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Abstract

The detection of GEO satellites at faint magnitudes requires careful image processing. Image “stacking” techniques - 
registration followed by the combination of image sets - are frequently employed to reduce the impact of 
photon/electronic noise, image sensor artefacts and cosmic ray strikes. They allow improved photometric results and 
enhanced sensitivity to be obtained. We present a simple comparative study of several possible approaches to the 
technique in a GEO satellite detection context. 

The authors examine data from a contemporaneous GEO satellite photometry monitoring activity undertaken during 
March 2014 by the Natural Environment Research Council’s Space Geodesy Facility in the UK, Space Insight Ltd in 
Cyprus and by the Defence Science and Technology Laboratory from the South Atlantic. Other results from the three-
site collection activity are also discussed.

1. Introduction

The ability to deploy satellites to a geosynchronous orbit (GEO) belt, and operate them there for extended periods of
time, underpins a range of activities that are key to our commercial and military infrastructure. Were the domain to
become significantly contaminated with the debris arising from collisions between satellites, there would be a risk to
both existing satellites and future systems, together with an associated impact on activity and the costs of operation.
Consequently, the ability to monitor the GEO belt in an automated fashion and to detect the presence of small fragments
- the majority of materials present in a collision debris field - is of considerable technical interest [1, 2].

The ability to detect  satellites at an altitude of  35786km above the Earth is generally restricted to electro-optical
systems, rather than the radio frequency techniques employed for lower orbital domains. The exploitation of an electro-
optical  system is  also less  complex,  both conceptually and  in  practical  terms,  but  is  regularly constrained  by the
presence of the Moon or clouds. However, by careful choice of sites, even relatively small instruments can accomplish a
lot.

This paper reports on two related activities that  have been undertaken. One is a  multi-site GEO imaging exercise
undertaken from two fixed installations and a portable, deployable, system. The other considers the best techniques that
might be applied to the data collected to support the more effective stacking of image sets and to enhance the visibility
of dim debris materials at GEO. 

Part 1 - Three-site collection activity

As part of an effort to investigate the feasibility of fielding small commercial-off-the-shelf (COTS)  telescopes within a
distributed automated survey system, a simple optical system has been trialled at Dstl (Defence Science Technology
Laboratory). The important aspects of the system requirements were: light grasp for 19 th magnitude; fully automated
pointing; compact; inexpensive and fully deployable by non-experts.
 
The study has focussed on mass produced compact alt-azimuth mounted systems. Recent developments in the consumer
astronomy markets have led to enhanced light throughput, flatter focal planes, improved gear systems and auto-aligning
mounts  that  have  made  the  modified  Schmidt-Cassegrain  instruments  from  Meade  Instrument  Corporation  and
Celestron LLC very suitable candidates. If used in conjunction with software to model the default pointing errors, or
iteratively with a plate resolving system, good pointing accuracy can be readily achieved.

After  initial  UK tests  proved successful,  it  was decided,  in  conjunction with the experienced team at  the  Natural
Environment Research Council (NERC) Space Geodesy Facility at Herstmonceux, to examine the extent to which the
photometric response witnessed by a system would be influenced by its geographic location. The collection of data
from Herstmonceux and from a site considerably further south on Ascension Island, would allow us to examine a wide
range of  latitudes,  while  contracting Space Insight  Ltd  to  supply contemporaneous data for  a  location on Cyprus
furnished a good spread of longitudes (Fig. 1).  Consequently, it was decided to collect contemporaneous data for the



five member Astra cluster (node 19.2E)  from the UK and overseas. 

Fig. 1: The three sites from which data was collected. Image: Wiki Commons.

To optimise the likelihood of all three locations having a clear sky, the activity was attempted during the northern
hemisphere spring, and hence southern hemisphere autumn, within the period 22nd March to April 2nd 2014. 
 

Cyprus

The Starbrook sensor systems are located on the Mediterranean island of Cyprus (35N, 33E). They were designed, are
owned and are operated by the UK company Space Insight Ltd. 

