H 7] LAE Hi GPS/BDS TEHE (i 25 B 1 3 2278 55
X I AE T PR IX 3% B P AR X AT UL TR 5 H A A LR R 2 22 BT S 30T

Fealfe s, K 3-4@M(b)shH T —ANEEL5 18, GPS/BDS 5i# GPS/Galileo XML A i
HE T, ARAIM 43R B A SR BRI H Y LPV-200 AR HIRE . XA 45182 22 0 B 2L
[y, BAIREE 4 BRI LPV-200 IR %5 A 1152 ARAIM AR 1% 1T ARAIM Hk 4] % .

3.3 ARAIM By CAT-1 AR o] A M R B ST aF (i 1 sm s E M o 4

1E 3.2 T ARAIM B3R 4L LPV-200 IR HIRE 112 )5, A4k E ARAIM 5k

% 16 71 3t 60 T



BY-ZED S
) SHANGHAL IO TONG UNIVRRSITY RALHLELANE D2 SMEH RS MR A

S HA PR SARER LIRSS . AT ARAIM BIEESR —FAEH B (CAT-D T
FIRT RIS L. 5G4 Y CAT-I I S it RE 7R :

(1) ££99.99999% I 8] P , £47 /K 7 PL /N T35 7 f) 75 2 ] R AL H: b HAL=40m,

VAL=10~15m, A3CHL VAL=15m.

(2> 7E 95%[IBS [ P, T B ALK B AR T 4m.

FHXT T LPV-200 1M1 5, CAT-1 JR 550t 2 ELAR /KK B vy, FE BELORY T TR A LPV-
200 111 35 KA T 10~15 K, iX @& CAT-I AHXFF LPV-200 e K25, tHh25LH CAT-I
5K IHE R

FATLL GPS/Galileo RS e AFIREAT 1 5, BT IZMIEE T ARAIM HiELLE CAT-I
k55 R B AR e] FAPEAS DL

Availability as a function of user location

Latitude {deg)
£ 8 o B &2 2 2

&
=1

<« B0% = A0% = T8% = 85% > 90% > 95% > 99% =>99.5% =99.9%
VAL =15, HAL = 40, EMT,_=15,5___=1.87, Coverage(99%) = 0%
& 3-5 GPS/Galileo SUE BT CAT-1 k55 F ARAIM ELy: (43R 7] FH 40 A5
MK 3-5 R LAE Y, 7E CAT-1 IR%S T, ARAIM B2 AT LR B0 LPV-200 IR %%
NHIRT YRS S (E 3-4(0)). 2 99%H [H] Py ARAIM Sy m] F I X 38 5 A BR B i AR 1 Ee
B9 0%, iXFH, GPS/Galileo XUE B N ARA AEkGEft CAT-I IR&-RE )1, Bk, $Em
L R G e I e B AT IS 7 R 1, B I8 I 1 5 58 0 M SR AR A CAT-1 RS Xt 2 A Y
I R A

3.4 KEINE

AN FE [ 2 R AU B 3 e A RIS AL (ARAIMD, EESERK 1 LA R A% : ARAIM
HEIHE S A, XA ARAIM 505 % N FH AL 454 7 ARAIM &
EF U SRR, e s M S A fanl F S mfEH; SN 7 ARAIM v %1t
HHAEANTTG, 73004 T GPS 5 AL XUR AU A5 AT R 48 1 1 ARAIM B AE LPV-
200 F1 CAT-1 WFHETE N HIRT T, 455K GPS/BDS 5 GPS/Galileo DFMC ARAIM 7£
LPV-200 T[4 ER AT F 178 76 AR i, B 99%, {HZ7E —JSkE 53T CAT-1 BRSS T 4Bk
AT SRR 0%, X1 H T8RRI NI GE I I 0 R 48 L MRS H F 584
PRSI BRI BELAEEL: PRI ORY K, B s LE AT R G CAT-1 Hr i ml it . AR Z 15

17 W 60 T
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> SHANGHA JIAD TONG UNIVERSITY RALKHLEIEM B D E ST R 5 MR AR

H AR SHEEIM L. SRR ISR R TE R, R4 3] 7 EOSHEE I, i 5
AFERJER AT TSRy Bl R - R /R CRED AR R Se b AR H 3232 A
w2, [FIBFHRAY R K RAE 2017 4 ION-PNT EFr& i b, ANERNEGIEER .
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T SHANGHALJIAO TONG UNIVERSITY R CHEIEM R D2 ST e SRR

$IME GNSS/INS FAE RYEHETTHF M MNEAG

K EF R T A EIE RS 37> GNSS/INS 'B4H& RS H0E X 5e ik W I k%
TS, AZEAHTF AR RS T’ 1-1 PP el g ss 288 (ABAS) FIFLE S
MRS H BN (AAIMD, sk, SIS RS (INS) 5 GNSS #H4T
HAERSEI ABAS HI—Figfs, AFHAMNEMHE RN A F I ERNEEET AAIM
BOVEMTENE . ARSI 4.1 TN 44 GNSS/INS KA HERRTE, HremEHEaH
ET RN B 8 4.2 TR T —FEHE RGN SHEBR T, RILT <
R ER B (Error Tracking) B 55 T WO bS5 HEBR BVE AR F2m , FF 5] N E#l 11 (Robust
Estimation) SR g b 2R 300 5 AT 398 55 5 Ao 0 -5 HEBR B9 O P s 4.3 T BB Hb AR
T PR A 2 R R TR AN JE U A R R RS E e i RIS, RIRGE R EE,
FORHES R, W SRR R R KR, R SR B R A A R BRI 4.4
WL T 4.3 WA IEIERT BNV B, AR AT M R e 4.5 A H T RTINS

