CASPER Collaboeration fier Digitall Back Ends

RapidDevelopment: of Instrumentation; Using
genefal purpese EPGA hoards, teols & librames

(how e Uil dF 2 2 dierastioRemyAIRSHURIERLSIANWEN/EANS)

s/ CASPER PEIREIEY.edl

) SETIGhome

The Seamgh for Extraterpastrial I




Henry Chem, Daniel Chapman, Terry Eiliba, Griifin Foster,
Bill Hodgg, Jasen: Manley, Peter McMahon, Vinayak Nagpal,
Aaron Parsons, Andrew: Siemion, Dan Werthimer

Don Backer, Matt Dexter, Joeri van Leeuwen,
David MacMahon, Oren Milgrome, Vel \Wright, Lynn Urry

Bob Broderson, Chen Chang, Kevin Chao, Pierre Droz,
Borivoje NikoligyBrian RiChards; O S e

Xilinx, Fujitsu, HP, Sun Microsystems; Agilent; NSENASAFNRACSNATC,
Chris Dick, Jeff Mock, CFA, Haystacks Caltech; Cornell; CSIRO/ATNF,
JPL/DSN, South Africa KAT, Manchester/dodrellBank; GMRT,
Bologna (SKA), Metsahovi Observatony/HelsSinkEUniversity,
Chalmers (Sweden), Set@institute
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Allen Telescope Array

6.1-meter offset Gregorian
(2.4-meter secondary)

erim-supported,
. hydroformed dishes
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Low NRE, shared by the community.
Rapidddevelepment

Open=seurce; collahoative

Reusable, platiormiEincdependeni-gatewealre
Modular, upgradeaiplesareware

Industry standard GCORIMMURICEHGERPELECOS

Use switches to solve cef@laierintérconnect

Low Cost




» Modular Hardware
— Low nuRIBENR G eard dEesigns
— Can be upgradedipiecemeal o all iogeties

— Reusable

— Standard signal proGessinerieaelNviaIch

IS consistent between UPGKEGES:




Solution: use FRGASS

INESCTN=IMIC) () PerjijLirr), /500 trie gowear gar g

Moores

- =
—8—FPGA 32-bitint MAC FG PA’S

FPGA maximum sustained performance

100000

3X Improvement
per year!
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C-FGPA-CX4 poard -

120 Gbps xaui

100 Gbps infiniband
60 Gbps 10 Gbe
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e What isgGateware?
— Designiiegic ot FPGAS

(betweenRrharaware: and sefitware)

 Need librarieSUeIFSIgnal precessing WilcHh
don’t have to beYyEewnrtienrever/aneweane
generation.

e Matlab Simulink!

e LINUX file 1/0 and process GeRu@iNBorph)

Ly
L




[ simulink Library Browser

File Edit View Simulaton Format Tools Help

File Edit View Help DsE& " =85 2 r =i |ltm - HDuBe RBE @

0= 42 dh |

| probe
adc: xps_library/adc i: resat D
sim_rst probet

r=gl
System
E' Simulink Generator XSG core config

W Aerospace Blockset e - - _
@ BEE2 DDC Blockset i Shared BRAM
W% EEE2 FFT Blockset ez =
& BEE2 PFE Blockset i : : I proe
E| BEE2 System Blockset probe Fulse
B CDOMA Reference Blockset bt -

W Communications Blockset Shared BRAM E¥

W Control System Toolbox ZBT SRAM

¥ Embedded Target for Infineon C 1664 .y
oft ist & i ol
E Embedded Target for Motorola® HC: m SETHErE rEgIster iz it

sim_g

data_in data_out reg_out

software register2

¥ Embedded Target for Motorola® MPC p— ) )
. sim_out_rangei
E| Embedded Target for OSEK/VDXE ot 5 core corfig -

Constant -
Bl Emhaddad Tarmat far TTE000 NED gt sim_out_rangeq

> sim_syne out_rangei

Ready out_rangea
k=0 ‘—p adr_reset symo_out

Constant1

- Reinterprsts

) BEE Platform Studio 1.1

Reinterpret?

