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Abstract

TheH1 collaborationhasbeenaskedtopresentto theOctoberPRCmeetinga“closeto full” simulationof thefirst level
partof theFastTrackTriggeralgorithm,including thecurrentunderstandingof theprospectsfor providing information
to thelevel 1 H1 centraltrigger. Thisdocumentcontainstherequestedinformation,includinga nearto final specification
of thefull level 1 system.TheL1 triggeroptionhasbeenstudiedin detail.As a resultit hasnow beendecidedto include
theL1 triggeroptionin thedesign.

1 Intr oduction

TheH1 FastTrackTrigger(FTT) projectis describedin detailin [1]. TheFTT is expectedto provide informa-
tion to thelevel 2 (25 � s)andlevel 3 ( ������� � s) triggers.Duringthedesignphaseof theFTT it wasrecognized
thatthedevicecouldalsobeusedto improvethefirst level tracktriggeringin H11 with only amarginal increase
in cost[2, 3]. This ‘FTT L1 Trigger Option’ would improve the signalto backgroundratio for mostphysics
processes.A notableandsimpleexampleis theelasticproductionof light vectormesons(e.g. � , � ) for which
thevectormesondecayproductsresultin two chargedtracks,oftenwith low 	�
 . A fully integratedL1 trigger
algorithmdesignandsimulationof its implementationin hardwarearenow in place.

For this thefollowing taskshave to beimplementedwithin thelevel 1 latency of 2.3 � s:

� thedigitisationof drift chambersignals
� hit detection
� determinationof pulsearrival timesand 
 -coordinates
� searchfor patternsof hits on groupsof threewires consistentwith track segmentsoriginatingfrom the

vertex region
� linking of tracksegmentsfrom 4 differentgroupsandgenerationof a triggerdecision
1The existing ‘DCr � ’ L1 track trigger hastwo loosethresholdsof ����������������� and �����! ����"����� . The FTT will have

significantly improved � � resolution,allowing variablethresholdsfor � �$#&% ���"����� . Unlike the DCr� trigger, the FTT is also
expectedto provide precisetrackmultiplicity information.
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Thetracksegmentfinding algorithm[3] hasnot changedconceptuallysincethelastPRCpresentation.How-
ever, its implementationin hardwarehasbeeninvestigatedusingsimulationtoolsandtheresultingestimatesof
speedandrequiredresourceshave formedthebasisfor thehardwarespecifications[4].

This notebegins with a shortoverview of the main L1 tasksandtheir plannedimplementationin hardware.
Eachfunctionalstepis thendescribedin detail.Resourceallocationandtiming estimatesfrom thesimulations
arealsogiven.A summaryof manpowerneedsandcostingaregivenat theend.

2 FTT L1 Overview

A flow chartof themainoperationstepsin thelevel 1 algorithmcanbefound in fig. 1. The left handbranch
of this figureshowsthestepstakenbeforea L1 triggerdecision(L1KEEP) is receivedfrom thecentraltrigger
(pre-L1KEEP).The processingin this branchis repeatedfor eachbunchcrossingwith a specifichypothesis
for thebunchcrossingof origin ( ')( ). Thefinal L1 triggersignalshave to be sentto thecentraltriggerwithin
approximately*,+-� �/. of the event ')( . The right handbranchshows the relatedtasksto be performedafter a
L1KEEPsignal(post-L1KEEP)is receivedfrom thecentraltrigger(generated*0+21 �/. afterthe ')( suchthatthe
bunchcrossingof origin is specified).No stringenttime limits areimposedon this post-L1KEEPprocessing.
Wherever possible,thesamehardwareis usedin thetwo branches.Detaileddescriptionsof eachblock shown
in fig. 1 aregivenin sections3 and5.

Fig.2 showstheoverallsystemarchitectureof theFTT, coveringall threetriggerlevels.Thecratelayoutfor the
L1 systemandanoverview of theFrontEndModule(FEM) layoutis givenin fig. 3. Fig.4 showsschematically
theFEM andthemaintasksto beperformedin it. A shortsummaryof thealgorithmis givenin thissection.

FTT L1 Flow Chart
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Figure1: Flow chartof thefunctionalstepsof theL1 trackfindingalgorithm.
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AnalogueCards(top of fig. 4) tap selecteddrift chamberwires andfeedthe analoguesignalsinto the FEM.
ThedataaredigitisedusingFADCs. Theinformationfrom groupsof threewiresarethenprocessedby ‘front’
FPGAs(AlteraAPEX 20K600)in whichthehit andsegmentfindingtakesplace.The 354�' analysisperformsa
hit recognition,determinesthechargecollectedateachwire endandextractsthe 
 -coordinateusingthecharge
division technique. Hits are sampledat 80 MHz, thoughfor the initial stagesof the algorithmand for L1
triggering,groupsof four adjacenttime slicesareORedandthehits arepassedto shift registerssynchronised
at 20 MHz. Track segment identification takesplaceby matchingthe contentsof the threeshift registers
(one per wire) to predefinedacceptablepatternsstoredin ContentAddressableMemories(CAMs). In the
pre-L1KEEPphase,this matchingtakesplacefor eachbunchcrossing. In the post-L1KEEPphasethe shift
registersarefrozen.After correctingfor thefixeddelaybetweenthe ' ( andthearrival of theL1KEEPsignal,
thecorrespondingregionsof theshift registersaresentto thesameCAMs.