4.1 GNSS/INS Z4REEARIESHE

43R PR SHRS GNSS MM ST RS INS £ SR, WEEA&H
[ A sk AT . GNSS AT AR LA BRI KRR E NI RE /7, (HE AR T L T2 b ek
AL R U A AR ZE I s ARG PR 2, R R L TR UK T 4 e vkt AT e A, B
B AR A, — BN 1Hz 80 10Hz. INS ] DR L i it S s, kS IR
A, (ERBER AIEK, INS RS B ok 2, X2 W TR FECR USSR . ATEURIL,
INS F1 GNSS 7] MR 4F i AT 35 E AN, (Kl GNSS/INS 46 S EE RIS 1 AR

GNSS 5 INS &S EEG R (Loose) 44 % (Tight) 41L& A% (Deep/Ultra-
tight) & =F. HdHGRESNMAERIAS, RAGLEENSRMASE, miRdE
ARG — R, IdE. BAE. RAAMEIEEEMTEEZHEEm, T
itk BE AN S M IR e IR . ARSIk GNSS/INS ‘B SEESTHI R, TEIERE:
GNSS/INS 204 HAr A 2, X TR WA E, AFREEEIENFTFR, BHE
S T YRR T R AR R L TR — ANl . AR 2.3 T4 T GNSS/INS R4 A 7+
L S K 7 TS ¥ N @ vk A e A W X

R RATTEAEH WP (Closed-loop) Y GNSS/INS 'S 4H & 0% R FH[50], X B
PR [ 25 SO PR AL T 45 3 22 1E IMU (% H . GNSS/INS 541 A HI AR W 4-1
Fim o

i_ ————— R — — — — — — — l
GNSS o LY | > SR

h 4

T > BB > GNSSHhi %
IMU — RS > IMU {2

¢ PR RETE |
K 4-1 GNSS B & FHEER

% 19 71 3k 60 T



- x4 K
XEXAL ?
7 SHANGHAINGTTONG UNIERSITY RALKHEAN E DE SMFEHF RS MR EA

FEAFE W, B 4-1 FRLHTRI “BEEREE” A2 4.2 WA E S, 1E 4.2 TR
A4
JE PR S R R T R R RS ENE (Extended Kalman Filter, EKF) (1, HoRAH
& (State Vector) —fBHT INS IREHER M2 IMU Il & & w7z F1 GNSS iz (BPZ=. i)
MR, WA (4.1 Fis:
x = [8a; 8v; 8p; b%; b9; betk; petk] (4.1
He,
-8a. 5v 1 &p 7 HlFEIFRTE ECEF ALhr R T INS LS THIRZE . INS A TH iR ZEM
INS A7 B Ah v 1R 2%
-b% F1 b9 4y HIFE YL 3 AN T7 T IMU I FE T mZE A 3 ANJ7 A IMU RS8R 22 5
-betk 1 hk Sy SIFE H1 & GNSS [ 22 i,
XIT GNSS/INS BHGHIEM 5, HRE T S/ED T RA:
Xk+1 = PryeXe + @ (4.2)
Forbr @y g AN K I 23 k1 I ZIRPRES RS TR, R4 R G007 R B SO 2 A Ak
AR, XEMRGGTIERRZ INS REEGHE TR, o RIS EEAE RS HNH, R
A Y7 2 17 FE ] AERIE -

Prrtje = Pr 1 PuPirajie + Qi (4.3)
Hh P RS EERZENITTZ, Q NS I 2.
RGN JT R
Zg+1 = Hgpa X1 +V (4.4)

Sz IR, 72 AL GNSS LR R INS HEth 2 M L 0 2 (.
Hien JOLBIRERE . v e
R IR R T

Tkt1 = Ziw1 — Herr Xeraie (4.5)

Kies1 = PesrcHis1 (Hier1 PesajeHi w1 + Rien) ™t (4.6)
1 = Xpeprpie + Kier1Ter1 (4.7

Pri1 = (I = Kiv1Hi1) Prsaji (4.8)

H o BAEFHE (nnovation), HX “HrMEE” Z&E. R Jy GNSS ML ¥4 7 B 77
ZEFERE K FRAF IR 20 A6 P o IX B, N7 (B R 8250 M, 45t v BOHh 7 2246 R S a1 2L,
Sk+1 = Hk+1Pk+1|kHl'f+1 + Riyq (4.9
AR (4D - (4.9) KT GNSS/INS BHAFIEFREATIFE, 7F 4.2 Tt Tix et
A AT 3 — 25 2 A AT 5
TR, AL TET MATLAB [ GNSS/INS 'S4 &7 4, Ho s ECEF
HARR R RIS 6 R ENU A8 bR R N HISF &, BRI T AR5 5.1 75,

