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A commercial off-the-shelf satellite tracking system isdeveloped and utilized for
determining satellite characteristics on a minimum budget A summary of the system
components, developments, capabilities, and future impvements is addressed within this
paper. The system is divided into four main componentamera and lens, tracking mount,
tracking and data handling computer, and software. The systens highly mobile and has
provided usable research data through the imaging of unrebeed satellites as dim as 6th
magnitude. Future plans for a permanent assembly with ngtorked control and automated
data collection is also described.

Nomenclature

Exposure - camera shutter time (seconds)
Magnitude - logarithmic measure of the brightness aflgact

I.  Introduction
Space situational awareness has become an incrgaisimgirtant topic as we continue to populate space and
rely on space assets. Traditionally large telescapdsexpensive operation costs have been required ttivedhec
track satellites. In the past couple of decades sevestnsy have been developed to help reduce the associated
costs [1, 2]. This project is an attempt to reduce tBes@ven more.

The following paper describes the system, the develognard improvements that have been made since the
start of the project last year. First a summary érations explains process of using the system, including pre
observations setup, recording data, and post processing tinde@cdata. The system components section provides
a summary of all equipment utilized to run the system, taaddetails of each component within the system. A
developments and capabilities section describes the lohithe system along with any problems that were
encountered and the solutions to those problems. Finaho# explanation of the results of the system sasfar
listed to provide insight to the system’s success.

[I. Summary of Operation

The main components of the overall process includeppss planning, equipment setup and calibration, data
collection, and post observation data processing. Tegagss planning phase consists of three elements. &irst,
weather prediction of sky coverage is used to make surebgerving time will have minimal cloud cover. The
main source for this information is from the NatioWdeather Service’s Hourly Weather Forecast Graphher
local area, which can be found online. Second, pasfigtions for the most visible satellites needs tolained.
This information is generally obtained from Heavensvatcom, which provides information on visible padsas
the observation site and magnitude predictions for thghtoress of each satellite. From this informationeltise
passes are chosen based on the quality of data thatithgyovide. Considerations include, the duration and
orientation of the pass (a higher elevation pass vidibl® horizon to horizon is best), magnitude, passeti
windows, previously recorded satellites, and dimensional (@@fgbublicly available). The final pre-pass plan s&ep
to obtain current two line element (TLE) orbit infaation for the satellites to be observed. The maincgoaf TLE
data is Space-Track.org. If this website does not contenTLE data needed, the data is obtained from the
Heavens-above.com. The setup phase consists of placitrg¢kieg mount in position, applying power, mounting
the camera and lens on the tracking mount, and congehtncamera and hand controller to the tracking computer
via USB extension cables. The mount is then manuafiyralled to point at Polaris and the lens focus is agljuas



needed. The tracking mount is then aligned on Polaris. ctisrates the mount’s sky pointing position, and is
fairly accurate as long as the mount is on a level seirfdext a test satellite pass is used to test themaéigt and
adjust the lead/lag time of the tracking software drivingtioent. Ideally the satellite should show up in the center
of the frame, if not, the lead/lag time is adjustedawerct for time errors in the TLE or the computercklo If this
does not fix the problem, realignment is needed. Negtpllinned satellite passes are recorded. Finally theingsul
data is post processed into image sequences to contdionaigbointing data used for analysis of the dimensional
characteristics of each satellite.

lll. System Components

A. System Equipment

The system includes all readily available commeraijaligment found in Table 1 below. All equipment pricing
is quoted from currently available online sources. Talet shows that anyone with a need for optical trackam
replicate this system with only a relatively smaltialiinvestment.

