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Short-Term Debris Risk to Large Satellite Constellations
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A debris collision hazard analysis is carried out on a large 800-satellite constellation, representative of the
initial Teledesic configuration, using the Space Debris Simulation (SDS) software. Usage of the software focuses
on the short- to medium-term effects of explosive and collision-induced breakups. Two potentially constellation-
threatening scenarios are considered: 1) constellation member fragmentation and 2) constellation launch-vehicle
breakup. The constellation collision probability and the debris impact-energy to target-mass ratio are used as
indicators of the severity of the risk posed to the constellation. It is found that, in the case investigated, the collisional
risk to the constellation is low in the short term. Of the scenarios examined, it is the collision-induced breakup of a
constellation satellite that poses the greatest danger, in terms of the possibility of a secondary fragmentation. The
SDS software is proven to be a useful tool in the analysis of the short-term, relative threat posed by debris impact

to large constellation systems.

Introduction

HE orbital implementation of large low-Earth-orbit satellite

constellations, principally for mobile communications pur-
poses, represents a new and significant factor tending to increase
the projected orbital debris density, with the consequent impact on
the future operations of manned and unmanned space systems. This
new chapter also represents a significant challenge to the space-
environment modeling community to estimate the potential growth
of the debris threat to future space activity."?

Some systems, in particular Orbcomm (36 satellites in 775-km-
altitude orbits, inclined at 45 deg to the equator) and Iridium
(66 satellites at 780-km height and 86-deg inclination) are being
implemented. These systems will operate at a height where there al-
ready exists a peak in the debris density distribution,’ and so, there
is scope not only for the debris background populationto affect the
constellationsatellites, but also for the satellites themselves to con-
tribute to a further buildup in the severity of the environment. The
latter would inevitably occur through the mechanisms of launch and
operational activity (althoughthe orbital implementationis planned
with debris mitigation in mind), as well as the potential for constel-
lation satellite fragmentations.

Another constellationthatis receiving attentionin terms of its po-
tential impact on the projected debris environment is the Teledesic
system, which in its original form was proposed to comprise 840
satellites (excluding spares) in 700-km-altitude orbits inclined at
98.2 deg. Both this system and Iridium occupy near-polar orbits,
which further intensify the potential constellation-environment in-
teraction. Currently, the projected Teledesic configuration has been
scaled down to 288 spacecraft in near-polar orbits at 1400-km
altitude,} a height that nevertheless again corresponds to a peak
in the debris population. This proposal is certainly more manage-
able in terms of launch and operations, as well as in terms of the
potential future impact upon debris environmentalissues.
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A casestudy is presentedthatattemptsto quantify the debris threat
to a large satellite constellationsimilar to the original Teledesic con-
figuration, using the Space Debris Simulation (SDS) software suite.
This is conducted because it is still important to understand the
constellation-debris environmentinteractionsinvolved in the oper-
ation of such a large system. The study is carried out with emphasis
on realistic requirements and constraints, so that the study con-
clusions offer a useful picture of the threat posed in the short term.
Several constellation-related fragmentationscenarios are examined.

Software

The SDS software’ was developed at Southampton University,
under contract to the Defence Evaluation and Research Agency
(DERA) to assess the risk to operational spacecraft posed by debris
clouds emanating from orbital fragmentation events. The software
is best suited to short- to medium-term analysis (hours to months
after the initial breakup), and so complements the long-term anal-
ysis IDES computer program.*> also developed at DERA. Both
explosive and collision-induced breakups can be simulated by the
SDS software, and the dynamical model includes Earth gravity and
aerodynamic perturbations.