The Starbrook sensor employed for this study was a fast, wide aperture camera lens system in conjunction with a 10
million pixel cooled CCD to deliver a 10x6° field of view. The sensor mount is a commercial German equatorial mount
design which uses Space-Insight's drive systems and software to support the sensors' use as a robotic survey instrument.
A more complete account of it can be found elsewhere [3].

Herstmonceux

The UK NERC Space Geodesy Facility at Herstmonceux Castle in East Sussex, England (51N, 0E) includes an alt-
azimuth mounted 400mm aperture Meade LX200, with a Starlight Xpress Peltier cooled SXV-H9C CCD employing
1.4M 6.45micron pixels. It is used with a focal reducer to give a field of view of around 16x16 arc minutes. The system,
GEOF, tracks at the satellite rate using code developed in-house at Herstmonceux.

Ascension Island

A telescope was operated on the RAF airbase on Ascension Island, a UK Overseas Territory,  in the South Atlantic
Ocean (8S 14W). The instrument deployed was a Meade LS ACF consumer market telescope operating at f5.6 via a
focal reducer. A simple alt-azimuth instrument of 200mm aperture, it supports self-alignment and, in early tests, ran for
several hours unassisted. 

The imaging sensor employed was a Starlight Xpress H18 – a Kodak KAF 8300 full frame CCD with 8.3 million 5.4
micron pixels (pixels 1.5 arc seconds wide) operating at 25C below ambient. 

The telescope was controlled by bespoke Visual Basic 6 code employing TheSkyX objects to provide real-time object
coordinates, to control the telescope and to run the CCD.

Part 2 – Stacking techniques for GEO satellites

The detection of GEO satellites at faint magnitudes requires careful image processing. Image “stacking” techniques -
registration  followed  by  the  combination  of  image  sets  -  are  frequently  employed  to  reduce  the  impact  of
photon/electronic noise, image sensor artefacts and cosmic ray strikes. They allow improved photometric results and
enhanced sensitivity to be obtained.

There are two main ways to handle the collection of images of GEO satellites, Kuiper Belt Objects, Near Earth Objects
or satellite debris. At its simplest, the telescope can be slewed at the rate required to track the desired satellite, which
will result in the image of the satellite appearing at the same pixel space location on the image set collected. This will
mean the image set can be stacked to create an output image without the need to apply inter-frame translational pixel
offsets. With this method long exposures are possible – with the upper limit defined by the star density in the region.



A second option is to collect an image set with the telescope pointed at the altitude and elevation that correspond to the
section of the GEO belt to be examined. It is then necessary to apply translational offsets between the images within the
set to ensure that the image of any object with the desired tracking rate falls on the same pixel (or nearly so) of the
output image. This method is usually confined to exposure lengths corresponding to a value defined by the atmospheric
seeing disc (or the angular width of a single pixel if larger) divided by the tracking rate of the satellite.

Whichever method is employed, the image sets captured are stacked so that the value for each pixel in the output image
is the combination of the equivalent pixels in each of the original image sets.  The manner in which they are combined
is crucial to the success of the method and in making the satellite easier to distinguish from the background. 

To determine the best way of achieving a strong detection with minimal background clutter, a number of techniques
were applied to data collected during the three-site GEO collection and data collected with a wide field sensor against a
crowded scene (Scutum star cloud).

3. Results

Part 1 - Three-site collection activity

During late March, Ascension Island should be nearing the end of a period of clear dry weather that runs from 
December to April. Unfortunately, two days into the trial the island experienced a period of prolonged cloud cover 
along with its heaviest rains in five years, causing some flooding. The UK was more fortunate, with good weather 
during the trial period, while Cyprus, which is normally transitioning from the cloudy winter weather pattern to the 
clearer skies of summer, experienced nearly normal conditions, with several good nights. 

Data was collected at Herstmonceux on the nights of 21st, 22nd, 27th  (cloud affected) March and 1st April, while on 
Cyprus data was collected on 21st, 22nd, 27th March.  Two issues at Ascension meant that usable data was only collected 
on one night – 1st April. The Ascension images were acquired at sidereal tracking rate, which reduced the signal to noise
ratios measured considerably. The frame rate was also constrained to around 1 frame every 40s. Consequently, 
contemporaneous data is only available for two locations at a time. Datasets were collected for Herstmonceux with 
Cyprus and for Herstmonceux with Ascension only. 

