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Abstract

TheH1 collaboratiorhasbeenaskedo presento theOctobeiPRCmeetinga“closeto full” simulationof thefirstlevel
partof the FastTrack Trigger algorithm,including the currentunderstandin®f the prospectdor providing information
to thelevel 1 H1 centraltrigger. This documentontainstherequestedhformation,includinga nearto final specification
of thefull level 1 system.ThelL1 triggeroptionhasbeenstudiedin detail. As aresultit hasnow beendecidedo include
theL1 triggeroptionin thedesign.

1 Intr oduction

TheH1 FastTrackTrigger (FTT) projectis describedn detailin [1]. TheFTT is expectedto provide informa-

tiontothelevel 2 (25 iis) andlevel 3 (~ 100 us)triggers.Duringthedesignphaseof the FTT it wasrecognized
thatthedevice couldalsobe usedto improve thefirst level tracktriggeringin H1! with only amaginalincrease
in cost[2,3]. This‘FTT L1 Trigger Option’ would improve the signalto backgroundatio for mostphysics
processesA notableandsimpleexampleis the elasticproductionof light vectormesonge.g. p, ¢) for which

the vectormesondecayproductsresultin two chagedtracks,oftenwith low p,. A fully integratedL1 trigger

algorithmdesignandsimulationof its implementatiorin hardwarearenow in place.

For this thefollowing taskshave to beimplementedwithin thelevel 1 lateng of 2.3 uis:

thedigitisationof drift chambersignals
hit detection

determinatiorof pulsearrival timesandz-coordinates

searchfor patternsof hits on groupsof threewires consistentith track segmentsoriginatingfrom the
vertex region

o linking of tracksegmentsfrom 4 differentgroupsandgeneratiorof atrigger decision

The existing ‘DCr¢’ L1 track trigger hastwo loosethresholdsof p, ~ 400 MeV andp, ~ 800 MeV. The FTT will have
significantlyimproved p, resolution,allowing variablethresholdsfor p, > 100 MeV. Unlike the DCr¢ trigger, the FTT is also
expectedto provide precisetrack multiplicity information.



The track sggmentfinding algorithm[3] hasnot changedconceptuallysincethe lastPRC presentation How-
ever, its implementationin hardwarehasbeeninvestigatedusingsimulationtoolsandtheresultingestimate of
speedandrequiredresourcediave formedthe basisfor the hardwarespecification$4].

This note begins with a shortoverview of the main L1 tasksandtheir plannedimplementationn hardware.
Eachfunctionalstepis thendescribedn detail. Resourcallocationandtiming estimatesrom the simulations
arealsogiven. A summaryof manpaver needsandcostingaregivenattheend.

2 FTT L1 Overview

A flow chartof the main operationstepsin thelevel 1 algorithmcanbefoundin fig. 1. Theleft handbranch
of this figure showvsthe stepstakenbeforea L1 triggerdecision(L1KEEP)is recevedfrom the centraltrigger
(pre-L1KEEP).The processingn this branchis repeatedor eachbunch crossingwith a specifichypothesis
for the bunchcrossingof origin (t5). Thefinal L1 trigger signalshave to be sentto the centraltrigger within
approximately2.1 us of the eventty. Theright handbranchshows the relatedtasksto be performedafter a
L1KEEP signal(post-L1KEEP)s recevedfrom the centraltrigger (generate@.3 us afterthet, suchthatthe
bunchcrossingof origin is specified).No stringenttime limits areimposedon this post-L1KEEPprocessing.
Wherever possible the samehardwareds usedin thetwo branchesDetaileddescriptionof eachblock shovn
in fig. 1 aregivenin sections3 and>5.

Fig. 2 shavstheoverall systemarchitectureof the FTT, coveringall threetriggerlevels. Thecratelayoutfor the
L1 systemandanoverview of the FrontEndModule (FEM) layoutis givenin fig. 3. Fig. 4 shavsschematically
the FEM andthe maintasksto be performedn it. A shortsummaryof thealgorithmis givenin this section.
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Figurel: Flow chartof thefunctionalstepsof theL1 trackfinding algorithm.



