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ABSTRACT 

J.T. McGraw and Associates, LLC operates two proof-of-concept wide-field 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 

queued same-orbit follow-up observations.  Using our GPU-accelerated detection scheme, 

the proof-of-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 ap-

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 proof-of-concept systems, separated by ~30km, 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 followed-up by imaging photometric obser-

vations taken at UNM to confirm and further constrain 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 for real-time detection of 

fast moving objects, which can be then handed off to other instruments capable of tracking 

and characterizing them, can provide valuable real-time surveillance data at LEO and be-

yond, which substantively informs the SSA process. 

1. Introduction  and Background 

Small optical telescopes, deployed strategically across the globe, hold the potential to contribute significant and com-

plementary capabilities to space situational awareness (SSA), beyond their current roles in monitoring and character-

izing objects in and near the geosynchronous regime.  The work demonstrated here shows proof-of-concept solutions 

to several of the challenges to making small optical telescopes viable for uncued surveillance of LEO and MEO.  We 

also show how some of these techniques can be applied to imagery taken with larger telescopes to find faint objects 

that are often missed by standard astronomical image processing techniques. 

For objects that have well-understood motions, many existing observational resources can be brought to bear to study 

it.  In the case we are interested in, the objects in question are either not known, were lost or have maneuvered away 

from their previously known motions. Because we are focused on uncued surveillance, there are choices that can be 

made about how to optimize the design and operate the telescope system. If some foreknowledge of a targetôs position 

and rate are available, the best measurement signal-to-noise ratio is obtained by tracking that rate and acquiring images 

where the signal integrates within a few resolution elements.  Incomplete 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 to as trailing loss, because the signal-to-noise per resolu-

tion element decreases proportionally to the number of resolution elements that are illuminated. The object only dwells 

in a given resolution element for a small fraction of the exposure time but the background is contributing noise for the 

entire exposure. Thus, a bright object that might be an easy detection while tracked becomes a faint streak that is far 

more challenging to detect and measure.  



 

 

For uncued surveillance, while rates are not known ahead of time, upper and lower limits can be placed based on 

orbital regimes of interest and physically admissible regions, so one must either take images so fast that the object 

appears fixed, or find ways of detecting and measuring streaks.  Under ideal circumstances, where detector noise and 

data processing are not obstacles, the fast image acquisition would be clearly superior.  Optimal signal-to-noise would 

be achieved in each image and techniques would search through stacks of images for things that move.  In general, 

rapidly reading out a detector leads to dramatically increased detector noise, thereby obviating the gain in signal-to-

noise.  Moreover the increased data volume generated can also become unmanageable ï requiring significant compu-

ting resources for each small telescope defeats one of the key strengths of using optical detection in the first place ï 

its low cost.  Fast-framing is the approach used by systems such as GEODSS [1], but in this case it is for relatively 

slow moving objects at GEO and quickly loses efficacy for faster moving objects.  Thus, barring some significant 

developments in detector, data storage and computational technology, optical SSA for fast moving objects necessitates 

streak detection.   

In Section 2, we detail the telescope systems that JTMA has fielded to test and demonstrate real time optical detection 

and follow-up. These systems monitor a small volume of LEO and MEO above their respective observatories and 

image the objects that cross the field of view ï we summarized previously reported results in Section 3.  JTMA 

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 some selected results in Sections 4 and 5. In Section 6, we apply these 

same software approaches to an existing GEO debris survey data set from one of the 6.5m Magellan telescopes. 