4.2 BT RTRES RGEIERN M EIERMR

R RNEN R SRS A E i N E B TR 2 —, fEA4H5E GNSS/INS B4
ARG, AT RE TR RA S RGN SR A8, AFT AR R T GNSS 2
W, AR IMU RS . AR = T, 4.2.1 N4 R A R GRS
5, 422 /NI MTEH A RGN “ B ERBE(Error Tracking) ” B85 K Howt s B8 RS 17 52
W), 4.2.3 TEFNT 4.2.2 TR RILR GINE R TH LI B A R SRR RE 7 1 5 .

%20

O
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FAALY

NIEY/ sanalJua TonG ey RALCHLEEMN B TR SATEI B S A

421 BHE RGMPRRN FIL
AN TR AR A B0 R0 45 & A T GNSS/INS 'R A & G i b 8 % . 7E
GNSS/INS 415 R G0 & R MR kb, R B B I S 4 v B S B
BEARIN, X DR o 27 R HL 2 GNSS D RR R 22 185 0 i) B S s o AR /IN15 P R B0
WRIETH B LG =.
NTTERSLGE TR, H e BT IH 1, BE SUA— L EHT B, -
w; = r—L (4.10)
O
Horp BAR AR | T W BEX NS . 0.0 2rt WbRAEZE, WTHH R 7 254
M S THEAR R ENHIRRRIIELT,
w;~N(0,1) (4.1
FEZe SR SRR 2, e RN 2R, RIS — RV BIE TR, iR
15 T %08 L — A 8 S 00, EARHR AR 12 B v b ISR T8 ) LR T B B v oy e . o -
FERBCAL N 2 2 S O S Gt B A GE T T TR o XA LB A % T ARAIM HE i 205
R RS
IS T B A A TN 2 WA T 4 L SR I AR
PR PRI T, ARG E s BERUE— i e, /i

S = w; (4.12)
FEL TR IR TR /T, Sods R BB P 1 5E U
Pry = f p(x)dx (4.13)
T

b, p(x) RGETHER R AT AOBE AR R R TR R, “ B RARE RGN
BERITEIE T, TR SR G R TR BLR K MR I BRI GO A 1
MR MRS, EEMREN, WIIREN 2B, #E2, A (413) 4l
THT R ERITTIR T 1753,

XTGtitEs, TRMEREBT, HBZAR M E M AT R IR A, B DART DURE
B AR ARG (4.13) FE T TIRAE. FealdRt, X Tz A — O g i v gt &, JF
HE 2R 5E [ TBRARL -

X2 BRI, —E R T A S A

N
5= Z w;? (4.14)
i

Horr, N BiZZ RIS N AR H o w; X REZAR AR B A i i T2 AR
AR S o A TCHbE, W s MR N B B BERIARAE-R 7 70 A1 AHREL, MR 1 05 7 A1 A il
MR AT LA E H ARSI [ TBRAR

Xt iR AU, HORE B MBS I R R BBTE R, WG B 2/ T X R
TBRAE, H St Sl T TRRAE, WO E PR Tl . B A ECE SRR P IS it
T TRRAERS, WO RGP AR . BRIy —Ff GNSS/INS B2 & R 48 it/ i) 8
o

N T NSRS T AR bR AN NS R RE 77, SIS GE IR . iR e B
giit, Mgttt Tl & —Burt i ps BEE L BREF RS R o], HRIEA:

% 21 7 3k 60



- A K%
TS SHANGHALJIA0 TONG UNIVERSITY RAT WA R D8 ST IR S Mt A

f = i w; (4.15)

Hr, L ARSI PR .. ATRUER, JTEHEER, FHAT R of RAFHES
BT ZRIRRHEIES AT o] REBNX (412 F1 (414 T, EIRERET RS
MR, 2 A k. PR g R ST B e AN (AIME) [39].

AN EVERAEAIN, BEA IS TR R T ik, £
BT iR T DL O i ARSI RS, TE Ve A PR 2 22 i 3 T e Pt s A H ok 5
BT R Gt BRI 72, AR OKSE R T 0 TG AR W R G N W R A I B 75 1B AT DURR
A TR U 225 SR D25 0 W s A ST BB TR DR A e A s ) T i kot I PR 1 4L B A T
BB H e

422 “HPEEREE” RN

FITiE “WRERRE 7, FEIE 2 R E R G GNSS IR H LSRR M kN
BT, R 2 PRI AR AR By VAR H X P SR, DT 5 S0 IR 8 o A5 0 UL £ T R e A5
RS MBURZERI IS . K 4-2 FRJE/R T “HBEiReE” 08 ik 2L B,

i
l > e
Fimck —» GNSSHllEE > RREJEMAE
> OREBIRZE Ax
o i i R it
l \ 4
it k+1 —»|  GNSSHl & & > T > BE

