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Abstract

The inexorablemarchof Moore's Law hasgiven engi-
neersthe capability to producefront endequipmentwith
capabilitiesandcomplexity unimaginableonly a few years
ago. The traditional standardizedcrate, populatedwith
off-the-shelfgeneral-purposecards,is ill suitedto thenext
level of integrationandminiaturization.We have reached
the stagewhere the network protocol engineand digital
signalprocessingcan,andshould,directly adjoin theana-
log/digital convertersand the hardware that they monitor
andcontrol.

Thecurrentgenerationof Field ProgrammableGateAr-
rays(FPGAs)is anenablingtechnology, providing �e xible
and customizablehard-real-timeinterfacingat the down-
loadable�rmw arelevel, insteadof theconnectorlevel. By
moving in the direction of a system-on-a-chip,improve-
mentsareseenin partscounts,reliability, power dissipa-
tion, andlatency.

Thispaperwill discussthecurrentstate-of-the-artin em-
bedded,networkedfront endcontrollers,andgaugethedi-
rectionof andprospectsfor futuredevelopment.

1 THE CRATE AGE

For decades,CAMAC[1] and VME[2] crates have
formedthe basisfor new designsof acceleratorfront end
equipment.Thesedesignsstill make a certainamountof
sensewhen100%of the desiredfunctionality canbe as-
sembledusingoff-the-shelfboards.

Crateshave their origin in the times when no single
boardhad,or could have, enoughinterfacegearto run a
pieceof equipment.It wasreasonableto line cardsup in
a crateto getenoughdigital inputs,digital outputs,analog
inputs,andanalogoutputsto meettheneedsof a system.

As a natural consequenceof Moore's Law[3], the
amountof functionalityavailableona boardhasrisenpro-
gressively. Last year's system�ts in today's crate, last
year'scrate�ts on today'scircuit board,andlastyear'scir-
cuit board�ts on today'schip.

A sideeffectof thisprogressionis that,for the�x edform
factorof acrate,thenumberof connectionpointsto aboard
is larger, somorewiresareinvolved.To justify having the
largecostoverheadof a crate,peoplearemotivatedto “�ll
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it up.” Thisin turnleadsto unmaintainablylargecablebun-
dlesleadingbetweeneachcrateandpatchpanelsthatactas
antennasfor crosstalk.Thecablesandpatchpanelsarein-
evitably hand-wiredandnot self-checkable.Worse,from
a softwareperspective, is thatunrelatedsystemsareoften
groupedin onecontrolcomputer, aggravatingproblemsof
coordination.

2 NETWORKED FRONT END CONCEPT

It' salwaystruethatdevelopingcircuit boards(including
assembly, debugging, and calibration) is more expensive
than buying a ready-madeboard. Hand-wiredtransition
assembliesbetweenthe connectorsasprovided on ready-
madeboardsandthoseon theequipmentthatneedsinter-
facing, however, is even more expensive andnotoriously
unreliable.Peoplethereforeput suchtransitionandsignal
conditioningequipmenton circuit boards. From there,a
slipperyslopebegins: theextraeffort to addAnalog/Digital
conversionchips to the boardis fairly small, and places
completecontrol over the analogsystemperformancein
thehandsof theengineer. Theresultinglarge,anddif�cult
to test,numberof wiresbetweenconversionchipsandthe
control systemlogic canbe managedby connectingthem
directly to anFPGA.Finally, computergearis suf�ciently
smallandwell understoodthatit makesmoresenseto think
of thecomputerasanadd-onto thecustomhardware,than
vice versa. Eachintegration stepreducesthe numberof
connectors,a perennialweaklink in acceleratorreliability.
It alsoreducesthenumberof unrelatedclockdomains.

Thefamiliarblockdiagramof �gure 1 representsin most
generalformtheresultingstructureof moderncontrolhard-
ware.TheFPGAprovidesa consistent(andsmall) latency
digital feedbackpath betweenthe ADCs (analogto dig-
ital converters)and DACs (digital to analogconverters).
Different applicationshave varying requirementsfor the
speed,resolution,and channelcount of ADC and DAC
hardware.

