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The “Decision of the European Parliament and the Council Establishing a Space Surveillance and Tracking Support
Framework” [1] was adopted on April 16th 2014. It has established the SST Support Framework with the objective
of ensuring the long-term availability of European and national space infrastructure, facilities and services through
the establishment of an SST capability at European level and with an appropriate level of European autonomy. The
specific objectives of the SST Support Framework are:
 to assess and reduce the risk to in-orbit operations of European spacecraft from collisions,
 to reduce the risks related to the launch of European spacecraft,
 to survey uncontrolled re-entries of space objects into the Earth’s atmosphere
 to seek the prevention of proliferation of space debris.
To attain these objectives, the SST Consortium1 operates a network of Member State ground-based sensors, to survey
and track space objects and to produce a database thereof, and derived information. SST services (i.e. collision
avoidance, re-entry analysis and fragmentation analysis) are tailored to the needs of the various users (i.e. Member
States, Council, Commission, public and private spacecraft owners and operators, public authorities concerned with
civil protection etc.) and distributed via the EUSST Service Provision Portal [2]. The initial services started in July
2016 and from this date continuous improvements are being made. As of 2017, a pool of more than 15 telescopes, 5
radars and 4 lasers are operated within EUSST.
Performance analysis forms a critical element of work that enables the effective development of the EU SST
architecture in line with the framework objective. This analysis aims to both support the optimization of the current
system elements as well as inform future development options. This paper details the Consortium work to estimate
present and future performance assessment through extensive simulation of the survey capabilities of a network of
sensors. While this paper focus on optical survey sensors, wider performance studies including radars and lasers are
on-going within the consortium. Individual sensors performances and corresponding surveillance strategies are
modeled and simulated to estimate the whole system performance in terms of coverage capability with respect to the
MEO and GEO regime using MASTER 2040 population as a reference. The whole reference population above 35cm
(threshold coming from specifications) is propagated over several days and detection of objects is assessed depending
on their magnitude. This assessment of the current capabilities of the system allows us to identify the gaps between
the current network and a future one that would allow a high performance in the cataloguing of objects orbiting in
MEO and GEO. Based on these gaps the relative improvement of performance due to the inclusion of new sensors is
then assessed.

1

At time of reporting consists of five participating Member States (France, Germany, Italy, Spain and United Kingdom) that are
soon to be increased to eight nations through the incorporation of Poland, Portugal and Romania; in cooperation with the
European Union Satellite Centre (EU SatCen)
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A working methodology has been developed within the Consortium to design a series of architecture options that
match the specifications. Starting from a globally distributed list of candidate sites suitable for optical observation, a
sub-set of sites are selected to ensure a given level of redundancy to mitigate unavailability from different sources
(failure, weather, etc.). Then, several telescopes designs are analyzed with the aim of ensuring great detection
capability (high limiting magnitude) as well as great coverage capability (high search rate). Surveillance strategies are
built to maximize the use of such sensors for detection of space objects. The analysis is conducted both for GEO and
MEO orbits and the corresponding difficulties are discussed, including a VROM cost estimates of the different options.
The paper will present in detail the working method developed as well as some of the numerical results obtained.
1.

EUSST presentation

In April 2014, the European Parliament and the Council of the European Union passed the decision to establish a
European Support Framework for Space Surveillance and Tracking (EUSST) with the objective of ensuring the longterm availability of the European and national space infrastructure, facilities and services which are essential for the
safety and security of the economies, societies and citizens in Europe.
The specific objectives of this Support Framework are to: (a) assess and reduce the risks to in-orbit operations of
European spacecraft relating to collisions and enable spacecraft operators to plan and carry out mitigation measures
more efficiently; (b) reduce the risks relating to the launch of European spacecraft; (c) survey uncontrolled re-entries
of spacecraft or space debris into the Earth's atmosphere and provide more accurate and efficient early warnings with
the aim of reducing the potential risks to the safety of European Union citizens and mitigating potential damage to
terrestrial infrastructure; and (d) seek to prevent the proliferation of space debris [1].
The SST Support Framework currently comprises of five EU Member States (MS) of France, Germany, Italy, Spain
and the United Kingdom, and which will grow during 2019 to include Poland, Portugal and Romania. Consortium
members contribute national (sensor and processing) assets to form the EUSST system architecture, and interact with
the EU Satellite Centre (EU SatCen) which delivers EUSST Front Desk services to users.
The EUSST architecture can therefore be depicted as the compilation of its “building blocks” of existing national
architectures, their links and the Front Desk; as shown in Fig. 1. In this paragraph a first description of the overall
system is given. For the purposes of this paper, only the sensor function (in isolation) is considered; in particular, the
optical segment of the EUSST sensor function.

Fig. 1: High-level overview of the EUSST sensor and processing architecture (as of today)
It is also important to remark that EUSST is currently framed within the 2014-2020 Multiannual Financial Framework
(MFF) budgetary period, and is foreseen to be part of the 2021-2028 MFF. These timeframes contribute to defining
the architectural snapshots (2021 and 2028 future epochs) assessed and presented in this paper.
EUSST is expected to be fully operational in 2020, although the initial services are provided since the 1st of July 2016.
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2. EUSST Optical Networks (2018, 2021, 2028)
As of mid-2018, the current EUSST optical network is composed by 8 survey telescopes and supported by a number
of tracking sensors. Due to geographical laydown, this network does not currently allow full coverage of the full GEO
belt. As of 2021 (which represents the end of the current MFF budgetary period), in line with integration of additional
European sensors, full GEO coverage can be expected; although, with a low level of redundancy over specific
longitudes. For the 2028 timeframe (which represents the end of the next MFF budgetary period), a theoretical exercise
is performed to design an architecture built over the existing one in 2018/2021 that would allow full coverage of the
GEO regime with a good level of redundancy.
2.1. Existing Network
The current (2018) optical survey architecture is comprised of 8 sites: Fig. 2 shows the locations of these sites as well
as the coverage of the GEO ring (+/- 15° in latitude). Using a color code, one can see the number of sites with visibility
to the ring, assuming a 10° minimum elevation mask, highlighting that currently there is not full coverage of the GEO
region since most of the sites are located in Europe.

