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Abstract: The launch of the first artificial satellite of the Earth in 1957 marked the beginning of the space
age. At the same time, the appearance in the near space of a large number of objects of artificial origin that had
exhausted their technological resource created a large number of non-working satellites and their small or large
fragments. Thus, the extremely serious problem associated with the so-called space debris gradually appears.
The number of these objects has increased significantly in recent years, especially in orbits up to about 2500 km.
This makes their existence and the lack of technologies for their disposal an increasingly big problem for the
international space community. Currently, space agencies of various countries are working on projects to search
for, catalog and remove space debris from orbit. However, a significant part of such projects is aimed at searching
for and removing from orbit large objects with dimensions larger than 10 cm. Objects below this size are much
less studied, mainly due to the difficulties in observing such objects from the Earth's surface. One way to solve
this problem is to develop space-based observation technologies using small optical devices deployed on
nanosatellite platforms.

Debris with sizes of about 10-1 cm can be effectively observed with optical instruments. The report
presents the fundamental possibility of such registration, based on observations of debris in reflected sunlight.
The possibility of determining the main orbital characteristics of debris, including from a single observing session,
is also shown. The possibility of implementing an observational research program for space debris observations
on board a specially designed nanosatellite is discussed. The characteristics of the scientific equipment are
examined in detall, taking into account the dimensions and other limitations, as well as the capabilities of the
equipment in terms of the distance to the observed objects, their size and physical characteristics.
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Pe3rome: MscmpernieaHemo Ha nbpeusi U3KYCMEEeH CbMmHUK Ha 3emsama npe3 1957 2. ombenssa
Hayasiomo Ha Kocmu4Yeckama ernoxa. 3ae0Ho ¢ mosa, rnosieama e 6su3kusi Kocmoc Ha 2onsm 6pol obekmu om
u3KkycmeeH rpousdxod, Koumo ca ompabomurnu c808 MmexHoo2u4eH pecypc cb30ade u3obunue om
Hepabomewu CcAbMHUYU U MEXHU Malku uniu eonemu c¢pazsmMeHmu. Taka rocmerneHHo ce rosiessa
UBKITIOYUMESIHO Ccepuo3Husi npobrem, cebp3aH C M. H. KOCMu4Yyecku omnadbyu. bposm Ha me3u obekmu ce e
ye8esnuYyusn 3Ha4umesiHo rnpes rnocnedHume 200uUHU, 0CObeHo Ha opbumu 0o okono 2500 km. Toea npeepnblya
mSXHOMO CblWecmaysaHe U Juricama Ha MEexXHO/I02UU 3a ymunu3auyusi b8 8ce r0-20/M rpobrem 3a
mex0yHapoOHama KocMmuvecka obwHocm. B MomeHma KocMu4eckume a2eHyuu Ha pa3nuyHu cmpaHu pabomsm
10 Npoekmu 3a mbpceHe, Kamasoau3upaHe U OomcmpaHsigaHe Ha KocMudecku ommnadbyu om opbuma.
3HayumenHa 4yacm om nodobHuU npoekmu obaye ca HaCOYeHU KbM MbPCEHE U omcmpaHsieaHe om opbuma Ha
eonemu obekmu ¢ pasmepu Had 10 cm. Obekmume Mod mo3u pa3Mmep ca MHO20 Mo-cnabo rnpoyyeHu, Hal-eeye
rnopadu mpydHocmume rnpu HabnwdeHuemo uMm om 3eMHama noebpxHocm. EQuUH om HaduHume 3a pewasaHe
Ha mosu npobriem e cebp3aH ¢ pa3pabomeaHe Ha MEXHOMO2UU 3a KOCMUYecKU HabniodeHus ¢ nomow,ma Ha
Mariku ornmuyHuU ycmpolicmea, pasrosioxXeHU Ha HaHocamemumHu nnamgopmu.
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B Ooknada e npedcmaseHa chyHOameHmManHama 6b3MOXHOCM 3a egheKkmueHa peaucmpauusi Ha
omiroMku ¢ pasmepu om 1 8o 10 cm, 6a3upaHa Ha HabrodeHuUss Ha ompa3eHama om msix C/ibHYe8a ceemisiuHa ¢
onmuyHu npubopu. [lokasaHa e U 6b3MOXHOCMMa 3a onpedenisHe Ha OCHOg8HUME opbumarnHu
XapakmepucmuKu Ha OmIIOMKU, 8KITI0HUMeTHo u om eduH HabnwodamerneH ceaHc. Ob6cbOeHa e 8b3MOXXHOCMMa
3a npunazaHe Ha uscriedosamersicka rpoepama 3a HabrodeHuss Ha Kocmudecku ommnadbyu Ha 6bopda Ha
creyuasnHo KoHcmpyupaH HaHocamesnum. [1oOpobHO ca pa3znedaHu xapakmepucmukume Ha Hay4YHOMmo
obopydesaHe, cbobpa3eHu c ogpaHu4deHume obemu, pascmosiHuemo 00 HabmwodasaHume 0beKmu, MexHUs
pasmep u (hu3uYeCKU xapaKmepucmuKu.

