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Orbital Debris Hazard Assessment Methodologies
for Satellite Constellations
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The expected proliferation of satellite constellations in the near future will tax the space environment in several
ways. The many steps used to assess hazards posed to or by a satellite constellation are illustrated. Two categories
of environmental impacts are examined: the effects of the constellations on the space debris environment and
the effects of the environment on the satellite constellations. Issues such as intersatellite collision hazards for
both controlled and uncontrolled spacecraft, intrasatellite constellation collision hazard (collision risks between
members of a constellation), and collision risk between constellation members and the cataloged and uncataloged
space population are included. Additional analysis of compliance issues with national space policy, voluntary
national debris mitigation guidelines, and international concerns are also addressed.

Nomenclature

probability of accidental explosion
probability of impact with debris >10 cm

exp

imp

Introduction

N the next decade, many large and small satellite constellations

are likely to be deployed. Two issues that will have to be faced
with each of these constellations are the effects of the space debris
environmenton the constellationand the effects of the constellation
on the space debris environment. Constellation designers and oper-
ators should keep these two issues in mind when developing design
and operational procedures.

For demonstrationpurposes, this paper shows resultsof an assess-
ment process for a hypotheticallarge constellationby examining the
process a satellite designer could take in quantifying the space de-
bris risk. The primary focus of this paper is on the methodology
used to define the debris hazard and the identified areas of the life
cycle that each assessment step affects. Figure 1 shows this process
flow. The column on the left shows the phase of the system life cycle
impacted by each step of the debris assessment. Note that this is a
closed-loopdesign process, in that the results of the assessment are
used to modify the design of the system, if needed. Because the focus
is on the process rather than specific mathematical models, the var-
ious models used were chosen based on their availability to the Air
Force Research Laboratory’s Space Debris Research Program. The
Aerospace Corporationdeveloped most of these models over the last
decade for the U.S. Air Force. Other models that perform the same
functions could be substituted and would likely produce different
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results due to the differences in the assumptions and limitations of
the specific models. However, the process undertaken in the debris
hazard assessment will remain unchanged.

The first objectiveis to define and assess key system-levelissues.
First, however, a specific satellite design must be developed.Launch
hazards are primarily associated with the reliability of the launch
vehicle system and are not covered in any detail in this paper. The
breakup and survivability assessment is system and component de-
pendent and also will not be covered in this paper due to the large
variety of hardware componentsand materials used in satellites. The
models are updated based on relevant design, launch, and surviv-
ability characteristics. Next, the long- and short-term effects on the
environment, the constellation system, and other users of space are
assessed. The assessmentbegins with an analysis of the background
hazard. When the breakup characteristics of the system are taken
into account,the long-termprojectionswith and withoutthe constel-
lation are made. Once the environmentis quantified, estimates of the
probabilities of collision for spacecraft and components are made.
After the long-term hazard is determined, the short-term hazard is
assessed. This short-termhazard assessmentinvolvesestimating the
effects of collisions and nearby explosions on the constellation. A
strong consideration posed here is lethality. For example, a 1-cm
object traveling at a relative velocity of 10 km/s will damage a
spacecraft much more than the same size object traveling at a rela-
tive velocity of 2 km/s. Thus, it is not only necessary to assess the
collision risk, but the lethality risk as well.

Then, the intersatellitecollision hazard is determined during nor-
mal constellation operations and during both controlled and un-
controlled deorbit. First, normal operations are studied. Here, the
satellitesare controlled,and it is assumed that active collisionavoid-
ance will be performed (if needed). The second and more stressing
case examines the uncontrolleddeorbit phase in the operation of the
constellation. This phase would occur if some or all control of the
satellite were lost and a controlled reentry could not be undertaken.
The satellite lifetimes are estimated at varying times through the
mission, and the probability of collision for a decaying satellite is
determined. The controlled deorbit scenario is studied, and various
considerations dealing with this phase are also addressed.

