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ABSTRACT

J.T.McGraw and Associates, LLC operates two probtoncept widefield imaging sys-

tems to test novel techniques for uncued surveillance of LEO/MEO/GEO and, in collabo-
ration with the University of New Mexico (UNM), uses a third small telescope for rapidly
queted sameorbit follow-up observations. Using our GRddcelerated detection scheme,

the proofof-concept systems operating at sites near and within Albuquerque, NM, have
detected objects fainter than V=13 at greater than 6 sigma significance. This detection
proximately corresponds to a 16 cm object with albedo of 0.12 at 1000 km altitude. Dozens
of objects are measured during each operational twilight period, many of which have no
corresponding catalog object.

The two proofof-concept systems, separatgd~+80km, work together by taking simulta-
neous images of the same orbital volume to constrain the orbits of detected objects using
parallax measurements. These detections are follayewy imaging photometric obser-
vations taken at UNM to confirm and fuethconstrain the initial orbit determination and
independently assess the objects and verify the quality of the derived orbits. This work
continues to demonstrate that scalable optical systems designed fiimeedetection of

fast moving objects, whictan be then handed off to other instruments capable of tracking
and characterizing them, can provide valuable-tiez¢ surveillance data at LEO and be-
yond, which substantively informs the SSA process.

1. Introduction and Background

Small optical telescopesdeployedstrategically across the globe, hold the potential to contriigtgficantand com-
plementary capabilitie® space situational awaren€SS$SA), beyond their current roles in monitoring and character-
izing objects in and near the geosynchronagime Thework demonstrated here shows prodiconcepisolutions

to several of the challenges to making small optelalscopesiable for uncued surveillance of LEO and MEWe
also show how some of these techniques can be applied to imagery tiké&arger telescopes to find faint objects
that are often missed by standard astronomical image processing technigues.

For objecs that have wellinderstood motias) many existing observational resources can be brought to bear to study

it. In the case ware interested in, the objects in question are either not known, were lost or have maneuvered away
from theirpreviouslyknown motionsBecause we are focused omcued surveillance, there are choices that can be
made about how toptimize the design araperate the telescope systénf. s ome f oreknowl edge of
and rate are available, the best measurement diginalise ratio is obtained by tracking that rate acquiring images

where the signal integtes within a few resolution elemeantincomplete knowledge of rates causes moving objects

to leave streaks in images when the exposure time is long compared to the time it takes for the object to move to an
independent resolution element. This effect is often referred tailisgioss,because the sign#d-noise per resolu-

tion element decreases proportionally to thmber of resolution elements that are illuminaféte object only dwells

in a given resolution element for a small fraction of the exposure time but the backgroundbsitboginoise for the

entire exposurelThus a bright object that might ken easy detection whiteacked becomes faint streak that ifar

more challengig todetect andneasure



For uncued surveillanceyhile rates are noknown ahead of timgupper and lower limits can be placed based on
orbital regimes of interestnd physically admissible regignso one must either take images so fast thaollect
appears fixedor find ways of detecting and measuring streaks. Under ideal circumstahees detector noisend

data processing are not obstacles, theifaage acquisitiowould be clearly superior. Optimal sigrtatnoise would

be achieved in each image and techniques would search through stacks of images for things that moval, In gener
rapidly reading out a detectéeads to dramatically increasddtector noise, thereby obviating the gain in sigoal
noise. Moreover the incased data volume generated aésobecome unmanageabileequiring significant compu-

ting resources for e&icsmall telescope defeats one of the key strengths of using optical detection in the fifst place
its low cost Fastframingis the approach usdiy systems such as GEOD§S$, but in this case it is for relatively
slow moving objects at GEO and quickbses efficacy for faster moving objects. Thiarring some significant
developments in detector, data storage and computational technology, optidal &8Amoving objects necessitates
streak detection.

In Section 2, we detail the telescapestems that JTMA has fielded to test and demonstrate real time optical detection
and followup. These systems monitor a small volume of LEO and MEO above their respective observatories and
image the objects that cross the field of viewwe summarized pwéously reported results in Section ITMA

personnel developed software solutions to the problem of streak detection that scale well to consumer grade computing
systems by use of GPUs and we demonstrate selected geilts in Sections 4 and 5. In Sextig we apply these

same software approaches to an exisBit debris survegata sefrom one of the 6.5m Magellan telescopes.

