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ABSTRACT

Continued growth irthe orbital debrispopulationhas renewedoncerns ovethe longterm useof space. Debris poses
an increasingisk to manned space migss and operational satelliidsowever,the magrity of debris large enough to
causecatastrophic damags not being trackednd maintained in a catalogPassive opticalystems hold great promise
to provide a coseffective means to monitor orbital debris. Recent advancesgtinal system design, detectors and
image processing have enableglv capabilities This work examines the performance of optical systeperatingn a
fixed or nontracking modeor uncued debris detectiorThe governing radiometric equations &@nsingorbital debris
are developedillustrating the performancedependencieaccording tothe telescope optics, detector, atmosetzard
debris propdies The governing equations are exercised by examitiregtiebris monitoringscenarios commonly
usedgroundbased systems monitorirtie geosynchronousrbit (GEO), a novel approach for usingroundbased
telescopeso monitorlow earth orbit (LEO)and finallysystemssuch as star trackers and small cambeased orGEC
basedsatellites formonitoring GEO Performanceanalysisindicatessignificant potential contributions of these systems
as acosteffective means for monitorinthe growing debrigpopulatio® this is particularly true for small aperture
groundbased telescopdsr monitoringLEO and GEGbased sensors monitoring GEO.
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1. INTRODUCTION

The growing orbital debris population has renewed concerns oxédorp terraviability of the space environment and

the resultingeconomic impacts The 2007 Chinaantisatellitetest and the 2009 collision between the defi@msmos

2251and the operationdtidium 33 satelliteshave significantly expanded th& O debiis population. These two events

alone have doubled thmumberof fragmentation objectgroducing250,000 newpieces ofdebris one centimetend
larger,expandinghis population to~500,000 objects Debris in thegeosynchronous orbit (GEO) environméas also
continued to increase, and although the spatial densiti
missiorenabling geostationary orbits prompts an increased scrutiny of GEO debris. GlAfAtestimates indicate

there ae approximately 325GEOdebris objects 10 cm and lardet.

The U.S. Space Surveillance Network (SStidckss at el | it es and space rdsaéntspse al |l
object® (RSOs)with some 21,00 objects being monitored ashfne 2010 Of this populationpnly around1000 are

active satelliteS Sensitivity limitations result in minimum debris sizes which are maintained in the spadegcata
generally apund 10 cm for LEO objects and @ for GEOobjects® However, impacts from debriss small as 1 crim

LEO may result in misionending satellite failures. RSOs smaller thlamse maintained in the catalomy be detected

and their populations statistically sampled, b orbital positionsare notmaintained due to inadequate sensor
coverage.

The United StatedNational Space Policy releasead2010addressespace debris and has identified debris monitoring
and awareness as an area for potential international coopératikewise, the United Nations Committee on Peaceful
Usesof Outer Space hasontinued tourge international cooperatiénApplication of optical systems may help satisfy
these needs due w@dvancementsn commercial componentsnabing improved performancdérom hardwarewith
relatively low costsas compared wh traditional space surveillance sensorBhis work focuses ompplying these
commercial technologies witletl e scopes used i nthefpanting isdixedandubjdces passahraighe
the field of view.
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First, abital debris propertiesare discussed, to include sizes, distributions, apdical signatures The governing
radiometric equations are establishpdviding a framework enabling the parametric investigation of design parameters
and conditions optimal for debris monitoring-hree specific scenarios are examined: the traditional use of ground
based telescopes monitoring GEO RSOs, a novel application of small aperturelgaseddelescopes for monitoring
LEO RSOs, and finally, the use of small cameras in G&t0h as star trackets, monitor GEGbased RSOs.

2. ORBITAL DEBRIS OPTICAL SIGNATURES

We desire to understambital debris opticasignatures in order to estimate the efficacy of passive sensing approaches.
These signatures are based to first order on the RSO sizes andl popteaties. For the LEO regimethe small size
debris populatiotis estimated baseazh radamebris surveys n  a i b e anl Sinslarly GEOwehdigopulation
estimates are made using debris surveys conducted by goased telescopéS. In this manner, a statistical
understanding of the debris population as a funcifmize and orbital characteristics is obtained.

The true nature of the signature to size relationshfpaigghtwith uncertainty. Several techniques have been used to
estimatedebris optical reflectance or albedo values. Many rely upon the-coosdation of apparent sizes as measured
by a complementary phenomenolpguch as radat or thermal infrared? The good news for optical sensors is that the
estimated debrisllbedo has beenrevised upward with recent workestablising a mean value of = 0.175 for
fragmented space dehfisa revision fromearly 1990s estimates of 0-0912.* An albedo of 0.2 is often used for
payloads and rocket bodies.

