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Abstract; To improve the algorithm of two key technologies in the Galileo signal —in— space integrity monitoring system, an improved

Wang Dongjin''?, Zhang Ying''?, Liu Jianjing'*
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critical circle method and a censored probability envelope model were proposed for the determination of the worst user location and enveloping
the Signal—in— Space Error respectively. The improved critical circle method could obtain accuracy WUL directly by coordinate conversion to
simplify purely geometric derivation. The censored probability envelope model solved the over—bound problem by using a new envelop con-
cept for the SISE distribution with non— zero mean. Finally, simulations were conducted to compare the integrity performance of the im-
proved algorithm with the original one in fault—free, step failure and slope failure modes. The results show that the integrity threshold enve-
lope tightness improves from 3. 89 meters to 2. 62 meters and system alarm more timely than the original algorithm in the slope failure mode.

Keywords: signal —in— space integrity; improved critical circle method; censored probability envelope model; integrity alarm perform-

ance analysis; envelope tightness

0 5§

HTHRERF R EERS TR, SMARE L2,
E br RATASUR L MR & . SEar . a8t . T RS Y

FOoR, H, SEIFERIE AR S AR T AR S AL

b1 JH B A BOAYRE T a8 RIS B 58 e T )
GNSS i RGCIF MR R B EARZ —. HAT, FLEW
FhasEfE S BT R D H—R GPS REMMFEE
K B SE AP I 5 225 2) Galileo 2 %5 42 M 114 25 1] {5 5 0KS BF
(SISA, signal — in — space accuracy) / %5 [6] {5 5 W I K5 &
(SISMA, signal—in— space monitoring accuracy) 5¢ {4 Wil
TP B, R R s [ ME B S A W O AR A N, T
Ei?ﬁ[—‘]iﬂi“JrTE'FﬂfT‘?AE‘]%??T&”"‘WWK%?E

KIAERGHATHT Galileo R Eﬂfﬁ%%ﬁi"ﬂi%?ﬂﬂf%
Y3 Al Xﬁ?éfﬂl&/f\)ﬁiﬂi%m)_'{iﬁ (WUL, worst
user location) f#%E M4 6] {F 5 iRk 2% (SISE. signal in space er-
ror) ALEEARE T AN 22 Ab B B O 2 O LA A ek gy
RALTCHFE . BYBRISH e . AR 3 iU R, X R 4858
SR RE I B3 .

K EHI: 2016 -01-11; {&EHAHI:2016-03-07,

E& W B: B R &E & EABH I &K EIR (973) W H
(2010CB731805) ,

PEEBIN EAB 1991 - 0 ZRIBRM A B+, FENF RS
WO B I 1 T AT .

1 Galileo 2L AR

1.1 AERE

Galileo %% [A] {5 5 58 47 P W I Jr 22 A9 WA 00 %of 5 35 BN 25 i)
BORZEAH P W R, W) SISE, 5847 M I 2 50
1% SISA I SISMA/ 5g 4 PEARIR (IF, integrity flag)™), R4 LT
ERBRIE 1 iR,

T A0
SR
S —

1
Camez | o>
)il
; I

STSMA IF

B1 R Goe b v D A

SISA BB R AMIN . — & B A5 /K F T T A k&K
SISE %1t 4347 . T 454 SISE 4 (E 005 B, 55 H 8-
100 435, SISMA g — 5 8 {5 /K T 1L 7T LI 4 it K SISE
it 2Z2E NG A, T W00 SISA ) FH i &, 5558 A 39
%30 s, IF fy SISA. SISMA Bt 4 /L. B EE A 1 s,
H P BOR YR 3 Fp S i S 80T B e SR YK, LUR R 2
e SIIE T
1.2 #EESH

M E R ST . SISA/SISMA B B 4 4 1 A 10 b .