2. Optical Detection System Description 

We reported on the design of these systems previously [2] and we briefly review them here. The systems are based 

upon commercially available components which provide the most cost-effective solution for a real demonstration and 

test bed for our techniques.  Commercially available detectors place the most constraining limits on the design space, 

principally because they have been designed for some other purpose than wide field astronomical observations. Budg-

etary constraints effectively eliminated backside illuminated CCDs, which are desirable for their high quantum effi-

ciency, though they do require a mechanical shutter and the readout time overheads are often of the order 100% for 

one second cadence images.  Our need for rapid observing cadence with minimal dead time drove us to use 35mm 

format interline CCDs that are commercially available in cameras from several vendors, because they can be read out 

while the next exposure is accumulating, eliminating readout overhead.  Non-interline, front illuminated sensors were 

eliminated because the readout time overhead reduced the allowable exposure times, despite the availability of phys-

ically larger sensors. CMOS sensors hold a great deal of promise for the future, but at present they are both expensive 

and physically too small to create a large field of view (FOV) for telescopes with appreciably large apertures. 

The systems presently in operation are based around a 14ò Celestron Schmidt-Cassegrain optical tube with a HyperStar 

f/1.9 prime-focus corrector.  Combined with an ON Semiconductor (formerly TrueSense (formerly Kodak)) KAF-

16070 4864 x 3232 sensor with 7.4 micron pixels, this gives a 3° x 2° field of view with 2.23 arcsecond pixels, albeit 

with significant vignetting in the corners of the field (illumination in the corners is roughly 50% that of the field 

center). This vignetting is caused primarily by the aperture of the corrector plate at the entrance aperture of the 

Schmidt-Cassegrain design, which was never intended to operate over such a large field. The CCD is integrated into 

Finger Lakes Instruments Microline cameras, which were chosen because they allowed a rapid dual amplifier read 

rate of 12MHz each, resulting in a 1Hz frame rate (principally limited by the USB2.0 bus) in a compact housing with 

integrated thermoelectric cooling, reducing dark current noise to a largely negligible level.  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 to the Hyperstar corrector housing.  The net result is an instrumental 

etendue of almost 0.5 m2deg2 for a 6 square degree FOV that can read out at 1 Hz with 11e- of read noise, essentially 

zero dead time (< 5 ɛs) between exposures, with parts available off-the-shelf for around $20,000 for the telescope, 

corrector and camera.   

We have deployed two of these systems in the Albuquerque metropolitan area, as shown in Figures 1 and 2.  Siting 

telescopes this close to a major population center is not ideal from a sky brightness standpoint and incurs a cost in 

detectivity, especially for the system within Albuquerque city limits, but it provides easily accessible systems for 

development and testing.  The added noise from night sky background illumination is easily quantified and we can 

readily extrapolate the performance that would 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 observations metropolitan locations definitely compromise sensitivity, because the 



 

 

objects are inherently fainter and their apparent rates are slow enough to allow longer exposure times and therefore 

higher accumulated background.  Still, they are quite useful for testing purposes even for GEO observations. 

Each telescope and camera system is installed on a Paramount MX German Equatorial mount allowing precision 

pointing and very reliable operation.  These are attached to Parallax Instruments portable piers and installed in 7 foot 

diameter Astrohaven domes.  The deployed systems in their domes are shown in Figure 2.  Altogether - optical sys-

tems, mounts, domes and computers - the total cost per system is approximately $50,000, and the entire system can 

be deployed by a small team in about two hours, crate-to-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 

Observatory (UNMCO) so that it can rapidly and autonomously follow-up on detections made with the wide-field 

detection systems.  This 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 unfiltered or canonical BVRI filtered images.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. JTMAôs Proof-of-Concept 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 parallax for objects 

detected with both systems.  

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

to the sky awaiting twilight.  The optical systems are 14ò Celestron Schmidt-Cassegrain telescopes with 

Hyperstar prime focus wide field correctors installed.  A FLI ML-16070 interline CCD provides a 3ę x 2ę 

field of view with 2.25ò pixels and can be read out at 1 Hz with no deadtime between frames. The systems 

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 results [3, 4 and 5] and briefly summarized here: 

¶ Objects in LEO are bright by astronomical standards 

o A 10cm object at 1000km ~12th magnitude (A=1) to 14th magnitude (A=0.12) 

o A golf ball (4.2cm) at 1000km range with a 90% albedo is ~14th magnitude 

o Even under bright skies, a 16th mag. star is bright enough to detect in 1s with a 300mm telescope 

¶ Objects in LEO have a high apparent angular velocity: 

o ~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 objects is therefore trailed over many pixels, each of which contributes read noise and 

sky background noise ï so-called trailing losses. 

o The resulting loss in per-pixel signal-to-noise ratio scales as the number of pixels in the streak, which 

can be hundreds to thousands of pixels long. 

