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ABSTRACT

In recent years the increasing of space activity led to an
increase in space debris, with a consequent growing
international interest in Space Surveillance and
Tracking (SST). The Space Systems and Space
Surveillance Laboratory (SbLab) of the University of
Rome "La Sapienza" together with the Institute of
Complex System (ICS) of the Nation Research Council
(CNR) undertakes research on space debris with the aim
of understanding the dynamics of space debris, and
therefore contributing to the preservation of the space
environment. This paper is focused on bi-static data
collection of Leo objects observed within the IADC
campaign WGl Al 382  “Attitude motion
characterization of LEO upper stages using different
observation techniques”. Preliminary results on the
determination of the position and attitude of Leo objects
are presented, with particular emphasis on the
experimental method.

1 INTRODUCTION

According to the definition adopted by Inter-Agency
Space Debris Coordination Committee (IADC) space
debris are all man-made objects including fragments and
elements thereof, in Earth orbit or re-entering the
atmosphere, that are non-functional. Fig. 1 shows the
evolution over time of the space objects [1].
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Figure 1. Evolution of space objects over the years [1]

These elements present different sizes and actually

about 23’000 are tracked and catalogued [2]. Each of
them represents a serious danger for operational
satellites in the event of a collision [3, 4]. For the Space
Situational Awareness (SSA) purposes it is necessary to
monitor the behavior of the object, i.e., to model the
space debris environment. In order to achieve the aim, it
is possible to track the object through optical systems
following its trajectory, which is known from orbital
information. The only way to retrieve the orbit
parameters is to use the Two-Line Elements (TLE)
released by the North American Aerospace Defense
Command (NORAD). Unfortunately, this set of orbital
parameters is characterized by a low accuracy and short-
term reliability. Therefore, frequent updates of the
dynamical state estimate are necessary.

The dynamics of these objects, especially for those in
the re-entry phase, is of great interest due to probability
of casualties related to the ground impact of pieces
surviving the atmosphere disintegration. Nevertheless,
the trajectory determination of such a kind of objects is
still largely affected by errors due to the difficulties in
obtaining a sufficient number of measures and to the
unknowns related to the atmosphere parameters and
object attitude. To overcome this limitation the authors
set-up a system based on bi-static optical observation,
designed to collect hundreds of measures for single
LEO passages from two sites simultaneously. This
system has been deployed in the S5Lab observatories in
Rome and Collepardo (about hundred kilometers apart)
and it is operative and fully calibrated. The system
permits to obtain the object accurate position thanks to
the simultaneous observation, in order to increase the
accuracy of trajectory determination and to obtain two
light curves to be exploited for object attitude
reconstruction through their inversion. This paper starts
with the description of the system used to perform the
bistatic optical observation (Section 2). Since the
observations are simultaneous, the results of the tests
useful to minimize the synchronization errors (Section
3) and the time bias analysis (Section 4) are shown. In
conclusion, the results of the observation campaign both
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for space debris and operative satellites are presented
(Section 5).

2 BI-STATIC OPTICAL SYSTEM

To study the evolution of the behavior of an object
during its orbit around the Earth, it is fundamental to
know its state vector. Optical systems have proved to be
an efficient method to retrieve information about
orbiting bodies [5]. The research group ha several years
of experience in optical observations and space systems
manufacturing [6-11]. The optical systems used during
this work are part of the telescope network managed by
the institute research team [12], and in particular the
Fast Imaging and Tracking System (FITS) was
exploited. FITS is composed by telescopes located in
two different places (see Fig. 2): the first one is the
REmote Space Debris Observation System (RESDOS)
in Rome, the latter is the Sapienza Coupled University
Debris Observatory (SCUDOQ) in Collepardo, FR. These
observatories have a mutual distance, i.e., baseline, of
about 80 km. In order to avoid any kind of differences
in terms of timing synchronization, obtaining
measurements, and ability in object tracking, both
systems are equipped with the same hardware: optical
tube, telescope mount, and SCMOS sensor. The sensors
were chosen for both the high quantum efficiency and
the high frame rate achievable, which allows to obtain a
huge number of measurements in a brief time interval;
the mounts because of their capability to follow all
objects in all orbital regime. The synchronization is
given by a GPS sensor assembled in both systems.
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Figure 2. Fast Imaging and Tracking System (FITS):
are shown respectively on the left SCUDO observatory,
located in Collepardo (FR), and on the right RESDOS
observatory, located on Rome (RM)

A summary of the main characteristics of the system are
reported in Tab. 1.