While analogelectronicshasnot shrunkasdramatically
asdigital, it hasprovedpossiblein many casesto simplify
theanalogsignalpathby pushingfunctionalityinto thedig-
ital domain[4]. This is animportantstepin bringingdown
thetotal hardwarecomplexity, sincethedigital processing
involvesnoadditionalchips.

Low speedhousekeepinghardware normally involves
at least a multi-channelADC for power supply moni-
toring (including the currentdrawn by the FPGA core),
plus temperatureand electronicserial number. Commu-
nicationbetweenthe FPGA andsuchhousekeepinghard-
warenormallytakesplaceoverbit-serialinterfacessuchas
SPI
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[7]. While somemight
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Figure1: Familiarblockdiagram.

considersuchhousekeepinga frill, it hasgreatvaluein op-
erating, remotely troubleshooting,and maintainingthese
devices. The partscostandboardarearequiredaremin-
imal.

It is worth rememberingwhy designsnormally include
botha CPU(centralprocessingunit) andanFPGA.While
both offer programmablefunctionality, eachhasstrengths
andweaknesses:

Computers

� multiple sources,verycompetitivemarket
� usuallyneedsadditionalgluelogic
� usuallygoodthroughput,but unpredictablelatency
� widely understood,everybodythinks they know how

to programone

FPGA

� chipdesignstronglyprotectedby patents,two vendors
dominate

� handlesgluelogic verywell
� guaranteedlatency normallydesigned-in
� reputationfor beingdif�cult to program

3 NETWORKED FRONT END
EXAMPLES

The following examplesshow single-purposedevices
that placeinformation from, or control of, a device onto
the Internet.They eachrepresenta variationon thetheme
shown in �gure 1.

3.1 Accelerator LLRF control

The SNSInterim Low Level RF system[9] is madeup
of connectorizedRFplumbing,acustomcircuit boardwith
4 � 40MS/s12-bit ADCs, a 12-bit 80 MS/s DAC, a Xil-
inx XC2S150FPGA,andaplug-on200MIPSsingleboard
computer. Theassemblyis 2U high in a19” rack,andruns
anEPICSserverto providenetwork controlover100MB/s
Ethernet. All the power suppliesare linear, to minimize
electricalnoisein thechassis.

Figure2: SNSLLRF Chassistopview.

3.2 Accelerator BPM readout

TheSNSBeamPositionMonitor system[10] is madeup
of 4 � 40MS/s14-bit ADCs, 256K deepFIFOs,anda di-
rect connectionto a PCI bus. The chassisis a commer-
cial 1U rack-mountedPC. A Quicklogic CPLD provides
thePCI interfaceandcustominterfacelogic.

Figure3: SNSBPM PCI card.Digitizersarein thecenter,
downconversionmixersand�lters areto theright.

3.3 NetworkCamera

The Elphel Model 303 High SpeedGatedIntensi�ed
Camera[11] is a niceexampleof compactelectronicscon-
nectingall theway from sensorarrayto Ethernet.A Xilinx
XC2S300EFPGA performs(amongother things) image
compressionfrom raw pixelsto JPEGformat.An ETRAX
32-bit CPUbridgesthedatato Ethernet,ata sustainedrate



of 15 frames(1.3megapixelseach)persecond.This cam-
erais poweredby 48VDCthroughtheEthernetcable,com-
pliantwith theIEEE802.3afstandard.

Figure 4: Cameraassemblyincluding CCD, acquisition,
andnetworkedcomputer

3.4 HomeAudio

The LANPipe [12] is a simplenetwork to audiobridge
device. It includes a 16-bit CPU implementedon the
XC2S30FPGA,which in turn runsa simpleUDP/IP net-
work stack. The Ethernetchip includesboth the PHY
(physical)andMAC (logical) layer.

Figure5: Annotatedphotoof LANPipecircuit board

4 BACK END IMPLICA TIONS

As the front end functionality of a large installationis
subdivided more �nely , morenetwork cablesrun back to
the Global Control System. Thereis legitimate concern
thatnetwork architecturesbeavailableto supportthis.

