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Abstract

Even if global space policy successfully curtaitsasbit explosions and ASAT demonstrations, studidgate that
the number of debris objects in Low Earth Orbit Q)Bwill continue to grow solely from debris on disbeollisions
and debris generated from new launches. This stxdgines the threat posed by this growing spacesdeb
population over the next 30 years and how improvesia our space tracking capabilities can redheenumber
of Collision Avoidance (COLA) maneuvers requireapehe risk of operational satellite loss withitetable
limits. Particular focus is given to satellites cated by the Department of Defense (DoD) and ligtstice
Community (IC) in Low Earth Orbit (LEO). The follomg debris field and space tracking performanceupaters
were varied parametrically in the experiment talgtthe impact on the number of collision avoidan@neuvers
required:

- Debris Field Density (by year 2009, 2019, 2021 2039)

- Quiality of Track Update (starting 1 sigma errthipsoid)

- Future Propagator Accuracy (error ellipsoid gitowdtes - Special Perturbations in 3 axes)
- Track Update Rate for Debris (stochastic)

- Track Update Rate for Payloads (stochastic)

Baseline values matching present day tracking pmdace for quality of track update, propagator eacy, and
track update rate were derived by analyzing updatése unclassified Satellite Catalog (SatCatackrupdate rates
varied significantly for active payloads and delangl as such we used different models for the tupdate rates for
military payloads and debris.

The analysis was conducted using the System Effgatiss Analysis Simulation (SEAS) an agent basatemo
developed by the United States Air Force Space Camdis Space and Missile Systems Center to evalbnate
military utility of space systems. The future dslfield was modeled by The Aerospace Corporatiamgue tool
chain which models the growth of the 10cm+ debeklifusing high fidelity propagation, collision,&breakup
models. Our analysis uses Two Line Element (TLEJ aad surface area data generated by this moaeled at
the years 2019, 2029, and 2039. Data for the 2@08iglfield is taken from the unclassified Sat@stusing Monte
Carlo simulation techniques and varying the epdadhe military constellation relative to the debiiedd we were
able to remove the bias of initial conditions. Alatial analysis was conducted looking at the mitatility impact
of temporarily losing the use of Intelligence Siulteace and Reconnaissance (ISR) assets due to Gdeuvers
during a large classified scenario with stresshtiélite tasking. This paper and presentation feitus only on
unclassified results quantifying the potential rettin in the risk assumed by satellite flyers, el potential
reduction in Delta-V usage that is possible if we @ble to improve our tracking performance in ahthese three
areas and reduce the positional uncertainty ofesphjects at the time of closest approach.
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1. IMPETUS

The on orbit collision of Iridium-33 and Cosmos-23%ovided a stark reminder that mission criticikites can
suddenly be lost in a collision. Large spikes ia ttacked orbital debris population associated thith collision, the
Chinese ASAT demonstration and the USA-193 shoatdoave further heighted our sensitivity to thevgrg risk
of collision. The U.S. Air Force has begun explgrpossible system concepts that would provide &weadebris
removal capability. However before any of thesecepts can be developed further there is a neesstsa how our
ability to operate in LEO will be impacted by fugudebris. This study was conducted to performdkaessment.

2. GOALS

The goal of this study was to measure our abititpperate in a congested space environment byastigthe
number of detailed conjunction assessments that lbeugerformed per day and the number of collisievidance
maneuvers required to maintain a safe separatiwvelea objects. The goal was to determine how numbtrese
events will be impacted if the following is achieivi& the future: a system is fielded to activelgnove space debris
and/or tracking improvements reduce the positionakrtainties associated with each object.

3. METHODOLOGY

In order to make the problem more tractable whilaaining relevant we limited the scope of our asialyo look
only at the operational stresses, in terms of garjans assessments and collision avoidance marseuwguired
for Department of Defense and Intelligence Commusittellites that traverse through LEO. We focused EO
because it is heavily utilized and because it e Highest density of debris objects. In modelihg tebris
population we limited our analysis to debris olgettiat are large enough to be tracked. This limdt@danalysis to
44 operational satellites vs. between 13,310 an@287debris objects depending on the time frame.

