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ABSTRACT

Space situational awareness of the Low Earth Orbit
(LEO) region is today mostly enabled by ground net-
works of radar sensors. The main disadvantage of such
systems is that they provide unbalanced coverage favour-
ing the Northern hemisphere while also having difficul-
ties observing targets below a few centimetres, includ-
ing potentially dangerous space debris. Some of these
difficulties could be overcome using space-based obser-
vation platforms. However, even under the hypothesis
of using small satellites, the high cost of space launches
makes the cost-benefit analysis of such a scenario uncer-
tain. This work aims to analyse the maximum expected
performance of space-based surveillance networks. This
is done by retrieving the time evolution and the para-
metric dependencies for different performance metrics,
such as the system coverage and expected target revisit
time. Multiple constellation architectures are analysed
based on their coverage, scalability and distributions of
the expected revisit time for targets of various sizes in
LEO. The resulting analysis fills a gap in the performance
estimation of space-based optical networks and enables
cost-benefit analyses to enhance current space situational
awareness systems. Future actors can use these results
to quantitatively relate the expected marginal increase of
the whole surveillance and tracking system performance
to the investments in networks of space-based optical sys-
tems.

Keywords: Space-based sensing, Constellation design,
Space sustainability, Space debris tracking.

1. INTRODUCTION

The number of anthropogenic objects in the near-Earth
space has increased dramatically in the past few years,
raising the potential for collision risk [1]. To guaran-
tee the long-term sustainability of the space environment,
it is paramount to guarantee reliable conjunction alert to
readily plan collision avoidance manoeuvres. To do this,
timely, frequent, and accurate measurements of the state
of the orbiting objects are needed for producing usable

estimates. Most surveillance networks, systems aiming
at achieving exactly this goal, are systems of ground sen-
sors, mostly radars in the case of Low-Earth Orbit (LEO)
objects. The main disadvantage of these systems is that
they cannot be located anywhere on Earth, with the re-
sulting strong geographic constraints harming the time
availability of measurements.

In recent times, space-based optical sensors have been
tested for GEO observation [2]]. Interest in the con-
cept has also been shown by ESA as a mean to ob-
serve small-size debris through the VISDOMS mission
[3]], increasing the reliability of debris models to support
space sustainability. Recent research targeting space-
based surveillance networks has investigated how to set
up a coordinated space-based system [4], how to design
the supporting subsystem [3]], how to engineer the sup-
porting attitude control schemes [6]] and how to optimally
design large constellations for space-based surveillance
[7], among others.

In this paper, we develop a general purpose methodology
for retrieving the tracking performance of a network of
space-to-space optical surveillance satellites. By devel-
oping quantitative metrics with low computational cost,
we test multiple architectures and tracking strategies to
retrieve the upper bound and expected performances of
this class of systems. In Section[2] we list a series of vis-
ibility conditions for an orbiting object as observed by an
optical sensor in space as a baseline for our performance
assessment method. We subsequently list up some base-
line constellation architectures that we are confident be-
ing close to the Pareto front of the system class based on
past results available in the literature. We then explain
the simulation setup used to test the performance met-
rics, detailing how it is used to test the performance of the
different architectures and tracking strategies. Section
lists the performance results for the different constella-
tion architectures and tracking strategies, discussing per-
formance drivers and parametric dependencies. Sectionf]
summarizes the main takeaways from the work, stressing
how it validates the mission concept as a potential alter-
native to ground-based surveillance and the impact it has
for future evaluation of similar systems.
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2. METHODOLOGY

This section contains a description of the objectives of the
paper, the corresponding performance metrics analysed
in numerical simulations, and the details of the numer-
ical implementation. Our goal is to find the maximum
expected performance of a space-based surveillance net-
work. The class of missions we refer to are constellations
of small satellites tasked with tracking the population of
anthropogenic objects in LEO of size above 10 cm using
optical sensors. Based on currently investigated solutions
[8], we consider the case of a constellation with size 20
to 30 observing satellites to guarantee compliance with
technological feasibility. In the process, we define perfor-
mance metrics that can be tested for in a numerical simu-
lation environment. We use the resulting performance as-
sessment method to analyse three different architectures
that are deemed close to optimal based on existing litera-
ture. By comparing their performance, we obtain a quan-
titative estimate of the maximum achievable space-based
surveillance performance. The methodology builds upon
two core ideas:

* Based on results in past literature, we have good rea-
sons to believe symmetric and/or Sun-Synchronous
constellations are close to the Pareto front of the sys-
tem class we are analysing, and therefore we may
neglect all other network configurations, greatly re-
ducing the dimensionality of the problem.

