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1 Intr oduction

In January2000,theUK ParticlePhysicsExperimentsSelectionPanelformally approvedtheproposalfor the
first level of the H1 Fast Track Trigger (FTT) [1]. Fundingwasagreedat the level of

�
	�����
and2.5 staff

yearsof engineeringeffort werepromisedfrom RutherfordAppletonLaboratory. This level of fundingleaves
a shortfallof

������
relative to theoverall estimatedcostof thelevel 1 system.

Designstudiesfor the level 1 FTT have beenin progressfor severalmonthsnow. This stageof the trigger is
responsiblefor digitisationof drift chambersignals,identifyingpulsescorrespondingto chargedtrackspassing
throughthe chambers,measurementof pulsearrival times and � -coordinatesand searchingfor patternsof
hits on groupsof threewires that correspondto genuinetrack segmentsoriginating from the primary vertex
region. Threedimensionaltrack segmentshave to be provided to the level 2 triggerwithin around ���������
of the interaction.It is alsointendedthat theFTT shouldprovide informationto thefirst level centraltrigger.
This would extend the functionality of the FTT comparedto that originally proposed[2], making the track
informationavailableto thecentraltriggersignificantlyearlier, albeitwith relatively poorresolution.

This documenthasbeenproducedat the time of a ‘break-point’ identifiedby the PRC.The requestwasthat
thecollaborationshouldshow thefeasibility of thesegmentfinding stagesof thealgorithm. Sincethedesign
of our preferredsolutionincluding level 1 trigger informationremainsin a stateof flux, we concentratehere
on demonstratingthe feasibility of theprojectat themorefundamentallevel of feedingtracksegmentsto the
level 2 (precisiontracklinking) stageof thetrigger. If no informationis providedto thelevel 1 centraltrigger,
thereis no stringenttime limit on thetracksegmentfinding andthefirst real time constraintis that the tracks
befully linked, threedimensionaltrackreconstructionperformedandtriggerdecisionlogic beappliedinside
thecombinedlevel 1 and2 latency of ���  �"!#	�$&%'	�( � � �"! � $*) �����+�,�&� .
In this report,we first discussthestatusof thelevel 1 studiesandintroducethegeneralprinciplesinvolvedin
the design. We thenaddressthe specificfeasibility questionby assessingthe time andresourcesrequiredto
implementtheminimal solutionto thelevel 1 problemin whichno level 1 triggeris incorporated.
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2 Statusof the L1 Studies

A classof algorithmshave beenfound which fit the basiclevel 1 requirementsin termsof processingspeed
andcostof electronicresources.The plan is to implementthe algorithmusingAltera Field Programmable
GateArrays (FPGAs). For the purposesof this report, we assumewe will usethe 20K600Edevices [4].
Thesecontain600,000programmablegates,organisedinto around24,000‘logical elements’andaround150
‘EmbeddedSystemBlocks’ (ESBs)to beusedfor producttermlogic. EachESBcanbeconfiguredto perform
a varietyof tasks(CAM, RAM, and8 FIFO asexplainedbelow). ThreePC’shave recentlybeenpurchasedfor
DESYandBirminghamwith sufficientmemoryto performdetailedsimulationsof FPGAswith thesenumbers
of gatesusingthe Altera Quartussoftwarepackage.We arecurrentlyat the stageof converging towardsa
designfor thefull implementationof thealgorithmsin FPGAs.

3 Level 1 overview
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Figure1: Overview of the level 1 FTT, showing a singlecrate.TheFrontEndModule layout is shown in the
foreground.

Thegeneralconceptsof thelevel 1 FTT havenotchangedsubstantiallysincetheoriginal proposal.Detailscan
be found in [2]. A shortsummaryis provided herefor completeness.The dataflow within onecrateof the
systemandexternalinterfacesis summarisedin figure1.

