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Abstract

The ever-increasing quantity of satellites and space debris in orbit pose a serious threat to the sustainable use
of the space environment. To mitigate this threat, we must improve our detection and tracking space debris in low
earth orbit, and to do this new space-based tracking methods will be required. Subsequently, it raises the need to
optimise the schedules of these in orbit tracking satellites to maximise the number and accuracy of the debris detected.
STRATHCcube is a nanosatellite currently in development at the University of Strathclyde that will use passive bi-static
RADAR to detect space debris and act as a technological demonstrator. This satellite will be used to exhibit the space
debris tracking technology and will use the iridium constellation as an illuminator. However, the complex interplay of
satellite positions, with respect to the illuminator constellation and the ground stations, makes scheduling operations of
the satellite very complex and difficult for a human to compute without the aid of automatic solvers. The whole space
industry is moving towards developing more autonomy on-board satellites, also related to on-board task management.
Constraint programming is the technique used to schedule STRATHcube tasks by optimising RADAR detections,
ground station communications, and on-board data handling. This was done by mathematically defining the constraints
on the satellite, simulating periods of the mission to find relevant orbital and space environment data. These were
then used to manually define a baseline schedule, which was used as a starting point for the constraint’s optimisation
search. The optimised schedule significantly improved the satellite operations compared to the manually designed
one. The improvements in scheduling will be applied to STRATHcube to improve its operations and allow it to better
demonstrate the use of passive bi-static RADAR for space debris detection. The optimisation methods could also be

applied to future possible passive bi-static RADAR satellites to maximise their efficiency in operations.

1 Introduction

Space debris is a major threat to the operation of satellites
and without effective Space Situational Awareness (SSA)
it is not possible to quantify the threat posed or take mit-
igating actions[1]. SSA describes our overall understand-
ing of the space environment and relies upon regular ob-
servation to keep a track of all the debris in Earth’s or-
bit. Current space debris tracking is limited to debris in
the >5cm ranges and fail to quantify the threat posed by
smaller debris. This is an issue as the number of debris at
smaller sizes is estimated to be very large with 1 million
objects > 1cm estimated to be present while only 31,450
are regularly tracked [2].

There is a need for new methods of tracking space de-
bris at smaller scales to be developed. STRATHcube is a
satellite being developed at the University of Strathclyde
to demonstrate Passive Bistatic Radar (PBR) as one poten-
tial method [3][4]. Bistatic radar is a radar configuration
in which the receiver and the transmitter are at separate
locations [5]. Pre-existing transmitters, such as commu-
nication satellites, can be used as illuminators of oppor-
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tunity allowing for the system to operate passively saving
on the cost of developing and operating a transmitter.

Bistatic operation also allows for a Forward scatter con-
figuration to be utilised in which the target is between the
transmitter and receiver, significantly increasing the radar
cross section of the target. This is shown in figure 1, for
the point where the targets bistatic angle, [, is close to
180°

= shadow scattering
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Figure 1: Diagram of PBR forward scatter setup
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This forward scatter Radar Cross Section (RCS), o, is
defined equation 1 where A is the silhouette area and A is
the wavelength the radar uses[6].
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The result of this is that forward scatter PBR can al-
low for significantly smaller objects to be detected. For-
ward scatter radar using satellite wavelengths has already
successfully been used for detecting aircraft, proving that
the technology works for moving targets and using weak
satellite signals [7].

While this relation will allow PBR operating at shorter
wavelengths in the K-band to detect objects down to 1cm?
in area [8], it will not be possible with STRATHcube be-
cause the limited budget has lead to the use of an L-band
antenna. This will lead to the satellite only detecting ob-
jects with an area > 7m? [4]. This leads to a limita-
tion in the amount of objects it may detect, limiting how
well it will demonstrate the technology. To maximise
STRATHcube’s effectiveness as a technological demon-
strator steps should be taken to ensure that it is possi-
ble to make as many observations of targets as possible
and downlink them to ground stations. This will require
the frequency at which detections will occur and how the
satellite will handle them to be modelled.