The closedorm solution 6r a signaturecalculationis complex, and is a function of many variables to include the object
size; shapeprientation; thegeometry of the observer, sun and objectd the bidirectional reflectance distribution
function (BRDF)® of the materials.We will use a simple sphere to estimate debris optical signatBgsonvention,

optical signatures udde visual magnitude system, adopted from astronomers. The unitless and logarithmic magnitude
systenreferenceshe star of Vega as a zero point, resigltin the surhaving avisual magnituderfy,,) of -26.73.

It may be shown that the signature of an objegt), when approximated as a sphere, is given by
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whered is the diameter of the objed® is the range to the object from the obseryes the reflectance, ar ( ¥s the
solar phase angle functiohe solar phase anglg, is the angular extent between the sun and the obseglatiyve to
the object. For diffuse, or Lambertian, surfaces, tiial reflected energy decreases witlerigasing phase angles as
observed with the lunar phases. For specular or mirrored surfaces, there is no such depé&bdierstimates will
assume equal contributions from both specular and difeeffectance components, whichsigpported by observatial
data. Finally, cay body reflectance will be considered for the objects, that) is constant for all wavelengths.

For a spherehe specular phase angle function is a constant %, while the diffuse phase angle function is given by

Paise (y)=32pC'@sin(y)+(p-y)cosj/)]_16 @

The signature od sphericabbject using bth specular and diffuse components then becomes
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Visual magnitude may have meaning relative to the brightnessstfomomical objects, but doot enable a physies
based assessment of sensor performamtsolute radiometric units are required, and it is ultimately thapatture
irradiance in terms of power (Watts/area) or photon flux (photons/secondfha¢a} required tceevaluaé sensing
performance.The conversion from visual magnitude to dti@ncein termsof power per unit areis made according to

Erso, power =1.78% 10° A0 ™ [wim?, (4)



whereit is noted that zeremagnitude source provides irradiance of..78 x 16® W/m? integrated ovethe typical

spectral respae ofa siliconbased sensorSince the sensors of interest are photon detecting CCDs, it is ultimately the
photonbased irradiance that is needdgdonversion of visual magnitude to photbased irradiance is accomplished by
converting the zero magnitug@wer flux densityinto photon density via multiplication by« /) wheretci s Pl anck 8 s
constantc is the speed of light anatis the wavelength. Using a wavelength of 625 nm as a weighted average for a
typical silicon sensor, the resulting phoioradiance Ersg as a function of visual magnitude is

Eqso = 5.63 10° Q0 **™ [phis/n]. (5)

For referencel0 cm objects in LEO and 70 cm objects in GEO, or the approximate minimum sizes contained in the
space catalog, correspding to exoatmospheric signaturesidf.2 ny and 15.2m,, respectively, of..9 x 16 ph/s/nf and
4.5 x 10 phs/n?.

3. RADIOMETRIC EQUATION DEVELOPMENT

With orbital debrissignatureqquantified the governing radiometric equations are develojpedptical sensing The

key components include the optical system properties, the detector performance, the background radiance, the RSO
brightness and angular rate, and the atmospheric transmitt@ssdor grounebased sensors.The spectral range
considered idimited to that covered by silicon detectors, or approximatelyB0I nm. However, the governing
equationsare extensible over larger spectral rangeslong as reflected solar energy dominates dherblackbody
component.

The usual standofflistancesover which RSG are observedcoupled with their sizes results &npoint source to the
optical systems of interestThe typicalscalingfor these clas®s of telescopes is such thtte pixel sizes are large
compared to the point spread function. Fumi@re, groundbased system resolutida limited by the atmospheric
seeing conditions in all but the smallest of aperture sizes and/or pristine seeing condfdonisstance, a 15 cm
apertire results in approximately a twarc secondpoint spread funabin, similar to typical atmosphericseeing
conditions. The same aperture with a focal ratiotab (or a30 cm focal length) results i diffractiorlimited point
spread functiom f 1.58micron.The result is docus spot sizevhich is small compared tdé pixel sizes, enabling an
approximation thamost ofthe energyor a point source fallithin a single photo site aine detectar

