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Apy ey 1 ety
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Ad” a’c . alcr|| Az g 0
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Ad 2 alzK alZK 0
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AdY ., alc, afK_L 0

an
BB MERIL TR, |
Amg~HAuy+égg (18

Ho: I<i<jsn NHBL P EHRS: am eR™ N
BRI R R, DB AR 2 Ap, € R R [A]
FIBE IR 2 Ady € R™ PFEALRG H € RS 0 )
PR e T O, 6L A D UL 45 A2 1) [ B B B
A WS L R OB 2 1 (15 B Amg e R
Ffh s Mo R, B B SE B A
[Ax,, Ay, Az,] FUER 20 IER O, o £ € RZ AR
MERE, R RO EE T ENRE S . ROREE IR
%7 S,

TSR A 2 B Z B R (18)
, SR LS SEHR SLHEATSRAR, $RA A1 B HE
i Au 1 AT A

o

Auy= (HIEWKHK)%H[EWKA’"K (19

S Wo=diag(W, W) N WKL, 0 B
KL W, AL (8] 6] B AL W BT K diag(+)
Sy I et f O BEERAE . BT (19) IR,
F)F A= W 1% AR 3% R 43 A Bk R LE 55 K T o6 i) e Ar
Zilkx o R

X, (=X, g+ Axy Qo
Hobe x, o NE KA ERERI B ALE, Ax, A
JSE AV B A IE

wJa, FFEIEET PAER G B LS A5
IR R 1 AR TR

*1 ETIENZEEN&/NFREM
MR AREEI
Table 1 Pseudocode implementation of least squares
positioning optimization solution based on satellite

spatiotemporal information

WA : BPITCEEm, AR A, 5KFTT0<K<m)ithib
WL 1] 9k p=[pho e plk | A B B TR BEE S B =
[xh coxp | DTS TG BE L, WSO e, A AR B
Maxlter.

Wit JIBRAEA LT RLAE x, =[x, v 2]

ﬂ}g’%:
ERK=15m, Pf7:
MEK<LI, AT
1) ARG D5 e O UL 454 2 Ok ORI 7

pe=[Phse o Py o Pl el ]

2) BN T TR HUE R & TR B
xp= [k g o X X xZ]T
MK LI, PuAT:
1) BT SR 755 5 T D B SO i) A T2 57 B B
S PICEHE, A ABIR R L+ 1;
2) MRS O 0, fudE:
HERAAENE B x, o= [, 0 v, 00 2,0] =00, 0]
ML 22 ot =03
3) FIHZ Dot , RAE= (4) ~ (6) I
I T LA R AR R () P IIAT & W 5
4) I SRR T A T B AN R O g, AR 2
(9) ~ (10) T Z )5 70 52 [ i) 5 249 shOAs Y K HCAH Ry
Fi 2L [ (B) HEAN R W5
5) WG Z oo e (s B Dot 2R EEAE E, 155
FHEBZE B LS B (18);
6) LT AR 2 R SR B Rk AR
a B (19) IR RS EOE &
b ARER (20) HRBIES A Bk 4 0E ;

7) BRI BRERATE X, (=[x, g0 Vo g 2] o
gk
okt
PRSI 5K R S — 25 P
D) RAE (11) ~ (13), XHLE W ] 55 m i R R =
2) LT 6 3 ORI 0 B 4 2 5 0
3) AR (14) ~ (15), HSTIRMRLA R B G B
4) AR G F E EOREE 0 BRZEG Bx, = (%, 0 0o 21 o

3 {FEIUE

ANECFEAN P ESHNCE. HEREEshH
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WHEN 1 Hz, ARRATFORE TS FEAFRAFE SN X € A1 K
JERIREN . FeTREEM BB, e T k32T
ARG RERE LT, BAEAE “RM 7 B A E HiR 22 ]
EFMET (o,=10m), Z Froath a7 5] w7
KELG . DENZERBREEMLRE, DL
MR EENRE LS FNERESEIRED
5, AR BT HE 7 VA 8 R ZE & R
3.1 fiEKRE