* We can decouple the design of the constellation ar-
chitecture from the design of the tracking strategy
by noticing that the volume spanned by the field-of-
view (FOV) of the sensor is a subset of that spanned
by field-of-regard (FOR), and therefore neglecting
the condition that a target object must lie within the
FQOV yields an upper bound on the constellation per-
formance. Tracking can be tested later, coupling
it only to the architecture with the highest perfor-
mance upper bound.

Exploiting these facts, the resulting methodology is a fast
way to quantitatively compare a vast class of systems
in the preliminary evaluation and design of space-based
surveillance constellations.

2.1. Visibility conditions

The first step in the development of the performance as-
sessment model is to understand when a target would be
visible to a space-based observer. We have four different
conditions (see Fig. [T)):

1. Shadowing condition: It checks whether the target
is outside (true) or inside (false) the Earth’s shadow.
It is independent of the observer’s position. A target
that is shadowed isn’t reached by light and therefore
can’t scatter it back.

Sunlight

Figure 1: Illustration of the field-of-regard under visibil-
ity conditions 1-3

2. Horizon condition: It checks whether the Earth
is occupying (false) or not (true) the target’s back-
ground view (or whether the Earth is obstructing the
target’s view) as seen by the observer satellite. A
target that has a black background produces an opti-
cal signal that is not affected by a high background
noise, and therefore needs lower detection capabili-
ties.

3. Limiting magnitude condition: It checks whether
the apparent magnitude of the target is below (true)
or above (false) the limiting magnitude of the ob-
serving sensor. A target that is too far away or in
a bad geometry won’t scatter back enough light to
be detectable by the sensor. This is a case of high
apparent magnitude. To compute the apparent mag-
nitude, we use the model by Hejduk [9]:

M, = M; —2.5log [ApF(®)] + 5logr (1)

where M is the apparent magnitude of the Sun, A
is the cross-sectional area of the target, p is the re-
flectivity of the target (assumed to be 0.2 [10]), r is
the distance of the target from the observer, F'(®) is
the phase function as a function of the phase angle ®
(see Fig. , assumed to be a mixture of a diffusive
and a specular component. In this paper we assume
the limiting magnitude of the sensor is +12 [7].

4. Field-of-view (FOV) condition: It checks whether
the target is within (true) or outside (false) the field-
of-view of the observing sensor. For a conical field
of view, this condition is equivalent to:

ep) < Brov )

r
arccos
T 2

where r is the distance of the target from the ob-
server, e,, is the pointing direction, and Brov is the
field-of-view angle of the sensor. In this paper, we
assume SBroy = 5°.

If a target satisfies conditions 1 to 3, we say it belongs
to the field-of-regard (FOR) of the sensor. For a fixed
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Figure 2: Illustration of the phase angle ®

target size, the FOR is the percentage of volume that is
potentially observable by the sensor. To make an actual
observation, the sensor must point in the direction of the
target to satisfy condition 4. Since FOV C FOR, using
only conditions 1 to 3 yields an upper bound for the con-
stellation performance. Ultimately, we obtain a visibil-
ity function f, (rs(t),r.(t), D), where ry is the observer
satellite position vector, r; is the target position vector,
Dy is the target equivalent diameter. The visibility func-
tion can take values {0, 1}.

2.2. Constellation architectures

We consider three different types of constellation archi-
tectures (see Fig. 3):

1. Single orbit Sun-Synchronous: Satellites are
placed at the same angular distance on the same or-
bit, which is Sun-Synchronous (SSO). In particular,
the RAAN precession due to the Earth-oblateness
effect is such that it preserves the same geometry
with respect to the Sun. This constant illumination
condition should intuitively be close to optimal as it
guarantees an semi-constant performance through-
out the year [5]. The orbital plane is set to be al-
most perpendicular to the Sun direction, so that the
constellation does not pass through the part of the
sky shadowed by the Earth, where it would yield no
measurements.