Introduction

A CubeSat is a small artificial satellite (nanosatel, picosatel), designed according to the
"CubeSat Design Specification" standard. This standard defines several sizes of satellites, the
smallest (and most commonly used) being designated 1U (from unit — "unit") and having the shape of
a cube with an edge of 10 cm and a weight of 1.33 kg. The center of mass of the CubeSat must not
deviate more than 2 cm from its geometric center for the 1U size. The standard and the multilateral
cooperation program were created in 1999 by the California Polytechnic State University in
cooperation with Stanford University with the aim of unifying and reducing the costs of launching small
satellites into orbit (Fig.1a, b). Many universities and scientific institutes benefit from this, for whose
limited budgets this is the only way to gain practical experience with real satellites and small
instruments mounted on them [1]. The cost of constructing and launching one such satellite is in the
range of $65,000 — $80,000. To date (2025) about 2,500 CubeSats have been manufactured and
launched into space in the world. Most of them are 3U - 4U in size [2], [3]. There are no generally
accepted specifications for the internal equipment of CubeSats, but in general, many manufacturers
and organizations use compatible sets of standard equipment, which allows for a relatively short time
to assemble a working satellite with a specific purpose [4, 5].
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Fig. 1 a, b. Standard “CubeSat Design Specification” in geometric progression (a)
and in orbital version with solar panels deployed (b)

This article considers the possibility of providing part of the tasks for optical registration of
Space Debris (SD) to CubeSat technology. Space debris in the article should be understood as
objects of artificial origin that no longer serve their original purposes and have uncontrolled
movements and orbital parameters in near-Earth space. The sizes of these objects range from
fractions of a millimeter to one meter or more [6]. Space debris larger than 10 cm are observed from
Earth using radar technology [7]. At the submillimeter scale, their population can be studied by direct
detection, for example, using piezoelectric dust detectors, including those mounted on CubeSat
satellites [8, 9]. For those with a size of 1 mm to 10 cm, both methods are not applicable, the most
effective being the search and registration of these objects using equipment located directly in space.
The same can work in the optical range, i.e. to observe space debris based on the white light coming
from the Sun reflected by them.

It must be said that man-made debris of this size is of the greatest interest from the point of
view of ensuring the safety of space flights. This is due to the fact that although space debris larger
than 10 cm are dangerous, they are few in number. Objects smaller than 1 mm are a large number,
but they do not pose a fatal threat to satellites. However, those whose sizes range from 1 mm to
10 cm are, first of all, a large number of objects, as their mass and speed are large enough in kinetic
impacts to cause fatal consequences [10, 11].