31 MODELING DEBRISEVOLUTION TO ESTIMATE FUTURE DEBRIS POPULATIONS

To perform the analysis required for this studyuprto-date orbital debris model with associategdmtions of the
future debris field was required. The availableitattdebris flux models do not include the recehirn@se Fengyun-
1C event in January 2007 or the Iridium-33/Cosm@s12collision of February 2009. It should be notieat updates
to these models are expected in calendar year Z@0re 1 shows the historical number of objectddanv Earth

Orbit (LEO) along with most severe debris-genegptvents (“severe” as a measure of the number jectsbthat

were tracked from the event) and shows the negesfsihcluding the recent events in analysis otifatmissions. The
Fengyun-1C and Iridium/Cosmos events significaotignged the LEO environment, together roughly daghthe

amount of tracked debris objects in LEO.
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Fig. 1. Number of objects in LEO



Figure 2 depicts the process that was used to gentire predicted debris population at future titheBhe starting
population was assumed to consist of two parts. flisé was the public Resident Space Object (RS&glog
produced by the Joint Space Operations Center (@ppid2ted June of 2009. This will be referred tdtes current
population. The second population was a model ef fiture launch activity. The future launch activivas
represented by the last 10 years of historical/iigtaind consisted of a total of approximately 11@0v objects added
over each 10-year time span.
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Fig. 2. Schematic diagram of population generapiatess

The current and future populations were propagiesard in time for 30 years using the mean elenpeapagator
MEANPROP (based on a version of Draper Lab's SBpBnd the MSIS-90E atmosphere with mean atmospheric
activity to represent drag along with 16x16 EGMwiafield, solar radiation pressure, and Sun armbMthird body
effects. To properly capture the relevant pertugbiarces on the objects, cross-sectional areasnasmbes were
required. The masses were derived from a databaskiged by NASA while the areas were computed usiaigr
cross sectional (RCS) values from the RSO catddogvever, past studies have shown that the indiViR@S values

for the same object can be highly noisy due toualé, atmosphere, and site dependent calculatobmigues, even for
spherical objects. To account for this, each objedhe catalog had an average RCS computed ovewvailable
historical values and then converted to a charatitetength through the NASA Size Estimation Madehe final size
was used as the basis for the collision radii Withcharacteristic lengths scaled to match spekiftavn objects.

Collisions were generated using an orbit tracesingsmethod (OCTM) where each pair of objects wasreéned to
determine if their orbits crossed (if they didrtthen no collision was possible). When an orbit dracossing was
discovered, the collision probability was compuésgduming the in-track positions of the two objeatse not known.
The collision probability represents the likelihoiét the two objects are in the same locatiolmatsame time and is
thus a small number. A random variate was then dria@m a uniform distribution over the interval I{, A collision
was assumed to occur if the random variate washessthe probability of collision. A Monte Carloraulation of 100
separate cases was generated to simulate a brugel aficollision scenaribs

The program IMPACT was utilized to determine thguleng debris field from each simulated collisidMPACT is a
semi-empirical explosion and hypervelocity collisimodel developed by The Aerospace CorporatitMPACT
enforces energy, mass, and momentum conservatipnoduces either a statistical representatiorhefdebris field
created by the collision or a discrete represeriadf the debris field that has equivalent stat#tproperties. For the
current analysis to be able to model individualjonations and their effect on mission utility, tdscrete population
averaged over the 100 Monte Carlo cases was utilize

The process is repeated to account for new debtenpally causing additional collisions and hemeceating even
more debris (first generation debris, second geioeraebris, etc.). The advantage of this combamatf RCS-based



size estimation, orbit trace crossing method, adi&@ACT collision model is that it accounts for cdateons in
collision parameters including orbital geometry amalsses of colliding objects.

The results of this model are shown in Fig. 3 anBig. 3 shows the average number of predictedctbja LEO as
a function of time. The current population shows #xpected decrease due to the decay of loweudsdtibbjects
while the future launch activity shows growth asrenobjects are placed into orbit. Since the curpagulation
dominates the number of objects, the current pdijpnlaalso dominates the collisions with the futedlisions
showing small influence on the result. Of intetteshote is that even with no launches (i.e., tHartiactivity was
removed from the simulation), the overall numbemwobfects in LEO will still grow due to the collisie between
currently orbiting objects. The growth is not draimaver the 30-year timescale, but the resultscate the debris
population in LEO is self-perpetuating. Fig. 4 sisothe altitude variation in the LEO environmentl&tyear
intervals (year 0 is 2009, the beginning of the eliody effort). As can be seen, the flux generallgreases over this

time span, but not to a substantial degree. At 48B0the density of objects increases by approxige&i0% over
the next 30 years.
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3.2 MODELING OF POSITIONAL UNCERTAINTIES