Finally, an assessment is performed to examine compliance ap-
proaches with appropriate policy and guidelines. Applicable guide-
lines for individual programs are developed by the owner/operator/
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Table1 Study objectives

Key questions Study tasks Application of results

What effect will the
background debris
environment have on
the constellation?

Assess hazard
predictions against
mitigation options

Preliminary design

Review of existing
debris policy and
mitigation guidelines

Long-term hazard

What effect will the assessment guidelines
constellation have Short-term hazard Identify key areas
on other users? assessment for more in-depth

What effect will the Intersatellite collision analysis

constellation have hazard assessment

on itself?

Table2 Guidelines applicable to a constellation

Debris source Published NASA guidelines

Released during normal <0.1 m?/yr and <100 obj/yr

operations for > 1-mm debris
Generated by accidental Probability of accidental
explosions explosion, Pexp <0.0001

Collisions with large objects ~ Probability of impact with
debris >10 cm, Pyyp <0.001

Decay with lifetime < 25
years, or retrieve within 25
years or transfer to a storage
orbit above LEO

Controlled reentry away from
land masses, uncontrolled

total casualty area < 8 m?

Postmission disposal

Control of reentry risk

Launch
Step 4: Long-term effects assessment

Operations Step 5: Short- term hazard assessment

Step 6: Inter-satellite collision

Step 1: Environment Definition

New
Design

Step 2: Launch hazards

Step 3: BU/Survivability assessment

suojjepuaWIWIodsy

Step 7: De-Orbit Hazards

v

Step 8: Debris policy compliance review ]

Removal

Fig. 1 Process summary related to system lifecycle.

customer of the system. The objectives for this assessmentare sum-
marized in Table 1.

For demonstration sake, we will assess the compliance of the
hypothetical satellite constellation used in this paper to published
NASA guidelinesto illustrate the assessment process. These guide-
lines and hypothetical constellation design goals are presented in
Table 2 (see Ref. 1).

The methods by which a constellation designer plans to accom-
plish debris mitigation objectives are typically determined in the
final design and operational planning stages. However, it is possible
for the designer to perform a preliminary debris hazard assessment
for the constellation in the preliminary or critical design review
phase. Some of the areas for mitigation and example goals to meet
the Table 2 guidelines are presented in Table 3.

Table 3 Areas of debris mitigation

Areas for mitigation Potential example debris mitigation goals

Released during
normal operations
Generated by accidental
explosions

Goal of zero operational debris

Goal of zero explosive potential
Nonexplosive thrusters
Assess battery risk
Autonomous control, orbit
management, stationkeeping
Collision avoidance maneuvers
Maintenance of critical
functions (redundancy, hardening)
Deorbit all mission hardware
Highly reliable, fault-tolerant
control and propulsion systems
Options for deorbit of disabled satellites
Design for complete burn-up on reentry

Collision with large
objects (>10 cm)

Collision due to

loss of control
Postmission disposal

Control of reentery risk

Table 4 Satellite size and mass properties

Average cross-sectional Mass,

Component area, m? kg
Entire satellite 94.9 1000
Solar array 58.4 100
Antenna 34 75
Electronics boxes 0.3 200

Hazard Assessment for a Large Satellite Constellation

A hypothetical large satellite constellationis now examined. An
800-satellite constellationis used (similar to the constellation used
by Walker et al.>*). We assume that these satellites are designed
for a 10-year lifespan, common for many systems, and will begin
operations starting in 2001. The constellationis to be placed in 20
orbital planes with 40 satellites per plane. The orbits are circular
and sun-synchronous at 700-km altitude. The ascending nodes of
adjacent planes are spaced at 18 deg around the equator. Whereas
a real-world constellation would have variations in some of the
orbital elements (noncircular orbits, slight differences in altitude,
and inclinations), this case is a nominal design. Small variations in
these orbital elements would further disperse the constellation, thus
reducing the probability of intersatellite collisions. For simplicity,
these variations are not included in this study.