AP BEAERE: “ff” @8R ENES
Haze B E SCHR[5156 2 Bir By 2 et BBk i o7 % =
%07 A E 6 A AW %R 458108 (Elliptical Lunar
Frozen Orbit, ELFO) T & 12 fil ik H £ %= #1 i&
(Near Rectilinear Halo Orbit, NRHO) T &, #EHIH
H11) 4 BUELFO B AE 05 B SEIR 0t R, DARLH B 02
PRI 5. MRBLEUE S HWNEL 2 s .. HA STER[5]9F
AREEZS HPIESHR KIS, Al HiES)
D15 75 R SO T SR

A, RTUHEPFEPAERA M TREM LA E
e, FF3E 3 1 B 0 0 KB v AT A N (0, o2, ) AL
MR AR SRAAM DEA E x>, el N EREER
WS (BERE3 . DEME K& 1 Hik
MR TR EEME. & DEREARERNS, 4
PR T M B AA T

#*2 4B ELFO D ERHIE 6 1R

Table 2 Six orbital numbers of four
ELFO satellites

TAEID 1 2 3 4
KBl /km 6143 6143 6143 6143
B 0.668 0.668 0.668 0.668
PuBbiMA () 54.811 54.811 54.811 54.811
PEH s ) 90 90 90 90
e aks () 0 0 120 240
HT RS () 0 180 240 120

HAERENHBE: DR Rz — 1
Iy P FA 4 B AT BT i skt sR () BRI 4 84.9°,
REE12.9°), BB A ERGAE KT L1 m/s 138 23T
“I7 PRI IEE), BAE 300 B AR — T,
FEJT FJEis gl .

Dy Bl L B . A EHERPE LI Hz [
KR ZWANLERES, RENHENEESS
SCHR[251REAT SR, e rp i At A P 81 19 2% % 22 YA
RSB EWR IR .

*3 AR FREZRERSHIE

Table 3 Parameter values of error sources in

lunar polar environment

R TR B HUE
STREAXMN  BENME,/m 10~100
% TR o, 4/m V10

P 1 Jem 29.305
TS 58 By /Hz 0.5
LA X
. AT DS R BB dichip 1
fr) 15 22 o
#H ML C/N,/dB 30
TR AR T RS I T /ms 20
S EA e
RS /m 1
SRR ZARIREE 0,
32 HRPH

SE LR 22 € SCON SRR A RS AL B S S E 22 1]
MR RBE B . A SC B AEIR DT B A TR 25 B KR
THRARAL KNS AL 55 LT SR A R I A, R
HRXFE LR IR THERT, BREs AU HIAh, AT A
SICG 1) T B 2 s 14 I R id s R AR XA AT . B
8801~12800s, FLil4000s. %I PDOP{HM2.71 I
TH#25.39. ZIX (AR I 1% Gt e 7 IEAE LA
FAFBA T NG LB T RS, BRIy
RIS TEET 1, LR GEVPA T3 VAR 8 AV RE 1 2
HFHOR

AR RENZEBHE S THREMRENES
EZE G T a R L 4R, &R T LER
ZAE BAERTHE LR FE I AL 5. Ah, ARG
TR EYE, T SERIE S — WIS iR 2%
BRI BEE T B R AT 100 KSR RIsTH, JFBUSE
BEAT VA o

x4 ETIEMZEENS/NREMRES T

(BHIRE: c,=10 m )

Table 4 Comparative analysis of positioning errors

based on satellite spatiotemporal information constraints

(orbit determination error: ¢_,=10 m)

