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Abstract

Most space surveillance and tracking systems are constituted by networks of ground stations of observing radars and
optical telescopes. These systems are usually reliable, easily serviceable, and effective under ideal conditions, but suffer
from strong bounds on scalability and coverage due to the heavy constraints on their geographic locations, potential cloud
coverage and the perturbing effect of the atmosphere. A large constellation of small satellites carrying optical telescopes
could complement these limitations, thanks to the lack of such constraints and the possibility of observing target objects
at close range. As a result, it would be theoretically possible to track objects more accurately and for longer times,
improving the accuracy of collision risk analysis and manoeuvre detection amid other tasks. However, due to the small
fields of view of suitable onboard optical sensors, a random static arrangement of their lines of sight would be largely
inefficient in reaching good performance levels, as the target would unpredictably enter and exit the observable portion
of the sky. To solve this problem, we propose a cooperative intelligent tracking strategy for the constellation. Assuming
known initial states for some targets, we use predictions on the future states to dynamically control the attitudes of
the constellation satellites to maximise the length of the tracking window while minimising energy expenditures. We
evaluate the performance of the strategy using quality figures such as the number of effectively trackable targets and the
mean square error of the estimation error during tracking. We repeat the analysis for various constellation geometries and
multiple target orbits to investigate the general applicability of such a strategy. In conclusion, we check for robustness by
analysing performance drops under the loss of operating nodes. The results thus obtained will inform on the usefulness
of space-to-space SST constellations and the general design of strategies for the dynamic scheduling of operations of
distributed systems observing multiple targets.
Keywords: space surveillance and tracking, orbit estimation, constellation, optical sensors

1. Introduction ity of the state estimates for LEO objects [3] [4]. Al-
though the optical requirements and potential attitude con-
trol schemes of such observer satellites have been ex-
plored, little research has been done on how to effectively
set up a tracking strategy for such a network. Indeed, a lot
of research exists for tasking effectively ground sensors
[5], but the peculiar setup of a space-based multi-satellite

system based on optical sensors remains wanting for opti-

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 guarantee
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 es-
timates. Most surveillance networks, systems aiming at
achieving exactly this goal, are systems of ground sensors,
mostly radars in the case of Low-Earth Orbit (LEO) ob-
jects. The main disadvantage of these systems is that they
cannot be located anywhere on Earth, with the resulting
strong geographic constraints harming the time availabil-
ity of measurements.

In recent times, space-based optical sensors have been
tested for GEO observation [2]. It has been recently pro-
posed that networks of small satellites carrying optical
sensors may be an effective way of increasing the qual-

mal solutions.

In this paper we analyse the simplified case of a Walker-
Delta constellation of observer satellites carrying optical
sensors tasked with tracking a single target on a Sun-
Synchronous orbit. First, we describe the setup and the
chosen constellation and target parameters. We then de-
scribe the visibility and measurement model, together
with their underlying assumptions. The next section de-
scribes the tracking strategy in detail, listing up all the
assumptions that must be respected for the simulation to
mimic a real case. Finally, we analyse the performance of
the method in terms of the estimation error and tracked
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time percentage under multiple tasking methodologies.
Robustness is checked by testing multiple constellation
and target geometries and by forcing measurement fail-
ures.

2. Scenario

We consider the case of a constellation of satellites car-
rying optical sensors for the observation of a single target
in Low Earth Orbit (LEO). The constellation has the goal
of tracking the target for as long as possible, where track-
ing is defined as consistent and continuous knowledge of
the target state with a position accuracy of less than 1 km.
In this section we characterise the constellation, the track-
ing, and the assumptions needed to formulate a visibility
and a measurement function. The visibility function is
used to understand if the target can be measured by the ob-
server at any one time (i.e. if it is capable of reflecting light
to the observing sensor), while the measurement function
converts the target state into a set of measurements.