2. Optical Detection System Description

We reported on the design of these systems previoRkbngd we briefly review thma here. Thesystemsarebased

upon commercially available compongmthich providethe most coseffedive solutionfor a real demonstration and

test bed for our techniqgue€ommercially &ailable detectorplace the most constraining limits on the desigace
principally because they have been designed for some other purpose than wide field astronomical ohdtundgtions
etary constraints effectively eliminated backside illuminated CCDs, which are desirable for their high quantum effi-
ciency, though thego require a mechanical shutter and the readout time overheads are often of the order 100% for
one second cadence imageé3ur need for rapid observing cadence with minimal dead time drove us to use 35mm
format interline CCDs that are commercially avaiéaisl cameras from several vendors, because they can be read out
while the next exposure is accumulating, eliminating readout overheadintédine, front illuminated sensors were
eliminated because the readout time overhead reduced the allowable exjpossy despite the availability of phys-

ically larger sensor€€MOS sensors hold a great deal of promise for the future, but at present they are both expensive
and physically too small to creaddarge field of view (FOV) for telescopes with apprecidaige apertures.

The systems presently in operation are based arourtia Ce | e s tCasseyraifS apticahiulgk tvith a HyperStar
/1.9 primefocus corrector. Combined with an ON Semiconductor (formerly TrueSense (formerly Kodak)) KAF
16070 4864 x 323sensor with 7.4 micron pixels, this gives a 3° x 2° field of view with 2.23 arcsecond pixels, albeit
with significart vignettingin the cornes of the field(illumination in the corners is roughly 50% that of the field
center) This vignetting is causedrimarily by the aperture of the corrector plate at the entrance aperture of the
SchmidtCassegrain design, which was never intended to operate over such a large field. Then®gated into
Finger Lakes Instruments Microline cameras, which were chbseause they allowed a rdmual amplifier read

rate of 1MHz eachresulting in a 1Hz frame rate (principally limited by the USB2.0 bus) in a compact housing with
integrated thermoelectric coolingeducing dark current noise to a largely negligiblele Because these cameras
are operating at prime focus, the form factor is critical to preclude adding to the system obscuration, and the Microline
camera adds only a small fraction compared toHlpgerstarcorrector housing. The net result is an imstental
etendue of almost 0.5%egd for a 6 square degree FOV that can read out at 1 Hz withof tead noise, essentially
zero dead tim¢ <  5Sbetwe®r) exposures, with parts availabletbh&shelf for around $20,00fr the telescope,
corrector andtamera

We have deployed two of these systems in the Albuquerque metropolitan area, as shownsri Bigdii2 Siting
telescopes this close to a major population center is notfideala sky brightness standpogntd incurs a cost in
detectivity, epecially for the system within Albuquerque city limits, but it provides easily accessible systems for
development and testing. The added noise from nighbakiground illuminations easily quantified and we can
readily extrapolate the performance thaiuld be expected from a dark sky site. Given the relatively small apertures
involved and the rapid image cadence, a truly dark astronomical site (West Texas, Hawaii, Chile, etc.) is not crucial
for LEO observations For GEO observationsetropolitan loations definitely compromise sensitivityecausehe



objectsare inherently fainteand their apparent rates are slow enough to allow longer exposure times and therefore
higher accumulated background. S$Stitley arequite usefufor testing purposesven for GEO observations

Each telescope and camera system is installed on a Paramount MX German Equatorial mount allowing precision
pointingand very reliable operationThese are attached to Parallax Instruments portable piers and installed in 7 foot
diameter Astrohaven domes. The deployed systems indbaies are shown in Figure Altogether- optical sys-

tems, mounts, domes and computeifse total cost per system is approximately $50,000, and the entire system can
be deployed by a small team in abéwo hours, cratéo-sky, so mobility is an option

We have also upgraded the mount and dome of a 312mm f/5 telescope at the University of New Mexico Campus
Ob=rvatory(UNMCO) so that it can rapidly and autonomously folloy on detections made with the wifield

detection systemsThis system results in a 1.0 x 0.6 degree field of view, but unlike the detection systems, which are
unfiltered, this system can take either uefiéd or canonical BVRI filtered images.
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Figure 1.J T MA 6 s -oRConcept LEO SSA Optical Systems are separated by 27 km enabling them to
simultaneously observe the same volume of LEO and obtain range estimates based on parallaofgects
detected with both systems.

s

Figure 2. The northern JTMA Proof-of-Concept LEO SSA Optical Systems shown enclosed and opened

to the sky awaiting twilight. T h-@assegrainitelescopeswighs t e ms ar e 1
Hyperstar prime focus wide field correctors installed. AFLIML-16 070 i nterline CCD provides
field of view with 2.250 pixels and can be read out at 1

are enclosed in 7ft Astrohaven clamshell domes.