¶ Signal-to-noise (S/N) in the whole LEO streak is more significant than the per-pixel S/N by approximately 

the square root of the streak length 

o If you can find the streak it in the first place. 

o The low per-pixel S/N is most often ignored as part of the background by traditional source detection 

techniques because the per-detection-kernel S/N does not cross a statistical significance threshold. 

¶ Rapid cadence (~1s) imaging with zero deadtime of wide instantaneous fields of view (FOV >> 1 square 

degree) can catch LEO objects as they streak through the field 

o Exposure time tailored so that a 1 deg/s object will cover half of the FOV. 

o Zero deadtime for maximum efficiency and no lost objects between exposures. 

o Optimize for existing hardware, read noise and feasibility of real time detection. 

o Detector deadtime from shuttering and readout of typical full-frame detectors has the same effect as an 

overall lower quantum efficiency.   

¶ Astrometric and Photometric Performance of Proof-of-Concept Detection Systems 

o Each 2ę x 3ę FOV typically contains 1000+ UCAC4 astrometric standard stars 

o Typical astrometric residual w.r.t. UCAC4: 0.25-0.35 arcseconds rms 

o Limiting magnitude (6 sigma) for stars: ~15 for bright conditions, ~16 in dark skies in one second 

¶ Example of Streak Detection Performance at LEO 

o 11.6 magnitude object moving 2,720 arcseconds per second detected at 8.6 sigma 

o Implied circular orbit altitude: 600km 

o Implied size: 20cm ï assuming diffuse sphere with 0.12 albedo 

¶ Example of Streak Detection Performance at MEO 

o Highly variable object, magnitude fluctuated dramatically between 11.3 & 13.2 over 15 seconds of dwell 

time in FOV 

o Apparent angular rate: 460 arcseconds per second. 

o Implied altitude: 4,435 km with inclination of 105ę 

o Intensity changed by factor of 4 in 2 seconds, and even faster within exposure time 

¶ Streak Detection Performance near GEO 

o Magnitude 15.7 super-GEO object detected at 7 sigma in 5 second exposure 

¶ Parallax Range Determination 

o 27km separation of telescopes allows range determination  

o Apparent parallax for object at 1000km is 1.5 degrees 

o 1 pixel (2.23ò) rms error in position in this case is ~750m range error 

o Parallax can even be useful at GEO ranges 

¶ Current LEO Mode Execution Time Performance 

o 0.9s per 2x2 binned image, of which preprocessing takes 0.4s and detection code 0.5s 



 

 

o Star mask and noise model computed once per minute or as needed, taking up to 8 seconds 

o Maximum time from detection to TLE generation: 4 seconds. 

4. Simple Streak Orbit Determination 

One of the driving goals of JTMAôs optical detection system is to be able to be able to detect a LEO object and trigger 

immediate, same-pass follow-up observations with other nearby (and distant) telescopes.  Even with the large fields 

of view covered by the detection systems, low altitude objects are only observed for a few seconds altogether.  A new 

detection needs to be passed off so that the objectôs orbit can be further refined, reducing the chance that it is lost and 

enabling even more follow-up observations with larger telescopes and more diverse instruments.       