2.1 Constellation-Target system

The analysed target, unless otherwise specified, is a
LEO target on a circular Sun-synchronous orbit with or-
bital parameters {h, e, in, Q, w, 6} = {800 km, 0, 98°,
90°, 0°, 0°}. This parameter choice mimics an observa-
tion satellites lying near the second LEO population peak
as shown in Fig. 1, making it a likely target in a real track-
ing scenario. The RAAN of 90° is chosen to make the or-
bital plane almost perpendicular to the Sun displacement
vector, as we assume the simulation to take place during
the Autumn equinox. This specification is important as
the Sun position influences the visibility conditions as dis-
cussed in Section @
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Fig. 1. Object distribution in LEO [6]

We choose a Walker-Delta constellation due to its high

a large system comprised of N = 500 observer satellites
lying on circular orbits. The parameters of the constella-
tion are summarised in Table . The low altitude allows
for the constellation lifetime to be low enough to not cause
sustainability concerns, the inclination achieves a balance
between coverage of high inclinations and field-of-regard
(FOR) overlapping near the poles, while a non-zero orbital
phase guarantees satellites won’t collide at high latitudes.
The RAAN of the first orbit is left zero as it does not con-
tribute significantly to the constellation performance for
an arbitrary Sun position. The resulting constellation is
shown, together with the target orbit, in Fig. 2. The visi-
bility map of the constellation is shown in Fig. (3, where it
is clear that most of the sky is covered by at least three po-
tential measurement opportunities at any one time, while
the polar region is the one offering the most measurement
opportunities. To better understand why the FORs have
half-disc shapes, refer to Section 2.2,
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Fig. 2. Constellation and target orbit (cyan) for the constel-
lation parameters in Table

Table 1. Constellation parameters

quantity value unit
N, number of orbits 10 -
Nyqtjo  number of satellites per orbit 50 -
h altitude 500 km
n inclination 70 °
Qo right ascension (first orbit) 0 °
Al orbital phase 10 °

2.2 Visibility conditions
A visibility condition is a condition that an observer-
target pair must fulfil to allow for a measurement opportu-

degree of symmetry [@]. The considered constellation is  nity. We merely speak of opportunities as, for the measure-

Page 2 of



i)

O . - 08 3.
o, T
c 06 @
2 0 <.
© 04 &
= o.
© 0% =
8 02 “2‘
o

0
150 -100 -50 0 50 100 150

o <
B 50 7}
z -
L2 o =
@©

£ 5 9
O -50 =
2 =

-150  -100 -50 0 50 100 150
right ascension [deg]

Fig. 3. Constellation visibility map (h = 800 km) for the
constellation parameters in Table |j Above, the percent-
age of the sky where at least three observers are avail-
able. Below, the number of available observers per sky
region. The hole at the centre represents the area cov-
ered by the Earth’s shadow at the Autumn equinox.

ment to occur, the observer must redirect itself to point to-
wards the target by actively changing its attitude and cap-
turing the object within its field-of-view (FOV). The vol-
ume allowing for a measurement opportunity when a tar-
get lies in it is the field-of-regard (FOR) of the observer.
The four visibility conditions are the following:

» Shadowing, or eclipse, condition: True if the target
is outside the Earth’s shadow, and therefore if it is il-
luminated by the Sun. This condition is independent
of the observer position. Expressed as:

fe,l = (rt 3 O) [1]
2

fun = w Pt <o0] 2

fe = fe,l/\fe72 [3]

* Above-the-horizon condition: True if the Earth is not
obstructing the target view and if it is not occupying
the target background. Expressed as:

Toe = /|[To* — R? [4]
Ar:=r; —r, [5]
= (||Ar||ro,e + Ar-r, > 0) [6]

» Weak scattering condition: True if the light reflected

from the target reaches the observer. This is equiv-
alent to ask that the phase angle « in Fig. El is less
than 90°. For a spherical target, less than 50% of
its surface is visible to the observer, enough to as-
sume that it is too faint to be visible. It is assumed
that this holds on average for the target population. It
should be noted that r is the distance of the Sun from
the centre of the Earth, but since the target is much
closer to the Earth compared to the Sun we can as-
sume ry; — r; = rs. The condition can be expressed
as:

fp = (Ar-r, <0) [7]

 Limiting range condition: True if the target is within
the limiting range of the sensor of the observer. This
condition arises from the fact that a target too far
away will be too faint to be observable. Expressed
as:

= (llar]| - D <0) [8]

where r; is the target position vector, r, is the observer
position vector, r; is the Sun position vector, R is the dis-
tance of the Earth’s horizon from its centre (in our case,
6471 km, i.e. the average Earth’s radius plus the atmo-
spheric height), and D is the limiting range. The limiting
range is set to the constant value D = 2000 km, a number
averaging over targets of various sizes.

