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Allen Telescope ArrayAllen Telescope Array
•6.1-meter offset Gregorian 
(2.4-meter secondary)

•rim-supported, 
hydroformed dishes









ATAATA--42 Operational October 200742 Operational October 2007



The Problem with the CurrentThe Problem with the Current
Hardware Development ModelHardware Development Model
•• Takes 5 to 10 yearsTakes 5 to 10 years

•• Cost Dominated by NRE because of Cost Dominated by NRE because of 
custom Boards, Backplanes, Protocolscustom Boards, Backplanes, Protocols

•• Antiquated by the time itAntiquated by the time it’’s released.s released.

•• How to buy the hardware at the last How to buy the hardware at the last 
minute? minute? 

•• Each observatory designs from scratchEach observatory designs from scratch







CASPER RealCASPER Real--time Signal Processing Instrumentationtime Signal Processing Instrumentation
(NSF ATI, MRI)(NSF ATI, MRI)

•• Low NRE, shared by the communityLow NRE, shared by the community

•• Rapid development Rapid development (12 instruments / 2 years)(12 instruments / 2 years)

•• OpenOpen--source, collaborativesource, collaborative

•• Reusable, platformReusable, platform--independent gatewareindependent gateware

•• Modular, upgradeable hardwareModular, upgradeable hardware

•• Industry standard communication protocolsIndustry standard communication protocols

•• Use switches to solve correlator interconnectUse switches to solve correlator interconnect

•• Low CostLow Cost



Solution:Solution:

•• Modular HardwareModular Hardware

–– Low number of board designsLow number of board designs

–– Can be upgraded piecemeal or all togetherCan be upgraded piecemeal or all together

–– ReusableReusable

–– Standard signal processing model which Standard signal processing model which 

is consistent between upgrades.is consistent between upgrades.



Solution:  use FPGASolution:  use FPGA’’ss

1 FPGA = 100 Pentium, 1/500 the power per op1 FPGA = 100 Pentium, 1/500 the power per op
Computational Density Comparison
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Agilent ADCAgilent ADC--FGPAFGPA--CX4 board ?CX4 board ?

20 Gsps 8 bit  Agilent ADC20 Gsps 8 bit  Agilent ADC

XC5VSX240TXC5VSX240T

6 CX4 ports   6 CX4 ports   
120 Gbps xaui120 Gbps xaui
100 Gbps infiniband100 Gbps infiniband
60 Gbps 10 Gbe60 Gbps 10 Gbe





Compute Module DiagramCompute Module Diagram
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Board Interconnect Board Interconnect -- UpgradableUpgradable

•• Problem:  Backplanes are short livedProblem:  Backplanes are short lived

(S100, Multibus, VME, ISA, EISA, PCI, PCIx, PCIe,          (S100, Multibus, VME, ISA, EISA, PCI, PCIx, PCIe,          
compactPCI, compactPCIe, ATCAcompactPCI, compactPCIe, ATCA……))

•• Solution:  Use 10Gbit EthernetSolution:  Use 10Gbit Ethernet

(10Gbe, Infiniband, Myrinet, Xaui, Aurora)(10Gbe, Infiniband, Myrinet, Xaui, Aurora)

Copper CX4  (40 meters max) or Optical  Copper CX4  (40 meters max) or Optical  







PlatformPlatform--Independent, Independent, 
Parameterized GatewareParameterized Gateware

•• What is Gateware?What is Gateware?

–– Design logic of FPGAs Design logic of FPGAs 

(between hardware and software)(between hardware and software)

•• Need libraries for signal processing which Need libraries for signal processing which 
dondon’’t have to be rewritten every hardware t have to be rewritten every hardware 
generation.generation.

•• Matlab Simulink!Matlab Simulink!

•• LINUX file I/O and process control (Borph)LINUX file I/O and process control (Borph)



SimulinkSimulink--based Design Tool Flowbased Design Tool Flow

• Simulink Xilinx System Generator Library

• Custom BEE2 Library Blocksets

• Software programmable registers 

• BEE Platform Studio





Biplex Pipelined FFT Biplex Pipelined FFT 

(Lynn Urry, Aaron Parsons, David MacMahon, Jeff Mock, JPL)(Lynn Urry, Aaron Parsons, David MacMahon, Jeff Mock, JPL)

•• Uses 1/6 the resources of the Xilinx module.Uses 1/6 the resources of the Xilinx module.