The payload on STRATHcube will use a patch antenna,
radar receiver, and software defined radio running on an
onboard computer [4]. The use of an onboard computer
provides flexibility in the design of the signals processing
algorithm, and the ability to change it late in the design.
The cost of this is that it does not achieve the processing
rate an application specific integrated circuit with a set
signal processing algorithm would [5].The performance
of the payload using real time onboard processing, off-
board processing, and non-real time onboard processing
are considered in this investigation.

The limitations on when STRATHcube can communi-
cate with the ground station, observe illuminators allow-
ing the radar’s operation, and constraints on data storage
resources means that the problem of maximising the num-
ber of objects detected is a resource constrained schedul-
ing problem. The resource constrained scheduling prob-
lem has applications in the scheduling of satellites in the
form of the satellite range scheduling problem [9]. To
quantify how well STRATHcube may operate it will be
necessary to optimise the schedule. To optimise the oper-
ation of STRATHCcube it was formulated using constraints
programming for a scheduling problem [10].

The work in this paper aims to quantify the number of
objects which could potentially be detected under differ-
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ent design circumstances and how the scheduling of oper-
ations could be optimised to maximise this.

The remainder of the paper is organised as follows:
Section II describes the work to quantify the number of
objects which may be detected, Section III describes the
constraints upon the schedule and the method for opti-
mising it, Section IV discusses the results, Section V con-
cludes the paper, and Section VI outlines future work.

2 Quantifying Payload effectiveness

To quantify the number of objects STRATHcube may de-
tect it is necessary to find the opportunities during which
the radar can operate, the size of objects which may be de-
tected during these opportunities, and the number of ob-
jects greater than this size expected to be within the region
of observation.

The opportunities during which the radar can oper-
ate occur when the illuminator satellites are in view, in
STRATHcube’s case the Iridium constellation. To do this
the orbits of the Iridium satellites and STRATHcube were
propagated and the times when STRATHcube was within
an Iridium satellite footprint were found. This was done
using orbital simulation software developed as part of a
digital twin of STRATHcube.

The minimum radar cross section of debris that could
be detected was found using the bistatic radar range equa-
tion [6].

(47)3R2, R%, kT,BF,L

SNR
PrGrGrA?
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Where ¢ is the minimum detectable radar cross section.
R, is the range of the target from the transmitter, Rp, is
the range of the receiver from the target. k is Boltzmann’s
constant, 7y = 290°K is the signal noise temperature
[11]. B is the noise bandwidth and is 177MHz for the
antenna [12]. F,, is the noise figure and is assumed to
be 1. L is the loss factor and is assumed to be 1. Py =
6dB is the power of the transmitter and G; = 24.87dB is
the transmitter antenna gain for the Iridium satellites [11].
Gr = 4dB is the receiver antenna gain. A = 185mm
is the wavelength at which the satellite operates at [12].
SN R = 10dB is the signal to noise ratio.

The result could then be used with the forward scatter
radar cross section formula to find the area necessary to
achieve the minimum RCS, and therefore the minimum
size of object that could be detected. This was done at
the midpoint between the illuminator and STRATHcube
as this provides a conservative estimate of the detection
capabilities.

o2

Amin =
47

3
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The volume of the region in which detection could oc-
cur had to be calculated. Forward scatter starts to occurs
when the bistatic angle is greater than 176°[6]. The region
in which this occurs is bound by the arcs shown in figure
2 where SC is STRATHcube and IL is an illuminator. The
actual volume was found by approximating the region as
2 cones which together had the volume: Volgg.

Volps = 1/3rwL 4

Where L is the length of the baseline between SC and
IL and w is the distance from the baseline to the edge of
the region at the midpoint of the baseline. This is an un-
derestimation but sufficient for the level of detail required
by this investigation.

FS region

Figure 2: Forward scatter region diagram

The minimum area of an object for it to be detectable,
A,in could then be used to estimate the number of ob-
jects greater than A,,;,, within the forward scatter region.
This allowed the average number of objects expected to
be detected to be calculated. This was done using a ho-
mogeneous distribution of debris which took the number
of objects larger than A,,;, in Low Earth Orbit (LEO),
the volume of the forward scatter region(V olrg), and the
volume of LEO (Volrgo). The value of Vol go is de-
fined in equation 5, where 7. is the radius of the Earth, and
hr go is the maximum altitude of LEO and is 2000km.