The environmental interactions of major components along with
the entire spacecraft of a representative communications satellite
are analyzed next. Satellite size and mass properties for the major
components of an example spacecraft are shown in Table 4. The
resulting probabilities scale linearly with the size of the compo-
nent. We assume that the constellation has an attitude control and
stationkeeping capability.

The long-term hazard assessment was done using several com-
puter models. The program EVOLVE-D* was used to estimate
the current and future low-Earth-orbit (LEO) debris environments,
based on modeled historical launches and breakups and anticipated
sources and sinks. The assessmentuses two differentbreakup mod-
els: IMPACT? and EVOLVE.S To estimate the current and future
LEO debris environments based on measurement data the NASA
EngineeringModel (in ORDEMY6; Ref. 6) was employed. Another
model, DENSITY,” was used to determine the long-term spatial
density distributions of orbital objects (satellites, upper stages, and
debris) and to estimate the current and future LEO debris envi-
ronments based on the Air Force Space Command (AFSPC) cata-
log and proposed spacecraftsystems including commercial satellite
constellations. Finally, LIFETIME? estimates orbital lifetimes of
objects and includes the option of maintaining attitude variation ef-
fects (pointing of the solar panels). LIFETIME was also used to
determine how long fragments remain in orbit following a breakup.

In performing the short-term hazard assessment, IMPACT was
utilized to estimate fragment characteristics (mass, size, and veloc-
ity distribution) for spacecraft explosions and hypervelocity colli-
sions. Program DEBRIS® estimates the short-term (first few orbital
revolutions) hazard to operational satellites from breakup debris
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cloud(s). In assessing the intersatellite collision hazard, the AFSPC
program COMBO can be used to calculate close approach occur-
rences. Although not a debris issue, errors in orbit propagation and
determination can make collision avoidancean issue of concern for
satellite operators, and, should a collision occur, it then becomes a
debris issue. Programs LIFETIME and DENSITY were also used
in evaluating the intersatellite collision hazard.

Results

The preliminary results are categorizedinto three components: 1)
long-termhazard assessment, 2) short-term hazard assessment, and
3) intersatellite collision hazard assessment.

Long-Term Hazard Assessment

There are several considerationsin assessing the long-term haz-
ard. It is necessary to determine the background hazard from the
debris environment, both current and projected. From the back-
ground determination, we estimate the collision probabilities for
satellites and components. Looking at the assessment from another
viewpoint, we can also examine the long-term hazard of satellite
components on the background environment.

The currentdebris environmentis based on several models. There
are some inherentuncertaintiesin the measured and modeled debris
environmentin the 1-10-cm-size range because the Space Surveil-
lance Network typically tracks few objects smaller than 10 cm. At
the example constellation’s nominal operating regime, the debris
flux based on several models is shown in Fig. 2. Figure 2 shows
the level of uncertainty in various models, demonstrating that due
to the extreme lack of measurement data it is very difficult to de-
termine which is the right model to use. The curve associated with
EVOLVE-D (I) shows the results using the IMPACT breakup model
with the EVOLVE-D software. EVOLVE-D (E) shows results us-
ing the breakup model in the NASA EVOLVE model instead of
IMPACT. For comparison, the meteoroid environment flux is in-
cluded. Although these models have been and are continuing to be
updated, the analyst is advised to use the most current and/or most
readily available models. The models used in this assessment were
the most readily available when the study was conducted. Because
the focus of this paper is the assessment process, the models are
used for demonstration purposes only.

Based on the proposed addition of the constellation to the space
environment, the flux increases only near the operating altitude, as
showninFig. 3. Figure 3 assumesa 5% peryear growth (extrapolated
from historical growth rates) from July 1994 to 2006 (midpoint of
10-year mission) in the satellite catalog. Use of different growth
rates will cause the results to change, but the methodology will not.