Fig. 2: Location of existing (2018) EUSST optical surveillance network (top left and zoom over Europe at top
right) and GEO coverage (bottom).
2.2. Simulated Network for 2021 Timeframe
A list of the optical stations expected to be available by 2021 was established by participating EUSST MS, including
MS foreseen to join the SST Consortium in the near future. From this listing, 29 telescopes were simulated in order
to understand the expected performance in the 2021 timeframe: Fig. 3 shows the locations of these optical sites, as
well as the coverage of the GEO ring (+/- 15° in latitude). However, it should be noted that this listing does not
preclude changes to be made for the real architecture in 2021, since some optimization and selection might be
performed in the coming years. To ease the analysis due to the size of the list, some co-located sensors were
represented as a single sensor being the equivalent of two telescopes with lower individual performances.
Using a color code, one can see the number of sites in visibility, assuming a 10° minimum elevation mask. It can be
seen that even if a high number of sites are in Europe, there is complete coverage of the whole GEO regime (minimum
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one site in visibility of whole GEO ring +/-15° in latitude). However, there are still regions where the network shows
poor (or no) redundancy; for example, over the Pacific Ocean.

Fig. 3: Location of simulated future (2021) EUSST optical surveillance network (left) and GEO coverage
(right).
2.3. Simulated Network for 2028 Timeframe
Starting from the existing architecture in 2018/2021, the aim of the simulation was to design a network that ensures:
 Complete coverage of the GEO ring +/-15° in latitude
 At least 3 sites in redundancy (which is currently not the case for the 2021 architecture shown in Fig. 3)
 Good North/South repartition to avoid seasonal effects (to mitigate the impact of varying night duration, as
well as for weather)
The requirement for having 3 sites in redundancy was chosen on the basis that, if one site is down due to maintenance
and another one is not available due to weather conditions, observations from a third site could still be performed.
A candidate listing of 41 potential optical sites was identified by the MS, combining both already-existing sites as
well as possible future ones. Their location is given in Fig. 4.

Fig. 4: Candidate sites identified for the simulated 2028 architecture.
In order to highlight the fact that detailed location is not a critical specification, the sites are gathered within Very
Large Area (VLA) groupings as shown in Fig. 5. The detailed sites selection (within each VLA) was out of the scope
of this study: the interest lay in selecting an appropriate number of sites within each VLA.
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Fig. 5: Very Large Areas: Pacific ocean, North America, South America, Europe, South Africa, Asia, Oceania
As part of the activity, one optical network, identifying new optical sites within each VLA, was designed as a baseline
and for simulation purposes only, to demonstrate feasibility of the approach. This network will be used as a basis for
the simulations in 2028. It consists of 9 added sites to complement the 8 existing ones active as of 2018:
 2 in Pacific Ocean VLA
 1 in North America VLA
 1 in South America VLA
 1 in South Africa VLA
 2 in Asia VLA
 2 in Oceania VLA
Fig. 6 shows the station locations as well as the expected coverage of the GEO belt. One can see that there is complete
coverage of the whole area, with at least 3 sites in visibility of any position on the GEO below. An appropriate
North/South repartition has also been sought to preserve expected performances with respect to seasonality.

Fig. 6: Location of simulated future (2028) EUSST optical surveillance network (left) and GEO coverage
(right) using the CFOV solution.
Regarding the optical sensors to be located at these sites, two solutions (based on different concepts), were considered:
a “Classical Field of View Telescope” (CFOV) solution and a “Wide Field of View Telescope” (WFOV) solution.
Details of the specific CFOV and WFOV solutions are reported in §3.2.1 and §3.2.2 respectively.
According to cost considerations, the CFOV configuration included 34 CFOV telescopes; comprising two sensors in
each of the 17 network sites depicted in Fig. 6. For this, one sensor was prescribed to be dedicated to GEO survey,
with the other being dedicated to MEO survey. The WFOV option consisted of 6 WFOV telescopes, placed in 6
specifically-chosen sites as shown in Fig. 7.
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Fig. 7: Location of simulated future (2028) EUSST optical surveillance network (left) and GEO coverage
(right) using the WFOV solution.

3.

Sensors

3.1. 2021 sensors
For the sensors in the 2021 architecture, each MS provided their related sensor characteristics (field of view,
availability for EUSST) and individual performance (limiting magnitude considered in the simulation, see §4.1). The
tasking of these sensors has been provided by the MS: no coordination of the tasking to optimize the survey
performance has been considered under this study but could be considered in future work.
3.2. 2028 sensors
The high level requirement is to be able to survey all 35cm objects orbiting in GEO and MEO region. However, most
of the current sensors in operation do not have a high enough limiting magnitude value when performing survey. New
sensors are therefore needed. Two solutions based on different concepts: “Classical Field of View Telescope” (CFOV)
and “Wide Field of View Telescope” (WFOV) are analyzed. The simulation in 2028 timeframe will consider only
those new sensors.
3.2.1. CFOV: Classical Field of View Telescope
Using existing or soon to be available COTS, a design of a small telescope has been established, and its VROM cost
and performance have been estimated. The idea was not to perform a thorough study but rather to demonstrate
feasibility. It is therefore acknowledged that the design could be optimized.
The selected configuration is based on a Rifast 500 tube from Officina Stellare and a CMOS camera mounted on a
Rapido mount. The field of view for this configuration is 1.5° x 1.5°.
The telescope has been modelled in an SNR simulator to estimate what limiting magnitude can be expected from it
(the simulations tools, described in §4.2 , use limiting magnitude value as performance indicator input and do not
compute the SNR). The simulator allows us to compute the SNR considering several effects: atmospheric extinction,
seeing, readout noise, etc. One example of application is given in [3]. The following hypotheses have been considered
in order to estimate the telescope performance from any optical site of the 2028 network:
 A minimum SNR of 7 at pixel level is required for detection.
 Several exposure times ranging from 0.025s to 10s have been tested to find a good compromise between
detection capability (limiting magnitude) and search rate.
 Atmospheric optical depth (Aod) values have been computed from monthly Aod value at high resolution
(grid of 0.1 x 0.1deg) from 2001 to 2017 (17 years period) downloaded from the NASA website [4].
 Zenithal seeing of 1.5’’ is assumed for each site, except for those for which detailed measurements or expert
considerations are available.
 Zenithal sky magnitude background of 19.5 mv/asec² is assumed for all sites as a default and conservative
values, except for those for which detailed measurements or expert considerations are available.
 Dependency with respect to elevation of pointing:
o For sky magnitude background, dependence with respect of the elevation is considered as in [5].
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o
o