Table 1: System Equipment Listingwith Prices
Part Product/Description Price
Camer; The Imagint Source DMK 41AU02.AS (Monochroms $63(
1280x960)

Lens Nikon 35mm f/1.8G A-S DX $20(
Tracking Moun Celestron Nexstar 6SE Mol $700 (w/ telescop
USB Cable 2 X 20m USB 2.0 cabl $30(each
Mount AC Power Adapt( | Celestron AC Adaptc $2C
Compute-to-Mount drive | Celestron Nexstar RS232 PC Interface C $1¢€
cable
Seria-to-USB Converte | Generic USI-to-Serial Adaptor w/cab $20 (avg
Power Extension Cat Generic Extension AC Power Cal $25 (avg
Laptor Toshiba Qosmio 17inch Notebc $1400
Camera Hard Ca Generic Medium Hard Case (r-waterproof $35 (avg
Lens UV Protective Filte | Nikon 52mm Filte $24
Dovetail Mount ADM Accessories Vixen Serieto D Series Adapt $10¢
C-Mount C-mount adaptor for Nikon Camera L $7¢
GP< GP¢&-18 USE $67

Total | $338¢

B. Camera and Lens

The camera used for this system is manufactured by Thgihg Source. The following are the cameras
specifications provided by the manufacturers. The cdmemnsor is a ¥z inch Sony ICX205AL progressive
scanning CCD chip with a resolution of 1280 by 960 pixels, the expbsute are from 1/10000th of a second to
60 minutes, and selectable frame rates of 15, 7.5, andr8r#iBs per second, it uses a USB 2.0 interface for power
and connection to the computer, and is a cube of 5.0 ceadm side. This camera is sold for astronomy uses. The
lens utilized for this system is a Nikon 35mm f/1.8G. kivides an approximately 12 degree field of view when
coupled with the above camera. Finally, a C-mount adaptst be used to convert the lens connection to the
threaded camera connection.



Figure 1: Camera and Lens

C. Tracking Mount

A commercially available azimuth/elevation telessapmount with accompanying handheld controller from
Celestron is utilized in this system. The hand wdlgr provides either manual control of the moantcomputer
control via a serial computer connection and safwdhe hand controller can be used to align thermhand point
at celestial objects but will not allow the mouatitack satellites as a standalone device. To tsathlites the hand
controller must be connected to a computer to diigemount via tracking software that sends reat @zimuth and
elevation command inputs during a satellite pass.

Figure 2: Camera/Lens on Tracking Mount



D. Tracking and Data Handling Computer

The current setup utilizes a desktop replacemesseld Toshiba brand laptop. This computer izedlto drive
the tracking mount and record video data duringaten. After data recording, the computer is nétl to post
process the recorded data into usable data forndisieg satellite characteristics. The same compistalso used
for pre-pass planning. For the current system satlgptop allows the setup to be highly mobiletha future the
setup could be adapted to be more permanent arwbthjguter will be remotely controlled off statioman internet
or local network connection. On the mobility sigegeliminary tests have been run using a netbookkF6%
Indications are that a small inexpensive netbookldvbe able to run the associated software witlkkamopromises
except for screen resolution if substituted for tfaeking and data handling computer. The biggestputational
draw is post-processing, which may still have talbee on a larger computer.

Figure 3: Tracking & Data Handling Computer

E. Associated Software

Initially the system setup utilized the followingfavare: Satellite Tracker, IC Capture (astronoragsion 2.2),
and Matlab. Additionally, Google Earth, VirtualDubis, and SkyTools3 were utilized as secondarywsntfe for
reference and post processing. Google Earth waktastetermine an accurate latitude, longitude, adtiide
position for the observing site. Skytools3 wasizeill for alignment, accuracy checks, and systermmachexization.
Satellite Tracker is the software used to driverttzeint to track the satellites using the TLEs piedito it in a text
file. This software also predicts passes, but &sdoot provide a magnitude estimate for the priedist IC Capture
is software provided by The Imaging Source with¢amera. It allows for full control of the cameradavideo
recording in .avi format. Matlab was initially utiéd only for data processing. VirtualDub is a Wwaee program
utilized as a tool to break up the video recordimgs image sequences. Iris is also a freewarerprognd used to
normalize each frame to the satellite’s positidme Boftware then analyzes the satellite’s briglstvatue in each
frame recorded, providing an output data file @ kinightness information. This initial setup cotesisentirely of
commercial off-the-shelf hardware and softwareat be implemented by anyone for a relatively sicast.
Improvements, some of which taken away from therengial off-the-shelf nature of the system, arecdbsd in
section V.