FFT controls    FFT controls    

Simulink Library Simulink Library –– Aaron Parsons, David MacMahonAaron Parsons, David MacMahon
Verilog Library Verilog Library –– Jeff MockJeff Mock

•• Transform lengthTransform length

•• BandwidthBandwidth

•• Complex or RealComplex or Real

•• Number of PolarizationsNumber of Polarizations

•• Input bit width and output bit widthInput bit width and output bit width

•• twiddle coefficient bit widthtwiddle coefficient bit width

•• RunRun--time programmable downtime programmable down--shiftingshifting

•• Decimate optionDecimate option



Filter Response:
PFB vs. FFT



PFB vs. FFTPFB vs. FFT



Additional PFB controls Additional PFB controls 

(Aaron Parsons, Jeff Mock)(Aaron Parsons, Jeff Mock)

•• Filter overlapFilter overlap

•• Width of filter coefficientsWidth of filter coefficients

•• Window function for filter (hamming, hanning, etc.) Window function for filter (hamming, hanning, etc.) 

•• Import filter coefficients for custom filter performanceImport filter coefficients for custom filter performance



Digital DownDigital Down--ConverterConverter

•• Selectable # of FIR tapsSelectable # of FIR taps

•• OnOn--thethe--fly programmable mix frequencyfly programmable mix frequency

•• Selectable FIR coeffSelectable FIR coeff

•• Agile subAgile sub--band selection.band selection.



XX--Engine Correlation Architecture  Engine Correlation Architecture  
(Lynn Urry, Aaron Parsons)(Lynn Urry, Aaron Parsons)



XX--Engine Architecture:Engine Architecture:
applied to an arbitrary sized applied to an arbitrary sized 
antenna arrayantenna array



Hardware and Software LibrariesHardware and Software Libraries
legend:legend:



ApplicationsApplications
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ApplicationsApplications
•• VLBI  Mark 5B data recorder VLBI  Mark 5B data recorder –– Haystack, NRAO Haystack, NRAO –– 512 MHz512 MHz

•• Beamforming Beamforming –– ATA, SMA ATA, SMA ––

•• SETI SETI –– Arecibo (UCB)Arecibo (UCB)

JPL/UCB  DSN JPL/UCB  DSN (Preston, Gulkis, Levin, Jones)(Preston, Gulkis, Levin, Jones)

•• Correlators and Imagers: Correlators and Imagers: 

ATA  (Aaron Parsons, Mel Wright)ATA  (Aaron Parsons, Mel Wright)

PAPER (Reionization Experiment)PAPER (Reionization Experiment)

Carma Next GenCarma Next Gen

MeerKAT/SKA South Africa MeerKAT/SKA South Africa 

GMRT next gen correlator ??GMRT next gen correlator ??

Bologna  (SKA),   FASR   ??Bologna  (SKA),   FASR   ??

Pulsar Timing and Searching, TransientPulsar Timing and Searching, Transient

Greenbank, Allen Telescope Array,  VLA, Greenbank, Allen Telescope Array,  VLA, 

Swinburne (Parkes),  meerKAT,  NancaySwinburne (Parkes),  meerKAT,  Nancay



SETI SpectrometersSETI Spectrometers

•• Parkes Southern SERENDIPParkes Southern SERENDIP

•• ALFA SETI Sky Survey (300 MHz x 7 beams)ALFA SETI Sky Survey (300 MHz x 7 beams)

•• JPL DSN Sky Survey  (eventually 20 GHz bandwidth)JPL DSN Sky Survey  (eventually 20 GHz bandwidth)

Radio Astronomy SpectrometersRadio Astronomy Spectrometers

•• GALFA Spectrometer GALFA Spectrometer –– Arecibo Multibeam Hydrogen SurveyArecibo Multibeam Hydrogen Survey

•• Astronomy Signal Processor Astronomy Signal Processor –– ASP ASP –– Don Backer, Ingrid Don Backer, Ingrid 
Stairs, et al(pulsars)Stairs, et al(pulsars)

•• Antenna Holography, ATNF, ChinaAntenna Holography, ATNF, China

•• Gavert (DSN education, outreach)Gavert (DSN education, outreach)

•• CMB Bolometer Readout CMB Bolometer Readout –– Caltech, UCBCaltech, UCB

•• Fast Readout Spectrometers (Parkes, NRAO, ATA...)Fast Readout Spectrometers (Parkes, NRAO, ATA...)



128 Million Channel SETI 128 Million Channel SETI 
SpectrometerSpectrometer

•• 200 MHz Bandwidth, 2 Hz resolution200 MHz Bandwidth, 2 Hz resolution





1 GHz bandwidth 1 GHz bandwidth 
““Pocket SpectrometerPocket Spectrometer””

•• Using ATMEL/E2V ADCUsing ATMEL/E2V ADC’’s at 2 Gsamples/secs at 2 Gsamples/sec

•• Performing 4 real FFTPerforming 4 real FFT’’s in 1 (complex) biplex s in 1 (complex) biplex 
pipelined FFT module.pipelined FFT module.