TEAHE, 5. — Bl ck i 2 1805 5 SE 00 1 00 2 0k .+ 63

57

TR AT AR A i O 5 22 R S A — 58 B K T R IR 22 5E T
oA

L2.1 IwSmik

o K15 2 (A W Sz BRI R SR A% B A B KR 25 B A8 1 F P o
EMAPMAE. HERBEEAMATAE. BOoMPLERZERE
M) — g FwEp, BT A FHRERERES AN KA
5 WUL JUf] 56 R A7 i 500, g B LA 56 & % ff 34 i A
B 2 s

ZEFBERGAEPA TS . 1D d FERE R 7 AL f i S
AR AMESTE, A, F, WUL AlfEARTE— NPl b, S5
WUL H iR, FEEUBIE; 2) BRI G 2 M sRA R i
e, T UG Ok TR, L e R
ZREE . ERFEMK,
|2 KA 0 Eoit KA G HRA RAG T,

TURIE R RS, Jr A, KB
1Ef a s Sl By RO AR A

D fERAR

3) WHERMUIUAR ST IR
B2 5 WUL KGR B

1.2.2 B®EZIHMH

SISE J~ % {8 £ 45 455 7 3k 1% 22 2 To A 131 307 2 A 19 AT 48 4%
{F. SISA HUfli Jg SISA = & * oy, - fH5ZH5 SISE " % (17 12
0 1 KMBMET . DL 99. 9% By B2 HER i), R R 3
3350y SISA B 4% SISE J™ #& {5 /Y ¥4 {5 A1 Jr 22 [A) B K 3. 29
5. 5 KT SISEMESEFN, BH9lKEE, WAL
CIRikc
2 MHAR
2.1 H#lERE®

WUL A8 & & 58 17 7 2 3t SISA., SISMA 8%k il #% 0 1

HeZz — ., o o 0 A R 5T A B RO A 1 T
A 92 e L AT R R L

S e B BRI SR B 3 B 7 o s LA O R S S 0 LK . R
A R 2R 5 B IO MO M B A B 2R 8 6 T OAF 2 19 F T
B M AR &, R A, F. WUL [ 8456 RR M. ik
TR Y AR T T B T R R ARG B A
2.1.1 BEpEgim

(1) BREERS T WUL f# 55 «

TR R . ST EREE b WUL (8. B AR bR R B
FIHE R INE 3 B . B ARKR F 0 LA R 0 O, X 45 1)
OA Ktk Z #5160 OAF 18 (3% 1) 4 OD LY il 1 47 T 46 5 &
PNHE . A S W . 1) ECEF A4 R 4% Z ek
long x FE . F OX HA OXnew B T W —F1Hi; 2) KAk E
ff) ECEF AR bR 228 Y BlERE Lata B, i OX B H OXnew i &
s 3) A5 ECEF 445 REE X e o = arccos(Z,,
OD) FEfl OZ A OD Férs LR ies s 5 b C.

z %
Znew
WUL
P F
X
of ¥ A !

B3 H AR R S BER AR B

kiR d, ECEF 243 R P RAH P& T X
KA
OWUL,.. = Re « Lcos(B+9) sin(B+y) 0] (D

OWUL gegr = C L OWUL;: = [IWUL YwuL ZWUL]T (2
latwy, = asin(Z=L) 3
wul
arctan Ywur rwur 2= 0
[gngWUL :J (J"WUL> ’ i 4
1900 sawur, = 0

;E\:EP s TWUL ~YWUL ~IWUL A ECEF 445 & T, &M P07
o rwor N ECEF AR R 2T Fe3h P AL B 2oL i EE .

(2) MEERIEEY o WUL fif 55

WUL R 75 B2 28 R HY 19 e 5 56 2R AT 4 o

B4 sk S ek r WUL RERE



. 64 . AP a5 P

5% 24 &

i O gty WUL Sy bR 3R R i 55 45 3 19 die I8
FALE . 5TRMELSSHERT T8 WUL2, B0 IE K2
M AR ER T T WULL 5. SRR B E 9wy ik /. 1D
EMETEMTT AR S5 i % al i BT 0 195 KR Ne
WA or » ATRTRA:

o = arCCOS(;E.w * Ng) (5)

i?)? $wuL2 > PwuL > $WUL1 o Wﬁﬁk )ﬁﬂ ':F' H WUL E
WULL fl WUL2 Z i}, #k WULtrue, # 8 — & 5 K& iF
ot ff p. W WUL2 8 07 1) 08 5, 3% W ER A2, B 236 2
QwuLL = Qwur » Rinf sk 1% WUL ture,