The article consists of four sections. The first presents the results of space debris research at
the current stage. The second describes a conceptual design for creating optical observation
equipment for CubeSat. The third describes the most suitable CubeSat orbits, where this equipment
would be most effective for detecting, tracking and precise localization of space debris with sizes from
1 mm to 10 cm. The last section contains brief conclusions and inferences on the topic.
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Materials and Methods
A. The problem of Space Debris

The main negative effect of the efforts of Mankind in the exploration of Space is its progressive
pollution with man-made products accompanying space activities. The following fact is indicative. For
almost 70 years of the space age, more than 5500 launches of Artificial Earth Satellites (AES) have
been carried out. A small part of them fall into the Catalog of space objects that are observed by
ground observatories. Many of them have an exhausted resource and form the list of so-called space
debris [12]. This problem has become especially relevant in the last 20 years, in connection with a
number of man-made disasters in space and the increase in the number of countries launching
satellites [13], [14]. A huge number of scientific articles and books have been written about the causes
and consequences of pollution of near-Earth space [15], [16]. The spent large satellites and their
groups have been observed and cataloged as space debris, but the danger of small-sized SD is often
ignored, and they are associated with the biggest problems for the space invasion of civilization (Fig. 2).
Obtaining a more complete understanding of space debris (their quantity, composition, distribution in
space, dynamics and potential danger) is hindered by at least two factors: a clear underestimation of
the real danger of small debris and the shortage of appropriate observational measurements, which is
a direct consequence of the lack of instruments capable of observing them [17].

Fig. 2. Distribution and concentration of the main clusters of space debris located in Earth orbits

When assessing the degree of danger from space debris, it is necessary to know not so much
their mass as the number and speed of individual particles. Unlike small-sized debris, many spent
spacecraft are launched into suitable low orbits and directed to descend into the dense layers of the
atmosphere, in which they burn up. However, this is impossible for those of them that are in relatively
high orbits [18], [19]. A very clear and indicative comparison is the determination of the growth of small
space debris (with a size of 1 mm to 10 cm) for three years in one of the most "populated” orbital
regions (at altitudes of 800 to 900 km) according to real observations with Haystack and HEX radars
made in 2006 and 2009. This increase then averaged 20...30% (ibid.: [18]). Today (as of February
2025) it reaches dangerous levels of 45%, which threatens the existence and functioning of a number
of satellite constellations in these regions of near-Earth space [20, 21, 22].

B. Various types of danger from space debris:

1) When controlling artificial satellites of the Earth and manned missions, carrying the threat of a
potential collision with them;

2) For the population of the Earth and ground structures (especially for nuclear facilities and facilities
for storing chemical and bacteriological weapons) as a result of falling large fragments of space
debris;

3) On the ecology of the Earth and near-Earth space, reducing the transparency of near-Earth space
and the atmosphere (which disrupts the exchange of light and heat that has developed over billions of
years between the Earth and Space, and also creates interference in astronomical observations -
mainly in the optical range;
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4) On the degree of pollution of near-Earth space, provoking and accelerating a cascade effect as a
result of collisions not only with existing space debris, which leads to its rapid increase.

As for large-sized space debris, the most immediate danger is posed by those falling into the 1st, 2nd
and 4th categories. From the point of view of the danger to space activities in orbit around the Earth,
the difference between small-sized space debris and large-sized ones is as follows:

1) Small-sized space debris is not catalogued and does not have sufficiently accurate data on its
motion vectors, therefore collisions with it are unpredictable and cannot be avoided;

2) The amount of small orbital debris is at least several orders of magnitude greater than that of large
ones, and this difference is progressively increasing;

3) The spatial distribution of small orbital debris clusters and their kinetic parameters change faster
than the distribution and motion parameters of large ones, due to the larger surface area to mass ratio;
4) The real danger of a collision with small space debris (even in the submillimeter range) for
operating spacecraft cannot be ignored;

5) A decrease in the transparency of near-Earth space and the atmosphere, which occurs mainly due
to the accumulation of fine particles of small space debris, increases or decreases the flux of solar
radiation in the wavelength ranges that dissociate molecular oxygen and ozone at altitudes of
15 - 30 km, and this will lead to significant changes in the Earth's ozone layer;

6) The nature and degree of danger from small debris varies significantly and depends on the
parameters of the collision (angle, vector of the particle's velocity to the surface of the spacecraft,
vulnerability of the impact site, etc.);

7) Due to significant difficulties in observing small-sized space debris, there is very little data on the
guantity, composition, concentration and orbital elements individual particles and its dynamics [23].