Analoguedrift chambersignalsarepickedup from the input to the existing DCr- track triggersystemusing
new “plug through” adaptercards. This operationproducesminimal disruptionto the existing H1 configu-
ration. The functioningof the DCr- trigger will not be jeopardized,so that the FTT andDCr- triggerscan
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operatesimultaneouslyduringthecommissioningphase.The“plug through”adaptercardsdrive theanalogue
preamplifiedsignalsof asingletriggergroup(3 wiresreadoutatbothends)upto

/.
to thefront-endmodule

cards(FEM). Signalsfrom 5 triggergroups,adjacentin the - coordinate,arefed to oneFEM resultingin 30
analoguesignalsin total. Thesesignalsaredigitizedusing8-bit linearFADCs. Thedigitizeddataarepassed
to anFPGAfarm,whereall subsequentprocessingto producetracksegmentstakesplace.Thefunctionalityof
the FPGAsis summarisedin figure2. The first stepis the 01�32 analysis(seesection4). The timing output
from the 0'�42 algorithmis synchronisedandwritten into shift registersclockedat

��5,687:9
. Basedontheshift

registers,a searchtakesplacein the ;<��- planefor valid track segmentsoriginatingfrom the vertex region
yielding signalsin a groupof threewires. Determinationof the � -coordinateof the segmenttakesplacein
parallel,usingthechargedivisiontechnique.
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Figure2: Block diagramillustratingthedataFlow throughtheFPGAs.

Thetracksegmentfindingisdividedinto twosteps.In thefirst stage,theshift registerbinsarelogically ORedin
groupsof four, suchthatthesychronisationfrequency is effectively reducedto � 5,687:9

, onebin corresponding
to approximately

	�= � 5 of thedrift space.

In theminimalsolutionpresentedin section5, thiscoarsesegmentfindingdoesnotcommenceuntil theLevel 1
Keep(L1Keep)signalarrivesfrom thecentraltrigger. TheL1Keepsignalis distributedfrom thecentraltrigger
a fixed ���  �&� after the interaction,suchthat the bunchcrossingof origin is known to the FTT a priori. In
thepreferredsolutionincorporatinga level 1 trigger thebunchcrossingof origin is not in generalknown. An
“on thefly” analysisof thecoarselysegmentedshift registersis thenmadeusinga ‘pivot element’technique,
wherethearrival of a hit at a givenregisterpositionin themiddleof the threeshift registerstriggersa search
for all tracksegmentsthatincludethepivot element.Mostof theresultingtracksegmentsthenhavea‘validity’
spanningseveralbunchcrossings.Thecoarsetracksegmentsarethenwritten into outputbuffersandbecome
thestartingpoint for theFTT L1 trigger. ThesolutionincorporatingFTT level 1 triggerwill not bediscussed
furtherin this feasibility study.

Irrespective of whethera level 1 trigger is produced,the track segmentrefinementstepstartsonly after a
L1Keep.Thecoarsetracksegmentsarecollectedin outputbuffersandarefed to anSRAM. Thefull

��5�687:9

3



samplingis restoredby expandingeachbin at � 5
687:9
to the4 sub-binscontained.A large fractionof track

segmentscanberejectedat this stageandfor thosethatremainvalid, theprecisionon the >@? and - coordinates
is improved.Theoutputfrom therefinementstepis mergedwith theappropriate� -coordinatederivedfrom the
chargedivisionexercise.Finally thevalidatedtracksegmentsarewritten to outputbuffersandthensentto the
level 2 stageof theFTT.

4 QT Analysis

Figure2 showsthecurrentdesignof the 08��2 (chargeandtime)analysis.After digitisationusingan8 bit linear
80 MHz FADC (correctingfor signalreflectionsalongthe40 m analoguecablesbetweenthedetectorandthe
trailer is alsobeingconsidered)hits aredetectedusinga DOS(differenceof sample)technique,illustratedin
(seefigure3). A hit is definedasthetime slice(clock cycle) of thefirst maximumin theDOSof thesummed
digitiseddatafrom both endsof the wire for eachtime slice in a region of at leasttwo adjacenttime slices
wheretheDOSis above a threshold.Thehit remainsactive,vetoingfollowing hits,until thereareat leasttwo
adjacenttime sliceswherethis DOS is negative. The hit finding is expectedto be donein 5-6 cycles(about
75ns)afterthesignalshavebeendigitisedin theFADC. Thesignalsaresynchronisedandcanbedirectlyfilled
into theshift registers.