Thealgorithmnow dividesinto thetwo branchescorrespondingto thepre-andpost-L1KEEPcasesasindicated
in fig. 1. BeforeL1KEEP, the datafollow the arrows in fig. 4 into the I/O controller. Track segmentsfrom
severalFEMsarethensentvia anLVDS channellink to MergerCardsandfinally to theL1 Linker card.Here
track segmentsfrom trigger layersat different radii are matchedto identify tracksusing a sliding window
techniquein 687:9;�=<>	 
@? - � space.The L1 Linker hardwareis identical to the L2 Linker card to be built by
SCS[5] sincetheL1 andL2 linking algorithmsareverysimilar. Finally, fully linkedtracksarecountedandL1
triggersignals(TriggerElements)to besentto thecentraltriggerareformed.

After a L1KEEPsignal is receivedfrom the centraltrigger, theshift registersarehaltedandtheCAM match
for tracksegmentfinding is repeated.Thefiner granularity80 MHz samplinginformationis retrievedfor each
hit and the datafollow the arrows in fig. 4 into the L2 validation block of a secondsmallerFPGA (Altera
APEX 20K400). Here,it is checkedthat thetrack segmentsremainvalid in light of the80 MHz information
andrefinementsaremadeto the 6 and � valuesusingthis information.Thesestepsarerealizedusinglook-up
tablesimplementedin externalSRAMs. Finally the refinedandvalidatedtrack segmentsaretransmittedvia
theLVDS channellink to theL2 system.

3 Description of FTT L1 Trigger algorithm

In thefollowing, a functionaldescriptionis givenof all stepsrequiredfor theL1 triggerdecision(top andleft
branchof fig. 1). Thestepsin thepost-L1KEEPphase(right branch)arediscussedin section5. Themapping
of the algorithmonto the front andbackFPGAsandthe numberof bits of informationper segmentpassed
betweenthedifferentstagesarefurtherillustratedin fig. 5.

3.1 Tapping of drift chamber signalsat existing electronics

Analoguecardscollect thedrift chambersignalsfrom the input to theexisting DCr� track triggersystemon
thefront of theCJCFADC crates.A block diagramof thedesigncanbefound in fig. 6. TheAnalogueCards
drive (driver AD3138) the pre-amplifiedanaloguesignalsof a singletrigger group(3 wires readout at both
ends)up to A�B to theFEM cards.This “plug through”operationproducesminimal disruptionto theexisting
H1 configuration.Thefunctioningof theDCr� triggerwill not be jeopardized,sothat theFTT L1 andDCr�
triggerscanoperatesimultaneouslyduringthecommissioningphaseof theFTT.

3.2 Digitisation

Signalsfrom 5 triggergroupsadjacentin the � coordinatearefed to oneFEM, resultingin a total of 30 input
analoguesignalsperboard. Thesesignalsaredigitisedusingdual8-bit linear FADCs (AD9288) operatedat
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80 MHz clock frequency. Signalsfrom both endsof eachwire aredigitisedin a singlecircuit, suchthat the
effectsof electronicnoiseon the subsequentcharge division processareminimised. The digitiseddataare
passedto an FPGA (APEX20K600)farm, wherethe subsequentprocessingto producetrack segmentstakes
place.

3.3 CEDGF analysis

Thefirst stepin theFPGAsis the 354�' analysis.Hits aredetectedusingaDOS(differenceof sample)technique
asdescribedin [3]. A hit is definedby the clock cycle of the first maximumin the DOS. Two hits canbe
distinguishedif they areseparatedby morethan50 ns.

In contrastto the descriptiongiven in [3] it is now plannedto extract the 
 coordinateseparatelyfor each
individual hit, ratherthanobtainingonly one 
 coordinateper track segment. The new schemeimprovesthe
robustnessof the 
 coordinateextraction. In additionpassingthe full 
 informationfor eachwire to the L2
systemallowsamoreflexible H - 
 fit with thepossibilityof outlier rejection.

A schematicdrawing of therevised 354�' algorithmcanbefound in fig 7. Thechargeat eachendof a wire is
integratedover severalbunchcrossingsusinga runningsummer[3]. The 
 coordinates,determinedby charge
division,areassociatedto hitsata laterstageof thealgorithm(seesection3.4). The 
 coordinatesarestoredin
6 bitsof informationperwire, correspondingto a digitisationin binsof 3.4cm. With thepresentgain,thisbin
sizeis smallerthantheintrinsic 
 -resolutionevenfor highly ionisingparticles.

