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ABSTRACT

With the emergence of the new space industry came a
sky-rocketing rise of the Earth-orbiting object population,
creating unprecedented challenges for space operations.
More than 1 million debris greater than 1 cm pose a threat
to current and future space-based activities. They have to
be tracked and characterized in order to minimize col-
lision risks and help find solutions towards a sustained
outer space.

On top of providing astrometric data, optical observa-
tions of Resident Space Objects (RSO) uniquely offer
the ability to retrieve the photometric behavior of such
objects. Images produced by Share My Space’s ground-
based telescope network allow the extraction of the lumi-
nous flux of an object over a certain time span: assuming
the choice of an appropriate sampling rate, we call such
measurements light curves. This information finds appli-
cations on several subjects: notably for RSO attitude de-
termination, as well as the validation of the photometric
chain model relative to Share My Space’s observatories.

We present two methods for light curves extraction
through both passive and active observations. In sidereal
tracking, the passive method consists in waiting for the
object to travel through the field of view of the instrument
to capture its passage. The RSO forms a light streak mov-
ing through a series of consecutive images, from which
we measure the flux along the trajectory. With active ob-
ject tracking, images are acquired at higher framerates,
forming a point-like object on captures of RSO, showing
streak-like stars in the background.

We compare these two ways of extracting light curves,
expecting an agreement between variables (flux, charac-
teristic periods) measured using both methods. This also
helps raise particular observing scenarios that would fa-
vor one of the two methods: with small or distant objects
for example. These results are confronted to predictions
made by our photometric model, allowing the verifica-
tion of the simulation algorithms used, as well as their re-
finement through the addition of new attitude parameters.
Performing light curve analysis of some well-known ob-
jects, such as SLR satellites, provides references for the
validation of the photonic chain model.

After building confidence in our measurements, we can
explore the practical applications to our light curves.
Mainly, this data can help assess the attitude of observed
objects: when compared to a set of known behaviors
computed by the photonic chain model, light curves can
characterize a spinning object by fitting the closest theo-
retical match to it. By Fourier Transform analysis, and in-
cluding Bidirectional Reflectance Distribution Function
(BRDF) modelling, parameters like the main rotational
period and the orientation of each rotation axis can be de-
termined. This information, combined with astrometric
positional RSO data, helps us better anticipate an object’s
behavior through time, allowing safer and easier satellite
operations.

With the growth of Share My Space’s observation sta-
tion network, we aim at enriching our catalog with light
curves for each object tracked, pushing optical detection
methods to their full potential.

Keywords: telescope; satellites & space debris; light
curve.

1. INTRODUCTION

Since the seventeenth century, telescopes are a privileged
way to observe and measure positions of celestial bod-
ies. During the twentieth century, other methods have
been invented like radars or laser. For the case of arti-
ficial space objects, all approaches are very complemen-
tary, each having their pros and cons.

However, during these past few years, technologies have
evolved, leading to a new generation of optical setups
taking advantage of telescopes combining large aperture
and large field of view, associated to large CMOS sen-
sors. Such devices are availables off the shelf at reason-
able prices. Subsequently, a new strong interest for op-
tical systems relative to space object tracking from LEO
to GEO regions, and beyond, [1] has emerged. For these
reasons it is worth investigating the capacity to observe
the smallest objects.

Share My Space operates a network of observatories with
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telescopes. Installed in November 2020, the setup at
Baronnies provençales (in Figure 1) is based on a RASA
14 telescope (aperture of 36 cm). Daily observations are
conducted to track space objects from LEO to GEO re-
gions. It was shown that objects as small as cubesats at
500 km of altitude can be detected. In Figure 2, the streak
created by the 0.25U cubesat SPACEBEE (#44370), with
a size of 10×10×2.5 cm, crossing the telescope field of
view is plotted.

Figure 1. Observatory located at Baronnies provençales
and operated by Share My Space.