To ensure we were looking at the satellites we expected, their predicted paths (as viewed from Herstmonceux) relative 
to Astra 1N were compared with the observed positions (Fig.2 ). For the 4 we had recent TLEs for, the agreement was 
good, enabling identifications of reasonably high probability to be made.

  
Fig. 2: The predicted (left) and observed position variations (right) as seen from Herstmonceux.

The Space Insight data recorded the brightness variation of a single satellite, Astra-1N (NORAD 37775), on the three 
separate nights. The Ascension data recorded the variations for 3 of the 5 satellites (the other two being too closely 
spaced for much of the time) while the Herstmonceux data successfully addressed all 5 satellites within the cluster. The 
Herstmonceux data was processed using in-house code that required the operator to identify the target of interest in the 
first frame of a run and which then automatically tracked that object in all subsequent frames. Local background was 
subtracted and counts converted to mv using a calibration look-up table based on measurements of standard stars. 

Examining the observations from the Cyprus site over the three nights highlighted the result (Figs. 3 and 4) that the pre-
eclipse data, when expressed as a logarithm of the intensity,  is strikingly similar with no obvious features present,
beyond  that  of  the  normal  spurious  influence  of  stars  that  occasionally appeared  close  to  the  satellite's  location.
However, looked at in the wider context of pre- and post-eclipse (Fig. 4), it is apparent that significant changes occur
even in the behaviour of a single commercial satellite and that even a relatively small aperture is sufficient to detect
them. The green plot shows distinct pre-eclipse variations in slope and in the post-eclipse, hints of  cyclic oscillations.



  

Fig. 3: The pre-eclipse data collected on Cyprus for the nights 21, 22, 27 March 2014.

 Fig. 4: The pre- and post-eclipse data collected on Cyprus for the nights 21, 22, 27 March 2014.
 
Turning to the pre-eclipse data collected at Herstmonceux, on the two (largely) cloud free nights in March, striking
differences between the individual satellites were apparent (Fig. 5). There appear to be 3 satellites with broadly similar
photometric behaviour, while the 2 others both displayed a greater slope. 

Fig. 5: The pre-eclipse log count data collected at Herstmonceux for the nights of 21 (left) and 22 March (right) 2014.



The differences are more obvious when expressed as a ratio of brightnesses between the satellites (Fig. 6). The satellite
used as the reference is represented by the red straight line. These highly significant differences must arise from a
combination of differences in construction or in usage and, potentially, the orientation and stance of the system relative
to the observer. 

Fig. 6: The pre-eclipse data collected at Herstmonceux for the night 21 March 2014.

Similar differences were found when comparing the results obtained on the 1 st April 2014 by the Ascension Island and
Herstmonceux  telescopes  used  contemporaneously (Fig.  7).  The  overall  similarities  in  each  satellite's  response  to
opposition conditions are quite apparent and are confirmed by both sensors, but significant differences do remain – such
as the apparent peak in the green curve when viewed from Ascension, but not from Herstmonceux, a near specular
reflection from the solar panels perhaps.

Fig. 7: The pre-eclipse data collected from Herstmonceux (left) and Ascension (right) for the night of  01 April 2014.

Part 2 – Stacking techniques for GEO satellites

The collection of multiple image frames and the subsequent combination of them to improve the signal-to-noise ratio of
a detection is a technique widely used in astronomy [4]. Its' use allows objects overwhelmed by sensor readout noise or 
by noise arising from the background sky to be captured, and for the impact of image artefacts such as bad/hot/cold 
pixels and cosmic ray strikes to be minimised, by “stacking” a set of images. For example, GEO satellites that are not 
apparent in a single image taken with a simple uncooled CCD camera and an f1.8 50mm Canon lens become obvious 
when the sensor tracks at the same rate as the satellite or several offset frames are combined. If handled properly and, 
under ideal conditions, the noise reduction accomplished by the stacking of N frames can approach a factor of √N . 

However, the literature on the subject is surprisingly slim, and the √N factor only really comes into play when the noise 
present within a scene background closely conforms to an uncorrelated zero mean, and constant distribution: something 
not always found in real world sensor noise, where outliers may be common. Most of the approaches to data processing 



make this assumption and so leave low level noise residues in the resulting stacked image.