3.4 Shift Registers

The timing output from the 354�' algorithmis synchronisedat 80 MHz clock frequency. For the first stage
of the algorithm,groupsof four successive 80 MHz digitisations areORedin order to createshift registers
synchronisedat 20 MHz. The shift registersat a given clock cycle canbe thoughtof asa representationof
thepositionsof thehits in thechamberfor a particular')( hypothesis.Theshift registersareanalysedonceper
bunchcrossing,suchthatevery possible')( hypothesisis investigated.In total five shift registersarefilled per
� cell. Threeshift registerscontaininformationfrom thethreewiresof thethemaincell andtwo furthershift
registerscontaininformationfrom aselectedwire in thecell immediatelyto theleft andright. Tracksegments
crossingcell boundariescanthusalsoberecognised.

Sincethe 3I4�' algorithmprovideshits separatedby at least50 ns, only onehit is possibleper20 MHz time
slice. The locationof thehit in the four corresponding80 MHz time slicescanthusbe encodedin two bits.
This encodedinformation,which is later usedfor refinementpurposesafterL1KEEP, is storedin a 20 MHz
shift registerof two bit depth. By settinga fixed delay, the 
 coordinateinformation is associatedwith the
correspondinghit andis storedin a further20 MHz shift registerof 6 bit depth.

3.5 Pattern Extraction

A searchfor valid tracksegmentsin the H - � planetakesplacenext. Valid tracksegmentsaredefinedasgroupsof
threehits,onein eachof thethreeshift registers,consistentwith atrackoriginatingfrom thevertex region. The
searchis realisedby dividing theshift registersinto groupsof ‘patterns’.A patterncomprisesshortsequences
of binsgroupedtogetherfrom eachof thethreeshift registers,representingbroadroadsthroughwhichgenuine
tracksmayhavepassed.Thesepatternsarepresentedto CAMs, wherevalid segmentsareidentified.
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3.6 CAM match

Thesearchfor valid tracksegmentswithin apatternis realisedusingContentAddressableMemories(CAMs).
TheCAMs storethepredefinedvalid hit combinationsacrossthethreeregisters.Invalid combinationsdo not
haveentriesin theCAMs. Whereahit combinationfrom theregistersmatchesoneof thosestoredin theCAM,
the correspondingoutput line goeshigh. Thereis a one to one relationbetweenoutput line and storedhit
combination.TheCAMs areoperatedin theunencodedmultiple matchmode,suchthatif morethanonevalid
hit combinationexistswithin a pattern,all correspondingoutputlinesgo highsimultaneously.

A sufficientnumberof CAMs is implementedto storeup to 2048hit combinationspercell. That limit allows
all possiblesegmentsto be found for any track with 	J
$KL�=�M��NPO>Q , includingcaseswheretrackscrosscell
boundarieswithin a groupof threewires. Becausethe CAM matchis performedevery bunchcrossing,all
possiblehit combinationsfor all possible')( hypothesesareconsidered.

3.7 R - S mapping

The next stepis to assign 6 and � valuesto eachtrack segmentfound in the CAMs. For the level 1 FTT
trigger, the full 6UTV� spaceis representedin a WXTZYM� grid for eachtrack sign. Eachhalf CJC1cell or full
CJC2cell correspondsto a single � bin.2 With the help of the vertex constraint,eachvalid segmentcanbe
mappeduniquelyto a bin in the W[T\* histogramin 6PT\�^] , where _ refersto the trigger layer. Themapping
differsbetweentriggerlayers.Theassignmentof eachtracksegmentto abin positionin the 6`Ta� ] histogram
is hardwiredby ORingtogetherall CAM outputscorrespondingto thesame6 and �^] bin. Thefinal outputto
theI/O controlin fig. 4 is theunencoded6bTa�^] histogramfor a particularCJCcell.

3.8 LVDS channellink and Merger Cards

The 6 - �c] histogramblocksfrom all CJCcellsaresentvia MergerCardsto theL1 Linker cardusingtheLVDS
channellink. On themergercardsthe W$T\* ( W[TG� ) 6aT\�^] histogramblocksfrom CJC1(CJC2)aremerged
togetherwithin a singletriggerlayerto produceaglobalhistogramof size WdTaY�� in 6XTa�c] .

3.9 R - S transformation

The WXTeY��f] track segmentrepresentationfor eachtrigger layer hasto be transformedto a global 6 - �,g>h2i�j
representationfor thelinker card.This is achievedby routingin aFPGAtheappropriateinputpinsandinternal
input linesto thelinking algorithm.After transformationthetheoretical6 - �0gkhli�j bin centerpositionsof thedif-
ferentlayersdo notperfectlymatch.Theseunavoidableshiftsdo notharmthelinking algorithm(section3.10)
becausetheslidingwindow techniqueusedtakesthatinto accountautomatically.

3.10 Linker

Linking track segmentswith compatible6 and � in differenttrigger layersis realisedby looking for coinci-
dencesin thesameor nearbybinsin the 6 - �0gkh2i�j histogram,usingasliding window technique(currently3 T 3
in size).At least2 matchingtracksegmentsout of themaximumpossible4 arerequired.Althoughindividual
tracksegmentsareusuallyvalid for many bunchcrossings,thesegmentscanoftenonly besuccessfullylinked
whenthe 'm( hypothesisis correct.