Results and Discussion
A. Conceptual design for optical observation equipment for CubeSat

When Many authors have reported on experiments related to orbital optical observations of
small-sized space debris [24]. Our experience in optical ground-based observations of artificial
satellites of the Earth and space debris shows that for this purpose, high-aperture lenses in
combination with fast-acting CCD cameras are particularly suitable, which allow observing relatively
faint satellites and fragments thereof (up to 12—-14 magnitude) [25]. In this sense, our main idea for
using them as optical observation equipment for CubeSat, which we present in this article, is also.

The CubeSat satellite that we propose to use has dimensions of 6U [26]. It is equipped with
four side solar panels that can be opened in a 2 x 2 scheme. Inside it is a module with standard
equipment for cubesats, occupying a size of 2U and two individually developed modules (Fig. 3). The
first is two optical cameras with a size of 1.5 U, and the second is a module for solar orientation and
stabilization with a size of 0.5 U. The orientation and stabilization module includes a slot, a solar
sensor and six actuators [27]. The solar sensor works on the principle of a camera with an aperture
and a small lens, which projects a focused image of the Sun onto four diodes. The diodes are placed
at the edges of the solar image so that the solar disk only partially covers them.

When the observation tract deviates from the direction to the Sun, its image shifts, which leads
to a change in the signal of the diodes. The corresponding changes are converted into an error signal,
according to which the satellite returns to its original orientation with the help of three gyroscopic
flywheels. The orientation of the device is towards the Sun. This orientation provides maximum
illumination of the solar panels (maximum power about 20 W),

Fig. 3 a, b. Standard 6U CubeSat module with the internal framework
supporting the optical unit with two lenses (a), as well as four side solar panels (b)
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While at the same time providing maximum illumination of the space debris from the sun's
rays for the optics. The optical camera module includes two sunshades, two lenses, two CCD
detectors, as well as four boards, a detector and a processor for built-in image processing. The
aperture of the cameras is 80 mm. The dimensions of the CCD detectors are 1024 x 1024 pixels.

It is expected that when registering space debris from the CubeSat satellite, the specific object
will be visible as an elongated, clearly distinguishable trail against the background of fixed stars. It is
planned that both sensors will look in the same direction, and the trail of the object will be visible on
both detectors. Such simultaneous observations allow, among other things, to distinguish situations
when we have a real registration of space debris fragments as registrations are also possible because
events occur when a charged particle hits the detector. In this case, a trace is also formed, but it is
only visible to the one detector with which the particle interacts [28]. It should be noted that these two
cases can be distinguished working with a single sensor equipped with a high-speed electronic
shutter, which allows two consecutive images to be obtained in less time than the flight time of the
specific fragment in the sensor's field of view. However, this introduces additional requirements for the
design and control of the satellite in observational mode. The satellite is intended to perform primary
processing of observations on board. Such processing is an analysis of the images in order to detect
and record traces of space debris against the background of fixed stars. The presence of primary
processing significantly reduces the requirements for the volume of information that must be
transmitted by telemetry at a later stage. The size of the images from both cameras is about 4 MB.
After the primary analysis, the information that must be recorded for tranmission to Earth for specific
tracks of space debris on the images is small and 16-18 bytes are sufficient (these are only the
coordinates of the end points of the specific tracks). This saves about 106 times the target data that
would otherwise have to be transmitted.

The sensitivity of each of the cameras can be determined, in this case using formula (1), taken
from the article [24], where D is the camera aperture (80 mm); F-focal length (80 mm); R is the
distance to the object; a is the albedo of the object (we assumed it to be equal to 0.1); u is the speed
of space debris. The remaining parameters are characteristics specific to each CCD matrix, as well as
the flux of solar radiation: h is Planck's constant h = 6.63:107>* J-s; ¢ — speed of light ¢ = 3-10° m/s; A —
wavelength of electromagnetic waves A = 500 nm; n — quantum efficiency n = 0.4; g is the ADC
conversion coefficient g = 0.1; p — size of the individual pixel of the CCD matrix y = 13.5 ym; o is the
detector noise (approximately 20).

