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ISEE‐3

• International Sun/Earth 
Explorer 3

• Launched: August 12, 
1978

• Heliocentric Orbit

• Study interaction 
between solar wind  
and 
Earth’s magnetic field
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http://en.wikipedia.org/wiki/International_Cometary_Explorer



ISEE‐3

• Renamed ICE: 
International Cometary 
Explorer

• First spacecraft in halo 
orbit at an Earth‐Sun L1 
(Lagrange point)

• First spacecraft to pass 
through tail of a comet 
(Giacobini‐Zinner)
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http://en.wikipedia.org/wiki/Lagrangian_pointhttp://en.wikipedia.org/wiki/21P/Giacobini-Zinner
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http://denniswingo.wordpress.com/2014/05/15/isee-3-reboot-project-aiming-for-first-contact/



Current Trajectory

• http://en.wikipedia.org/wiki/File:ISEE‐3_%28ICE%29_Revisits_Earth.ogg
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http://en.wikipedia.org/wiki/File:ISEE-3_(ICE)_Revisits_Earth.ogg
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Science Instruments
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http://spacecollege.org/isee3/isee-3-reference/isee-3-experiment-summary.html



Old Telemetry Screen



Loss of Interest

• Original mission drew to a close
• Telemetry disabled

– Only transponders’ carriers remain enabled

• NASA decommissioned ground‐based 
equipment originally used to communicate 
with spacecraft
– Deep Space Network now incapable of sending 
commands

• Documentation has been scattered



(New) Mission

• Led by Dennis Wingo (Skycorp Inc) & 
Keith Cowing (Space College/NASA Watch/ 
SpaceRef)

• Re‐capture ISEE‐3 (command the spacecraft)
– Enable telemetry (and decode)
– Fire thrusters

• Bring into stable high‐Earth orbit
• Allow open, public access to remaining 
operational scientific capabilities

• “NASA Signs Agreement with Citizen Scientists 
Attempting to Communicate with Old Spacecraft”
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Closing In
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A Sense of Urgency
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http://denniswingo.wordpress.com/2014/05/01/isee-3-reboot-project-technical-update-and-discussion/Ephemeris has since been updated, so this is not completely accurate.Previous prediction: Aug 1: not enough fuel to complete manoeuvre.



A Sense of Urgency

• Limited fuel remains for ∆V manoeuvres
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http://denniswingo.wordpress.com/2014/05/01/isee-3-reboot-project-technical-update-and-discussion/



Success Case
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Failure Case
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Crowdfunding
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Communications

• Radio communications required to contact & 
command the space craft

• Original equipment not available

• Need to quickly create a new modulator & 
demodulator

• Enter Software Defined Radio…



Create a new MODEM
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Long‐distance Communications

• ~15.5 million km

• Spacecraft has a 5W transmitter
– Two transponders (up‐ & down‐link)

– Two antennas (medium & intermediate gain)

• Not‐your‐average link budget
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Python Real‐time Tracker

• Uses predictions from JPL HORIZONS service

• Originally based on ephemeris updated in 
2008
– Derived from trajectory analysis by KinetX 
Aerospace

• Spacecraft has deviated from predicted path
– Required manual sky search to find peak carrier 
signal

• Now updated from Arecibo ‘spider search’
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http://ssd.jpl.nasa.gov/horizons.cgiTarget Body: -111Observer Location: -1Phil Perillat’s notes/tracking: http://www.naic.edu/~phil/usrproj/isee3/isee3.html



Python Real‐time Tracker
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Note predicted Doppler shifts on downlink frequencies (relative to Arecibo, velocity of spacecraft, rotation & movement of the Earth)



Long‐distance Communications

• Need:
– a big amplifier

– a big dish
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Arecibo Radio Observatory

The Dome

Catwalk
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The Gregorian Dome has three levels (top-down): transmitter floor, receiver floor, feed platform. The receiver floor and feed platform are one (i.e. above and below), and are rotated to select the appropriate feed to place at the focus of the dish.The dish is the primary reflector, and the secondary and tertiary are housed inside the Dome.