Next, an estimate of the collision probabilities for both the en-
tire spacecraft and the main components are made. The individual
component impact likelihood is determined by vehicle design and
is proportional to the cross-sectionalarea. Because of the relatively
large area of the solar panels, these are the most likely components
to be involved in collisions. Although the panels would be hit more
frequently, there is a relatively low probability of a full solar panel
breakupdue to the particularsof many solar panel designs. For these
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Fig. 4 Average number of impacts on representative spacecraft over
10-year mission.

designs, there is a higher likelihood of a punch through collision,
which would produce small secondary debris that would be unlikely
to create further breakups. However, the solar panel response to im-
pact is not well understood and is highly dependent on the type of
array.

Other likely possibilities include collisions between debris and
antennas. Less likely would be collisions between debris and elec-
tronic boxes. Finally, the least likely scenario, as well as the worst-
case scenario, would be a satellite-to-satellitecollision.

Based on the results of the study, the number of impacts from
debris greater than 1 mm over a 10-year mission lifespan is pre-
sented in Fig. 4. Notice that the graphs are plotted for both an upper
and lower bound. These graphs are based on a Monte Carlo anal-
ysis of many simulations. The large number of impacts of smaller
debris will require designs to preclude exposed wires, cables, or
other parts vulnerable to millimeter-sized debris. For a single satel-
lite, collision probabilities for various larger debris over the 10-year
mission lifetime are shown in Fig. 5.

Based on these results, the collision probability with objects
greater than 10 cm exceeds the NASA guidelines, even with today’s
catalog. The majority of impacts on individual components will be
on solararrays, and the lethality of debris hits on these panels would
need to be studied further once a solar panel component design is
chosen. The most lethal collision points on the satellite are the elec-
tronic boxes. Should one of these boxes be hit by a piece of debris,
the satellite has a strong likelihood that loss of control will occur.

The results of this study found that the large constellation can
expect a large number of impacts of smaller debris. Design actions
could be recommended to protect wires, cables, or other parts vul-
nerable to millimeter-sizeddebris. The functionality of the satellites
can be assured by proper hardening, for example, shielding and
redundancy. The generation of secondary debris requires further
study, including investigation of mitigation techniques.
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Fig. 6b Noncoplanar satellites.

Short-Term Hazard

The nextareaexamined is the short-termhazard posed to the con-
stellation members due to breakup debris, both nearby explosions
and component collisions. Figures 6a and 6b show the sample con-
stellation members used in the short-term analysis. The numbers
refer to arbitrary satellite numbers. Figure 6a shows several mem-
bers of an individual orbital plane, whereas Fig. 6b shows member
satellitesin different planes.

First, examples of nearby explosions are modeled. One occurs
at the same altitude as the satellite constellation (700 km), and a
second one occurs at an altitude lower than the satellite constella-
tion (663 km). For both breakup altitudes, the collision probabilities
for 1-mm and larger fragments (Fig. 7a) and 1-cm and larger frag-
ments (Fig. 7b) 24 h after breakup occurs are plotted. Note that the
663-km explosion adds virtually nothing to the collision probabil-
ity from the background. The collision probabilities are generally
orders of magnitude lower than the collision probabilities of the
same altitude explosion case. The added effect of an explosion at

D700 km explosion altitude 0663 km explosion altitude

1.E-06

@

E)

o 1.E-07

]

T =

2 5 1.E08-

2.8

£2735 g9l

g E

& E 1.E-10+

- ~

L |_|

2 1.E-11+

°

o 1
1.E-124 A

12 3 456 7 8 9 1011
a) Satellite Number

0700 km explosion altitude E663 km explosion altitude

1.E-06-
1.E-07
1.E-08
1.E-09] - 1 S

1.E-10H

1.E-11+

Collision Probabilities per Square Meter
(1 cm and larger)

1.E-12- —— ”
12 3 45 6 7 8 9 10 1

Satellite Number

=
=

Fig. 7 Collision probabilities for nearby explosions.

the constellation’s altitude does, however, affect the collision prob-
ability of satellites in the constellation for the first several hours
following the explosion. The IMPACT explosion model was used
in these cases. Had the EVOLVE explosion model been used, the
impact probabilities for debris 1 mm and larger in size would have
been approximately 60 times larger.