2.2 fiH¥IE

W 2 o WUL 156 8 BE 9™ 46 LT 38 i k. WUL K

{8 17 [e] B 3 2 °F 5
. e)(,,m,> —a=0

L = arccos(ewu u
JA.Q = arccos(;,,.wm, M ;n-wﬂ ) 7ﬂ =0 %)
IAH = arccos(;wu‘.w . ;quUL) —(90° =7 =0

LI GPS &4y PRN6 2 LA 2014 4E 3 A 23 HWET N
. P JGII R 30 BB+ i S 1P v e 0 s S o WUL B i

Z= FUF ST R A Y B B 25 R M T % 1 iR .
F 1 WUL %55 R fige 850 5k 18] 45 41

HfE Il 5 I3 W I B 18]
Ao/ () 3.73E—10 4.43E—6
A8/ () 2.01E—11 7.62E—6
29/ 4. 19E—6 6.23E—6

i B 1] /ms 0.014 0. 006

A B EA, B I SR R WUL MR .
R Gl 10 CHEFHZ 10105 At 55 Ak [0 b D s 2 B8 06 A1 —
A GG RIE AT IR — AR 458 . M0 = TR 1A
Ot TR LI DR 9% Ok i 1Y e A 45 R BN O T R T B/ LLE
100 AN RTIA a0 » B WUL g K ZHEN FEGRE L.
2.2 BEBZamER

B 25 A5 B9 A R L DR 56 4 1 2 M SISA X SISE T
FRE R B RRG . Al /N ds, TSP XSS K. R m R 4t
WIRTEEE s Ad %, KALIREE. MIRRZAAME. X
holA “HRMARES” B m SISE e F I E . 4
AR 2 o3 A 2% [ R
2.2.1 Fkp

“HEMARE” MBS, WA N.SISA®) 1E 1o 1]
FIR S i o 57 480 P2 M 3 O T 58 B P DXL I 8 s o B 19 RS T
FIBRSN, SISE AR F#{Ewm Hr i i s iir il B MR . Hop, 5
W R AR RS W W A AL T TRy RARME A, DUbRifiE 22 00
o W F M S I 3 A g Bl T RIR N

1 Ly t
Ap =1—(F(x) —F(x)) = 1— J exp(— 5 |dt
! Nz (%ﬁ

(6)

Horb, Lo TR F o) — FCap) Sy BUETE A 9 R
Bl A B 2%

feesE SISE BAAMEIMER s BT72EN o0 FREMEN
[J,»l,,-,_) ’ [j!lj:

p=F(xy) — F(x,) =

J.JZ exp (* %ZL)Z ) dt (D
‘1

H, oy =—keotpa, =keotuk WEp, ., XN
) 53 DE %

HAEMBE >0, HEEAMARETH, Yoy =—(keot
W <z =—ke Gt waas =k (ot B, Wp, . <
Doyory X Daywy By AP g << APy o B PRUEZE N
SISA = p+k « o (WFEHE & 5310 RETE — & B 2 b o0 A 1
F2H SISA =k » (o) W E W4 A0 8 RN S R 4% 0 8, s
W AR xR, 24 << 0 BF, TS H A A4S .
2.2.2 fHEIE

LI GPS Z %11 PRNS 2 [ AL 2014 4E 3 [ 23 H 0 i KBS
4 iy S bR BT BCHE Bl DT oe I RR 30 Bb. E A R N
99. 9% mt, MK SISE & 586 5 5 i ik fif j5 SISA {H 195
FLERE S s, BRSNS 1) SISA AR K
FARI SR o, TR AT d K SISE £ BB 38 4% 5% A 1 A2
fbita#h; 2) Ji SISA fHid s SISE, M FAEZH{H SISE i1
B A AR XA 45 25 (i WUk S8 SR e Kk 3. 02 K