3.1 RSO Signal

Solarreflected light from a debris object or RS©first transmittedwith an irradiance oErsoto an opfttal system
having anaperture diameter af. For grounebased sensing, there is a signal loss associated with the atmospheric
transmittance _5m, Which determires the fraction of energy successfully reaching #perture Upon reaching the
apertureadditional losseare incurrechefore reaching the detectdue to the finite optical transmittancg (o include
obscurations by telescope sedaries if presentThe resulting poweor photon fluxirom the RSO, or theignal power

(Ps) on a single detector pixel is then given by

N 2
P =t pa” [ph/sec]. (6)
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Once incident upon the detector, the photons anwarted to signal photoelectrores) (according to the solaweighted
quantum efficiency QE) of the detector.Finally, the signal photoelectron rate is multiplied by the signal integration
time, t;5, to make the conversion to the total number of pHettens. The number of signal photoelectroa} i§
therefore given by

e, =QEQ@ AA\Q,,,, (s, Q,, [photoelectrons] 7)

whereA has replacegh @*/4 as the aperture aredl he signalintegration time of interests,, is generally not equal to

the systemintegration time due the angular movement of the object durirexposureperiod. This highlights # fact

that the maximum signal possible is that obtained when the RSO moves through the full length ofaripigehn
exposure. Additional integration time only results in a streak on the focal plane, which allows more accumulation of the
background energy, thus decreasing the signal to noise.



3.2 Background Radianceor Noise

The background radiance is resporsifoir providing the competing noise signal. For grebaded observations, this is
dominated by Rayleighcattered sunlight during the day and twilight conditifamghe spectral bands of interedtor a
typical site, once nautical twilight conditionseareachedor the sunis 12 below the horizonthe dominant background
effects include Rayleighcattered moonlight (if the moon is visible), local light pollution and upper atmospheric atomic
recombination which dominates in the near infrar&pacebased sensors have the advantage of a recosekyround
compared to grountasged sensors, but it vari@scording to the stellar densities.

Background signatures are often provided in terms of visual magnitudes per arc second sqgiesed).(n\s with
RSO signaturs, this background radiance specification must be converted to absolute radiometric Givien a
background oMb in units of visual magnitudes per square arc second, the conversabsdinte radiometric units of
photons pese@nd per mete squared pesteradian is given by

Q 2
L, =569 10°A0 @ 33298 ¢3607,  [phisec/rist] ®
cp =

where asbefore, the typical spectral response of a silibared detector is used.

This spatiallyextended background radiance source pex/@h irradiance on the detector focal pldag)(given by

E = 1P psecn, ©)
aet 1+4(f/d)2|

where the new variableis the optical gstem focal lengtth’ The same optical systetransmittancdosses associated
with theRSOsignal arealso present in this case, and it is noted that the energy is driven I ohel/f of the optical
system. The per pixel background noise powercé#culatedby taking the product of thbackground irradiance on the
focal dane with the area of a pixelOnly square pixels will be considered such thatlbhekground or noise photon
incidentrate(Py) on an individual pixel is

_ 1P ko phseq] (10)
N |1+4(f/o|)2

wherex is the pixelsize. Figurel illustratesthis rateovera range of pixel sizes and sky brightness values.
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Figurel The background photon flux incident per pixeld¥is) as a function of pixgiizer angi ng f mdxm 5 t o
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Finally, the incident background photons are convertggzhtdiogenerated electrong)( by the same quantum efficiency
(QE) value for the signal photons, and integrated over tin@ producethe total number of backgroumtkrived
photcelectons according to

tpa, o

[—2] @ [photoelectrons] 1y
1+4(f /d)

& =QE
A simplification of the background noise equation is possible by approximatingﬁh(ef /ol)2 denominator term as

4(f /d)’with minimal loss of fidelity. Considering the practical lowérlimit of 1, the maximum error associated with

this simplification is only~11% in the conservative direction of indicating lower SNR performanc@lith this
simplification, the number of background phelectrons becomes

o ~2
g = %GDE@ Q, &2 (é%dg (. [photoelectrons] (12
or
e, =QEQ@ O, \O77 @ [photoelectrons] (13

whereA is the aperture arende is the field of view of one detector pixalr the instantaneous field of view (IFQVIn
terms of optical system and detector varialdes,equal topixel size divided by the focal length, xff.

3.3 Detection andSignal to Noise

The detection process practically accomplished by applying a threshold tonbevidual digital countsfor eachpixel
while accounting for known objects such as staiSeveral approachesxist, to include sequential frame image
subtraction whetgy stationary objects are rewved and moving objects remairor the purposes here, we desire a
means to accurately understand threshtiat providedetectionswith alow false alarm rate. Individual image frames
consist of pixels containing noise from the background radianégs from internal detector sources andhen present,
signals of interest (i.e., relnt space objects)Intraframe noise estimationan be accomplished by averaging the
digital counts from a fraction of individual array pixels having the lowest valoesss the image.