B 4-2 Tl R B B0 RN i S B R J 3

IR T M EREE 7 RO 7 AL R O E B R L . 2 GNSS
I, BRI R R R YRR AR R I, SECRSMITFHIURZE . XSRS
i TR 25K BRI B R — I 20 < T 7 LR, A1 INS T RS B R 22
MRS INS TR ESAIN R R EEA G, KSR m B3 S rE. o7 LAEY,
“AEERIE 5N 2 1S S A BT R R AR DL 5, RIS T A TR B RS . TR
SR HHAT BRI I EL RN 248 BN RE MR S W B S B, SRR B S
5590 VRANHE SRR A LT R R MR B,

B ORI T AL BLIGE MR BREE 7 RN TR S 2 DL RS T MO R I 11
oM, BRI A, Wk 41, K 42 KK 43 R,

£ 4-1 GNSS W RZEHA
¥ BE
UG TR R AL im
B R R A U2 0.5m
L IR ZE R 22 0 (dual-frequency)
FASOL L PR 7 o v 22 im
F WSO L Py P e e 7 A 2 0.02m/s

5 22 51 3% 60 I



) R4

%/ SHANGHAI JIAO TONG UNIVERSITY

RALCHLEIEM B D E SN HER S A

£ 4-2 IMU #8238

SH B fE
VEREZL 5] AL
I e P 2 20 ":"/ T
Py VI =5 B8R B eg
e A P 2 0.002 / e
Ik R T 5e-5 M/,
[ 24 A 7K P 1e-6 rad/s
R 4-3 BERSHHKE
2H B
GNSS # % 1Hz
IMU #ds % 100Hz
GNSS 1 FE iR ZE bt 22 2.5m
GNSS iR ZE b i 22 0.1m/s
o L I 1 o deg
IMU [ {3 e 7 25 i o.oo4m / e
IMU 3 FE 0 75 5 40 ™9y Nz
3 B AL A M e 3 3¢9 ™/

BB MRS I L0 A e P o

2616724/

PR PRI 4-3 Fios.

x10*

2E () 503

50.45

50.35

BE(E)

Bl 4-3 {iEBEL 3 4EER
N R 7 R o BRI ” RN o ST 01 T o R e A AR Sl o ) K

KL, AT (4.16) fix (4.17).

v(t—k)={ A

v(t—k)={ ”

23 Tt

v, ift =k

(t—k)x by, ift=k

(4.16)

(4.17)



NI SHANGIAL 0 TONG Uanessr RALCHUEEN B DE SMEIH B S MR A

£ 100s-250s Z [HJ7E 1 ‘5 A] W& Ffn 20m (R ERskRs, 15200008 B4 R ik 4-4 fr
N M 4-4 Hrr] DU, FEIN SRR, 15 A) 0L 0 S f# B AE 20m B, w] BLiE
B S R R 0 (ELREBEIN [R)HERS , BT SR T R SRR {E, 1508 2 J 7 BRI s i e
EHZ AL 10m 1) “RE”, XRAGZHT “HERmREE" EMH. Btz sh, Er UKL,
B 15 TR Z AN A T B T B2 21 1, £ 100s Z AT, HrEAE 0 BTl
MBS R A, A S IR 0, 2B B TR (45 A XM FHE K “ K
H”IEFIZ) 10m. AZEREFRIIEN] T “#iREREE 7 8 B8 ASE RGOk B, THREKE
Hl b T AR B S AR P E R 1 59
25 L L L L L

0 —

15~
10~

- tw\j Wl wu n Wm bl
i |

Innovations/m
ol

u‘“‘r UOW\IH
’ h lvt” (i

_5 L
-10F
-15 L L L L r i
0 50 100 150 200 250 300 350 400
Time/s
20 T T T T T T T
15+

Innovations m
()]

Ul mﬂu “ |\M| ”Nﬁ ‘p‘
i g “\ i

A

0 50 100 150 200 250 300 350 400
Timel's

& 4-5 SZARWIET HKF S ER
K 4-5 JEoR T AR T 3 AL . 1 4-6 XK E R, 7F 100s-250s 4N 15 T2
EYEN 0.4m/s (248, FTLAR I, 7E 100s J5 1 5 TR 1937 SOZ W 25 20 S (1 b,
T A TR B (P8 B2 3 T AR . 5K 4-4 ML, 4 5T PR E

55 24 71 3t 60 I



X FXALY

NI snancan o Tons Unmvarsir R WHEEN B T2 SHFEHEEES M EA

Z CHRBRERRE” MR, Xbr EER T 15 RS 4 5 TR Z A EAH AR R,
XA AR A FH )50 59 32 2 i AT L TR 1 B 2 T SR RN R E

4.2.3 SRl T g BRI BE 1 A

15422 /N1, CEIE T “HBREREE” BLGA T8 BRI, ANl I S
ity T (10 7 A ) < Al e R 7 250 T 3 SR A R AR B T o 2 BT LIRSl T, 2 R “ ik
e R PRI AR YA WA o) T i e 2% AR R, T AT TR DA Jok A £t T 119 U X A A ek
FUE B A ASRIRZ M, T RI AT DA < B PR AE 208

BB &S TE, WARPERLZM T, v DA & & A K ZE ), B e i K
B, B R PR BE A SR, PR 122 B R A S U A R B, B3 B A A0 i 2 A
W LB T 5 1GG. IGG-II AT Huber J77%, SCHR[S3JIEM, IGG-HI J7 i MERERL LT
R A S R IGG-1 A BR B S B S A 11 1GG-1 AL BR 1) 32 Bk s 2 P R A B
RUFERCRIZER], BRI WT k.