2The � coordinatesaredefinedat the trackapex, ratherthanthevertex, in orderto ensurethis directmappingbetweenCJCcells
and � bins.
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3.11 Counting of track multiplicities and generationof Trigger Elements

Theresultof thelinking stepis a WnT5Y��o6 - �0gkhli�j histogramwith entrieswherevertrackshavesuccessfullybeen
linked. TheTriggerElementsto besentto thecentraltriggerarederivedfrom thecontentsof this histogram.
The Trigger Elementscan be based,for example,on a single high 	 
 track or on track multiplicities with
a variety of programmable	 
 thresholds.Topologicalcriteria (e.g. back to backcoincidences)canalsobe
applied.Theexactdefinitionof theTriggerElementsrequiresinput from thePhysicsWorkingGroupsandcan
bechangedatshortnotice.A possiblesetis shown in table1:

L1TE# condition L1TE# condition
0 Any track(event ' ( ) 10-12 summedtrackcharge pq3
1,2,3 0-7 tracks	,roKs����� MeV 13 backto backtopology
4, 5 0-3 tracks	,roKe*M��� MeV 14 1-jet topology(tracksclosein � )
6, 7 0-3 tracks	 r KVtJ��� MeV 15 2-jet topology(tracksclosein � )
8, 9 0-3 tracks	,roKs�M+2� GeV

Table1: Possibledefinitionsfor the16TriggerElementsto besentto thecentraltriggerby theFTT L1 system.

4 Statusof the L1 Trigger Implementation

Thestatusof implementationof all L1 Triggerrelatedtasksis summarisedin table2. All hardwarecomponents
arein or nearthedesignstagewith theexceptionof thetriggerinterfacecard,which merelyconvertsdifferent
signal levels. The backplanespecificationsarealmostfinalized. Many aspectsof the algorithmsrunningon
FPGAshavebeensimulatedwith specialisedsoftware[6] andarenow beingcodedin VHDL. A full ‘top down’
simulationhasbeenwrittenfor theFEM tasksfrom theshift registercreationto the 6nu$� mapping.Thelinking
andtrackcountingalgorithmsto be implementedin theL1 linker cardhave beensimulatedandarereadyfor
implementation.

5 Description of the Post-L1KEEP Step

After apositiveL1 decisionby thecentraltrigger, theL1KEEPsignalis distributedto all branches.Thissignal
arrivesattheFTT afixedtime �v*,+wt �/. afterthebunchcrossingof origin, suchthattheexactevent ')( is implied.
After receiving theL1KEEP, all FTT pipelinesandshift registersarehalted. The track segmentfinding asa
pre-processingstepfor theL2 linking andfitting operationthencommences.Thepatternextractionis repeated
usingafixedregionof theshift registersshiftedby about ��+2* � s(24binsat20MHz) from theregionconsidered
at thepre-L1KEEPstage.Patternsareformedin anidenticalmannerto thatdescribedin section3.5.

5.1 CAM match

The searchfor valid segmentsin the CAMs is the sameasthat usedfor L1-triggering(section3.6) as is the
numberof valid hit combinations(up to 2048).
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Module Function Comment Status Responsible

AnalogueCard Provide existing path designphase Manchester
analogueDC shouldnot be specification
signals affected complete

FEM hardware specificationready RAL
fine tuningneeded
analoguesimulation

354�' analysis FPGA C simulationon existingdata RAL
in progress.
ExistingVHDL to bereviewed

Shift Register FPGA/RAM codedin VHDL B’ham/ETH
simulated

Pattern FPGA codedin VHDL B’ham/ETH
Extraction simulated
CAM match FPGA/CAM codedin VHDL B’ham/ETH

simulated
6 - � FPGAwith dummyroutingcodedin VHDL B’ham/ETH
mapping simulated

MergerCard hardware designphase SCS/ETH
specificationcomplete

datacollection FPGA FORTRAN simulation SCS/ETH
VHDL codingto bedone

L1 Linker hardware designphase SCS/ETH
Card specificationcomplete

L1 linking FPGA codedin VHDL B’ham/ETH
simulated

Generationof FPGA VHDL codingto bedone B’ham/ETH
TriggerElements

Service STCinterface HERA clock specification Manchester
Module or PLL beingfinalised

Backplane customVME/ commonL1/L2 specificationphase Manchester
hardmetric backplane contactwith Wiener

Trigger signalinterface to be Manchester
Interface designed or B’ham

Table2: Overview of L1 triggercomponents,their functionality, thedesignstatusandtheresponsibility.
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5.2 Priority Encoding

Up to this point, the processingof differentregionsof theshift registershasbeenperformedin parallel. For
the remainingtasks,it is necessaryto switch to serial processing. ‘Priority encoding’circuits are usedto
serialisethevalid segmentsoutputfrom theCAMs. Theaddressesof valid hit combinationsemergefrom the
priority encoderin sequence,orderedby address.This doesnot necessarilyimply any orderingof segments
by importance,thoughthatfunctionalitymaybeusedfor exampleto givepriority to high 	 r tracksegmentsin
high multiplicity events. The 11 bit addresses,selectedfrom the list of xy*M��tzW possiblevalid segments,are
passedto a First In, First Out (FIFO)buffer.