The risk assessmentis based on the target-orientedapproach im-
plicit in the probabilistic continuum dynamics (PCD) technique.
This was first developed and discussed by Heard® and Housen.’
Subsequently, Jenkin® adopted the phrase “probabilistic continuum
dynamics” and was the first to apply the method to assess collision
probability and potential damage for spacecraft in perturbed Kep-
lerian orbits. The PCD method involves multiple solutions of the
classical Gauss problem (of the determination of an orbital trajec-
tory from two position vectors and a time of flight between them).
The first position vector is that of the breakup event, and the second
is that giving the current position of the target spacecraft. If there is
a Gauss solution, then debris from the breakup can reach the target.
By an appropriate transform, the velocity-space distribution at the
breakup event can be mapped to a debris density in position space
at the target spacecraft. A fairly sophisticated algorithm is required
in the SDS suite to solve the Gauss problembecause the trajectories
are notideal, but are perturbed. There is also a novel treatment of the
breakup distributionin the program to take account of nonisotropic
fragmentations. The reader is referred to Barrows et al.? for more
detail. The PCD method is particular powerful because it generally
avoids the need to make too many simplifying assumptions, as is
sometimes the case with other methods.
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Fig.1 Schematic of the 800-satellite constellation configuration.

As part of the software development, considerable time and ef-
fort was invested in the validation of the SDS suite.!® The trajec-
tory models were extensively compared with appropriate flight data.
The debris-cloudevolution aspects were checked against published
results of other software simulations, and also with real on-orbit
fragmentation events by comparison of event Gabbard diagrams.
A theoretical validation of the risk assessment methods used in
this study has been given by Jenkin.!' The SDS software also has
been applied previously to numerous case studies, including a risk
assessment of Envisat-1 (Ref. 12) and the threat to manned vehi-
cles posed by the Clementine/Titan II breakup'® that occurred in
1994.

Constellation Configuration

The constellationconsideredin this study is a configuration of 800
satellites, whichis representativeof, but notidentical to, the original
Teledesic proposal. The satellites are distributed with 80 spacecraft
in each of 10 equally spaced orbit planes, as shown schematically
in Fig. 1. Each satellite, of 500-kg mass, is in a near-circular, polar
orbit (inclination 89 deg) at an altitude of 700 km. The intraplane
satellite phasing is as given by Adams and Rider.'*

Simulation Approach

The breakup scenarios are modeled using the SDS programs
BREAKUP4.0 and TARGET4.0. The former is used to simulate the
fragmentationsin eachcase, with debrisof 0.1 mm and greaterin size
being considered. When used for the risk assessment, TARGET4.0
considers each satellite in the constellation individually. Although
computationally intensive, this approach gives information about
which satellites are at risk and when. Collision probabilities then
are summed for the whole constellation, by postprocessing us-
ing an auxiliary program. The collision-probability time histories
are obtained by summing the contributions from all satellites dur-
ing that time step. Similarly, the distributions made over satellite
number are obtained by summing, for each satellite in turn, the
collision probabilities registered over the whole duration of the
simulation.

Satellite number increases with true anomaly, starting with the
breakup satellite, and with orbit plane number. In the case of a
satellite breakup, for example, satellites 1-80 reside in the breakup
plane (with satellite 1 being the breakup satellite and plane 1 being
the breakup plane), satellites 81-160 occupy the next orbital plane
(plane 2 is 18° East in right ascension of the breakup plane), and so
on. Satellites with numbers that have a difference of 80 are therefore
closest to being in phase. For the case of a launch vehicle breakup,
satellite 1 is taken as the constellationmember closest to the booster
at the fragmentation epoch.

Because the simulations are computationallyintensive, the com-
puter runs are performed typically for half a day of simulation time
postbreakup,with a time step of 1 min. Also for reasons of computa-
tional efficiency, the orbital propagationmethod includes the effects
of gravity (J,) but not of drag. However, debris fragments reaching
altitudes of less than 100 km are removed from the simulation. The
values of collision probability quoted are per square meter of target.

The detail of the breakup models used are given by Barrows.!
For more detail of the simulation models and input data, the reader
is advised to contact the principal author.

Satellite Breakup

Active debris control, particularly with regard to battery design
and end-of-lifedeorbit, should reduce the likelihood of a breakup of
one of the constellationsatellites. Despite these and other measures,
the possibility of an explosive breakup will still exist. However, per-
haps the greatest threat comes from an interaction with debris from
the backgroundpopulation. By virtue of coveragerequirements, nu-
merous constellationshave been proposedto fly in near-polarorbits
in the altitude region (700- 1000 km), where the backgrounddensity
is particularly high and the collisional threat is ever-present. Shield-
ing can be used to guard against small particles but an interaction
with larger-mass debris (around 1 kg and above) poses the prospect
of major damage to, or complete fragmentationof, the constellation
member.