A Sun

Is Observer

o
Ar

Target

Fig. 4. Weak scattering approximation. The target is visi-
ble to the observer if o < 90°.

For the purposes of this work we use a fixed value for
the limiting range D = 2000 km. This is only an approxi-
mation considering targets larger than 10 cm with spheri-
cal shape, assuming these represent the worst case in terms
of target size and an average case in terms of light scatter-
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ing. We further assume that the sensor FOVs are 5°. Some
potential shapes of the resulting FOR are shown in Fig. E

Sunlight

Fig. 5. Potential shapes of the field-of-regard (FOR) in or-
ange. The observers (grey squares) can potentially ob-
serve on average any target flying in the orange region,
i.e. within the FOR. Only a small portion of the FOR is
actually observed due to the small sensor FOV of 5°.

2.3 Optical measurements

The measurement function h(Ar) = [a(Ar), 6(Ar)]
represents an ideal optical measurement function, i.e. a
function converting the target position into its right ascen-
sion and declination component. These are the angular
components of the spherical coordinates description of the
target in ECI frame. This is only a simplification, as a real
observer would measure the target in its local frame, and
then the position in ECI would be obtained through some
processing involving linear transformations. We assume
this is done perfectly and therefore we incur in no infor-
mation loss during the processing part. The measurement

components are then simply:
Ty
\JT2+ 7”5

Tz

/22 2 2
’I”x-l-’l"y—F’/‘Z

where Ar =[r,, ry, r.] is the relative position of the target
with respect to the observer.

Real observations are inaccurate, which means that to
simulate real measurements and to properly estimate the
target state we need an estimate of the sensor noise. We
assume that the noise is drawn from a zero-mean normal
distribution with standard deviation o, = o5 = o, where
the noises associated to the right ascension and declina-
tion are uncorrelated. The standard deviation has three
components:

[9]

a = sgn(r,) arccos

6 = arcsin [10]

* Optical noise 0,: Noise due to the intrinsic nature
of the optical sensor. It is the maximum between the
Airy disc and the pixel angular resolutions of the sen-
sor divided by two:

o, = maX(A2A, Ap) (1]

with:
Ap =244)\/Dy [12]
A, =V2p/f [13]

A light wavelength, D 4 sensor aperture, p pixel size,
f focal length. We assume in our case o, = 5 arcsec.

* Angular uncertainty oy: Noise due to the uncertainty
on the attitude of the satellite carrying the optical pay-
load. We assume this noise is at first order equal to
the pointing error of the satellite. Assuming it is a
small satellite with relatively cheap attitude determi-
nation and control system, we set oy = 5 arcsec.

* Position uncertainty o,.: Noise due to the position un-
certainty of the satellite carrying the optical payload.
Assuming we know the position of the satellite with
an accuracy 6, = 10 m, this is at first order:

Or

or R — [14]
r

where r is the distance of the target from the observer.

Assuming the total noise is a linear combination of its
three components, the complete measurement model will
then be:

UZO'(’I“)ZG'O-FO'@—F% [15]

which means that the farthest the target is compared
to the sensor, the higher the accuracy of the measurement.
This apparently counter-intuitive result must be weighted
against the fact that a farther object will appear fainter
and will be more difficult to detect against the background
noise. This phenomenon is captured by the limiting dis-
tance D, as explained in Section P.2.

3. Methodology

In this section we discuss the employed methodology
for target tracking, together with the underlying assump-
tions justifying its use in a realistic scenario. Moreover,
we describe the simulation setup for testing the resulting
tracking algorithm, describing as well the types of tests
that we conducted and their respective goals.

