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Integrity evaluation based on intelligent estimation of ionospheric delay
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Abstract: Integrity is one of the performance requirements of civil aviation navigation systems, and ionospheric delay is an

important error source for integrity evaluation. For the single—frequency system, Klobuchar model is usually used
to correct the single—frequency signal, but the correction rate is only about 60%, and the accuracy is limited. This
paper proposes a method for estimating ionospheric delay and using it for integrity evaluation. Firstly, the iono-
spheric delay of observation station is trained by back propagation (BP) neural network, and the ionospheric delay
is calculated by BP neural network model of the observation station, which improves the ionospheric delay correc-
tion rate of the observation station. Secondly, the ionospheric delay of the aireraft equipped with single—frequency
receiver at its flight position is calculated by using the trained observation station BP neural network model and the
three—point interpolation method, and the integrity evaluation is carried out. Evaluation based on the data from
February to March 2015 shows that, when calculating the ionospheric delay, the BP neural network model and the
three—point interpolation method perform better than the Klobuchar model in some areas. They improve the cor-
rection rates of ionospheric delay during both daytime and nighttime, thus enhancing the accuracy of the protec-

tion level.

Key words: ionospheric delay; integrity evaluation; Klobuchar model; BP neural network; protection level

— R TE SR G I %2R0 PHAE
el Z oh, R A A R SN BE A T P AL AR ST
B R B o O 22 M S R BE 75 X BE JTBORR N R
RSB, SRR R TR IAE EEw
HB(R B RO & 45 F G0 ik A T2 o e 4R i
E) R B 2 B R BR 4P, He EELE S AR

FESEFERR P RSB T FRAEAT OB, WA 52 4T
P SCRR[BJEESE T 2Bk TR FALFE S (GNSS, global na—
vigation satellite system )2H -5 52 50 BY 52 4 MR MM B 1k
HEEZ 2 MARASE—E T E R T H R
P SCHRAVT 2R T L A B2 I (RATM , re—
ceiver autonomous integrity monitoring ) 8 7% , ] F 704

% HE9 . 2023-03-29; &5 HHE . 2023-06-01
EEE A S FH1978—

&M H  EFEESHATRIE (2020YFBO505603 )
) I I TEOA, BB L AR ARSI S AR T E .



— 54—

FERER R SR

202542 R

LI SR TR S RS AT MR B TR . &
SCHEFAIS SR AT HEC AL 3, |8 b, e SRR 3 ] HEAT
SEAFETPAS BT R o T RS B R AR R A T e A
P EAR I E R IR, I TR AG TR EE
FEIR AT LA T RARIP 2R, PRAG A R 5 e TP

TR R S R LR 1, i R SR AR
F4 Klobuchar #8Y 355 6 B BAE R I HEA T TER, K &2
EEME LN S TEEESICTEREELR
AR, R TBEREFR, BIEEE 60%
e A I DGR A A SR B SR BT
BB R AR T RAR A 37 2 5538 XY Klobuchar #2437
ATERHE: SCER[61Z B T = A R ma ., oA 7 L&
45°R T B RAIEE S S EEF A H 2, T
[FH S ER LB N10 MSEEHETIHE, MEIE
BERS, k7B 14 72500 Klobuchar FEHY
R 4 A oz 5 TR T B e R O B A AR R R 2
L ER T AR E AR BUR AT  SCHk (81
LI 3 3 40 58 9 TEC 3 Klobuchar #EEYAY 8
THBERESR AT, B 8 MEEEMH R
AR A AR IER , JE A T U I kB A
X EEXFAREAFZEIAREERELER. BH
A1 B I -8 58 BCR XY Klobuchar# BY 547 T 4R &
FrEirE , (B A R e v PR B AT SE S R AR 26
e U

AR T A 54 (BP, back propagation ) i £
P48 5 = SAEESRE L T R R R, A R
B A R IR R T S F TP AG o B E FRGNSS
% 5 (1GS, international GNSS service ) WL ik 3% % 1)
PR i ¥ ) S AR T oS A AE g = (RINEX, receiver
independent exchange format ) 3C {3135 B 5 2 43R I+
FEA TN, A I SRt B B AL SHULM i 1Y) o, 25 R A
iR, BT R B S A TR A — 2T
TG AT, RS = R T R AT A B
HERRIFHTEBIE, RSB FELERREIER, K
MR T G i BRI RS .