F. Pass Predictions & TLE Sources

During pre-observation planning, visible satellite passesestimated using Heavens-above.com. This site is
utilized over pass prediction software because it3y &muse and free of charge, and also because Heavens-above
provides an estimated magnitude value for each pass. ageittde value is needed so that the exposure can be
estimated for the camera to insure consistent reugediThis also guarantees an estimate that the satelfitbe
observed within the limits of the setup. Additionally, thebsite provides these predictions in a listed forswag
plan can be developed to maximize the number of passesatidie observed. This is accomplished by using the
rise and set times, and allowing for about a two mimutedow of transition to reposition the camera to iiest
satellite’s rise position. The best way to createobservation schedule is to copy the Heavens-above tatd
Microsoft Excel. This allows for the highlighting df¢ passes to be observed, exposure estimates to betedlcula
and notes to be taken during the pass that can be sagty.

To accurately track the satellites, a TLE source thigthmost up to date TLEs is needed. The satellite Tldfe w
acquired from Space-track.org. This website requires rataisegister with the site for access, but provideEg L
updated daily from NORAD in a text file format. They aro be copied directly from the site to a blank tdgt fi
An alternative website that does not require a loginttie@ most current TLEs is celestrak.com. This website
provides lists of the TLEs by the satellites missigretyand the listings must be copied from the webpageext a
file. TLEs for some objects that are not availabléSpace-track.orgor celestrak.com [4] can be found on Heavens-
above.com [5]. These TLEs are from an unknown sourgehbve been found to accurately predict satellite
location. The solution to the lack of TLEs from Spacack is to copy the TLEs from the orbit page for sheellite
on Heavens-above and paste them into the TLE file edilibr the observations. After observations are mihee,
TLE data text files are saved for future reference astl fpocessing of data.

IV. Developments and Capabilities
This section will describe the system components hedt tliscovered capability limits. Problems with each
component will be addressed with some solutions ormmeeended alternatives provided. Developments and
improvements to the system that have been implemeuvilidok described in detail.

Several operational limits of the camera were exglofiégne camera takes time to start and stop acquiring
frames; the device lags typically less than half of emond every time it is commanded to stop or start Aaegui
data. While acquiring data the camera has shown somedigngpping frames and has moments of lagging/hang
ups during recording; this is noted from the video play bdble loss of one frame from a pass of 600 or more
frames is not detrimental to data reduction involvingptlimtensity analysis. However this problem has caused
accuracy concerns if this data is used in the futurdetermine orbital elements. This is one reasonctieent
research has focused on characterization of the saigklf by observing changes in brightness.

Figure 5 is an example of a raw data from from algat&acking session where the satellite is therdgar the
center of the image and the streaks are from neaals; st



Figure 5: Example of Raw Data Frame.

For research involving satellite brightness dateglation between exposure and object magnitudeaatedt of
the system’s recording limit was needed to defiow Him an object it can record were both needeé. mhgnitude
to exposure relation was developed from test réigiéffering gain and exposure values to maximize Ilackground
stars and minimize their streaks with the sateifittbtame. From observing the playbacks, the higheality video
was chosen as the desired result of future data. vitheo settings of gain and exposure were the satiing
changed. The gain value was set to stay the sath#harexposure value became the variable to redategnitude.
Using the astronomy equation for magnitude an éguaélating magnitude to exposure time was deteeghio be
the following:

1)

This equation is specific for this setup and wagetigped by Lt Col Thomas. This equation is tiedsystems
with the same camera and lens configuration. Alsodquation normalizes the images to have the saclegyround
to satellite brightness relation. For the dimmesject system recording limit, the test consistedusing the
histogram plot observing a known magnitude statipoaject, the 4.3 magnitude Andromeda galaxy, @osgrving
when the image background was too saturated tsée for analysis. The test was performed with 1@t@# in
live view mode window with the settings of 950 fyin and brightness of zero. The exposure valieinaeased
until the histogram showed a majority of the pixkbs/ing values in the upper half of the range dreliimage
showed signs of background saturation. The tefgdea maximum exposure of 9.709 seconds which smtan

maximum satellite magnitude observation limit o289 based off equation one. Testing was done an tw

satellites, Cosmos 2233 and Spot 1/Viking Rocket, first with magnitude 5.6 and the other with magie 5.2.
They proved that with 4.741 and 3.4 second expsstirat a satellite could stay in the center fraoreaf long
exposure and not streak by utilizing estimatesqgoiaéion 1. So dim objects can be tracked withoytiasues, but
provide less data due to a smaller sampling rate.