For seeing, it is considered that it changes as a function of the airmass, following Rozenberg
formulation to compute the airmass as a function of elevation.
Aod and Rayleigh diffusion are also considered as a function of airmass.

GEO survey limiting magnitude:
The medium (resp. maximum) apparent speed of an object orbiting in the GEO region is 1.5’’/s (resp. 6’’/s). Then,
due to the pixel size, it is considered that during a 0.25s pose the object will be contained within a single pixel (NB:
the seeing, that spread the light over more than one pixel, is considered in the simulator). When performing ten
consecutive poses the object will move across ten pixels at most. The image processing algorithm will work on the
ten images, adding the frames in all possible directions following the approach given in [6] and [7]. The following
limiting magnitude is then obtained as a function of elevation:

Fig. 8: Limiting magnitude versus elevation for CFOV telescopes – GEO
The dependence of the performance with respect to the site (Aod, seeing, sky magnitude background) appears clearly,
as well as the dependence with respect to the elevation of pointing. A 35 cm size object in GEO typically corresponds
to a magnitude between 17 and 18 depending on phase angle and range. As a consequence, depending on the
observation site, a 35cm object will not be seen 100% of the time: good phase angle and/or high elevation of pointing
will be required.
GEO survey search rate:
The GEO cycle duration is 5s:
 2.5s of exposure time (adding 10 frames with 0.25 s exposure time each).
 2.5s of readout and slew time (consistent with the mount capacity and the surveillance strategy).
The GEO search rate is 1620 sq deg/hour.
MEO survey magnitude:
The medium (resp. maximum) apparent speed of a MEO object is 30’’/s (resp. 60’’/s). Then, due to the pixel size, it
is considered that during a 0.025s pose the object will be contained within a single pixel (NB: the seeing, that spread
the light over more than one pixel, is considered in the simulator). When performing 40 frames per second, the object
will move across forty pixels at most during one second. The image processing algorithm will work also by adding
the frames in all possible directions following the approach given in in [6] and [7]. The following limiting magnitude
is then obtained as a function of elevation:
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Fig. 9: Limiting magnitude versus elevation for CFOV telescopes – MEO
The dependence of the performance with respect to the site (Aod, seeing, sky magnitude background) appears clearly,
as well as the dependence with respect to the elevation of pointing. A 35 cm size object in MEO typically corresponds
to a magnitude between 16 and 17 depending on phase angle and range. As a consequence, depending on the
observation site, a 35cm object will not be seen 100% of the time: good phase angle and/or high elevation of pointing
will be required.
MEO survey search rate:
The MEO cycle duration is 4s:
 1s of exposure time (adding 40 frames with 0.025 s exposure time each).
 3s of readout and slew time (consistent with the mount capacity and the surveillance strategy).
The MEO search rate is 2025 sq deg/hour.
Cost consideration:
The overall cost of the telescope, including control and data processing, is estimated between 250 and 300k€. For the
simulation, it has been considered that two telescopes (one dedicated for GEO survey and one dedicated for MEO
survey) are implemented in each one of the 17 sites of the 2028 network (Fig. 6), which represents a total of 34
telescopes for a 10M€ provision cost. Of course, optimization will be performed once feasibility is demonstrated.
3.2.2. WFOV: Wide Field of View Telescope
For the WFOV configuration, the FlyEye design has been selected. The so-called FlyEye telescope is an innovative
concept for realizing an extremely wide field of view sensor, developed within the ESA-SSA program. This telescope
will be first deployed by the end of 2019 in order to start carrying out a European-based NEO survey. The fly-eye
design was originally developed for space debris applications (thus sharing more than 80% of HW and SW with the
NEOs version), and it has been proposed for the European EUSST system architecture in order to cover the High
LEO, MEO and GEO surveillance.
The FlyEye is a one-meter aperture class telescope with a unique optical design where the overall FOV is split into 16
subfields: it is characterized by a two-meter effective focal length, giving rise to a relatively fast optics, and an overall
FOV of 44 square degrees (6.7°x6.7°). The telescope has a very compact structure with an equatorial mount capable
of fast and accurate motion, allowing the telescope to begin a new image acquisition from a different region of the sky
within 3 seconds.
The FlyEye survey performances are strictly dependent on the SW capability to detect very faint trails. The limiting
magnitude of the instrument is 21.5 without trailing loss, permitting to satisfy the requirement relative to the minimum
observable dimension of 35 cm in both MEO and GEO region. When considering trailing loss, the limitation in terms
of SNR of a trail is 6 (or 1.5 over a pixel). These peculiar HW and SW characteristics make the FlyEye a good
candidate to complement radars in the HLEO region where, for altitudes around 1100 km, they can operate in a
cooperative way [8]. Moreover, when adopting a proper observing strategy (in general LEO objects are observable
either shortly after sunset or before dawn, when outside the shadow of the Earth.) the same network designed for
HLEO surveillance can contribute to GEO and MEO cataloguing. The study of the optical contribution for LEO survey
is out of the scope of this paper but could be considered as future work.
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Cost Considerations
The estimated cost of the telescope is around 7M€. For the simulation at network of 6 telescopes (deployed in 6 sites
depicted in Fig. 7) has been considered, which represents a total 42M€ provision cost. Of course, optimization is to
be performed once feasibility is demonstrated.
3.3. Generic GEO surveillance strategy
To define a basic GEO surveillance strategy that could be applied to the new CFOV and WFOV sensors (or to sensors
whose actual observation strategy was not known), a generic algorithm was established to describe the pointing
locations (with time) for each sensor for scanning the GEO belt. This strategy assumed no coordination in the tasking
of the telescope with any other; each sensor operates its strategy in isolation.
This strategy was built from the following considerations:
 Several observations of the same area during one night are helpful for the orbit determination process;
therefore, a surveillance strategy that ensures multiple observations is beneficial.
 Due to variable night duration (depending on the location), pointing duration (dependent on the telescope’s
individual schedule) or availability for EUSST, it might not be possible to cover all the accessible longitudes
several times per night. In that case, half (or one third) of the longitudes are observed every two (or three)
nights.