3.1 Tracking strategy
A tracking strategy is a way of generating a sequence
of control vectors for a given set of sensors of a given time
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window with the goal of maintaining state knowledge of
a set of targets. In our case, the considered target is only
one as described in Section . We consider only the set
of tracking strategies that are:

* Sequential: choices of sensor tasking at each time
step depend only on the information available at the
current time step. The resulting strategy may be sub-
optimal over a finite time window as the optimisa-
tion is not carried over all possibilities over the win-
dow but the tasking choice at each step is constrained
by the choice at the previous step. The advantage of
such algorithms is that they can work online and are
less computationally expensive, making them ideal
for coordinating large networks of sensors.

* Cooperative: the tracking algorithm considers all
sensors of the network at once. The sensor tasking
is centralised, meaning that we are not optimising the
tasking of each sensors but the tasking of the network
as a whole. This allows for the potential disengage-
ment of some subset of the available sensors, freeing
up resources for tracking other targets.

Moreover, we assume:

* Keplerian dynamics: both the observer satellites
and the target object follow Keplerian dynamics. Per-
turbations are negligible over the tracking time win-
dow.

* Gaussian uncertainty: the uncertainty on the state
of the target can be modelled as a Gaussian noise and
therefore mathematically described by a covariance
matrix P.

* Negligible attitude dynamics: the attitude dynam-
ics of the observer satellites is negligible. As soon
as any sensor is tasked with the observation of the
target, the observer satellites points to the estimated
target position instantaneously.

No tasking delay: no delay is caused by tasking com-
putation or communication to the observer satellites.
Information is carried instantaneously and without
failures, while computations are significantly faster
than the time interval between consecutive measure-
ments.

* Backup surveillance and tracking system: we as-
sume a low-accuracy surveillance and tracking back-
up system is available. Such system has a fixed po-
sition accuracy of 1 km and velocity accuracy of 10

m/s. The system substitutes the constellation when-
ever the tracking accuracy in the form of the esti-
mated root mean squared position error RMSE, sur-
passes 10 km, for instance due to lack of measure-
ments as a consequence of the target entering the
LEO region eclipsed by the Earth. The tracking
is considered lost during this time and is resumed
as soon as, according to the state predicted by the
backup system, some measurement is predicted to be
available at the next time step. By assuming the pres-
ence of the backup system, we relieve the constella-
tion of performing target search and object associa-
tion tasks.

At each time step, the general steps of the tracking al-

gorithm are the following:

1. State and covariance propagation: the state and co-

variance are propagated through nonlinear dynamics
up to the next time step:

%, Py ] = f([Re—1, Pe-1]) [16]

. Sensor tasking: given the predicted state, a subset

of the available sensors is assigned based on some
criteria, ideally with the goal of maximising the in-
formation gained from the measurements at the next
time step under the constraint N < N,,4., Where
Ny, is the number of sensors chosen at the time step
k and N4, is the maximum number of sensors to be
allocated at any one time step to the tracking of the
given algorithm:

{s1, ..., s = 9(x%) [17]

. Measurement collection: given the tasked sensors,

observer satellites point to the estimated target posi-
tion and measurements are collected if available. In
a simulation, real measurements can be obtained as:

y; =h(xp) +n(xz),j=1: Ny [18]

where h is the measurement function described in
Section B, n is the Gaussian noise associated to
the measurements with associated covariance matrix
R(xz) = diag([o?(xx), o%(xx)]), where o is the
standard deviation according to Eq. |13, and xj, is the
real state of the target (different from the predicted
and estimated ones). Notice that N 1 < Nj, as the ob-
server satellites point to the estimated target position
and not the real one: if the estimate is off by more
than the FOV of the sensor, the measurement can’t
be collected.