Figure 2. cubesat SPACEBEE observed with a telescope
RASA 14. The red and blue crosses are the begin and end
of streak predicted using the last TLE.

In previous works, the performance of space objects de-
tection has been challenged with a complete model of the
photon chain, from the light emitted by the Sun and re-
flected by the satellite to the camera [2]. This ongoing
work is done using new observation data (such as light
curves) and calibration campaigns, for example, to char-

acterize the sky. The main motivation is our capacity
to extrapolate this detection performance of larger tele-
scopes.

In this paper, we study the photon chain, which allows to
assess the performance of larger telescopes. In Section 2,
we introduce our model of the photon chain. In Section 3,
we use photometric data to validate the model based on
measures of the sky background, streaks of space objects,
and light curves. In Section 4, we extrapolate the perfor-
mance of a telescope of 1 m of aperture. In Section 5,
we investigate the attitude model. Finally, in Section 6
we draw some conclusions about future observation cam-
paigns with telescopes.

2. MODEL OF THE PHOTON CHAIN

An object is detected on the condition that the signal-to-
noise ratio (SNR) is above a limit threshold. Hence, we
need to compute the measured signal due to the space
object and the measured signal due to the sky background
and the noise of the camera. In this Section, each stage
of the photon model is introduced in order to compute all
contributions to the signal measured by the image.

2.1. General overview

The model is based on the computation of the light quan-
tity received by the sensor and converted into a measur-
able unit which is the number of Analog-Digital Units
(ADUs) in the .fits image. The contributions of the
sky background and the satellite are computed following
three main stages described below:

• First, the quantity of light reflected by the satellite
depends on the reflection law, the properties of the
satellite surface and the geometry of the Sun, the
satellite and the observer.

• Second, the light collected depends on the aperture
of the telescope, the exposure time. But part of the
light is also lost by the atmospheric absorption, the
transmittance ratio of optics, and the quantum effi-
ciency which all depend on the wavelength.

• Third, the signal in electrons is read by the camera
and converted to ADUs taking into account setting
parameters like the offset and the gain. At this stage
the dark current and the readout noise are included.

2.2. Sky background

The luminosity of the sky is the main limitation for opti-
cal observations. The site of observation has to be chosen
to offer the best conditions. However, the presence of the
Moon cannot be avoided and has to be considered. The



model of sky magnitude provided by [3] takes into ac-
count the phase of the Moon, the angular distance from
the Moon, the altitude angle of the considered position in
sky, the Moon elevation angle and the magnitude of the
sky at the zenith for a moonless night. In Figure 3, the
magnitude of the sky computed with the model is plotted
as a function of the azimuth and the altitude. Around the
Moon located at 26 degrees of altitude and with a phase
of 32 degrees (waxing crescent), the magnitude strongly
decreases.

Figure 3. Modeled sky magnitude at the site of Baronnies
provençales. The Moon is located at 26 degrees of alti-
tude and 89 degrees of azimuth for the date of 2023/01/09
at 21:21:21.

2.3. Light reflected by a space object

Prediciting the photonic flux of a satellite is also required
to assess its detectability. To do so, it is necessary to sim-
ulate the space object passage in the sky to extract its lo-
cal elevation, as increasingly more light reflected by the
object will be absorbed by the atmoshpere when decreas-
ing in elevation.
Its geocentric position is also required to compute its
phase angle, that can be decribed as the solid angle be-
tween the incident solar rays hitting the space object and
the ones reflected by its surface in the direction of the
observer. More robust models such as the Bi-Reflective
Diffuse Function used for light curves simulation demand
further parameters to take into account, such as the nor-
mal surface vector of each face of the space object.
The last parameter needed, considering the reflected light
spectrum to be the same as the Sun, is the albedo of the
space object to characterize its reflectance/absorption in
the visible spectrum.

