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Introduction: Satellites which face space debris cannot track it throughout the whole orbit due to natural limitations of their 
optical sensors, sush as field of view, Earth occultation, or solar illumination. Besides, the time of continuous observations is 
usually very short. Therefore, we are trying to offer the most effective configuration of optical sensors in order to provide short-arc 
tracking of a target piece of debris, using a scalable Extended Information Filter. Purpose: The best scenario for short-arc tracking 
of a space debris orbit using multipoint optical sensors. Results: We have found optimal configurations for groups of satellites 
with optical sensors which move along a sun-synchronous orbit.  Debris orbit determination using an Extended Information Filter 
and measurements from multipoint sensors was simulated, and mean squared errors of the target’s position were calculated. 
Based on the simulation results for variouos configurations, inter-satellite distances and measurement time, the most reliable 
scenario (four satellites in tetrahedral configuration) was found and recommended for practical use in short-arc debris tracking.
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Introduction

Space Situational Awareness (SSA) is the know-
ledge and characterization of space objects and 
their operational environment to support safe, sta-
ble, and sustainable space activities. The problems 
arising in the context of SSA have become a sig-
nificant concern for the space community, because 
of expanding growth in numbers of satellite sys-
tems and operators in Earth orbits, corresponding 
growth in the existing space debris population, and 
interaction between space systems and space debris 
populations, which necessitates collision risk as-
sessment and general measures to mitigate the de-
bris problem before it develops into what is termed 
Kessler syndrome [1]. Presently, space debris are 
monitored and catalogued using ground-based op-
tical telescopes and radars, which allow obtaining 
comprehensive knowledge of all objects larger than 
10 cm in size and their orbits. However, it is estimat-
ed that only about 4 % of the objects in low Earth 
orbit (LEO) sized one centimeter and larger are con-
tained in the public space object catalog [2]. In par-
ticular, it is reported that the space debris density 
is very high in sun-synchronous orbits (SSO), which 
is very popular among satellite systems operators.

This study considers a number of formation-fly-
ing architectures to perform space-based optical 
observations for on-request orbit determination of 
smaller (1 to 10 cm in size) space debris objects in 
SSO. Prior research indicates that the on-board sen-

sors can be advantageous in SSA programs, because 
they are not interrupted by the daylight, and they 
are not characterized by the scattering, diffractions, 
aberrations and turbulences in the atmosphere [3]. In 
recent years, a number of studies have been carried 
out towards analyzing different aspects of space-
borne debris surveillance missions. [4] proposed 
space-based optical instruments and discussed how 
the existing knowledge gap in the space debris popu-
lation in the millimetre and centimetre regime may 
be closed by means of a passive optical instrument.  
[5] discusses how a MEO satellite can potentially 
detect debris objects in GEO. [6] proposes a method 
for accurate orbit determination and prediction us-
ing short-arc tracking data. Various techniques for 
space debris orbit determination based on short-arc 
data are also discussed in [7, 8]. A multi-spacecraft 
formation approach to space-debris monitoring is 
developed in [3, 9], these papers propose a network-
ing system of spacecraft that dynamically processes 
distributed measurements and recovers the debris 
object’s orbits. Such systems allow processing multi-
point measurements and exhibit collective behavior 
are discussed in other space applications [10], and 
their usage becomes indispensable for debris track-
ing or orbit acquisition tasks, because they cannot be 
carried out by a single device. The idea of cooperative 
object tracking using space-based optical sensors is 
also developed in [11, 12]. Further studies [13] go as 
far as proposing large constellations of spacecraft 
for global space debris monitoring.
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Understanding the inevitable use of satellite for-
mations for accurate small debris object tracking 
and their orbit determination, we carry out a com-
parative analysis of different formation architec-
tures, comprising different number of spacecraft 
(two to four), and assuming different orbital con-
figurations (from the simplest train-like formation, 
through moderately complex general-circular-or-
bit (GCO) formation, and ending up with the most 
complex tetrahedral formation).  We assume that 
the formations are deployed into a circular sun-syn-
chronous orbit at 700 km altitude and each space-
craft carries an optical payload to track the debris 
objects. We discuss the observation conditions and 
select an orbit close to the terminator plane. We 
then analyze a construction of an extended infor-
mation filter to process the multipoint measure-
ments obtained by the formation spacecraft and 
analyze its orbit determination accuracy taking in-
to account the payload constraints and depending 
on such systems parameters as the formation type, 
number of spacecraft in a formation, and intersat-
ellite distances.

