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Abstract. Launch of several thousands of small 

spacecraft as part of satellite groups of various compa-

nies (OneWeb, SpaceX, etc.) is expected in the coming 

years. They will significantly increase the “population” 

in the low-orbit region. The spacecraft are designed 

mainly to provide telecommunications and remote sens-

ing of Earth from space. They have a short lifetime. The 

use of high-speed sCMOS (scientific complementary 

metal-oxide-semiconductor) detectors in combination 

with medium diameter optical telescopes provides high 

temporal resolution, which allows us to get detailed 

brightness light curves and to estimate the state of small 

spacecraft. We present the technique and results of pho-

tometric measurements of small spacecraft obtained 

with the 1.6-meter AZT-33IK telescope of ISTP SB 

RAS Sayan Solar Observatory. Photometric measure-

ments are shown to be an important source of infor-

mation at various operational stages of satellites. 
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INTRODUCTION 

One of the main directions for the development of 

space industry emerging in recent years is the design, 

development, and application of small spacecraft (SS). 

The shortened timeline of developing SS and the rela-

tively low cost of orbital injection allow their effective 

use for a wide range of tasks — research, educational, 

social and economic, and defense. In the XXI century, 

the development of CubeSat satellites [Woellert et al., 

2011] by the standard established by California Poly-

technic State University and Stanford University has 

become a widespread phenomenon. The satellites have a 

size of 10 cm ×10 cm ×10 cm and a weight of no more 

than 1.33 kg. The standard allows the combination of 

two or three standard cubes in one satellite (denoted by 

2U and 3U and have a size of 10 cm × 10 cm × 20 cm 

or 10 cm × 10 cm × 30 cm). According to SpaceWorks 

company data [Nano/Microsatellite Forecast, 2019], the 

expected number of nanosatellites and microsatellites 

will continue to increase and in the next five years will 

exceed 2000. 

Most small spacecraft are launched into low Earth 

orbits with a height from 700 to 3000 km, their observa-

tion has its own specifics and places particular require-

ments on the equipment, observation scheduling, and 

measurement processing. In high orbits there are also 

SS, and their number will only increase in the coming 

years. Launch of a large number of SS is often accom-

panied by disruptions, breakdown of stabilization, and 

absence of telemetry information from SS. 

Incidents, technical anomaly or divergence of tech-

nical parameters from the norm result in changes of 

reflection characteristics of SS surfaces or the nature of 

its motion, which can be detected by ground-based as-

tronomical instruments. The analysis of the reflection 

characteristics of SS obtained from photometric obser-

vations made by optical telescopes provide information 

about spacecraft shape, its orientation and stabilization. 

The set of photometric data (light curves, phase curves, 

spectral characteristics) enables us to make assumptions 

about spacecraft (SC) shape and dimensions; if it ro-

tates, to determine its speed and orientation of axes, to 

study reflective properties of SC and their changes over 

time. These photometric observations can detect such 

malfunctions in SC as stabilization system breakdown, 

change of spatial orientation, absence of some details in 

the SC structure. For SC in orbits above 3000–5000 km, 

the photometric information is virtually the only available 

for SC monitoring and evaluation of their technical state. 

In this paper, we report the results of photometric 

observations of small spacecraft, obtained with the 1.6-

meter telescope AZT-33IK at ISTP SB RAS Sayan So-

lar Observatory. We have demonstrated the effective-

ness of telescopes with high limiting magnitude in stud-

ying optical characteristics of small objects, obtaining 

light curves with high temporal resolution and simulta-

neously with high accuracy. 

 

SPECIAL PURPOSE 

TELESCOPE AZT-33IK 

The telescope AZT-33IK of ISTP SB RAS Sayan 

Solar Observatory can make trajectory and photometric 

measurements of artificial earth satellites and space de-

bris in the optical and IR ranges in orbits of all types. 

The optical scheme of the telescope is designed in anal-

ogy with the Ritchey–Chrétien scheme with an equiva-

lent focal length of 30 m; the telescope aperture is 1.6 

m, the angular diameter of its field of view is 10 arcmin 

[Kamus et al., 2002]. The plane of the Cassegrain focus 

of the telescope is at a distance of 1015 mm from the 
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top of the primary mirror, which allowed us to install a 

diagonal mirror in front of it, which can divert a beam to 

various devices located behind the primary mirror bar-

rel. Currently, photometric measurements of SC and 

space debris are being made using a photometer consist-

ing of a field-of-view reducer, a turret of Johnson filters 

BVRI [Bessell, 2005], and an ANDOR Neo 5.5 sCMOS 

camera with a 2560×2160 array 6.5 µm × 6.5 µm in size 

(corresponding to the field of view of 8.3×7 arcmin). 

