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Abstract
Space situational awareness is the cornerstone of our national strategy to maintain theftnreedom
all nationsto opeate peacefulsystemsn spaceGroundbased adar systems are traditionally used
for deection and tracking of spacebjects in lowearth orbit (LEO), but optical systems are
necessary for detection and tracking of sadliin higher orbits such as mediwarth orbit
geosynchronousarth orbit and lgh earth abit. Current optical surveillance approaches include
both grounebased and spadsmsed sensors. Each approach has its advantages and disadvantages
and there are significant differences in cost daquisition, operationsgnd maintenanceThis
paper presents systematic examination of the characteristics of each approach and the relative
merits of various combinations of groubdsed and spad®msed sensors for detection and
tracking of satellites at altitudes above LEO.

Introduction

Space situationawareness (SSA) is an important activity for national defense and for the
safe operation of civilian saltites for economic purposesThe current approach to SSA for
satellites in high orbits, such as the geosynchroearth orbit (GEO) regionis comprsed of a
diverse collectia of systems thainclude a longestablished, weltonceivednetwork of 1m
diameteraperture telescopes; a single, expensiretotype3.5 m groundbased telescope; a
single expensive pathfinder spabased system, and a lawst demonstration spabased
systempresentlyin development.This current architecture suffers from latency, incomplete
global coverage, and the inability to ebge targets close to the suAlso, the current network
includes twacostlyassets that, for the foreseeable future yasdfordable to replicate.

In this paper, weystematically evaluate and prestm capabilities of various approaches to
optical SSA and compare teestrengths and weaksses along with the relative valokeach
approach, agxpressed in terms dhe cost per obseation. Based on these analyses, we
proposea path forward that combines affordability with sensitivity and significantly reduced
latency.
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Background
SpaceSituational Awareness

One topic of current high importance to national security expertgimy countries is that of
SSA. Many equate SSA to satellite observing, but the topic is much richer, including all
activities necessary to know what systems araig@re on orbitexactlywhere they arat any
specified time where they are going, what they are doing, what their sstddealthare,and
whether or not thereiWbe potential conjunctiond/Vhile space is vast armbmmonly viewed as
limitless, the volume useful for satellite operations around the eantidesdlimited with certain
regions becoming quite congested in recent years.

Whether or not anyone commonly thinks about thespace systems have tremendous
impacs on the daily lives of alnsi everyonewithin the developed world and many within the
developing parts of the world@he economic impact of spagelated activity is enormoud. is
estimated thaspace systems and related servicestributedslightly in excess of $304Bf
economicbenefitfor calendar year 2012At the present timethere are approximately,dD0
active satellites on orbit ranging in complexity from simple cube satel{fefeSats)to
multibillion dollar remote sensing satellitdsone assumean approximate averageplacement
cost of $200M each, this represents a capitalization of $200B for the spaedoraftand
another$75B forthelaunch costs Over thenextdecade, D00 new satelliteare expected tbe
launched, with mosbperatingin low earth orbit (LEO) oGEQ'. In addition to the economic
value of space, the capabilities derived from military spacemsgshave transformed warfare.
Many nations, tovarying degreesrely on space systems for communications, intelligeaicd
indications and warnings of attagkVirtually all nations rely on weather data from satellites for
both military and civilian activities.

All of the 1,000 activesatellites need to be trackdd.additionto active systems, the orbital
environment includes on the order§000 inactive satellites and relatkalgerpiecesof space
junk. Presently, rast piecesof the space debrisretoo small to be trackedt is thought that
upwards of 20,000 pieces of debare present in the size range afm to 10cm along with
approximately200,000 pieces smaller tharcth®. Debris as small asdm can cause catastrophic
damage to an active satelliteis possible that in the near future, objects as smallcasvill be
trackedroutinely, however, aipresent, objects of approximately-@® size are rarely tracked.

The Five Pillars of Space Situational Awareness

SSAinvolves more than theimple tracking of satellite§'he US Air Forcehas categorized
the various activities and established five pillars (or core activities) within the kEnege of SSA.
These pillars are:

Detect, Trackand Identify
Characterization

Tactical Warning and Attack Assessment
Data Integration anBxploitation
Spacecraft Protection and Resiliency
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Detect, Trackand Identify

The first requirement for effective SSA is to find and thenktreesident space objects
(RSOs)or arbiting artificial satellitesThis task is normally accomplished by radar datellites
in LEO andby optical systems fosatellites in higher orbits such &EO. Following detection
and tracking, it is useful tmlentify the RSO and classiftyhe objectas to owner and function.
Idertification is not as straigfdrward as detection and tracking and often requires the
incorporation of other information such as published space launch information.

Characterization

Following detection and tracking, characterization of the RSO can h#ipidentification
and is also useful for establishingerationalpatterns for the satellitdhese patterns of life are
used for change detection which is often an indication of some anomaly with the satellite, or an
intentional change iposture orbit, or some other characteristiCharacterization activities can
include optical imaging, polarimetric imaging, photometry, polarization dependent photgmetry
and spectrometryin addition to change detection, characterization data teeigentify new
foreign launchedy comparing signatures witlrchivedsignatures for known space systems.

Tactical Warning and Attack Assessment

It is an unfortunate fact thagpace isslowly becoming militarized. While there is no
evidence of spaebased weapons at presdhgre are examples of nations building weapons that
fly through space for the purpose of diding or destroying satellitesThe 2007 Chinese test of
a direct ascent to LEO antisatellite (ASAT) weapon is an excellent exdmplais egregious
act resited in a massive debris clowdith which all spacefang nations must now contend
Even without the threat of debris from ASAT tests, predicted orbital conjunctions are a daily
occurrence. Fortunately, actualorbit collisions remain rareccurrencesbut the result of such
aneventis a significant increase in the debris p@bian, much like an ASAT testThe 20®
collision of Iridium-33 with Gosmos2251 produced a plume of debsisilar tothat of the 2007
Chinese teét

SSA is necessary to knoivthe stuation on orbit has change@hanges in the behavior of
foreign satellites can be an indi@atiof imminent hostile actiorf.his forms the basiof tactical
warning.Additional situational awareness is necessamgdgsess thstate of affaironce initial
indications of unfriengl activity have been detectedoth tactical warning and attack
assessment require detailed and persistent surveillance of the space environment and
observations of individual satellites.