Collision-Induced Fragmentation

The cumulative collision probability vs time for the constellation
following the breakup of one of its members is shown in Fig. 2. In
the simulation, the breakup is the result of a collision with a debris
fragment from the background population. The impact with a 1-kg
fragment traveling at a relative speed of 10 km/s results in the com-
plete breakup of the satellite. The breakup is modeled as an isotropic
event by BREAKUP4.0, with resulting fragment delta-velocity in-
crements (delta-vs) of up to 2 km/s considered by TARGET4.0.

Figure 3 shows the corresponding distribution of collision prob-
ability over satellite number. The satellites in the breakup plane ex-
perience a significantly higher risk of collision than the remainder
of the constellation. This is due to the high values of debris den-
sity encountered by the breakup-plane satellites, particularly close
to the cloud’s pinch locations. Over a longer period of time, this
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Fig. 2 Constellation collision probability over time, following the
collision-induced breakup of a constellation satellite.
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Fig. 3 Constellation collision probability relative to satellite number,
following the collision-induced breakup of a constellation satellite.
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Fig.4 Maximum debris impact-energy to target-mass ratio relative to
satellite number, following the collision-induced breakup of a constella-
tion satellite.

effect would be lessened because of orbital perturbations. However,
although the risk of collision is highest in the breakup plane, the
risk of a damaging event is small because debris encounters occur
atlow relative speeds. Figure 4 shows that the most potentially dam-
aging events occur in orbital planes where relative speeds are high,
in particular, plane 10, where head-on encounters are possible at
nearly twice orbital speed (~15 km/s). Figure 4 gives the maximum
impact-energy to target-mass ratio A, where a value of the order
of 35-45 J/g has been observed empirically to correspond to the
threshold of complete satellite fragmentation.!> Even in the short
simulation presented here, several satellites are exposed to poten-
tially lethal debris encounters. These occur when satellites close to
being in phase with the breakup satellite, but located in other orbital
planes, intersect the debris cloud’s orbit close to its centroid.

In the long term, the collision probability will decrease because
of the expansion of the cloud and the corresponding fall in debris
density. However, over the period of this short-termsimulation,dam-
aging events can occur at any time and, in fact, in this example the
most potentially dangerous of these are clustered toward the end of
the simulation, several hours after the breakup event.

Explosive Fragmentation

In the second case examined, a low-intensity explosion of a con-
stellation satellite is simulated using BREAKUP4.0, with maxi-
mum ejection speeds of 500 m/s being considered by TARGET4.0.
The physical mechanisms that can produce such an event are many
and varied (bipropellant mixing, battery explosion, pressure-vessel
burst, etc.). However, in the simulation, a generic, isotropic breakup
is modeled without reference to a particular mechanism because
the SDS breakup model is insufficiently detailed to allow such a
characterization. The resulting distribution of constellation colli-
sion probability over time and satellite number is similar to that
manifested by the collision-induced satellite breakup scenario, al-
though the level of collision probability is lower because of the
reduced debris density in the explosion cloud. Figure 5, which
gives the constellation collision probability over time, shows that
the level of risk is reduced by a factor of around 2 for the explosive
case.

Further analysis shows that the distribution of impact-energy to
target-mass ratio A with satellite number for the explosive case is
essentially identical to that given in Fig. 4. This is because the peak
values attained in each case correspond to the passage of a satellite
through the debris cloud’s central region. The two clouds differ in
spatial density and size but both contain large fragments close to
their centroids. The relative speeds of debris with respect to the
satellites are primarily a function of orbital geometry, and so are
common to both fragmentation scenarios, particularly for the large,
lower-velocity fragments that produce the highest A values.
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Fig. 5 Constellation collision probability over time, following the
explosive breakup of a constellation satellite.