 

FEATURES OF SPACECRAFT 

MEASUREMENTS IN LOW-EARTH 

ORBITS 

Optical observations of LEO SC (LSC) have their 

own specific features and set requirements for equip-

ment such as high-precision object tracking according to 

the ephemeris in a wide range of angular velocities (up 

to several degrees per second), a wide dynamic range of 

photodetector, possibility of obtaining short exposures 

(a fraction of a second), and fast frame readout. 

Typically, due to high LSC velocities, the star tracks 

on the frames taken with the main optical system of the 

AZT-33IK telescope having a field of view of 8×7 

arcmin are too long, even at short exposures (shorter 

than 1 s), as shown in Figure 1.  

The length of the tracks do not allow us to match stars 

visible in the frame to the star catalog, as is done during 

SC observations in high and medium-earth orbits. A nec-

essary stage of LSC observations is, therefore, to obtain 

calibration frames with star fields. During LSC flight, the 

zenith distance may vary over a wide range, and hence 

the sunlight reflected from the spacecraft passes through 

absorbing atmospheric layers with different optical thick-

nesses. The star fields are measured along the entire tra-

jectory of the object, which allows us to account for at-

mospheric extinction. In these fields, we select stars with 

known magnitudes. The extinction coefficient is deter-

mined by solving a redundant system of equations 

[Mironov, 2008] 

,i i iM m kX NP     (1) 

where Mi is the standard magnitude of the ith star, mi is 

the instrumental magnitude of the ith star, k is the ex-

tinction coefficient, Xi is the air mass of the ith star, NP 

is the zero point of the instrumental  system. 

 
Figure 1. Frame obtained from LSC measurement using 

the AZT-33IK main optical system with the 0.5 s exposure  

A further step required for the correct interpretation 

and comparison of LSC light curves is a procedure for 

reducing the LSC brightness to one distance [Kulikov-

skiy, 2002]. For an object located at a distance R from 

Earth, the magnitude Mo, reduced to the distance Ro, is 

calculated from the formula  

0 10 05log ( / ).M M R R    (2) 

 

LSC MEASUREMENTS 

IN LOW-EARTH ORBITS 

For the observations, we have selected both Russian 

and foreign micro-, nano-, and pico-objects, orbital data 

on which is available in the open catalog of space ob-

jects [https://www.space-track.org], supported by the 

North American Aerospace Defense (NORAD). Dura-

tion of the obtained series of observations determined 

by the visibility conditions of the satellite from the ob-

servatory and was from 2 to 10 min. The exposure time 

in use was 0.01–1 s. 

 

TabletSat-Aurora 

The first Russian commercial microsatellite (interna-

tional designation NORAD-2014-033H/40017) is a 

technological demonstrator designed for testing on-

board equipment. The satellite weight is 26 kg, its ap-

proximate size is 45 cm × 45 cm × 48 cm. Figure 2 plots 

satellite brightness, reduced to a distance of 1000 km, as 

a function of phase angle. The duration of the observa-

tion series was ~4 min (between the motion of SC over 

the horizon and its entry into the shadow). 

The brightness as a function of phase angle has a 

form typical of the satellites functioning in a normal 

operation mode. When the phase angle increases to 90°, 

the satellite brightness decreases, and then starts to in-

crease. The effect of increasing brightness at the phase 

angles wider than 90° have been observed previously in 

GEO and MEO objects [Korobtsev, Mishina, 2017]. 

 

Nanosatellite ESTCube-1 

ESTCube-1 (2013-021C/39161) is an Estonian 

nanosatellite, devised as part of the student space program 

on the CubeSat technology. The satellite weight is 1.05 kg, 

 

Figure 2. TabletSat-Aurora microsatellite brightness, re-

duced to a distance of 1000 km, as a function of phase angle  
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its size is 10 cm × 10 cm × 11.35 cm. The satellite 

stopped working, which is confirmed by the obtained 

light curves suggesting its destabilization and transi-

tion to the rotation mode. The behavior of the satel-

lite brightness is rather complicated and does not al-

low us to determine the proper rotation period. 

Figure 3 shows ESTCube-1 brightness values, re-

duced to a distance of 1000 km, as a function of 

phase angle for four observation dates. 

 

Picosatellite ITUpSAT-1 

ITUpSAT-1 (2009-051E/35935) is a picosatellite 

developed at Istanbul Technical University. It is the 

smallest of the satellites we observed. Its weight is 

only 0.99 kg, size is 10 cm × 10 cm × 10 cm. The 

main objective is to study the passive stabilization 

system, i.e. stabilization by proper rotation, as ap-

plied to small spacecraft. With such a stabilization 

system, SC behaves like a gyroscope, keeping the 

rotation axis direction unaltered for a long time. The 

derived light curves show a steady satellite rotation 

with a period of 9 s and an amplitude of 1 mag., 

which confirms the steady operation of the stabiliza-

tion system. The light curve of the picosatellite de-

rived in the phase angle range of 60° to 93° is given 

in Figure 4. 