Fortunately, a single streak measurement incorporates more information than just a single pair of angles only RA & 

Dec coordinates. RA and Dec rates are also embedded in the streak length and orientation.  Those four parameters are 

enough to constrain two possibilities of an approximate circular orbit, where the direction of travel along the streak is 

not known from a single observation. That directional degeneracy is broken with a second image, even if in that image 

the streak is truncated by the edge of the detector.  Bear in mind that this is not meant to be a rigorous initial orbit 

determination at this point, but simply a way to be able to task immediate follow-up resources, in less than 30 seconds 

at present and ultimately in less than 10 seconds.  On this timescale, having the orbital plane and current apparent rate 

is good enough to constrain the motion on these short timescales.  This approach expands on the work of Michael Earl 

[6], which assumes near-zenith pointing, to a more general solution with arbitrary pointing. 

From a single site, a detected streak yields two endpoints with measured angular positions defining two lines of sight, 

A and B, which must be corrected for the effects of aberration and light travel delay, referenced to ICRS coordinates.  

Combined with the known inertial location of the observatory site at the beginning and end of exposure, call them X1 

and X2, which are different because the Earth has rotated during the exposure, two possible sets of two lines of sight 

are defined, depending on whether the object was moving from A to B or B to A ï with only one observation the 

direction of travel along the streak is unknown.  Each of those two line of sight combinations can yield a simple orbit 

estimate.  Consider the first combination, X1ŸA and X2ŸB. There is a single parameter family of circular geocentric 

trajectories that go through both of these lines of sight, each of which has a velocity set by the crossing time between 

the lines of sight, which is the image exposure duration. Only one of these circular trajectories corresponds to an orbit 

with a physically correct circular orbit velocity for its radius.  The degeneracy between directions of travel can be 

broken with the subsequent image. The two possible solution are not, in general, time-symmetric, 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 trajectory of several objects that were initially detected 

with our southern observation site, which then handed off TLEs to the UNMCO telescope.  The UNMCO system then 

moved and obtained follow-up observations in under one minute, continuing to move and image until the objects 

moved below the horizon. As expected, the assumption of a circular orbit leads to systematic offsets 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 small compared to 

the FOV of the telescope making the follow-up observations. Moreover, the determination of the orbit plane is quite 

robust, so that uncertainties in the apparent position for the follow-up telescope are mostly in the along-track direction.  

The detailed results are preparation. 

5. Some Selected Detections and Results 

During any given twilight LEO-mode operation session, there are typically between 300 and 600 images that contain 

detected streaks out of 5000-7000 images obtained. Some of these objects appear in only one image, while some 

bright, slow objects can appear in a hundred or more. We include two example object detections as demonstrations of 

objects that can be detected with these systems. 

Figures 3-5 show the fastest moving object we have definitively detected so far. It is not likely to have been a meteor, 

because it is detected in two frames whereas meteors will  generally have much higher apparent rates ï meteor re-entry 

occurs lower in the atmosphere and the meteor particles will typically have a much higher velocity, both of which 

result in typical angular rates much higher than this. This particular object gets dramatically brighter as is moves across 

the field in excess of 1.1 degrees per second and detected at 13.2ů.  The starting point of the streak on the left hand 

side of Figure 3 is 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 preceding image, nor is it detected 



 

 

with the second telescope, but given the altitude implied by the rate, this is not surprising as their fields were config-

ured to overlap at a higher altitude. The simple orbit determination used with these endpoints gives an altitude of 417.2 

km with inclination of 143.08ę and given that range, this corresponds to a sphere of approximate diameter 13 cm, 

assuming a diffuse reflector with albedo 0.12.  At this altitude though, the object is likely to be passing through the 

penumbra because the Earthôs shadow is close to this region and this may explain the change in apparent brightness. 

As such, this size estimate should be treated as a lower limit. The altitude estimate also is uncertain due to the lack of 

definition in the initial streak point.  However, it canôt be very much longer, or its velocity would correspond to a 

much lower altitude that would be in shadow.  There are not any likely counterparts to this object in Space-Track [7]. 

