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ExR AR S (#HHES: 61722301) EOH

WE RTESME—MNRERAWNEZSEZIFMEA, &% KA BT E L E (time of arrival,
TOA) EAZMER. ERFEETREZMERRETHREZFAZRENFMERFTLEDH. A
TR EARE R, 2 T —fET TOA fuffa] 4 TOA (TDTOA) W) KAkt EH A FMIEE
W 7k, B E Mo EREFIREZMESIREH mERESEE, HF A TOA f# TDTOA W
BEXHEHATHEHRE GEERKA, ZHrEER T fior 2 EHiREMeE 4R 2097 0N E, A&
HUHBR T RERAJRENTH, SAFERLER KT ESMEST 29%.

LA BB Aor R4, RREE, /AZ, TANE S

1 5|8

A S50 T PR 4 ) R R S AR DA 55 G Dl ) — /> T BT 4. TR DR IR 2 A 45 b T 4% 1) ) B
P 08 BRSBTS IR IS 1 B = SRR N BAERAT. kb B SR MR RS B ST
B 1451 @Rk f B IA I E] (time of arrival, TOA) 155 FIMLI, 2855 AH B K45 5 A EE AL B, I
SERMES T DL E F e PIE . B AL RS SHSH 8 2006 4, Sheikh 55 [T} ~/K 2 (Kalman)
TEWE SIS, FEAFIE RGRZRIIIE I T, SEIL 7 AE AT 200 m (ke B2 300 2R,
15 H AT kot 2B, fkoh AR IS4, kel 217710, 2R A TTE iRz, TR,
kR 5 1 Z YR (mas) AR 2K 514 800 m IR Grik 2= 0, BhAbh, J2 3R T Bl ) R 2 th R 5
KT E PR CATAES SHUERE R E IR R 1011 1 ps MIRHERRZK 34 300 m I RSHRZ.

SIAM&: T hehk, IR, AT, % 5T TOA Rl TDTOA M) R Mkt B A& SHIRZMH Tk, RERE: FERE,
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HATH bR RGRZERTVE, FEA LI MBS —REIERGR Y FPRA M & IR g
BT A TR IE 120 55— b e S 3 AT 1L B 22 3 )R] 22 45, AT BRIL[F I RGER 2. Liu
S 03] T T kP R B R E MR E SR RGIRE, BT RAEIRERETHLS R, ik
Rt b, B RGRET FRESEST, RALTER/KZSIEH (unscented Kalman filter, UKF) X R4t 1%
EHHTAETERIRIE, 35 T SHURE. SR, 1T TOA Fill b ek X 43 B2 5 2 R 22 ) S i
DRI AZ 7 v I 1 22, S R G 22 I il TR FE A BRI,

TEZ5J71H, Xiong 5 101 $# 1 17—t F TR B RN E 2 0 HioR, ARSI TOA 2
ZRAG TOA &N, ZE/HrEIX REuiRZABUK, o LUR S ARG, SR, X ARZ R 2 0T
AR — Uk pp R N TAT A I R . IR 22 00 & — PR T I bR R RR ZE 7, IR R T
GPS A4 D01, sl A I 1) 22 20 7T 9 B 2 R . HE B 2 SR L TR AR IS LA B i 22
S5 AR ZE s 71 pl T R 22 A S R REARAEAE XS AL EAS S, BT DART T ZE 23 GPS i i A B R
FHAR LA RHE S 18191 Wang 55 O 2 T —FR AR 224> TOA (TDTOA) Sl H) ikt B S/ 77
%, BDFAHA0E %) TOA EMME M ZEARBAFRRTRE TOA SMER). %7720 UHRR KRG IRZER
SO, E TR, SR, 25 TOA B RS XA ERS R, sh=ExXH 855, M BIRETRE
S IA] T A B A SR R AR T —Fh A B {8 TOA S=MA TDTOA & ik 2 At
Jiik, A TOA WML B S, £/ TDTOA EIFRMLAI A7 B A5 5 PO Zrikrt
REA T B ] TDTOA WIlkoh B2 S/ 7E, B2 TOA =M AFE RGHRZE, TR &I SRR .