3020100

Difference of samples (DOS)
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Data (left hand)

Data (right hand)

Data (sum) / 2

Hit possible (DOS > threshold)

Hit active (vetoing following hits)

Hit

Figure3: Sketchshowing theDOS(differenceof sample)technique.TheFADCsareclockedat 80 MHz. See
text for details.
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Figure4: Overview of thecell-wisecalculationof the � -coordinateusingcharge division. Chargesmeasured
in thegroupof threewiresaresummedup beforemakingthedivisionstep.

At momenttwomethodsareconsideredfor thechargemeasurement.In asimplemethodthechargeis measured
cell-wiseby usinga runningsummer(seefigure4). In this casethechargeis integratedover aperiodof about	 � s. A hit, detectedon the centrewire (layer) (a necessaryconditionfor a track segmentasdefinedin the
next section),causestheinstantaneouscontentsof therunningsummersto bepassedvia abuffer to thedivision
step,wherethe � -coordinateis thencalculated.This is determinedby therelativefractionsof chargesmeasured
at eachsetof wire ends. A big advantageof this methodis that the chargesmeasuredby the groupof three
wirescanbeaddedandacommon� -coordinatecanbeinferredbeforethehit patternrecognitionis performed.
Consequently, only onecharge division operationhasto be performed. The alternative approachwould be
the hit-wise measurementof the � -coordinate.In sucha scenariothe � -coordinateshave to be associatedto
hits,entailingadditionalbookkeepingandbufferinganda baselinecorrectionof thesignalsis alsorequiredto
minimisetheinfluenceof precedinghits.

It is presentlyfelt thatasingle � -coordinatefrom thethreewirescomprisingatriggergroupis sufficient. FPGA
spaceandtimearesavedby performingonly a singledivisionpergroupof 3 wires,ratherthanthree.Potential
disadvantagesarisewhereadditionalhitsatdifferent � -coordinatesarepresenton theregisterswithin therange
of the20 bin runningsummer, skewing the � -coordinatein onedirectionor theother. However, thesedouble
hits, generallya resultof synchrotronradiationhits,arenot expectedto bea frequentoccurrence.Analysisof
existing drift chamberdatais in progressto assesstherelative importanceof thedoublehits andtheextent to
which subsequentparticlesearchesareaffectedby thedegradedtrackinformation.

5 Minimal SegmentFinding Solution

In this section,a minimal solutionto thetracksegmentfinding is presentedandthenecessaryFPGAresources
andthetimetakenareestimated.In thisscenario,thetracksegmentsearchesdonotbegin until afteraL1Keep
signalis receivedfrom theH1 centraltrigger. Thebunchcrossingof origin for anevent is thusalreadyknown
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whenthesegmentfinding begins,considerablyreducingthecomplexity of therequiredalgorithms.This exer-
cisecanbe consideredfirst asa proof of principle,demonstratingthat thesegmentfinding canbe performed
sufficiently quickly. It is alsoa goodstartingpoint for thedevelopmentof moresophisticatedalgorithmsthat
arecapableof finding tracksegmentsandlinking themto form full trackswithout theprior knowledgeof the
bunchcrossingof origin. An overview block diagramof thealgorithmin questionis shown in figure5. Each
separatestageof thealgorithmis discussedin detailbelow.