TEAR IR B JE IR A h SEIL SR Al T (0 5 L R A2 o 38 2 AE R AT 1B 0%, BRI

Kn=K-W (4.18)

Ho W B RE . WA ARE, AL RS AN E AT R A Ea; .

a; 1 1GG-111 AL $ 4 Hi 54,

1, lw;| < ko

2
a; = ko (k1 — |oil ko < wi| < k4 (419
lw;| ( k1 — ko

0, |w;| = kq

KA, w; BIARK (4200 FIE—HE. ko M ky NEESE. AT LURHEL,
ky BOVE S HORERI S HERR ) < S HERR 7 AR ARTE, DRI Ky 328 B e B R o )
[TRRAE . ko PT40 T IZEHL:

ko=kKk-kq (4.20)

B x RIFRH, BUENT 0Z 120, ARSCHEUE 0.5,

[FIS, T ARG INE T &L RE, SIANF T EBTIE, FREHEN
AR GHF RS EBALL, BEER (419 FRH—ALBEE o, BHNFE R RIH—1k
R wf o NS BT S ER AL T T SRR B T B SR PR RE . BE?%%E., TEA I HE S
HIE B I A2 7] 22 SCHR[52]

HeENE T%TEITXTTME)’(E&B@ I ﬁﬂ:ﬁ’ﬁﬁ S

25

15-

[
o

[$)]

Innovations

O

i fslatd el
‘W. '\I WH”;WW M “‘1“.‘“‘ ‘,; ‘l 'i‘ ‘};\‘0“ | ;‘:? i b G
‘ < ‘ I " ‘ i ’ I . ! ! |

_5‘
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0 50 100 150 200 250 300 350 400

B 4-6 SIABBAMTTHMERESES B ER
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X FXALY

s SHANGHAI JIAO TONG UNIVERSITY Rﬂﬁ_Hfl.iﬁi&Bﬁﬁﬁﬂ@%ﬂﬁ%ﬁ?ﬁi’%?i'—ﬁ})”\'lﬁ\ﬁi*

XK 4-6 A& 4-4, WTLURBLSINGBAMGTHE, BEm R BLREWRams, B
AR ) TS L PRI B AT DA B S S R R A, TS R 1 TR L PR B B IR R
UM Y R AR /N o IX UG T B R 5, B Al T T DU R AR SRR A R AN
HIFE o

ORI STIE 4-5 Frat R AR R R ] 4-7 45T SINE RS T S
BAEAEBET (Snap-spot) AL THAT T BUE MG TH A GO0, 7 5UE R T 78 B K
09 200 XELIE 4-5 FTE 4-7, ATCURELGI N BT T« MOReRpE 7 HoRIHT S “ K
O, Hprp i &t ACREOVE, AP S EAMATHE, B S AT DU R s

(R R R L o
20 : :
—satl
——sat2
15 —sat3
——sat4
e 10f —sats c
2 saté|| @
% fsat7 %
é ‘\ bl \ \\ ‘mw\”! é
£ \”\“J‘f‘ﬂw\"wﬁ‘fi‘" m“‘ ) (‘ by i W “ " =
T I I
\“‘[ Al I ““‘1 u ) ll l“; \‘ \ ‘ | \‘h H l, |
-5 : | \ \ 1
10 . ! . . : . . : 10 . 1 . : . : : .
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Time/s Time/s

B 47 SINERBMT () MFRE#EMAT B FEXYEER THEER
B T HEEIE Y, [FIRED S ORE 2 MRS . RELT ] 4-5 AT 4-6 X RIS E, 7 3
SAEE WIS 15 ZEAMR Kk, Eﬁn?l‘ﬁf”ﬁ’ﬁ‘ﬁ =N Tﬁ/ﬁ

30

—satl

m» —sat2

201
20t L v :sati
£ 10 £ | sat
z E ——sat5
2 | S 10 sat6
SO ‘\‘:‘:“m‘g"““ i < [ —sat7
g i g || —sat8
£ = | \ mn | i
-101 i
i I
20 : | : : | . : : 10 . ! . . | . . .
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Time/s Time/s

&l 4-8 NMERE#AMT () AERSEMT (B) B T2HEREER RS

FEE] 4-8 1, AT LR IUAE PSR Al vt T2 SR T “ AR EE RN I RCR [
FEAREF . Hpaldatt, 78 “sbspRpE” R, 2T T B R ER I AR ) R A T
A R S PR, IX — RO R R TR AR R RAIE

AT FSAIE T W EREE 7 BB A AR S R TR B I, JFISE 1B Al X
T BRI RN BT R HOE A SR RE AT, tRRBETR R ORI RN, B
M 1) g P P8 R o 122 SR PR 07 S0 UE i B RN B0 PO P B 8 A T 0T T Wl 200 178 e
L