With perfect information regarding the locationtbése space objects it would be possible to presiwollisions

with maneuverable objects with a negligible exptméiof Delta-V and negligible loading on commamnd &ontrol

systems since actual collision events are extremsely. However our measurements and propagatiorelsade

imperfect, as a result when we try to predict @ltg’s location days into the future using orhifsrived from past
observations there are significant positional utadeties that result. The location predicted ainzetin the future
cannot be accurately represented by a single pgmittis more accurately represented as a three diove

probability density function. The shape of the @bility density is actually quite complex but fdret purposes of
analysis this positional uncertainty region canrdseghly approximated by a Gaussian ellipsoid witloreg cigar

shape with different growth rates in the in-trackgss-track and normal components. The equatiossrideng the

mean one sigma positional error estimate growtbsratere derived by The Aerospace Corporation tegm
analyzing updates to the public Resident Space dDlbggalogue. Whenever a Two Line Element (TLE)vsa$

updated for a non-maneuverable object the distarasecalculated from the new location at the newckpo the

location that would have been predicted at thaetiming the old TLE. The results were used to degivadratic
polynomial equations that describe the one sigmaevéor positional uncertainty in each componenttfack,

cross-track, and normal) based on the time thatlegsed since a track update. It was observedthhbatncertainty
regions grew at different rates based on the objattitude so the three separate sets of equatiens derived, one
for objects below 600km, one for objects betweedké® and 700km, and another for objects above 700kmase

uncertainty regions were then scaled by 1/3 to@pprate Special Perturbations accuracy.

Now that we have a model for the positional unéetyaas a function of time, the next step was ttedrine
reasonable estimates for the amount of time thatldvbhave elapsed since an RSO state vector up@ate.
conducting further analysis of updates to the wssified RSO catalogue the probability distributfon this metric
was calculated for LEO payloads and LEO debris. gitagph below shows the cumulative probability tiat given
amount of time has elapsed since the TLE for a lobf@ct was generated given that the catalogueriemuup to
the minute. The data show that active payloadupdated more frequently than tracks for debris adbjso two
different distributions were used to model the gddatween state vector updates based on the typlgjext.
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Fig. 5. Cumulative probability of track age for LE®jects in the unclassified SatCat
The calculation of the three dimensional positiomatertainty ellipsoid as a function of the timeped since a
state vector update for an object is extremelywlsghen looking at events in the future where tkace sensor and
associated covariance’s associated with the obsengais unknown. We used these uncertainty regiorseate a
filtered list of high risk conjunctions. The follomg table shows the estimated probability thattpace object is
located outside of the positional uncertainty regialculated using the described equations outto 6

o Defining Probability Object is| Expected portion of conjunctions whereConjunctions/month/sat in 2039
Ellipsoid Inside Volume object is outside uncertainty ellipsoid (volumes overlap at < x sigma
1o 0.682689492137 ~1in3 ~ 1.8 (max 7)
26 0.954499736104 ~1in22 ~ 7.6 (max 23)
3o 0.997300203937 ~1in 370 ~ 18 (max 43)
4o 0.999936657516 ~1in 15,787 ~ 33.6 (max 79)
50 0.999999426697 ~1in 1,744,278 ~54.4 (max 126)
60 0.999999998027 ~1in 506,842,372 ~ 81.4 (max 184)

Fig. 6. Table showing the impact of using scalesitimnal uncertainty regions as safety buffers



3.3 DETERMINING EXPECTED CONJUNCTION RATES

To determine the rate of high risk conjunctions mvedeled the orbits of 44 selected DoD/IC satelldes the
trackable debris objects for each timeframe (2@029, and 2039) were simulated in the System Effeicess
Analysis Simulation (SEAS). SEAS is a Government Ofe Shelf (GOTS) maintained by the United Staias
Force Space Command’s Space and Missile SystenterCenr each Monte Carlo run all objects were pgaed
for 30 days using Astro Standard Simplified Gené&iturbations (SGP4) propagator. Whenever an bpgssed
within 800km of our satellites of interest, conjtion assessments were automatically performed. ¥¢d several
methods to build and compare conjunction lists. phmary and recommended method was to use saidtgrb
described above based on the estimated positiowariainties for each object. However we also ukedmore
traditional system developed by NASA of using fixadety volumes to screen for high risk conjunctiorhe table
below shows the dimensions of the safety volumds. [