5.3 Look-Up of hit combination

During CAM operation,the registerpositionsof the threehits which generatethe valid matcharelost. This
information is needed(section5.4) in order to obtain the refined ' and the 
 informationstoredin parallel
20 MHz shift registers. The registerpositionsof the threehits generatingthe CAM matchis restoredusing
a RAM look-up table. Sincethereis a one-to-onerelationshipbetweenthe CAM output line andthe stored
informationin theRAM, thisarchitectureis calleda ‘tag field’.

5.4 Retrieve refined F and { information

The next stepis to re-associatethefiner granularity80 MHz samplingandthe 
 coordinatesof eachhit with
thetracksegmentfoundin theCAMs at 20 MHz samplingfrequency. Theshift registerpositionsof thethree
hits extractedin the tagfield (section5.3) areusedto look up theencoded80 MHz timing informationand 

coordinatesfrom theshift registersdescribedin section3.4.This informationis laterusedto testthevalidity of
eachsegmentin finedetailandto refinethe 6 and � values(seesection5.6).

5.5 Collection of track segmentsand refinementinformation

The11 bit valid masknumberandtheassociated80MHz refinementinformationand 
 coordinatesarepassed
from all five front FPGAsto a singlesmallerFPGAat thebackof theFEM (seefig 5). This FPGAservesas
I/O controllerandalsoperformsthefinal validationof thetracksegments.

5.6 Final validation of refinedtrack segments

Before the track segmentsaresentout to the FTT L2 system,their validity is testedin light of the refined
80 MHz hit information. In this stepabout50%of thetracksegmentsarerejectedbecausethemoreprecisely
known hit combinationcannotbeextrapolatedto theprimaryvertex position.For eachsegment,17 bits corre-
spondingto the11 bit 20 MHz masknumberandthe 1|T\* bit 80 MHz refinementinformationarefed to an
externalSRAM wherea ‘validation’ bit is added,indicatingwhetherthetracksegmentis keptor rejected.If it
is kept,asecondlook-uptablein theSRAM is usedto obtaintheremainingtrackparameterswhichareneeded
by thelevel 2 systemfor linking andfitting.

The list of valid refinedmasksandcorresponding( 6 , � ) coordinatesareperiodicallydeterminedusingrecent
calibrationconstantsandareloadedinto theexternalSRAMsat timeswhendatais not beingtaken(between
HERA fills or H1 runs). For this purpose,it is plannedto install anonlinecalibrationsystem,which continu-
ouslymonitorsessentialparameterssuchasthebeampositionandthedrift velocity in thechambers.
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Finally, the full validatedandrefinedtrack segmentsarebuilt. The informationto be passedto the L2 FTT
comprisesthecurvature 6 andslope � of the segment,thepreciselocation( } - ~ coordinate)of thehit on the
centralwire andthe 
 coordinatesof all threehits. Thefinal tracksegmentsarebufferedin this form in FIFOs.

5.7 L1-L2 LVDS channellink

Thevalidatedandrefinedtracksegmentsarebufferedandseriallytransmittedvia theMergercardsto thelevel
2 systemusingthesamechannellink asusedfor L1-triggering.

6 Statusof the Implementation of postL1KEEP tasks

The statusof implementationof all tasksto be performedafter the L1KEEP is listed in table3. Only those
taskswhich arenot commonwith the pre-L1KEEPprocessingare listed. The largestresourceusagecomes
from thepriority encoding.This hasbeensimulatedin detail. Theretrieval of the80 MHz informationand 

coordinateshave beencodedin parts.Thebuffering andSRAM accesstasksto beperformedon thetheback
FPGAhavenot yet beencoded,thoughthesearestandardoperationswhichwill not presentany problems.

Module Function Comment Status Responsible

FEM RAL

Priority front FPGA codedin VHDL B’ham/ETH
encoding simulated
Bufferingof front FPGA/FIFO partly codedin VHDL B’ham/ETH
segments partly simulated
Look-Uphit front FPGA/RAM VHDL codingto bedone B’ham/ETH
combination
retrieve 
 front FPGA/RAM partly codedin VHDL B’ham/ETH
refined' partly simulated
Collect backFPGA/FIFO VHDL codingto bedone B’ham/ETH
Segments
Final backFPGA/SRAM VHDL codingto bedone B’ham/ETH
validation

Table3: Overview of theFEM tasksafterreceiving theL1 triggersignal(L1KEEP).Also shown is thedesign
statusandtheresponsibility.

7 Timing and NecessaryResources

7.1 Timing beforeLevel 1 Keep

Estimatesof the timestakento performall tasksup to the sendingof Trigger Elementsto thecentraltrigger
aregiven in table4. The numbersin the table shouldbe comparedto the latestpoint at which the Trigger
Elementscanbesentto thecentraltrigger( ��*,+�� �/. ). The longestdelayarisesfrom themaximumdrift time
to thechambersensewires(about ��+�� � s). In additionto this, thedelaysdueto cablelengths,digitisation,data
transmissionbetweencardsandTriggerElementtransmissionto thecentraltriggerarealsounavoidable.The
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quoteddelaysrelatedto the pipelining of the algorithmwereobtainedby simulationof the individual tasks.
Theuncertaintyin thesimulationsis of theorderof a few clock cycles(10-12ns)andis thusof similar sizeto
variationsin themaximumdrift timedueto changingatmosphericpressure.