4
Volrgo = = ((7‘@ + hrpo)® — 7“2) ®)

3
This allowed the fraction of objects within the forward
scatter region to be found assuming a homogeneous dis-
tribution of LEO objects. The number of objects to be
detected was done using data on the number of objects
with different areas for LEO objects from European Space
Agency (ESA) space environment report [2]. This was
represented in an array «, and the sum of the objects in
LEO that are larger than the minimum area was calcu-
lated to find the number of detectable objects in LEO. The
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product of this and the ratio of forward scatter region vol-
ume to LEO volume represented the number of objects on
average expected to be detectable in the forward scatter
region. This is shown in equation 6, where O, ,, is the
average number of objects, At is the time discretisation,
Anaz 18 the size of the largest object in LEO, and «; is
the number of objects with an area ¢ in LEO.

Vol R
Oy = —t2 At 6
b Volreo Z.:;_ “ ©

3 Optimisation of the Schedule

The scheduling problem was only solved from an off-
board scheduling standpoint to simplify the problem. The
scheduling of operations was done using a constraints sat-
isfaction problem formulation, using google OR tool’s
CP-SAT solver [13]. This allowed the activities of the
satellite to be constrained and then allowed the CP-SAT
solver to optimise the control variables to maximise a
cost function. A method using a manual heuristic defined
schedule was also used to give a control for how effective
CP-SAT solver was. This was done for 3 design cases for
the radar signals processing:

* Real time onboard processing: where the signals pro-
cessing is carried out during observation, requiring
only processed data to be stored.

* Non-real time onboard processing: where signals
processing is carried out after observation, requiring
raw signal data to be stored until processing is done

» Off-board processing: where no signal processing is
carried out and raw signal data must be downlinked.

The constraints and variables made were modified to al-
low all 3 cases to be modelled.

The scheduling problem was defined using two
Boolean arrays as control variables. The first, X, was
used to define which operation the satellite could take at
any time and was one of 4 activities: observation, pro-
cessing, down-linking, and idling. The second control
variable, H, was used to define which illuminator of op-
portunity the satellite would chose to observe at a given
time out of 66 possible Iridium satellites.

« X € {0, l}TXA where 7' is the length of the period
to be optimised and A is the possible actions where:

agp 1s observation

aj is processing

as is downlinking

as is idling
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« H € {0, 1}TXN where T is the length of the time
period and N is the number of possible targets n €
{0...65}

These variables were constrained such that only one ac-
tion may be taken at once, and only one illuminator can
be observed at once. This provides a conservative esti-
mate of performance. To specify all the other constraints
necessary additional constants and auxiliary variables had
to be defined. The constants necessary are defined below:

¢ Mo = 64GB: Maximum memory available on
the onboard computer dedicated to handling the pay-
load

« D,, = 32kB /s: The rate at which data is down-
linked during down-linking activity

* O,, = 15,000kB/s: The data produced during ob-
servation activity

e C =20MFLOPS: Number of floating point oper-
ations that were possible to carry out per second

¢ S = 200M FLOPs: The number of floating point
operations required to process the observation data.

e« B, = %: The rate at which 1 second of observa-
tions are processed in kB/s of observation data.

¢ @@ = 0.002: The ratio of processed data produced to
observation data processed during processing. This
was added to reflect that the processed data takes up
significantly less space than the processed data.

It is assumed that the observation data can be dumped af-
ter processing only leaving the processed data ready to be
downlinked. The values for C' and S are estimated from
the onboard computer’s CPU and a Digital Signal Pro-
cessing (DSP) method proposed for detecting fast moving
objects in forward scatter bistatic radar.

The on board computer dedicated to the operation of
the primary payload is the OBC-P3 [14] computer from
space inventor and has 2 Arm Cortex-M7 processors[15].
These each have a floating point unit which is capable
of carrying out two 16-bit multiply accumulate opera-
tions a cycle in its DSP unit and a clock speed of SMHz,
this comes to a theoretical number of floating point op-
erations of 20 Mega Floating Point Operations per Sec-
ond (MFLOPS). This allows us to make an estimation of
how quickly observation data can be processed based on
an estimation of the Floating Point Operations (FLOPs)
necessary to carry out the specified DSP algorithm.