A feasibility studyfor the level 2 FTT [3] hasdemonstratedthat the track segmentlinking canbe performed
insidethe level 2 latency of

	�( � � �&� , with
5 �+{|�&� to spare(seetable8 of [3]). In this calculation,

5 �~} � �&� were
assignedfor L1-L2 latency anda further ���+{|�&� for receiving thedataat level 2. Timecanbeprobablysavedby
optimisingtheL2 fit algorithmor by makinga fasterL2 triggerdecisionwhichwasconservativelyestimatedto
beabout �|�&� . Taking[3] asa guide,any level 1 solutionthattakeslessthan

5 �+{���� wouldultimatelybeviable.
However, it would clearlybedesirableto useasmuchof this ‘spare’ time aspossiblefor final trigger logic at
level 2, sothelevel 1 segmentfinding shouldbefitted into a muchshortertimeaftertheL1Keepif possible.

5.1 Shift Registers

The shift registersareclockedat
��5�6�7:9

anda doublehit resolutionof
�5�� � is definedby the hit finding

algorithm. Figure5 shows the algorithmfor the full drift spaceon both sidesof the sensewire in a single
cell. The hits canbe consideredlogically asenteringfrom the both sidesof the registerandsimultaneously
shifting to thecentre.Whena L1Keepsignalis received, the registersarefrozen. Thereis thena one-to-one
correspondencebetweenhit positionsonthefrozenregistersandlocationof thehits insidethedrift space.

For thefirst stageof thesegmentfindingalgorithm,four adjacentpositionsin theregistersarelogically ORed,
suchthattheeffectiveactivelengthof theregisterdecreasesfrom amaximum128bits to amaximum32bits1.

5.2 First StageTrack SegmentFinding

Studieshave beenperformedof thenumbersof patternsin thegroupsof threeshift registersthatcouldcorre-
spondto genuinetracks. Consideringonly trackswith >@?�� (�5�6����

andan acceptable� � whenfitted to a
circularpathin the ;/�3- plane,theresultingnumbersof valid patternsof onehit in eachof thethreeregisters
areshown in table1,bothwhereall threestruckwiresarein thesamecell andfor thecasewhereoneof thehits
is in a neighbouringcell in the - -coordinate.Dueto thegeometryof thechambers,caseswheretheoutermost
wire is struckin theleft handneighbour(case00-1in table1),or wheretheinnermostwire is struckin theright
handneighbour(case100)arevery rare. With the high level of redundancy in theplannedsystem(presently
demandinga coincidenceof tracksegmentsin two outof thefour possibletrackerlayers),thesetwo casescan
safelybeignored.However, it is clearfrom table1 thatit is very importantto triggercaseswheretheoutermost
wire in theright neighbour(case001)or theinnermostwire in theleft neighbour(case-100)arestruck.

The searchfor valid patternsin the threeregistersis realisedusingContentAddressableMemories(CAMs).
TheseCAMs will beusedto storethepredefinedvalid patternsin thegroupsof threeregisters.Invalid patterns
do not have entriesin theCAMs. Wherea patternfrom theregistersmatchesoneof thosestoredin theCAM,
theaddressin theCAM correspondingto thematchis outputto thenext stageof thealgorithm.

Themostrecentreleaseof theQuartussoftwarecontainsa facility for easybuilding of ‘Multiple Match’ mode
CAMs. This allows outputfor morethanonevalid matchperCAM. In this case,two or morevalid patterns,

1Thenecessaryactive lengthsof theregistersvary slightly from trigger layer to trigger layer, following thegeometryof thecells.
In fact, theshift registershaveto beconsiderablylongerthan32elementsin orderto retain(pipeline)thedatauntil theL1Keepsignal
arrives.However, whenthis occurs,at mostthelast32 elementsof theregistersneedbeconsidered,asany otherregisterpositionsdo
notphysicallycorrespondto hits in thechambersat thebunchcrossingof interest.
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Trigger Layer Cells Valid Masks
1 000 127
1 -100 155
1 00-1 11
1 100 9
1 001 133