An exampleof modernlarge scalenetworked comput-
ing clusteris theUniversityof Kentucky KASY0[8], which
consistsof 128 2.0GHz Athlons. Its network has been
demonstratedadequateto run softwarethatrequiresa high
degree of coordinationbetweenprocessors. With some
additionalof network gear (64 � 24-port switches),the
KASY0 couldprovide1408network plugs(100BaseT)for
underUS$33/plug.Thehypothesizedcontrolsystemfront
endswould thenbe backedup with 400GFLOPsand1.5
GByte/seconddatathroughput.

5 SYSTEM ON A CHIP

Normally this is acodeword for combiningtheapplica-
tion speci�c logic with a hostprocessoron a singlechip.

For technologyreasons,DRAM andanalogcircuitry is al-
most never includedin this chip. Both ASICs (Applica-
tion Speci�c IntegratedCircuits)andFPGAscanbeusedin
SOCmode.Of course,theASIC approachis only consid-
eredrelevantwhentheproductionvolumeis large,greater
than100,000.

Besidespotentialsystemcostandspacesavings,aprime
motivationfor SOCarchitectureis to improvetheintercon-
nectbetweenthehigh speedapplicationlogic andthehost
CPU. They arenormally on differentclock domains,and
thebusinterfacesto theCPUcorearenormallyverymuch
slower thantheprocessorcore. Typical numbersare200-
500 ns to transfer16-32bits. Comparedto the speedof
both the processorcore (200-2000MHz) and the FPGA
plane(40-200MHz), this is a seriousbottleneck.
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Figure6: System-on-chipadaptationsof thefamiliarblock
diagram.

Figure6 shows two contrastingwaysto adaptthefamil-
iar blockdiagramof �gure 1 to SOC.

TypeA keepstheprocessorin thedatapathbetweenthe
applicationhardware and the network. This approachis
normally imaginedasa hardwarechangeonly, wherethe
existing software is moved onto the FPGA chip. That
softwareis an existing body of high level code,including
network protocolsanda POSIX-capableoperatingsystem
(like Linux). This conceptmakes large demandson the
CPUandmemory(at least8MiB, necessarilyoff-chip) by
today'sFPGAstandards.

In thecon�gurationof typeB, theprocessoris by design
keptout of thedatapathbetweentheapplicationhardware
andthenetwork. It is optionaland(whenused)reservedfor
localdatamanipulation,wherethealgorithmcomplexity is
higherthanplausiblyprogrammedin dedicatedHDL data
path.

The high speednetwork connectionis assumedto be
simple, low latency transfersof raw data. The conver-
sion to high level protocolscantake placeon commodity
workstation-classhardwareontheotherendof thenetwork
cable.

Notethereis communityexpertiserunningnetwork pro-
tocols (especiallyEthernetUDP/IP) in FPGA hardware
without a traditionalCPU.As wire speedsclimb, having a
CPUin thedatapathis likely to createmoreproblemsthan



it solves: at GB/s rates,even workstation-classCPUsget
overloaded,somodernhighspeedNICs(network interface
cards)areevolving into dedicatednetwork co-processors.
“The cheapest,fastestandmostreliablecomponentsof a
computersystemarethosethataren't there.”[13]

The �e xibility andend-to-endintegrationof an FPGA-
basedSOCmake it plausibleto useEthernetwith a hard
realtime mind-setthatis inconceivableusinga CPUanda
conventionalMAC. Framepreambleandheaderinforma-
tion canbesentdown thewire while resultsarestill being
acquiredfrom thehardware.

There is not necessarilyany hardware differencebe-
tweenapproachesA andB. ApproachA is morelikely to
work without theexternalmemorychip, in partbecauseof
its simplerscope.