The classical imaging signal to noise expression contaral shotnoiseas a noise componenftThis is important

when considering spatialgxtendedmage quality or accurate radiometry; howewdis signal variance is not present in

the background level pixels used for establishing a threshold to determine a detection event. The only noise components
considered are the photoelectrons produced by the background Pmissemnd the read noise from the deteagr’(
Therefore, theignal to noise expression for this application is

SNR:LZ : (14
V& t €

and providedn terms of photoelectron&iventhe relatively largeixel sizes (IFOV)of the optical systems of interest,
the baclground radiane noise ofterdominates over that of the read noiges will be seen, theetector read noiseill
limit the performance under circumstanegsen objects hava high angular rate and/omidbackground radiance

Combining the expressions for the signatl dackgroundnoiseelectrons(Equations 7 and 13, respectivepfoduces
thesignal to noise equatiagiven by
SNR: QE@ @‘OathERSOGSig . (15)
JQED A, A7 ) +6,2

" The 11% error is the difference in the square root of the background photoelectrons.

ADark noise and other noise sources are niadgidor modern detectors with the integration times of interest.
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The scope of this effort is limited to detectigia single pixel thresholding. An SNfRreshold of six provides good
detection performance with minimal false alarmblowever, it is noted that additional processing algorithms can
decrease the required SNR threshold and improvpdtfermance by applyinmultiple imaging frames in the det@®n

process, to includeelocity-matched filtersand median stacking techniqu&s Furthermore the adventof electron
multiplying CCDs, or EMCCDs has enabled additional tépees whenthe read noiseef) is high relative to the
backgrounegenerated fpotoelectronse,).*® Finally, detection performance is not directly a function of the field of view
(FOV) of the telescope. For uncued debris detection, a premium is placed on a large FOV, which drives the design to a
fast optical system, typically f/btf/2. This large FOV also results in multiple detection events as the abgssteshe

fixed FOV.

3.4 Optimized Signal to Noise

The signal integration time, in Equation 15s limited by the angular rate of the debris object, with the maximum time
equal to the transit timihrougha single pixel on thdetectomwith angular extent. In terms of the variables aboweis
theindividual detector size, divided by thdfocal lengthf. The maximum value of the signal integration time is then

Max(t,,) =+ [5ec] (16)

wherey is the object angular rate

For case where the background radiance don@sahe detector read noise, the read noise term may be eliminated.
Setting the read noise to zero, and substiguthe maximum integration time for batfy andt in Equation 15 optimizes
the SNR andesults in

=t CE
SNR= JQE® G “2m_—Fso . 17
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As for the optimizedintegration timerequiredto achievethe performance oEquationl7, the anglar rateof debris
objects is not knowa priori, but may only be approximated based thesensing scenario of interesEven when there
is a priori knowledge of the debris angular rate, it will rarbly the case that tlubjecttransits exactly the Igth of a
pixel during an exposure. Fractional elements of two or more pixelsypitially be traversed depending tre relative
starting position within a pixel and the directiorfo for practical applicationthe optimized SNR equation suffers
additonal degradations due to the angular velocitcertainties However, Equation 17 provides the maximum
theoretical performance which may be used to bound and undevstdmdls sensing systems and scenaridgealistic
degradatiorfrom this optimized cadition may be approximated lokegrading performance by2 assumingwo pixel

transits and anothe2 for the angular velocity uncertainty for a total optimized SNR degradation of a factor of two.

Each of the variableis the SNR equation may be independently grouped according to their association with the optical
system, detectpatmosphere or debris object. These variadnlesummarized ifable 1.

It is important to remember the consttairand assumptions under which Equation 17 operates. The two primary
conditions are that the square of the read noise must be small relative to the backggramrated noise and the
effective point spread function must be small relative to the pixelosizbe focal plane. For uncued telescope survey
systems of interest here, the background noise often dominates as the required short focal lengths for a large field of
view results in a large single pixel angular extemt|IFOV. There are also additiahsystem trades beyond detection
performance which must be considered, such as the field of view, framing rate and positional (metric) accuracy.
Although the governing equation infers performance improvements from decreasing the dfF@e€uion must be
exercised, as the resulting decrease in background radiance per pixel can quickly be overcome by the read noise
component.