2. Double orbit Sun-Synchronous: Two SSO orbits
with the RAAN shifted by 180°. This reduces over-
lapping of the FORs and therefore increases satellite
capacity: we need more satellites before a diminish-
ing return in performance, possibly improving scal-
ability.
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Figure 3: Analysed constellation architectures

. Walker-Delta constellation: Walker constellations

are radially symmetric constellations composed of
orbits of constant inclinations containing the same
number of satellites [11]]. The architecture optimizes
the distribution of satellites to guarantee more uni-
form coverage, but can suffer from performance de-
grading RAAN precession depending on the chosen
orbital inclination. We assume a Walker 75°: 20/5/1
as it should maximise performance based on past re-



search [[7]].

To guarantee the sustainability of operations, we set the
maximum satellite lifetime after failure to be 5 years,
which is compatible with an orbit altitude of 460 km [[7].
This corresponds to inclinations of 97.3° for the two SSO
architectures.

2.3. Tracking strategies

Once the optimal architecture is fixed, the performance
is still affected by the chosen tracking strategy. A track-
ing strategy is a sequential set of pointing actions for the
observer satellites. The way we decide how the observer
searches and points to targets may affect how many tar-
gets we observe or for how long, among others. In this
work we only consider tracking strategies that are mem-
oryless, i.e. do not take into account how past decisions
affected performance, and uncooperative, i.e. each ob-
server optimizes its own tracking strategy disregarding
the action of other observers. We consider four tracking
strategies:

1. Radial: Pointing direction is fixed opposite to nadir,
along the direction of the observer position vector.

2. Along-track: Pointing direction is fixed in the di-
rection of the motion of the observer, aligned with
its velocity vector.

3. Cross-track: Pointing direction is fixed perpendic-
ular to the orbital plane, aligned with the angular
momentum vector.

4. Greedy: At each timestep, the pointing direction is
changed as to maximise the number of observed tar-
gets. We assume a perfect model and a maximum
slew rate of 1 deg/s.

2.4. Performance metrics

To allow the comparison of different architectures and
tracking strategies we need quantitative metrics that are
related to surveillance and tracking performance. We can
distinguish two main categories of metrics, depending on
whether targets are considered to be static (fixed points in
space) or dynamic (orbiting debris or satellites).

1. Static metrics: Computed with respect to the tar-
get distribution in space, disregarding the dynamics
of the targets. Targets are point in space and not
dynamically moving debris. These kind of metrics
give an indication of how good the geometry of the
constellation is in reaching any subset of observable
space. Such metrics include:

(a) Instantaneous coverage: Percentage of the
observed volume weighted over the target pop-
ulation at any one time. It can be written as:

COVN(t) = fv7N(I't, Dt)drtht (3)
T(t)

where T (¢) is the target population set at time
tand f, v is the N-fold visibility function, i.e.
the function that takes 1 if there are at least IV
sensors satisfying f, for the given target, and
0 otherwise. We are interested in N > 1 be-
cause having redundancies in the observation
opportunities increases the size of the effective
action set. In particular, more subsets of the
actions yield good tracking, and therefore it is
easier to search for a good tracking policy.

(b) Yearly coverage variability: Coverage varia-
tion over one year. Useful to understand the
effects of the Sun position on the constellation
performance. We expect seasonal effects as
polar caps have opposite illuminations during
solstices.

(c) Coverage scalability: Coverage change for
additional observer satellites. It is used to un-
derstand whether the architecture scales well
and can be effective when investing in a mis-
sion upgrade.

2. Dynamic metrics: Computed with respect to ac-

tual targets sampled from the target distribution for a
given time window. They more closely resemble the
performance of tracking operations since they fol-
low the targets in their orbits. In particular, static
performance gives aggregate metrics over the target
distribution, but gives no information on how cover-
age is distributed among targets. In particular, some
orbit may be very well tracked for most of the time,
while others may be badly tracked. The main draw-
back is the dependence on the time window. If the
time window is too short, results may not be signifi-
cant. If it is too long, it may take too long to compute
them. The significant object in dynamic metrics is
the track, a set:

Tf n, = {05 (to), ... 0% (to + NeAD}Y (@)

of subsequent measurements without gaps of length
N, for a given target k.