5.1 SoftCPUCores

WhentheCPUis built with theFPGAfabric,justlikethe
restof thechip'sfunctionality, it is calledasoftcore.Many
suchdesignsarepublishedand/orsold,someof which are
listedhere.

name source bits 4-LUTs MHz
PicoBlaze[14] VHDL 8 152 40
SLC1657[15] VHDL 8
gr0040[16] Verilog 16 257 50
xr16 schem 16 392 65
MicroBlaze[17] N/A 32 1050 75
NIOS-16[18] N/A 16 1100 50
NIOS-32[18] N/A 32 1700 50
LEON SPARC[19] VHDL 32 4800 65
Aquarius[20] Verilog 32 5506 21
or1k[21] VHDL 32 6000 33

Noneof thesecoreshave anMMU (memorymanagement
unit). Thespeeds(and,to a lesserextent,the4-LUT count)
areonly approximatesincethey dependon the speedand
capabilityof theunderlyingFPGA.A `N/A' in the`source'
columnindicatesthat thesourceis not published,limiting
thecore'sutility in a researchcontext.

Theadvantagesof a soft corearemorecompetition,va-
riety, andadaptabilityto theactualproblemat hand.

5.2 Hard CPUCores

WhentheCPUis built by thechip manufactureron the
samedieastheFPGAfabric,it is calleda hardcore.

CPUcore chip bits MHz
PowerPC Xilinx Virtex-IIpro 32 250
ARM9 Altera Excalibur 32 200
80C51 Triscend 8

The �rst two of these designs include an MMU. Al-
though less customizable,thesecoreshave theoretically
better cost/performanceand speed-power product than a
soft core. In today's FPGA generation,hard coreswith
external SDRAM are probablyrequiredfor type A SOC
implementations.

6 NETWORK CHOICES

At somepoint in the chain from hardwareto operator,
standards(aspublishedby sanctionedstandardsbodies)are
essentialfor communicationbetweenhardwarebuilt bydif-
ferentpeopleat differenttimes.

Therearemany historicalstandardsfor parallelbus at-
tachmentsof peripheralsto computers:CAMAC (IEEE-
583), VME (IEEE-1014),VXI, GPIB (IEEE-488),SBUS
(IEEE-796),ISA/AT, ATAPI (ANSI NCITS 317-1998and
later),PCI/cPCI.At thetimeof thiswriting, all areconsid-
eredobsoleteor dying, in many casesexplicitly replaced
with a serialequivalent. PCI seesextremelywide use,but
is also very political, andmany commercialinterestsap-
peareagerto upgradeor replaceit soon. Modern serial
busesincludeEthernet(IEEE-802),Firewire (IEEE-1394),
FibreChannel,USB,CAN (ISO11898),SATA, andATM.

Ethernetis both the oldestand most vibrant. It is in
theheartof thewirelessstorm. Power Over Ethernet[22],
which providesup to 13W for peripheralsover the same
CAT5 cableas the network, is just taking off. Fiber and
twistedpair transmissionspeedsaresetfor anotherjumpin
speedand/oravailability. It' s veryhardto imagineany dif-
�culty connectingEthernet-basedgearto theInternetany-
time in the next two decades.The samecannotbe said
aboutanyof theotherlistedprotocols.

With ubiquitous CAT5 cable, 100BaseTX and
1000BaseTEthernet will reach 100m. On a �ber
physicallayer, 100BaseFXin full-duplex modewill reach
2000m, and 1000Base-LXon a single mode �ber will
reach3000m[23].

While not normally thoughtof asa hard-real-timelink,
point-to-point Ethernetdoes have deterministic latency.
Direct links betweennetworked front endscould take ad-
vantageof thatto implementwide-areafeedbackandinter-
locks.

7 FIELD PROGRAMMING

FPGAsarean enablingtechnology. Their recon�gura-
bility is anessentialfeature,allowing bugsto be�x edand
featuresto be addedto the hardwareat a later date. This
�e xibility comeswith a hardware price: somemeansof
“booting” or “con�guring” the FPGA must be included,
and(to avoid losing the very featurethat is so attractive)
a mechanismmustbe includedto make thatcon�guration
remotelyupdatable.Whena conventionalnetworkedcom-
puteris partof theequation,thesolutioncanberelatively
easy: connectfour JTAG leadsto the computer's general
purposeport, and have the FPGA activateonly after the
computergoeson line. This avoidsdedicatedFlashmem-
ory chips andall otherhardwareandsoftwarecomplexi-
ties. Normalsoftwarecon�gurationcontrolcanplacenew
FPGA con�gurations on a network server, where it will
take effecton thenext chassisresetor powercycle.