After accountingfor all othersteps,lessthan20%of thetotalL1 latency remainsfor thetrackfindingalgorithm
andTriggerElementdefinitionlogic. Estimatesof thetimetakenfor theselaststepsindicatethatthealgorithms
just fit into theavailabletime. TheVHDL implementationwhich hasbeenusedto simulatethe timing delays
hasnot yet beenoptimisedanda few tensof nsmayalsobesavedby optimisingtheL1-L2 datatransmission.

Sincethe timing is tight, a fall-back solutionhasalsobeeninvestigated,wherebyhits from the longestdrift
times( KL��+2� ��. ) areignoredin the processingto produceL1 Trigger Elements.Suchlong drift timesoccur
only in theoutermosttrigger layer of CJC1 andrepresentonly about1% of all hits (seefig. 8). Cuttingout
theselong drift timeswould thussave 100 ns without a significantlossin track finding efficiency. With the
availability of this additionaloption,theFTT L1 triggerwill beableto provide usefulinformationto thelevel
1 triggerwithin theavailabletime.

Task Latency (ns) Cumulative time (ns) Reference
Ionisation+ drift to sensewires 1100 1100 calculated/ measured
AnalogueCableDelays 180 1280 calculated/ measured
T-Analysis+ FADC delay 108 1388 VHDL simulated/ specification
write shift register+ synchronisation 48 1436 VHDL simulated
CAM match 24 1460 VHDL simulated
6 - � mapping� 0 1460 VHDL simulated
transmissionand 6 - � transformation x�tc��� 1870 calculatedandsimulated[7]
Linking + triggerdecision xv�=WM* x�*��MA�* VHDL simulated
triggertransmission 50 x�*,����* calculated

Table4: Delaysof thedifferenttasksbeforea L1-Triggerdecisionis taken.Shown aretheindividual delays,
the cumulative time assuminga maximumdrift time of 1100ns anda referencefor how the delayhasbeen
evaluated.� Notethatthehardwiredroutingfor the 6 - � mappingaddsonly asmallsignaltransmissiondelayof
about1 nsanddoesnot addanadditionalclock cycle.

7.2 Timing after Level 1 Keep

The time constraintsfor the post-L1KEEPprocessingarenothinglike ascritical asthosefor the L1 Trigger
Elementproduction.Optimisationof FTT L2 algorithmsandtheincreasedspeedof theLVDS channellink 3

have significantly reducedthe L2 timing estimates.Recentresultson the implementationof tasksin the L2
FTT have shown that thesegmentlinking andtrackparameteroptimisationcanbefinishedafterabout �>t � s,
well insidetheL2 latency of about20� s. Someof theremainingY � swill beusedto implementsimpleparticle
resonancesearchessuchaselasticvectormesonsat L2. However, several hundredsof ns will certainlybe
availablefor preprocessingatL1.

Table5 shows a list of thetiming delaysin theL2 preprocessingto beperformedin thepost-L1KEEPphase.
Thefirst five tasksareimplementedin thefront FPGAs.Thenumbersquotedfor thesetasksaretakenfrom the
presentsimulationresultswith pipelinedalgorithmsandaclock of 80 MHz driving theCAM validation.Tasks
to be performedin the validationandrefinementstepson the backFPGA cannotbe simulatedin full by the
Quartussoftware,sincethey involve externalSRAM circuits. TheMicron datasheeton ZBT SRAMs[8] has
beenusedasthebasisfor the time estimatesfor thesetasks,assuminga pipelinedSRAM accessat 100MHz

3It hasbeendecidedfor L1 Triggerpurposesto run thelink at100MHz insteadof 50MHz asoriginally planned
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(133MHz is themaximumspeed).The100MHz frequency matchestheclock speedusedfor theL1-L2 link.

Task Latency (ns) Time first segment(ns) Time last segment(ns)
Receive L1KEEP 80 80 80
ReadShift Register+
CAM match 24 104 104
Priority Encoding 24 x 200 424
Buffer segments 24 x 224 448
Look-Uphit combination 24 x 248 472
retrieverefined' and 
 24 x 272 660
CollectSegments 24 x 296 684
FPGA-FPGAtransmission 60 x 356 744
Validationin SRAM 40 x 396 1186
Write to FIFO 10 x 406 1196

Table 5: Calculatedtiming delaysfor the tasksthat are performedin the post-L1KEEPphase. ‘Time first
segment’ definesthe delayafter which the first track segmentcanbe sentout to the L2 system. ‘Time last
segment’definesthetime whenthelastsegmentis processed.A maximumnumberof 80 tracksegmentscan
be sentout to the level 2 systemfrom a singleFEM within 1196ns. All time evaluationshave beenmade
by using VHDL simulationswith the exceptionof the final validation in the SRAM and the FPGA-FPGA
transmission.