 For the sake of simplicity, the effects of Earth eclipse were not considered. As a consequence, some pointing
positions will not generate any observations since objects will not be illuminated. Whilst this is not optimal,
it is assumed that it is counterbalanced by sensor redundancies and the fact that the same area is observed
several times per night.
 For the sake of simplicity, Moon position not considered. Since Moon guard angles were considered during
the simulation, some of the pointing positions will not generate any observations. As with the previous point,
this was assumed to be counterbalanced by sensor redundancy and the fact that the same area is observed
several times per night.
Knowing the location, characteristics and the desired behaviour (number of revisit of the same area per night) of each
sensor, the pseudo code for this strategy is as follows:
 Establish what GEO longitudes can be observed from telescope location (considering an elevation mask),
 Compute the night start and end (considering minimum elevation of the Sun below the horizon, e.g. 15°),
 Compute the range of longitudes that will be observed during the night (e.g. the whole observable range; or
a half / a third, depending on telescope search rate and number of revisit),
 Compute the time available at each longitude to perform a latitude band,
 Compute the targeted longitude: FOV size is to be considered, and suitable overlap in fields is computed to
have a leak-proof strategy considering the typical apparent motion of objects,
 Compute the target latitudes: with latitude band centred on the equator,
 If there is remaining time before the night end, an additional longitude scan is begun.
As an example, a sensor in Europe whose search rate allows performing 3 revisits of the whole accessible longitudes
with a 4-pointing latitude band, would observe each night the longitude and latitude shown in Fig. 10.
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Fig. 10: Generic GEO surveillance strategy: example of observed location (left) and longitude/latitude
ephemeris (right)
3.4. Generic MEO Surveillance Strategy
Likewise, as for the GEO case, a generic MEO surveillance strategy was designed and applied for the 17 CFOV
sensors dedicated to MEO survey in the 2028 simulation. Since there are no MEO-dedicated WFOV sensors in the
simulation, the WFOV architecture follows the generic GEO surveillance strategy and performs GEO and MEO
survey at the same time; although it is noted this may not be optimal, since it could be better to share time between
GEO and MEO observations and to follow dedicated strategies. This will be studied in the future.
It was assumed that the tasking of all MEO-dedicated CFOV sensors occurs in a coordinated fashion, since the area
to survey in MEO is much larger than in GEO (where most objects are contained near the GEO ring). Activity began
with conducting a thorough literature analysis, before selecting and implementing a particular selected strategy.
3.4.1. Literature Analysis
Following a review of the open literature, techniques for optical surveillance of MEO appear to fall into three, broad
categories which entail the construct of leak-proof (optical) surveillance fences at specific sky positions in order to
maximize the likelihood of detecting objects in known Global Navigation Satellite System (GNSS)-like orbits.
Approach #1, described in [9], optimizes a strategy to follow the ascending node position of a single GNSS orbit plane
over the course of a single night; operating a surveillance fence of 20° width in right ascension (α) which is used to
detect targets on the specified plane by blind-tracking in positive declination at approximate MEO angular rate at the
Equator. A ‘nodding’ action can be applied to blind-track at both positive and negative declination in order to detect
plane objects at both ascending and descending pass. [10] reports on a GMV-Space Insight Ltd. study using Starbrook
and the ESA Space Debris Telescope to conduct surveys using this technique.
Approach #2, summarized in [11], operates on the basis that the orbital geometry at MEO will cause all orbits meeting
certain geometric conditions will transit across a fixed line of declination (δ) twice during a single orbit. The basic
approach considers surveillance of a “stripe” of declination at δ = 0° and α = 0-360°, since the whole MEO population
crosses this stripe 4 times per day; with at least 2 of these crossings occurring under favorable solar phase angle
conditions. Whilst continuous observation of this “stripe” with a single sensor for a cataloguing mission is not feasible,
the entire population can be sampled within approximately three months, allowing for a statistical understanding of
the environment. An adapted approach, summarized in [12], optimizes the technique by considering only the geometry
of areas where GNSS orbits planes ‘cross’ within the sensor’s field-of-regard: a declination “stripe” of much smaller
width (e.g. 20°) is centered on the orbit-crossing point in (α, δ)-space and is scanned at an average blind-tracking rate.
Approach #3 focuses on observation of GNSS orbits at their “culmination” points, where the apparent motion of MEO
objects is smallest and can be observed with blind-tracking fences at a fixed Right Ascension. [13] describes methods
for detecting MEO objects by constructing leak-proof fence(s) aligned in vertical declination stripes both at, before,
and after the culmination of the target group of orbits. Surveys using the technique, with a fences set at the culmination
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point itself (where the trajectories of orbits are more “compact” and hence a reduced number of scan positions are
required), were conducted using the ESA Space Debris Telescope in 2010 and reported in [14].
3.4.2. Implemented Strategy
As described above, all of the encountered approaches focus on the use of a single sensor operating in isolation, and
therefore did not conduct optimization to account for use of multiple sensors as part of a dedicated MEO network.
The MEO surveillance strategy which was implemented in the current simulation was optimized for operation as a
coordinated network, and relies on a quasi-leak-proof fence at a fixed Right Ascension of Ascending Node (RAAN),
centered on 0° declination. This fence will be crossed about twice a day by all the MEO objects with an inclination
below 66.5°, with the RAAN (50° in the case shown in Fig. 11) chosen to optimize the phase angle of the largest part
of the MEO population on the beginning of simulation date.
The full architecture fence coverage is allowed by the great number of available sites in the 2028 network. Fig. 11
shows:
 the MEO population density (where highest density is in red),
 the approximate position of eclipse in dark grey: since the simulation starts at the equinox, the eclipse is
almost centered on the equator,
 the fence (red, green, dark rectangles as depicted at 50° RAAN),
 approximate iso-phase angle curves (red ellipses) at the beginning of the simulation: in a RAAN-declination
plan, the iso-phase angle curves are RAAN-declination circles (here ellipses due to non-isometric axis scales)
centered on the eclipse.