Arecibo Radio Observatory

Fun
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View from the 12m dish



View from above

Ionospheric heaters
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Heaters are not yet operational



View from above



On the Structure

Dana Whitlow: microwave RF 
guru and all‐around champ



Under the Azimuth Arm

Austin Epps: 
engineering brain box

Dennis Wingo: our 
fearless leader



Cable Car & Underneath the Dome



Dome Reflectors

• Secondary & tertiary bring photons to focus



Feeds with Protective Shutters



Telescope Operator’s Station

John Malsbury: 
fellow SDR hacker



CCTV on the Receiver Floor

Anthony Ford: 
electronics guru
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Austin is giving the double thumbs-up



RFI is a real issue here
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All wireless must be switched off – even digital/video cameras generate sufficient RFI to disrupt observation.



Under the Dish
Victor Negron: mega S‐band 
transmitter wrangler
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Pictured is Victor, the local S-band transmitter specialist



Arecibo Radio Observatory Transmitter

• Already setup for S‐band RADAR
– Planetary RADAR astronomy (e.g. asteroids)

• Dish gain of ~73‐75 dB
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Gain values vary, depends on frequencyhttp://www.naic.edu/~nolan/radar/



Arecibo Radio Observatory Transmitter

• Already setup for S‐band RADAR
– Planetary RADAR astronomy (e.g. asteroids)

• Dish gain of ~73‐75 dB

• Narrow beamwidth (limited steering)
– Need for accurate ephemeris

– Signal considerably attenuated in beam sidelobes 
both for TX & RX (when pointing is not directly on 
target)
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Gain values vary, depends on frequencyhttp://www.naic.edu/~nolan/radar/



Arecibo Radio Transceiver

• Use existing S‐band wideband (SBW) receiver
– Tsys ~35‐40 K

• Uplink frequency is outside 
range of existing 
dual 1 MW klystron
S‐band transmitter
– Need alternative for TX 
to contact space probe
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Tsys monitoring: http://www.naic.edu/~phil/tsys/tsysmon/tsysmon.html



Fun Facts

• S‐band RADAR has 20 Terawatt EIRP

• Unlucky birds that fly through beam:
– Are boiled

– Fall onto dish

– Catch fire

– Reflect a lot of RF back 
into the dome 
(bad for receivers)



New S‐band Power Amplifier

• Built by Dirk Fischer (DK2FD) in Germany
– Shipped overnight

• Consists of four UMTS‐inspired amplifiers
– Outputs combined to provide up to 450W

• Arecibo uses S‐band waveguide to propagate 
signal

• Output of amplifier connected to waveguide 
transition & uses existing S‐band feed
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New S‐band Power Amplifier
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Hoisting PA to the Dome
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Hoisting PA to the Dome
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Hoisting PA to the Dome
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Observation Time Window

• Total ~2.75 hours each day in the afternoon
– Space craft passes into arc that Arecibo can track

• Telescope schedule is incredibly busy

• We operate during ‘maintenance’ (unscheduled) 
periods

• Our actual window varies from day‐to‐day

• Switching between receiver and transmit takes 
time (floor rotation, receiver shutter extension)

• Switching between uplink frequencies takes time 
(PA calibration)
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Schedule: http://www.naic.edu/vscience/schedule/scedfra2.htm



Receiver

• Two USRPs 
connected 
to IF output 
(260 MHz)

• Can choose 
between 
polarisation 
and 
downlink 
frequency
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Lots of fancy RF plumbing (mixing) from receiver down to DSPs/IF panel



IF Panel

IF output
Filtering & 
buffering
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Signals to/from active receiver/transmitter can be patched in here (RF plumbing also takes it to other DSPs in the server room next door)





Synchronisation

• Not your average 10 MHz/1 PPS

• Hydrogen Maser station reference

• Connected to each USRP



Display & Recording Flowgraph
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Has ability to do synchronised receive between two separate instances when USRPs shared common external 1 PPS reference