The SNR equation is now explored for three scenarios: grbased monitoring of the GEO regime, groiabed
monitoring of LED and GEGbased monitoring of GEO. For each of these cases, the applicable range of the variables of
interest will be examined, and appropriate systems determined for effective debris monitoring. The predominant
variable changes between the scenariostta@lebris signature and angular rat&sp and ¥) and theatmospheric
transmittance and background radiarigg,&ndLy).



Tablel The detection signal to noise ratio equation variables.

Component Description Variable Units
Primary aperture area A m*
Optical System Focal length (IFOV component, € = x/f ) f m
Net transmittance (to include obscurations) U -
Pixel pitch (IFOV component, € = x/f) X m
Detector
Quantum efficiency QE -
RSO irradiance at telescope aperture E h/m*/sec
Resident Space be ap RSO P
Object (RSO) Object angular velocity ¥ rad / sec
Background radiance Ly ph/sr/m*/sec
Atmosphere and/or
Background Atmospheric transmittance Gim -

4. GROUND-BASED SENSING OFGEO

The first scenario is the commiy-used means of monitoring GEgjectsfrom groundbased telescopes. Atmospheric
transmittance is examined, along with the background radiprmduced by theatmosphere (which is explicitly
foregroundradiancg. The angularate of GEO objects undehis condition issummarized, and finally the system
performance is analyzed.

4.1 Atmosphere Transmittance for Ground-based Systems

From the governing equations, it is seen that the atmosphere drives two key varialdgsiodgheridransmittance

(Ui and the background radian¢k,). As previously discussed, the spatiasolution limitations imposed by the
atmosphere are not of concernéaeAtmospheric transmittance is influenced by several factors, to include aerosol and
water vapor contengndthe altitude of the observing site.

The atmospheric radiative propagation code MODTRAMaS used to generate the atmospheric properties for two cases
of interest that bound the conditions which would be found at sites suitable for telescope glacemenA fipr i st i ne

considered, having an altitude of 10, 000 Theeaesultingaénishn g wi t
spectral transmittance is shownHFigure?2.

YMODTRAN at mospheres used for these sites are fSub Arct
the 2,000 ft case. For both sites, 23 km visibility with rural extinctias wsed.
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Figure2 MODTRAN-ge ner at ed spectral transmittance at zenith fo

2000 and 10,000 feet above sea level, respectively.

The atmospheric transmittance may be accurately modeled using the planar atmospheric asswhptimat e
atmospheric path length increases as the secant of the zenith angle. This approach acepreselgtsthe
transmittanceunder cloudless conditiordown to elevation angles as loag 5 with minimal error Givena zenith
atmospheric transmtance of 4mo the transmittance as a function of elevation ardjlis therefore

012 q)
Lo =tams 007 (18

atm

The pristine site case, when considering the solar spectral irradiance and spectral response of a typicaideSR prov
zenith transmittance of;mo= 0.8.

4.2 Atmospheric Background Radiance

Forgroundbased sensing of GEO, it is assumed a figoodo |l ocat
on the order of 19.5 gfaseé at nautical twilight (when theun is 12 below the horizon) further decreasing to 20 to 21
m,/aseé at astronomical twilight (or when the sun is lelow the horizon). Sky brightness also increases with
increasing zenith angle (or decreasing elevation angle). The same atmosphtéziing mechanisms responsible for
decreasd transmittance also serve to increase the total scattefixgmination of typical ground sites indicatibe
background radiance at an elevation angle of 30 degrees is 1.5 that of zenith, and furthes itcieeésetor of 2 at an

elevation angle of 15 Figure3 illustrates the typical increase in background radiance as a function of elevation angle.
Localized light pollution such as that from distant cities mamticbute additional radiance having a high azimuth
dependency, particularly at low elevation angles.
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Figure3 The relative background radiance levels from a grelaged site as a function of elevation angle.



To represent thelevation angle dependence of background radiance, aotftiest polynomial was fit to the observed
behavior from sites. The resulting background radiance as a function of elevation angle (in radians) is given according
to

Lo (9) = Lyo (- 0.6118%° +2.6249 - 3.8585+2.9482), (19

whereLgy is the zenith background radiance.

Background radiancduring twilight conditionsandwill be of significant concern for the growsed monitoring of
LEO RSOs, and will be furthetiscussedn Section5.1

4.3 GEO RSO Angular Rates from the Ground

A true geostationary satellite will have no motion relative to the ground. However, debris in the GEO regime does not
maintain a stationary position, as the natural solar and lunar perturbatialis iesnclination growth over time, thus

providing a nortksouth velocity component. Furthermore, altitude differencesich as objestt n t he GEO #fAdi s
orbit providean eastwestrelative velocity component. A simple circular orbit will be coresied to derive the angular
velocitiesfor thisand subsequestenaris.