Fig. 8:  GEO satellites in a wide field of view seen against the crowded Scutum star cloud region. The images can be
added together to show the stars (left)  or to highlight the near stationary GEO satellites(right). The satellites were not

detected in the individual image frames.

In the example shown, it was apparent that any GEO satellite located at a point on the focal plane that happened to be 
crossed by the image of a bright star would be obscured by the bright star trail and thus rendered very difficult to detect 
or extract effectively. 

Consequently, stacking techniques are frequently used in the search for Near Earth Objects to find moving targets that 
are below the detection threshold of a single image.

Fig. 9: Images captured at sidereal rate, subsequently offset and then additively stacked to highlight the presence of a
20th magnitude NEO (2013 YP139) moving at 6.66 arc seconds per minute relative to the background starfield. Sixty 20s

images were stacked to produce this detection. Image: Peter Birtwhistle. 

An uncooled Sony Exview CCD based camera was used to create a dataset of 100 sequential 2s images of a crowded, 
almost worst-case (in terms of clutter), area of sky. A number of stacking techniques were then applied to determine 
whether they might increase the signal-to-noise ratio of the detections achieved. The techniques acted upon the array of 
pixel values, V, that would contribute to each pixel in the output image. The techniques applied were chosen to sub-
sample parts of the statistical distribution associated with each pixel, with a view to highlighting a computationally 
effective strategy that would minimise outliers, while particularly emphasising low signal targets. They were:

Average: averaging all the the values in array V
Median: obtaining the median value of the array V
Skewness: determining the skewness (a distribution symmetry metric) of the values of the array V
Method #1: mean of  values within 2.5-90 percentiles in V
Method #2: mean of  values within 10-80 percentiles in V
Method #3: mean of  values within 20-60 percentiles in V
Method #4: mean of  values within 49-60 percentiles in V
Method #5: mean of  values within 2.5-49 percentiles in V
Method #6: mean of  values within 49-90 percentiles in V
Method #7: minimum pixel value in V

Methods #1 to #7 are significantly less computationally intensive than a normal median stack.

Note that, prior to stacking, the individual images were dark subtracted and defect corrected (interpolation over known 
hot/defective pixels) to minimise the impact of any statistical outliers present. In addition, the global median of each 
frame was adjusted additively to normalise the response of the median stacking and to allow for changes to sky 
gradient, but the pixel intensities were not modified to reflect transparency changes – which appeared minimal.



Description of technique applied to each
pixel

Target 1 count,
count sum

Target 2 count, 
count sum.

Target 3 count,
count sum.

Background standard
deviation

Average 504 (26) 243 (13) 176 (9) 19.3

Median 521 (41) 285 (22) 178 (14) 12.8

Skewness Not visible Not visible Not visible 1.74

Method #1 478 (38) 237 (19) 162 (13) 12.7

Method #2 474 (36) 243 (19) 211 (16) 13

Method #3 512 (41) 246 (20) 191 (15) 12.4

Method #4 487 (38) 263 (20) 207 (16) 12.9

Method #5 454 (37) 234 (19) 176 (15) 12.1

Method #6 494 (36) 225 (16) 194 (14) 13.8

Method #7 411 (25) 153 (9) 155 (10) 16.3

Table 1: Statistics for the frame after stacking using the stacking methods described.

The least successful methods are shown in red, while the most successful methods are shown in green. It was apparent 
that, due to clutter from star trails, the Average approach was not ideal. However, the results could probably be 
improved by the convolution of the image with a representative point spread function or auto-correlation based on 
source symmetry [5]. Overall, it appears that the Median and Methods #2, #3, #4 score most consistently in this small 
sample. 

It was noted that the skewness technique, while lacking individual images at the locations of the  (unmoving) GEO 
satellites, did highlight two moving satellites quite strongly, suggesting potential utility as a detection technique, 
perhaps in concert with track-before-detect statistical approaches. A useful discussion on the use of skewness is 
available here [7] but is not pursued further herein.