 

Figure 3.  ESTCube-1 nanosatellite brightness, reduced to 

a distance of 1000 km, as a function of phase angle for four 

observation dates 

 

Figure 4. Light curve of the ITUpSAT-1 picosatellite, 

stabilized by rotation 

 

Small spacecraft from 2017– 042 launch 

In July 2017, the Soyuz-2.1a launch vehicle with Ca-

nopus-B-IR SC (international number 2017-042A) was 

launched from the Baikonur Cosmodrome. As an auxilia-

ry payload there were 72 small satellites of different for-

mats on board Soyuz-2.1a. Shortly after the launch, it was 

reported that several satellites did not contact or were in an 

unplanned orbit. Nine objects of this launch, according to 

the NORAD catalog, remain unidentified to date. 

 

The photometric information about 20 launch ob-

jects was obtained using the AZT-33IK telescope. Six 

of them are unidentified. All of them reveal a variable 

brightness, which suggests destabilization and rotation 

or tumbling of the satellite. A light curve of an unidenti-

fied satellite rotating with a period of 14.5 s is presented 

in Figure 5. 

By comparison, Figure 6 shows a light curve 

of a nominally functioning LSC from this launch, rec-

orded on track between motion of LSC over the horizon 

and its entry into the shadow. 

  

DISCUSSION 

Let us compare the observation data with theoretical 

estimates of the LSC brightness. To estime the bright-

ness, we use the formula given in [McCue et al., 1971]:  

2

1026.58 2.5log ( γ (φ) / ),m A F R     (3) 

where A is the area of cross-section of an object, γ is the 

 

Figure 5. Light curve of LSC with faulty stabilization sys-

tem from launch 2017-042  

 

Figure 6. Light curve of active LSC from launch 2017-

042 
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reflection coefficient, R is the distance to the object, F 

(φ) is the phase function. 

As a reference object to estimate the brightness, we 

usually take a sphere with a uniform surface whose phase 

functions are given by  

 
1

φ
4π

F        (4) 

for specular reflection,  

     
2

2
φ [ π φ cos φ sin(φ)]

3π
F       (5) 

for diffuse reflection. 

Stellar magnitudes for the specular and diffuse 

spheres of different radii r at a distance R=1000 km at a 

phase angle of 0° and with a reflection coefficient 

γ=0.25 are given in Table. 

Estimated apparent brightness for specular and diffuse spheres 

of different radii 

R, cm m (diff.) m (spec.) 

5 11.9 12.9 

10 10.4 11.4 

25 8.4 9.4 

 

Despite the simplified model used to estimate the 

brightness, the observed brightness of some satellites 

agrees well with theoretical estimates for the diffuse 

sphere. Thus, the brightness of the ESTCube-1 nanosat-

ellite, whose size is 10 cm × 10 cm × 11.35 cm, reduced 

to a distance of 1000 km, is ~11 mag. near the zero 

phase angle. 

As seen from the above calculations, the apparent 

LSC brightness may be great enough due to their close 

distance to the observer. This is confirmed by observa-

tions too. LEO objects whose size exceeds 10 cm are 

available for telescopes with a limiting magnitude 10–

12 mag. For such objects, the use of wide-aperture tele-

scopes in most cases would be ineffective. The observa-

tion of CubeSat objects requires, however, increasing 

the limiting magnitude of the telescope. The mean 

brightness of the observed objects of this class at large 

phase angles is as great as 14–15 mag. An even higher 

limiting magnitude is required for detecting incidents 

during which there may be wide range changes of 

brightness, or short-term changes, identification of 

which requires exposures of a fraction of a second.  

 

CONCLUSIONS 

Using observations of deactivated and active SC as 

an example, we have demonstrated capabilities of the 

AZT-33IK telescope to study photometric characteris-

tics of small objects. The telescope with high limiting 

magnitude, equipped with a photodetector with a high 

frame readout rate, can identify and analyze incidents 

when due to vehicle rotation its brightness can vary 

widely. The mean brightness of the observed objects 

reaches 14–15 mag.; the minimum brightness, 17 mag. 

The analysis of shapes of light curves allows us to 

find a number of characteristics specific to a particular 

class of spacecraft, which in some cases can serve as an 

additional identification feature or provide information 

about the current state of the spacecraft. 

The work was performed with budgetary funding of 

Basic Research program II.16. The optical observations 

were made with budgetary funding of major project No. 22 

in priority areas determined by the RAS Presidium. The 

results were obtained using the equipment of Center for 

Common Use «Angara» [http://ckp-rf.ru/ckp/3056/]. 
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