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Fig. 1 Geometry of constellation satellites and the Sun,
where S, 5, are two constellation satellites, O and S’ are the
Earth and the Sun, respectively. Symbols 7,7, and 7 are
geocentric position vectors of S|, 5, and the Sun,
respectively. The span between the Sun and S, with respect
to S, is denoted as ¢y and that the span between the

geocentric position vectors of both satellites is denoted as .
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Fig. 2 A flowchart of applying equation of transit in

practice. Numbered steps are explained in the text.
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Table 1 Initial elements of constellation
satellites used in the tests, 2025-01-01 00:00:00

(UTC).
Satellite ID  a/km e i/° Q/° w/° M/°
S, 7500 0 40 0 0 0
Sy 7500 0 40 30 0 30
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Table 2 NORAD ID of Starlink satellites used to calculate transits, from phase slot 1 to slot 18 of a

Walker configuration

Plane ID Satellite NORAD ID
A 54005, 54098, 54102, 54099, 54079, 54082, 54081, 54088, 54083,
54085, 54087, 54092, 54090, 54089, 54094, 54096, 54093, 54100
B 53268, 53267, 53250, 53249, 53252, 53251, 53253, 53256, 53255,

53258, 53260, 53257, 53262, 53264, 53261, 53263, 53266, 53265
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Table 3 Average per-run time consumption of

given test using the two methods

Step size Numerical method/s Analytical method/s
0.1 min 7.8188 21.6057
1 min 0.7354 2.0836
10 min 0.0714 0.2419
45 min 0.0169 0.0797
60 min 0.0133 0.0682
90 min 0.0084 0.0525
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Table 4 Counts of transit arcs detected using

two methods

Step size Link 5,5, Link S,5;
Numerical Analytical Numerical Analytical
0.1 min 2879 2883 2879 2883
1 min 2800 2883 2811 2883
10 min 670 2883 675 2883
45 min 149 2882 149 2882
60 min 113 2881 113 2881
90 min 7 2881 75 2881
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Fig. 3 Transits solved using the numerical and analytical
methods, where the z and y axes respectively mean the
starting epochs of the transit (in elapsed days since 2025-01-
01 00:00:00 (UTC)) and the duration of the transit (in
seconds). Circles (o) and squares () respectively stand for
the transits of S, links solved using the numerical and
analytical methods, while cross (x) and plus (+) signs
respectively for transits of S,S5, links solved using the

numerical and analytical methods.
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Fig. 4 Zoom-in image of the first 10 days in Fig. 3, with the

same symbols and legend.
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per link. For the link of §,-5,, only the transits of S5, — S,

are demonstrated, while those of S, — S, are not.
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titles are the NORAD ID of the satellites of the links.
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per link. For the link of §,-S,, only the transits of S, — S,

are demonstrated, while those of S, — S, are not.
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Fig. 11 Transits solved using the numerical and analytical
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A Fast Algorithm to Calculate Transits of Inter-satellite Links between
Constellation Satellites

TANG Jing-shil?3
(1 School of Astronomy and Space Science, Nanging University, Nanjing 210023)
(2 Key Laboratory of Modern Astronomy and Astrophysics, Ministry of Education, Nanjing 210023)
(8 Institute of Space Environment and Astrodynamics, Nanjing 210023)

Asstract With the development and readiness of inter-satellite link (ISL), it has been widely used in
satellite constellations for navigation, communication and other purposes. As establishing or
maintaining ISL can be affected by transits (also known as sun outage), transits of the links need to be
calculated and predicted, so the system service can be properly assessed and scheduled. Currently the
normal practice to determine and predict the transits, by building scenarios using proven commercial
satellite system toolkit or by developing in-house simulation tools, is to calculate the elongation between
the ISL and the line-of-sight of the Sun, based on propagated ephemerides. It is simple, straight forward
and can be conveniently implemented, however, it bears a significant disadvantage that the
computation is extremely CPU-intensive and therefore slow in speed. Although the predicted transits do
not have to be very precise in the design phase and the two-body model may suffice, the ephemerides
are always limited to small stepsize in order to properly detect the transits. Otherwise transits with
short duration may be overlooked and the service assessment can be compromised. Regarding the
determination and calculation of the transits, a fast algorithm is proposed in this paper. With the
equation of the satellite’s argument of latitude u at the transit boundary, it can be analytically
determined whether a transit may occur or calculated when the transit starts or ends, allowing fast
assessment of how transits affect the service. This method is also based on propagated ephemerides, but
a much larger stepsize can be accepted. Tests show that the analytical method can outperform the
normal practice by detecting more transits while reducing calculation time by two to three orders of
magnitude. Even the stepsize of the ephemerides is close to one orbital period, this method is still able
to detect more than 99.9% transits. The results are robust against varying stepsizes, where the
maximum deviations of calculated onset epochs and durations of the transits would not exceed 1 second.