As canbe seenfrom the table, the delayafter L1KEEP is at most406 ns beforethe first track segmentcan
be sentto the L2 system.The 80th segmentwould be sentafter about1.2� s4. That resultfits well with the
L2 linker algorithm,which expectsa maximumof 128tracksegmentsfrom all FEM cardsof thesametrigger
layer (6 FEM cardsfor CJC1and12 for CJC2)within 1.3 � s of the startof transmission.We concludethat
therewill beno problemsarisingfrom time takenby theL1 algorithmsafterL1KEEP.

For completenessthecurrentunderstandingof theL2 timing is givenin table6.

task chip frequency steps max. time
L1 tracksegmentfinding L1 system � 0.5� s
receive data/ fill CAMs FPGA 100MHz � 130 1.3 � s
linking of � 4 � 128segments FPGA 100MHz � 528 (+2.6interleaved)2.6 � s
fitting of � 2 � 24 tracks DSP 166MHz 1060 6.4 � s
triggerdecision DSP, FPGA 166MHz � 500 3.0-9.0��� s
total 13.8-19.8� s

Table6: Timing estimatesfor eachindividualL2 task.Notethatlinking andfitting areinterleaved.Theactual
triggerdecisiontime dependson thenumberof invariantmasscombinationto becalculatedat level 2. � Basic
triggerdecisionparameterslike transversemomentumthresholds,topologicalcriteriaor theinvariantmassof
twoprongfinal statescanbecalculatedwithin 3 � s. TheL2 triggercapabilitiescanalsobeextendedto calculate
invariantmassesin multi-particlefinal states.In thatcasethefull remaining9 � swouldbeusedup.

4Note that the final numberof 1.2� s cannotdirectly be comparedwith table3 in [3], sincethe orderof steps,specificallythe
collectionof tracksegmentsfrom 5 adjacentcellsandthefinal validation,hasbeenreversedin orderto save SRAMs.
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7.3 RequiredFPGA Resources

In contrastto the timing considerations,the biggestrequirementson FPGA resourcesarisefrom the post-
L1KEEPtasks.ThebiggestAltera chipsavailableon themarketaretheAPEX20K400,600,1000,and1500
whichintegrateabout400k,600k,1M and1.5Mgatesrespectively. Thesechipsarepin compatible,suchthatfi-
naldecisionsonwhichFPGAsto usecanpotentiallybeleft until theproductionphaseof theFEM.For theFEM
design,we presentlyassumethatwe will usetheAPEX20K600,with thepossibility to usetheAPEX20K400
to save money if the algorithmcanbe fitted into it. The APEX20K600has24320logic cells (registers)and
154 EmbeddedSystemBlocks (ESBs)which areusedto implementRAMs (2 kbit per ESB) or CAMs [3].
It is plannedto clock mostpartsof the algorithmat 80 MHz, which mustbe comparedwith the maximum
clock speedcomputedby the simulationfor eachstepin thealgorithm. It hasbeenfound that the maximum
clockspeeddependson thesynthesizersoftware.For all studiesin thisnote,resultsobtainedusingtheQuartus
softwarehave beentaken. Someof the resultshave beencross-checkedusingothersoftwarepackages.No
optimisationprocedureshave beentestedor appliedso far. Potentialfor optimisationis given by so called
”back-annotating”thedesignandby changingroutingsat theregisterlevel. In addition,regularimprovements
in thedevelopmentsoftware(usuallyevery 3-6 months)leadto betteroptimiseddesignimplementations.For
thecurrentstudy, theQuartusversion2000.05from Altera [6] hasbeenused.An improvedversionis expected
to bereleasedin October2000.

7.3.1 Resourcesof the front FPGA

The Resourceusagein the front FPGAon theFEM boardis listed in table7. Thenumberof logic cellsand
ESBsusedby eachstepin the algorithm is given asobtainedby VHDL simulations. Thosestepslabelled
”provedby VHDL simulation”arein agreementwith theexpectationsbasedontheoreticalconsiderations.

About 65% of the logic cells of the 20K600FPGA areusedup by the L1 algorithm. Detailedstudieshave
shown that a degradationof the maximumspeedoccursif more than70% of the FPGA resourcesareused.
Even beforeany optimisationprocedure,the algorithm is found to fit comfortablyonto the 20K600FPGA.
Additional logic maybe implementedfor controlpurposesetc. at thelevel of a few hundredlogic cells. This
is expectedto fit without a significantdegradationof theperformance.Timing analysesof thecurrentdesign
showedthatthe80 MHz clock requirementsarefulfilled with a safetymargin of about30%.

Task Number logic cells Number ESBs reference
354�' analysis ��1������ � 0 provedby VHDL simulation
Shift Register 1920 5 provedby VHDL simulation
PatternExtraction 200 0 provedby VHDL simulation
CAM match 4800 64 provedby VHDL simulation
6 - � translation 688 0 provedby VHDL simulation
Priority Encoding 4000 0 provedby VHDL simulation
Buffer segments 400 4 provedby VHDL simulation
Look-Uphit combination 0 16 provedby VHDL simulation
Retrieve refined' and 
 � 400 0 estimated
Collectsegments 100 2 provedby VHDL simulation
ControlandIF ��A���� 0 estimated
total �!�=Y�����W 91

Table7: Resourceusageof all tasksperformedin thefront FPGAontheFEM board. � Theexisting implemen-
tationof the 354�' analysisis goingto betunedandreducedin size.
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7.3.2 Resourcesof the back FPGA

The main tasksof the backFPGAarethe collectionof datafrom the five front FPGAsandthevalidationof
tracksegmentsusingthelook-uptablesin theSRAM.BecausethebackFPGAalsoservesasI/O controller, the
FPGAsizeis mainly determinedby thenumberof requiredI/O pins. It wasdecidedto useanAPEX20K400
with 488userpins.