Two additionalcollisioncases are examinednext. In these cases, a
component of one of the constellation spacecraft (either an antenna
or an electronics box) breaks up due to a collision with a 4-cm
piece of debris impacting at a relative closing velocity of 15 km/s.
In this assessment, it is assumed that the satellite breakupis located
midway in the plane behind satellite 2 and in front of satellite 1;
thus, these are the two closest in-plane satellites. Satellites 1 and
2 are separated by 18 deg. Satellite 5 is 180 deg away from the
breakup, whereas satellites 3 and 4 are 90 deg behind and ahead of
the breakup, respectively. The location of the satellite breaking up
was chosento be at the nodal crossingof the orbital planes, the worst-
case scenario. Satellites 6-11 are located near the nodal crossing
in different orbital planes. This scenario provides a representative
sample of various relative positions for which collision hazards are
assessed. The same process could be repeated for the remaining
satellites in the constellation and probably should be done for the
detailed design process. The maximum closing velocity is 15 km/s,
which allows for studying the worst-case scenario. For a breakup of
a satellite component, the cumulative collision probabilities for one
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day after an antenna and an electronics box breakup are presented
in Figs. 8a and 8b. Similar to Fig. 7, the graphs are for debris larger
than 1 mm and larger than 1 cm, respectively. The highest collision
probability was found for satellite 1 (directly behind the breakup by
9 deg). A time history of the debris impact probability for the case
of antenna breakup for 1-mm debris is presented in Fig. 9.

The study found that the overall maximum collision probabil-
ity was less than the background. Small encounter velocities low-
ered the lethality. The hazard grows rapidly during the first day and
then diminishes. The collision probability is highest for coplanar
satellites and is highest (but still low) for satellite 1. The highest
coplanar encounter velocity occurs for satellite 5, which is diamet-
rically opposed to the breakup point. The lethality is also small,
with fragments smaller than 1 cm dominating the risk. The possi-
bility of additional debris generated by interfragmentcollisions was
not assessed.

Intersatellite Collision Hazard Assessments
The risk of intersatellite collisions during constellation opera-
tions was addressed next. Three time frames were examined. First,

B Antenna Breakup CElectronics Box Breakup

Collision Probability per Square
Meter
(1 mm and larger debris)

a) Satellite Number

normal operations were assessed. Here the satellites are controlled,
and active collision avoidance is performed. The second case ex-
amines the uncontrolled deorbit phase of constellation operations.
This scenario would occur if all control of a satellite were lost and a
controlled reentry could not be undertaken. Satellite lifetimes were
estimated at varying times through the mission, and the probabil-
ity of collision for a decaying satellite was determined. Finally, the
controlled deorbit scenario was studied. In this case, the orbital life-
times were estimated, and a simulation of close approach between
the deorbiting satellite and a projected satellite catalog, including
the constellation, was examined.

For an uncontrolledsatellite, the collisionprobabilityof that satel-
lite, in a given plane, colliding with any fellow constellationsatellite
was assessed. The variation in collision probability over time is re-
lated to the solar cycle. When solar activity is low, the uncontrolled
spacecraft takes longer to traverse the constellation and vice versa.

The results of our simulation showed that during the controlled
deorbit of a satellite using low-thrust propulsion, the time duration
of the deorbit process can be as little as 8 months and as much
as 5 years, depending on the phase of the solar cycle. The time to
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Fig. 8 Collision probabilities for component breakups.
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descend through the constellation can be as much as 2 years. Addi-
tional considerations such as variations in orbital spacing (altitude,
inclination, and eccentricity) can further reduce these occurrences
and decrease the collision risk. Additionally, the risk assessment
process for both controlled and uncontrolled reentry can be ana-
lyzed using methodologies presented by Patera and Ailor,'° among
others.