•• 2048 channels2048 channels

•• Uses 1 ADC, 1 IBOB, and a laptop.Uses 1 ADC, 1 IBOB, and a laptop.





NASA MARVEL Mission: NASA MARVEL Mission: 
Mars Volcanic Emission and Life ScoutMars Volcanic Emission and Life Scout
subsub--mm spectroscopy mm spectroscopy –– water vents, methane, ??water vents, methane, ??



40964096--Point SpectrometerPoint Spectrometer
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4096 channel Mars spectrometer  4096 channel Mars spectrometer  
““Chip in a dayChip in a day”” FPGA to ASICFPGA to ASIC



Portable VLBI backend Portable VLBI backend ––
Henry Chen Henry Chen 

•• Interfaces to MARK 5B data recorderInterfaces to MARK 5B data recorder

•• 500 MHz spectrum recorder.500 MHz spectrum recorder.

•• (This makes 4 instruments in 1 year!)(This makes 4 instruments in 1 year!)



VLBI Mark 5B Front EndVLBI Mark 5B Front End
500 MHz BW, 32 channel filter bank500 MHz BW, 32 channel filter bank



Pulsar/Transient Searching/TimingPulsar/Transient Searching/Timing

NRAO, MeerKAT, Swinburne (Parkes), ATA NRAO, MeerKAT, Swinburne (Parkes), ATA 

•• 1 GHz bandwidth polyphase filter banks1 GHz bandwidth polyphase filter banks

1024 channels,  30 uS readout , full stokes1024 channels,  30 uS readout , full stokes

(Parkes = 300 MHz * 7 beams)(Parkes = 300 MHz * 7 beams)

•• 1 GHz coherent dedispersion  1 GHz coherent dedispersion  (PFB, FFT, FFT(PFB, FFT, FFT--11))



ATA FlyATA Fly’’s Eye Transient Instruments Eye Transient Instrument
44 fast readout spectrometers 44 fast readout spectrometers 
3 weeks to build3 weeks to build

Geoff Bower, Jim Cordes, Griffin Geoff Bower, Jim Cordes, Griffin 
Foster, Joeri van Leeuwen, Peter Foster, Joeri van Leeuwen, Peter 
McMahon, Andrew Siemion, Mark McMahon, Andrew Siemion, Mark 
Wagner, Dan WerthimerWagner, Dan Werthimer



CASPER FX ArchitectureCASPER FX Architecture

. . .

. . .

. . .



Correlators and BeamformersCorrelators and Beamformers
•• Globally Asynchronous (like a computer cluster)Globally Asynchronous (like a computer cluster)

•• Data is time stamped with 1 PPS at ADCData is time stamped with 1 PPS at ADC

•• Locally Synchronous, Globally AsynchronousLocally Synchronous, Globally Asynchronous

•• Solve problem of correlator/beamformer Solve problem of correlator/beamformer 
interconnect problem by using 10 Gbe switches  interconnect problem by using 10 Gbe switches  
(for both interconnect and fast readout)(for both interconnect and fast readout)

•• No need for high density complex boardsNo need for high density complex boards

•• Use FifoUse Fifo’’s to align data before correlation or s to align data before correlation or 
beamformingbeamforming……



Engine OperationsEngine Operations
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Digital Correlator Costs  Digital Correlator Costs  -- 20082008

cost =cost = bandwidth/GHz * [ ( Nant * $4000 ) +bandwidth/GHz * [ ( Nant * $4000 ) + (( NantNant22 * $50) ] * $50) ] 

where Nant = number of dual pol antennawhere Nant = number of dual pol antenna (full stokes correlator) (full stokes correlator) 
for single pol correlator, use Nant/2 for single pol correlator, use Nant/2 

Nchannels = 16,384   (cost goes with log(NchannelsNchannels = 16,384   (cost goes with log(Nchannels))

Cost goes down by two every 1.5 yearsCost goes down by two every 1.5 years
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Analog CorrelatorAnalog Correlator-- Andy HarrisAndy Harris

Wideband, simple analog electronics: low-speed digitization and 
signal processing after high frequency delay and multiplication



Digital Spectrometer Costs Digital Spectrometer Costs -- 20082008

cost =cost = $1 / MHz $1 / MHz 
Nchannels = 16,384   (cost goes with log(NchannelsNchannels = 16,384   (cost goes with log(Nchannels))

Cost goes down by two every 1.5 yearsCost goes down by two every 1.5 years

\\



2008 Parts Costs  (list prices, Q=100)2008 Parts Costs  (list prices, Q=100)
$1 per MHz per beam per polarization:$1 per MHz per beam per polarization:

Atmel AT84AD001 ADC =  $100Atmel AT84AD001 ADC =  $100

Xilinx Virtex 5 FPGA = $ 500Xilinx Virtex 5 FPGA = $ 500

PCB and misc parts, assembly =  $400PCB and misc parts, assembly =  $400

Cost  =  $1 * Bandwidth/MHz * Log2(Nchannels/16384) Cost  =  $1 * Bandwidth/MHz * Log2(Nchannels/16384) 

University discounts?    Donated Chips? University discounts?    Donated Chips? 