3. Summary of Previously Reported Results

In order to offer some insight into the performance into the capabilities of these detection systems, we refer to our
previously reported resul3, 4 and $and briefly summarizé here:

9 Objects in LEO are bright by astrononlistandards
0 A 10cm object at 1000km ~f2nagnitude (A=1) to 13 magnitude (A=0.12)
0 A golf ball (4.2cm) at 1000km range with a 90% albedo is™hdgnitude
o Even under bright skies,16" mag.staris bright enough to detect in 1s witl8380mm telesope

1 Objects in LEO have a high apparent angular velocity
0 ~0.2 deg/s at 2000km, 0.4 deg/s at 1000km, and up to ~1.5 deg/s at 300km, observed near zenith
o Light from LEO obijects is therefore trailed over many pixels, edahhich contributes readoiseand
sky background noisé so-called trailing losses
0 The resulting loss in pgrixel signatto-noise ratio scales as the number of pixels in the streak, which
can be hundreds to thousands of pixels long

1 Signatto-noise(S/N) in the whole LEO streak is more significahan the pepixel S/INby approximately
the square root of the streak length
o If you can findthe strealit in the first place.
0 The low pefpixel S/N is most often ignored as part of the background by traditianate detection
techniques becauske perdetectionkernel S/N does not cross a statistical significance threshold

1 Rapid cadence (~1s) imaging with zero deadtime of wide instantaneous fields of view (FOV >> 1 square
degree) can catch LEO objects ag/thzeak through the field
0 Exposure time tailored so that a 1 deg/s object will cover half of the FOV
0 Zero deadtime for maximum efficiency and no lost objects between exposures
0 Optimize for existing hardwaregad noise and feasibility of real time ddiec.
o Detector deadtime from shuttering and readout of typicafffaihe detectors has the same effect as an
overall lower quantum efficiency.

1 Astrometric ad Photometric Performanad Proofof-Concept Detection Systems
oEach 2e typicaByeontkid\L000+ UCACAstrometric standarstars
0 Typical astrometric residual w.r.t. UCAC4: 0:2535 arcseconds rms
o Limiting magnitude (6 sigma) for stars: ~15 for bright conditions, inldark skiesin one second

1 Example ofStreak Detection PerformanaeLEO
0 11.6 magnitude object moving 2,720 arcseconds per second detected at 8.6 sigma
o Implied circular orbit altitude: 600km
o Implied size: 20cni assuming diffuse sphere with 0.12 albedo

9 Example ofStreak Detection Performance at MEO
o Highly variable objet; magnitude fluctuated dratizally betweerl1.3& 13.2over15 secondsf dwell
time in FOV
0 Apparent angular ratd60 arcseconds per second.
o Implied altitude: 4,435 knwith inclination of1 0 5 e
o Intensity changed by factor of 4 in 2 seconds, and eveer faithin exposure time

1 Streak Detection Performance near GEO
0 Magnitude 15.7 supeBEO object detected at 7 sigma in 5 second exposure

1 Parallax Range Determination
0 27km separation of telescopes allows range determination
0 Apparent parallax for object at @0km is 1.5 degrees
ol pixel (2.230) rms error in position in this cas
o Parallax can even be useful at GEO ranges

9 CurrentLEO ModeExecution Time Performance
0 0.9s per 2x2 binned image, of which preprocessing takes 0.4s and detectidh5d



0 Star mask and noise model computed once per minute or as needed,patiarg@geconds
0 Maximum time from detection to TLE generation: 4 seconds.

4. Simple Streak Orbit Determination

One of thedrivinggoalsof) TMAG6s opti cal d eabletobeialderto dstgckatLEOhobjécsandtrmgeb e
immediate, sameass followup observations with other nearfgnd distant}elescopes. Even with the large fields

of view covered by the detection sgm1s, low altitude objects aomly observed for few secondsltogether A new
detection needs to be passed off so that the oabd ect ds ¢
enabling even more followp observationsiith larger telescopes and more diverse instruments

Fortunately, a single streak measureneobrporates more informatiahan just asingle pairof angles onlyRA &