Fig. 11: MEO population density, (sub-)fence position, iso-phase angle curves and position of eclipses.
The fence was implemented with a width of 1.5° (representing the FOV size of the CFOV telescope) and a height of
133° in declination. As a result, the strategy covers the following considerations:
 Given a 40”/s average apparent speed of a MEO object in an Earth-fixed (not sidereal) pointing and the 1.5°
width of the FOV, it takes approximately 135 s for an object to cross the FOV.
 With a telescope cycle duration of 4s (40 frames in 1s and 3s for readout and slew), one telescope can perform
33 declination steps during this crossing time and can thus covers a 49.5° long fence without any leaks.
 Assuming a conservative 5% declination overlap between each declination step, the implemented CFOV
telescopes are able to cover fences 47.1° long in declination.
 As a result, 3 telescopes must be in use at all times in order to cover a complete fence (of 133°), with a
roughly 9% overlap between the 3 individual sub-fences.
 A longer fence could have been built by reducing the overlap in declination, but since objects at higher
declinations would be observed with poor phase angle, maintaining a focus on lower declinations was deemed
more relevant for this test case.
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Fig. 11 shows that the orbit crossing the area with the highest density of population (i.e. the region with RAAN close
to 280° and declination close to 50°) intersects the fence at its lowest observable phase (approx. 60°) , this justifying
the choice of RAAN = 50° for the fence. It is worth to note that, over the 14 days of simulation, the eclipse moves at
approximately 1°/day on the x-axis, thus the configuration thus changes very little. Therefore, for the sake of simplicity
the fence is maintained at the same RAAN during the entire duration of the scenario; however, for a longer interval
of simulation, it would have been necessary to adapt the position of the fence to account for motion of the Sun.
In the current simulation, the telescopes were divided into three groups; each geographical grouping being used to try
to implement a 24-hour continuous coverage of one third of the complete fence. Since 6 sites (Calerne, Centu-1,
Matera, Starbrook, TFRM and PdM-MiTe sensors) are located in the Europe VLA, some redundancy already exists
and optimization between sites could be performed. The following grouping is given as an indication:
 Telescopes at the Centu-1, BOOTES-4, Anjin and BOOTES-5 sites cover the [19.5°; 66.6°] declination subfence (Fig. 12).
 Telescopes at the Tarot Reunion, CASLEO, Pitcairn, Tarot Calerne and BOOTES-3 sites cover the [-23.6°;
23.6°] declination sub-fence (Fig. 13).
 Telescopes at the PANOPTES-1B, PANOPTES-4A, Marquises Islands and Chile sites cover the remaining
[-66.6°; -19.5°] sub-fence (Fig. 14).
 The remaining sensors in Europe (at the sites of Starbrook, TFRM, Matera and PdM-MiTe) are dedicated to
the coverage of the [19.5°; 66.6°] sub-fence, which is crossed by the largest part of the population and is also
observed from Europe at higher elevations. It has not been studied whether or not it would be more efficient
to assign them to the observation of other sub-fences.
Groupings were selected by computing the time intervals during which each ground station was able to observe a point
near the center of each sub-fence, taking into account night duration and elevation masks. Candidate sites were then
regrouped in order to provide efficient relay for each sub-fence. For the sub-fence at high, positive declination, the
northern hemisphere sites showed the longest observation intervals (with respect to stations in the southern hemisphere
for the sub-fence at low declination). Assigning stations to their corresponding sub-fence allows targeting a 24-hour
coverage using as few ground stations as possible. This repartition also favors high-elevation pointing for the ground
stations, which positively affects their limiting observable magnitudes (see Fig. 9).

Fig. 12: Time intervals when sensors at Centu-1, BOOTES-4, Anjin and BOOTES-5 sites are able to observe
the sub-fence at high, positive declination.
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Fig. 13: Time intervals when sensors at Tarot Reunion, CASLEO, Pitcairn, Tarot Calerne and BOOTES-3
sites are able to observe the sub-fence at median declination.