EEXF IR ASCHR T — T T TOA 1 TDTOA [ RSBk 4L A SRR Z I
T35, A Rk B D R T 2 R iR 22 R 3 I BPIRAS &=, B TOA A1 TDTOA HE A BL & 34T
TR IE. 5T 37 S 20 R O T SN 23 AT R BH %7 1 5 Rk B 7 iR 2 AR e iR 22
LI, A7 B85 R, Z 515 0T DUA O R GRS, S 0RE A L AL Gk B S5 1%
KL S 29%.

2 ETF TOA 1 TDTOA YRSk 2L E SAIRENG

N T N IR R R 3 R R I B R T X AR GRS WS, R K R PR ZE AT PR R
FPRFS A, JFLL TOA Al TDTOA H AN SN Hak AT il v AR IE.
2.1 HrORESER

52 H TS BRG], AN AT e A AR R rf R R PR 22, RBE o A1 0" 73 SR @ AR AR A sk
BRARERIIRES. &' K101 A3 BNAFAE R IS o Ak R I ARG RIIRE. WSS ¢ A ko (0 52 7 1 2% )
RomN

Sp' =o' — &, (1)

50 =0' — 6. (2)

b7 iRk B EDNRE, SRR B BRZE (6t.). RN 2 IR DR Z AR #2218 48

(1) 121 By DA IR AR R rp m] ol iAo 1 (18], AR ST DA KR RN 38 ), K Ik 45 22 18 D BPIR AS 1n) =
i [RII  REORBE AT ER ) 51 77, FRR AP sh Ao FE e s ) ) R OB 1 R (J2000.0) HRESE
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RSB )RR H
7:'pm = Upm,

. T T r T T
vpm — _ﬂmﬂg — I ps + sm — e pe + em + vama
[[7pm |l

7psll®  l7smll? [7pell®  llrem |
6@1 = ’lU&pi, (3)
(59Z = We¢pi,
&{c = Wet,

A vy = [pmas Tpmys Tpmz) T W Vpm = [Vpma, Vpmy s Vpm] T 53 SRR #8 AH XS T KR (1)o7 B % 2 A
SEBERIE. fim, e 1 pry VBN HERFUATE I3 IHBE 1ps = T — T FEARI AR T A BH
BB LR, 1 KT TR IR BB 1o = o — e ST S AR T HOBRE fr B R R
Pem REMUERANR T IR BB KR w,,,,, wope, wogr A wy, SERTFRMRFE.

(B X = [y, g, 0", 607, 58] REHT RAS IR, W = [0,,,,,,, ws, wsge, wy, |7 it FRIGE 7

e, WU e 2 RPIR A T LR T — BB s

Xi = f(Xp—1) + Wi (4

~—

2.2 TOA # TDTOA MR
2.2.1 TOA HIENEE

KRR A E25 0 Bkt 2 ke 2ER (] (¢2,) HHFKFH R0 (solar system barycenter,
SSB) HIRIILMS[E] (¢1) MIZEEAE v I, 7E75 A 18 RN A0 LART RN B O T, il 75 2 AT R
3 17]

) . 1 . oy ~
th — tee = E(Tps - b)nz + [ - HT;DSHQ + (T;Dsnz>2 + ||bH2 - (bnl)Q]

20D6
25 . | (rps — b)R + ||rps — b ,
+ In |2 — P + 1| + 5t + 0, 5
c3 bn' + ||b]| (5)

S04t b 2 SSB AR TABR ORI BLC R o S, DY M IKR 2] SSB IOHES. o 255 ¢ MKITE
RIS nt RABIE S KI5 k&, ATRLH LR R R:
cos(B" + 807) cos(@" + )
7' = | cos(f' + 66%)sin(F + 67 | - (6)
sin(6" + 667
i TOA Bl Z, = [t} —tl,,... 6y —ti., ... ty" — 2], BIEE V, = [, o', o] T
1< i < ny, ny AWM BKEAN L W k20 TOA SENEA A LR T

Zp k= hp(Xy) + Vp i (7)