PRN8 P A [fJSTSA/STSEfE
5.5 . .
——
5.0 1
45 ——SISA (REFITHER QLR
— - =SISEoe
4.0} +  SISA (JRKIAY)
X 3.5
o
=
& 3.0t
<
3 2.5
;; —_—
2.0
] s o 0 5 £ 5 ) 0 5 5 5 P e S S St
1.0 .
5000 10000 15000
e/ ®

B 5 PR LB SISA {H F

3 RGEMEESH
3.1 HEHERE

e AEE. OTDREEMEHHE: 24 F MEO DE; O
W4 . Galileo RETIAT BT 42 BRAY 30 AWM 3 O W
S B R A 157 @ AT 6 000 B, f B ] A B 1
s @5EEFESE SISA, SISMA BB EHEER. 99.9%,

3.2 RGMEBHELER

BEHUR e 0 e 0 P S R 0 1 S ME e s Aw . B e M
B {E (TH, integrity threshold) X5} 25 [6] {5 5 1% 2 1) 2 2%
REJ1. B ARG, RERE, NP2 BTAEN
B, HihokER DEME AR, TEMTRENSEE S
SR R S ) S SISE M58 4 v B E TH 05 B 25 B
6 JITR .

Hi &l 6 AT, TOMOREALECT . TH A BEBE L8 w7 0 W I s
BCH B TR R s S8 SO AT S R BE % 4 S SISE 52 4
% hfmags BE, S TH 55060 SISE 7645 E i K N 1
ZHETHE. SRR, B E, FHE%%E R
3.89 Kkt 2.62 K.

FA OB R B R B e, T AT IE WL —
BrBREHORE CRBNEEAS o R MR CRBNERS) . TR i

CFE55 71 50



57

B Bh. % . SET PHM gy o ] bR B AR B 5 Cn

s E ] mfERbas, 2013, 29 (11): 131 - 135,

(2] £ 8, £ 0. 5 W, S S A SO TN 5 £ A R IR R
aiwrse (1. HHRALI a5 80, 2012, 20 (7). 1740 - 1743,
(3] X0 s ZRUGMG, ARG, 5. & Bk iR 1 58 % 5 4% i e 191

Jrig L1, FEALI G 5450 . 2014, 22 (4): 1030 - 1032.
[4] Bonissone P, Iyer N. Knowledge and time: a framework for soft
computing applications in PHM [J]. Uncertainty and intelligent in-

formation systems, World Scientific, 2007.

(5] 2 Hf. WORmign S5 mE® (PHM) 7 ERP &G i ni FIOF5E
[DI. A, dEREBE kY COREHS B A%, 2013.
(6] 8 H, WE, Z0HKR. PHM B v 3 E 0 s i & R 5 g
O[]0, AR SR, 2015, 23 (12): 3909 — 3912,

(7] B Ko, BEWNF. K A0 78 G0 30 76 5 i T v 1) o7 FH BOIR B 36 %
e [ JHE RS SEH %M, 2009 (3): 88 -92.

(8] fafJsiqfr, AR, K%, . JEF SR a) Je ol B i i e IR 245 0P Al
A (] NS5 TR, 2011, 39 (7). 63 -66.

229,299,299,299,099,099,999,299,299,293,299,039,039,299,999,293,293,999,039,039,299,999,203,293,999,239,239,299,999,993,293,993,239,239,239,999,993,293,993,230,239,239,999, 993,293,293, 230,239,239,999,993,293.