System Generator Design Name:

[FixedStepDisarete

X5G Version: 7.1

ISE Design Flow Choice: |EDK Loy

|c:c.mp|ete Build

View Report

Xilir System Generator l
Copy hase package
IP crestion

IP Syrthesis
Software generation RU n x PS
EDKJSEEitgen
[ 724G Davenload
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FFT controls

Simulink ldiorany — Aaron Parsens, David Machahon
Verilo@ Livrany/— Jeiiif Moek

Transfornylengin

Bandwidth

Complex or Real

Number of PolarizatiG@s

Input bit width and outpUEeIWIEEH
twiddle coefficient bit width

Run-time programmable down-sWliig

Decimate option




S F

(G} J=mod

o |

104

4
Frequency




B

5}

-10
-zo
-30
-40
-50
-50

-8

7||'_

PFB vs. FFT

I w L

-1e-15%1413+12-11-16-9 -8 - -6 -5 -4 -3 -2-1 8 1 2 3 4 5 & 7 & 9 1811121314 15 16

dLikd

=} i e
M idid i g e - e

Lo e e e R e e B Bl R R R 3 33337
[ el ol Ce e . . S . . i

-

-

| N Y I O I |
Y B T N B W | e Y B RN




MMING; Wanning; €

CE

NI N



Selectahble # off EIR taps

On-thesiiy  progirammaniemix fireguency

Magntuce Responge i 4B

Selectable EIR COET

Agile sub-band SglEctiGN:

Frequency (GHz)
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PFB["| CT[I"| 4 L o B
EF GA/Board & IF G4/ Board FF (tA/Board | FPGABoard
el £ (1 - Sl -8t - S-S
| FPOATBcard | a FF G4 Eoard P A/Ecard FP 4/ Board
' : 6 : :
| X Engine
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2 Data Reorder | Data SelectRoute
10GLE 1'[‘ Transposer

DR 7

il Polyphase Filer
L'_ - Buk Cross-Correlate

[ A _). To Bufer |
e B I FIR Filer
[BOB
10 GRE um Infegrate o
Bard @8 . MixMuliply

Cable



Applicationg

1) Pocket Spectrometer: 2) VLBI Channelizer:

=
1:r )
3) SETI Spectrometer:

G-
S

o




4) Pocket Correlator:

51 32 Station Cnrrelatn

/“’ﬁt:z
; /' '\“:3?

= [{;]NJH =3

Sized Correlaton

6) Arbitrary

. I . l .-\ .
)




. . o
Beowulf Cluster Like General Purpose Architechture o
Dynamic Allocation of Resources, need not be FPGA based °
Reconfigurable ®
Polyphase Compute Cluster ®
Filtor Banks bl ot et S AR N
\// ReEAnS _
1L
\/ o : FPGA DSP
N Module :
Q PFe Correlator
FPGA. DSP
Module :
FPGA DSP :
Commercial off-the-shelf Module Beamformers/
Multicast 10 Gbps (10GE . Spectrometers
or InfiniBand) Switch FPGA DSP : P
Module N
FPMGOQBSP Pulsar timer
\f/ 4‘ PFB General-purpose CPUs




VLBI Mark 5B datagiecorder — Haystack, NRAO — 512 MHHz
Beamforming —ATA, SMA —
SETI — Areciboer (UCB)
JPL/UCB DSN (ereston, Gulkis, Levin, Jones)
Correlatorsiand Imagers:
ATA" (Aarens Parsens, MelWiight)
PAPERN(REIGRIZALIGRIEXPERMENT)
Carma NextGen
MeerKAT/SKASSOUPATIHCE
GMRT next gen COElaei?
Bologna (SKA), FASREN7Z
Pulsar Timing and Searching, Transient

Greenbank, Allen Telescope Atz VIEAS

Swinburne (Parkes), meerKAT, Ng@cay




SETI Spectrometers

e Parkes Southeiin SERENDIP
e ALFA SEId Sky: Survey: (800 MIHzZ X 7 hbeams)
e JPL DSN SkyrSurvey: (eventually: 20 GHz bandwidii)

Radio AStlenRemy: Speciiemeters
GALFA Specirometer = Arecihe Vitlueean Hydregen SUivey