Initial Transponder (Carrier) Detection

• C/N was lower than expected

• Ephemeris is stale (out‐of‐date)
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RBW is < 0.5 Hz (so Waterfall is slow)





Stale Ephemeris

• Spacecraft has deviated from predicted path
– Signal is being attenuated in beam’s sidelobes

– Requires manual sky search to find peak carrier 
signal

– Done by one of the local gurus here (Phil Perillat):
• Watching carrier peak move while tweaking pointing 
(quick)

• Doing an automatic search around predicted point to 
maximise peak (longer)
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http://www.naic.edu/~phil/usrproj/isee3/isee3.html



Still a good start…



Still a good start…



numpy & matplotlib
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There are 3 high-side mixers in the receive chain, so this spectrum is reversed.



numpy & matplotlib



Weak Signal  Low RBW
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Barely above the noise floor (< 1 Hz RBW)



After Improving Pointing

• ~45 dB C/N

• Moving peak below due to Doppler shift



Dual Receive
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Running both USRPs at the same time via two instances of the receiver/recorder app (top & bottom)



Live Sampled Baseband



Live Sampled Baseband



Spin

• As space 
probe is 
spinning, so 
is antenna

• This can be 
seen at an 
extremely 
small RBW

• Image 
courtesy of 
Erik Olson 
(creator of 
‘baudline’)
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Media

• Wide‐spread coverage

• #ISEE3, @ISEE3Reboot, @EttusResearch, 
@spenchdotnet

• This particular photo has appeared on The 
Register, CBS News…



Preparing for Uplink

• Dedicated TX USRP

• SBX daughterboard outputs RF into fiber link
– RF‐over‐fiber sent to dome (to pre‐amps & PA)
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Fiber link has 12 GHz BWRight-hand image: measuring channel power before connection to fiber transmitter



Preparing for Uplink
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TX USRP installed in the ‘WAAP Room’



Uplink GNU Radio App

• Created with John 
Malsbury (@_jmalsbury)

• Command bit strings 
sent via Socket PDU

• Parameters via XML‐RPC
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Previous Test at Ettus HQ (NISV)



Fingers Crossed

• Some ambiguity remains
– Not all modulation/protocol details completely 
described in documents

– Run through possible permutations of parameters 
to ensure all combinations

• Double‐checking that commands cannot misinterpreted 
(e.g. fire thrusters instead of enabling telemetry)

• Created a test uplink demodulator
– Identical bits decoded

– Assuming same mistake is not on both sides



Verifying Transmitted (Test) Data



Received Test Uplink Signal



IQ Scope Plot



Phase Demodulated Signal



Phase Demodulated Signal



Self‐clocking Signal



Receiver Clock Recovery
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Ignores self-clocking component of received signal (an extra test)



Self‐clocked Sampling



Telemetry

• Telemetry can be downlinked at a variety of 
different bit rates

• Convolutionally encoded
– K=24

– ½ rate

– Quick‐Look‐In code

• “Nonsystematic Convolutional Codes for 
Sequential Decoding in Space Applications” –
Massey & Costello
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http://www.isiweb.ee.ethz.ch/archive/massey_pub/pdf/BI416.pdf



Fingers Crossed
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The ‘away team’ with Dennis Wingo (L) and Austin Epps (M)



Transmission to Enable Telemetry



Verifying Transmitted Signal

B200 receiving 
‘leakage’ from dish



We Have Telemetry!