Safety Volumes Radial In-Track Cross-Track
Monitor Volume (ellipsoid) +2 km +25 km +25 km
Tasking Volume (box) +0.5 km 5 km +5 km
Watch Volume (sphere) 1 km stand-off radius

Fig. 7. Safety volume definitions used by NASA fonjunction reporting

The SEAS model calculates whenever any of thesstysablumes would be penetrated by a piece of delvie
compared the NASA method of using fixed safety wads to our proposed method of calculating the ptedi
positional uncertainty ellipsoids for each objentlaletermining the amount of overlap. We discovelede key
benefits favoring the use of dynamically sized salfeiffers based on the objects positional uncetgaiolume.

1) The positional uncertainty method indentified aiddial high risk conjunctions that failed to meee th
monitor volume, tasking volume and watch voluméecia and would have been accidentally ignoreck (se
row three in fig. 8 below)

2) A significant reduction in the total number of higek conjunctions reported is achieved vs. usimg t
NASA monitor volume. Where many close approachaddcbe determined to be safe based on track
accuracies and orbital geometries before repor{seg row 2 in fig 8 below)

3) Any improvements in our tracking ability that redugositional uncertainty further reduce the nuntfer
high risk conjunctions reported using the positlonacertainty method whereas the conjunction lists
generated by the NASA safety volumes would remash as large.

Average number of occurrences Positional Uncertainty Ellipsoid Size
(per month per sat) 60 56 4o 3o 20 1o

Conjunction identified by both 191 156 ~11.9 76 -39 12
Monitor Volume and Positional
Uncertainty Regions

Extra “junk” conjunctions reported by
monitor volume when positional ~121.2 ~124.7 ~128.4 ~132.7 ~136.4 ~139(1
uncertainty regions do not overlap

Positional Uncertainty Region - _ N _ _ _
Overlaps Missed by Monitor Volume 62.2 388 218 104 3.7 0.6

Fig. 8 Table highlighting the difference in the ragn of conjunctions reported by each method

We have successfully demonstrated that one cadlyapénerate a smaller, more accurate list of awtjans by
using this positional uncertainty method. Thesewations are automated in the SEAS model and It@ithms
are efficient enough to perform many vs. all cosjion analysis at 30+ times realtime on singledppgEPU.

34 EXPERIMENT
After calculating the expected number of conjuntiohat violate the positional uncertainty regiofigll sizes out
to 606, we conducted the following experiment to see hbe number of uncertainty region violations woule b
reduced if the following improvements are made. Hide below describes the experimental parameters.

Experimental Parameter Values

Number of debris objects actively removed (0-50 objects)

Percent reduction in RSO state vector positionretrtime of update (5%, 10%, 15%, ... 95%)
Percent reduction in RSO state vector positionreyrowth rate (5%, 10%, 15%, ... 95%)
Percent reduction in the typical delay between R&e vector updates (5%, 10%, 15%, ... 95%)




A full factorial sweep of the experimental parametwas conducted in the simulation. The equati@siibing the
positional uncertainty as a function of time wenedated for each combination of experimental pararset
Conjunction analysis was performed again to cateutae number of conjunctions that violate the eisdéed

smaller positional uncertainty regions. The percedtictions achieved are detailed in section 5.

4. OBSERVATIONSREGARDING CONJUNCTION DISTRIBUTION

One observation that was clearly apparent in abhwfresults and rather intuitive is that for congtion events in
Low Earth Orbit there is a dense clustering of évext the north and south poles. This is a natoasequence of
SO many objects being in sunsyncronous orbit, tbhegects all have high inclinations and similaitattes thus they
end up passing through a small volume of spackeapobles such that there is a much higher densibpjects in

this region. Note the geospatial distribution ofijomction events in fig. 9 and 10 below.