Astronomy SigRalfPrecesser—ASE = Do Backer lngnad
Stairs, et al(pulsars)

Antenna Holography, AJINESChIRE
Gavert (DSN education, oUe2zch)

CMB Bolometer Readout — CaltechnUEs

Fast Readout Spectrometers (ParkesyNRAO, ATA...) il i




e 200 MHZ Banawidth, 2 Hz reselution

IF In—

ADC |BCB BEEZ PC
High-Speed Cata Post-processor &
ADC Serializer H ooC JZTE8-pt FFT —M  Thresholder Data recorder
l T l
Comer Turner
A045-pt PFE M [4kx32K Matrix

Transpose)




0,01

0,001

Power

1e-04

1e—05

le—0G

IC Berkeley / JPL SETI BEEZ Spectrometer - PRUSED
(Presz k to show key commands)
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2200 2220 2240 2260 2280 2300 2320 2 340)
Frequency (HHz)

2303,86,  0,000626322



1 GHz -_nrlvv] clip) l
Soectrorneer

e Using ATVIEL/EZVEADC'S att 28 GSampleS/Sec

Mine 4 real FEIFSHR 1 (Complex)r BIpleX
I

pipelined“EEINmeaules

e 2048 channels

e Uses 1 ADC, 1 IBOBjaneraNapio)e:









4 x 8-bit 4 x 18-bit 2 x 36-bit 2 x 36-bit 1-bit
(real) (real) (complex) (real) (serial)

Polyphase Real = Power Wl
FIR Complex 242 Accumulator
8K FFT (64-bit x 2048)

e Stream-based: 2KEPEACKELS

e Continuous operation




4096 changEIlVErSISPECHBIIEIES
Ml l claiy” FPEA o ASIC




P

e |nterlaces tor MARK SB data recorder
SPECLIUM FECOrder:.

e (This makes 4QnRStiUNIERLSHIIER



Serial link

»

IBOB Board Y
POWER PC
1 PPS arm I Select
< elec
Coeffs
Coeffs Coeffs
ADC Board
Y Y
v ; : ;
1 hiplex cmplx FFT cmplx to real Interpolating filter 1/2band down-cv Scaling Reformat
1:2 24 7 FIR N and
demux demux 1 filters Real pol 1 L] Pot 1 »[ Channel 1| [Channel 1 }4—+{cn 1| channel
M N 1 T 1 select
n \ Channel 2 [Channel 2| chz |
\ Real pol 2 | |, Poi2 »[ channela | [channers  } {cha|
W eranra a1 . . .
Img pol 2 [ channer4 | [channel4 | EX
| 1 Pulse Per | Testvector
¥ Second ¥ generator ]

¥

Mark
5-B




N

Pulsar/ LieiiSIEINSECICInu/aNniie

MearAT, swinourre (Parkes), ATA

» 1 GHz banewidth pelyphase fiter vanks

1024 channels; SO uS reade
(Parkes = 300 MRz #=vAl9eams)

e 1 GHz coherent dediSpersion



ATA Fly’s EyeSin@isienisiinsuidinent
44 fast reagd@li: spectrometers
3 weeks N --

Geoff Bower, Jim Cordes, Griffin

Foster, Joeri van Leeuwen, Peter
McMahon, Andrew Siemion, Mark
Wagner, Dan Werthimer
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Globally Asynchrenous (like a computer cluster)

Data Js time: stampediwitihr 1L PRS at ADC
Locally Synchrenoeus; Glekhally ASyRchieneus

Solve problemreircorrelaiei/eamierHmer
Interconnect propIEn By USINGFLONGIIE SWILCHES
(for both interconREGIFaREN 2SI Eae o)

e No need for high densityACempIEx oaNds

beamforming...