Data Integration and Exploitabn

Data integration and exploitation acatical and often overlooked aspscf SSA. Sensors
produce dataThe ones and zeros are of no use until they are processed and imbme
actionable informationinformation results from data processindgtareduction,data fusiorand
ultimately, exploitation of the data to derivedwledge.All too often, when faced with a lack of
effective SSA, the tendency is to build additibeensors or sensor platformis.is likely that
substantial gains in SSA can wéisfrom more effective integration arekploitation of existing
data.This, however represents a difficult challenge as data processing is necessarily a software
exercise and software engineering is less predictable than building hardware.
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Spacecraft Potection and Resiliency

It is interesting that spacecraft protection and resiliency aradadl as a pillar of SSAIn
general, these activities would be consumers of SSA information rather than producers.
Spacecraft protection can result from featusasdt into a satellite to make it momurable or
more maneuverabldhe satellite might also include dmoard sensors fashortrangeSSA to
detect threats within its local volume of sphcResiliency is the ability to react to and overcome
some form badversty without complete Iss of function and capabilitylndividual spacecraft
can be madeartially resilient throughthe use of redundant systemSimilarly, a constellation
of spacecraft can be resilient if the network reacts to and partiallperwsates for the loss of or
degradation of one or more elements of the network.

Space Surveillance

Space surveillance & subset of SSA.Space surveillance is primarily concerned with the
hardware and techniquesed to detect and track RSO#e result of space surveillance is data
that are used to feed the processes and algorithms usptbdace information. Space
surveillance also includes the systems and processes used to collect signature datifioon spec
spacecraft for the purposd characteization and change detectiorSimilar to detection and
tracking, these surveillance activities collect signature data that feed into identification an
change detection activities.For the purposes of this papepase surveillance isimited
specifically to collection.This may include processing as necessary for continued and fotiow
observations, but does not include other exploitation of the data

In most cases, it is efficient to process the data at the sensor lpdhtoebyenabling
operators to quickly determinthe need for followon observationsand queuesenseos for
immediate observation$here arealso examplewshere the raw collection data are transmitted to
distant facilities for processinghis is thought to be lesdfigient. The GrouneBased Electro
Optical Deep Space Surveillance (GEODSS)stemprocesses the rasensordataon site and
only transmits limited track information to the JointaBp Operations Center (JSpOQThe
Space Surveillance Telescope (S8T9 an example of a sensor where the data are linked to a
distant facility forprocessing before information is forwarded to the JSpRC this paper,hte
main focus is thespacesurveillance systems and not the processing of the data or actions
resulting fom the information derived from these data.

Current SSASystems
GEODSS
The active backbone of the US groudmhsed SSA capability for GEO satellites is the
GEODSS network, consisting of three active sites, one develoglséatand o experimental

test site. Ative sites are located on the islaraf Diego Garciaand Maui and near Socorfo
New Mexico. Each active site includes three optical telescopes swjiportingcomputer
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systems for image processing and data reductiBach GEODSS telescopéatures a 1 m

aperturewith a 2.15m focal length anénimage area of approximateB/square degreesThe

image is formedn a backlluminatedcharge coupled devic€CD) photondetector with 1960
X 2560 pixelson a 24nmm pitch. The optical system is described asnembernf the Ritchey

Chrétien design family, but is unusual in thia¢ secondary mmor is of spherical figure with
very low optical power A system of four lensamprovesthe image prior to the sensor.

While the GEODSS system is somewhat old, haviagtered into operationduring the
1980s, it has an extremely welésignedoptical trainand a very rugged mounthrough
upgrades and service life extension programs, the telescopes have maintained their position as
first-rate instruments withear stateof-the-art sensitivities. Amajor weakness dhe GEODSS
architecturas that it does noprovide worldwide coverage;he present network has a wide gap
in coverage ovewWestern Europe ar@narrow gapgn coverageover East Asia. As the great 40
inch refractor at the Yerkes Observatowilliams Bay, Wisconsinjs still in operation after
more than 115 years, there is no reason the GEODSS network cannot remain effeotaseyfor
more decades

SST

The SST was fuihed by the Defense Advanced Research Projects Agency (DARRAg
prototype for a new generation of grodpased optical SSA instrumenté\s a protdype, the
SST was not built as a military system and therefore is lacking many of the features normally
associated with military hardwaréNonethelesshie SST is an impressive optical instrument and
will prove to be an effective SS8ystem once it is relocated t@/estern Australiaand enters
routine operations as part of the US Space Surveillamte/dik (SSN)

The SST has a 3/ aperture and can image a field of neérgguare degreedts telescope
has a focal length of 3. giving it an overall focal ratio of f/1.Such a short focal ratio on an
instrument this large represents a significant design and fabrication challenge rargk a
accomplishment for the development teal8ST was initially assembled and tested in New
Mexico but is now being relocated Western Aistralia. Deploying aprototypeinstrument for
operational use introduces a multitude of challenges and concerns regarding reliability and
maintainability. One problem with the relocation effort is that it was necessary to forgo a mirror
recoating faciliy in order to reduce theverallrelocation cos However,it will be necessary to
either buit such a facility in the futurer endure the expense and downtimedoasionallysend
the mirrorselsewherdor recoating. Anotherproblem is that the daf@ocessing concept has the
raw images transmitteid a northestern USocationfor processing before trias are forwarded
to the JSpOC.The enormous volume of digital data necessitated the telescope be located near
existing widebandwidth communicatioras another costaving measureAs a resultthe SST
will be located at the Harold E. Holt Naval Communicati&tation in Western Australian a
site thatis approximatelyl50 feet above sea levelThis low elevation is unfortunate and will
result in educed performance stemming from the need to look through additional atmosphere.
The last major telescope to be locatedwath dow elevation was the 4hch refractor installed
at the Yerkes Observatory in 18971n the intervening 118 years, astronomease learned a
great deahbout the proper siting of telescopes.
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SBSS

SBSS is the SpadRasedSpaceSurveillance satellitea purposéuilt spacebased SSA
systent’. SBSS was developed in response toshecess of the SpaBased Visible (SBVY
sensor that was carried as a demonstration payload aboard the Midcourse Space Experiment
(MSX) satellite launched in 1998Vhere SBV was a relatively small payload hosted on a large
satellite, SBSS was designBom the outset to ban operational SSA sensoEBSS flies in a
sun synchronous orbi§SO)at an #itude of 630km. The orbit is oriented so that ascending and
descendinghodes approximately align with the soldumination terminator lineThe sensor
resides in a twaxis articulated mounwith a field of regard oB3p steldians, thereby allowing
the satellite buso maintain a near constant attitude with the solar panels always pointed toward
the sun.