Additionally an error in how far off the time stamg relative to each observing image was accessed f
characterization of the system's current setups &fior was observed to vary with exposure, higt typically less
than 0.09 to 0.06 seconds off. This estimate sedan a test using internally developed Matlabrsok. The test
consisted of calculating the time from when the egaris triggered to when it checks if the expossieompleted.
The exposure time is subtracted off this total tithevas assumed that the check to determine iE#posure was
completed was infinitely small with this assumptitime difference in total time and the exposureetyielded the
time error. Also, the accessing of the system cliockhe time step takes less than a milliseconde like this
could not be completed on IC Capture due to thkilitato access the source code to setup the mietede lines for



timing the processes. Tests were run though that shatthe starting time stamp values written to therdiog
files are accurate to the nearest second.

The computer used in the setup is powerful enough to recat@rocess the videos with no issues other than the
power settings that can limit the processors speed. Neweputing processors used in this newer computer have
power saving settings which step down the processing spéedusage to conserve energy. The power settings
within Windows need to be set to ‘High Performance’ madso the computer needs to be run on the AC power
adaptor and not the battery to reduce lagging in the pragudilized for tracking.

Limits on the tracking mount have surfaced resulting in seiee/positional limits for accurately recording a
satellite. The main limitation of the mount is thservation passes that have maximum elevation values 800
degrees will create high slew rates that could reachmdsémum slew limit of the azimuth axis of the mount.
Additionally, the higher elevation passes and slew naikkgause the recording to loose site of the satdititehe
amount of time it takes the mount slew its azimutis akound to track the decent of the satellite’s pass.r&ason
the mount swivels around instead of tracking over the tdpedto the fact it is designed for telescopes. Thidesea
an elevation limit of 90 degrees and requires the mautriatk the ascending path of the satellite to neady m
elevation before it must swivel around to track theedé of the pass. A possible solution to this probheight be
to adjust the maximum elevation limit in Satellite Te@cor within the Nexstar handheld controller. The hstgw
rate passes tend to cause slight miss- alignment for fpaisses. This could be an issue created by the encoders the
mount utilizes to measure its current pointing positiont akews. The former issue is only a hypothesis;afeas
been an observed minor difference in a satellitéglirposition in frame following a high rate pass. Tiksue has
not been prominent enough to cause large errors, bmildstbe noted for future development at higher
magnifications.

Furthermore, the mount has sensitive setup limits fgnaient and the precision of the alignment is limited due
the low magnification of the lens currently used. The moounst be leveled before each observation run, because
the mount is moved after each session. The levelinmeashe accuracy of the alignment of the mount thighsky.

This must be done because the scope might not aligeyventif it does align, it might not align accuratelpegh

to frame the satellite correctly as it is trackede Phecision of the alignment due to the lens usedtia poominent

issue but must be taken into account when alighing theniimecause one needs to be a consistent as possible when
centering objects in the frame when accomplishing ligaraent process. If this minor issue is not kept indnin
issues could occur trying to keep the satellite framed ircéin¢er throughout a passes due the slight drift of the
satellite in the frame over the course of a pass if@imad occurrence.) The issue of the mount failinglignaat all
causes valuable time to be lost during the setup @moces

Additionally, it must be noted that most of the alignmdotsobservation runs have utilized the solar system
object alignment method by aligning on Jupiter. The tedtially used the three star alignment methods and had
some difficulties with alignment due to the needed pratisamtering an object in frame. This caused large dielay
setup time and the missing of planned observations. Bedapger was visible sufficiently before the brighdears
were and during this part of the project’s time, thentegilized the solar system object alignment methoprdved
to be the quickest and sometimes most accurate aligrduerto the fact one uses a planet as the only object tha
has to be centered in the frame.