1 #F BP HERNSHLNEERTAE

1.1 Klobuchar =380

Klobuchar 28925 HH T I EYEREE Hom 350 km RY
EEEFERN G METREEERP O REER
EHER R 4 5% MRS T G Mo B (8] T ek B
AR, 7R B F 2 2 SR R BB, AR S E i

R T RS LR RRIER . T E R
HLB R IEIR A

2mrlz—17) P
T.- ex | D+Acos D H |.t—Tp | <T(1)
exD ¢ RFEAME

oW e RIGHE D AT B IER , S ERE, BUE
R5 ns; T, RATEEAE AL BUER 50 400 s:¢ R A FED ;A
R H AR ES R IER 42 9% eRERIR R B B Bk
B RS o~ 5 R SR RS F
P4 H A R 40X AR A B T R E R
KX HEFES L BB 5 R ST 25
B3,

1.2 BP fHEMEER

i F 38 id Klobuchar #8355 B4 B 25 2 48R A
i VTR, T ERLE T 5 TR Y FE S R AR A
0, 22 B 1GS WL b4 72 1Y RINEX SO & 08
R H i, A8 AL BP M2 0 BT IGS Wl
vl % & 1) RINEX SO R 3L B 2 AR, I
FaARIT .

(1)Klobuchar #5 TE B I  SE .
s Fhif AN BERSEEEE B M A
EITERERIER AR S 80EN 13 1.

(2)H T AFE S THE P 25 R R IR, A
LUK EAE R BP P 4% A A SR . B B B
Bk h 1.

(3)—MEXt THRE)ZEH BP MEM RG2S E
PRI AN

I=Vw+n +x (2)
o OCRREET EE o AR AR S E G AR
E SR x o 110 PR, T DURSB VI RCR HEAT
R, HESEVREEERN 131,

(41125 BP PPEE L5 FARFE

BT BP MHEE AR USRI E L B E IR (3R
mE 1B

¥ 1.1 3 Klobuchar LRI F EHI L A
HF o MA e HMA . AAR o BEZEM 8 5
oo~ o Bo~ B MENFASEL Xu=A, pu e a1 0 e
o o Bo B B BN 3T Xy, HEATIE — Ak AL B 1S 28 A
BEEiMENX, =12, 13, WARNERN X=X
X o X\ BREBERLIERZ=[z o 2]
NER|RSES | MM E A EEE R W, = [y,
wyy v owpy) s =1,2,00,13,

MrEEE



P SRR, Pt T, & BT R B B RE R T T A

= 55

F43% F1H
WASH s
N pEm—
— | 1
L
i ‘ TEATAIE.
[7ina ik e
[ame
| - W A
5 A 4
i | 5 || mamia |
Qs
=
: e
[ & s RER

B 1 HEESEBP MARKHEER TR
Fig.1 lonospheric delay of BP neural network with single
hidden layer

zjzﬂnetj) (3)
netj:Wj.rxX (4)

o, Fe RS B OB O SR P i, HA R 2 )
T, A

__1
fx) =17 (5)

B B R R AR G=[g & - gul'-
X R
¥ =fnet) (6)

net = Zg,-zj {(7)
i

Ly AR M. RN y, TR e
AR R B BIEIR A 7.
1.3 g

AU E SR M 2 R IR e B E, XA
it Klobuchar #8Y 53@ i5h BP #4125 W 45 F R+ B B,
HEERIITHFIRRE SBIEENILE.