m

P JeALlE] HPjgCEIR ZDitAR
~ FEEREE REEEE MEERAR

Ji it K L=0  59.86+64.83  26.58+14.52  26.58+14.52
IR ieKEEL=9  25.61£27.35  15.24+9.60 9.26+4.27
IR FICKE L=19  21.66+22.06  13.98+8.44 8.54+3.49
DI Dige i 1=29  20.61£19.74  14.06+7.71 9.27+3.31
PisDioeKE 1=39  20.39+17.75  14.66+7.16  10.46+3.36
R FGKEL=49  20.74+16.69 15.51+6.78  11.83+3.61
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173 76 B BE LI B A5 R A P 0] 7 6 M RE AR S, 76 [
ERBEPEZMGT, BTRA4FIHEFERERT AR
J3 s oG B LW e A iR ZE R, g5 R an i 6 f
TNe SERFW, EARGINERIEEMELT, BEL
MO ZE 29, 8 AR 2 P E B 59.86 m F % 20.61 m,
FEAR T 65.57%; HrdEZ H 64.83 m (A% 19.74 m, [#
K 7 69.55%, MTEE | 2 [ o A5 Bl i 2 7+
LW A5 5 B 0 o ARG P S B R I A . AR
M, L>290F, &ALk RS THE T A& 2 [E,
JHAEGNERRIFELARGENHE (WK 453
F), R LAE BAFER RED S XA REIR TR
T F o 5 7 5245 BIRALE) 2 A 2 KIS B
1 VG A PSS & P CpA 1 (A PR N A
N2 3 o6 O BE AW B A5 B BT IRAS (4 58 0 RG BE AR
757 52 Py e Kk R v 20 i TR
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35t
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Fig.6 Impact analysis of historical epoch length on positioning error

under absence of inter-satellite distance information
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SRR BE LT 2 R e A Ll Ak, Hoh, fE
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J7 Z 1K 38.91%

60 —a— K EL=0
Ji s i e FEL=9
—A— ik EL=10

IS w
(=} (=]
T T

SEALIRZE/m
(5
S
T

|

10

0 1 1
TERBEEGE  HPICRMEEEE 2 JuRREEER
[Eise =it

i SR Ry S b v A VAT A AL P T

Fig.7 Impact of inter-satellite distance types on positioning error
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Fig.8 Temporal variation of positioning errors within a single orbital
period under different inter-satellite distance types (with historical

epoch length fixed at L =19)
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Fig.9 Analysis of the joint effect boundaries of satellite

SBWEEERAAH

spatiotemporal information
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FrZEZ 12 m, FEIEIES50%. Fk, ERLEGHE
(L=19, SIANZPicEMEFEREE) T I3RS M ENSS
R (7.03+2.50 m), B TIRALELE (L=0, JIANZ
Piyc 2 AAFEAE B BTk BIHR B (6.14+3.64 m),
KW FBS FLRIFEARE R E A A

UGG, FBS BUAEMHE ARG TTERET), AE
AT A G I 55 2 LR S, TR E AR FE

—— L8:26.76+ 14.46 /m
—— FBS:6.14+3.98/m 300l
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Fig. 10 Temporal variation of positioning errors under different satellite spatiotemporal information fusion conditions

i b, GG TEEFSEEUTER, A
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Mo NRGTAT XA JEN  (Forward-Backward Smoo-
ther, FBS) HikX LS A4 RIMRALEE ), EAH
LRFA T, FBSEIEREMIRENEK S, FRER,
FBS BVEE % K(E BME st A RIFMiRZEM
IR I ANEENTERE, EMRZEYE TR
4.03%~85.07%, PrifEZ FEA8 20.26%~85.72%, AT
PlRZERE6.14 m, REMRTIHEALSL R,

Bl 103 — B R 7 3 Mt B2 & 2611 N IR Z I
PRk . RIEH, FBS 5L 2O T LS @ E i)
BENLBE B, ST TR e v A L B .

——— LS:26.43 + 14.26 /m
— FBS:9.13+£3.77 /m

R T R T Aul‘m
0 500 1000 1500 2000 2500 3000 3500 4000

() Bﬁﬂi)ﬁfﬁﬁﬁL=Oﬂ?ﬂ§fﬁfE§l‘ﬂ IDFEERSY

[FI, AROGR T RS Rgf et

TEVHERETTH, &4 650 1R SRR
CREf 2 /NSRS PIAD TR S B 453K FBS 4
FAEANERCE T IFER b T =0, BEE T S o
RN e [ TSR o SN e = A 161 B S o
B A AR 25 AT Ak T T B sz S N, B KRR I
2532 ms, H/NFERT 0.65 ms. B H K VL E A
R E M s o E AR, BRI 2 H T SEI E AL
K.