The calculated value of the minimum size of space debris that can be observed by the satellite is
denoted by a:

(1) a = V(4hcoRFu)/(qndATTD2Pp)

The sizes of space debris that can be recorded by the cameras, depending on the speed of the object
and the distance to it, are given in Table 1.

Table 1. Sizes of space debris that can be recorded by the cameras, depending on the speed of the object and
the distance to it.

R, km Size, cm Size, cm Size,cm Size, cm
at u = 1km/s at u = 5km/s at u =10km/s at u = 20km/s
1 0,2 0,6 0,8 11
10 0,8 1,7 2,5 3,5
100 2,5 5,6 7,8 11,0
500 55 12,3 17,4 24,7
1 000 12,2 25,5 35,6 62,2

Taking into account the above, a preliminary program can be made for the CubeSat satellite
for observing space debris of different size. The planned field of view of the cameras is 8o. This
provides a full sky overview with the realization of approximately 440 images, which corresponds to
approximately one observing day of the CubeSat satellite's life (Fig. 4).
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Fig. 4. General view of the CubeSat satellite for orbital registration of space debris
in the operating position without open solar panels

The visibility range is from 10 km to 1000 km. In 120 days (the probable life of the cubesat)
about 45,000 images can be obtained and a spatial volume of near-Earth space of 200 x 200 km for
centimeter objects and approximately 20,000 x 20,000 km for 10-centimeter objects can be seen. The
average probability of registering specific fragments is estimated as one event (track) per 100-200
images. Therefore, the total number of registrations could be 300—600 events, which can serve as a
statistical estimate of the space debris population and its distribution by velocity at specific orbits.

Conclusions

In practical implementation and commissioning, the project for optical observation equipment
for CubeSat can solve the following tasks:

« continuous observation in a certain time interval of space debris, the fragments of which are
located in low-Earth orbit space;

* observation of space debris with a given rate and duration of tracking;

» generation of coordinate information for objects from the space orbital debris cloud,
determination of the effective scattering area of individual fragments, the fact of possible
rotation of the object;

* calculation of the orbital parameters of the movement of space orbital debris based on the
accumulated measurements and determination of the dynamics and evolution of their
movement.

Automation of data exchange between the telemetry of the CubeSat satellite and the ground
center allows for effective use of the resources of the observation equipment and rapid receipt of
information from it about the most important objects in the space debris cloud. The duration of the
individual observation sessions was chosen as a compromise between achieving a relatively high
accuracy in determining the motion parameters of individual fragments and saving energy and time
resources of the satellite. The average duration of satellite observation by CubeSat is sufficient for
reliable determination of orbital parameters of space debris in the range of 1 — 10 cm and is about 1 to
2 minutes.

65



10.

11.

12.

13.

14.

15.

16.
17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27

References:

N. Zosimovych, Z. Chen, CubeSat Design and Manufacturing Technique Analysis. IOSR Journ. of Eng.
(IOSRJEN), Vol. 8, 9: 2018, p. 01-06
T. Villela, C. A. Costa, A. M. Brandao, F.T. Bueno, R. Leonardi, Towards the thousandth cubesat: A statistical
overview., International Journal of Aerospace Engineering., 2019. https://doi.org/ 10.1155/2019/5063145
CubeSat Design Specification (CDS): Rev. 13. California Polytechnic State University, 2015, p. 41
Larson W. J., Wertz J. R., Space Mission Analysis and Design, third edition, Space Technology Library-
Microcosm Press, California, 2004
C. Girardello, M. Tajmar, C. Scharlemann, GREATCUBE+: conceptual design tool for CubeSat’s design.,
CEAS Space Journal, 16., 2024, p. 375-392. https://doi.org/10.1007/s12567-023-00509-9
H. Klinkrad, Space Debris. Models and Risk Analysis., Springer, 2006, p. 430
J. Hamilton, NASA Develops Report on Radar Observations of Small Debris Populations // Orbital Debris
Quarterly News., V. 17, Iss. 4, 2013, p. 4-5
G. Drolshagen, T. Nehls, The Small Size Debris Population in the GEO Belt // Proc. 5th European Conf.
Space Debris. ESA/ESOC, Darmstadt, Germany, V. 5. Iss. 1., 2009
K.M. Brumbaugh, H.C. Kjellberg, E. Lightsey et al., In-situ sub-millimeter space debris detection using
cubesats // Advances in the Astronautical Sciences. V. 144., 2012. p. 789-803
T. Hanada, Using Breakup Models and Propagators to Devise Debris Search Strategies in GEO // Advances
in the Astronautical Sciences. v. 110., 2002, p. 373-385
T. Hanada, Theoretical and empirical analysis of the average crosssectional areas of breakup fragments // Ad
vances in Space Research., v. 47., 2011, p. 1480-1489