ERNE,K: VI_ZI—Z(T:J'_TK,:,]‘)z (8)
m -1 n j=1

ERNE.BPz /\/1_21_2(7{‘);_1_3?!“];)2 (9)
i 1 =1

K:\/i_g‘i_g‘(l_w) (10)
Es= liLi@J&ﬂMH (11)

T

Fo +Fpye 5 Frew 354 Klobuchar #2 51 5 BP 41
BRI E MR AR T RE B S

Ee 27518 Klobuchar #2H1 5 BP ##22 (W 224 B B
BRIGR B IEE  m KPR ouEE ;n AEA
M BEANE G B E S ER S F
BPEE WNAMEBRRR 7, 5 re,; 7510
Klobuchar ¥i% 55 BP pfi: 0] 25 RI B 5 j TR
7 i R ZI R IR

2 ETF=sREENEEETREE

LA RIS A e R AT AR B —
AR s, A RN sk B I SRR B A TR B T
o7 B AL B SRR R VR B O AR SCAT A T =
FRERIT R A BB EELR

H=AER 3 TGRS 3 MER HRE=AF
P R R E AT LOE I PR AT, =AM
H2ATEHE o MEH=FE TR BB FRR, B
AR =AW E S BE, A 2 B,

Tz;(ﬂﬂzsjfz)

75, {, ) 0 {mm)
E2 =ZREREE
Fig.2 Triangle diagram
B 2 W ry o ms B = AT TR HE ; (1), (2
y2) s (an,y )R ATURARR TR =AM AR E o
5, B
2=l —w =0 )%, + uxs + v
ya= (1 —u—2)y + uy, + vy g
MW R BHE 7. N
ri={l-n—v)n +un+vm (13)
it = R R s RS B EAE R =
I TR R B AR AR S A A s R de 3l KF =
BT 3T G S8 A 3 T 5 11 25
FUHL B Z IEIR AR TS L F B SR AR 7y P Y
AUDHE=HFABE v F o BERER13)3
BT e B AR FEELER «, R AT ERE

B R IR AT R PP A
3 SEIFEIRETRE

FEREA TSR PERAE I, 8 R 2R A AP AR 2R (HPL,



- 56 -

R AR AR

2025 42 H

horizontal protection level ) 53 H £ 'S (VPL, vertical
protection level ) #F4T 43 A PPAik 1 7 45 SR 1) 7] 48
PR DR AP S S T TRR BEA T B AN S vk o
Br, SRR GO BT RN T 25

FERFPER R I A0 3 R .

W LA

WS BP

PSP 2 18
IR A e
B2
I |
wws e | [wwsee | [uws se
wesmgs || s || wems
B 1 B 2 Bow 3
[l | |
v v v
eEE | [memE | [
ﬁig T ﬁﬁ T> ﬁﬁ 73
| ] J
v
AR = ST
B SRR CHLA LS
Al R 7,

PEATSERFHETTAN

B3 ST s RIER

Fig.3 Diagram of integrity assessment scheme

SEUFHEPEA IR AT

(1) EESL LI G BP f1 28 W 48 A TR U8 1, 225 M0
25 ORI PR 28 d BRT—IK, AR PE LA 28 d R JH
g XL 32— ORI 220 Yy L 8 R ORAE S BP
P IZEARADGS 28 d PRAF T R I HEA TN 25 , 153
LI sty ey P 2 JR A SR AR

(2) B 22 L 25 A4 WML T ZEA 2, 3R PR 25 )2 2B
IR ZENY 13 S8 TEWIN G, BP P 25 ) 45 455 71
B TR B R WSOMLASE R 0 ) R0 sy 2 N7
H=FY;