} N - } Lo e 24018104 kmes 2 o o .
Fig. 9. A screen capture from the SEAS simulatibovang the geospatial distribution of a month’s thoof
conjunctions in the northern hemisphere for 44 L&®ellites vs. the 17,029 >10cm debris objects ipred! in
2039. Each white dot represents a debris objedtt(necale). The red text indicates the locatiora afonjunction
event, the larger the text the higher risk the eodiion, the numerical value is the number of stéaddieviations at
which the positional uncertainty regions for eableot overlap.
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Fig. 10. A graph showing the probability that ajomction occurs within the 5° latitude band. Tépecific graph is
for 60 positional uncertainty regions in 2039 but the sarand is evident in all timeframes and all safetjuymes

In general the density of conjunction events areetated with the density of resident space objéldtss is also true
of the altitude at which conjunctions occur. Thesga indicate that the non-uniform density of otgdo space
could potentially be exploited when planning orbidée recommend that system planners model all m@gporbits
and conduct a similarly detailed analysis of conjioms over the expected life of the satellitedtest an orbit that
attempts to minimize the number of expected corjans while optimizing the satellite access to ndraeeas of
interest and ground segment nodes. By being cautma selecting orbits that traverse less densabylpted

regions in space one can decrease the number @fctexp conjunctions and in turn the number of doltis
avoidance maneuvers required to maintain a saigffigtbaround the space vehicle. Such planning ednae the
risk of collision and decrease the Delta-V consuritedCOLA maneuvers possibly extending the usailidedf the

satellite.

If a satellite has a high inclination and will teage the polar regions we further recommend thetatprs consider
the possibility of orienting the satellite and/tw $olar panels (pitch and yaw) to reduce the ptegesurface area in
the most probable encounter plane. One should talgower generation needs and slewing responsivenes
requirements with the potential reduction in cadlisprobability.

5. RESULTS
If no improvement is made in regard to our spaaeking capabilities then the expected number ofucantions
that will likely require collision avoidance maneus to keep a safe separation between objectbedbme
excessive within the next 30 years. The next pagags detail how the number of events can be draaditi
reduced by making small improvements.

The impact of active debris removal was determioduoke negligible for the satellites we examined. \dlend that
very few debris objects turned out to be reliableeat offenders. Those that were repeat offenders most often
in a chase pattern with the primary object suchttenumber of high risk conjunctions could be s effectively
reduced by maneuvering the primary object to getwo objects out of sync instead of removing thgct from
orbit. To highlight this phenomenon | will give arample from a selected of run of the model... ouhef3011
high risk conjunctions identified during the mortthe piece of debris responsible for the most awtjons had
only 11 conjunction events. Of those 11 eventsegeva result of that debris object and the prinsatgllite being in
a chase pattern. Fig. 11 shows the best possibtemtage reduction in the number of conjunctiorsassumes
perfect information regarding which debris objeats the worst offenders so that removal is prizei
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Fig. 11. Graph showing percent reduction in conioms achieved as a result of debris removal

The impact of debris removal is far overshadowethleyfactors below related to the quality of infation
regarding the objects location. It was determiread making even small improvements in our spaaxkitng ability
has a far greater impact on reducing the numbeomjunctions.
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Fig. 12. Matrix showing the percent reductionsanjonctions achievable by reducing state vectarerr

Fig. 12 shows that a percent reduction in the osirror growth rate is worth more than a percedtction in the
starting position error at the time of a state oectpdate. Error growth rate is clearly the donenfaictor between
these two. Error growth also dominates debris rexhas just a 10 percent reduction in the positionregrowth

rate is approximately three times more valuable tieenoving 50 debris objects.



Percent Reduction in RSO Position Error and Position Error Growth Rate
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Fig. 13. Matrix showing the percent reductionsamjanctions achievable by reducing the delay betviesck
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6. CONCLUSIONS

For the satellites we examined, our results higtlibe following. Even though a significant increas the debris
population is projected there will be little benéfi developing a system to actively deorbit debbgects. In fact
our data indicate that the largest reduction inuaetions and collision avoidance maneuvers waliesimply
from increasing the rate with which debris statetees are updated. Further reductions in the erpeatimber of
conjunctions can be achieved by improving the @yali our observations and force models to redheebsition
error growth rate when predicting where the obyétitbe in the future. Reducing both delay and fiosierror
growth has a synergistic effect. Using the conjiamclist to cue SSN assets to provide high qudlisy in time state
vector updates for debris objects prior to conjiomctvith a primary object may be enough to avowl leed for
COLA maneuvers for a significant proportion of doteld conjunctions. Other gains may be possibladding
additional SSN assets and/or optimizing how SSNKtasse scheduled. It appears that the key to ssiggduture
debris environment is reducing the positional utaiety for debris which is currently significantlyeater that the
positional uncertainty associated with payloads.
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