2 000 143
2 -100 243
2 00-1 36
2 100 30
2 001 199

3 000 169
3 -100 323
3 00-1 56
3 100 50
3 001 288

4 000 283
4 -100 405
4 00-1 43
4 100 52
4 001 393

Table1: Numbersof combinationsof entriesin thethreeshift registerswhichcouldcorrespondto genuinetrack
segmentswith > ? � (�5/�
���

at 20 MHz synchronisationfrequency. Equivalently, thesenumbersrepresentthe
numberof entriesrequiredin the CAMs for the coarsesegmentfinding. The ‘cells’ columnspecifieswhich
cellseachregisteris takenfrom. The ‘000’ entriescorrespondto patternswith all threehits in thesamecell.
Entries‘-1’ correspondto hits in the left neighbouringcell and‘1’ to hits in the right neighbouringcell, such
thate.g. theentryfor ‘00-1’ correspondsto thecasewherethefirst two wiresstruckarein thesamecell, with
thethird (outermost)wire beingstruckin theleft neighbouringcell.

potentiallycorrespondingto distincttracksegmentsin thesamedrift space,canbefound. TheresultingCAM
addressesaredrivenout in successivecycles.Sincethefinal outputfrom theFPGAsis a serialstreamof track
segments,this separationin time-sliceof thedatais nota problem.

At thefirst level of segmentfinding ( � 5/687�9
samplingfrequency), it is intendedto configureoneor maximal

two multiplematchCAMs for eachregisterpositiononthecentrallayerof thetriggergroup(seefigure5). The
contentsof thefirst andthird layersprovide theinput to theCAM. Therangeof valid tracksegmentsincluding
thesingleelementon thecentrallayercoversonly a smallfractionof thefirst andthird shift registersasshown
by theshadedareasof theregistersin figure5. Simulationshave shown thatfor valid tracksegmentsinvolving
any given elementin the middle layer, it is never necessaryto feedmore than32 shift registerbins in total
from thefirst andthird layers(e.g. 16 bits from eachof layer1 andlayer 3). Thenumbersof valid masksto
be storedin eachCAM arealsogenerallylessthan32 (seetable/refvalid, which is for the full register). By
implementinga singleESBasa CAM, 32 tracksegmentswith 32 bit width canbestored.TheCAMs thusfit
easilyinto asingleESB,makingefficientuseof theavailablegates.In therarecaseswheretherearemorethan
32 valid patternsinvolving a singleregisterpositionin themiddle layer, it will benecessaryto usetwo ESBs.
We conservatively estimatethat40 ESBsareneededfor a giventriplet of shift registers.Sincetherearenever
morethan32 valid patternsinvolvedin asingleESB5 bitsof informationarethereforesufficient for theCAM
addresses.
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Theoutputfrom theCAMs is theoneor moreaddressesin theCAM of thevalid matches.Theseaddressesare
passedto tagfields (RAM), from which theoutputdatafrom a successfulsearcharethe two original register
positionsfrom the first andthird shift register. The positionswithin these32 bit registerscanbe encodedin
maximal5 bitseach.At this stage,thefull algorithmis still proceedingin parallel,suchthatthepositionof the
hit in thecentrallayeris implicit in theCAM / RAM pair thatgivesanoutput.

5.3 Track SegmentRefinement

As illustratedin figure5, theoutputfrom thefirst stageof thesegmentfindingis fedto therefinedtracksegment
builder. Here,theoriginal

��5�687:9
shift registerbinningis restoredjustby ignoringthepreviousORingof the

shift registerentries. That yields an extra 2 bits for eachlayer 2, describingthe registerpositionat the finer
granularity.

The � -coordinate,calculatedin parallelasexplainedin section4, is re-associatedwith thetracksegmentusing
e.g. thepositionin thecentrelayer, andis storedusinganadditional7 bits. Hereit hasnot beendecidedyet
whether� -valuesarestoredhit-wiseor cell-wise.In thesimplestapproachthecell-wisecalculated� -positions
usingthe20 bit runningsummerhavealreadybeenaveraged.In caseof ahit-wiseprocessingof the � -valuesa
secondshift registerparallelto thehit shift registerasusedfor thepatternrecognitioncouldbeimplemented.
Thatregisterhasto containthe � -positionof alreadyreconstructedhitsasfunctionof thedrift time.