Mission design

Let us consider a circular Sun-synchronous orbit 
passing near to the Earth terminator line as a refer-
ence orbit for space debris observation with the aid 
of a small formation flying satellites. We use these 
kinds of reference orbits because it allows observ-
ing space debris using optical cameras at any point 
on orbit. For numerical simulations of the proposed 
algorithms let us consider the circular SSO orbits 
with 700 km altitude. Thus, the inclination i of the 
reference orbit can be found from the expression for 
secular rate of right ascension of ascending node 
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motion,  3.986 1014 m3/s2 is the standard 
gravitational parameter of the Earth. From the 
expression (1) the inclination of the corresponding 
SSO orbit is equal to 98.18 degrees.

Finally, we should find such a right ascension 
of ascending node (RAAN)  that will orient the 
orbit close to the terminator line. Let us define 
the RAAN  in way that will align projection of 
the orbit’s unit angular momentum vector eh onto 
the xy-plane along the projection of the Sun posi-
tion vector RSun onto the xy-plane. Let us consid-
er the simulation start epoch 1st January, 2022.  
The corresponding Sun position vector, given in 
Earth-Centered Inertial coordinates, is equal to 
RSun [26127801, –132825709.3, –57579560.5]T m. 
This yields RAAN  11.13. Fig. 1 depicts the ref-
erence orbit, built by Systems Toolkit software.

Reference orbit parameters at epoch Jan 1, 2022, 
00:00:00 UTC:

— SMA, km — 7071;
— Eccentricity — 0;
— Inclination, deg — 98.18;
— RAAN, deg — 11.13;
— Argument of perigee (AOP), deg — 0;
— True anomaly (TA), deg — 0.
To demonstrate the proposed algorithms per-

formance, we consider 3 common satellite forma-
tion configuration types such as train, GCO, and 

  Fig. 1. Systems Toolkit simulation of the target orbit
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tetrahedron formation. For trade-off analysis we 
will also test each orbital configuration with dif-
ferent triangulation bases. In order to design the 
formations’ orbital configurations, we employ the 
Hill — Clohessy — Wiltshire (HCW) equations that 
describe linearized relative motion dynamics for 
a couple of satellites at near-circular orbits. The 
HCW equations can be written as follows:
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where u is unit force vector acting on a satellite; x, 
y, z are satellite position vector components given 
in the orbital reference frame (along track, normal 
and radial respectively).

The HCW equations (2) admit periodic analyti-
cal solutions in case of free motion that can be writ-
ten in the following form [14, 15]:
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where constants c1, c2, c3, ,  are used to define the 
initial conditions of the relative motion.

The orbital configurations used in the study are 
defined in Table 1. Parameter  defines a triangula-
tion base. In the numerical simulation we use three 

different values for  1, 5, 10 km [10]. Fig. 2, a–c 
depict resulting orbital configurations from (3).

Optical system dynamics

Let’s consider the Earth-Centered Inertial refer-
ence frame and express the orbital dynamics of the 
target debris with radius-vector r and velocity v in 
this frame [16]:
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in which r (x y z)T; r | r |; ac is the central body 
acceleration; is the acceleration from J2 non-
spherical perturbation, and process Gaussian 

noises  2
3 3 ~ ,  v v0 I  and  2

3 3 ~ ,  a a0 I  

  Table 1. Initial conditions

Satellite № c1 c2 c3  

Train formation

1 0 0 0 0 0

2 0 0  0 0

3 0 0 – 0 0

GCO formation

1 0 0 0 0 0

2  3 2/ 0 0 0

3  3 2/ 0  

Tetrahedron

1 0 0 0 0 0

2 2/5 0 2 5 3/ 0 0

3 2 5 5 3/  1 2arctan /  2arctan  

4 2 5 5 3/  1 2arctan /  2arctan
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of the velocity and acceleration with zero mean 
and corresponding standard deviations v and a
respectively, I33 is the identity matrix of size 3.

The position of the target is measures with two 
angles — elevation  and azimuth , which then con-
verted into primary parameters of the debris orbit, 
according to the data about background stars on the 
image. The model of observations is following:
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where (xi yi zi)
T is the position of the i-th sensor 

in Earth-Centered Inertial; ,  2
meas0  ~ , 

are measurement Gaussian noises with standard 
deviation meas and zero mean [17].

Target position estimation with Extended 
Information Filter 

The state-space vector is X (r v)T, its covari-
ance matrix is P, measurement vector is z ( )T. 
The prediction for estimating the value of state-
space vector in the next time-step is given by the 
equation (4): Xk f(Xk–1) + (v a)T with noise co-
variance matrix Q (identical for all k).