Dec coordinatedRA and Dec rates are also embedded in the streak length and orientation. Thosefoetepsa are
enough to constrain twpossibilities ofanapproximate circular orhitvhere the direction of travel along the streak is
not known from a single observatidrhat directional degeneracy is broken with a second image, even if in that image
the streak is truncated by the edgelaf tetector.Bear in mindthatthis is not meant to be a rigorous initial orbit
determination at this point, but simply a way to be able to task immediate fgfid@sources, in less than 30 seconds

at presenand ultimately in less than 10 seconds. tlis timescale, having the orbital plane and current apparent rate
is good enough to constrain the mot@mthese short timescaleBhis approackexpands othework of Michael Earl

[6], which asames nearenith pointing, ta more general solutiomith arbitrary pointing

From a single site, detected streak yields two endpoinith measured angular positiodsfining two lines of sight

A andB, which must be corrected for the effects of aberration and light travel delay, referenced to |GiR&tzor
Combined with the knowimertial location of the observatory site at the beginning and end of exposure, cakthem
andXz, which are different because the Earth has rotated during the expesupmssible sets of two lines of sight
are defind, depending on whether the object was moving ffote B or B to A 7 with only one observatiothe
direction of travel along the streak is unknoweach of those twtine of sight combinationsan yield a simple rbit
estimate. Consider the fisbmbination X1Y A andX2Y B. There is a single parameter familyoircular geocentric
trajectorieghat go through both of these lines of sjgdch of which has a velocity set by the crossing time between
the lines of sight, which is the image exposureation. Only one of these circular trajectorcesrespondso an orbit

with a physically correctircular orbit velocity for its radius The degeneracy between directions of travel can be
broken with the subsequent imadée two possible solution aret) in general, timesymmetric, but usually have
significantly different orbital parameters because of the motion of the ground station between the beginning and end
of the exposure.

We have successfully used this technique to determine the trajectseyearfil objects that were initially detected

with our southern observatiaite which therhandedoff TLES to the UNMCO telescope. The UNMCO system then
moved and obtained followp observations in under one minute, continuing to move and image until the objects
moved below the horizos expected, the assumption of a circular orbit leads to systeofizets when the object

is in an orbit that deviates significantly from circularity. However, the intent is to use this estimate in a very short
time window after the detection, during which the deviations from the circular approximation are snpaltexbio

the FOV of theelescopamaking the followup observationdMoreover, the determination of the orbit planejiste

robust, so thaincertaintiesn the apparent position for the follewp telescopare mostly in the alontrack direction.
Thedetailed results are preparation

5. Some ®lected Detections andResults

During any given twilight LEGmode operation session, there are typically between 300 and 600 images that contain
detected streaks out of 560000 images obtained. Some of thedgectsappear in only one image, while some
bright, slow objects can appear in a hundred or nWeeinclude two examplebjectdetections s demonstrations of
objects that cabe detected with these systems.

Figures 35 show the fastest moving @gt we havalefinitively detected so far. Is notlikely to havebeena meteor,
because it is detected in tviameswhereas meteomsill generally have much higher apparent rate®teor reentry

occurs lowerin the atmosphere and the meteor particles will typidave a much higher velocijtypoth of which

result in typical angular rates much higher than fiags particular object gets dramatically brighter as is moeessa

the field in excess of.1 degrees per secoadn d d et e c.t Thalstadirtg pait 8f the streak m the left hand

side of Figure 3s not distinct due to the increasing brightness and the point marked is the statistically most likely
endpoint as determined by our processing pipeline. There is no indication of it in the precedingdmiagedetected



with the second telescope, but given the altitude implied by the rate, this is not surprising as theiefetnfig-

ured to overlap at a higher altitudehe simple orbit determination used with these endpoints gives an alfiditie 2

km with i ncl i anddgiverotmt ranfe, thisicBrre§p8nds to @&ispbf approximate diameter &,

assuming a diffuse reflector with albedo 0.1&.this altitude though, the objectlikely to be passing through the
penumbrébecaus t he Eart hds shadow is close to this region an
As such, this size estimate should be treated as a lowerTingitaltitude estimate also is uncertain due to the lack of
definition in the initial streak point. However, it c
much lower altitude that would be in shadoihere are not any likely counparrts tothis object in Spac&rack[7].

The same subfield of the subsequent image is shown in Fguwafortunately this portion is clipped by the edge of

the field, but even with only 60% of thetreaklengthavailable, this section is twice as brigl#t in Figure3, which

given the range estimate above, the size of this object is probably 40%+ larger than estimated from the previous image,

or approximately20cm assuming t hat i t.sTheconibiaatidn afthese alonglwitldthe@det c han g e
tion significance shows that our detection limit for an object at this altitude is below 10 cm.