7.3.3 Resourcesof the L1-Linker Card FPGA

The L1-Linking algorithmis a modifiedversionof the L2-linking algorithmandhasbeenadaptedfrom L2
without majorchangesfor a 6 - � histogramof size8 T 60 bins. Althoughthe implementedalgorithmusesfor
first level trigger purposesa ratherbig sliding window with 3 T 3 bins to searchfor track segmentmatches,5

the full algorithmfits into an APEX20K400FPGA with about16000logic cells. The implementedlinking
algorithm uses63% of the logic cells and no ESBs. The current implementationof the algorithm can be
clockedslightly abovetheplannedoperationfrequency of 100MHz. Optimisationsareforeseento increasethe
maximumclock speedandimprove thesafetymargin.

Now thatthefeasibilityof the“L1 Triggeroption” hasbeendemonstrated,furtherstudiesarerequiredin order
to find theoptimallinking algorithm.Refinementof theVHDL code,takinginto accountany new findings,will
thentakeplace.Becausethecurrentimplementationof thealgorithmfills only 63%of the4th biggestFPGA
on themarketit is clearthatFPGAresourcesarenot a critical issuehere.Thegenerationof TriggerElements
from the linked trackshasnot yet beenconsideredin detail. That taskwill addat mosta few hundredlogic
cellswithoutaffectingtheresourcedemandssignificantly.

8 Manpower and Financing

Table8 showsalist of all activepersonsin thedesignandconstructionof theFTT. In twocases,noname(N.N.)
is allocatedto uncoveredtasks,namelytheimplementationof thereadoutandof thecalibrationandmonitoring.
The group is in the processof searchingfor two studentsto cover thesetasks. With theseexceptions,the
manpowersituationatall systemlevelsis sufficient.

The total costof all levels of the FTT hasbeenestimatedat 1730kDM, of which 1480kDM arecurrently
approved.200kDM havebeenrequestedfrom theGermanBMBF for theyear2001andadecisionis expected
next year. 50 kDM have beenrequestedfrom a German-Polishfund for supportinginfrastructure(crates,PCs,
etc.).A decisionis expectedthisyear. CurrentlytheFTT is within budgetalthoughbeingconfrontedwith high
exchangeratesfor purchasingFPGA circuits in US$. ETH Zürich madea contractin Augustwith the SCS
company for the constructionof the L2 boards.Thefinancingof the designandprototypingis assured.The
seriesproductionof boards,plannedfor summer2001,cannotcommenceuntil the remaining250 kDM has
beenapproved.

9 Summary

A basicdesignfor thelevel 1 FTT is now in place.Most aspectsof thealgorithmshave beenfully simulated,
suchthatFPGAresourceandtimingrequirementshavebeenaccuratelyestimated.Thesmallnumberof missing
piecesof information are expectedto be available in the near future. All hardwarecomponentsand their

5A 2 � 2 slidingwindow in placeof 3 � 3 wouldreducetheamountof logic by about50%.Thisoptioniscurrentlybeinginvestigated.
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Institute Person Engineer Diploma PHD Postdoc task
Birmingham P.Newman X L1

Y.Fleming X L1
R.Staley X L1

Manchester S.Kolya X L1
D.Mercer X L1

RAL D.Sankey X L1
A.Baird X L1
B.Claxton X L1

Zürich A.Scḧoning X FTT
D.Meer X L2
N.N (calibration) X FTT

SCS company 3 L2
Dortmund C.Wissing X L2

J.Naumann X L3
M.Kolander X L3
O.Behrendt X L3

DESY I.Cheviakov X L3
J.Spalek X L2/L3
N.N (readout) X FTT

Table8: List of all peopleactively involvedin theFTT project. Also shown is thedistribution of tasks.N.N.
standsfor two Phdstudentstheprojectis currentlylooking for. SCSstandsfor thecompany Supercomputing
Systemsin Zürichwhich is building theboardsfor theL2 system.

interfaceshave beenspecified.Theoptionof sendingtriggerinformationto thelevel 1 triggerhasprovedto be
viable,suchthat thepresentarchitectureincorporatesthis option. Thedesignandlayoutof electronicboards,
backplaneand other aspectsof the hardwareis underway. In parallel with this, work will continueon the
optimisationof algorithms.
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Figure6: Schematicdesignof theAnalogueCard
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Figure8: Drift time distribution of hits usedby theFTT andvalidatedby the tracksegmentprocedure.Data
from 1997have beentaken.Thedrift time is shown for theoutermostwiresof thefour triggerlayers.
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