T e SN B ER S T KRR . 7E 100s-250s, A 3 TR W LRI E R BV EA
5 KRR, B FUAE & e 5 AN P I B RN B3 P P
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5 H
s/ SHANGHAI JIAO TONG UNIVERSITY . [RTIRN e l=] e Sl s N
! RAL CHLEHEM B T2 S ST 11858 5 R
2 - - v v v v
—satl 25
——sat2 —satl
—sat3 ——sat2
154 ——sat4 2r [ A ‘Ni ——sat3
i —sat5 \ \ i —sat4
2 MM sat6 ” r ,\\ \w [ 1 \‘ , —sat5
= f 815} a
= | ‘ ——sat7 Z | W il saté
g1 [ \A —sat8 K \ . —sat?
% [ \H\VN\‘P‘LJ “ ‘VL“ “‘ I ——Threshold = L | | —sat8
= | T | — - e 1r / | —— Threshold
W\ w“\w“ sliding length=10 ‘\ Siding length=10
i Ul -fa = 1le-8 |
0.5r | s i gl | p-fa = 1e-8
J i 0 [k “\ } 0.5F | |\ |robust slld glength 10
| { ) 4 (h M N VA
il ‘ iy Wt o L “ ol e ‘
‘,.; AL b W p il o) L IR M
0 50 100 150 200 250 300 400 0 50 100 150 200 250 300 350 400
Time/s Time/s

B 4-9 BEE () MSgEMfT (B) TR/MNIBERUMHEEN

] 4-9 rh R AN B b fiti T AR FH S T N P s B 25 ) J s, BRSNS 5 4%
THITRIE R ot T TR A (4.13) #fise, HAEZ R 108, T2 di ) #,
R TR RS0, WEKEN 10, fTLUREL, AMEREHEMG TR, sebrk il T2
(351 MMMG T BT TIRME, METEEgem ok, HarbURBE#EE K 6
SRS R, XA MR RN TG R . R R ST P
R KEN 10 5, S2hRikbE TR RS S-Sk 7RI BRI T DA
H, HHAR TR RS REAATRE, 2 “WMEIREE " R, B 4-10 IE 1A
RS R , ANMUE BT SO R0 B0 e e, A BT e R AT S R S R R R

%T%ﬁﬁﬁﬁﬁﬁmﬁﬁifmm%mﬁstE&Aommm%EMh

3 T r T .

| —satl “A‘ —satl

i //\ ——sat2 Al ——sat2

2.5+ “‘ y\\ "f | ——sat3 4k (\"\/ | ——sat3

X: 191 oo ) ——satd

W 2F (Y:1.812 s - . ——sats

2 “ ‘ sat6 £ 3k ‘(‘ ‘ sat6

2 ——sat7 2 \ —

= N ( = | sat7

g15 ’ VW Iy ——sat8 & X:162 | —sat8
§ f H‘\ ——Threshold Bor L Y:1812 | ——Threshold{

1+ N f \

\ time delay = 62s

time delay = 91s ’

Lol WA M i e 0, o ekt ADAIIA e i A
0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
Time/s Time/s

B 4-10 B8 () M8EMbT B TREHERNHEREXT

E¢m%?Tfﬁm%%ﬁﬁﬁrﬁ%%%ﬁﬁﬁ%&ﬁ%m#Fﬁh%M%m%M
VEREZE S o o, THELTTRRAE R SR A R 2 108, 7 SR DU 2R A KRS 10, 7
TUE R TE AR R I KB 200 AT LUIE I 05 JOUE B, W& KN 20 B 15 TSR IR
BEA RIFRERE. K 4-10 FPAEH & RSN ST EEZ S 3 5 TR R <
BRERBE” AR, GuitEs CUREL” IR TEAEH SRR, 3 5 TR 1w n] LA
o, MR A MBS BT I DIl 91s. fEA B, ol LUK S S pRus ot 5, FRidls T2
%Mﬁmﬂéﬁfm%ﬁﬂ“%%”Tﬁ%Lﬁﬁ,m%ﬁ%%ﬁaﬁ“ﬁ%ﬁ&”ﬁﬁ
R B A0 8 A B SR A o o A AR ) R I (R B T A R A R 62s i T R )
B, UG o X b A A PR PR e A ) B TR SiE SR, RT DA B P A A AT LA
IR A I SRR, XA S, S E ORI 30%. KR R, X SRR A
AERER N MH, WEEHAM TR E, o DURIUE SRR T T LA fE i sAs il ()

B, IXEIE A “HEREE 7 X A PR SR A S L .
4.2.1 5FTCT S AR WU B35 1) — 1 B R U SRR 2 SR I T ORI . AN
ORI T2 AR AR T T (A I e A A ke e A U P BE B . #F 100s-250s A 15

5 27 51 3% 60 I



- x> A M
@) Y A%
T SHANGHALJIAO TONG UNIVERSITY R CHEIEM R D2 ST e SRR
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ABSTRACT

Integrity is one of the four performance indices (accuracy, integrity, continuity and availability)
of a navigation system. It is directly related to safety and reliability. Integrity was firstly developed
and formalized in the aviation researches for safety of life applications. Integrity means that the
system should alarm and inform the user in time when the navigation system is unavailable. In this
regard, integrity also reflects the confidence level of the navigation information.