Figure 3. 0.6 x 2.0 degree subfield showing th@ii t i al detecti on of fast moving object
a rate of 1. 1e/ s e cThiacodespordgta antohjedtef +ddm diameted(diffuse sphere,
A=0.12) in a circular orbit of altitude 417.2 km.

Figure 4. Same object in subsequent image. This object gets dramatically brighter within this field and
overall, and even though the seak is cut off by the edge of the detector at the bottom, its integrated signal
is 0.7 magnitudes brighter than that in Figure 5.

Figure 5shows the light curve of this object as extracted in a three pixel wide aperture along the streak. The orange
line coresponds to the frame in Figure 3, the blue line to Figurés also shows that while your eye may see an
extension ofhlie streak irFigure 4to the left d the red dot, this feature is not real and is not prasghe full image.



Fast Mover Light Curve - Frame 1
Fast Mover Light Curve - Frame 2
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Figure 5. Extracted light curves from the detections shown in Figure 5 (orange) and Figu (blue). In this rep-
resentation, the object moved left to right and the most likely starting point is near 700 on theaxis, where each

point is the equivalent of a 2x2 binned pixel on the detector, 4.45 arcseconds wide and the vertical axis is in detec
electrons.

The second exampigs an object moving much more slovelnd modulating rapidly in intensity. This object is shown

in a series of 0.1 0.1Z2subimages that span 42 consecutive 1s exposures déspiayFigure 6 This object was

on theedge of detectability for LE@ode observationshich is optimized for longer streaksand clearlythisis well

above the LEO regime only three of these images resulted in automated detections, with the rest extracted on the
basis of those detectionsThis object has an average magnitude of 12.9 in these three frames and is detected at
maximumé6 . 9 0 s i gAftér perfarnaing the simplerbit determination, it waslear that this object is in the
SpaceTrack catalog, EXPLORER 38 DEB (ID 3848presumably some piece of the Radio Astronomy Explorer A
spacecrafis].

While we cannot find documentation on what this piece of debris is, it is from-&malin mission.The debrishas

a measured radar cressction of 0.69n?. This allows us to rusome sanity checks on our detection processes to
see if our diection limits are as expected, by using this cross section to estimate an equivalent spherical[@jameter
of roughly90 cm The comparison point that we typically use for our LEO detectiohnigues is the equivalent
diameter object detectable in a 1008 altitude circular orbit. Basic radiometric estimdtB3] predict that a Lam-

bertian sphere of diameter tth and 12% albedo will have an approximate magnitude of 14 in V Jradet termi-

naor illumination conditionsi{ = 9 0 & }he same way as for the radar cross section to physical size estimates, there
are numerous instances of ¢éall el se being equal é but
are otherwise complex.

Apparent @tical intensiy in this diffuse scattering modstales proportionally to the characteristic size squared and
inversely proportional to distance squared these two can be traded off directly. Thus a 90 cm object at 5,850 km
will have a similar intensity as a 15.4 cliameter object at 1000 km with the same reflectivityl 2% diffuse sphere
would be magnitude 13.1, so this object appears about 20%dsrtgan this estimate. Figuresfiows the extracted
light curve of these measurements, which demonstrates saifilinting(2+ mag.) so theadiffuse model is assuredly
unrealistic. As a sanity cheaand performance demonstratioowever, this succeeds.

* SpaceTrack recently stopped publishing the numerical values for radar cross section, but they still exist in several pldees for ol
objects. This value was taken frarp://www.n2yo.congatellite/?s=3848#resultm August 5, 2015.

t


http://www.n2yo.com/satellite/?s=3848%23results

Figure 6. Sequence of sulimages showingeEXPLORER 38 DEB (NORAD ID 03848), afaint, slow moving
object in MEO that shows rapidly modulating intensity. Each box is taken from a one second exposure. The
first exposure is in the upper left, with subsequent exposures lefb-right, then top-down. The red boxes
indicate the frames whee EXPLORER 38 DEB was detected by the LE@node detection systemColor map
scaled toshow-1 0 t of the Bnage noiseln each subframe, the object is moving up and to the right.

Figure 7. Extracted light curve of Explorer 38 Debris as measured byhe LEO mode detection system.
Strong, periodic glints are obvious, modulating the measured intensity by a factor of 6 or more (2+ magni-
tudes).