The SBSS sensor meated toan opticdtelescope of 3@m aperture.The optical design is an
unobscured, ofeixis threemirror arastigmat and he camera is known to have2amegapixel
CCD sensor As theinstrumentwas built by Ball Aerospace, the CCDliisely to be similar to
those used fothe Kepler missionalso built by Ball Aerospacéelhose CCDs featurg200 x
1044 pixelson a Z mm pitch®, With this CCD, SBSS would have an approximate field of view
of 2 degrees byt degres.

The SBSS system can detect and tracklgatein two different modesOne mode, known
as ratetrack mode, has the sensor following a satellite, holding the image spot on a single pixel.
This results in the background stars forming streahkish yields high sensitivity but requirethe
operato to know where théargetsatellite is and where it is going he other mode is known as
siderealrate mode.When performing thiseration, the stars are trackadich means satellites
will form streaks on the focal planeThis mode has lower sensity but provides greater
astrometric accuracy which is useful for determining the satéllitdstal parameters.Each
method has its advantageslhe telescope for the SBV system had an aperture atni5
Published data indicate the sensitivity was tedito a visible magnitude of 15. Given that SBSS
has four times the collecting araa SBV, simple aperture scaling suggesiat SBSS can sense
targetsas faint agnagnitude 16.5.

Sapphire

Sapphire is a Canadian satellite that performs a space surveillance mission, providing data for
the USSSN*. Unlike SBSS, Sapphire is a small satellite with only @itbaperture and a 1.4 x
1.4 dgree field of view. Similar to SBSS, Sapphire is in a skidawn SSO but at an altitude of
786 km. SSA operations are performed in either #tadek or sidereal track modeWith its
smaller aperture, Sapphire has a lingtmagnitude of 15Where Sapphire differs significantly
from SBSS is that it uses spaa#trbody pointing to orient the sensorSBSS ha a two-axis
gimbal mount. As a result, Sapphire is capable of approximately 1600 observations per day,
resulting in 400 satellite tracks, whereas SBSS can perform as many as 12,000 observations per
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day. The other big difference is costSBSScostin excess of $850Mhe cost for Sapphire with
launch and ground station was only $96M.

GeOST/ORS5

ORSS5 will be an SSAdemonsgtation satelliteand gap filler built fothe Dd Operationally
Responsive Spad®RS)® Office by the MIT Lincoln Laboratory (MIT/LL) The satellite will
take advantage ohé novel Geometry Optimized Spacel@scope (GeOST) concept that was
developed by MIT/LE® and more recentlyeferenced in US PateBt511,614°. The GeOST
coneept places the sensor kO along theequatorialplane Rather than have the sensor point
directly towardthe GEO belt, it points at a portion of the GEO beéillvahead of its own
position. The location is selected such that the sensor velocifyepdricular to its line of sight
exactly matches the target satellite velocity perpendicular to the vector joinirsgriker and
target satellitesThis geometry results in the image of the target satediteainingmomentarily
motionless on the sensorctd plané®. The end result is greater integration time and higher
sensitivity, thusgiving GeOSTa sensitivity appraimately equal to that afensor with ten times
the collecting area. This wouldlow a sensitivity similar t&BSSfrom only a 10cm aperture
For our analysis, we assume BeOSTsystem sensitivity will be identical thdat of SBSS at
16.5 visual magnitudes.

Like Sapphire, GeOSTwill use body pointing to orient the sensor, but once in the proper
orientaton, the sensor will not moveRather, the satellite's orbital motion will sweep around the
GEO belt, beig interruged only by thesolar exclusion region GeOST should make
significantly more observations each day than SB®SSapphire Presenty, ORS5 is in
development with a budget of $60Mhich does not includthe cost ofaunchor operatiors. If
the system is developed withihudget, ORS will demonstrate spadeased SSA at a cost
similar to that of Sapphire, but with a collection volume and sensitivity similand®BSS
satellite ORSS5 mayprove to be an SSA game changer.

Challenges

The overall business of SSA facesamber of chééenges, both large and smalSpecific
challenge areas are discussed beldWine greatesthallenge for SSA is that we have insufficient
knowledge of what is happening on orbit to appropriately manage and operate our space
resources underircumstances other than idealAny significant deviation from the nominal
operating environment, such as a collisidisruptingsolar flare close approachingear earth
object ASAT test or other nefdous act, resultsr both confusion and stresklinderstanding the
event and making appropriate responsive adjustmesmsrequire hours to days before the
situation returns to normal.
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Persistent Surveillance

At present, worldvide space surveillance activities would shappropriately b described
asreconnaissanc&Ve obtaina momentary loolat a region of spacnd then rave on to look at
other areasTrue surveillance would require watching objects or regions swere extended
period of time. Alternatilg, since mostRSOsthat change on orbit, ange slowly, we could
watch an object intermittely with short revisit times. True persignt surveillance would be
bestbut would be difficult to resour¢eindthe simple laws of physics interfere from time to
time. Another issue related to persistent\eillance is weatherOne of the arguments for going
to spacebased senssiis to rise above the weathdrypical groundbased observation sites have
weather restricted viewing more than half the tiwign some sitedeingclear no more than 25%
of thetime.

Looking Into the Sun

Almost without exception, objects are extremely difficult to monitor as theyhea®en the
earth and the sunDaylight observationsin general, pose a significant challenge goound
based optical sensor§pacebasedsensors can provide observations much closer to the sun, but
all spacebased sensors are still limited when the target is positioned between the sensor and the
sun.

