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Table 1 Initial values of f-family orbit for Hill

equation[le]

DRO r &o
DRO-0 4.0 —0.20421
DRO-1 2.0 —0.32163
DRO-2 1.0 —0.43991
DRO-3 0.5 —0.53182
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Fig. 1 Trajectory of searched DROs in the Earth-Moon

synodic coordinate system

ARSI SE B 7 A (B4 0 RARIEER
51 71 K RAT 2 =AK51 77 KERE H AR
RN EE), Xt B3R A IPE R 2 1 3 1 A
fE3 = 5 A BR AR T FT A PUIE B 28 7. AIET2
AT LUE B, E3 A N, £ DROMLIE Y fE
TRFFEEE I HE R R, 35 W R BUTE 72 KA A

55 v BLAT e 3 R T
0.2 -
DRO-0
_ DRO-1
g 0lr__pRro-
N — DRO-3
£ o| ® Moon x
5 + L1 approx
Z x L2 approx
= —0.1F
_0.2 i i i
0.4 0.6 0.8 1.0 1.2

x (Normalized)
2 20209E1H1HZE20204E4H1H, 4 DROMIESH A £ &k
A TR
Fig. 2 Trajectory of DROs in the Earth-Moon synodic
coordinate system from 1st January 2020 to 1st April 2020
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UL AR 2 ) 00 e A R L R R AR R S S
Yo i L K A 4 8] P LEO-3 H DROZ FAF
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BIEE (A E
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Fig. 3 Inter-satellite one-way ranging mode
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Fig. 4 Inter-satellite dual one-way ranging mode
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QApo * (t4 - tl) . (t4 + tl - 2tAO) 9

fELEO-H1  DRO% ADOWRM M H, 1= "R AT 18]
[ B AT 3k 2 [ I 32 20 A4 /) L I A E 12
BB )y AR LA AE 2 P R ER R

AR FOCTEI Bl 5 B 7y SR v e,
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(D) dTCB B3
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Time); TTse HiEKI] (Terrestrial Time); TCGz Hb
O A4 475 I (Geocentric Coordinate Time); TCB#E
Ji > A bR B (Barycentric Coordinate Time);
() & K B SF 3 Lo = 6.969290134 %
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BBRNTIR, HARB AP
TDB — TT = TDB, + P(TT) —

1
g('vE * XTT) + 0(6_4) .

HATSOFA, il & 1 787Hr R A
SCRHA T A [ (7821) KA Yarragadee
(7090)F1 3£ [E £ & B0 (7105)11) T2 B W BE
(Satellite Laser Ranging, SLR)M %34T 1 fif 41 i
SRR EAT L, 2558 BoR, ZREENT

(28)

P(T,)+
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A(TDB-TT)/ns

— 7821 |
7090
— 7105

300

200 400

Days

0 100

B 5 7821uk. 7090%5F17105%520124E3H 1 H £ 20134E3 7 1 HZ %
fRNTRR T LA R S BUE R 45 RxT L

Fig. 5 Comparison of series analytical solutions with
numerical integration results for stations 7821, 7090, and
7105 from March 1, 2012 to March 1, 2013
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Fig. 6 General relativistic clock correction for Earth-Moon
DRO orbits with different orbital periods over a 90-day
period from January 1, 2020, to April 1, 2020
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Fig. 8 Strength of the asymmetry in cislunar space
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G BN, F2 20T 25 X 3T B Y AE XS FR BEHEAT T g

S EE

% 2 LEO#i: B DROFF & XI5 A EXT FiR E
Table 2 Strength of the asymmetry in LEO and

Earth-Moon DRO regions

Orbit type Orbital period Strength of the asymmetry

LEO 1.68 h 0.00000547%
DRO-0 3.5d 16.4%
DRO-1 6.0d 34.1%
DRO-2 9.0d 49.3%
DRO-3 12.0d 38.8%

M2 ] LB 3, BARLEOYUIE 1Y AE X FR
IR T0, H5 HAHS A DROYLIE B AR &1
JEXFFRE. AR 4 SCHR [30]3E B I LIAISONH * &
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determination for LEO-DRO
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Fig. 9 LEO-Earth-Moon DRO constellation autonomous

orbit determination simulation process
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% 5% LEO-3t H DRO% P\ AE B & [j W #E 5 3 2 i 4 3

R % ] Grail Gravity Model (GRGM900C)™, 5|
7137 M #E 1R 5100 x 100H.