2.2.2 TDTOA HI=NiEHE

P3R40 1 78 2 T ik B2 B I R 2 I A 5 22 A AR AR AN 19200 Rt AT BAod i K A 45 3 T
fFifikt 22 TOA &M Z,, M Z, 1 1EZ, DBERILHRILF R SR ZE. TDTOA I EMFLAL i FoR
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R
AZ, = Zpr — Zpr—1 = hp(Xi) = hp(Xi—1) + Vo = Vo1
= hy(Xy) = hyp(f' (X)) + Vo = Vo1
= hgp(Xy) + Vap,i, (8)
Horb f/ () RAREHEA £ MRS, B X 3R15 Xy HIEFE.
2.2.3 HERSHEE S 2R

KXTNELN Zy o I AZy  FENEW, B Z = [Z, 1, AZ,, )T, BEDNEEFE Vi = [V, 0, Vap )T, BT
T T RAS AN 18] 22 43 () B ASE 2 Dy
7z, = h(Xk) + Vi, (9)

Hri h(X) = [hp(Xk), hap(X5)] T
2.3 EKITIE

ATkt A TOA S &I 8 A, 2 VA Mok v 22 B0 75 0 PR bR S S A T 3R 22 W) 5 224X
BEAT I ) SR, AE BRI KR 2 TOA BEINER, KA UKF PSR R 2 A7 6 1) 5 A & ) 5557

3 ET UKF ByrT AN 5 4

3.1 ET UKF WrIMMERFMITE

MRS AN SRR AT DA Y, P it A ikt 2 TR e AR (0 L I A2 R0, FLIN (8] 22 731
MR AR B 2%, W RAE AL SR Z RS AR L AN B AR AR F) 53k TS50 ) 0 R R 2 A o
ELFERT i 122, SCHR (23] st TR UKF THSEREAERE @) € o MEFERE H), € im» (7,
n AT 73 ) DR 28 B AT ) R P 4R

3.1.1 Aid sigma RIRIGFVRSHEBIENR

fE b — 1 WZERA R SRS X TR 2n + 1 RS, Hp o RS R4
B, XA S ES TR RIRAS M X, ST k- 1 W2 ERRE T % P
M2kl RAE s 20 2 2P R we, we, .., wan ST

o) =X, wo =7/(n +7),
W, :X,j_1+\/n+7(\/P,j_1)’, w; =1/2(n+7)],  i=12...,n, (10)
1

o = Xy = Vi (YPL) v = 1/1200 1)L

(2

Hot 7 FORGMSHL, (P, FmBCP IR RIS o 478051
it sigma SRS, IS FBE S — BT 2

2 = FE k1), (11)
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Hrb F(g) NRAGARLEMEE SR SRR 1 2n+1 4 sigma RFEA 207 | MIRAERE
apy = [z, 2P (12)
P 20 + 1A sigma SORE IS5 H 2 K B
zy, = [212, 2, . 2. (13)
AL HERE @y 1) SCYAERE SRS G RORE LT D).
&), = w22l (14)
3.1.2 RIGFHMENER
TR R SRR G A S T
P, =P, H}, (15)
Hort Poy y RILVIT 2RI, Py SR SRRA T 2R, HY R0 Bt (16) AT
HT.
k Hy = (Pyy ) (P) )" (16)
3.1.3  HJEE AT YNEERE
HF 301 MK 3.2 NVIREIN &), Je HE, M AR B al S s g (241
H;
QT = Hii : (a7)

ﬁkJrnfl (i)k+n72 o i)k
Hrpj=1,2,... 1 MIERG AT Q,:
Q1
Q2
Qi

3.2 ETHRESEHRIUME 3
AP B3 S 20 A 3 AN RS O T LI P2 (25- 260 WL INAE RE QT T LAy

Qf =UxVv", (19)

HA UT = [ug,ug,...,u,], VI = [v1,v9,...,v,] RIEXHE. ¥ = diag(o1,02,...,0,) X AR,
o1 =00 > =0y = 0 BRI EH RE I AT R AL AT R AE T LA R H AR 4EIRAS B UL AR S
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* 1 CNEENNIER” HESH