 Fig. 2. Train (a), GCO (b) and tetrahedron (c) formations: left —  = 1 km; centered —  = 5 km; on the right — 
 = 10 km
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Taking Jacobian of the function f gives evolution matrix:
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Transition matrix Φk,k–1 is acquired from Fk–1 (matrix F from (6) in k – 1 time-step) as

                                       1 1, exp( ),k k k T  F   (7)

where T is the period of movement.
Similarly, measurement vector in the current time-stop for i-th sensor is acquired from (5): zk,i 

h(Xk,i) + ( )T with noise covariance matrix  (identical for all k and i).
Observation matrix is the Jacobian of the function h: 
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Using Extended Information Filter [18–21], state-space vector, transition (7), covariance matrix, informa-
tion state y and information matrix Y are calculated for the predicted state:
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Information step contribution ii and information 
matrix contributions Ii for each sensor from the 
measurements (8) update is following:
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Update of the information state and matrix from 
contributions (10):
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where Nsens is the number of CubeSats with optical 
sensors.

The procedure (9)–(11) is repeated over the time-
frame of the simulation for the given target and 
sensors orbits.

Constraints on the optical sensors

It’s clear that sensors will not be able to track 
the target debris in the majority of time due to 
various constraints, especially the limited field of 
view. Let’s consider them and apply to the scena-
rio.

1. The target should be bright enough to be ob-
served:
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where A is the target’s cross-section in motion 
direction;  is the target’s albedo; i is the angle 
of the i-th sensor, adjacent to the solar phase angle 
(sun-target-sensor); Ri is the distance from the i-th 
sensor to the target; mmax is the maximal detectable 
magnitude

2. Optical sensors should be oriented along with 
the sun:

 
cos .i    (13)

3. Sensors and target should be in the direct 
sight line above the Earth’s atmosphere:
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where ri and r are the absolute values of the radius-
vectors of i-th sensor and target respectively; 
h 100 km is the Earth’s atmosphere thickness.

4. Limit of the optical sensor is represented 
by the sight cone with Full Width Half Maximum 
(FWHM) of the sensor. Thus, the target should be 
inside this cone:

 
cone FWHM,arccos i

iR

 
  

 

R
e

 

 (15)

where Ri is the vector from sensor to target; econe is 
the normalized vector, defining cone’s axis.

Applying constraints (12)–(15) drastically de-
creases the amount of time when target debris is 
detectable from satellites optical sensors configu-
ration.

Simulations

We now consider the simulations for all config-
urations of the satellites with optical sensors with 
following parameters: measurement period T 1 s, 
cone angle FWHM 10, measurement error 
meas 5 arcsec, maximal detectable magnitude 
mmax 18. Orbit parameters are represented in the 
section “Mission design”.

An average detectable target debris is given fol-
lowing parameters: albedo  0.3, cross-section 
A 0.01 m2, velocity error v 10–4 m/s, acceler-
ation error a 10–6 m/s2. The orbit is chosen as 
the common debris-polluted LEO with parameters: 
SMA atarg 7177 km, eccentricity etarg 10–6, in-
clination itarg 85.4, RAAN targ 136.6, AOP 
targ 0, TA vtarg 300.

  Table 2. RMSE of the target debris position for sensor 
configurations with  = 1 km

Config-

uration

Number 

of 

satel-

lites

RMSE, m

t 50 s t 100 s t 200 s t 300 s

Train
2 1200 1050 280 200

3 1070 730 220 190

GCO
2 1150 1000 380 200

3 1100 700 220 160

Tetra-
hedron

4 820 660 210 200
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  Table 3. RMSE of the target debris position for sensor 
configurations with = 5 km

Configu-

ration

Number 

of 

satel-

lites

RMSE, m

t 50 s t 100 s t 200 s t 300 s

Train
2 1300 970 300 180

3 1080 900 300 170

GCO
2 1200 920 230 210

3 900 550 220 170

Tetra-
hedron

4 800 790 230 170
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  Table 4. RMSE of the target debris position for sensor 
configurations with  = 10 km

Configu-

ration

Number 

of 

satel-

lites

RMSE, m

t 50 s t 100 s t 200 s t 300 s

Train
2 1250 1050 360 200

3 1110 820 300 190

GCO
2 1310 1100 260 180

3 980 680 260 170

Tetra-
hedron

4 990 720 340 220

  Fig. 3. RMSE of the target debris position determination vs time on orbit from 2 (left) and 3 (on right) optical sensors 
within satellites in GCO configuration with  = 1 km and measurement time of t = 50 s (a); t = 100 s (b); t = 200 s (c); 
t = 300 s (d)
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Simulations are held for N 18 000 timesteps, 
with initial state covariance matrix for Extended 
Information Filter

 
0 0 0 0 0 0

2 2 2 2 2 2
0 ( , , , , , ),r r r v v v      P diag  

where 10r   km and 10v   m/s. Initial state 
of the state-space vector X0 coincides with the true 
value of this vector (that’s why the initial error 
on the graphs will be 0). Simulations are repeated 
M 200 times to calculate the round mean-squared 
error (RMSE) of the estimated position of the target 
debris.