(a) Percentage of observed population (within
half a orbital period): Percentage of the tar-
get population that has at least one track within
one half orbital period. This represents the
percentage of population that can be reliably
tracked, as tracks that are separated by more
than one half orbital periods may yield diffi-
culties in object association [12].

(b) Track length: The distribution of track
lengths N;At gives information on how many
measurements yield to orbits of high accuracy.
If the track is too short, i.e. less than 5 minutes,



the angular accuracy is too low to produce an
accurate orbit even if object association is per-
formed correctly [13].

(¢) Time between consecutive tracks: Time be-
tween consecutive tracks of the same target ob-
ject. If tracks are too close in time, they are
effectively a single track. Too much apart, and
we are back to the issue of bad object associ-
ation. Therefore, tracks should be spaced be-
tween 15 and 45 minutes in LEO.

2.5. Simulation

In the numerical simulation environment, constellations
are initialised with the true anomaly of the first satellite
equal to 0. Unless otherwise specified (i.e., in coverage
variability analyses), the Sun direction is assumed to be
taken at the Autumn equinox. In all cases, propagation
is done accordingly to averaged non-Keplerian dynamics
under Earth-oblateness perturbation J; [14]:

2
0= *§77,J2 (Re) cos i (®)]
2 P
.3 R.\" 5.,
w = inJg <p> <2 -3 sin z) (6)
M=n (7

where (2 is the right ascension of the ascending node
(RAAN), w the argument of periapsis, M the mean
anomaly, n the mean motion, p the length of the semi-
latus rectum, ¢ the orbit inclination and R, the radius of
the Earth. We consider only targets of diameter equal
or greater than 10 cm. Moreover, we consider Low-Earth
Orbit (LEO), i.e. targets orbiting at altitudes between 400
and 2000 km.

For estimating the static metrics, we initialise 104 target
points according to the 2024 distribution as estimated by
ESA Master Software [[15]. At every timestep, coverage
is compute using Monte-Carlo integration [7] to approxi-
mate the expected value of Eq.

covn(t) = Y fon(r,Dy) ®)

ri,Di~pyt

where p; is the target position and size distribution (see
Fig. [). Simulations for daily coverage estimate have
a timespan of one orbital period, as the constellation re-
peats itself periodically after that, while target points are
fixed. To estimate coverage scalability, we assume a
starting constellation of 20 satellites and 10 subsequent
launches. After each new launched satellite, every satel-
lite in the target orbit manoeuvres to redistribute at a con-
stant angular displacement.

Simulations for dynamic metrics require more care to
minimise computation time. Indeed, static simulations
have time complexity O(N;), where N is the num-
ber of targets, while dynamic simulations have complex-
ity O(N¢Ny), where Ny, is the number of timesteps.

Using too few targets results in population undersam-
pling, while using too few timesteps incurs in the risk
of neglecting targets that are well tracked but sinchro-
nised with time instant outside the time sampling. We
choose simulations lasting 5 orbital periods (about 8
hours, which is the time required for the update of TLEs),
with At =30 s as tracks less than half a minute long do
not yield accurate enough information for good tracking.
We also sample 500 targets from the current known dis-
tribution of LEO targets above 10 cm. We neglect Star-
link satellites as they are generally well tracked and may
pollute the generalizability of the results given their high
proportion in the current LEO population.
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Figure 4: Target distribution in LEO as obtained with the
ESA MASTER software [15]

3. RESULTS

This section summarizes and discusses the results ob-
tained in the numerical simulations for both static and
dynamic performance. Tracking performance refers to
dynamic performance when considering the FOV visibil-
ity condition as discussed in Section [2.1]

3.1. Static performance

Fig. [5] shows the coverage maps for the three architec-
tures described in Section 2.2} The coverage maps are
computed for the peak target altitude of 800 km and
the average target size of 70 cm. We can observe how
Walker constellation yields a more even coverage, but the
lower overlapping between field-of-regards (FOR) yields



a lower visibility count on average, especially at the poles
where targets are more concentrated.
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Figure 5: Coverage maps for the three tested architec-
ture as described in Section [2.2] A visibility count of 5
indicates that the corresponding point in space can be ob-
served by at least 5 sensors. Visibility maps are computed
for targets of size 70 cm at an altitude of 800 km. The red
curves indicate the trajectories of the constellation. Sun
direction taken at the Autumn equinox.