Table 1 Orbital parameters of the Mars Reconnaissance Orbiter

Parameter Value
Semimajor axis 3684.5 km
Eccentricity 0.010
Track inclination 93.0°
Right ascension 278.0°
Near rising angle 270.0°

x2 BHESH

Table 2 Pulsar parameters

Parameter B0531+21 B1821-24 B0540—-69
Right ascension ¢ (°) 83.63 276.13 85.046
Right ascension uncertainty d¢ (mas) 75 0.90 4.5
Declination 6 (°) 22.01 —24.87 —69.332
Declination uncertainty 66 (mas) 60 12 4.99
Dy (kpc) 2.0 5.5 47.3
P (s) 0.0334 0.00305 0.0504
W (s) 1.7x1073 5.5x107° 2.5x1073
Fy (ph/cm?/s) 1.54 1.93x104 5.15x1073
Py (%) 70 98 67

4 HESH

PIEHESEXS L T R TOA 1E ML R A& GEkrf 2 T BL TDTOA AR LI & 4 it ) 22 73 Jik
MESAL. L TOA M TDTOA VEWLIN&E 1k 245 AT BL TOA {E ML & 38 RSk ot
E3H. L TOA Al TDTOA fE WL & () RS bkt A& SR 5 MASFEDT IR SIS R, Hik
XTI LA TOA AT TDTOA fE ML & 1 RSk B 4L G SR GE R Z M A 51l TOA
P LI B (08 RS ikt 2 U T2 B UL BEEAT 17 LR, UER T B TDTOA w45 R
5 ARG AL

4.1 1HEEH

PRI ZE PR RR PRI S B < K B BhEIE RS MPUESEL, B STK WAF/=4, Wk 1 for, i
HAM 2021 %3 H5 HOoRE 3 A6 H o .

KRR ARG L ] JPLDEA421 M STK £33 271 {7 B rp i B () ik b 2 /2 B05314-21, B1821—24
A1 B0540—69, K24k 2 Fior P8 BV R ZE RN 1 x 1070 s, I BRiR 22 B A i R0 R
S8 3.637979 x 1071, LUK 6.66 x 10718 /s, MR 2% IMIGA 7 B 1% 25 FIs 2 1R 22 4353 A [1000, 1000,
1000 m, [1,1,1]* m/s.
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18 T T 18
@ Traditional pulsar navigation without systematic error (b) Traditional pulsar navigation without systematic error
16| —— Traditional pulsar navigation with systematic error 1 16 || —— Traditional pulsar navigation with systematic error
14 14
— 12} 2 12t
E £
= 10} 2 10|
g 5
5] >
; St ‘5 8 H
.2 2
= o
z 6H > 6
A~
4 4
2 2
0 - 0 .
2021.03.05/00 05/08 05/16 06/00  2021.03.05/00 05/08 05/16 06/00

Day/hour Day/hour

Bl 1 (MEhMFE) LU TOA {ERMNERE G HNE SN
Figure 1 (Color online) Results of traditional pulsar navigation with TOA as observation. (a) Position error; (b) velocity
error

4.2 5 HEMGENAELRILE
4.2.1 LA TOA fEAMMENEGIAHESIER

125 T AR RGURENUFAE RGURZPIFIE O T L TOA 1R UL & (4% Sehikt 2 3
TIER) A R O7 B A5 RR W], BB KGR ZEN, AL B AU AL TR 22 AR RO IS S5O 18 2K
AORSAS.  H T Rkt B2 B A UL e WG, S A A TR 2 M R SR BRI AR B Bk ek 2 B
O, CEEAT I 18] SE B, BT 7 B 2 Al TR 2 SRR K. 2 ik R B IS, (R R 4T I [A]
SEHONI R SR, 7 B A A TR ZE SRR, T RGER N L TOA WL & 1 1% Ge ik b 22 5
BT IR BP P AL E AR Z2 2009 1.20 ki, “PREBERIRZELDY 1.29 m/s. 2R, BAAAERGIRZER, L TOA
VR WL ) A% SElbk b 22 U IR IO BAE FE M THR ZE 2 BEHOR, HAPFEEERIRE. A&
LR ZE I LN TOA 1E I & 1% Ge ik b B2 30 AR 40 A1 24 o 45 22 AR B2 4R 22 73 ) A2 TC R GE iR 22 I
f 3 f5A0 2.2 4.