The result of all simulations can be seen in ta-
bles 2–4. RMSEs are taken for each projection of 
the radius-vector of the target. It’s clear, that’s the 
biggest error is located in the Z-coordinate of the 
target position in all cases. Thus, we are putting it 
in the tables as the most appropriate one to show the 
effectiveness of the filter.

The example of RMSE simulations is given on 
Fig. 3, a–d.

Conclusions from these simulations are follow-
ing:

1. The time of measurement dramatically de-
crease the error of the position determination for 
any sensors configuration in any size. For instance, 
the error for t 50 s can reach up to 1.3 km, while 
at t 300 s the error decreases to 160 m.

2. An amount of satellites also decreases the 
error of position estimation. So, for 2 satellites in 
small times of measurement RMSEs are actual-
ly worst. The situation flattens out as the time of 
observation increases — for times of 300 s errors 
for all different number of satellites are basically 
same, near 180 m.

3. The type configuration seems to have rather 
low impact on the RMSE of the target position de-
termination, but the results of simulations imply 
that GCO type of formation gives better results 
than the train type. Tetrahedral sensor composi-
tion is actually incomparable with that of GCO and 
train because of the different amount of satellites in 
those groups, but since this configuration is direct 
extension of GCO on the 4-point measurement sys-

tem, we can claim that the tetrahedral formation is 
the best fit for our purposes. Thus, we recommend 
to use tetrahedral configuration in the problem of 
short-arc tracking of target debris.

Conclusions

The problem of space debris detection is highly 
relevant and focused by the modern community of 
researchers and engineers. One of the high prior-
ity problems in this area is to determine the orbit 
of the passing by piece of space debris with short-
track measurements from the multipoint forma-
tion of the optical sensors, located in the group 
of satellites mainly on the sun-synchronous orbit. 
We managed to construct viable configurations 
for these sensors and compare the effectiveness in 
scenarios with different number of points of view 
(satellites) and measurement times. We implement-
ed the extended information filter to make the sim-
ulations of the measurement of the target position 
by several optical sensors and calculated respective 
round mean-squared errors. The error diminish-
es when the number of sensors increases and also 
when the time of continuous measurement grows. 
The most important part is actually that the GCO 
configuration outstrips the train one in cases of 2 
and 3 observation points, which means that the tet-
rahedral configuration, which is natural extension 
of GCO onto the case of 4 satellites, is the best use-
case for determining the target debris orbit using 
short-arc optical measurements. The next step of 
this research is to collect enough statistics on the 
performance of this filter and configuration on the 
different orbits, different from sun-synchronous, 
and test whether it will be good enough without con-
stant position near the terminator. The undeniable 
advantage of such research would be full coverage 
of LEO debris.
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Архитектура формаций кубсатов для наблюдения за малым космическим мусором и определения его орбиты

А. А. Афанасьева, аспирант, orcid.org/0000-0001-7503-9696, anton.afanasev@skoltech.ru

Ш. Н. Биктимирова, аспирант, orcid.org/0000-0003-0969-0944
аСколковский институт науки и технологий, Большой б-р, 30, стр. 1, Москва, 121205, РФ 

Введение: спутники с сенсорами, которые встречают мусор, не могут отслеживать его на всей орбите из-за естественных огра-
ничений оптических датчиков: поля зрения, затмения Земли, освещенности Солнцем. К тому же время непрерывных наблюдений 
обычно очень невелико. В связи с этим представляется актуальным создание наиболее эффективной конфигурации оптических 
датчиков для обеспечения отслеживания короткой дуги орбиты целевого куска мусора с использованием масштабируемого обоб-
щенного информационного фильтра. Цель: определить наилучший сценарий отслеживания орбиты космического мусора по ко-
роткой дуге с использованием многоточечных оптических датчиков. Результаты: выявлены оптимальные конфигурации группы 
спутников с оптическими датчиками, движущихся по солнечно-синхронной орбите. Смоделирован процесс определения орбиты 
мусора с помощью расширенного информационного фильтра с использованием измерений от многоточечных датчиков и вычисле-
ны среднеквадратические ошибки местоположения цели. На основе результатов моделирования для различных конфигураций, 
межспутниковых расстояний и времени измерения найден наиболее надежный сценарий из четырех спутников в тетраэдральной 
конфигурации, который рекомендуется использовать на практике отслеживания мусора по короткой дуге.

Ключевые слова — космический мусор, слежение на короткой дуге, солнечно-синхронная орбита, относительное движение, 
обобщенный информационный фильтр.
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