Also, it was seen that there remained in the images a considerable amount of low level background clutter, no matter 
which technique was applied. To attempt to mitigate this, the Methods previously discussed were rerun, but with two 
distinct modifications:

Firstly, in each frame used, the location and coverage of all bright sources was identified by the use of the Source 
Extractor software package [6] with the detection threshold set to 1.5σ and 3 pixels above threshold required. These 
pixels were marked as  “unwanted” and were not permitted to contribute to the contents of array V, subsequently created
for each output image pixel. 

Secondly, the resulting image was fitted using a 2D surface estimation algorithm and the resulting low frequency 
photometry map subtracted, in an attempt to suppress the background glow associated with very dim sources. 

Description of technique applied to each
pixel

Target 1 count
sum and SNR

Target 2 count
sum and SNR

Target 3 count
sum and SNR

Background standard
deviation

Surface corrected Average 372 (46) 173 (21) 175 (22) 8.05

Surface corrected Median 373 (42) 211 (24) 159 (18) 8.78

Surface corrected Method #1 329 (41) 174 (22) 158 (19) 8.05 

Surface corrected Method #2 332 (41) 185 (23) 147 (18) 8.1

Surface corrected Method #3 351 (43) 188 (23) 137 (17) 8.21

Surface corrected Method #4 336 (39) 215 (25) 142 (17) 8.55

Surface corrected Method #5 355 (44) 154 (19) 151 (19) 8.14

Surface corrected Method #6 352 (41) 196 (23) 164 (19) 8.6

Surface corrected Method #7 340 (13) Not visible Not visible 26.8 

Table 2: Statistics for the frame after stacking using stacking methods described  extended to includes surface
subtraction and exclusion of star contaminated samples.

After this processing it was apparent that the artefacts that arise from the trialled star images were greatly reduced – 
although, not entirely eliminated, perhaps due to light scattering within the optical path. In addition to making the 
analysis of the output image easier to accomplish, the potential for a dim GEO satellite image to be “hidden” by an 
overlaid star trail was all but eliminated, even within the crowded field used to test the process. The strength of the 



satellite detections, expressed as a signal-to-noise ratio, indicate a slight (10-20%) rise in detection strength, with a 
strong associated decrease in the image clutter and noise.  This provided exploitable results from a processing chain that
was far from optimised. Identifying the specific technique to employ for maximising the detection of very low signal to 
noise satellites is still not entirely resolved but the surface corrected Median and surface corrected Method #4 appear 
favoured.

4. Conclusion

Despite the operational software issues and power supply issues encountered at Ascension Island, it was apparent that,
useful data can be collected with relatively inexpensive COTS hardware that could sensibly form the backbone of a
simple, geographically distributed, network of telescopes employed to monitor debris and activity in the GEO belt. Such
an approach would minimise the costs  of  maintenance of  the  system and the  extent  to  which  expensive  bespoke
hardware was required. Some communication and housing issues remain, but during testing the Meade LS8 equipment
proved reasonably reliable.

This work also confirmed the versatility of the GEOF sensor operating at Herstmonceux. The images obtained for this
study were taken autonomously, having been initialised by the duty observer, and then left unattended throughout each
night, to close down automatically as dawn approached.

Further,  the results  highlight  the fact  that  the photometric  responses  observed with the Herstmonceux and Cyprus
equipment were broadly very similar, with only small scale differences. However, the contemporaneous Herstmonceux
and Ascension data did highlight  some striking differences (Fig.  7).  While this  conclusion was not  drawn from a
scientifically significant sample, it does encourage additional study and it might be anticipated that scale changes might
correlate with movements of solar panels or other external structures.

Turning to the image processing aspects that were tested during this activity, it  was found that: even when a large
number of images were stacked, if the field was crowded (more than 100 stars in the field), or light scatter within the
optic was present, then the exclusion of pixels attributed to being within star images from the stacking process still left a
residual. However, the elimination of some of this was achieved using a simple 2-D surface fitting algorithm and bright
source masking. The potential for the image of a dim GEO satellite to appear overlaid or obscured by a bright star trail
was reduced considerably beyond that normally associated with a median stacking operation. The wider efficacy of this
approach will be examined more closely in future work.
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