Happy Dance

Turned out that all interpretations & assumptions were valid, so it wasn’t necessary to run all the permutations
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Happy Dance GIF: http://imgur.com/oIDnVxsHappy Dance video: https://www.youtube.com/watch?v=CLPG15HXkv8&list=PLPmwwVknVIiUlPbkfBUY1ebP_8hA_4q8j&index=11



CelebrationPhil Perillat: lives and 
breathes the telescope

John joining remotely



Live Sampled Baseband

Carrier is now 
modulated with data



Live Sampled Baseband



Zoomed Baseband



Compare to Simulation
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http://spacecollege.org/isee3/confirmation-that-isee-3-is-transmitting-telemetry.html



Zoomed Baseband
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Changing Doppler shift can be seen as carrier moves through FFT bins



Only carrier on B, TLM on A
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TLM: telemetryA & B: transponders A & B



Zoomed: Only carrier on B, TLM on A



Only carrier on B, TLM on A



Commanding

• Transponder B did not respond to commands
– Perhaps we had a marginal link to the space probe 
based on antenna, receiver and distance

• Transponder A did respond
– TLM was successfully re‐enabled

• Then commanded TLM to be enabled on B, 
uplinked via A
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http://spacecollege.org/isee3/isee-3-reboot-project-update-bullseye-and-more.html



TLM on A and B
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https://www.youtube.com/watch?v=LX67p5i8nwI



Recording Telemetry



Analysing Telemetry



Raw Captured Baseband

PLL tracking carrier



Raw Captured Baseband



Zoomed Baseband



Zoomed Baseband



PLL Lock



PLL Lock



IQ Scope Plot

Presenter
Presentation Notes
Impressive separation on plot due to big dish!



Raw Phase Demodulation



Cyclostationary Analysis

Confirmation of 
expected symbol rate



Clock Recovery & Sampling



Sync Correlation Peak

Maximum filter response when 
all sync symbols are found



Low‐rate w/ 1024 Hz sub‐carrier



Zoomed Baseband



PLL Lock



IQ Scope Plot



1024 Hz Sub‐carrier



Cyclostationary Analysis



Costas



Clock Recovery & Sampling



Sub‐carrier Cyclostationary Analysis



Telemetry

• The legendary Phil Karn (@ka9q) has 
contributed his considerable expertise & 
prototype convolutional decoder

• Will attempt to GNU Radio‐erise…
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http://www.ka9q.net/isee.html



Portion of Received Telemetry

• ISEE‐3 Power System Status
– Main bus voltage >= 28 volts

– Solar array current >= 5.2 amps

– Essential bus current <= 0.25 amps

– Non‐essential bus current = 4 amps

– Shunt dump current >= 1 amp

– Transponder A RF power = 5 watts

– Transponder B RF power = 5.25 watts

Presenter
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“Telemetry we have received from ISEE-3 shows that it is spinning at 19.16 rpm. The mission specification is 19.75 +/- 0.2 rpm. We have also learned that the spacecraft's attitude relative to the ecliptic is 90.71 degrees - the specification is 90 +/- 1.5 degrees.”http://spacecollege.org/isee3/isee-3-mission-status-3-june-2014.html



Improved Ephemeris
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“Newly Plotted ISEE-3/ICE Course Compared to Horizons and JPL 2001”http://spacecollege.org/isee3/isee-3-reboot-project-update-bullseye-and-more.html



Remote Operations

• RX & TX USRPs now hosted at Arecibo



ASCII‐art FFT



Coherent Mode & Ranging

• Enable coherent & ranging modes to 
determine position & velocity of probe

• Coherent mode:
– Downlink carrier frequency will track detected 
uplink carrier in fixed ratio (240/221)

• Ranging mode:
– Downlink carrier will be modulated with 
demodulated uplink signal

– Can send anything up (usually tones or PN code)



Coherent Lock
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Pre-Master Blaster.



Spectrum of Downlink
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While ranging is enabled. Pre-Master Blaster.



Master Blaster Sweep
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‘Master Blaster’ was the new constant-carrier, multi-application GNU Radio transmit/receive system. Here it is used for testing coherent mode.