International Civil Aviation Organization (ICAO) proposed the concept of Performance Based
Navigation (PBN) and PBN stressing the navigation performance requirements of different flight
stages including en-route, terminal, non-precision approach (NPA), approach with vertical guidance
(APV, including APV-I and APV-II), and precision approach (PA, including CAT-I, CAT-II and
CAT-111). ICAO has given detailed and quantized performance requirements of these stages.

Integrity Monitoring (IM) aims to ensure that the integrity of the navigation system satisfies
the performance requirements when the navigation system is in use. Aircraft Autonomous Integrity
Monitoring (AAIM) is one of the IM methods with the minimum dependence on external
information and it is widely used and studied by the industry and academia. AAIM has two folds of
functions: one is fault detection and the other is availability calculation. For a complete AAIM
algorithm, fault detection and protection level calculation should be included.

Improving the integrity is of great significance, such as increasing the availability of the
navigation system and improving the economy and operational efficiency. Satellite Based
Augmentation System (SBAS), Ground Based Augmentation System (GBAS) and Aircraft Based
Augmentation System (ABAS) are three kinds of integrity augmentation methods, and in this paper
we focus on ABAS, i.e., enhance the integrity of the navigation system using the airborne
information and airborne sensors. Specifically, GNSS/INS tightly coupled system is regarded as a
method of ABAS in this paper and the paper studies the AAIM algorithm of GNSS/INS tightly
coupled system.

The paper is composed of three parts: theoretical study, algorithm design and testing
technology and is organized as follows: Chapter 1 is the introductory chapter, briefing the research
background, results of literature review, research scope, and significance of the work; Chapter 2 is
the chapter of theoretical study which reviews the theoretical aspects of integrity, including concepts,
navigation performance requirements, integrity monitoring framework, AAIM and ABAS.
Chapter 3 delves into AAIM algorithm and focuses on the Advanced Receiver Autonomous
Integrity Monitoring (ARAIM) algorithm, introducing the background, advantages and the
reference ARAIM algorithm as a starting point to build the MATLAB-based simulation suite. This
software bundle is developed to analyze the availability of ARAIM for LPV-200 service and CAT-I
service separately; Chapter 4 is a direct development of the preceding chapter and focuses on the
AAIM algorithm for GNSS/INS tightly coupled system, including the introduction and realization
of GNSS/INS tightly coupled system, the fault detection algorithm of the integration system, the
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enhancement of fault detection ability by robust estimation, the complete AAIM algorithm for the
integration system and the simulation validation; Chapter 5 examines test technology, including the
computer-based simulation platforms and the UAV-based flight platform. These platforms are used
to validate the algorithms above. Chapter 6 concludes the paper.

The significance of the study in this paper includes both academic and practical aspects:

(1) Academically, ABAS and AAIM are the research hotspots recently, and the study
contributes to the richness and perfection of ABAS and AAIM algorithm in theoretical aspect,
algorithm design aspect, and test technology aspect.

(2) Practically, the study of ABAS is beneficial to reducing the algorithmic dependence on
external information and external equipment’s (i.e., GBAS and pseudolites) during the approach
process and improving the economy and operational efficiency of the civil aviation consequently.
The study of ABAS and AAIM is effective in improving the safety of aircrafts, and the study of test
technologies is beneficial to accelerating the application of the new algorithms into existing product
lines.

A brief summarization of each chapter is given as follows.

Chapter 1 is the introductory part.

Chapter 2 reviews the theoretical framework of integrity. This chapter focuses on the concept
of integrity, the navigation performance requirements for different flight stages in civil aviation, and
gives the results of literature review about ground-aircraft-satellite three-level integrity monitoring
frame. The paper mainly studies the aircraft autonomous integrity monitoring (AAIM) and hence
some popular AAIM algorithms are also introduced in this chapter. The theoretical study in this
chapter clarifies and delimits the research area of this study and illustrates the contributions of this
study in the integrity research community.