2.4. Camera caracterisation

Theorizing the response of the camera is one of the most
crucial steps to simulating the detection of satellites, as
it is the final step prior to obtaining the image that will

thereafter be processed. It is important to differientate
both the intrinsic properties and the settings of the cam-
era, as the settings can vary to render a completely differ-
ent image.
The most critical intrinsic property of the camera is
its quantum efficiency, which can be considered as
the conversion rate from photons to electrons for each
wavelength the sensor is set to detect. Other parame-
ters include pixel length and the number of pixels per
row/column.

Setting the camera requires deep knowledge of the set-
tings, what they represent, and how to optimize them.
The most important of all is the Gain setting, as it sets the
conversion rate from electron to ADU (or counts). ADU
values give the shades of grey for each pixel on the im-
age. However, this conversion rate is not always linear
and varies according to the number of electrons present in
each photosite and the Gain Setting used. It thus necessi-
tates to be characterized for each Gain Setting wanted for
observations, and for each camera. The Gain Setting also
sets the readout noise.
Data is important. As it is desired to lose as little as pos-
sible, an Offset Setting is often applied to the camera, so
that the irregularities in the photosites’ detection thresh-
hold are blended. This is done by precharging the pho-
tosites prior to the capture, so that all pixels are charged
above their threshold value.
An additionnal parameter can be used to increase the sig-
nal, by using Binning, i.e grouping pixels together so that
the satellite will spend more time on each bin, thus in-
creasing the integration time of the photons. This setting
is most relevant when performing passive observations.

3. COMPARISONS OF THE MODEL WITH PHO-
TOMETRIC DATA

Observation campaigns have been conducted for two
years. Two modes are used: passive observation where
the satellite appears like a streak, and tracking observa-
tion where the satellite appears like a dot. The tracking
mode allows to obtain luminosity measurement series of
a few minutes or more.

3.1. Sky quality

The magnitude of the sky can be measured by an extrac-
tion of the mean flux of the background in images, and
computed after the astrometric and photometric reduc-
tion. We propose to compare the measured magnitude
with the predicted magnitude of our background model.
For this purpose, we sample images of the sky distributed
in azimuth and elevation. For each image, a value of
the sky magnitude is computed and compared with our
model. The difference is plotted in Figure 4.

The measured magnitude differs from the model due to
the atmospheric transmittance which is affected by al-



Figure 4. Difference between predicted and measured
background magnitude. The atmospheric extinction co-
efficient has been set to k = 0.5.

titude, humidity, dust, aerosol, and precipitable water
vapour (PWV).

3.2. Historical streak measurements

During each observation night, astrometric and photo-
metric data of observed objects are recorded. It includes
celestial angular coordinatres (right ascension and dec-
lination in the topocentric frame), streak magnitude, the
values in ADU of the background and the streak. More-
over, metadata like the gain and the offset camera settings
are saved. Each observation of catalogued objects made
in the past enables us to compute theoretical flux of the
background and the streak, and compare it with the mea-
surements.

In Figure 5, the flux measured for the observed streak of
the satellite JASON 3(#41240) are compared to the flux
computed by the model. We find a good agreement ex-
cept for a few measures whose the theoretical flux is over-
estimated, mostly due to the attitude that is not taken into
account.

3.3. Light curves

The variation of brightness can be measured over a short
period by extracting the flux along a streak. The advan-
tage is the accuracy of the temporal sampling which de-
pends on the transit time in the individual field of view of
a pixel. However, the duration of the light curve is lim-
ited to the exposure time. The other alternative is to track
the object in the sky during its transit, and to acquire se-
ries of images where the targeted object appears like a dot
and the stars in the background like trails. The sampling
is limited by the framerate of the camera or the minimal
time to see the difference between the dot and the train
which depends on the tracking motion.

Figure 5. Difference between predicted and measured
streak flux for observations of JASON 3 (#41240) carried
out throughout 2022.

In Figure 9, the concatened flux variation measured along
streak a consecutive serie of image during the passage of
the satellite in the field of view is plotted. The observed
satellite is Ajisai (#16908), a sphere dedicated to laser
ranging measurements.