Fig. 14: Time intervals when sensors at Tarot Reunion, CASLEO, Pitcairn, Tarot Calerne and BOOTES-3
sites are able to observe the sub-fence at low declination.
This configuration grants a 24-hour continuous coverage of the three segments forming a complete fence; except for
the low declination fence ([-23.6°;23.6°] segment) where a 1h 12min coverage gap remains between the coverages of
the MEO telescope at the Tarot Reunion site and that of the MEO telescope at the site of BOOTES-3. This could be
tackled by integrating a further telescope in the Asia/Oceania VLA region, or by selecting different optical sites within
the current VLA: previous figures also show that some visibility intervals have some large overlap (e.g. the BOOTES4 and Anjin sites).
Finally, since not all the ground stations are able to see their priority target sub-fence for the whole duration of the
night, each site creates a priority order for the two other sub-fences. As a result, if, for some period of time during a
night, the primary target is not observable, a station can service its secondary objective; or tertiary, if the secondary
one is not observable either. In our case, this process allows to keep stations observing during the whole duration of
each night and thus not to waste any ground station observation time.
It is to be noted that this strategy does not spare any backup for the majority of the sites, meaning that any sensor
unavailability (for example, due to weather or sensor maintenance) would create a leak in the fence. However, since
the strategy grants a high revisit rate for per object (twice a day), observing each night with every ground station may
not be necessary in order for orbit determination algorithms to converge on a solution. The strategy could potentially
be improved so as to cover the population more efficiently and to reduce the number of necessary ground stations (or
to optimize the fence position with regard to sensors constraints in terms of elevation and magnitude); however, the
existing identified approach was found to meet the specifications required for the current simulation.
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4.

Simulations

4.1. Simulation hypotheses
The year 2040 was chosen as simulation epoch to consider the expected growth in space debris population in the
period 2020-2040 arising from existing levels of space debris mitigation and arising from future on-orbit break-ups.
Reference date for simulation is Equinox in 2040: choosing an equinox allows considering a standard case were both
hemispheres are contributing with similar night conditions. A 14 days’ simulation period has been chosen to allow the
moon condition to change from full moon to new moon. 21 st September 2040 is the start of simulation.
One random realization of the ESA MASTER-2009 reference population evolved to 2040 was used as the baseline
population for the simulation. Since the requirement is to be able to catalogue 35 cm objects in MEO and GEO only
the objects in the population with a size bigger or equal to 35 cm were considered.
The orbital regimes are defined as follows:
 MEO: number of revolutions per day in [1.5; 2.5] and eccentricity under 0.2.
 GEO: altitude of perigee and apogee within the GEO altitude +/- 2000 km.
In the end, the following number of objects in MEO and GEO (with different size thresholds that will help the analysis)
are considered:
Table 1 : Number of objects in the population

MEO
GEO

Size threshold
>=35cm >=50cm
271
258
2210
2024

>=1m
241
1822

>=5m
59
1177

All objects are assumed to be spherical, with a 0.1 specular coefficient and a 0.1 diffuse coefficient. Orbit propagation
is performed using a numerical propagator and a complete force model.
The following limitations are identified:
 All objects are seen as debris: no station keeping or debris avoidance maneuvers are performed.
 No fragmentation (collision or explosion).
 No new launch.
 All objects are spherical.
 SNR at sensor level is not computed: detection is based on limiting magnitude (constant value or as a function
of elevation) and geometrical constraint (minimum elevation, moon guard angle, …).
 Weather is not considered (though it could be considered in future work).
Table 2 sums up the different network-related hypotheses for the performed simulations:
Table 2 : Simulation listing
Timeframe Orbit Telescope
Network
Surveillance strategy
29
MS
telescopes
Provided by MS or following Generic GEO
2021
GEO
29 sites (Fig. 3)
existing in 2021
surveillance strategy (§3.3)
17 dedicated CFOV

17 sites (Fig. 6)

Generic GEO surveillance strategy (§3.3)

6 WFOV for GEO/MEO
survey

6 sites (Fig. 7)

Generic GEO surveillance strategy
(performs MEO and GEO survey at the
same time)

17 dedicated CFOV

17 sites (Fig. 6)

Generic MEO surveillance strategy (§3.4.2)

6 WFOV for GEO/MEO
survey

6 sites (Fig. 7)

Generic GEO surveillance strategy
(performs MEO and GEO survey at the
same time)

GEO
2028
MEO

4.2. Simulation tools
Two simulations tools have been used in order to be able to cross check the results and bring confidence: AS4 and
BAS3E that are described as an annex.
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4.3. Simulation results
Current network performance has been estimated in previous studies, concluding that around 40% of TLE population
can be observed with revisit performance highly dependent on the season since most sensors are in northern
hemisphere. This paper focuses on the detailed performance estimation of 2021 and 2028 networks with respect to
MASTER 2040 population (selected to allow the inclusion of smaller objects than in TLE population, and also to
consider the expected growth in space debris population in the period 2020-2040).
The results presented in this paper consist in a coverage analysis: the observation frequencies of the objects are
analyzed. Cataloguing simulations are ongoing and are expected to provide meaningful results such as: size of the
catalogue that can be maintained, precision (covariances) of the objects in the catalogue, timeliness, etc., but they are
out of the scope of this paper.
For the coverage analysis, results are given in terms of:
 Observed objects: objects with at least one observation during the simulation period.
 Well observed objects: objects whose maximum observation gap is lower than 72 hours.
The arbitrary chosen 72-hours threshold to define the “well observed” objects allows us to identify which are the
objects with a nice observation frequency that should be easier to maintain in the catalogue with a given accuracy
threshold, although robustness of this assumption would be confirmed once cataloguing assessment is finalized.
All results tables will show:
 The number and percentage (with respect to the total number of simulated objects) of observed objects with
size bigger or equal to 35cm; 50 cm; 1 m and 5 m.
 The number and percentage (with respect to the total number of simulated objects) of well observed objects
with size bigger or equal to 35cm; 50 cm; 1 m and 5 m.
4.3.1. GEO simulation results
Table 3 shows AS4 and BAS3E results for 2021:
Table 3 : GEO Simulations results – 2021 EUSST architecture