% 3 ZHADROYLEM BEHE(BRAL: km)
Table 3 Initial position of Earth-Moon DRO

satellites (unit: km)

Satellite T Y z
DRO-0 —18900.960 —1.720 1875.502
SENTINEL-3B DRO-1 —29768.918 —2.708 2953.906
DRO-2 —40716.531 —3.705 4040.215
DRO-3 —49223.375 —4.479 4884.331

10 LEOT 2 /m 4K

Fig. 10 LEO satellites orbit distribution

FEA B, A bR ER H % il 55 (Interna-
tional Earth Rotation and Reference Systems
Service, IERS)K ffi [ # ¥k H % Z % (Earth
Orientation Parameter, EOP) Bulletin Aj™ fiii; X
FHARATEAE S H R A SOk B B HEE SL5
% (Jet Propulsion Laboratory, JPL)& ffi ff] Deve-
lopment Ephemerides (DE440)". H 3k 5| /737

#* 4 ZEMADROMIEREHE(EAL: km-s7)
Table 4 Initial velocity of Earth-Moon DRO

satellites (unit: km -s™')

Satellite Uy Uy Vs

DRO-0 0.0178280 0.4575956 0.1895429
DRO-1 0.0143245 0.3721242 0.1541565
DRO-2 0.0125884 0.3297702 0.1366215
DRO-3 0.0118551 0.3118817 0.1292154

*5 WNEHETHEHIRE

Table 5 Settings in observation simulation

Items

Models & Description

Earth orientation
parameters
Lunar orientation
parameters
LEO reference orbit
Spacecraft clocks
Gravity model
Nbody
General relativity

Solar radiation pressure

Empirical accelerations

EOP IERS Bulletin A

DE440PY

Precise orbit provided by TU Graz™”
Consider the general relativity corrections only
DRO: GRGM900C (100 x 100)*!
DE440""
IERS 2010 Conventions
Cannon-ball model
Consider the parameters of Ca, Sa, Cc and Sc for the along- and cross-track directions

(cosine/sine)

38-11
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% 4R 4 4

R 4
Table 5 Continued

Items

Models & Description

Integrator
Integral step
Antenna half-cone angle
Sampling for observation

Random Noise

Krogh-Shampine-Gordon integrator™
60 s
30°
120 s
OWR: 1 m

S BRI L A B RO A 3, AR S
F B th F| Technische Universitit Graz (TU Graz)
T B 8 GNSSHE % € PR 2 1) JE K 28 5)) )1 55
E/ENLEO T B HiE B, JFE#Z 5 WIHE
17 .. 25 R8BI H R A 23 TE) i R 28 1 2 UK N
K G, DR B A JEE K K %5 0T P AR O R
B AN 2 52 5 25 1) 78 SR B2 7KF

MG 1 5 id F2 7, LEO T 2 MIDRO T A (1)
RE a4k [ HE A Fi 1) 28, HOR Ze A AL o0
H5TEEROLESA. LEORL KRR, LKL
Fo 5k M 15 E N300, DROK 2R 4f 4 v Hh Bk LR
28 25K ff e B o AL Hh =S H]. 4 LEO-Hh A
DROZ & 5 K 4 3= 1l (1) J& f 7E 037 76 B A I, A
BT E.

H T LEO T 2 Bl Ji BHEUR, SO Bk € 1
JRE % B K. 45 4 LEO-#h H DROM) AT AL 17 i,
AR5 64 58 BB, AN E FLUIKBX 7 — FLEO
PEZ5 RN, 154 FLEOT E nf # 7w
W, LA DRO TR HHE . 1R 1%
FeH RS T, LEO EXH4HDRO P A AT 41
I [8] 73 A7 DL R A SO BB R 73 5 L. R 6 R
T & PN IE R FEF H (Day Of Year, DOY)
YL Z 5KLEO 2SI

9o BT AN IR R AT I TR (IR T R B E 3
EE R, fEH A A ERDOWRMMIAE B, A% 3C
EHL T A AT (B3E0 s+ 5 s. 10 sF120 s), BA
HEAT X LG . 2B e B H AT & B 3 TR #8 1
I KPS AR L ) ) P R e
1 m. RFEREENL20 s.

4.3 HIETEHKRIE
WHEE6, AFREHIMEMH 7 ARKLEOTR

BT B E R, B S LEOT 2 H3h /)35 R
e LA SIS (] | (3 2. 25 8 312 B GNSSH AR 1
Iz R, AER R IR BHEAT B 2 PR,
LEO_L 2 i 2 H GNSSULII £ 4 LL 2 GNSS) ™ Hk 2
DIEAT RS % € L, AT AR EXLEO T 2 i) LB 4] {H .
fEH EE W B, UEHDOWRIM M AH.