4. PERFORMANCES OF LARGER TELE-
SCOPES

Once the model fitted based on the observations, mostly
regarding the albedo value of each satellite, it is possi-
ble to extrapolate it to larger telescopes in order to assess
their performances, keeping in mind that the objective at
hand is to determine the minimum space object size ob-
servable by a larger telescope. The aim is to extract the
dimensions of the telescope, i.e focal length, aperture,
central obstruction ratio, to manufacture it.

The focal ratio is the most important parameter, as it in-
fluences directly the field of view avalaible. Increasing
it allows to passively survey a larger region of the sky at
once. One of the most challenging issues is the deforma-
tion at the edge of the FOV, as reducing the focal ratio
increases the deformation. Nevertheless, it is still possi-
ble to overcome this issue, by revisiting optical concepts
such as the Mangin mirror, or by combining basic con-
cepts like Willstrop-Mersenne-Schmidt.

Regarding the observable size limit of space objects, the
aperture diameter combined with the central obstruction
ratio are the most critical criteria. Increasing the the aper-
ture diameter and reducing the central obstruction ratio
allows to collect more light, raising the sensitivity.

In the end, using a larger telescope comes down to in-
creasing the SNR of satellites, as the signal produced by
the space object and the background is dependent on the
aperture surface and the focal ratio. Thus, by syntheti-
cally reducing the size of JASON 3 to converge to the



Figure 6. Concatenated brightness variation with flux
measured along a streak of a serie of consecutive images
obtained during the passage of the space object in the
field of view.

Figure 7. Light curve of the satellite Lageos (#8820) ob-
tained with a tracking over 15 minutes.

limiting SNR allowing streak detection, we can esimate
the size limit of any telescope. This is shown in Figure 8:
the original dimensions of JASON 3 are 3.7x1.9x9.7 m,
but to produce the same SNR with the WMS1000, a the-
oretical telescope with an aperture of 1000 mm, a focal
ratio of 0.8 and a central obstruction of 66%, the size of
JASON 3 needs to be reduced by more than 50%. This
yields a new synthetic size of 1.85x0.95x4.85 m.

Figure 8. SNR according to phase angle. For a given
SNR from RASA 14 observations, the WMS 1000 is twice
as efficient regarding size limit.

5. ATTITUDE MODEL

The photometric model described can be improved by
taking into account the attitude of the satellite. The
lambert sphere model can be replaced by the the Bi-
Reflective Diffuse Function (BRDF), accounting for
the orientation of each surface of the satellite and its
shape [6]. In Figure 9, the light curve of the upper-stage
ATLAS 5 CENTAUR R/B is provided and the rotation
period is extracted with the Lomb-Scargle method [4].
The next step will be to include the BRDF computation
in the photometric model.

Figure 9. Light curve of the upper-stage ATLAS 5 CEN-
TAUR R/B (#40295) obtained with tracking.

6. CONCLUSION

In this paper we have extented our previous works about
the modeling of the photon chain in the case of optical
sensors. In Petit et al. (2021) [2], the description of



the complete model has been introduced but some dis-
crepancies appears when we compare photometric mea-
surements and the values given by the model. Means of
improvement have been investigated like the sky back-
ground modeling, the camera characterisation, and the
dependency to the space object orientation was discussed.

A good agreement between the model and the measures
was found for the sky background flux measured and the
streak flux of space objects. However some outliers still
appear. The theoretical flux, especially, is overestimated.
The model is also compared with photometric measure-
ments during a continuous space object tracking, i.e. with
a light curve. An agreement was found with slight dis-
crepancy at the begining of the light curve probably due
to the sensibility to the phase angle as suggested by au-
thors in the past.

In the future, accumulation of data will help us to im-
prove the model introduced in this paper confirming hy-
pothesis and corrections. Major points are identified:
the limits of the lambert sphere model and the use of
the BRDF, the role of the Earthshine as suggested by
Cognion (2013) [7], or the non-linearity of the camera.
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