4.2.2 L TDTOA {ERNNEHRTEZE 7 BkohE FMLEER

Bl 2 451 T BL TDTOA 1B WLl & f e 5] 22 4 fkok B S E A KRG ZER IR, TUEH, 7E
A ZRGRZER, L TDTOA A AWl & i s i) 22 2 ik 2 3T A7 B R ZE AR ELEL TOA A W & 1)
FE4 kit B ST B R ZE D T4 50%, HBERZERD T 29 45%, 142 I 0] 22 49 5 0 2 Tl
bR T RGUAERIR. AR, BT H b4 A B SR, A B IR ZTRE T RGURZR BL TOA WL
BE Gk R SN E IR ZER 1.5 5.
4.2.3 LA TOA 1 TDTOA {EAMMER KA ELEE FAER

¥ TOA EillE S TDTOA EMEH A, W HIH TOA #R4t4ixt i EIEE, FIH TDTOA #4LH
ST EAS B, $Em R GE. & 3 451 T BL TOA A1 TDTOA 1E M I & (1 ko B 414 S 45 1. AT LA
i, B TOA 5 TDTOA A&, AL BIRZEM LRI TDTOA AWl & i i 8] 2= 53 ik b 22 5
WAL EIRZW/NT 8%. LL TOA Al TDTOA 1F AN (i ok vh 22 20 & 5 L RO Ao7 B A0 i 3R 22 i
L5 5Bl TDTOA VB WL 5 0 B 1) 22 23 ok o B2 5 7 P o7, 280 R0 S080 58 A0 1145% 22 i R AR BL. X 2
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9 T T 9
(2) (b)
8 ] 8t
7 7
—~ 6 o 6
& E
T 5 S5
e | g
o 4 24
13 2
= ’ 3
é 3 § 3
2 2
1 1
0 - - 0 . -
2021.03.05/00 05/08 05/16 06/00  2021.03.05/00 05/08 05/16 06/00
Day/hour Day/hour

E 2 1L TDTOA {EAMNENEEZES OPE FAMEER

Figure 2 Time-difference pulsar navigation results using TDTOA as observation. (a) Position error; (b) velocity error

o
(=]

@ ' ' [ ®

Position error (km)
W

Velocity error (m/s)
—_— [ ;8] w E W [=)} 2 [el] o

0

2021.03.05/00 05/08 05/16 06/00  2021.03.05/00 05/08 05/16 06/00
Day/hour Day/hour

E 3 1L TOA #1 TDTOA {EAMNERPEHEE FMEER
Figure 3 Pulsar integrated navigation results using TOA and TDTOA as observations. (a) Position error; (b) velocity
error

HT TOA 1R KGR 2R, H H I B RS 7 ZRE KT TDTOA FISE = 75 2 0%, RIS
M H T TDTOA KI%EFE/EH.
4.2.4 L TOA 1EANME R RSN E S

PL TOA 1B i 38 1R Bk 2 SRS AN (4), BIEEAUYR (8). W4 AHT
PL TOA YE NI & (3 )RSk 2 S S5 0. v LR, 58 KGR ZER, L TOA 1E Ui & 1
ARSI R SR 45 R BT LL TOA 1E MM & A Gkt B SRS R, LB REmRD T
21 48%, HEFEIRZEIRD T 21 38%. HI2, ML BAGEE MRz M2k nT A, A7 B AGEE S HR A
FEH AR AR ZE, IX 2 TR A TOA Bl & ok uEmfh A T ik B2 22 PR 22 R Brh i 2.
4.2.5 Ll TOA #1 TDTOA {EANMERIEKREKHELEEMER

ASCHEHFILL TOA A1 TDTOA BN & 3RS Bk 25 FHAHPIRESHE AN (4), &
TR (10). B 5 45 H T BL TOA A1 TDTOA {E L& 38 RS Bk 2 41 & SHigs 3. Tl
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Figure 4 Results of augmented state pulsar navigation using TOA as observation. (a) Position error; (b) velocity error

12 - - 12
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10 10
g 8t E 8 |
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<oy > 4
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5 LI TOA #1 TDTOA {ERVNERE RSN EL & SMER
Figure 5 Results of augmented state pulsar integrated navigation with TOA and TDTOA as observations. (a) Position
error; (b) velocity error