ADCADC’’ss
•• 2 Gsps, or dual 1 Gsps, 8 bit, E2V, $1002 Gsps, or dual 1 Gsps, 8 bit, E2V, $100

•• 3 Gsps, 8 bit, National, 3 Gsps, 8 bit, National, can be interleaved FOR 6 Gspscan be interleaved FOR 6 Gsps

•• 5 Gsps, dual 2.5 Gsps, or quad 1.25, 8 bit, E2V5 Gsps, dual 2.5 Gsps, or quad 1.25, 8 bit, E2V

•• 8 to 10 Gsps 8 to 10 Gsps –– three companies will announcethree companies will announce

•• 20 Gsps, 8 bit, Agilent 20 Gsps, 8 bit, Agilent –– not for sale not for sale 

(can be interleaved for 40 Gsps, 13 GHz BW)(can be interleaved for 40 Gsps, 13 GHz BW)

80 Gsps coming80 Gsps coming

Inphi, OthersInphi, Others……..



Agilent ADCAgilent ADC--FGPAFGPA--CX4 board ?CX4 board ?

20 Gsps 8 bit  Agilent ADC20 Gsps 8 bit  Agilent ADC

XC5VSX240TXC5VSX240T

6 CX4 ports   6 CX4 ports   
120 Gbps xaui120 Gbps xaui
100 Gbps infiniband100 Gbps infiniband
60 Gbps 10 Gbe60 Gbps 10 Gbe





Moores Law – Instruments using FPGA’s: 2X per year
(1,000,000 over 20 years)



Future SpectrometersFuture Spectrometers

2015 4 THz 400 beams
 10 GHz each

2020 128 THz 12,800 beams

2025 4000 THz 40,000 beams

2030 128,000 THz 1M beams



21 lags             
300kHz clock    

discrete transistors

$19,000

1960 – First Radio Astronomy Digital Correlator

Sandy 
Weinreb



Correlator processing powerCorrelator processing power
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Selected correlator quotesSelected correlator quotes

Ray Escoffier
“With correlator performance having gone up by a factor of  
922,000 over the last 30 years, its only fair that correlator 
design engineers' salaries should have gone up by a similar 
factor!!”

Sandy Weinreb
“In 1960 there were no chips; just discrete transistors!  
The $19,000 was the cost of the samplers, shift registers, and 
counter. It did not include the cost of the 21 accumulators which I 
made myself in a few months getting paid $240/month.”

Sergei Pogrebenko
“It is desirable that the output data rate from a data processor is 
less than the input data rate.”



Ray Escoffier
“With correlator performance having 
gone up by a factor of  922,000 over 
the last 30 years, its only fair that 
correlator design engineers' salaries 
should have gone up by a similar 
factor!!”



CASPER the CASPER the FriendlyFriendly......
•• Group Helping OpenGroup Helping Open--source Signalsource Signal--

processing Technology (GHOST?)processing Technology (GHOST?)
–– Goal to help develop signal processing Goal to help develop signal processing 

instrumenation and libraries for the instrumenation and libraries for the 
community.community.

–– Open source hardware, gateware, and Open source hardware, gateware, and 
software.software.

–– Provide training and tutorialsProvide training and tutorials

–– Not so much delivering turnNot so much delivering turn--key instrumentskey instruments

–– Promote CollaborationPromote Collaboration



Collaboration  Collaboration  (not turn key instruments)(not turn key instruments)

•• Share Open Source LibrariesShare Open Source Libraries

•• Workshops   (Tamara)Workshops   (Tamara)

•• VideoVideo’’s and Docs and Doc’’s on Tool Flow, Librariess on Tool Flow, Libraries

•• Wiki, Mailing ListWiki, Mailing List

•• Open Source Boards Open Source Boards (available from vendors)(available from vendors)



MOVIE!!!      (9X speed up)MOVIE!!!      (9X speed up)

•• Building SpectrometerBuilding Spectrometer

•• CorrelatorCorrelator