Table 1. Main characteristics of FITS observatory
system

Sensor type sCMOS
Sensor diagonal 22 mm
Max fps 100
Diameter 150 mm
Mount type Equatorial

3 SYNCHRONIZATION TESTS

To perform a multi-site observation, it is necessary to
have a system able to collect simultaneously data of the
same object, i.e., the systems must be synchronized. The
higher the synchronization error the higher the error on
the estimate of the altitude of the object. In this
framework, several tests were conducted in order to
minimize this kind of error. The sources of error in this
sort of systems can be due to the Pulse Per Second
(PPS) signal of the GPS, incompatibility of the frame
rate of the cameras. The PPS of the GPS signal error is
on average 20 ns, for signal construction [13], but it was
also controlled with the oscilloscope seeing the time
difference between two signals received from the GPS
modules. This error is negligible.

The frame rate consistency and the synchronization
between the cameras were checked using a chronometer
built at CoBBS Lab and specifically designed for these
tests: a needle spins at a constant rotational velocity
(1rps) over a protractor, therefore the needle spans an
angle of 1 degree in 3ms. Therefore, the chronometer
can be used as a clock and the time can be measured
from the angle span by the needle. The frame rate
consistency was tested for each camera separately, by
measuring the angle span by the needle between two
subsequent images. A negligible error was found, i.e.,
the error is below the resolution of 3ms (corresponding
to 1deg at a rotational speed of 1rps). Moreover, the
synchronization between the cameras was tested,
comparing the position of the needle on the images
acquired at the same time frame from different cameras
and once again a negligible error occurred.

4 MEASURES CALIBRATION

In order to achieve results as precise as possible, FITS is
calibrated in terms of time. The measures calibration
routine takes as input the data obtained through the
optical observations and the Precise Orbit Ephemeris
(POE) released by the satellites’ owner. The POE could
be provided in different format: Earth Orientation File
(EOF), Consolidate Prediction File (CPF) and Standard
Product 3 (SP3). Since not all the satellites released the
POE, a research was conducted for the ones those who
provide the ephemeris file. This research led the team to
choose the Earth observation satellites Sentinel 1 A
(NORAD ID 39634, Int. Design. 2014-016A).

The ESA’s Copernicus project team releases, every 20
days from the current day, the Sentinel ephemeris in
EOF format. Initially, the calibration routine makes an
analysis of the measures without considering time
correction and computing the residual mean and the
covariance eigenvalues by just comparing the
observations data and the ephemeris. Therefore, a time
analysis can be performed in order to understand how
much the obtained measures differ from the ones



obtained from ephemeris in terms of time. Since the
POE of the Sentinel are released every 10 seconds, an
interpolation procedure between two known consecutive
ephemeris data is applied for the time of the measures
that fall into this interval. The output of this procedure is
the time bias, i.e., how much the time shift should be to
reduce the residual mean. In particular, during the time
bias analysis, an optimization routine of a cost function
expressed in terms of residual mean occurs. In this way
the measures obtained from optical observations can be
corrected in time. The Fig. 3 and 4 show the results of
the calibration routine conducted on measures obtained
from Sentinel 1A observation on December 16th, 2020
and the Tab. 2 propose the results of the calibration
routine in number.