ARC-1 ARC-2 ARC-3 ARC-4 ARC-5 ARC-6

SWMB '
DRO-0

sgss i TN . "HEEN —oro-|
: ‘ ! ! ; | — DRO-2
: : : : . — DRO-3
SEIA N 3 - : :
1 6 11 16 21 26 31
Time (DOY)

K 11 FLEOTEX A DRO TR Ay ML A

Fig. 11 Visibility durations of Earth—-Moon DRO satellites
from each LEO satellite

#* 6 SEMINELIAARRIZ]
Table 6 Table of start and end times for each

POD arcs
ARC LEO Start DOY End DOY
1 SE1A 002.0 006.0
2 SE3B 006.0 011.0
3 SWMB 011.0 016.0
4 SE1A 016.0 020.0
5 SE3B 020.0 024.0
6 SWMB 024.0 028.0

H T DRO P HUIE A B (KT E LK),
SN R SR @ S S e il N a7
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M55 : LEO-# - DROZ BAAE B i A 18] W B 352§ #r 4 34

SNBL I WIAT S8 B AN o B LA+ H B 71 2245
BHNESE, S EEd 2 MBI R, 52
I DRO T € HURS .

TEB) )¢ ZHOCE 7 1, 75 R 3 SE PR TRAT
Z5 i S H BRI AR P 3R A BR A BLAS R, A
JPLK Aii FIDE4305 DE440 N Bl 7 % 1 5 fir 15 i
J B B 2 5 N o K R % S AT I
BRI s, DR O RAT BE R A AR SRR, AR
FADE430 AL JJj ARSI H BR AL ] 35 2 % E 2 3
(52 M. 3 BK AR BRE 51 71 3% % Fl EIGEN GL04C
(GRACE- and LAGEOS-based high resolution com-
bination European Improved Gravity model of
the Earth by New techniques) % A2 120 x

1208 . H Bk 4E Bk JE 51 7135 K FH GRGM900CH
RSB T 2E 50 x 508, HoAhsh J1 AR DL K S5
it g ) - e 75 3T

5 EHMEERT

5.1 DROIEZE5SLEODEENERIH

K12~ 15 7R T % DROT 2 A [H L F 47 %l
IS T6 8] B R B 8 SRS B2, R =4E 35 J7 1R (3D-
Root-Mean-Square, 3D-RMS). M & H A %1, 75%
& BRE P Tl R 22 Ja, AN A B AT 0 B[R] A]
k& FDOWRMLIAE (1) 7€ Btk REAH =4, Y e SEal Al
T°50 m ) E HURE .

® 7 BEEMFHESHRE

Table 7 Settings in autonomous orbit determination

Items

Models & Description

Measurement Model
LEO satellite attitude
Outlier observation process

Parameter estimation

Nominal attitude® *!

3 o criterion

Batch least-squares estimation

Dynamic Model
Earth orientation parameters
Lunar orientation parameters
Gravity model
Nbody
Solid earth tide
Ocean tide
Pole tides
General relativity

Solar radiation pressure

Atmospheric drag

EOP IERS Bulletin A

DE430"7

LEO: EIGEN GL04C (120 x 120)*¥, DRO: GRGM900C (50 x 50)%"

DE430""
IERS 2010 Conventions
FES2004*
ITERS 2010 Conventions
IERS 2010 Conventions
Cannon-ball model

NRLMSIS-00*

Consider the parameters of Ca, Sa, Cc and Sc for the along- and cross-track

Empirical accelerations

Integrator

Integral step

Krogh-Shampine-Gordon integrator®

directions (cosine/sine)

|

LEO: 15 s; DRO: 60 s
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b4 4 31

RT &

Table 7 Continued

Items

Models & Description

Solved Parameters
Orbit parameters
Solar radiation factor
Atmospheric drag factor

Empirical accelerations

Position and velocity at initial epoch for all spacecrafts
LEO: 1 factor for each arc, DRO: 1 factor for each arc
LEO: 1 factor for every 24 hours
LEO: 1 factor for every 24 hours, DRO: 1 factor for each arc

Parameters Prior

Information

LEO: Calculated by spaceborne GNSS data and GNSS broadcast ephemeris, DRO:

Orbit parameters

Solar radiation factor
Atmospheric drag factor

Empirical accelerations

Init value: 0 m - s~2; Standard deviation: 1 x 10™® m - s~

Integrated from last POD arc
Init value: 2; Standard deviation: 2

Init value: 2; Standard deviation: 2

2

100 T T T T : .
CO0szAasSs mml0s mm20s

50

3D-RMS/m

25

Arcl Arc2 Arc3 Arc4d Arc5 Arcé6
Kl 12 DRO-OFEAR AT UM (8] (8] & T ) € PRk B2

Fig. 12 Autonomous orbit determination accuracy of DRO-0

under different uplink-downlink observation intervals

100 T T T T : r
CO0s ZzAS5s mml0s mm20s

75

50 -

3D-RMS/m

25+

Arcl Arc2 Arc3 Arc4 Arc5 Arc6
Kl 13 DRO-1FEA LT AT 000 18] (8] % T ) 5E PRk B

Fig. 13 Autonomous orbit determination accuracy of DRO-1

under different uplink-downlink observation intervals

100 T T T : - .
CO0szAaSs mml0s mm20s

50+ .

3D-RMS/m

25+ E

Arcl  Arc2 Arc3 Arc4 Arc5 Arc6
[ 14 DRO-2FEZ [ L A7 0L i ) 18] T 0 2 RS R

Fig. 14 Autonomous orbit determination accuracy of DRO-2

under different uplink-downlink observation intervals

100 T T T T T :
CO0szAsSs mml0s mm20s

50

3D-RMS/m

Arcl Arc2 Arc3 Arc4d Arc5 Arc6

K 15 DRO-37EA [ LR A7 LRI [5) 18] B8 T # E BUks L

Fig. 15 Autonomous orbit determination accuracy of DRO-3

under different uplink-downlink observation intervals
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67 & % 5% LEO-3t H DRO% P\ AE B & [j W #E 5 3 2 i 4 3

RGLIT T M dT=5 shf, % DROI & 7E 4% 1] S0, T DROZEE HUE M T E m N, [F
(Radial, R). V[ (Tangential, T)FI¥%: [ (Normal,  LEO-Hi A DROM L J7 7 JLT-5 A 4T, (E15
N)IFERE AR AT, AN. L DU o] U3 T AR AN BURR, a8 DRO-0 LR,

MFEBH A, 2dT=5 sif, FIADROLEME  BEAREHINK K T 1% TR HEF M, H b T 0
RS LT 50 m, JLILAUE A BB EMDRO-0, 5 W LA 9 S2 0, HN R BUE R 22 (2 81020
SEPURS FE AR F20 m. [FINF, B DROEAT AR m)AH ELRJy AR T 1] (O 308 5% 22 CR R 2 0K
B, B EPRE RS AWK, EFFADROLE )T NEE.
BBE R 2 F A THEEND . — 5, X NiE— LA LEOE P4 R, RIEIR T A
el g o, ASGER e /N dTHEUE F, FLEO P ZERTN 34~ J5 A 1 & Hks
DRO-1. DRO-2MIDRO-3E B A A Y, 38 E. AR LIE 3|, LEOT EHiE R 2E £ 85
TR RS B A U S G KT BRI, AR A T EUE T I, X S Bl T R ) R
BUENTT ) 3R 78 B R L IR I O R 7 Hb ER BRI BE B K. AERUTENTT [ A BE de v, 33
GEO P& & v 77 721, NI K.

A —J5 1, X 82 LEO-# H DROM M JLAT )

# 8 dT =5 sAt, B DROTLEEARTNAE TR ENEE (BAL: m)

Table 8 Autonomous orbit determination accuracy of all DROs in RTN-directions when dT =55
(unit: m)

DRO-0 DRO-1 DRO-2 DRO-3

Arc
AR AT AN 3D AR AT AN 3D AR AT AN 3D AR AT AN 3D

1 033 057 10.20 10.22 048 0.81 24.76 24.78 1.19 3.29 8.23 8.94 34.57 27.82 22.36 49.69
2 032 070 11.02 11.05 043 0.87 3.83 395 480 1.55 45.69 4597 3.47 10.69 15.06 18.79
3 064 1.38 1750 17.57 0.23 0.27 14.23 14.23 0.92 1.10 42.36 42.38 10.94 13.59 42.71 46.14
4 109 095 21.12 21.17 0.71 049 27.20 27.21 4.98 3.16 24.08 24.79 820 4.78 21.07 23.10
5 017 0.34 14.82 14.82 1.18 0.83 20.70 20.75 0.89 0.99 21.63 21.67 3.31 3.47 24.15 24.63

6 032 081 10.87 1090 2.18 1.48 16.41 16.62 4.24 8.67 15.14 1795 10.17 12.24 28.98 33.06

HILDRO TR, LEO TR NHIER TR, BA Cond,,,,, = — cond —min(Cond) )
R 0 B B A R, R E 3 L max(Cond) — min(Cond)
LEO BB 7 1 MR i g i i 2ty F6 1, Cond R ATHG Condyon 7918 — P2 AR AL
ZERSGI AR, LLEO T R i mfrs fr ey, FIVTRR TANELL M AT LIS TR ] B aT T H 2% £