The same subfield of the subsequent image is shown in Figure 4.  Unfortunately this portion is clipped by the edge of 

the field, but even with only 60% of the streak length available, this section is twice as bright as in Figure 3, which 

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

or approximately 20 cm, assuming that its orientation didnôt change.  The combination of these along with the detec-

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 the initial detection of fast moving object, detected at 13.2ů with 

a rate of 1.1ę/sec and magnitude of 11.4.  This corresponds to an object of ~13 cm diameter (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 streak 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 5 shows the light curve of this object as extracted in a three pixel wide aperture along the streak.  The orange 

line corresponds to the frame in Figure 3, the blue line to Figure 4.  This also shows that while your eye may see an 

extension of the streak in Figure 4 to the left of the red dot, this feature is not real and is not present in the full image.  



 

 

 
Figure 5. Extracted light curves from the detections shown in Figure 5 (orange) and Figure 6 (blue). In this rep-

resentation, the object moved left to right and the most likely starting point is near 700 on the x-axis, where each 

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

electrons.  

The second example is an object moving much more slowly and modulating rapidly in intensity.  This object is shown 

in a series of 0.12ę x 0.12ę sub-images that span 42 consecutive 1s exposures displayed in Figure 6.  This object was 

on the edge of detectability for LEO-mode observations which is optimized for longer streaks ï and clearly this is well 

above the LEO regime ï only three of these images resulted in automated detections, with the rest extracted on the 

basis of those detections.  This object has an average magnitude of 12.9 in these three frames and is detected at 

maximum 6.9ů significance. After performing the simple orbit determination, it was clear that this object is in the 

Space-Track catalog, EXPLORER 38 DEB (ID 3848) ï presumably some piece of the Radio Astronomy Explorer A 

spacecraft [8].   

While we cannot find documentation on what this piece of debris is, it is from a well-known mission.  The debris has 

a measured radar cross-section of 0.69* m2.  This allows us to run some sanity checks on our detection processes to 

see if our detection limits are as expected, by using this cross section to estimate an equivalent spherical diameter [9] 

of roughly 90 cm. The comparison point that we typically use for our LEO detection techniques is the equivalent 

diameter object detectable in a 1000 km altitude circular orbit.  Basic radiometric estimates [10] predict that a Lam-

bertian sphere of diameter 10 cm and 12% albedo will have an approximate magnitude of 14 in V band under termi-

nator illumination conditions (ū=90ę).  In the same way as for the radar cross section to physical size estimates, there 

are numerous instances of óall else being equalô but this gives some insight into brightness vs. size relationships which 

are otherwise complex.   

Apparent optical intensity in this diffuse scattering model scales proportionally to the characteristic size squared and 

inversely proportional to distance squared, so 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 cm diameter object at 1000 km with the same reflectivity.  A 12% diffuse sphere 

would be magnitude 13.1, so this object appears about 20% brighter than this estimate.  Figure 7 shows the extracted 

light curve of these measurements, which demonstrates significant glinting (2+ mag.), so the diffuse model is assuredly 

unrealistic.  As a sanity check and performance demonstration however, this succeeds.  

                                                      

* Space-Track recently stopped publishing the numerical values for radar cross section, but they still exist in several places for older 

objects.  This value was taken from http://www.n2yo.com/satellite/?s=3848#results on August 5, 2015. 

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


 

 

 
Figure 6. Sequence of sub-images showing EXPLORER 38 DEB (NORAD ID 03848), a faint, 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 left-to-right, then top-down. The red boxes 

indicate the frames where EXPLORER 38 DEB was detected by the LEO-mode detection system.  Color map 

scaled to show -1ů to +5ů of the image noise. In each sub-frame, the object is moving up and to the right. 

 
Figure 7. Extracted light curve of Explorer 38 Debris as measured by the LEO mode detection system.  

Strong, periodic glints are obvious, modulating the measured intensity by a factor of 6 or more (2+ magni-

tudes).   