x5 BETFBSHZEMEMIRESBRERNSEIT(EHMIRE 0,~10m)

Table5 Statistics of positioning errors and computation time based on the FBS method (Orbit Determination Error:c,,,=10 m)

m

£l JC K [] [E] FEAF B

FRIOT A A S 2 Hiot 2 ]l A5 5

i ik EL=0 8.94 +9.26 (0.65 ms)
I PicKEL=9 10.58 + 8.51 (1.13 ms)
P iockE L =19 11.10 + 7.88 (1.72 ms)
P ioaKE L =129 12.01 +7.53 (2.23 ms)
Ji ek L =39 12.97 +7.00 (2.91 ms)
PR ioc KB L =49 14.12 £ 6.63 (3.27 ms)

6.14 +3.64 (1.08 ms)
6.27 +2.96 (5.76 ms)
7.03 £2.50 (12.10 ms)
8.34+2.37 (17.29 ms)
9.82 +2.50 (24.03 ms)
11.36 +2.88 (25.32 ms)

6.14 +3.64 (1.58 ms)
8.16 +4.77 (1.81 ms)
8.92 +4.44 (2.47 ms)
9.94 +4.06 (2.87 ms)
11.15 +3.82 (3.55 ms)
12.43 +3.82 (4.05 ms)
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3) BEEPREXNEM P . ANt
PRV PR PORZER E LR IR, DAL T 5
) TR I 25 SRS FIEAE A R R ZEKCF T ) B
Yo FEANFE PR EIRMEE o, KT, FBSHILM
SERLIRERIMMA 6 5K T. 5ERSXLAT R, &
PEZEYPORZE M, EAiRZENE BT, HiEE
N DRI 22 S AT B 4 R ZE 9 R

*6 ETFBSHZEMEMNRESIT(EHMIRE  6,~50m)

Table 6 Position error statistics based on FBS solution

results(orbit determination error: 6,,=50 m)
m
P JC L[] HPehIE] 2Dkt
- MEEE MEEE MBS

i igtKEL=0 95.75+82.74 89.99 +69.30 88.97 + 67.81
PIsh it KEL=9 6478 +62.19 62.63 +57.91 50.16 = 37.78
Pi i kKEL =

it KL =29 50.70 +49.87 49.29 +46.51 33.14 +20.59

9 55.81+55.12 53.70+50.86 38.12 +25.49

DIt KIE L =39 48.34+46.19 46.52 £42.44 30.69 +17.96

It KEL=49 46.15+43.50 44.63 +39.69 29.55 + 16.43

®7 ETFBSHZEMEMRESR T EHMIRE 6,100 m)
Table 7 Position error statistics based on FBS solution
results (orbit determination error: ¢_,=100 m)

m
T[] HPjgThE 2Pt
[ B )AL IDEC PSS
Jist Jige K8 L=0 235.90+201.81 233.53+192.44 232.41+187.94

W

DisE it 1=9  156.26+135.32 155.87+134.70 146.75+119.38
PisJioe K ¥ L=19 134.50+124.59 133.30+121.70  120.85+97.7
PisDioe K 1=29 124.22+116.67 121.76+112.35 105.65+83.74
F s O 1=39 114.83+107.96 115.55£109.59  95.55+74.23

Jis e K JE L=49 109.80£105.07 110.26+104.25  87.92+66.43

LA 6 NG, Mo, WA 50 mi, FHAGIAAEM
WS R, EMRZEH 894 mi £ 9575 m, WKL
9.71 £% o 1M £E [ I 51 N 2 7 7 O 5 08 I B (S
(L=49 H5Z i cEMAEGEER, ©MRENA
A 2 29.55 m, FEMRIE 67.72%. {H15F = HI 2,
FEERERE (o,=50m) F, EMIRERET L
PG K BN ORFE B T B s, X 5IRRZER
B (og, =10 m) L 29 J5 52 A0 R B I M 5] % 1)
AT AT, RIABCK B PORER & T RSN
SEOhEE CMBIRZE” cMAZE, HHREKNZT

I A5 S RE R A RO .