. M. Levin, Dynamic analysis of space tether missions. San Diego: American Astronautical Society., 2007.,
p. 453

. J. Kessler, B. G. Cour-Palais, Collision Frequency of Artificial Satellites: The Creation of a Debris Belt // J.
Geophysical Research., 1978, p. 83

D. J. Kessler, Collisional Cascading: The Limits of Population Growth in Low Earth Orbit // Advances in Space
Research. v. 11., Iss. 12., 1991, p. 63-66

. C. Reynolds, A Review of Orbital Debris Environment / JSC // Orbital Debris Conf. Apr. 16-19, 1990,
Baltimore, MD., AIAA-90-1355., 1990, p. 22

. Klinkrad, Space Debris. Models and Risk Analysis., Springer, 2006. p. 430

. Drolshagen, D. Koschny, S. Drolshagen et all., Mass accumulation of earth from interplane_tary dust,
meteoroids, asteroids and comets // Planetary and Space Science. v. 143., 2017, p. 21-27

Hamilton, NASA Develops Report on Radar Observations of Small Debris Populations // Orbital Debris

Quarterly News., v. 17. Iss. 4., 2013, p. 4-5

Interagency Report on Orbital Debris / Office of Science and Technology Policy; White House., 1995, p. 86

J.C. Liou, N. L. Johnson, A sensitivity study of the effectiveness of active debris removal in LEO // Ad vances
in Space Research., Ne 47., 2011, p. 1865-1876

J. C. Liou, An active debris removal parametric study for LEO environment remediation // Progress in Pro
pulsion Physics., v. 4., 2013, p. 735-748

J. C. Liou, M. Matney, A. Vavrin et al., NASA ODPO'’s Large Constellation Study // Orbital Debris Quarterly
News., v. 22, Iss. 3., 2018, p. 4-7

A. Potter, Early detection of Collisional cascading // Proc. 1st European Conf. Space Debris, ESA/ESOC.
Darmstadt, Germany, v. 1. Iss. 1., 1993

S.V. Kuzin, A.S. Ulyanov, S.V. Shestov et al., Observation of space objects using optical sensors in the
SPIRIT/CORONAS-F and TESIS/CORONAS-Photon experiments // 3rd All-Russian scientific and
technical conf. "Modern problems of orientation and navigation of spacecraft": collection of papers.
September 10-13, 2012, Russia, Tarusa / edited by G. A. Avanesov., 2013, pp. 58-68. (in Russian)

O. Ognyanov, P. Stoeva, A. Stoev, Y. Shopov, Ground-based optical observations of space debris: current
review and prospects., In Proceedings of the scientific conference "Near Space - a Common Goal", May
10-11, 2022, Publishing House of the National University "Vasil Levski", 2022, pp. 7-17. ISSN 2815-
3529 CD (in Bulgarian)

6U CubeSat Design Specification: Rev. Provisional (CP-CDS-PROVISIONAL). California Polytechnic State
University., 2016, p. 27

G. Ridolf, E. Mooij, S. Corpino, A System Engineering Tool for the Design of Satellite Subsystems., 2009.
https://doi.org/10.2514/6. 2009-6037 11

oI Py O m

“

66