(45 64 5O

MEOL MEO3
<9 <9
NS ~
m o g
% 8 B
= -
g’ g6
=, B,
_F 2000, 4000 6000 0 2000 4000 6000
2 Pisc/®
x 6 —
X =
gy
£
X
=
@
w

O‘

L bl i O OV W W A
0 2000 4000 6000 0 2000 4000 6000
Vize/® Pize/®

B 6 TR T RS R X
W, Bk b AT e AL SISE 552 i TH i &
g 7, B 8 Fran. Hiv, BHEECER A B KON 1
201 # & 3 000 #b,

MEOL MEO3
18 18
— - — SISEffi I
16 duls |t TH CsEEED
TH (Bt
14 14
. " .I
e,\612 L % 12
@10 [ i & 10
= ' N j==1
So | 5
P 8 D 3 8
- @ 6
il ‘ v
af !
4 U
2
DY SR A PN a1 o
0 2000 4000 6000 0 2000 4000 6000
Pire/® Pire/®
B 7 BB A T R G B M RERT
MEOL MEO3
15 | 15
— - — SISEffipH
+ TH(RSEH)
TH (S k 595D
10 10
% %
o o
£ £
=X =X
8 g
@ 5 » 5

Lt A I vt A
0 2000 4000 6000 O 2000 4000 6000
Pize/® Pizo/®
B8 RHEAHRE AT RGBT

t 7 FE 8 AIE . Sci SISE Al Bl ik i iR 22

RT3 R, S B2 22 IR B B8 — ) R, S SISE A+ fE
MR, e bR S IF | “17, REEE. i THBREK
W 4 52 I SISE (B A6 BRI, I6JE T 1 s, PIFPSE IR BE X
I 5 LT X TR R . S SISE fE R Wi ok, 3 SISE
E# TH {E 0 R g8 & %, ek J5 5k 68 65 3 m &

s,
4 HRIE
SCH FR G 4 T2 6 555 7 A A 2R 5 1 W L 380 5

EAERL, BN O P P SRR AR R 2 4k R IR s
e Wk s SR EAG TR OR T P i B WULs BT AR R E
SISE ) SISA S0E AL ST ik 5 o 4 R L. e 15 B0 A7
BB L B BRIS B §4lﬂié’$ﬁﬂijﬁ?1‘ﬁf1: TR OIS A
G SEHF IR MR RE . SRR kR A TE AR TH X
S SISE a4 RE T A& T . K a4 R m 3.89 KikkE =
2.62 K HAHEH A,

S &3k

[1] Grover Brown R. Global Positioning System Theory and Application
[M]. American Institute of Aeronautics and Astronautics, 1996,
143 — 164.

[2] GPS Interface Specification 1S— GPS—
WWW. navcen. uscg. gov.

[3] Veit Oehler. The Galileo Integrity Concept [ AJ]. Proceedings of the
17th International Technical Meeting of the Satellite Division of the
Institute of Navigation (ION GNSS 2004) [CJ]. 2004; 604 —615.

[4] Helmut Blomenhofer, Walter Ehret. Performance Analysis of GNSS
Global and Regional Integrity Concepts [ A]. Proceedings of the

200F [EB/OL]. http: //

16th International Technical Meeting of the Satellite Division of the
Institute of Navigation (ION GNSS 2003) [C]. 20033 991 —1001.

[5] Shaojun Feng, Washington. An Efficient Worst User Location Al-
gorithm for the Generation of the Galileo Integrity Flag [J]. Journal
of Navigation, 2006, 59 (03): 381 —394.

[6] 44, BAH. Galileo 52 %+ R4 WUL S0 (17, W2
Bl2#, 2011, 36 (2). 17-19.

L7 A4 b, GNSS SEac MMM 7. FR G [D] 3. RK
2, 2010.

(8] sk, N M, £ 5. mEMFACERETRSHESN
(0], MiKFH, 2010, 28 (2): 29 -35.

[9] Fan M J, Zhou ] H. Algorithm of Analysis for the Improved Integ-
rity Index SISMA of GALILEO System [A]. China Satellite Navi-
gation Conference (CSNC) 2012 Proceedings [C]. 2012; 57 - 65.

[10] Heng L, Gao G X, Walter T, et al. Statistical Characterization of

GPS Signal—in— Space Errors [ A]. Proceedings of the 2011 In-
ternational Technical Meeting of the Institute of Navigation [C].
20115 312 -3109.