Launch Vehicle Breakup

A launch strategy and debris mitigation policy similar to that
proposed for Motorola’s Iridium constellation is assumed for the
800-satellite constellation case study considered here. Iridium is
due to commence operations in 1998 and Motorola has included
debris mitigation as a major mission design driver from the outset.
The multiple launches that will be used to build the modeled con-
stellation similarly should be devoid of operational debris. Initial
parking orbits below the constellation altitude are proposed, with
the satellitesboosting themselves up to operationalheight after sep-
aration. It also is proposed that the rocket second stages will be
deorbited after use and vented of residual propellants to lessen the
risk of explosive fragmentation.

If the rocket bodies are successfully made safe after satellite
release, then the risk they pose to the constellation will be negli-
gible. However, if a system malfunction occurs that prevents the
deorbit maneuver, the presence of the spent stage will heighten the
debris risk to the constellation. In the event of a collision between
the stage and a member of the background debris population, or
indeed if it were to suffer explosive breakup, then the additional
debris cloud formed may impinge upon the constellation altitude.
These two scenarios are modeled for the 800-satellite constellation
considered here.

In particular, the effects on the constellation of the fragmentation
of a 900-kg Delta-2 rocket body are simulated and examined. The
rocket body is assumed to be in a circular orbit at 500-km altitude,
with its inclination and ascending node position both equal to that
of one of the constellation planes. The breakup occurs on the equa-
tor, in phase with the passage of constellation satellite 1. Further,
the constellation is assumed to be complete to enable a worst-case
scenario to be examined. Such a situation would occur during the
launch of replacement or redundant satellites.

Collision-Induced Breakup

The breakup of a Delta-2 rocket body is simulated using
BREAKUPA4.0, following a collision with a 1-kg debris object at
10 km/s. Fragment ejection velocities of up to 2 km/s are consid-
ered by TARGET4.0 in the subsequent collision hazard analysis.
The resulting constellation collision probability is shown over time
and satellite number in Figs. 6 and 7, respectively. The estimated
collision probabilities are of the same order of magnitude, but nev-
ertheless less than those for the satellite breakup scenarios.

Figure 8 shows the distributionof debris impact-energy to target-
mass ratio over satellite number. This is around three orders of mag-
nitude less than those found in the constellation-satellie breakup
case, however, indicating that the collision-inducedlaunch-vehicle
breakup is less effective in spreading relatively large debris frag-
ments up to constellationaltitude. The effect of varying the launch-
vehicle parking altitude is examined later.
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Fig. 6 Constellation collision probability over time, following the
collision-induced breakup of a launch vehicle.
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Fig. 7 Constellation collision probability relative to satellite number,
following the collision-induced breakup of a launch vehicle.
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Fig. 8 Maximum debris impact-energy to target-mass ratio relative
to satellite number, following a collision-induced breakup of a launch
vehicle.

Explosive Breakup

The low-intensity explosion of a Delta-2 upper stage is simulated
using BREAKUP4.0. TARGET4.0 is used to assess the collision
risk to the constellation from debris ejected from the breakup, with
delta-vs of up to 500 m/s considered. The constellation collision
probability over time is shown in Fig. 9, where the values predicted
are around two orders of magnitude less than those found for a con-
stellation satellite breakup. However, an assessment of the debris
impact energy to target mass ratio in this case reveals that lethal
values up to 900 J/g are possible, as shown in Fig. 10, indicating
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Fig. 9 Constellation collision probability over time, following the
explosive breakup of a launch vehicle.
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Fig. 10 Maximum debris impact-energy to target-mass ratio relative
to satellite number, following the explosive breakup of a launch vehicle.

that debris large enough to fragment a constellation satellite can be
encounteredat constellationaltitude. So, althoughthe probability of
an event is relatively low, the consequencesof such an event are se-
vere. That potentially damaging fragments are ejected from 500 km
to 700 km would seem at first a surprising result. However, a simple
calculation shows that the delta-v required to do this is a moderate
~55 m/s. The relationship used in the SDS software to relate frag-
ment size to ejection delta-v is that due to Reynolds.'® This, in com-
bination with the moderate delta-v requirement, shows that indeed
trackable fragments will reach the constellationand with potentially
damaging energies. The most severe cases, as indicated in Fig. 10,
correspond to satellites that are counter-rotating with respect to the
fragments, where typical impact speeds are of the order ~15 km/s.