Latency

Timely detection and tracking of events in space is critical to effeopesation of space
systens during any crisis situationGiven clear skies, a single groubdsed telescope might
require 14 tdl6 hours before it can observe a target satellite, provided the satellite is available in
the ky above the observation sit&pacebased sensors have their olatency issues resulting
from earth blockage, targ satellites passing into tharéh's shadow, and target satellites being
located letween the sensor and the sditar many spacbased sensor concepts, latency lasts no
more than a few hours, but for a single R€&O sensor, latency can be more than seven days.

Sensitivity

Satellites range in size from the diminutive CubeSats, having a d@stactdimension of
roughly 10cm, to the International Space Station, hgwpolar arrays that wouldeer most of a
football field. When illuminated by the sun against an infinite black background, they exhibit a
brightness that caspan many orders of magnitudearge satellites are easy to track as they are
bright when illumnated. Small satellites can be difficult to impossible to detect or track, even
with large telescopes.

Space debris is a growirapncern for the SSA communityAt presem, objects as small as

about 10cm are tracked in LEO, but items much smaller tHaoug50 cmare difficult to track
at GEO. Debriobjects come in all shapes andesizbut objects smaller than &t are much
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more numerous andurrently areall but impossible to detect or track. In most cases,SSA
systems do not have the required sensitivitgcreasing sensitivity requires the collection of
more photons, or the better use tbk photons already collectedTraditionally, gains in
sensitivity result from increasen telescope sizeor increasesniintegration time. It is also
possible to make smaller gains through improved image miogeand reduced sensor noise.
No matter the approach followed, sensitivity remains a significant challenge.

Sky Coverage

Sky coverage is more easily thought of as search rate, but since current US§/s3&8As
perform mostly tasked (tracking) observations, we doofiein talk about search raté/hat is
important is how much sky can be covered for either search oirngacgerationsand how
quickly it can be coveredOne advantage of the SST over GEODSS is that it can image an area
three times greater than a single GEODSS telescope, thereby giving it a greater seartglirate.
search rate requires widield systems, butsamentioned above, sensitivity is also a challenge.
Sensitivity resuk mostly from larger systemsBuilding systems that have both wider fields of
view and larger apertures quickly becomes both difficult and expensive.

Basing, Survivability, Resiliency and Replenishment

The ideal place to locate groubdsed optical observation sites is along the equator at high
altitude sites, well awafrom large population centersSince GEO satellites are high in the sky,
basing along the equator is restsential and reasonable viewing carob&inedfrom locations
within +/- 30 degrees of the equat@oing much é&rther from the equator begins to introduce
shorter nights during summer months, butteirmonths have longer nightdt is unfortunate
thatthere are not a multile of useful observing siteBhere are however enduguitable sites
to provideglobal coverage.

Survivability of SSA assets igmportant during any conflict.It is not clear whichassets
would be more at riskGroundbased systms can easily be attacked, but they are often located
in third countries Theremight besome réuctancefor one countryto attackfacilitiesin a non
belligerent country forisk of widening a conflict. Spacebased assets appear in the sky over
most caintries and could be engaged with ASAT systems, but few countries have such
capabilities at present. A more likely scenario would be laser illumination which may or may
not interfere with satellite operatioMMany countries opeta satellite laserangingfacilities that
could be used to at least dazzle optical sensors, provided energy can be coupled into the sensor
aperture.

Resiliency is the ability of a system or network to adapt to adversity and maintain some, or
most of its function, either imediately, or to quidg recover following an event.
Replenishment is the ability to push new assets intoi¢lektb compensate for losse&round
based systems can be quite resilient, particularly if theyequipped with commercial efffie-
shelf hadware. Larger grountdased sites with unique instruments, such as the SST, would be
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more difficult to reconstitute.Spacebased systems can be replenished, but unless spares are on
hand and launch vehicles immediately available, replenishment mightergears.

Cost

Cost is an issue for SSApth for civilian and military purposeslhere are approaches that
provide useful data for routine space surveillance at extremely low cost, bldténwey global
covelge quickly becomes expensivéSpacebase systems tend to produce more data than
groundbased systems asethcan collect for most of a 2#bur period. Groundbased systems
are frequently sittingdle 15 or more hours per dajRecent efforts to develop optical techniques
that push operationsnto daylight hourdor bright targetswill improve the utility of ground
based systems, butdividual units will never be as productive as iadividual spacebased
asset.

Competing Approaches to SSA
Ground-Basedvs SpaceBased

The obvious trade mogteople quickly identify is that between grodnased systems and
spacebased sstems. Each approach has its advantageaking it difficult to pick a preferred
approach. Grounbased systems are generally built larger and are therefore more sensitive, bu
they suffer from weather constraints, yhaust be distributed around the glolaed they are
gererally not useful in daylight.Spacebased systems are expensive, vulnerable to ASATs and
generally have smaller apertst making them less sensitiv&pace-based sensors still have
problems with solar exclusion but the restrictions are much legs fitra groundbased
telescopesDepending upon the architecture, sphaesed sensordtenhave quick revisit times.
Larger aperture sensors can be flown,that/ increase cost and complexity.

Ground-Based: Smallvs Medium vsLarge

When considering only groursased optical telescopes, the trade space ranges from large
networks of small telescopes to small networks (or single copies) of large teleschpes.
Russian International Scientific Optical NetworlSQN)™ network represents an excellent
example of a large network of whate mostly smaller telescopekSON has a very interesting
mix of telescopes and optical designs, but most of their assets are 50 tme and smaller
aperture classiVhat makes ISON interesting is that they have oladienv locations distributed
around the globe.One obvious weakness their networkis the limited coverage over the
certral to eastern Pacific OceaWhile this is a limitation, it is important to point out that the
GEO belt above this region is also thade populated with satellite§&iven that the ISON
telescopes argenerally smaller in aperture, they are limited to observing GEO satellites in the
15" to 16" magnitude rangeSmall telescopes are extremely inexpensive and can easily be
deployed to remote locations, provided power awinmunications are available.Small
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telescopes often have very wide fields of view allowing them to rapidly scan the entire visible
GEO belt several times each night.