Key words celestial mechanics, methods: analytical, space vehicles: inter-satellite links, space vehicles:
transit
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SRLERE AN NQ. %28 FARIK 1 Rom ot B P S, .

Fig. 12 Orbit geometry of the satellite, where 4, Q, u, ¢ are
respectively the orbital inclination, right ascension of
ascending node, argument of latitude and declination of the
satellite, and ~ is NAQ7 the spherical distance from the
ascending node to the projection of the satellite on the
equator. The subscript “1” means that the symbols in the

figure are for satellite S,.

FI12BBR T = AT .S, NQH, HERIE = 1 1E
EARS R ARLIITCR AKX, TS 2N i
[ % &1

COS ¢ COS 7Y = COS U
{cosqbsin’y =sinucost . (20)
sin ¢ = sinwusin¢
JEFF(19) 50964 (20) SR, He3 T 74
1
cosp =7 (cos Q2 — 1) sin®i cos (2u, + Au) +
1
3 [cos (1 + cos® i) + sin® @] — (21)

sin AQ sin Aucosi .

K H & I35 18 (5) N1 J7, JHH5 (17) A1 (21)



67 & I — R SRR AR TR R T I ) 4 ) PR AR 1

AN, TN B v 13 Al CUR B, WSy A2 (22) iR, AT —
K?cos*(u; +a) = 2(1 — cos p) cos” ™ = 08 H A, Mg B 1n] DUEE A 1 SR o X N i

o (A0 S, HEE, WA m — o R RIRERE S, S, i H . i
2eos”y {“COSA“C‘)S (2>+ FRK A AR (22) 102 e LT 7 0 1R IR,
(5)2% 5,5, BEBR 1) v T FE S 1A B, (2%
< AR R % I 60 B 0 D . T B
PEARE (22) 2R, (IR 45 555 7 A B B 6 v

it 45 (22) K, 1551

AQ
cos? i cos Au sin® <2) +sin AQ sin Aw cos z} +

AQ
2 cos® 1" sin® <2> sin® i cos(2u, + Au). (22)

K? AQ
5 cos(2u, + 2a)) — 2 cos® ¢ sin’ <2> sin® 7 cos(2u, + Au) =
K2 AQ AQ
- + 2cos® Y* {1 — cos Au cos® <2> + cos” i cos Au sin® <2> + sin AQ sin Au cos z] ,
K2 AQ
= [2 cos 2a — 2 cos® ¥ sin® <2> sin® i cos Au] cos 2u, — (23)

K? AQ
[2 sin 2ac — 2 cos® )" sin’ (2> sin® 4 sin Au} sin 2u, =

K? AQ AQ
— 5 + 2cos® Y* {1 — cos Au cos® <2> + cos” i cos Au sin® <2> + sin AQ sin Au cos 1] )
S
K? AQ
C, = 5 cos 2a — 2 cos” 1" sin® <2> sin® i cos Au,
K? AQ
S, = > sin 20 — 2 cos® )" sin® (2) sin® i sin A, (24)

2

K AQ AQ
M, :—7+2 cos” * [1 —cos Au cos® (2> +cos® i cos A sin® <2) + sin AQ sin Aucosi|

4 (23) K] BAE
C, cos2u, — S, sin2u, = M, ,
= /C2+ 52 LcosQul—Lsin%h =M,, (25)
= K, cos(2u, +q) = M,
Hrp K, cos(2u, + q) = M, , (27)
K =./C? _,_527 . . .
’ Yo (26)  FrhEEHBIREHI(16). (18). (24). (26)% 35T X.

q = atan2(S,/K,, C,/K,).
R, HR TR A e, BN T v, 1%
AFIEK
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