A, ARSI 50T DASRAS S (1 SR L, P L AR ZZ AR LE B TOA VRN & (K4 )RS ke
B SHUED T L) 29%, FEIEERZERD T4 21%. BiR 5 B SHi 4R IR 3 frs. 7L
B R, ASCHT5ETT LR 5 T8 R 48R 22 I BLAECIR S AL AOAE FE, 30AiE T BL TOA A TDTOA 1AM
DRI RS kb SR 2 AU VE IR 2R e iR 22 R0 1A R0k

4.3 BOPEEHIRE TR IR E R AT E

A/NHTHEL TASCIRH LA TOA A1 TDTOA /EJuWLIN & (3 )RS ko 2 41 & T W55 5 B
TOA AE WL & 3 RS kb B TR AT L. 36 4 23l s 7 WRh 7 vk v Jikarh B2 2
72 SRR 22 (A R ZE RO I A 3 A SR AT I E . T BAE B, ASOTE R & ik B2 A2 DR 22
LIt BRI 77 B AR L L TOA 1R WL & ()RS bkt 22 S U5 R W K, 98E 1 AL $E
HY R 75 9 T4 i 2 T R ZE AN B R 22 B AT LIN EE , 57 A 22 D R 22 RIS B iR 22 Al U 45 SR R AR IE 1 T WL
I M EE R IR
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* 3 BMBOPESIMNGENER

Table 3 Results of various pulsar navigation methods

Method Average position error (km) Average velocity error (m/s)
Traditional pulsar navigation
1.20 1.29
with TOA as observation (without systematic error)
Traditional pulsar navigation
3.58 2.89
with TOA as observation (with systematic error)
Time-difference pulsar navigation
1.79 1.58
using TDTOA as observation (with systematic error)
Pulsar integrated navigation using
1.63 1.48
TOA and TDTOA as observations (with systematic error)
Augmented state pulsar navigation
2.26 2.04
using TOA as observation (with systematic error)
Augmented state pulsar integrated navigation
1.28 1.31

with TOA and TDTOA as observations (with systematic error)

® 4 OHEERREMFPIRENLER

Table 4 Pulsar ephemeris and clock error using augmented state pulsar navigation

Precision and

Method St 50! 52 562 53 563 [
observability
Using TOA as Estimation error 0.52 mas 6.00 mas 0.65 mas 8.39 mas 4.24 mas 4.96 mas 2.52x1077
observation Singular value  2305.29 6.56x1072 2203.41 3.03x10~2 879.43 1.42  4.47x10~%

Using TOA and TDTOA Estimation error 0.17 mas 4.35 mas 0.41 mas 6.17 mas 0.99 mas 3.48 mas 2.51x10~7
as observations Singular value  2305.31 7.44x10~2 2203.43 4.36x10~2 879.45 1.47  5.05x107%

* 5 HNAREANHEKOHERHRL AR SIS R

Table 5 Navigation results of the proposed method when observing different numbers of pulsars

Number of pulsars Pulsars Average position error (km) Average velocity error (m/s)
1 B0531+21 2.18 1.97
2 B0531+21, B1821—24 1.80 1.76
3 B0531+21, B1821—-24, B0540—69 1.28 1.31

4.4 BKHENBXTSIEE R

B 6 A1 7 0 ZE T AR SO 7 3 AE ROULI ke . B0531+21 A [EIE LI B0531+21 A1 B1821—24
PR R B T S s R K 5~7 T CUE B, A SCER A 5 VRN 1 5k e A I (R RE T AR
RS ARG R, 3R 5 A T AR SCHR 7V AE ikt B AN O R 1 SR s 51 BE S W ik 2 A4
Bk D, Ar B A FEASTHR ZE . I 1 Sk R B RS IAL BAR 2 R T R P R 2 4 ) A W
3 Wk BN 1.43 £%5 5% 1.35 1%,
4.5 HFEEZE

A B 2% P B — N BB AR AR, AR LR MR E b, BTN 6 s, R 74
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Figure 6 Navigation results when observing a pulsar. (a) Position error; (b) velocity error