Debris Policy Review

The U.S. government policy on debris mitigation along with
guidance for implementation of mitigation practices comes from
several sources.!! ~1® Additional mitigation considerations may in-
clude an operational close-approach detection and collision avoid-
ance system (a traffic control system) and installing in situ laser
corner cube detectors on satellites for more accurate tracking. Own-
ers/operators/customers may have either more or less restrictive
guidelines to be met, and these should be handled on a case-
by-case basis.

Based on the example analyzed and using the models available,
the NASA guideline is exceeded for collisions with large objects
(>10 cm). In this example constellation, a given satellite has the
probability of impact on average of 0.008 over the 10-year lifespan.
This means that, on average, approximately 6 of the 800 satellites
will be hit. The primary locations of any expected collisions are the
solar arrays because they are the largest component of the example
spacecraft. These collisions are not expected to be catastrophic but
may significantly affect operatingcapability. The effects of collision
warning and avoidancemaneuversneed furtherstudy. The electronic
boxes, which are the critical control elements, have impact probabil-
ities on average of 0.00032 for debris greater than 1 cm. Assuming
that a collision with a 1-cm fragment is the threshold giving loss
of control, the probability that any of the 800 satellites could lose
control is, on average, 26%.

Conclusions

This paper has developed a methodology to assess the risk posed
toand by a large satellite constellation.The results for a hypothetical
satellite constellation are presented, using representative computer
models. This study found that the effects on the long-term back-
ground were relatively small except for a significant increase in
the immediate vicinity of the satellite constellation, although the
shorter-term effects on some users need to be evaluated further. It
is anticipated that the small debris flux will require design practices
to avoid exposure to vulnerable wires and cables. The mitigation
issues involving the debris lethality for specific componentdesigns
andtechniquesto limit secondarydebris will be dependenton the de-
tailed system-level design of the spacecraft. A breakup of a constel-
lation member poses the largestrisk to coplanar satellites. However,
the risk is still below that of the current and projected background.
Collision avoidance strategies may be implemented; however, this
decision would be based on the desired level of risk an operator is
willing to take traded off against the operational costs of avoiding
potentially catastrophic collisions. Should active collision avoid-
ance be desired, a requirement for sufficient warning time needed to
complete a maneuver must be developed. The present guidelines for
collisionsdue to loss of controlare currently met with the worst-case
assumptions. Follow-on analysis is needed to examine the satellite
failure modes and collision avoidance strategies in the context of a
detailed system-level design of the spacecraft. The long-term haz-
ard assessment found that there is a large probability of collisions
with small particles. We also conclude that even a large constella-
tion affects only users in the vicinity of the operational region of
the constellation. The analysis performed for the short-term haz-
ard assessment shows that the spacecraft are robust to short-term
hazards from nearby explosion and component breakups within the
constellation.

The intersatellite collision hazard assessment showed that the
orbit maintenance plan limits the risk of intersatellite collisions,
consistent with the propulsionbudget. The orbit lifetimes and reen-
try for the spacecraft studies found that deorbit occurs within the
25-year NASA guidelines. Collision avoidance and reentry hazards
must be dealt with on a case-by-casebasis; collision avoidance can

be anissueif thereis a large uncertaintyin the orbit propagationand
orbit determination.Reentry hazards can be issues dependingon the
size of the satellite and the materials used in the constructionof the
spacecraft. The results of the intersatellite collision hazard assess-
ment can be used to manage the risk of intraconstellation collision
within the current propulsion system budget for drag makeup.

The constellationdesign used in this study met all of the NASA
guidelines with the exception of collision with large objects; this is
due to the large cross-sectional area of the satellites and the large
number of satellites. However, it was uncertain whether the NASA
guidelinenumber is applicable for large satellite constellations. Be-
cause many of these guidelines were developed before the creation
of large satellite constellations, a reexamination of the guidelines
and their applicability to large satellite constellationsis necessary.

When assessingthe debris hazard posed to and by a real constella-
tion, otherissues such as launch traffic, solarcycle, and international
debris mitigation practices or requirements should also be taken into
consideration. They were neglected for this example because this
study demonstrates only the methodology.
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