Originally, several different freeware programs were tisgarovide the full range of functionality necessary for
this project. The telescope mount’s hand controller weasl to align the scope, usually with three individuaksiar
planets. The program Satellite Tracker was used to conodbe telescope and track satellites based on pre-
prepared TLEs. IC Capture 2.2 was used to connect to therasand record video of the pass. For initial data
reduction VirtualDub was used to separate the video ouindteidual frames for analysis. Ideally, software could
be developed that combines all of these abilities amly one program. While this has not yet been accamgdi,
significant steps have been taken towards this goal.

Currently, two Matlab GUIs have been created thathine the functionality of the hand controller, Satelli
Tracker, IC Capture, and VirtualDub. The first, FSTragks developed to provide mount control and tracking.
FSTrack has the ability to align the scope, if gitsiated on a level surface, and update that alignmere getup if
moved. It can update the computer’s system clock if nageksan the USNO website including a user input UTC
offset. Different observation locations can be prgmmed into a separate file that will read in the spgetif
location for use in providing tracking information. FSdkacan also get cloud coverage data form



weatherunderground.com for the specified groundtlon. FSTrack will also load pass prediction datssatellites
as low as 4.5 magnitude from Heavens-above.coms iftiormation includes satellte NORAD number, pass
duration, times, max elevation, and azimuth angatien data for pass beginning and ending. Thisrmétion is
also specific to the ground location. In terms afumt control, FSTrack includes four way directi@mntols that
can be used to calibrate the mount by pointing Paaris. It will also allow the telescope to tkkegatellites from
TLEs loaded into a text file. A lag, lead featutla the program to delay or speed up trackingrideo to center
the satellite in the frame. This is often necesshmpe TLE's are old or the computer clock was mpidated
recently. All of this functionality was originallincluded in Satellite Tracker, the mount's hand todter, and
manually accessing Heavens-above.com and weather Aisecond Matlab program, FSCamera, was dexeltp
incorporate the functionality of IC Capture and tMalDub. FSCamera is able to interface with the eranto
provide a live preview of the image and record déke images are recorded as an image sequenppesed to a
video file, eliminating the need for VirtualDub adether. FSCamera saves each image with the narttee of
satellite, the frame number, the time stamp froat #xposure, and the mount’s azimuth and elevatidhe time of
the exposure. IC Capture was not able to commumieéth Satellite Tracker; so azimuth and elevatiata was
never available. Currently, this information isided from the input TLEs. However, in the futurkistcollected
data could contribute to orbit determination prtgefor satellites with unknown TLEs. While IC Capithas more
control over some aspects of the camera includinigevbalance, brightness, contrast, etc. FSCaordyancluded

the ability to control exposure and gain, as it feasd that these were the only controls necedsaaghieve proper
picture quality.
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Figure 4: Screen shot of FSTrack

The system as a whole is designed as a mobile gétigh creates positive and negative limitationsthdut a
permanent shelter for the mount setup, one haskthe mount out to the observation location esssion, level
it, reset the handheld clock, focus the cameraadigd the mount. This causes longer setup timastieg from the
tedious setup process. If in the future a permartamation could be acquired, the mount would notehto be
repositioned and aligned for each test, becausenthent can be “parked” in its last known configioat If this

solution becomes available the setup time woultirbiged only by starting up the computer trackirafteare and
doing a quick alignment check.

V. Results
Once the limitations of the setup were understtiveljdea of determining satellite size or aspeib fzased off
brightness was set as the research goal. Thishg@athown some promising results as developmethieimodel
used to draw this information out of the observataata is being collected. This goal not only reggiidata
recordings, but ways to determine the true brighgnef the satellite. The true brightness is detasechiby taking
into account the effects of the atmosphere antdhiliation due to the observing angle and the arfglieeosun to the



satellite. By taking into account these factors andpaoing the results with the ideal case of a perfect spleri
satellite, a model for the size ratio of the obseérsatellite has been developed.

VI. Conclusion
Over the course of past six months this low cost, patsatellite tracking system has been developed, tested,
and improved upon a number of times. Future improventérapermanent remotely controllable system are being
developed to further the system's usefulness. Additioraallpmation software is being developed to help make the
system more efficient to use and gather data so nmeedan be focused on the determination of the chaisicer
of the satellite. The system has provided data to dpvelmathematical reduction model to determine satellite
dimensional characteristics based solely of their dambtight intensity curves.
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