AnalogueCards(top of fig. 4) tap selectedrift chambemwires andfeedthe analoguesignalsinto the FEM.
ThedataaredigitisedusingFADCs. Theinformationfrom groupsof threewiresarethenprocessedy ‘front’
FPGAs(Altera APEX 20K600)in whichthe hit andsegmentfinding takesplace. TheQ &t analysiperformsa
hit recognition determineghe chage collectedat eachwire endandextractsthe z-coordinateusingthe chage
division technique. Hits are sampledat 80 MHz, thoughfor the initial stagesof the algorithmandfor L1
triggering,groupsof four adjacentime slicesare ORedandthe hits arepassedo shift registerssynchronised
at 20 MHz. Track sggmentidentificationtakesplaceby matchingthe contentsof the three shift registers
(one per wire) to predefinedacceptableatternsstoredin ContentAddressableMemories(CAMS). In the
pre-L1KEEPphase this matchingtakesplacefor eachbunchcrossing. In the post-L1KEEPphasethe shift
registersarefrozen. After correctingfor the fixed delaybetweerthet, andthearrival of the LIKEEP signal,
thecorrespondingegionsof the shift registersaresentto the sameCAMSs.

Thealgorithmnow dividesinto thetwo branchegorrespondingo the pre-andpost-L1KEEPcasessindicated
in fig. 1. Before LLKEER, the datafollow the arrons in fig. 4 into the I/O controller Track sggmentsfrom
several FEMsarethensentvia anLVDS channelink to Merger Cardsandfinally to theL1 Linker card. Here
track segmentsfrom trigger layersat differentradii are matchedto identify tracksusinga sliding window
techniquein x(x 1/p,)-¢ space.The L1 Linker hardwareis identicalto the L2 Linker cardto be built by
SCSJ[5] sincetheL1 andL2 linking algorithmsarevery similar. Finally, fully linked tracksarecountedandL1
triggersignals(Trigger Elements}o be sentto the centraltriggerareformed.

After a LIKEEP signalis receved from the centraltrigger, the shift registersare haltedandthe CAM match
for tracksggmentfinding is repeatedThefiner granularity80 MHz samplinginformationis retrievedfor each
hit and the datafollow the arraws in fig. 4 into the L2 validation block of a secondsmallerFPGA (Altera
APEX 20K400). Here, it is checkedhatthe track sggmentsremainvalid in light of the 80 MHz information
andrefinementaremadeto the x and¢ valuesusingthis information. Thesestepsarerealizedusinglook-up
tablesimplementedn external SRAMs. Finally the refinedandvalidatedtrack sggmentsare transmittedvia
theLVDS channelink to theL2 system.

3 Descriptionof FTT L1 Trigger algorithm

In thefollowing, a functionaldescriptionis givenof all stepsrequiredfor the L1 triggerdecision(top andleft
branchof fig. 1). The stepsin the post-L1KEEPphasegright branch)arediscussedn section5. The mapping
of the algorithmonto the front and back FPGAsandthe numberof bits of information per segmentpassed
betweerthe differentstagesarefurtherillustratedin fig. 5.

3.1 Tapping of drift chamber signalsat existing electronics

Analoguecardscollectthe drift chambersignalsfrom the input to the existing DCr¢ tracktrigger systemon

thefront of the CJCFADC crates.A block diagramof the designcanbe foundin fig. 6. The AnalogueCards
drive (driver AD3138) the pre-amplifiedanaloguesignalsof a singletrigger group (3 wires readout at both
ends)upto 5 m to theFEM cards. This “plug through” operationproducegminimal disruptionto the existing

H1 configuration.Thefunctioningof the DCr¢ triggerwill notbe jeopardizedsothatthe FTT L1 andDCr¢

triggerscanoperatesimultaneoushduringthe commissioningphaseof the FTT.

3.2 Digitisation

Signalsfrom 5 trigger groupsadjacenin the ¢ coordinatearefed to one FEM, resultingin a total of 30 input
analoguesignalsper board. Thesesignalsare digitised usingdual 8-bit linear FADCs (AD9288) operatedat
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80 MHz clock frequeng. Signalsfrom both endsof eachwire aredigitisedin a singlecircuit, suchthatthe
effects of electronicnoiseon the subsequenthage division processare minimised. The digitised dataare
passedo an FPGA (APEX20K600)farm, wherethe subsequenprocessingo producetrack segmentstakes
place.

3.3 Q&t analysis

Thefirst stepin theFPGAsis theQ &t analysis Hits aredetectedisinga DOS (differenceof sample}echnique
asdescribedn [3]. A hit is definedby the clock cycle of the first maximumin the DOS. Two hits canbe
distinguishedf they areseparatedy morethan50 ns.