The GEODSS network represents an example aimall number of medium aperture
telescopes. With an aperture ofrilthetelescopes are more sensitive than most in ISON, but
with only three operational locations, GEODSS leaves parts of the GEO belt without coverage.
Based on optical modeling, typical sensitivity for GEODSS is on the order ®fvik8al
magnitude. The field of view for each GEODSS telescopemsdest at 2 square degreeA.
single GEODSS telescope can scan a large part of the sky each night, whileldsegpes at
each sitecan easily scan the entire sky with excess observing capacity used for follow up
observations.

The SST isan example of a small network composed of laagerture telescopesin the
case of SST, there is only on€he telescope is capable of scanning the entire sky several times
each night and recording GEO objedsiagnitudes amint as 19.5.The system cost, however,
is extremely high, almost to the point of being too expensive.

SpaceBased: LEOvsNear-GEO

When building spacbased SSA assets, the first choice is between deploying them in LEO or
some higher orbit, cloge, but not specifically in GEOBasing in LEO is less expensive and the
radiation environment is more benidut onemustalsocontend wih substantial earth blockage.
The earttblockage is only a shetime problem as the satellitéerbital periods ee onthe order
of 90 minutes. LEO SSA assets quickly have accéssearly the entire GEO beltAnother
advantage of LEO is that all GEO target Babs are at a similar range; thubgte is very little
variation in visual magnitude due variationsin range to targetMost of the signature variation
results from changes in soldumination angle.

For neatGEO basing, wénavethe advantage of being very close to some GE®tader
short periods of timeAs the satellite drifts across the GEQtpeirtually all GEO satellites are
encountered with a relatively att range viewing opportunity.The problem isn searching
being very close to things that are still scattered across a large area results in a substantial
angular volumehat must besearcled Also, being very close to some satellites means that you
are simulaneously very far from othersit any point in time, the close satellites are bright but
difficult to see due to field of view issues, while many distant satellites can fitnvat single
field of view, but are very dim due to rang&EOQO basing has its utility, but the choice between
LEO and GEO is not clear.For search and monitoring, LEO basing appears to be the better
choice, vhile for close inspection, ne&EO would betie better choice.

SpaceBased: LEO SSOvsLEO Equatorial
If one has made the choice to base SSA satellites in tHeOwo basic approaches are an

SSO, or an orbiwithin the equatorial plan€dnce again, eldcapproach has its advantages.
Satellites inSSO always have their solar cells pointed at the sun and never experience thermal
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variations resulting from movement into and ouech r t h 6 s The GE® thgeratellites on

the side ofthe earth away fom the sun are mostly visibleAn exceptionis when the observer
satellite passes through the equatorial pkame visibility of GEO satellites 180 degrees away is
blocked by the earthThere are also complications that arise due to changes in relative motion
between observer and targatellites thoughout the orbit.The bigyestdisadvantage to the SSO

is that a large portion of the satellites are located somewhere between the observer and the sun,
or at least close tsuch a viewing orientation.This results insignificant latency of some
observations.

For a satellite in an equatorial LEO configiwa, there are again choice€ne option is to
use the satellite for tasked observasiand the other is to use it for sweeping out the GEO belt
during each orbitAt any instant in time, haléf the GEO satellites are not visible, but over the
course of one orbit, most, except for th@ea viewing angle which includése sun, become
visible.

Performance of Existing Systems

To help identify the optimum approach to SS#is useful to examine the dermance of
existing systemsPresented below are approximate performance data for GEODSS, SST, SBSS,
Sapphire and GeOST.We also includeperformance fothe ISON as it provides a useful tha
point on distributed, smaéipertue, groundbased optical telescopes.

One figureof meritthat will be used to examine performance is the inhexemgitivity of the
instrument. This is defined as the sensitivity the optical sensor would have if it were mounted on
the earth, tracking the stars and observing GEO satellites as they streak across the focal plane.
We will also consider the sensitivity pablishedby the designers aeported by operators when
the sensor is used as desigaed in its proper environment.his approach allows us to directly
compare theoretical performance between systems, and also compare actual performance for
dissimilar systems.

Maximum latency isanother performance indicatof mterest. This number gives the
maximum number of hours one should have to wait to reacquire a GEO target that could be
observedoy the system.Latency considers only geometric effects (such as earth blockage) and
lighting effects (such as looking intbe sunor the target satellite beinginteear t hé6s s hado
Latency is an important indicator of how useful the system would benfications and
warnings.

Various plots are provided belofer each system While some ontour plots look similar,
there is a significant difference between those for spased sensors and grotnaised sensars
these will be discussenhdividually with each system.The grouneébased sensors are fixed
relative to the GEO satellites and otie sunmoves with respect to the observing locatidfor
spacebased sensors, the GEO target satellites, the sensor saatlithhe sun all move relative
to one another with time, thereby necessitating the pgtotseach systento be somewhat
differert.
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For sensitivity calculations, the target is assumed to be an aluminueresplith a
reflectance of 18%composed of diffuse fractionof 95%, and aspecular fractiorof 5%. Two
different types of sensitity calculations are presenteétor the first sensitivity calculation, ev
assumedh fixed target size of @ cm diameter andalculatedthe expected visual magnitude
resulting from range, look angland solar phase angleThe results of this calculation are
independent of the parti@ar sensor and are only determined by the location of the sensor
relative to the location of the target and the slihe othersensitivitycalculation starts with the
limiting magnitude for the sensor and thaetermineghe smallest targeghat would bevisible
for a given combination of senstwcation and target location While some subject matter
experts are quick to point out that real satellites are not accurately modeled as simple spherical
objects, the spherical targets prove useful as the sigadturreal satellitesare very complex
functiors of satelliteorientation solar phase angleange, and sensor look angliéis simply not
practical to summarize all the variatiovisreal signatures in a paper of this nature.

GEODSS

Performance data for the GEODSS network is summarized in tabléelassume grourd
based optical telescopes can view as far down as 70 degrees from the zenith and we assume the
sun must be 22.5 degrees or more below the horizon for the sky to be silffidank for
observations.