IR
EEp
i 6

12 T T 9
(a) (b)
8 -
10
7 H
E st £ 6
5 5
=) E 5
z 6 >
£ G 4
b 2
2, 2,
2
2
1 -
0 : : 0 : :
2021.03.05/00 05/08 05/16 06/00  2021.03.05/00 05/08 05/16 06/00
Day/hour Day/hour
E 7 WA ERNSMER
Figure 7 Navigation results when observing two pulsars. (a) Position error; (b) velocity error
&6 HEEBITHE
Table 6 Operating environment
Item Description
CPU Intel Core i7-8565U 1.80 GHz
RAM 16 GB
Operating system Windows 10
Simulation software Matlab R2018b
T 5 PP R 5 AR

ATLLE H, BL TOA 1M & & St ikt 22 ST LL TDTOA AE Wil & (1 i [a) 22 4 ik vp 2 5
IBATRER AR RIS L TOA Al TDTOA fE AL, BT 2R 4EE00 N, 580817 FER 1S
I0; AAEIRAS A 5 AN Bk R 1 B D 2 R R R ZE AT R Al T, B TIRES R 4E %k
dexEn®) 13 4k, SEILIBITRMN N 2, M LS bkoh 2 SHISITFRR I 0.942 s; PL TOA
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Table 7 The results of time consuming

Time-consuming Single cycle Time-consuming
Method
operation (s) time (ms) ratio
Traditional pulsar
3.976 2.76 1
navigation with TOA as observation
Time-difference pulsar navigation
4.222 2.93 1.06
using TDTOA as observation
Pulsar integrated navigation
4.553 3.16 1.15
using TOA and TDTOA as observations
Augmented state pulsar
4.918 3.42 1.24
navigation using TOA as observation
Augmented state pulsar integrated
4.981 3.46 1.25

navigation with TOA and TDTOA as observations

A1 TDTOA VE NI & AT IR Bk b B LA S NS TR 5 DL TOA /B A & it B4 IR 25 ik
R ST, BATRESAT R LN 10 1.06: 1.15: 1.24: 1.25.

5 51

SO IREE SR Z M Es &, $EH 72T TOA M TDTOA s IREHKt 2H & T
LR ZE AN 532, R 2 kot 2 2 P iR ZE N iR 22 I RS B 2R & b, JRFEIN R TOA
Lo TDTOA LA T #MES RGIRE. T HEREW], ASCR AT A L TDTOA /Ry &
OIS 1) 22 73 ik o 2 2 A B TOA PRI & 13 IR A kv B2 3 S L fth 7 vk mT ASRAS B v ) 2 A
FEEZ, T UUA ROt bR R e iR 22 IORZ . A A0 20 ik BL TOA M TDTOA VRN R 384k
Shki R HUNEL TOA 1E WL & 8 ) RS ik 2 3 U DI BEEAT T 20 B, LI 73
BTt KR W], AR i i 1 4% ke B2 2 P iR Z2 RN Bk iR 22 (K DRI . A SCR SRR X 5V
AL T Bk R SRR A
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TOA and TDTOA-based augmented state pulsar integrated nav-
igation error suppression method

Xiaolin NING'*, Mingzhen GUI?, Yueqing HUANG?", Jiancheng FANG! & Weiren WU?

1. Institute of Frontier Science and Technology Innovation, Beihang University, Beijing 100191, China;
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Abstract Pulsar navigation is a promising deep space autonomous navigation technology, which usually uses
the time of arrival (time of arrival, TOA) as the measurement information. However, system errors such as pulsar
ephemeris errors and space-borne atomic clock errors have a significant impact on navigation performance. To
solve the above problems, an error suppression method for augmented state pulsar integrated navigation based
on TOA and time difference TOA (TDTOA) is proposed. By adding the ephemeris error and clock error of
each pulsar to the state vector, the TOA and TDTOA measurements are used to estimate and correct them.
Simulation results show that this method improves the observability of the pulsar ephemeris and clock errors,
eliminates the effect of these systematic errors, and improves navigation accuracy by 29% compared to traditional
pulsar navigation.

Keywords autonomous navigation, pulsar navigation, system error, time difference, observability analysis
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