Tone Generator



Monitoring DSN Ranging



Monitoring DSN Ranging



Real‐time Telemetry



Live Telemetry from Bochum

• Many thanks to our friends at AMSAT‐DL
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http://en.wikipedia.org/wiki/Bochum_Observatoryhttp://www.amsat.org/amsat-dl/adl-engl.html



Telemetry: 16 bps
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https://www.youtube.com/watch?v=sFXphMnRjKk



Telemetry: 64 bps
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https://www.youtube.com/watch?v=fKPBvf2hRrw



Telemetry: 512 bps
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https://www.youtube.com/watch?v=Zr2WUQZMtyI



Telemetry: 2048 bps
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https://www.youtube.com/watch?v=Y68xdvErQHo



Subcoms



Propulsion System
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Reported Signal Strength



Telemetry During Thruster Firing



No Thrust
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Each attempt would produce only one (or no) pulse on the real-time accelerometer data. Expectation was to see a large pulse for each firing of the selected thrusters.



Hydrazine Propulsion System
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Nitrogen (pressurant) might have leaked out of both sets of tanks.



New Orbit
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From Cameron Woodman:“So with the failure to perform a trajectory maneuver before the lunar flyby, we passed the Moon at an altitude of 13,000 km instead of the 50 km we needed to bring the s/c backHere is it’s new orbit and it’s now mostly outside Earth’s orbitBrings new challenges, the spacecraft will be farther away from the sun than it was ever designed to be ~20% farther at it’s furthest point:Less power generated by the solar arrays, it’s also going to be a lot colder.It will come back again in 15 years.After the failure of the propulsion system we quickly shifted gears, turned on the data from the science experiments and powered up some of the remaining experiments.”



Morehead State University
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Additional transmit & receive site.



Morehead: Peak Hold



Final Days: Weak Signal
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Before the probe went into ‘safe mode’.



Mission Control Team

L‐R: Austin Epps ‐ Lead Engineer, 
Jacob Gold ‐ Systems Engineer,
Cameron Woodman ‐ Flight Director, 
Dennis Wingo ‐Mission Director, Project Co‐lead,
Marco Colleluori ‐ Attitude & Orbit Control Systems Engineer (and me).
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www.spacecraftforall.com
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Official Sources

• http://spacecollege.org/isee3/

• http://denniswingo.wordpress.com/

• @ISEE3Reboot

• http://www.facebook.com/ISEE3Reboot
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Also:http://www.nasawatch.com/http://spaceref.com/

http://spacecollege.org/isee3/
http://denniswingo.wordpress.com/
http://twitter.com/ISEE3Reboot/
http://www.facebook.com/ISEE3Reboot


My Coverage

• http://twitter.com/spenchdotnet

• http://www.youtube.com/playlist?list=PLPmw
wVknVIiUlPbkfBUY1ebP_8hA_4q8j

• http://gallery.spench.net/v/Arecibo/

http://twitter.com/spenchdotnet
http://www.youtube.com/playlist?list=PLPmwwVknVIiUlPbkfBUY1ebP_8hA_4q8j
http://www.youtube.com/playlist?list=PLPmwwVknVIiUlPbkfBUY1ebP_8hA_4q8j
http://gallery.spench.net/v/Arecibo/


More Links

• Telemetry parser/display:
https://github.com/balint256/ice/

• Archived telemetry frames:
http://spench.net/~balint/public/isee‐3/

• Phil Karn’s decoder:
http://www.ka9q.net/isee.html

• John Malsbury’s post about the project:
http://www.jmalsbury.com/how‐to‐talk‐to‐a‐36‐
year‐old‐space‐probe‐isee‐3‐with‐gnu‐radio‐a‐
usrp‐and‐a‐big‐dish/

https://github.com/balint256/ice/
http://spench.net/~balint/public/isee-3/
http://www.ka9q.net/isee.html
http://www.jmalsbury.com/how-to-talk-to-a-36-year-old-space-probe-isee-3-with-gnu-radio-a-usrp-and-a-big-dish/
http://www.jmalsbury.com/how-to-talk-to-a-36-year-old-space-probe-isee-3-with-gnu-radio-a-usrp-and-a-big-dish/
http://www.jmalsbury.com/how-to-talk-to-a-36-year-old-space-probe-isee-3-with-gnu-radio-a-usrp-and-a-big-dish/


Ooops…
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Name the source of this frame
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