When interlocks are implemented with an FPGA,
the equation changes: it has to be treated as a non-
programmabledevice, and changesin functionality have



to be accomplishedby returninga unit to the bench,re-
programmingwith specializedhardware,andtheresultre-
testedbeforereturningit to the�eld.

When the host computeris inside the FPGA, the con-
�guration step involves a chicken-and-egg problem: the
very computer(or computer-free network stack) that is
neededto downloadFPGA con�guration is implemented
in thevery hardwarethatneedscon�guration! FPGAven-
dorsprovidesmallandexpensiveFlashchipsthatcanself-
con�gure an FPGA at power up, but the infrastructureto
reprogramtheseandrestartthe board(while leaving fail-
safeoptionsin place)is not easilyunderstood.Sincethe
chip count of an FPGA-basedcontrol board is normally
very low to begin with, it seemsimbalancedto addcom-
plex andfragileboothardware.

8 CONCLUSIONS

Networkedfront endhardwarehastremendousopportu-
nity to makeacceleratorelectronicssimpler, cheaper, more
featureful,betterunderstood,andmore reliable. By dis-
tributing the hardwarecloserto the gearit controls,�eld
wiring becomesquieterandmoremaintainable.Standard-
ized high speednetwork communicationsbetweenfront
endmodulesandtheglobalcontrolsystemmaximizesshort
andlong term�e xibility , andminimizesinstallationcosts.

Sincesomuchof the intellectualcontentof thedevices
will residein its programming,it is appropriateto suggest
widespreadInternet-basedcollaborationwithin the com-
munity, asexists now in the SNS project and the EPICS
collaboration.This “many eyeballs”approachcandriveup
quality anddrivedown costscomparedwith the“lock it in
thedeskdrawer” approach.

Many morechangesareon the horizon. Even with the
demiseof Moore's Law looming in the next few years,
imaginative applicationsof programmabledigital circuitry
will continueto enhancetheperformanceandcapabilities
of front endhardware.

9 ACKNOWLEDGEMENTS

Theauthorwould like to thanktheentireSNSteam,es-
pecially controls,instrumentation,and LLRF groups,for
their helpaswe all feel ourway into thefuture.

10 REFERENCES

[1] IEEE-583-1982, StandardModular Instrumentationand
Digital InterfaceSystem.

[2] IEEE-1014,Standardfor A VersatileBackplaneBus:VME-
bus

[3] GordonE. Moore,Crammingmorecomponentsonto inte-
gratedcircuits,Electronics,Volume38,Number8,April 19,
1965.

[4] Digital SignalProcessingin BeamInstrumentation,M. E.
Angoletta,DIPAC 2003,GSI,Mainz,Germany

[5] SPI is a trademarkof Motorola, Inc. M68HC11Reference
Manual

[6] I
�

C is a trademark of Philips Electronics N.V.
http://www.semiconductors.philips.com/buses/i2c/

[7] 1-Wire is a trademarkof Maxim.

http://www.maxim-ic.com/1-Wire.cfm

[8] http://aggregate.org/KASY0/

[9] http://recycle.lbl.gov/ ldoolitt/llrf/

[10] JohnPower, BeamPositionMonitor Systemsfor the SNS
LINAC, PAC2003

[11] http://www.linuxdevices.com/articles/AT2441343146.html

[12] http://www.thepowleys.com/lanpipe/index.php

[13] GordonBell, DEC laboratories

[14] http://www.xilinx.com/ipcenter/-
processorcentral/picoblaze/index.htm

[15] http://www.silicore.net/pr090903.htm

[16] http://www.fpgacpu.org/gr/index.html

[17] http://www.xilinx.com/xlnx/-
xil prodcatproduct.jsp?title=microblaze

[18] http://www.altera.com/products/devices/nios/

[19] http://www.gaisler.com/

[20] http://www.opencores.org/projects/aquarius/

[21] http://www.opencores.org/projects/or1k/

[22] http://www.poweroverethernet.com/

[23] http://www.dslreports.com/faq/7800