RSOs with altitudes below the GEO belt will have higher orbital velocities, and therefore an eastward velocity relative to
a stationary GEO position. Similarly, those with altitudbsveGEO will have a relative westward motion. The nerth
south velocity due to inclination reaches a maximum as GEO objectszenmssleclination, and reachesro at the

norths o ut h-a mao wm ch dor vgheni tedeslination equals the inclinationDeriving these individual angular
velocity components ahadding them in quadrature produces the relative angular rates of GEO RSOs as viewed from
the ground. Thangular rates as a function of semjor axis (altitude) and inclinaticare shown irFigure4, where it

is seen that the angular rates of interest for this scenario are less than 5.addotsethe minor effects of varying
elevation angles and site location latitusleot included.

2000 T.506

1000

-1000
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-2000
0
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Figure4 Angular rates of GEO RSOs in a circular oreiative to the ground as they cra@eso declinationin units of
asec/sec RSO orbit inclination is on theaxis, while the altitude differee from GEO is on the-gxis.

4.4 Performance d Ground-based Sytems for GEO

Having discussedthe atmospheric transmittance, background radiance and angular rates for this scenario, system
performance ig@xamined. One parametric example is provided, where the minimum detectable object size is determined
as a functiorof primary aperture size and object angular rate. The following parameters are used in this case: an optical
system with an f/# of 1.2, a background radianckegef 20 m/aseé, net telescope transmittanoeU= 0.6 atmospheric
transmittance o}, = 0.75, CCD quantum efficiency @E = 0.7, a pixel pitch ok = 1 2 readmgise 0&, = 8 €,

solar phase angle gf = 90 degrees with a totatflectance of = 0.2 equally divided among diffuse and specular
components.The results are shown kigureb.
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Figure5 Performance of groundased optical systems for detecting GEO objeatdeft is the minimum detectable
RSO size (ircm) as a function of the angular rate and the telescope aperturéd\sidght, is the log of theoptimized
integration time (in seconds) as a function of the same vari@bibssystem parameters provided in the }Yext

In this example, it is important to note that the required assumptions to apply the optimized ahiéh dwid, though
at the 1.0 meter aperture size, the IFOV becnenparable with typical atmospheric seeing conditioFise read noise
has a negligible effect due to the higher backgregekrated photoelectrans

The widely r@orted and successfuperationof the ISON network providea specific example dhe effective use of
small aperture widdield systems used in a survey mode. The reported performance of these By3tsraensistent
with the model results. Although larger apertures engtdater detection capabilities, they also come at the price of
reducing the field of view of the systerkigure6 illustrates the FOV and IFOV for the f/# 1.2 system as a function of

aperture size, while using a larfpgmat 36 nm CCD having a 12 em pitch.
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Figure6 The field of view (left yaxis) and instantaneous field of view (righayis) as a function of aperture size for an

f/# 1.2 optical system with a 36 mm CCD havi

5. GROUND-BASED SENSING OF LEO

Radar systems have long been the sensor of choice for monitoring the LEO environment. The ability to conduct debris
measurements independent of weather or lighting conditions favors their use. However, new classes of optical

instrumentsjargely pioneered by the astronomical commum’rhéh an objective of characterizirtigansient events such
as gamma ray burstnd extrasolar system planaty transis®*?>?*?” has demonstrated the potential to provide -igh
volume monitoring of orbital dets;i enabled by very large fields of viewygically greater tharfive degreesper
aperture). These wide field astronomical instruments typically have long integration times which argtinuzed for
detecting high angular rate LEO debris (nor are thégnuohed to)resulting in degraded detection performance (per
Section3.4). Optimizing the integration time of these systems enables significant performance for debris monitoring.

5.1 Background Radiance& Terminator Conditions

Theidar k skyo background r adi ana bwebhelbvathe horizgn, was coverédem
Sectiond.2 for analyzing GEO monitoringFor LEO RSO monitoring hie requirement for a dark ground site and solar
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illuminated space objects (or terminator conditions) restricts times and geometries ovetheshiohy be observed.
The darkening twilight sky favorable for detection performance comes at the expense of an ineedsingnbra
height such that the eligilel volume of space for illuminated RSOs is decreadeol this reason, it is necessary to
analyze the performance of these systems under twilight as well as darker conditions.