The number of FLOPs necessary to process the ob-
served data will depend on the final digital signals pro-
cessing algorithm implemented. An estimation of the
number of FLOPs necessary was made from work on a
DSP algorithm for forward scatter radar for fast moving
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objects [16]. The auxiliary variables were integer arrays
as defined below.

o O € Z": the amount of data Observed in kB
e P € ZT: the amount of data Processed in kB
e D € ZT: the amount of data Downlinked in kB

Where At is the time discretisation, the element values
of the auxiliary variables are defined as:

0i =Y OmXya)At — Pop Xy 0, At

@)
t=1
Pi=Y QPynXia, At — Dy Xy 0, At ®)
t=1
Di =Y DpnX;a,At 9)

t=1

These could then be used to implement the following
constraint on memory and the sequence of tasks

1. O; + P, < Mypaz, Vi € 0...T: Used to constrain
the used memory below the maximum memory at all
times.

2. O; > PmAt, if X;,, = 1: To ensure there are
observations to be processed before processing can
occur.

3. P, > DmAt, if X;q4, = 1: To ensure there is
processed data to be downlinked before down linking
can occur.

These constraints were applied to the case where non-
real time onboard processing occurred. To model the
other two design cases the model had to be modified. The
second constraint was removed and the third constraint
modified for the cases where real time onboard processing
occurs or off-board processing occurs as shown below:

O; >= DAty if Xia, =1 (10)

for the real time processing condition the constant for ob-
served data rate was modified to reflect the fact that it is
processed in real time, O,, = 30kB/s

The final constraint added was to limit the rate at which
the satellite could switch between observing different il-
luminators. This meant that if the satellite observed a
given illuminator j at a time ¢ then it would not be able
to observe any other illuminators within a period § This is
shown in mathematical form below:

i+0 N

0= > Y H,ifH ;=1

t=i—d n=0,n#j

an
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The number of detections at any time increment i was
then defined as:

12)

T N
Ui = Z Z Htm,@t,n

t=0 n=0

This could then be used to generate the cost function
which was design to maximise the time spent downlinking
and then the number of detections:

T
max (Z U; + wq, X¢7a2>

=0

13)

Where w,, was a weight used to ensure the solver pri-
oritised downlinking as this is the most constrained re-
source of the mission. The CP-SAT solver was then used
to optimise the constrained model for all three design
cases.

The manual heuristics were developed to provide a
comparison for the CP-SAT solved model. They were
used to provide schedules that were within the constraints
of the model. The manual heuristic followed the off-board
processing case and the real time onboard processing case
was applied:

1. When possible down-link images
2. Else when possible observe

(a) If previously targeting an illuminator continue
to target it

(b) else target the satellite with the highest likeli-
hood to achieve a detection

3. Else idle

The non-real time onboard processing case manual
heuristic followed the algorithm below:

1. Schedule down-linking whenever it is possible to oc-
cur

2. Else schedule to observe

(a) If previously targeting an illuminator continue
to target it

(b) else target the satellite with the highest likeli-
hood to achieve a detection

3. Else schedule to process

4. Else schedule to idle.

4 Results

The optimisation program and the manual heuristics were
run for all three design cases to produce results for their
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schedule and the performance (total detections). As the
focus of the paper is on the macro effectiveness of the
payload, the schedule was run with a times discretisation
of 60 seconds over a horizon of two weeks. These were
done for the case where the satellite is launched into a
polar orbit from the Saxavord space centre with a signal
gain of 40dB.

Non-real Time Onboard processing condition

Figure 3(a) the total number of detections achieved by
the two schedules and by comparing them it can be seen
that the CP-SAT schedule significantly out performs the
manual schedule. The CP-SAT would be expected to de-
tect 48 objects on average compared to only 28 by the
manual schedule. Figure 4(a) shows the memory use of
the two schedules, and the cause of the difference in effec-
tiveness can be inferred from them. In Figure 4(a) we can
see that the manual schedule rapidly fills up the memory,
and keeps it saturated throughout the scheduled period.
The CP-SAT defined schedule takes longer to fill, wait-
ing for higher value observation opportunities. A man-
ual heuristic which prioritises the best observation oppor-
tunities while avoiding violating the maximum memory
constraint would likely achieve comparable results to the
CP-SAT schedule but would increase the complexity of
deriving the heuristic rules.