The time variation of the 1-fold and 3-fold coverage is
shown in Fig. [6} where it is clear that the Double SSO
constellation gives a superior performance thanks to the
higher coverage volume compared to the single orbit. The
Walker constellation is the worse one because it does not
optimise for the target distribution, which is more agglu-
tinated near the poles.

The yearly coverage variation, produced by the revolu-
tion of the Earth around the Sun, is shown in Fig. m We
can observe the effect is very similar across the three con-
stellations, as the highest variation effect is driven by the
elevation change of the Sun, caused by the inclination of
the ecliptic plane. This effect is larger for polar constella-
tions, compensating the advantage of Sun-synchronicity.
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Figure 6: Time variation of 1-fold (single) and 3-fold
(triple) coverage for the three constellations described in
Section T indicates the period of the constellation
orbits.
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Figure 7: Yearly variation of the average 1-fold (single)
and 3-fold (triple) coverage for the three constellations
described in Section 2.2}

The results for coverage scalability are shown in Fig.
We can see that the Double SSO constellation is also
the constellation with the greater capacity. Single SSO
is near full capacity due to the great overlapping in the
field-of-regards. On the other hand, added satellites to
the Walker constellation for this range of number of satel-
lites is too spread out to yield significant advantages. This
causes a lower average marginal increase, as summarised
in Table[T] Table[T]also contains a summary for the aver-
age 1-fold and 3-fold coverage computed at the Autumn
equinox.
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three constellation architectures described in Section
as a function of the constellation satellites. Below, the
marginal increase in single coverage as a function of the
constellation satellites. The variability in the marginal
increase is partly due to the approximation introduced by
the Monte Carlo integration method and the low sampling
in time. T indicates the period of the constellation orbits.

Table 1: Average 1-fold coverage, 3-fold coverage and
marginal increase in 1-fold coverage for the three archi-
tectures described in Section 2.2}

Architecture covy [%] covs [%] % [%]
Single SSO 35.6 16.8 0.7
Double SSO 36.5 16.5 1.6
Walker 33.9 13.9 1.1

3.2. Dynamic performance

Fig. 0] shows the time variation in the percentage of ob-
served objects within one half orbital period, a metric
chosen for reasons explained in Section 2.4} The Sin-
gle SSO constellation is the best performing one in this
case, but is closely tied with Double SSO. This suggests
that having an high level of overlapping in the field-of-
regards helps in intercepting a high percentage of targets.

Fig. [I0]shows the distribution of track lengths and times
between consecutive tracks for the Double SSO constel-
lation. For both we can see a distribution with a double
peak, suggesting targets are divided between those that
are tracked for long time intervals with negligible time
between consecutive tracks, and those that are tracked
with more difficulties, composing the variable portion of
the percentage of observed targets as shown in Fig. [0] In
particular, targets with tracks separated by more than half
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Figure 9: Percentage of objects observed at least one time
within half a orbital period of the current timestep for the
three architectures described in Section T indicates
the period of the constellation orbits.

a orbital period, periodically enter and exit the percent-
age of observed targets, justifying the general behaviour
of the curve. A comparison for the three architectures
is shown in Table 2} where it is shown that the Double
SSO constellation is the best one in terms of median track
length, while retaining a median time between tracks
lower than 45 minutes, compatible with good tracking as
explained in Section[2.4]
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Figure 10: Distribution of track lengths and time between
consecutive tracks as defined in Section[Z.4] for a Double
SSO constellation. About half of the targets are well-
tracked with long track lengths and small time between
tracks.