For solar declination angles less than,1the sky background rapidly incressand obviously becomes highly
azimuthally asymmetric, with the brightest region at the horizon above the subsolar point. Atastymset|zenith sky
brightness is around 7.5, faseé, decreasing to ~13.5, 16.5 and 19.3aseé at solar declinatiomngles of 6, 9~ and

127, respectively’® Observing a sunset also attests to the varying spectral content of the twilight sky, though this is not
addressed in detail here.

There are perceptions aignificantly limited RSO visibility due to the terminatdighting condition requirement
However, recent analysis demonstrates significant coverage as a function of varying site latitudes and seasons. For
instance, a site located at 4degrees north maintains some visibilityitaminated LEO debris objectshroughout the

night during summer. Alsogperating these systems at lower elevation angles dramatically increases the LEO orbit
intersection volum@& approximately90% of debris object passes occur at elevation angles less than 50 dégrees.

5.2 Ground to LEO RSO Angular Rates

Lower altitudeLEO objectsmay exceed angular rates of one degree per saedetive toa ground observer when
viewed at high elevation angles. Howevas, previously discussed, telescope pointing at lower elevation angles are
preferred as the volume of objects dramatically increases. At an elevation angB9ofthe typical angular ratef

LEO objects are-1000 aselsecor ~0.25 defsec. Figure 7 illustrates a range of angular rates associated with LEO
objects as a function of elevation angle and orbital altitude.

6x10°
5x10°
4x10°
3x10°

2x10°

Angular Rate [asec/sec]

1x10°

of
0 10 20 30 40 50 60 70 80 90
Elevation Angle [deg]

Figure7 Arange of LEO RSO angular velocities as seen from the ground are shown as a function of elevation angle.
Circularorbit altitudes of 300 km (X), 600 kmY+ and 15 0 provkled with 8ojid likes representing the
maximum angular velocity, and the dotted lines the minimum.

5.3 Performance of Ground-based Systems for LEO

Now, wedl | heiperforrmaside bf graurshsed systems f&EO. For this @ample, an orbital altitude of 800
km is chosenor onewith a high spatial density of cataloged deBfisAt a 30" elevation angle, this altitude corresponds
to a range of 1395 km. The same system variables are maintained as with the preceding GE€) withnipé
exception of the pixel size that has been doubled to B#However, now the angular rates of interest are significantly
higher. The performance results are showifrigure8.
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Figure8 Performance of groundased optical systems fdetectingLEO objectsin an800 km orbit withthe telescope

ata 30 elevation angle At left is the minimum detectable RSO size ¢m) as a function of the RSO angular rate and

the telescope aperture sizgvenaread noise of 8'e In the middle is the theoretical perforneanlimit, or that with no
read noise.At right isthe log of the optimized integration time (in seconds) asetifon of the same variables

Of particular interest is thatperture sizes less than 20 cm hdeeection capabilities favbjects10 cmand snaller, or

below the nominalsize of cataloged objectsAlso, the resulting integration times are very sharinpared to typical
standards: @ ms for a 20 cm aperture optimized for a 1000 asec/sec olijeet.short integration times result in the

read misedominating over the background noise, as seen in comparing the actual the theoretical performance results in
Figure8. Mated with a large format CChe 20 cntelescope of this desigovidesa 10 FOV witha~20 asedFOV.

Given the additional terminator opportunities provided by twilight operation, the detection thresholds for the same
systembut with background levelsf 165 m/aseé, 13.5 m/aseé and 10.5 nfaseé (approximately corresponding to

solar declination arigs of 9, 6 and3") are shown inFigure 9. Under these circumstances, the” ®feread noise
becomes negligibldue to the high background levels
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Figure9 Performance of the systemiigstratedin Figure8, but withtwilight background radiance conditions of 16.5
my/aseé (left), 13.5m,/aseé (middle) and 10.3n,/aseé (right).

As illustrated byFigure9, these systems provide meaningful twitiglondition performance. Further improvements are
enabled by reducing the 24 npixel size along with the corresponding decrease in integration time. This performance
improvement is possible since the background radiance dominates over the read noise.

Finally, some closing observatioase maden the elevatiorangle performancdependency. As previously mentioned,
operating at a lower elevation angle significantly improves the RSO volume transiting the field of view of the system.
This improved volume comes at the expense of the increased range and hence reduced signar, tHeviewer
angular rate of LEO objects at lower elevation angles buys back some of these performance ifigacts10
illustratestherelative effects.
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Figurel0 The f@Adet ect ab itdnormalized reldtive toRBrORSO bt 630 &m with a 30 degree elevation angle.
Orbits of 300 km (X), 600 km (+) and 1500 ki) ére shown Solid lines represent the highest angular ratbge the
dashed lines are the smallestlbwing that ofFigure7). Note this does not include atmospheric effects.