KL, W E6H R B I3 AL HORIR RILEO TR % 9B i 34
R
5.2 LTI EE R KRR AEILTAT 1, 4 9B R R AT S0 i ]

FEITREMFRAT B (ETTRE N R E A B/ BT RS8O 2 — 8, HBER dT R K, 19
FRAEAE 2 LO) BERAEAS T R AT MY, I R A T R R, UL RG]
I M 3t A S AR R A 5, T DR SRR WLERE A AT A8 KT 4 k.
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Table 9 Autonomous orbit determination accuracy of LEO satellites in RTN-directions under

different uplink-downlink observation intervals (unit: m)

Radial Tangential Normal
Arc
0s 5s 10 s 20 s 0s 5s 10 s 20 s 0s 5s 10 s 20 s
1 0.89 0.58 0.38 0.52 2.17 1.32 1.05 1.14 0.5 0.2 0.54 0.83
2 1.5 2.62 1.15 2.26 3.55 6.44 3.11 5.39 0.35 0.51 0.42 0.62
3 0.19 0.54 0.53 0.29 0.83 1.98 1.96 1.54 0.43 0.46 0.62 0.57
4 0.44 0.63 0.39 0.38 1.44 1.78 0.96 1.41 0.82 0.95 0.96 0.55
5 2.04 2.43 0.91 1.5 4.76 5.77 2.22 3.75 0.69 0.85 0.47 0.3
6 2.27 1.91 1.84 2.47 5.39 4.65 4.5 5.91 0.38 0.33 0.43 0.48
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Fig. 16 Autonomous orbit determination accuracy for all
LEO satellites under different uplink-downlink observation

intervals
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Analysis of Autonomous Orbit Determination for LEO-Earth-Moon
DRO Constellation Using Time-Delayed Inter-satellite Ranging
Observation

LUO Peng'? SONG Ye-zhil? HU Xiao-gong!? CHEN Chang-shao'?

(1 Shanghai Astronomical Observatory, Chinese Academy of Sciences, Shanghai 200050)
(2 University of Chinese Academy of Sciences, Beijing 101408)

AgstracT To address the demand for autonomy and high precision in cislunar space navigation, this
study focuses on a heterogeneous constellation composed of Low Earth Orbit (LEO) satellites and
Earth-Moon Distant Retrograde Orbit (DRO) satellites. The theoretical method for differential
correction of DRO orbits under the Circular Restricted Three-Body Problem (CR3BP) is introduced. In
the Barycentric Celestial Reference System (BCRS), a combined observation model for Dual One-Way
Ranging (DOWR) is established, and the clock biases caused by light-time delay and general relativistic
effects are quantitatively analyzed. Based on numerical simulations, the impact of different uplink-
downlink observation intervals on the autonomous orbit determination accuracy of the LEO-Earth-
Moon DRO constellation is investigated under non-instantaneous observation conditions. The
simulation results show that: (1) In the cislunar space environment, the ranging error in DOWR caused
by general relativistic effects reaches the order of 5—-30 ns, which is an error term that must be
corrected. (2) Autonomous orbit determination for the LEO-Earth-Moon DRO constellation can be
achieved using only DOWR observations. Specifically, the three-dimensional positioning accuracy of
LEO satellites is better than 10 m. For DRO satellites, the accuracy is better than 50 m, with errors
primarily concentrated in the orbital normal direction, while radial and tangential accuracies can reach
the meter level in some arc segments. (3) Within the range of 0—20 seconds for uplink-downlink
observation time intervals, extending the interval can improve system observability. However, due to
the short duration of the interval, the improvement is limited, and the enhancement of overall
autonomous orbit determination accuracy is not significant. The accuracy of different schemes is
comparable. These results indicate that, subject to maintaining measurement accuracy, the temporal
constraints on uplink-downlink observation intervals for the LEO-Earth-Moon DRO constellation orbit
determination system can be relaxed. This relaxation contributes to enhanced system robustness and
operational redundancy. This study validates the feasibility of high-precision autonomous navigation for
LEO-Earth-Moon DRO heterogeneous constellation in cislunar space, providing a theoretical basis and
technical reference for the design of future cislunar navigation constellations.

Key words spacecraft: earth-moon distant retrograde orbit (DRO) satellite, spacecraft: low earth
orbit (LEO) satellite, celestial mechanics: orbit determination, methods: inter-satellite link, methods:
autonomous orbit determination
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