In contrastto the descriptiongivenin [3] it is now plannedto extract the =z coordinateseparatelyfor each
individual hit, ratherthan obtainingonly one = coordinateper track sgment. The new schemeamprovesthe
robustnesof the z coordinateextraction. In addition passingthe full z informationfor eachwire to the L2
systemallows amoreflexible r-z fit with the possibility of outlier rejection.

A schematidrawing of therevised @&t algorithmcanbefoundin fig 7. The chage ateachendof awire is
integratedover severalbunchcrossingausinga runningsummei{3]. Thez coordinatesgeterminedy chage
division, areassociatedo hits ata laterstageof thealgorithm(seesection3.4). The z coordinatesrestoredin
6 bits of informationperwire, correspondingo a digitisationin binsof 3.4 cm. With the presengain, this bin
sizeis smallerthantheintrinsic z-resolutionevenfor highly ionising particles.

3.4 Shift Registers

The timing outputfrom the Q&¢ algorithmis synchronisedat 80 MHz clock frequeng. For the first stage
of the algorithm, groupsof four successie 80 MHz digitisatiors are ORedin orderto createshift registers
synchronisedat 20 MHz. The shift registersat a given clock cycle canbe thoughtof asa representatiomf

the positionsof the hits in thechambeffor a particulart, hypothesis.Theshift registersareanalysednceper
bunchcrossing suchthatevery possiblety hypothesiss investigatedIn total five shift registersarefilled per
¢ cell. Threeshift registerscontaininformationfrom the threewires of the the main cell andtwo further shift

registerscontaininformationfrom aselectedwire in the cell immediatelyto the left andright. Track segments
crossingeell boundariexanthusalsoberecognised.

Sincethe Q&t algorithmprovideshits separatedby at least50 ns, only one hit is possibleper 20 MHz time
slice. Thelocationof the hit in the four corresponding0 MHz time slicescanthusbe encodedn two bits.
This encodednformation,which is later usedfor refinementpurposesafter LIKEER, is storedin a 20 MHz
shift register of two bit depth. By settinga fixed delay the z coordinateinformationis associatedvith the
correspondindnit andis storedin afurther20 MHz shift registerof 6 bit depth.

3.5 Pattern Extraction

A searcHor validtracksegmentsn ther-¢ planetakesplacenext. Valid tracksegmentsaredefinedasgroupsof
threehits, onein eachof thethreeshift registers,consistentwith atrackoriginatingfrom thevertex region. The
searchis realisedby dividing the shift registersinto groupsof ‘patterns’. A patterncompriseshortsequences
of binsgroupedogetherfrom eachof thethreeshift registersrepresentindgproadroadsthroughwhich genuine
tracksmay have passedThesepatternarepresentedo CAMs, wherevalid sgmentsareidentified.



3.6 CAM match

Thesearchor valid track segmentswithin a patternis realisedusingContentAddressabléMemories(CAMSs).
The CAMs storethe predefinedvalid hit combinationsacrossthe threeregisters. Invalid combinationsdo not
have entriesin the CAMs. Whereahit combinationfrom theregistersmatchesoneof thosestoredin the CAM,
the correspondingoutputline goeshigh. Thereis a oneto onerelation betweenoutput line and storedhit
combination.The CAMs areoperatedn the unencodednultiple matchmode,suchthatif morethanonevalid
hit combinationexistswithin a pattern all correspondingutputlinesgo high simultaneously

A sufiicientnumberof CAMs is implementedo storeup to 2048hit combinationgercell. Thatlimit allows
all possiblesegmentsto be foundfor ary trackwith p, > 100 MeV, including casesvheretrackscrosscell
boundarieswithin a group of threewires. Becausehe CAM matchis performedevery bunch crossing,all
possiblehit combinationdor all possiblety hypotheseareconsidered.

3.7 k-¢ mapping

The next stepis to assigns and ¢ valuesto eachtrack segmentfoundin the CAMs. For thelevel 1 FTT
trigger, the full x x ¢ spaces representeih a8 x 60 grid for eachtrack sign. Eachhalf CJC1cell or full

CJC2cell correspondso a single ¢ bin.? With the help of the vertex constraint,eachvalid segmentcanbe
mappeduniquelyto a bin in the8 x 2 histogramin s x ¢;, where: refersto the triggerlayer The mapping
differsbetweertriggerlayers. Theassignmenof eachtrack segmentto a bin positionin thex x ¢; histogram
is hardwiredby ORingtogetherall CAM outputscorrespondingo the samex and¢; bin. The final outputto
thel/O controlin fig. 4 is theunencoded: x ¢; histogramfor a particularCJCcell.