Effects of Launch-Vehicle Parking-Orbit Altitude

The height of the launch-vehicleparking orbit below the constel-
lation altitude will affect the collision risk to which the constella-
tion is exposed from a debris cloud generated by a launch-vehicle
breakup. The risk to the constellation resulting from collision-
induced launch-vehicle breakups is examined, as an example, at
five parking-orbitaltitudes in addition to the 500-km baseline case
discussed in the preceding sections. The baseline correspondsto an
altitude difference of 200 km between the parking- and mission-
orbit altitudes. Figure 11 shows that, generally, the collision risk to
the constellationreduces as the parking-orbitheightis lowered with
respect to the constellationaltitude. The 50- to 300-km-curvelabels
referto the heightbelow the constellationaltitudein each case. These
data indicate that increasing the altitude difference from 50 km to
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Fig. 11 Effect of launch-vehicle parking-orbit height on the constel-
lation collision probability, for the case of a collision-induced launch-
vehicle breakup. The labels correspond to the height difference between
the parking orbit and the constellation orbit.

250 km produces a 40% to 50% decrease in collision probability.
However, it should be observed from the step in the 200-km curve
that, although the collisionrisk generally diminishes with increased
heightdifference,lower parking orbits in fact can give rise to higher
values of collision probability if the constellation-breakup geome-
try producesa particularly high-risk debris-target encounter. In this
particular case, a step in the cumulative collision probability is ob-
served in each case at around 145 min after the breakup event. This
correspondsto approximately % times the orbit period 7 of the direct
elliptical orbit between the breakup altitude and the constellation.
This, in combination with appropriate phasing of the constellation
members, means that an encounter with the debris cloud at a pinch-
pointlocationis likely, which would resultin a significant rise in the
risk at this time. Although this physical explanation helps to inter-
pret the results, it nevertheless represents a simplification of what
is a complex interplay of geometry and dynamics, which is fully
modeled by the computational simulation.

An investigation of the debris impact energy shows that, even
when the parking orbit s raised to within 50 km of the constellation
altitude, debris from the collision-induced launch-vehicle breakup
is unable to produce a catastrophic secondary fragmentation. The
maximum value of A in this case is around 6 J/g, and the value drops
off rapidly with decreasing parking-orbitaltitude. As expected, the
lowering of the parking orbit not only reduces the chance of a sec-
ondary collision following a launch-vehiclebreakup, but also tends
to reduce the severity of any collisional event.

Conclusions

The potential hazards associated with constellation operations
are numerous. Breakups of both constellation satellites and launch
vehicles pose a threat to the constellationas a whole, and the orbital
environment in general. Locating large constellations in or close
to highly populated orbital regions heightens the probability of a
collision between a constellation spacecraft and the background
debris population.

This study shows that the probability of serious debris impact
damage to the constellation is low in the short term. The reader
is reminded that the probabilities stated in the study are per square
meter of target. Consequently,an assumption that each constellation
member has a cross-sectionalarea of the order of 10 m? increases the
given probability estimates by an order of magnitude. Nevertheless,
the conclusion remains that the risk of impact damage is low.

A primary conclusion of the study is that a collision-induced
breakup of a constellation satellite poses the greatest risk to the re-

mainderof the constellationin terms of the possibilityof a secondary
fragmentation. In addition, it was found that the collision probabil-
ities associated with explosive breakups are less than those from
collision-inducedevents, but the abundance of large fragments pro-
ducedby low-intensityexplosionsin particularmeans thatlethal sec-
ondary impacts are possible, even from breakups of launch-vehicle
stages 200 km below the constellationaltitude. Further, the satellites
closest to being in phase with the breakup body are found to be most
atrisk from collision. However, those in orbital planes farthest from
the breakup orbital plane are most likely to undergo a catastrophic
fragmentation as a result of a debris strike.

Finally, the SDS software has proven to be a useful tool in assess-
ing the short-term debris risk to satellite constellations. The cases
presented could have been extended in terms of simulation period
(perhaps to several days), but at the expense of a significant increase
in computational run time.
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