Table 1. GEODSS Performance Data

Aperture 1.00 m
Focal Length 219 m
Focal Ratio 2.15
Field of View 2.05 deg
Inhejre'nt 18| magnitude
Sensitivity
Typllc.al 18| magnitude
Sensitivity
Typical 13| hours
Latency
Maximum 17| hours
Latency
Sky Coverage 30 ‘
Efficiency percen

The first section in this table summarizes previously discussed physical parameters for the
sensor; sensor sensitivity is summarized in the second section; and latency calculations are in the
third section. The typical latency is the approximate averagenman number of hours one
would need to wait between the last observation on one night, and the first observation of the
next night, assuming both nights presented clear observing conditions. Maximum latency is the
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maximum number of hours one would needvit for such an observation opportunity. Due to
seasonal variations in lighting conditions, maximum latency is greater than the typical latency.
Note that these latency values are only valid for portions of the GEO belt visible from any
GEODSS site. Therare portions of the GEO belt that cannot be observed by any GEODSS
sensor and therefore have an infinite latency.

The sky coverage efficiency reported in table 1 provides an indication of the fraction of time
that satellites in each GEO position argible to any sensor in the GEODSS network, averaged
over all orbital positions. This quantity is determined solely from the geometry and orbital
mechanics of the GEODDS and target satellite configuration; weather effects are not considered
for this calctation. Higher values indicate greater coverage.

Figure 1 shows a plot of the latency expected for daepitude position within the GEO
belt, when bserved by the GEODSS netwok.latency of 24 hours means that satellites in
thoselongitudepositiors are never observedlhe three traces represent the minimum latency,
average latengyand maximum latency experienceder the course of 12 month3he changes
are due to the latitude of the respecttivEODSSsites andvariationin sun position with the
seasons.

GEODSS Coverage and Latency
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Fig. 1. Latency calculations for GEODSS.

In figure 2, we present a plot of the visual magnitude ddGcth target sphere as observed
by the various GEODS sites over the course of a Bdur day. For the horizontal axis (Sun
Location), Ocorresponds t@2:00noonon theGreenwich Meridian, and every 15 units (degrees)
is 1 hour later. As the sun moves east to west, we present the sun location as degrees of west
longitude. On the vertical axis (Target Location), each unit specifies #ralatd earth longitude
for a GEO satellite location as described previgublyt again presented as degrees of west
longitude. West longitude is unusual, but provides commonality with the sun locé&tloa
particular plot is for the month of March whidncludes theVernal Equinox The equinox
results in GEO satellites briefly passing through ¢her t h 6 s. A ioa fdreeachmonth
would havesmallvariatiors due tothe seasonal variatioria solar illumination
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The white space seen in figure dresents combinations of times given by sun position and

target location where it is not possible for any GEODSS site to observe the target satellite. The
ratio of this white space to the total number of observing opportunities gives a percentage which
is the compliment of the sky coverage efficiency as presented in table 1 above. Note that from
the GEODSS sites, a 2@dn diameter sphere has optical signatures in the range"ab1B7"
magnitude, making this size target easily visible by any GEODSS telescope.

Target Location (Deg West Longitude)

50

Visual Magnitude: 3 Months Since Winter Solstice
T T > T T

" | Target in Shado ///

Socorro

50

L L L L
100 150 200 250
Sun Location (Deg West Longitude)

Il
300

Il
350

Fig. 2. 20cm target visual magnitude as viewfedm GEODSSsites

Another way to look at the performance of the GEODSS systern issé its limiting
magnitude, 18to calcuate the smallesbbject that would be visibleThis information is shown
in figure 3 below, but thisime for the month of DecembelSince the Winter Solstice occurs
during December, GEO satellites do not entergha t h 0 s

visible during he night without interruptionThese targets are again aluminum spheres with the
reflectance characteristics as discussed above, but with diameters adjusted to "give 18

shadow s oarewe

magnitude.This plot indicates that GEODSS telescopesrostly able to see targets snll
than 50 cm diameter with a few excursions where the smallest targets are closer tem50

diameter.
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Minimum Visible Diameter (cm): 12 Months Since Winter Solstice
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Fig. 3. Minimumdetectableliametertarget for GEODSS.

SST

In this section, we present data for the SST, similah#b presented above for GEODSS
Performance data ashown in table 2ZThese data have some numbers, thifirst glancemight
appearsurprising but arein fact,as one should expecEor latency, duringhe summer months
in Australia, SST can wad#s long as 16 hours before it can begin observingpagdis value is
shorter during winter monthsWhile this seems like excessive latency, thadue is for SST
working alone.In practice, SST will never work alone as it will be part of an integnagdaork
of ground and spaebased sensors.The sky coverage efficiency value @lappears to be
extremely low. This again is as should be expected for a single telescope working alone.
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Table 2. SST Performance Data

Aperture 3.5 m
Focal Length 3.5 m
Focal Ratio 1.0
Field of View 3.5 deg
'“h?'.re.”t 19.5 magnitude
Sensitivity
AChI?.V?d 19.5 magnitude
Sensitivity
Typical 15| hours
Latency
Maximum 16| hours
Latency
Sky Coverage 1 ‘
Efficiency ) Pereen

Figure 4 shows the expectslly coverage andiatency durtions for SST operating alone.
During local winter monthdatency can bas short as 14 hours, while during local summer, it
extends to 16 hours.

SST Only Coverage and Latency
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Fig. 4. Latency calculations for SST working alone.
The visual magnitude @& 20 cm diameter target sphere as viewed from the SSTsriag
the month of Junes shown in figure 5.Note that this calculation is for the site only and really

has noting to do with the SST itself. Figure 6, on the other hand, presents data from
calculations showing the minimum visiligrget diameterbased orsSTs limiting magnitudeof
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19.5. The results shown in figure &e for the month of Decembe®Oneshouldnote that SST
can routinely detedargets smaller than about 8 diameter.
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Fig. 5. D0cm target visual magnitude as viewed from the SST site.

Minimum Visible Diameter (cm): 12 Months Since Winter Solstice
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Fig. 6. Minimum detectable diameter target for SST.
GEODSS + SST

Since GEODSS and SST are designed to work together, it is useful to examine the latency
and minimum detectabl@arget pots for the combined networkThis presentation shows how
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SST integrates with GEODSS andyrsficantly boosts overall SS&apabilities. The latency
calculation is shown in figure 7The minimum detectable target pistshown in figure 8.