Chapter 3 focuses on the ARAIM algorithm, which is an AAIM algorithm for GNSS
standalone navigation system. This chapter summarizes ARAIM algorithm, introduces evolution
and state-of-the art of this algorithm, and gives the basic theory of the ARAIM user algorithm. Then
the chapter implements this algorithm and builds a MATLAB-based ARAIM availability simulation
platform. The platform is used to study the global availability of ARAIM for LPV-200 service and
CAT-I service. LPV-200 is an approach with vertical guidance which guides the aircraft down to
200 feet from the ground. And CAT-I is a precision approach which has stricter requirements than
LPV-200. GPS/BDS-3 or GPS/Galileo is used in this simulation with dual frequencies (DF). BDS-
3 refers the 3" generation of BeiDou System with MEO, GEO and IGSO satellites. The results show
that GPS/BDS-3 or GPS/Galileo DF ARAIM can support LPV-200 globally with an availability
over 99% (GPS/BDS-3: 99.52% and GPS/Galileo 99.82%). Supporting LPV-200 globally is the
initial goal of ARAIM algorithm and simulations show that ARAIM algorithm can achieve this goal.
However, when ARAIM is applied for CAT-I service, the results are not satisfactory. The availability
of GPS/Galileo DF ARAIM for CAT-I service is 0%. That means that the GNSS standalone
navigation system has difficulties in providing CAT-1 service and this conclusion proves the
necessity of enhancing the integrity of the airborne navigation system, i.e., the necessity of studying
ABAS technology and AAIM algorithm, which is the topic of the subsequent chapter. Part of the
outcomes in this chapter is included in the SIJTU-Honeywell Multi Constellation Integrity for
Aviation Project report and some outcomes are compiled into a conference paper (ION PNT 2017, .
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fifth author). The simulations in this chapter are jointly completed by Mr. Hao Mei, the author and
Dr. Xin Zhang, with program manager Prof. Xingqun Zhan and Dr. Ping Ye.

Chapter 4 studies AAIM algorithm of GNSS/INS tightly coupled system, including designing
the algorithms and coding them in MATLAB. GNSS/INS tightly coupled system is regarded as a
promising candidate for ABAS since it enhances the integrity of the airborne navigation system.
This chapter summarizes the mathematical theory of GNSS/INS tightly coupled system and builds
a MATLAB-based simulation platform of the integration system. Then the chapter studies the fault
detection algorithm of GNSS/INS tightly coupled system, which focuses on the faults in GNSS only.
The fault detection algorithm is based on the Multi-Hypotheses-Groups idea, which is similar to the
Multi-Hypotheses-Solution-Separation (MHSS) idea. The fault detection algorithm can work in
both the single-fault cases and the multi-faults cases. However, the fault detection algorithm is
troubled by “error tracking” phenomenon caused by slow growing errors or tiny errors. Then the
chapter introduces a robust estimator into the fault detection algorithm to mitigate the effect of “error
tracking” and thus enhances the ability of fault detection. Simulations show that the robust estimator
can effectively enhance the ability of fault detection, such as cutting the detection time delay of slow
growing errors. A complete AAIM algorithm should include both fault detection algorithm and
protection level calculation algorithm. Then the chapter proposes a complete AAIM algorithm for
tightly coupled GNSS/INS system, where both the faults in GNSS and the faults in the filter are
considered. The algorithm can detect both the faults in GNSS and the faults in the filter, and can
separate these two fault sources to avoid entanglement of these two kinds of faults. The chapter
proposes an algorithm of estimating the biases of the filter based on innovation sequence, which is
the basis of the fault detection algorithm. The fault detection algorithm is based on MHSS idea from
ARAIM algorithm. The protection level calculation algorithm is derived from the concept of
integrity risk (IR). The AAIM algorithm is expected to be the most important innovation in this
chapter and this paper. The MATLAB-based AAIM simulation platform is built to validate the
performance of the algorithm. Results show that the fault detection algorithm can detect the
aforementioned faults correctly and can estimate the bias in the filter, which can be used to “repair”
the filter. The protection levels of tightly coupled GNSS/INS algorithm show that integrating INS
with GNSS can effectively reduce the protection level and improve the availability of the navigation
system consequently. GNSS/INS tightly coupled system is hopeful to support the CAT-I service.
Part of the outcomes in this chapter has been written into an EI paper, and some outcomes will lead
to a SCI paper in the near future.

Chapter 5 researches on the test technologies of aircraft autonomous integrity monitoring
algorithm, including the computer-based simulation platforms and UAV-based flight platforms. The
simulation platforms include ARAIM availability platform, tightly coupled GNSS/INS simulation
platform and AAIM algorithm simulation platform. These simulation platforms have been in active
use in Chapter 3 and Chapter 4. The UAV-based flight platforms are built to validate the algorithms
using real data, expecting some imperfections unseen in the simulation. A basic platform and a
professional platform are built successively. The former is used to validate the airborne ARAIM
algorithm and the latter is used to validate the AAIM algorithm and other navigation-related
algorithms, such as GNSS/INS deep integration algorithm and so on. Multiple flight experiments
were carried out to verify the performance of the UAV-based platforms and the results show that the
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platforms are competent for their tasks. The research about test technologies are beneficial to
accelerating the process of applying the new algorithms in the products.

Chapter 6 concludes this paper and foresees its prospects. This chapter summarizes the main
work in this paper, the innovations of the work, and the significance of the research. This chapter
provides framework for future efforts, including improving the UAV-based platforms and studying
integrity monitoring of Direct Position Estimation algorithm, integrity monitoring of Precision Point
Positioning algorithm, integrity monitoring in signal level and so on.

To sum up, this paper focuses on the research about AAIM algorithm of airborne navigation
system, including the theoretical study, the algorithm design and the test technologies. The research
aims to enhance the integrity of the airborne navigation system to improve the availability in
approach process of the aircraft. The conclusions show that GNSS/INS tightly coupled system has
lower protection levels than GNSS-standalone system and the AAIM algorithm designed in this
paper can work decently.
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