While the amount of processed data exceeds the link
budget if only the detections which contain an object are
downlinked the link budget and time scheduled to down-
linking will be sufficient. The results for both show that
STRATHcube will be able to achieve a reasonable num-
ber of detections for a technological demonstrator for the
non-real time onboard processing case.

Off-board Processing

The effect of not being able to process and observa-
tions on board is a massive drop off in the number of de-
tections. This can be seen in Figure 3(b) with both the
manual heuristic and CP-SAT method achieving a very
small number of expected detections over the period. This
cause of this is seen in Figure 4(b) where the observation
data rapidly saturates the memory, stopping any additional
observations from occurring. The extremely low rate at
which data is downlinked means that it is not possible for
the memory to be cleared. In the case where no infor-
mation is known about which observation data sets con-
tain targets the mission will likely fail to detect targets.
If instead the observation is scheduled at times when it
is known a detectable object will be within the forward
scatter zone then a slight improvement could be achieved.
The link budget would allow for 17.1 seconds of unpro-
cessed observation data to be downlinked over the 14 day
period. This may make it possible for the a few demon-
strations of the space-borne PBR technology for detecting
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Figure 3: Number of detections for the schedules for non-real time processing case (a), off-board processing case (b)
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Figure 4: Graph of memory used by unprocessed and processed data sets for non-real time processing case (a), off-

board processing case (b)

space objects but would severely limit the mission. When
compared with the results for non-real time processing,
off-board processing performs more than 10 times worse.

Real Time Processing Condition
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Figure 5: Detections with real time processing

Figure 5 shows the detections expected for the real time
processing case. This shows the highest number of ex-
pected detections with the optimised method achieving
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115 and the manual method achieving 88. This is more
than double that achieved by the non-real time processing
condition. If only successful observations are downlinked
then the amount of memory to downlink will be 3.68MB,
well within the 8MB possible to downlink with the sched-
ule. This shows that this is clearly an ideal case for op-
eration, however it requires either increasing the process-
ing power or decreasing the number of FLOPs to carry
out signals processing by 1 order of magnitude compared
to the non-real time onboard processing case. This is a
significant requirement to improve the number of objects
detected by 2.4 times the non-real time processing case.

ISS Deployment Condition

For the situation where the satellite is deployed from
the International Space Station (ISS) the results were
found for the non-real time onboard processing case and
the number of detections are shown in Figure 6. These
show a significant improvement over the Saxavord launch
condition and therefore it would be desirable to deploy
from there rather than Saxaford.
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Figure 6: Detections Expected for ISS deployment with
non-real time onboard processing

5 Conclusion

In this paper we have investigated the effectiveness of
STRATHcube as a technological demonstrator under dif-
ferent design conditions and how the satellites schedul-
ing effects its detection performances using a manual
heuristic and the CP-SAT solver. A model of the ex-
pected number of objects to be detected has been created.
This has been used with schedules under different design
constraints to find the number of objects expected to be
detected under three different circumstances: simulating
non-real time onboard processing, real time onboard pro-
cessing, and off-board processing. It demonstrated the ef-
fectiveness of using constraint programming for optimis-
ing the offline schedule of STRATHcube, with respect to
a manual heuristic, and the number of objects detected for
the different schedules. These prove that STRATHcube
will be able to demonstrate the PBR technology for de-
tecting space debris, to different levels of effectiveness
under the different design circumstances.

6 Future Work

Future work in this area should look into developing dif-
ferent models for the number of objects either using in-
homogeneous distribution of debris, or modelling all po-
tential objects that could be detected. It should also ex-
plore alternative methods of defining the schedule that
could potentially provide higher fidelity schedules while
remaining computationally feasible. Improving the man-
ual heuristics used should also be investigated as the ones
developed as part of this investigation were sub-optimal
in their approach.
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