GEODSS + SST Coverage and Latency
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Fig. 7. Latency calculations for GEODSS + SST.
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Fig. 8. Minimum detectable diameter targetBEODSS +SST.

Hypothetical Global Ground-Based Coverage

To better understand the information in flgaresabove, we consider laypotheticalglobal
network of 360 groundbased telescopes, positiorm@undthe world atthe equatqrand evenly
spacedne degree apairt longitude.Figure 9 shows the signature of o@0Zm diameter target
as viewed from these locations.lt is clear that 360telescopes greatly increase overall

DOD Distribution A: Approved for public release, distribution is unlimited Pagel9of 46



31° Space Symposium, Technical Track, Colorado Springs, Colorado, United States of America
Presented on April 14, 2015

performance as the sky coverageoshcy for this network is 8. The only white spaces are
centered about the local noon line seen in the upper left and lower right corners and the large
diagonal fom lower left to pper right. Comparing figure 9 to th€e EODSS network in figure 2,

one can clearlgeethe impacs of a sparse network.

Visual Magnitude: 12 Months Since Winter Solstice
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Fig. 9. D0cm target visual magnitude as viewed from 360 equatorial sites.

ISON

Calculations for ISON arpresented only for comparisonSON is not a denseontinuous
network similar to the hypothetical groudshsed coverage discussed previously and illustrated
in figure 9 but still has significantly more telescopes and observing sites tBE®DSS or even
GEODSS plus SST.Figure 10 shows the calculated latency for the ISON network based
published observing sitesVith a dense networkatency decreases significantlypwever, the
figure clearlyrevealsthe impact of the many ISON eg at high northertatitudes. The great
variation in latency results fromeasonathanges in daylightiuration. Figure 11 shows the
visibility of a 200 cm target from the various ISON sites. Comparing figure 11 with figure 9
shows the difference between a dense netvamidk a true continuoushypothetical network.

The ISON collection of telescopes achieae impressivesky coverage efficiency of 54.
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ISON Coverage and Latency
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Fig. 10. Latency calculations for ISON.

Visual Magnitude: 12 Months Since Winter Solstice
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Fig. 11. D0cm target visual magnitude as viewed from ISON sites.

SBSS

The presentation of performance data for sgesed SSA collectors will necessarily be
different from that of grountbased collectors dbe spacdasedsensorare not fixed ta single
geographic locationThe SBSS performance data are showrablet 3, but some explanation is
required. The focal length, focal ratend field of view were all estimates based an assumption
that SBSS used the same CCD as was flown on the Kgpheecraft We believe this to ba
reasonable assumption as Ball dgpace built Kepler prior to SBSS and had exgrexe with
that particular CCD.The inherent sensitivity is calculated for the system based on these assumed
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parameters.The sensitivity achieved oorbit has not been publisheldut can be approximated
by scaling the published sensitivity for Sapphfoe SBV) to the larger aperture of SBSS. That
scaled value comes out to be 16.5 visual magnitud8sice SBSS flies in a polar, sun
synchronous orbit, the apparent velocity of target satellites is a cofupleton of the position
of each saltéte in its respective orbit.These relative angular velocities range froro %5 arc
seconds per secondror referencea GEO satellite viewed from the grouhds anapparent
angular velocityof 15 arc seconds pesecondrelative to the stars This range of angular
velocities gives SBSS a band of sensijivianging from approximately 15.7 to 17.8 visual
magnitudes.

The latency value reported in table 3 results from an assumedegclasion angle of 45
degreesThis value is probably too small as SBSS is claimed to have a field of regard equal to 3
steradians, bu#5 degrees should be close and is the value used for these andliigesky
coverage efficiency value ressiffrom the nature of the SS@GBSS ism LEO and therefore has
periods whergegionsof the GEObelt are blocked by the earttSolar exclusionfurther limits
which portions of the GEO belt can be seenrgt sstant in time.Ultimately, SBSS can see the
entire GEO beltgiven enough timallocatedfor collection.

Table 3. SBSS Performance Data

Aperture 0.30 m
Focal Length 0.85 m
Focal Ratio 2.83
Field of View 2 x4 deg
Inhg Te.”t 17.0 magnitude]
Sensitivity
Assgmg ‘ 16.5 magnitude
Sensitivity
Typical 5.7 hours
Latency
Maximum 6.3| hours
Latency
Sky Coverage 49
Efficiency percent

Figure 12 shows a plot for the visual magnitude oD@ @n diameter aluminum sphere in
GEO as viewed from various ld@ans along the SBSS orbitVhile this plot appears similar to
those for goundbased systems, fitas a significant differenceThe horizontal axis is now the
position of the observesatellite, SBSS in this cas&ince SBSS is in a highly inclined orbit, the
zero positon coesponds to being oveThe30hrd 24 gositidn® s
correspond to passing through the equatorial plane and the 180 positiespoods to being
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over the North Pole.Along the vertical axis, we find the position of the GEO taggellite
relative to the sunThis is not the longitde of the satellitéself.

The white areas in figure 12 are regions where no observation of a target in a specific
location is possible frorthe SBSS sensor in a specific positidrhe large white bands along the
top and bottom result from solar exclusiand the inabilityof SBSS to see behind itselThe
white band across the center shows where(GEB®©t ar get satel |l ite has mo
shadow and isherefore not illuminatedTheresults presenteit figure 12 are for the month of
March whid includes the Vernal EquinoXThe two large white blobs, roughly circular, show
where SBSS is passing through the equatorial plane on the ascending or descending side of the
its polarorbit and as a result,annotview GEO satellites on theppositeside of the earthThe
visual magnitude contours are for @0Zm diameter target satelliteThey depend only upon
geometry and are not providingyamdication of SBSS sensitivityThe contours only show how
sensitive SBSS would need to be to sed@d@n diameter aluminum sphere in GEO.
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Fig. 12. Visual magnitude o0P cm target in GEO as viewed from SBSS.

As originally envisioned, SBSS was to be a constellation of four satellites, all in the same
SSO butseparaté 90 degrees from one anoth&uch a constellation would eliminate the earth
blockage problem but would not reduce the sefarlusion region appreciablyEven with a
constellation of only two satellites, the sky crage efficiency increases % as the arth
blockages are eliminatedn figure 13, wepresenta plot of the maximum visual magnitude for a
200 cm sphere as viewed from two SBSS satellitethe same SSO, but apposed positions.