Table 2: Average percentage of observed targets within
one half orbital period and median track lengths and time
between consecutive tracks for the three architectures de-
scribed in Section 2.2}

Architecture  Pops [%] N,At [min] tbt [min]

Single SSO 61.5 15.5 45.5
Double SSO 60.1 16.5 43
Walker 56.0 12.5 355

3.3. Tracking performance

As explained in Section 2.1} the previous results neglect
the field-of-view condition to retrieve an upper bound
for the performance of the constellation architecture as
a whole. In reality, an observation is realised only when
the camera is pointing to a target, and therefore the real
performance can only be retrieved once a tracking strat-
egy is defined. Fig. [[T]compares the four tracking strate-
gies described in Section 2.3]in terms of percentage of
target population observed within one half orbital period.
Among the three static strategies, Radial performs notice-
ably worse as the field-of-view spans a much lower sub-
volume of the LEO shell. Greedy however, despite be-
ing uncoordinated and memoryless, is almost three times
more efficient than the best tracking strategy, reaching al-
most half of the limiting performance as retrieved in Sec-
tion
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Figure 11: Percentage of objects observed at least one
time within half a orbital period of the current timestep
for the four tracking strategies described in Section [2.3]
Double SSO constellation. 7" indicates the period of the
constellation orbits.

A summary comparison of the four strategies is provided
in Table 2] where we can observe that Greedy also pro-
vides the highest median track length while lowering sub-
stantially the median time between consecutive tracks,

suggesting it can be used for reliable tracking of a good
portion of the target population.

Table 3: Average percentage of observed targets within
one half orbital period and median track lengths and time
between consecutive tracks for the three tracking strate-
gies described in Section@, Double SSO constellation.

Strategy Dobs [%] N:At [min] tbt [min]
Radial 0.4 0.5 197.5
Along-track 8.2 6 93
Cross-track 4.5 5.5 100.5
Greedy 27.7 7.5 11.5

3.4. Dependence on limiting magnitude

In all our simulations we have assumed the limiting mag-
nitude of the sensor is +12. This may not always be the
case, especially in very low cost missions with lower per-
forming payload. To understand the limitations of this
analysis, Fig. [12] shows how the average 1-fold and 3-
fold coverage vary with limiting magnitude for the Dou-
ble SSO constellation (20 satellites). Despite an high
decrease in performance, we can observe that even sen-
sors in the +7 to +8 range, like star trackers [16], can
provide non-negligible coverage when accounting for the
actual target distribution. This suggests very low-cost
Pathfinder missions may be designed to validate this mis-
sion concept.
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4. CONCLUSIONS

In this paper, we developed a methodology for comparing
multiple network architectures for optical space-to-space
surveillance. After providing suitable visibility models
and restricting ourselves to a subset of reasonably well-
posed constellations and tracking strategies, we defined a
set of quantitative performance metric related to tracking
performance. The different architectures were then tested
for such metrics in a numerical simulation environment,
taking into account the computational requirements of the
analysis.

The results showed that for constellation of 20 to 30 ob-
server satellites, the best architecture is a double symmet-
ric orbit at a Sun-Synchronous inclination with a symme-
try plane perpendicular to the direction of the Sun. Such
a constellation strives a balance between the exploita-
tion of the polar regions and the distribution of the field-
of-regards (FOR), maximising the coverage weighted
against the current satellite and debris distribution. More-
over, such a constellation also proved to be the best in
terms of scalability in that range, while being competitive
in the percentage of tracked orbits and the best in terms
of median track quality.

Once we retrieved the upper bound for the performance
of the Double SSO constellation, we tested multiple
tracking strategies to understand the performance in a re-
alistic case using narrow sensor field-of-view (FOV). The
analysis showed that a tracking strategy that is uncooper-
ative and memoryless in enough to reach almost half of
the upper bound, reinforcing the feasibility of the mission
concept.

Our results support the possibility of effectively using
space-based sensing to complement ground-based net-
works for the surveillance of the Low-Earth Orbit (LEO)
region. Moreover, the methodology we have developed
is versatile and robust enough that can be applied to any
class of space-based surveillance missions to retrieve up-
per bounds in performance. Lastly, the tracking results
encourage further research in exploiting cooperation to
maximise tracking performance while reducing the com-
putational burden, as the choice of tracking strategy had
a huge impact on the results with yet much distance from
the retrieved performance upper bounds.
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