. Measurement update: the target estimated state and

covariance at time step k are updated using the avail-
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able measurements. In our case, we use an Unscented
Kalman Filter (UKF) for the estimation to avoid dif-
ferentiation of the dynamics and measurement func-
tions [§]. Given the Kalman gain K and the measure-
ment vector y,,, the updates are:
% = %, — Ky — h(%;)
P, =P, — KPy,, K"

[19]
(20]

If no measurements are available, the estimated state
and covariance are simply set to the predicted state
and covariance.

The choice of the target tracking strategy with this se-
quential formulation boils down to the choice of the func-
tion g in Eq. . In all cases we first get a list of the avail-
able sensors, i.e. those sensors that could potentially be
used for gaining measurements, using the visibility condi-
tions listed in Section 2.2. We then consider three possible
sensor selection methods:

¢ Random: a maximum of N,,,,, sensors are selected
at random from the set of available ones. This is used
as a control for strategy comparison.

e Farthest: a maximum of V,,,, sensors are chosen
starting from the available sensor that is the farthest
from the target. This strategy is justified by the fact
that the measurement standard deviation function de-
scribed in Eq. is inversely proportional to the
target-obsever distance: the farthest the target, the
more accurate the observation.

* Random search: the Random strategy is repeated
Nyuns times to find the best set of IV, observer satel-
lites. To compute the performance of a set of satel-
lites, we perform the measurement update step using
ideal measurements and using as a metric the esti-
mated mean squared position error of the target:

MSE, = Py + Pyy + P.. [21]
All sensor selection strategies are subject to two con-
straints:

e Maximum amount of tasked sensors: N,,,. =
3, Vk, i.e. the maximum amount of used sensors at
any time step is three. This is used as D’Anniballe
et al. showed that this should guarantee a position
estimation error within 300 m [9].

* Repeating sensors condition: If a sensor is avail-
able and was tasked at the previous time step, then it
is tasked again at the current. This is done to avoid
rapid switching between multiple satellites, which
can result in the occupation of more satellites than

needed and the needless expenditure of energy in the
attitude control phase.

3.2 Simulations
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Fig. 6. Tracking using Random strategy and the standard
constellation and target parameters listed in Section @
Above, the evolution through time of the target position
estimation error (blue) and of three times the RMSE (or-
ange). Below, the number of tasked sensors (blue) and
the number of tasked sensors missing their targets (or-
ange) at each timestep.

The simulation is started for the constellation and tar-
get parameters given in Section P.f unless otherwise spec-
ified. Both are propagated according to Keplerian dynam-
ics only using a Runge-Kutta solver for a time equal to the
orbital period of the target. After this time, the behaviour
of the tracking strategy will be approximately periodic as
the period of the constellation T'(h = 500km)/Nq /0
is much smaller compared to the target period. For the
whole simulation we consider the Sun fixed at the Au-
tumn equinox. The initial target covariance matrix is
Py, = blkdiag (O’gvolgrg, 012,7013?33), where o0, = 1 km,
0y,0 = 10 m/s. We assume we have 500 time steps, i.e.
a measurement approximately every 12 s. Starting from
the first time step, we repeat iteratively the tracking strat-
egy discussed in Section and process the resulting es-
timates to get useful performance metrics. The aggregate
performance quantities we are interested in are:

* Tracked time percentage: percentage of the prop-
agation time window for which the target is being
tracked by the constellation, i.e. for which RMSET <
10 km.
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* Median position estimation error: median value of
the position estimation error ry — . This is favoured
over other averages as it better captures the perfor-
mance we expect to see for most of the time.

* Median estimated RMSE: estimated position
RMSE, computed based on Eq. RI. This is mainly
computed as a verification of the proper tuning
of the Kalman filter, in which case the estimation
error should be within three times the RMSE
approximately 99% of the time.

Comparison of different tracking strategies
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Fig. 7. Comparison of the three strategies described in
Section B.1| for the standard constellation and target pa-
rameters listed in Section . Above, the time evolution
of the estimation error in the three cases. Below, the me-
dian estimation error in the three cases.

We perform four different types of analysis:

* Strategies comparison: we compare the behaviour of
the estimation error for the three sensor tasking strate-
gies for a single constellation and target. Moreover,
we illustrate the proper tuning of the sensor by plot-
ting the estimation error against the estimated RMSE.