Given theanticipatedsystem performancehere issignificant potential to contribute taEO debris surveillancas a
complementary approach to radalultiple apertures enableery large fieldf view, providing highvolume and cost
effective coverage. Proper latitude placement extends the required terminator lighting conaftiEsultiple sites
mitigate weather impacts. Although the RSO raraye notdirectly determied, the metric position accuracies would
exceed that of most radar systems.

6. GEO-BASED SENSING OF CEO

The next case of interest is observation GEO debris from optical systems hosted in GEO, such as on a
communications satelliteThis approach isttrective, as the distancéom the ground to GE@hallenge groundbased
sensor performance. -Bitu GEO sensing with optical sensasuld provide a mearn® improve understanihg of the
GEOenvironment, and guide subsequent debris mitigation practices.

For spacébased sensors, the background radiance is a function of the observation direction relative to the solar ecliptic
plane, which provides scattering from iralar system dust as a function of solar phase angle. There is also a
dependence upo the galactic plane, where high stellar densities are responsible for the background radiance
contributions. The background radiands treated as spatially uniform on a scale of multiple pixels. For s

sensors, a typical background is 22ased, and this will be used in the model to assess performaAtsa, wnlike
groundbased system#here is naaturallyimposedminimumrange to debrisyhich in turn results in very highngular

rates for closen objects.

6.1 GEO to GEO RSO Angular Rates

The angular rateof GEO objects as seen from a stati@pt GEO platform are investigatad an inputo the governing

SNR equation. For our example investigation, the discussion will be limited to angular rates presented by objects with
circular orbitsand at the GEO planerossng, or atzer o decl inationsouffhe wbbotiutek
dominated by thebject orbital inclinaton whi | e-wéebse o ieabati ve velocities are
orbital altitude. A maximum orbitalinclination of 15 is considered, or around the highest achieved due to the natural
solarlunar gravitational perturbations foypical areato-massratio objects. The distances of interest may extend to

several degrees away in GEO, but this analysis asipésshorterranges of one degree or less in longitude, equivalent

to ~736 km.

The angular rates are det er nsinwetdh db yv eclaol cciutliaetsi nagn d haed dai bns
the -ieatsd vel ocities r eHasirigiobhtainedtthe total velocity e@mpBre@ orthagdnal to the

sensor, this is divided by thebjectrange. The range was determined as a function of GEO belt angle and altitude
difference, with the results showvin Figurell. The angular rates fdBEO altitudeobjectswith varying inclination and

ranges are shown Figurel2.
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Figurell The rangdin km) to other GEO positions as ¢ Figure12 The angular rates of GEO RSOs crossing z
function of the differencenithe GEO belt angle (x axis) declination as a function of orbital inclination (x axi
and altitude difference (y axis). Rates are shown for objects having GEO angle reiffees

of 0.01 (X), 0.1 (+), T ( ) and 10 (H.

The angular rate of GEO obje@sthe plane crossing is given as a function of both their orbital inclination and altitude
difference for three ranges of interest (longitude differences of , 0001 ard 1.0) which will be used for the sensor
performance analysi§igurel13).

Figure13 A range of angular rates of GEO obje@itsunits ofasec/secas a function of orbital inclination {axis) and
altitude difference from GEO ¢gxis). From left to right are GEO angle differences of Q.01 and 1.

6.2 Performance of GEO-based Systems for GEO

With the angular rates of interest determined, @&Qed sensingerformances examined. Ranges corresmling to
GEO angle differences of 0.010.1 and 1 are investigatedr 7.36km, 73.6km and 736 kmrespectively. As shown

in Figure 13, the corresponihg maximum angular rates fdi5 inclined objectsare 25000asec/sec250 asec/se@and

250 asec/secThe performance analysis spapedure sizes from 1 cm to 10 cor those which woulaninimize host
vehicleimpact as a secondary missiofhe other system parameters are set as with the previous examples, wiitythe
charges consisting of the lower background radiafhge= 22 m/ase) and no atmospheric transmittance penalty due to
spacebased sensingnd the use of 24 m p i Asea feminder, the remaining systemaraeters include: f/# of 1.2]
=0.6 Um=1,QE=0.7,6,=8 €, ¥y = 90 and, = 0.2 (equally divided among diffuse and specular components). The
performanceesults are shown iRigure14.
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