Engine Opef@iieis
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ANT 37 ANT #8 ANT #1 ANT #2

L4
Cqu’e!ator Hut

L —
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0.5-11.2GHz
analog fiber

~-=== 350 --=--

0.5-11.26Hz
analog fiber

Rack | Rack 2
Downconversion, sampling Time —s frequency and
delay/phase fracking fruncafion

Channel Selector
Parallel to serial converter (FPGA)

350 12.8 Ghit/s data paths
70 8 Ghit/s data paths

Channel Selector

| Parallel to serial converter

Rack 3
Switching

Packet switch
(Commercially-
produced
or
Corner turner

600 Ghit/s aggragate

bandwidth

64 8.75 Gbit/s dato paths

Rack 4

Correlation

Cross multiply
Integrate

To other experiments
(pulsar praocessor
beam formers, efc.)

~

This proposal
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BIelICCIM®C)((=|ziio)f Cosis - 2008

cost = bandwidth/GHz = || (Nant = $4000 ) + ( Nantz = $50) |

ant = numerr ol dual poel antennas (TulfStokes) Corelator)
o1 Single pol correlator, use Nant/2

Nchannels = 1653t cost SIWILANOG(INCHENNEIS)



Sig
\L Microstrip

delgy lines
Multiplier / !

— % etz
25d4B

Tap

+1

Lo

Demodulation

Wideband, simple analog electronics:NQWESPEEENEIitization aRgs
signal processing after high frequency del@y#@nd multiplicat{o#:
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Nchannels =16,564" (Cost gees With og(INChannels)

by two every 1.5 yeaig



2008 Parts SESISE{ISE

DEN DEAM PEN Polarization:
Atmgl ATIS4AD0O01 ADC = $100

Xiliax Virtex 5 EPGA = $ 500

PCB andimisc palits; assembly =" $400

Cost = $1 * Bandwidug/VHZ=SEeg2(INCRARNEIS/ 16564 )

University discounts? Donated Chips*



2 Gsps, ordduall Gsps, 8ibit, E2V, $100

3 Gsps, & bit, Natienall, canibe intereaved FOR 6)Gsps
5 Gsps, dualF2:5 Gsps;, o guaald:25; 6ibit, E2V
8 to 10 Gsps'< ihreercompaniesswiliFfanneunce
20 Gsps, 8 bit, Agllent=noeiiersae

(can be interleaved T@F4AONESESF1ISNEIFZB\)
80 Gsps coming
Inphi, Others....
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C-FGPA-CX4 poard -

120 Gbps xaui

100 Gbps infiniband
60 Gbps 10 Gbe
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Moores Law — Instruménts using FPGA’s: 2X per year

(1,000,000 over 20ears)

SERENDIP Il
4,194,304 Channels

Arecibo

SERENDIP Progress

SERENDIP [V
167,772,160

SERENDIP V
5,637,144,576
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1960 - First Radio Astronomy Digital Correlator

.

L '_1‘ ... — e
21 IagS !'..:‘,r R T T R o e — pas maE EEEEEIEEnE
300kHz clock ' B R B .','-in"- — e sEE SEEERERSEe
discrete transistors - . B AT et T T b i
—mmmﬂﬂ-_l‘_."_.#
g —HMMH_..-.-H‘#W.
L T R SR RERRREEEE = gpe she BEEsEREEEs
$19,000 [ et I - i
....... | ld - i _:‘ :'::m_
_— aam EE SRAEErEE-EEd IlI
= - e drEspnnrEd

Sandy
Weinreb



Correlator 0rocessiig Power: l

d'van Ardenne  saae



Selected correlator guotes

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 |
made myself in a few months getting paid $240/month.”

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!!”

Sergei Pogrebenko
“It is desirable that the output data rateSrom a data processoris

less than the input data rate.”




Ray Escoffiér

“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 haveigone up by a similar
factor!!”




e Group Helping| Open:-seurce: Signail-
processing lechnelogy (GIHOSIT?)

— Goal terhelp develep: signal processing
Instrumenation: and livrares fer the
cCOmMMUR

— Open sourcegaieweales gatewares ana
software.

— Provide training an@iititemHails
— Not so much deliveringittimEkeyAIRsSUINERLS

— Promote Collaboration




Collaborati@ e e AR HUIEwS)
Open Source: Livrares

KSNEPS)  (Tameara)

2N DEEC S OR IOBINEIOW;ERIAIIES
Wiki, Mailing

Open Source Boal@si@vailablesfemVendors)
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