From this stageon, the dataflow switchesfrom parallel to serial, so a further 6 bits (thus allowing up to
64 CAMs to be addressed)are requiredin order to encodethe CAM-RAM pair originating the match(or
equivalentlytheregisterpositionin layer2). Thefully built tracksegmentsat

��5�687:9
samplingfrequency are

thusencodedin a total of 24 bits of information. Thesepatternsarepassedto anoutputbuffer which receives
theinformationfrom up to 64 parallelCAM streams.

Theoutputbuffer collectsthesedatain parallelandfeedsthemsequentiallyto anSRAM. Theconversionfrom
parallel to serial dataflow will be realisedusing a priority encoding,whilst ensuringthat all segmentsare
ultimatelypassedto theSRAM. The SRAM decodesthe input informationinto >@? and - informationfor the
tracksegments,which arestoredas16 bits. Invalid segmentsat the

��5�6�7:9
samplingfrequency arerejected

onthebasisof thefinergranularityinformation.Thefinal informationis passedat
��5,687�9

to adualclock‘first
in, first out’ (FIFO) buffer, which outputsthedataat the

�5/687:9
frequency asspecifiedfor theFTT Level 2

input.

6 Timing and NecessaryResources

For several individual processingstepsof the above describedalgorithm(seefigure 5) the speedandthe re-
sourcesof theimplementationhave beenevaluatedby runningtheQuartussimulationpackage.Unfortunately,
dueto the late arrival of the high memoryPCssoftwaredevelopmentfirst startedin March and,asa conse-
quence,asimulationof thecompletealgorithmcouldnotbeperformedasyet. Nevertheless,all importantparts
have beensimulatedseparatelyandthisapproachof programmingsinglemodulesinsteadof thewholedesign
is assumedto bevalid. Fastroutinglines(FastTrack Interconnect) in theAlteraAPEX devicesensureafastdata
transferbetweendifferentsocalledMegaLAB (logic arrayblocks)structures,in which thedifferentprocessing
tasksareimplemented.This ensuresa high performanceevenif a largenumberof logic elementsor ESBsfor
CAM andRAM applicationsis used.Consequently, scalabilityof thedevice is assumedin thefollowing. That

2Sincethedoublehit resolutionof �������|� correspondsto 4 binsat �L���
�*� synchronisationfrequency, thesituationwherethere
aretwo hits in thefour �L���
�*� binscorrespondingto one �z���
�*� bin cannotarise,andwe encodethefour registerpositionsin two
bits.
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meansthatthespeedof thealgorithmdoesnotdependon thesizeof theimplementationandthattheresources
needed(numberof logic elementsandESBs)scalelinearlywith e.g.thenumberof tracksegmentsto beused.

Simulationsalso showed that several taskslike readingof shift registers,CAM operations,buffering, and
evenmorecomplex logical operationscanbeperformedat clock frequenciesup to 180MHz. Making useof
pipeliningtechniquesevenmathematicaloperationslike addingandmultiplyingcanbeperformedatthatspeed.
In thecurrentdesigna clock frequency of 80 MHz is coservatively assumed.Thefinal algorithmis hopedto
beoptimisedby doublingtheclock frequency for somepartsof operationsandthusreducingthelatency of the
tracksegmentfinding (thetimewhenthefirst tracksegmentcanbesentto level 2) by about10-20%.

6.1 Timing beforeLevel 1 Keep

Sincethesegmentfinding in theminimalsolutiondoesnotstartuntil aftertheL1Keepsignalarrives,overheads
for thecollectionof thesignalsfrom thedrift chambers,01�32 analysisandfilling of the shift registersneed
not to beconsideredin detail.Nonetheless,estimatesaregivenhereto demonstratethatthesestagescaneasily
be completedbeforethe L1Keepsignalarrives. The estimatesaresummarisedin table2. The overall time
takenfor thesestepsis estimatedto be lessthan

	 �  ��� , which is comfortablywithin the ���  �&� that have
elapsedwhentheL1Keeparrives. Themaximumdrift time for any hit in thechambersunderconsiderationis
approximately