This plot is again for the month of March. is interesting that even with a two satellite
constellation, maximum latency remamssentiallyjunchanged as both SBSS satellites wdndd

in the same orbital plane.ncreasing the constellation size improves coverage but latency
remains unchanged.
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Visual Magnitude: 3 Months Since Winter Solstice
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Fig. 13. Visual magnitude of0® cm target in GEO as
viewed from a ZatelliteSBSS constellation.

Figure 14 presents a plot showing wtaget size SBSS can actually s@éis plot presents
the minimum diameter for an aluminum sphere that couldebsesl by SBSS as a function of
target position and SBSS positiom.he data in this plot are approxima#s a constant limiting
magnitude of 16.5 was assumed for SBSS and no attempt was made to account for the
differencesin relative angular velocity.As can be seen in figure 14, SBSS can view targets
smallerthan 100cm diameter under favorable conditions with the minimum detectable size
increasing to approximately 2@dn diameter under less favorable conditions.

Minimize Visible Diameter (cm): 3 Months Since Winter Solstice
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Fig. 14. Minimum detectable diametarget for SBSS.
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Sapphire

While Sapphire is a smaller satellite, with a smaller aperture and an operational concept that
differs from that of SBSS, Sapphire is in a similar SSO and as a result, suffers from sbme of
same limitations as SBS3Dn theother hand, it offers manyf the same advantages as SBSS.
The limitations are more a matter of physics than limitations oh#indware The performance
data forSapphire are shown in table Zhe value for achieved sensitivity is as reported by the
Sepphire program Like SBSS, Sapphire will engage targets that have a range of relative angular
rates, thereby giving it a wide range of detection thresholds as was discussed above for SBSS.
The solar exclusion angle for Sapphire was assumed to be dinitet of SBSS. Even though
Sapphire uses body pointing, it will need &eg the sensor out of the sudince the majority of
targets will beviewedaway from the sun, we simply used adEgree solar exclusion angle for
calculations of Sapphire perfoance.

Table 4. Sapphire Performance Data.

Aperture 0.13 m
Focal Length 0.55 m
Focal Ratio 3.63
Field of View 1.40 deg
Inhe_:re_nt 15.% magnitude
Sensitivity
Ass.u.m.e ¢ 15.4 magnitude,
Sensitivity
Typical 5.7| hours
Latency
Maximum 6.3 hours
Latency
Sky Coverage 49 ¢
Efficiency percen

Figure 15 shows a plot of the minimum de#dxte target size for Sapphirelhis plot is
similarto that seen in figure 14 for SBS#&th the differences resulting from thmaller aperture
telescope.Sapphire can generally sense targets that are aluminum sphdrediameter range
of 150 to 30&m.
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Fig. 15. Minimum detectable diameter target fapphire

GeOST

Unlike SBSS and Sapphire, GeOST is a completely different concept in-lspseg SA.
Orbiting in the equatorial plane and usingime delay and integrationTDl) CCD sensor,
GeOST will sweep out large portions thie GEO belt every 90 minuteDue to the greater
integration time resulting from the TDI operation, GeOST can achiengtisé@y similar to that
of SBSS with one third the aperture and atomder of magnitude lower costEstimated
performance data for the ORESmplementation of the GeOST concept are presented in table 5.

The data in table &re incomplete ancequire some explanationfhe inherent sensitivity is
calculated assuming the sensor was mounted on the grétsedachieved sensitivity is based on
SBSS and the aperture estimatel from literature on the GeOST concegpiggesting itis ten
times more efficient than conventional SSA apites This results in an aperture roughly one
third that of SBSS.To be useful, GeOST would require a subsshfield of view and onenight
expect it to be greater than thield of view for SBSS. As SBSS has a field diameter of
approximately 4.5 degreesewill assumehefield of viewto begreaer than5 degrees, but this
is only an assumptionTable 5 contains no data for the system focal leongtiocal ratia No
data are available for teeparameterso these entries are left blankhe maximum latency and
sky coverage efficiency are based on an assumed solar exclusion angle of 30 dggrees.
GeOST conceptsave a more ambitious solar exclusion angle and would thus lloawer valus
for maximum atencyandhigher \alues forsky coverage efficiencyWe chose to use the more
conservative value of 30 degrdesthe solar exclusion angle
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Table 5. Performance Data for GeOST.

Aperture 0.10 m
Focal Length m
Focal Ratio
Field of View | >5.00 deg
Inherent ‘
Sensitivity | -2 magnituds
Assumec _
Sensitivity | -6+ magnituds
Typical 3.4| hours
Latency
Maximum 23 hours
Latency
Sky Coverage
Efficiency 50| percent

Figure 16 shows the expected visual magnitude fodGcth diameter spherical target in
GEO @ viewed from the GeOST orbFor the horizontal axis, the zero position corresponds to
the GeOST satellite/sensor being on a line from the center of the earth to the center of the sun.
The calculations supporting figure 16 were performed assuming #@8G couldbe tasked to
pointat any GEO objeawithout restrictionther than earth blockage and solar exclusibhis
is believed to be possible for GeO%¥Ven though therimary mode of operatios intended to
be TDI sweeping of GEO and as such,yopért of the data in figure 16 relevant. Like SBSS
and Sapphire, GeOST is in LEO and suffers from havinge#nth block part of its viewThe
solar exclusion depicted is for a 88gree keep out angle.
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Solar Exclusiol

Solar Exclusio

Fig. 16. Visual magnitude of0® cm target in GEO as viewed from GeOST.

Figure 17 presents data for the minimum size target that would be visible by GeOST as a
function of position in its equatorial orbitThe calculation is similar to thatgsented for other
satellites. The data showhat GeOST should be abledeetargets slightly smaller than 1@®n
diameter, but at times will be limited to targeds large as 276m diameter. Most of the
variation in detectdb target size is due to geometry and the solar phase ahigeger agrture
sensor would significantly improve GeOST sensitivity.

Fig. 17. Minimum detectable diameter target for GeOST.
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