AS4 results
>=35cm >=50cm >=1m
Observed (nb)
2135
2019
1822
Observed (%)
96,61
99,75
100
Well observed (nb) 2035
1994
1822
Well observed (%) 92,08
98,52
100

>=5m
1177
100
1177
100

>=35cm
2152
97,38
2073
93,80

BAS3E results
>=50cm >=1m
2024
1822
100
100
2016
1822
99,60
100

>=5m
1177
100
1177
100

First, very consistent results between the two independent tools are found, with a relative difference under 2% for all
results, which validates both of them and gives confidence in the results.
All the objects with a size bigger or equal to 1m are well observed by the network. The performance decreases to
about 93% when considering all objects bigger or equal to 35cm, which shows that the limitation does not come from
the sensor locations but from the sensors characteristics (limiting magnitude). It justifies for the 2028 simulation the
consideration of new sensors (CFOV or WFOV) with higher performance.
The analysis of maximum gap durations cumulative distribution function in Fig. 15 shows that 90% of the objects
have a maximum gap duration shorter than 24H, so they are observed at least once a day.
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Fig. 15: Maximum observation gap durations cumulative distribution function for GEO in 2021
Analyzing the number of observation opportunities per day it is seen that half the objects are observed more than 15
times per day, showing the good revisit brought by both the number of sensors and the generic surveillance strategies
(both the generic and the sensor specific ones) which ensure several observations of the same area per night (see §3.3
for the generic surveillance strategy)

Fig. 16: Number of observation opportunities per day for GEO in 2021 (histogram and cumulative
distribution function)
These results bring confidence in the performances that should be obtained when performing cataloguing simulations,
but one should keep in mind the low redundancy over the Pacific Ocean, that shall appear when additional constraints
(weather, failures, etc.) will be added to the simulations.
Simulations in 2028 have been run up to now using BAS3E tool only, which is not an issue since the two tools have
been validated against each other by the simulation of the 2021 network.
Table 4 : GEO Simulations results – 2028 EUSST architecture: CFOV (left) and
CFOV
WFOV
>=35cm >=50cm
>=1m
>=5m
>=35cm
>=50cm
Observed (nb)
2210
2024
1822
1177
2210
2024
Observed (%)
100
100
100
100
100
100
Well observed (nb) 2210
2024
1822
1177
2210
2024
Well observed (%)
100
100
100
100
100
100

WFOV (right)
>=1m
1822
100
1822
100

>=5m
1177
100
1177
100
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Table 4 shows that there is 100 % coverage (both in number of observed and well observed objects) from both the
CFOV and WFOV configurations. Plus, the analysis off maximum gap durations cumulative distribution function in
Fig. 17 shows that almost all the objects are observed every day (maximum gap duration under 24 hours)

Fig. 17: Maximum observation gap durations cumulative distribution function for GEO in 2028: CFOV (left)
and WFOV (right)
These results bring confidence in the performances that should be obtained when performing cataloguing simulations,
even when additional constraints (weather, failures, etc.) will be added in the simulation.
4.3.2. MEO simulation results
Simulations have been run for the 2028 network only, since most of the current sensors are dedicated to GEO survey
and the generic MEO surveillance strategy has been built from CFOV features and does not apply to current sensors.
Simulations in 2028 have been run up to now using BAS3E tool only.
Table 5 : MEO Simulations results – 2028 EUSST architecture: CFOV (left) and WFOV (right
CFOV
WFOV
>=35cm >=50cm
>=1m
>=5m
>=35cm
>=50cm
>=1m
>=5m
Observed (nb)
268
255
240
59
268
255
238
58
Observed (%)
98,89
98,84
99,59
100,00
98,89
98,84
98,76
98,31
Well observed (nb) 256
245
234
59
260
247
231
55
Well observed (%)
94,46
94,96
97,10
100,00
95,94
95,74
95,85
93,22
Table 5 shows that very good results are obtained both for the CFOV and WFOV options with around 95% of the
population well observed.
For CFOV the only 3 objects that are not observed have inclinations higher than the maximum declination of the fence
(see 3.4.2) and a RAAN that does not allow them to cross the fence at lower declination. This could be improved by
changing the fence RAAN, but it would also change the phase angle for all objects so a careful analysis is required.
For WFOV the only 3 objects that are not observed have no particular characteristics but happen to have a trajectory
that escape the non-continuous equatorial survey performed by the WFOV telescopes following the GEO generic
surveillance strategy.
The analysis of maximum gap durations cumulative distribution function shows that about 90% of the objects have a
maximum observation gap duration shorter than 60 hours.
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Fig. 18: Maximum observation gap durations cumulative distribution function for MEO in 2028: CFOV (left)
and WFOV (right)
The analysis of number of observation opportunities for CFOV shows that most objects have more than 3 visibility
opportunities per day, which corresponds to two crossings of the fence per day plus redundancy due to the use of
additional telescopes. WFOV also shows a great number of opportunities per day:

Fig. 19: Number of observation opportunities per day for MEO in 2028: CFOV (left) and WFOV (right)
This brings confidence in the performances that should be obtained when performing cataloguing simulations, even
when operational constraints (weather, failures, etc.) will be added to the simulation.
5.