	 � 	 � s (outerlayer in CJC1). This unavoidabledelayvariesbetweentrigger layers. A second
unavoidableoverheadarisesfrom cabledelays.Weconservativelyallow for } 5�. of cableshere,corresponding
to anexpecteddelayof a little lessthan � 5�5�� � . Theactualdelayincurredby the 0'�42 analysisis thatincurred
in digitising the data,finding pulsesabove the pedestaland clocking them onto the shift registers. The � -
calculationis performedin parallelwith thesegmentfinding in the ;:��- plane,andthusis not includedin this
timing analysis.An additionaldelayof

�5�� � is incurredin thewrite operation,whilst passingthehits to the
shift registers.Thisnumbercanbedirectly inferredfrom the20 MHz clock cyclesof thecoarseshift register.

Task Latency first segment(ns) Cumulative Time taken (ns)
Ionisationdrift to sensewires � 	�	�5�5

1100
CableDelays 200 1300
2 -Analysis 75 1375
Synchronisationinto Shift Registers 50 1425

Table2: Estimatesof timerequiredto performall tasksthatmustbecompletedbeforetheL1Keepsignalarrives
from thecentraltrigger( ���  �&� ).

6.2 Timing after Level 1 Keep

Here we startwith the assumptionthat we freezethe shift registerson the L1Keeparrival andestimatethe
time takenfor segmentfinding from this point. The timestakencanthenbe addedto the L1Keeplatency to
estimatethetime at which thetracksegmentsareprovidedto level 2. For this exercisewe assumethatwe are
clocking theFPGAsat

��5
687�9
, suchthat a singlecycle costs

	 ��� �� � . Table3 summarisesthe timestaken.
It is estimatedthat the first track segmentinformationcanbe outputto the level 2 FTT within

	�	 � � � of the
L1Keepsignalarriving. A maximumnumberof tenvalid tracksegmentsperwire group,of which at most4
comefrom eachCAM, hasbeenderivedfrom simulations.Takenthatthelastis outputto level 2 about} 5�5�� �
afterL1Keep.Becausetracksegmentsaremorerapidlyvalidatedthanthey canbesentto L2 usingthe50MHz
LVDS link only theinitial delayof thefirst tracksegmentis relevanthere.

CoarseSegmentFinding: The completeshift register is readandshift registersectorsarepresentedto the
CAMs in a singlestep. The CAMs areoperatedin multiple matchmode,which takestwo cyclespermatch.
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Task Latency (ns) Time first segment(ns) Time last segment(ns)
ReadShift Register 12.5 12.5 12.5
CoarseSegmentFinding 25 37.5 112.5
Decodecombinations 12.5 50 125
Build TrackSegments,get � -values 25 75 150
Write to Buffer 12.5 87.5 162.5
Validationin SRAM 12.5 100 387.5
Write to FIFO 12.5 112.5 400

Table3: Estimatesof time requiredto perform all tasksthat arecompletedafter the L1Keepsignalarrives
from thecentraltrigger. Thelatency describestheactualdelayin theprocessing.Thecumulative timesof the
first and the last track segmentdo not include the ���  ��� that have elapsedbeforethe L1Keeparrives. The
cumulative time for thelasttracksegmentassumesa maximumnumberof 20 non-validatedtracksegments.

Up to 4 matchesperCAM resultin amaximumdelayof
	�	 ��� :� � for thelastsegment.

Track SegmentRefinement: In the refinementstepabout50% of the track segmentsarere-validated. The
original 80 MHz samplinginformation for each20 MHz elementin the track segmentsis decodedusing a
tag field (1 cycle), yielding a refinedhit pattern.The so constructedrefinedtrack segmentsaremergedwith
the � -information(2 cycles)andwritten to a buffer. Up to 20 not finally validatedtrack segmentshave to be
furtherprocessedin asecondvalidationstepusinga discreteRAM whichcontainspredefinedvalid masksand
the trackrepresentationin � and - , which areneededfor thesubsequentL2 processing.Themaximumdelay
comesfrom theserialprocessingin therefinedvalidationstepandresultsin } 5�5�� � for thelasttracksegment.