* Repeating sensors condition: using the Random strat-
egy, we illustrate the role of the repeating sensors
condition in reducing sensor switching by plotting
the sensor activation matrices in the cases where the
condition is present and the one where it is not. A
sensor activation matrix is a matrix S with S; . =1
if sensor j is activated at time step k, and zero other-
wise.

* Parametric analysis: we repeat the tracking simula-
tion for the Random strategy using variable constel-
lation and target parameters to show the dependence
of the tracking results on the relative geometry of the
constellation-target system. Only one strategy is anal-
ysed as the tracking efficiency is much more depen-
dent on geometry than on the tasking strategy.

* Robustness analysis: we repeat the tracking simula-
tion for the standard constellation-target pair using
a Random strategy assuming that one sensor always
fails to observe the target at every time step. This is
done to quantify the expected performance loss in a
worst-case scenario.

4. Results
In this section we discuss the results of the simulations
and tests described in Section @

No repeat Repeat

sensor number
N
g

N w
o o]
S S

ES
o
S

500 -
100 200 300 400 500 100 200 300 400 500

timestep timestep

Fig. 8. Sensor activation matrices for the Random tracking
strategies in the cases without tasked sensor repetition
(left) and with repetition (right)

4.1 Strategies comparison

Fig. I shows the time evolution of the estimation error
and the RMSE for the Random tracking strategy case. As
the estimation error is almost always within three times
the estimated RMSE, this is compatible with the require-
ment of the estimation error being within 99% of three
times the RMSE and therefore the Unscented Kalman Fil-
ter is considered to be well-tuned. We can observe that
the position estimation error is in most cases within 200
m, save for the brief time the target goes in the region of
space eclipsed by the Earth, when the tracking is lost for
a few minutes. It is often the case that at least one sensor
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misses the tasked observation, suggesting that some sky
survey strategy could be necessary for increasing tracking
reliability and avoiding a waste of resources. Overall, the
tracking strategy seems to be effective in tracking the tar-
get accurately whenever lighting conditions allow for it.

Fig. @ shows the comparison for the three strategies.
The Random Search strategy, at the expense of higher
computational efforts, b eats R andom by about 1 0% on
median error. The Farthest strategy performs the worst
among the three, possibly because it puts a strong con-
straint on sensor shifting. Overall, the three strategies dif-
fer only by slightly amounts in median errors, suggesting
that it is more important to have a high enough number
of measurements in time than to choose the best subset of
observing sensors during the tasking phase.

4.2 Repeating sensors condition

In Fig. @ we can observe the Sensor Activation Ma-
trices (SAM), as defined in Section 3.2, for the cases of
non-repeating and repeating sensors. When we enforce
repeating sensors, observers that were tasked at the previ-
ous time step that are still available are tasked again at the
current time step. The effect is clear from the image, as the
non-repeating case shows many more discontinuous lines
indicating a more aggressive sensor switching engaging
more sensors for an higher amount of time. The SAMs
also exhibit two periodic curved stroke patterns, conse-
quence of the relative geometry of the constellation-target
system. As a graphical tool, it is possible to indirectly fol-
low the trajectory of the target through its encounters with
the constellation satellites, a method which could be ex-
ploited for the efficient search of available sensors.

4.3 Parametric analysis

We perform three different kinds of parametric analy-
ses to understand how the tracking strategy fares under dif-
ferent constellation geometries and target parameters. Fig.
@ shows the variation of performance with target altitude.
We can observe that in most cases the median position es-
timation error remains constant at about 150 m, whereas
we see a decrease in tracked time percentage, owing to the
fact that farther target are reachable by a reduced number
of sensors owing to the finite limiting distance D = 2000
km.