Conclusions and Future work

By extensive coverage simulations we have estimated the performances of several networks:
 A EUSST network in 2021 timeframe (end of the current EU budgetary period) composed by all the sensors
that will be available to work for EUSST by then.
 Two EUSST networks in 2028 timeframe (end of the next budgetary period), built for feasibility
demonstration starting from the architecture in 2018/2021, each with a different type of sensors:
o 34 CFOV telescopes, with reduced (1.5°x1.5°) field of view and low unitary provision cost
(estimated between 250k€ and 300 k€ per telescope).
o 6 WFOV telescopes, with high (6.7°x6.7°) field of view and higher unitary provision cost (estimated
to be 7M€ per telescope)
While this paper focus on optical survey sensors, wider performance studies including radars and lasers are on-going
within the consortium.
For 2021 simulations, two independent tools have been used, which allows detailed comparison and brings confidence
in all the results since very good consistency is obtained. Good GEO coverage performances are obtained and the
limitations come from the sensors individual performances (limiting magnitude) rather than from their locations, even
if there is low redundancy over some geographical areas.
For 2028, very good performances are obtained for both the CFOV and WFOV architectural configurations, with
100% of all the objects with size bigger than 35 cm orbiting in GEO that are observed with maximum gap duration
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under 72 hours and 95% for MEO. At this point of the study, both options are nice candidates as building blocks for
the future EUSST architecture.
On-going work aims towards input gathering and selection for cataloguing simulations that will be performed before
the end of 2018:
 sensor generation of observations with attached errors;
 correlation algorithms (both for measurements to object and measurements to measurements);
 orbit determination settings, in particular the choice of the state vector and the number of estimated
parameters;
 catalog initial state (cold state or warm state) and covariance-based conditions for catalogue maintenance;
 tracking sensors addition.
Again, the comparison of results coming from two independent tools will be challenging but will give high confidence
and meaningful insights in the results.
A number of specific study areas have been identified during the course of this study that will inform future work
once the feasibility study described above has been completed. The aim of these studies is to enhance the robustness
of the analysis and confidence in results, explore more complex interactions and improve the optimization of the
architecture.
 Firstly, the work to date has not considered all sensor constraints that can affect system performance, resulting
in optimistic estimates of coverage, therefore the addition of availability constraints (weather, failure …) to
modelling is viewed as important to better understand real-world performance.
 The behaviour of the EUSST system has been assessed with respect to what could be considered ‘normal
operating circumstances’ however a number of highly challenging events have been identified that could
impact system performance; this includes discrete events such as fragmentations as well as trends in future
on-orbit population with the deployment of ‘new space’ concepts such as mega constellations and
cubesats. The performance impact on the EUSST architecture has not yet been quantified.
 The topic of network optimization is an area candidate for future work; this should look at how to optimize
the number of sites and sensors to achieve the expected performance and redundancy level.
 Estimates of network performance in the study to-date has featured baseline strategies for surveillance and
tasking, however it is acknowledged that these may not represent optimized solutions, particularly when the
collective group of sensors can be increasingly coordinated as part of a distributed architecture. This is
candidate for further investigation to examine topics including the coordination of surveillance strategy for
GEO, dedicated MEO surveillance for WFOV, optimization of dedication time for GEO or MEO observation
and automated tracking strategies (tasker and scheduler).
 Finally, since the EUSST network of sensors also includes radars to provide SST services in Low Earth
Orbits (LEOs) and Highly Elliptical Orbits (HEOs), the estimation of the optical contribution for surveillance
and tracking in those orbital regimes is a point worth studying as well.
The current EUSST Consortium are engaging with the Commission to identify which of the above topics could be
candidate for future work.
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APPENDIX A: AS4 Simulation Tool
AS4 is a DEIMOS Spain IPR tool, made available to CDTI for EUSST activities.
The Advanced Space Surveillance System Simulator (AS4) is a simulation tool conceived as an end-to-end simulation
for the space surveillance, comprising a full set of simulation capabilities:
 Space objects population environment,
 sensors measurements generation,
 initial and routine orbit determination tasks,
 correlation and cataloguing activities (for radar and optical measurements, both tracking or surveillance,
accounting also for space-based sensors), and
 product delivery (collision risk computation, re-entry events reporting, fragmentation analysis and launch
detection and ephemerides generation).
AS4 can be used in Windows and Linux environment, with interfaces based in ASCII files of easy generation. The
results it generates combine ASCII files with plots for an easy evaluation of performances.
APPENDIX B: BAS3E Simulation Tool
BAS3E is a CNES simulation tool conceived and developed for the design and analysis of space surveillance systems.
The following features are available in BAS3E:
 Detection, tracking and generation of observations of space objects
o Ground based or spaced based sensors
o Angles, distance, Doppler measurements
o Partial availability of sensors (cloud, partial dedication, …)
o Surveillance sensors following predefined strategy or tracking sensors using a tasker and a scheduler
 Object identification and correlation
o CBDA algorithms, Nearest neighbor or Global Nearest Neighbor
o IOD (Linkage with keplerian integrals or Siminski approach, Angles, position or Doppler problem)
 Orbit determination
o Several filter available
o Dynamical parameters (drag force coefficient or solar radiation pressure coefficient) and
measurement-related parameters (observation bias, date bias, sensor position offset, etc.) can be
estimated
 Maintenance of a space debris catalogue
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Collision risk analysis with operational satellites or with other space debris
Fragmentation detection
Reentry assessment

From the information technology point of view, BAS3E is a simulation bench of distributed computation, coded in
JAVA language and that relies on two CNES libraries:
 PATRIUS: celestial mechanics library used in satellite operation centers and mission centers
 BIBOR: space surveillance library used by the French TAROT telescopes
The simulation of a space surveillance system leads to massive number of calculation that could be performed in
parallel in different cores or machines. From the beginning, BAS3E has been designed and developed for parallel
computing in, for instance, a High Performance Computing (HPC) service. Results of the present study have been
obtained by using a CNES own HPC service, which is dedicated to scientific projects demanding a great computing
and processing capacity.
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