6.3 RequiredFPGA Resources

The choiceof thesizeof the FPGA is drivenby the numberof logic elements(LE) andESBsfor the imple-
mentationof the algorithmandby the numberof I/O pins. The numberof LEs canbe directly derived from
thedepthandthewidth of theobjects.E.g. a singlebit in a shift registeror buffer canbeimplementedin one
LE. For CAMs the numberof logic elementsneededdependon the operationmode. In the multiple match
modeabout100LEs areneededperESB.Assumingthat40 CAMs areneeded4000LEs have to bereserved.
For theoutputbuffer about4000LEs 3 andfor theshift register1000LEs 4 areneeded.The total numberof
logic elementsperwire groupincludingthe 0���2 analysis,controllogic, andI/O tasksis approximately12000
(50%of APEX20K600resources).ESBsareonly usedfor CAM andRAM applications.In thecurrentdesign
eachCAM andits tag field needstwo ESBsresultingin about80 ESBs(50% of APEX20K600resources).
In a minimum schemeinputsto the FPGA arejust the digitized 8 bit FADC valuesfrom both endsof wires
from all groupsin thesamecell andfrom theadjacentcellsgiving 80 input pins. Outputpinsare24 bit track
segmentswhichhaveto bevalidatedby thediscreteRAM. Moreoutputbinsareneededif theL1 triggeroption
is realised.Thesenumbershave to be comparedwith the minimum 480 I/O pin FPGA packageswhich are
availablefor theAPEX 20K600andsotherequirednumberof I/O pinsdoesnot imposeany constraintson the
choiceof theFPGA.

340 outputbufferscontainingamost4 wordsa 24bit
42.5� s L1 latency times80 MHz clock frequency gives200binspershift register. Thereare3+2 shift registersfrom thegroupof

threewiresin thesamecell plustheadditionalshift registersfrom theadjacentcells
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7 Implementation Costs

Thelevel 1 hardwarecostsaredominatedby thepriceof theAltera FPGAs.In thecurrentscheme150APEX
20K600devicesareneededwhichcostnowadaysabout2000DM ontheopenmarket.Thatpricefits into theL1
costestimatesasgivenby theoriginalFTT proposal.Two biggerFPGAserieshavealreadybeenannouncedby
Altera andtheAPEX 20K1000is expectedto bedeliverablein May/Junethis year. Pricesfor smallerFPGAs
areexpectedto go down thensignificantly. To be conservative andfor keepingthe possibility of usingeven
biggerFPGAs,e.g. to implementtheL1 triggeroption,we do not changethefinancingschemeat thecurrent
stage.Becauseof thedecisionto move theHERA upgradeshutdown by another3 monthsto September2000
theFTT schedulehasalsobeenshifted,whichallows laterpurchaseof themostrecentFPGAsfor evenfurther
decreasedprices.

8 Summary

In thisdocument,asimplifiedversionof theplannedlevel1 tracksegmentfindingalgorithmhasbeenpresented,
in whichthefunctionalityis keptto thebareminimumrequiredto feedthetracksegmentsto thelevel 2 segment
linker. It hasbeenshown thattheextractionof tracksegmentinformationcanbedonewithin around

	�5�5/� � of
theL1Keepsignal. This is muchlessthanthe ‘spare’ time calculatedin the level 2 feasibility study. Though
the estimatesare fairly rough at this stage,it is clear that for example,even an extra

	 5�54� � comparedto
our estimateswould not be critical. The minimum hardwareresourceshave beenevaluatedandit hasbeen
shown thattheAPEX 20K600Efits ourbasicrequirements.WhetherabiggerFPGAhasto beusedin orderto
implementa modifiedtracksegmentfinding for theL1 triggeroption is not clearat thecurrentstageandwill
beinvestigatedin thenext months.
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