Table 2. Residual mean both with time bias analysis and

without it
Res. RESDOS SCUDO
mean RA [deg] | Dec[deg] | RA[deg] | Dec [deg]
Notime | 1 gq -0.0145 0.0386 -0.0388
analysis
With
time 0.0034 0.0032 0.0023 0.0021
analysis
Time 0.056 s 0.135's
bias
RESDOS
0 400
+ Residuals
-10 2 ':A::zv\:'i::ceeﬂnpse waoo
30 covariance ellipse 3
-20 :‘_’zoo
3
8
-30 100
g 40T 0
* \RAfarcsec]
o ®
&
a 60t
-70
-80
-90 -
'100-50 0 50 100 150 *" 30 50 40 20
ARA [arcsec] ADEC aecsec)

ADEC [arcsec]

-10

0

10

35 350
+ +  Residuals 200
20 3t ®  Mean Value
% T 10 covariance ellipse 250
- + 30 covariance ellipse §200
25 +y % 7 g
el 3 150
i &
20 100
++ 50
15 o 0
0 20 40
ARA [arcsec]
10 +
T
F oyt
: 300
5 G .
‘ Hh 250
0 - %r S Ry 200
P g
* + ¥ 150
-5 + + + §
t+ + 8 100
-10 1
- b. I . 50
Time bias analysis
-15

20 30
ARA [arcsec]

0
4 -10 0 10 20 30
ADEC [arcsec]

Figure 3. Residual means related to the measures
acquired from RESDOS without time bias analysis (left)
and with time bias analysis (above)
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The time bias analysis demonstrates the good timing of
the two observation systems. Fig. 5 shows the
simultaneous light-curve of the Sentinel 1A during the
passage use for the time bias analysis. It is possible to
notice a peak due to the high reflectivity of the body.
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Figure 5. Sentinel 1A bi-static light-curve obtained with
FITS system during the passage of 2020/12/16 from
17:03:53 to 17:08:17 UTC

5 OPTICAL LIGHT-CURVE

The light-curve of an object is defined as the variation
over time of its apparent magnitude. By definition, the
apparent magnitude of a body is computed with respect
to the magnitude of another one, therefore a comparison
object is needed. For an orbiting object, the stars present
in the field of view are chosen as reference. In this way
the retrieved magnitude of the object is clear from the
possible presence of cloud or misty. Therefore, a star
field resolution is necessary. This procedure is carried
out performing a local version of the Astrometry.net
[14] and using the Tycho-2 star catalogue. The
catalogue contains position, proper motions, and

photometric data for the 2.5 million brightest stars in the
sky vault [15]. From the star field resolution is therefore
possible to obtain the position of the stars, both in terms
of celestial coordinates (right ascension and declination)
and pixel coordinates, bolometric and visual magnitude.
All these parameters are used in the analysis after the
image acquisition

5.1 Light-curve acquisition procedure

Once the images of the passage above the observatory
are obtained, the procedure to retrieve the real light-
curve of the object from both optical systems can occur.
In order to analyze the thousands of frames that
compose the video, an automatic software was
developed by the S5Lab research team. The software
takes in input all frames, and for each of them performs
a photometric calculation in order to find the stars
present in FoV that will be used as reference in the
object magnitude computation and therefore in the light-
curve reconstruction. Given that the light is reduced
with the distance the light-curve is normalized with
respect to the range. In Fig. 6 the flowchart of the
software is proposed.

For calculation of the star and object intensity (1) the
aperture photometry procedure is performed [16]. The
total integrated photometric source signal (S) is
computed as the sum of the pixels contained in the area
(A) defined as the circle that surround the star or object.
Moreover, a background estimation (B) is evaluated,
considering a circular crown in the neighborhood of the
star/object and centered on it, see Fig. 5. Once S and B
are retrieved, is possible to compute the intensity using
the Eq. 1:

I=5—n,,B 1
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Figure 6. High-level flow-chart of the software for video analysis
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"Figure 7. (A) SMAP bi-static light-curve obtained with FITS system during the passage of 2020/12/14 from 16:49:30
to 16:53:27 UTC, (B) ATLAS 2AS CENTAUR R/B bi-static light-curve obtained with FITS system during the passage
of 2020/10/30 from 19:29:00 to 19:30:39 UTC, (C) Cosmo-SkyMed 2 bi-static light-curve obtained with FITS system
during the passage of 2020/11/18 from 17:33:43 to 17:53:23 UTC, (D) NOSS 3-4C R/B bi-static light-curve obtained
with FITS system during the passage of 2020/10/30 from 19:09:22 to 19:10:29 UTC

where npix is the total number of pixels contained within
the area A and B is the background. It can be seen that
the intensity value of the object depends on the radius of
the circle that is used to outline it. In [17, 18] is shown
how the signal to noise ratio (SNR) of an object is
maximized for a particular value of this radius.
Maximizing the SNR means to minimize the error in the
intensity calculation.

Once the intensity of the object and stars are computed,
the apparent magnitude of the object can be calculated
using the catalogue magnitude of the stars in the Field
of View (FoV), as shown in Eq. 2.

Mmagopj = Magstar; ., — 2-510g <1 . ) @
S arl

where magonj is the object’s magnitude, Iop iS itS
intensity, magstr,jcat iS the catalogue magnitude of the j-
th star and lsarj is its intensity. The object’s magnitude
is then calculated with respect to all the stars in the FoV.
Therefore, it is possible to compute the apparent

magnitude of the object as the mean of those previously
calculated plus or minus the standard deviation of the
measurements. Furthermore, it is possible to select only
one sub-group of stars present in the FoV, in order to
minimize the standard deviation of the magnitude error.

52

Once the analysis of the video is completed, it is
possible to retrieve the light-curve of the object. The
FITS system, as previously mentioned, allows to obtain
the light-curve of the same object at the same time. Fig.
7A give an example of the simultaneously light-curves
obtained during a bi-static observation taken from
RESDOS and SCUDO observatories. The figure shows
the results of the observation of the Earth observation
satellite Soil Moisture Active Passive (SMAP) during
its passage of December 14" 2020 from 16:49:30 to
16:53:27 UTC. The error is not represented for
visualization purposes. The red curve is the light-curve
obtained from RESDOS observatory, while the blue one

Simultaneous light-curve



from SCUDO observatories.

In order to validate the outputs of the software for the
light-curve reconstruction, several observations for
different objects were conducted from October to
January 2021. The observed bodies were both operative
satellites and space debris. In this framework, the
research team takes part to the IADC campaign WG1 Al
38.2 “Attitude motion characterization of LEO upper
stages using different observation techniques”. In Tab. 2
are shown the total number of observations, including
the IADC objects and the simultaneous results are
specified.

Table 3. Total observations between October 2020 and
January 2021, both for space debris (SD) and operative
satellites (OS), recorded by FITS.

Total observations

Observed M SD 18

objects (O] 23

. RESDOS 36

Light-curves 95 SCUDO 59
Simultaneous light-curves 20

In Fig. 7B, 7C, and 7D other examples of simultaneous
light-curve are shown.

The differences between the light-curves retrieved by
the two observatories (red and blue curves) are due to
the different point of view from which the satellites is
observed. These variations are useful for the attitude
reconstruction of the observed object [19].

6 CONCLUSION

In this work first results of simultaneous observation of
LEO objects was presented. To this aim, the S5Lab
team together with the one of the ICS used a bistatic
observation strategy exploited by the FITS optical
system. To check the synchronization of the whole
system, several laboratory tests was conducted in order
to minimize the timing errors. Moreover, a time bias
analysis is performed using the Sentinel 1A POE data
released by the ESA’s Copernicus project. This analysis
allows to check the timing difference between the
obtained measures and the ephemeris one. The analysis
of the obtained optical data is performed automatically
through a software which uses photometric computation
in order to retrieve the magnitude variation over time
(light-curve) of the object. The results obtained with the
proposed methods are very promising for a future
development in the altitude and attitude reconstruction
purpose.
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