A, FEmEmRE RN, 270 E A R4 R
TE LA T 35 J& B0t fe p s o PERE, 1 BR I3 6 20 SR 1)
MBERKT G4 M FRE#E TAR TR,
bR & TWA. RTIMEEHT—PRIET L&
F=E2

iR, TEEEHRERET, @4EKTE
ik, FH4aZ e R nmEE R, mik—Pi
TE R G K BEFN B

4) IR RAR A TR B R S AT . AT SE AR
R T H BRI HIZ N s R IT . NIRRT I 7 AL
S IRIB N A FIERE, AN 2 e
il s, POBEETT XS HECERB31], AR AE
T SCHR [31]4E B % BT 328 B (R 170 /1 AN C60°, —60°,
0°) HBEEALE I, A ORIy (150, -15°,
0°), DU B P SZ A SR A7 A5 3% o) 9 AN L3253
WE R, BREEAL, HARSCIIE S5 28R
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Fig. 11 Schematic diagram of complex motion trajectories
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Fig. 12 Schematic diagram of motion trajectory based on LS
algorithm and FBS algorithm in the absence of satellite

spatiotemporal information
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Fig. 13 Schematic diagram of motion trajectory based on LS
algorithm and FBS algorithm under historical epoch length L=19 and

multi-epoch inter-satellite distance information
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Positioning Optimization Method Based on Satellite Spatiotemporal
Information for Queqiao Constellation System

LI Zhenni', CHEN Liji', LI Maodeng’, CHEN Qiming', HE Xiongwen®’, Chen Chaoji’, Xie Shengli'
(1. School of Automation, Guangdong University of Technology, Guangzhou 510006, China;
2. Deep Space Exploration Lab, Beijing 100195, China;
3. Beijing Institute of Spacecraft System Engineering, Beijing 100094, China)

Abstract: Due to the fact that the number of visible satellites is limited, the finiteness of observation information and the
ill-condition of the observation equation seriously constrain the positioning accuracy of the Least Squares (LS) method. To ad-
dress this, a spatiotemporal information-enhanced LS positioning optimization method for future Queqiao communication-
navigation-remote sensing constellation was proposed, aiming to improve the robustness of LS-based solutions. First, an auxil-
iary equation incorporating multi-epoch pseudorange observations was constructed, coupled with a dynamic weighting strategy
based on a constant-velocity motion model, to effectively utilize historical data and mitigate information deficiency in dynamic
scenarios. Second, multi-epoch inter-satellite distance measurements are introduced to form geometric constraints that to sup-
press ill-conditioning in the observation model. Finally,a Forward-Backward Smoother (FBS) algorithm was applied to further
refine positioning results and enhance solution stability. Simulation experiments based on platform-generated orbital data of the
Queqiao constellation demonstrate that,under a 10 m orbital error and with a historical epoch length of 19, the proposed method
—fusing multi-epoch pseudorange and inter-satellite distance data with FBS smoothing—achieved a positioning accuracy of
7.03 +£2.50 m. Compared to the conventional LS method without any auxiliary information or smoothing, the positioning mean
error was reduced by 88.26% and the standard deviation by 96.14%, providing solid technical support for high-precision posi-
tioning and navigation services required for Chinese astronauts’ lunar surface operations.

Keywords: lunar orbit satellite positioning; least squares method; multi-epoch observation data fusion; inter-satellite dis-
tance constraint; Forward-Backward Smoother (FBS) algorithm

Highlights:

e Constructed a dynamic weighting strategy based on a constant velocity motion model to adjust contribution weights of
the introduced historical pseudorange observation time series, enabling effective weighted fusion of multi-epoch pseu-
dorange observation time series in dynamic scenarios.

e Introduced multi epoch inter-satellite distance constraints and constructed a pseudorange- inter-satellite distance joint
observation equation, fully exploiting spatial geometric information from multi-epoch satellite orbital data to overcome
the ill-conditioning problem in pseudorange observation equations.

e Based on the above weighted least squares solution, a Forward-Backward Smoother (FBS) algorithm was further intro

duced to enhance stability of positioning results.
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