Fig. shows the performance for variable target in-
clination, considering only prograde orbits. Again, the
estimation error seems to be uncorrelated from the tar-
get geometry. On the contrary, targets with inclinations
less than 60° exhibit much lower tracked time percentages.
This can be explained by looking at the visibility map in
Fig. @, where it can be seen that targets at low inclinations
always encounter the eclipsed region of the Earth, whereas
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Fig. 9. Median estimation error (above) and tracked time
percentage (below) for a Random tracking strategy, con-
stellation parameters listed in Table |i|, and target on a
circular orbit with variable altitude h and random incli-
nation in, RAAN (Q and true anomaly 6

targets at high inclinations, depending on thei RAANS,
may almost completely avoid it.

Fig. shows the performance behaviour for vari-
able constellation inclination. Here, correlations are much
stronger and easier to observe. For very low constella-
tion inclinations the median estimation error suffers, as
a much higher percentage of the Sun-Synchronous target
orbit can’t be captured by the constellation satellites. This
is reflected by the linear increase in tracked time percent-
age, up to about 70° approximately corresponding to the
higher latitude of the Earth’s shadow as shown in the vis-
ibility map in Fig. E Further increasing the constellation
inclination yields no increase in performance.

4.4 Robustness analysis

We analyse the case of random measurement loss, i.e.
loss of one random sensor chosen at each time step among
the available one, yielding always two or fewer measure-
ments per time step. Fig. shows a 30% decrease in
performance, a clear worsening in median position estima-
tion error. However, tracked time percentage is the same,
and the estimation error remains most of the time below
200 m. This suggests that the strategy is robust as long
as at least one measurement per time step is available, i.e.
measurement frequency is invariant.

5. Conclusions

In this work we analysed the case of a constellation of
satellites carrying optical sensors for the tracking of a Sun-
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Fig. 10. Median estimation error (above) and tracked time
percentage (below) for a Random tracking strategy,
constellation parameters listed in Table [ll, and target on
a circular orbit with fixed altitude A = 800 km, variable
inclination in, and random RAAN (2 and true anomaly
0

Synchronous target in LEO. We proposed a cooperative
strategy for allocating in real time measurement requests
to available sensors, i.e. sensors that due to the current
geometry and lighting conditions are able to observe the
requested target. The underlying algorithm predicts the
state at the next step, computes available sensors, allocates
measurements based on one of three sensor tasking strate-
gies, and uses the resulting measurements to estimate the
target state by means of an Unscented Kalman Filter.

We showed first that the strategy is capable of tracking
the Sun Synchronous target with a median position esti-
mation error of less than 150 m. We then compared the
three different tasking strategies and c oncluded that the
chosen strategy would be secondary to the capability of
maintaining an high measurement frequency. By visualis-
ing the sensor activation matrix, we showed that using the
constraint of reusing previously tasked sensors if available
drastically reduces sensor shifting, freeing up resources
that can be used for tracking other targets.

To test the robustness of the algorithm, we first tested it
on multiple LEO target and constellation geometries. Es-
timation error resulted independent of the chosen target,
while tracked time percentage decreased with target alti-
tude and increased with target inclination. Performance
correlated strongly with the constellation geometry, with
tracked time percentage increasing linearly with constel-
lation inclination up until 70° and estimation error con-
versely decreasing. To further test the robustness of the
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Fig. 11. Median estimation error (above) and tracked time
percentage (below) for a Random tracking strategy,
constellation with variable inclination and other pa-
rameters as listed in Table , and standard Sun-
Synchronous target with Keplerian parameters as
listed in Section

tracking methodology, we simulated the case of random
measurement loss, showing that the amount of perfor-
mance loss in that case is acceptable.

The tracking strategy was in conclusion deemed ef-
fective, reliable and robust. Research of surveillance and
tracking strategies applied to networks of space-based op-
tical sensors, however, is far from concluded. To cope
with limited computational resources, we used many as-
sumptions on the visibility conditions, and in particular
we neglected target size and used strong approximations
for the lighting model. More detailed analyses may test
the usability of such a constellation for small debris in the
0.1-10 cm range for sustainability reason, or for large ob-
jects of irregular shapes. In a real case it is unlikely to
engage the whole network for tracking only one or a hand-
ful of objects. Further research may be needed to test us-
able surveillance and tracking strategy for maximising the
information gain over a large population of target objects.
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