(3B B Z R AR TR 2211 13 D350 i
AR 3 W BP i 25 ) 28 A5 U 150 i 2 2 4
R PR = SR R AG T LT e B 1 )2
JASINE

(4) iz FAAf T e B J2 AR 550 U 2 B 3R 4 HiAth
RZEHA T T U VTA o

4 LWERRDN

FIFH 1GS MR EEHE & 1) RINEX SCHEAT 434 o 1
FH BP 128 o 25 5 0 %ok e, 25 J2 SE 3R FEA A 1, B BU
551155 0 o 2 SR AE A L SCAH, 55 Klobuchar £5

R i B R AER WEAT X HE o R BP #2531 45
f, B 2R logsig PRFICE BCHE e i) 21 X 8] (0, 1),
Tl PRB PR LR A5 i PR purelin, BERE 27 2 RN
0.05, F R UNZRUECH 5 000 K.

VR #E ) HKKS 35 5 2015 4E 3 H 16 H (55 75
F)E A JENG 35,5 2015 453 H 4 A (55 63 K)
FBEIEA TR T REE R AR 4 FE S s o o
AR Rt FL R BsF (UTC , universal time coordinated )
AARTR Ay HL B 2 AR 5 AN € AR RN ] T g P
JZHEIR

I E
i
e
UTC I fa)/h
(a) WU S
K E 5| TN
i 2 //// \ p
.EJ t"H’J 1 1 1 1
0 5 10 15 20
UTC i fa)/h
(b) Klobuchar 1751
14 E
i
e
UTC H}a)/h
(c) BP 25 [0 254671

4 HKKS#20156 3 A 16 HEEREER
Fig4 Ionospheric delay at HKKS station on March 16, 2015

0 5 10 15 20
UTC H}a)/h
(a) XU 50

0 5 10 15 20
UTC H}{al/h
(b) Klobuchar F%)

It & 5%¢’¥u§§&h.~n~__"
e 2 .
BE

1 1 1 1

0 5 10 15 20
UTC H}a)/h
(c) BP s W 25458

5 JFNG s 2015 4 3 A 4 HEBERELR
Fig.5 Ionospheric delay of JFNG station on March 4, 2015



F43E F1

FFE, SRR, BT, A TR B R AER R RE A T B0 SE LR

-57 -

ME 4 5E 5 HATLUE ), 20k BP 2 0 25 15
T AL 2 EAER He Klobuchar ARS8 11 H 25 2
FEFRR 2N R AR TR ] B8 2 IR ), e 3
BT . 7E 4 P 13~15 h KA B2 R i Bp
1 28 ) 25 A A 25 )5 EE Klobuchar F8 780 55 GE Kz e HY 31
HL S 2 S T DL T i B R R 1 ARk

RIS XL B BIFS 35 5 Fr g2 A9 LHAZ 3 55 1%
DUEY JENG 35 5 798 A HKKS 36 5 B RT 28 d A&
HEFT NG5, R FH P AR TR A5 25 3l J B2 T oK 28 d 1Y

FL AR, o BIFS 35 2015453 H4 H5 3 H
31 H.LHAZ 355 2015463 H 1 H5 3 J 28 A,
JENG 3 /5 201542 H 23 H5 3 A 21 H HKKS ¥
M20154E3 H 6 H5 4 H 1 HIGTHEZER, inZk 157
TN T BP FHZE I 45 I 25 RS AR A Y v S )R A
iR 5 Klobuchar B A48 1 H 25 2 GERAH EL , H (R 3477
HR R 22 SRR 7 R R 22 19 Pirli/ N, H A& 1F 21
HIZRE T 20%, BB IERIER S T 25% A6 .
REIE = AR AR TR A B R AR = A

#£1 BP #HEZME#EE S Klobuchar # A3 bk 1F5
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Fig.6 Ionospheric delay at HKKT station on March 16, 2015
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Tab.2 Calculation of HKKT station with different observation stations on March 16, 2015
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HKTK, HKSL, HKKS 3.646 2 56.20 3.345 7 36.10 1.700 8 86.99 1.199 5 73.99
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