3.8 LVDS channellink and Merger Cards

Thek-¢; histogramblocksfrom all CJCcellsaresentvia Merger Cardsto theL1 Linker cardusingtheLVDS
channellink. Onthemegercardsthe8 x 2 (8 x 1) k x ¢; histogramblocksfrom CJC1(CJC2)aremeged
togethemwithin asingletriggerlayerto producea global histogramof size8 x 60 in k X ¢;.

3.9 k-¢ transformation

The 8 x 60; track sggmentrepresentatioior eachtrigger layer hasto be transformedo a global « - ¢4;05
representatiofor thelinker card. Thisis achiezedby routingin a FPGAtheappropriaténput pinsandinternal
inputlinesto thelinking algorithm. After transformatiorthetheoreticak - ¢4, bin centerpositionsof thedif-
ferentlayersdo not perfectlymatch.Theseunavoidableshiftsdo not harmthelinking algorithm(section3.10)
becausehessliding window techniqueusedtakesthatinto accountautomatically

3.10 Linker

Linking track sgmentswith compatiblex and¢ in differenttrigger layersis realisedby looking for coinci-
dencedn thesameor nearbybinsin thex - ¢4, histogramusingasliding window techniquecurrently3x3
in size). At least2 matchingtrack sggmentsout of the maximumpossible4 arerequired.Althoughindividual
track segmentsareusuallyvalid for mary bunchcrossingsthe segmentscanoftenonly be successfullylinked
whenthet, hypothesiss correct.

2The ¢ coordinatesaredefinedat the track ape, ratherthanthe verte, in orderto ensurethis directmappingbetweenCJCcells
and¢ bins.



3.11 Counting of track multiplicities and generationof Trigger Elements

Theresultof thelinking stepis a8 x 60 « - ¢4, histogramwith entrieswherever trackshave successfullypeen
linked. The Trigger Elementdo be sentto the centraltrigger arederived from the contentsof this histogram.
The Trigger Elementscan be based,for example, on a single high p, track or on track multiplicities with

a variety of programmabley, thresholds. Topologicalcriteria (e.g. backto backcoincidencesganalsobe
applied.The exactdefinitionof the Trigger Elementgequiresinput from the Physicsworking Groupsandcan
be changedt shortnotice.A possiblesetis shavnin tablel:

L1ITE# condition L1TE# condition

0 Any track (eventt) 10-12 summedrackchage}” @

1,2,3 0-7tracksp; > 100 MeV || 13 backto backtopology

4,5 0-3tracksp; > 200 MeV || 14 1-jettopology(tracksclosein ¢)
6,7 0-3tracksp; > 400 MeV || 15 2-jettopology(tracksclosein ¢)
8,9 0-3tracksp; > 1.0 GeV

Table1: Possibledefinitionsfor the 16 Trigger Elementgo besentto the centraltriggerby the FTT L1 system.

4 Statusof the L1 Trigger Implementation

Thestatusof implementatiorof all L1 Triggerrelatedtasksis summarisedh table2. All hardwarecomponents
arein or nearthe designstagewith the exceptionof thetriggerinterfacecard,which merelycorvertsdifferent
signallevels. The backplanespecificationsare almostfinalized. Many aspectf the algorithmsrunningon
FPGAshave beensimulatedwith specialisedoftwarg6] andarenow beingcodedn VHDL. A full ‘top down’
simulationhasbeenwritten for the FEM tasksfrom theshift registercreationto the x — ¢ mapping.Thelinking
andtrack countingalgorithmsto be implementedn the L1 linker cardhave beensimulatedandarereadyfor
implementation.

5 Description of the Post-L1KEEP Step

After apositive L1 decisionby the centraltrigger, the LIKEEP signalis distributedto all branchesThis signal

arrivesattheFTT afixedtime~ 2.4 us afterthebunchcrossingof origin, suchthattheexacteventt, isimplied.

After receving the LLKEER, all FTT pipelinesandshift registersarehalted. The track segmentfinding asa

pre-processingtepfor theL2 linking andfitting operationthencommencesThe patternextractionis repeated
usingafixedregion of theshift registersshiftedby aboutl .2 us (24 binsat20 MHz) from theregion considered
atthe pre-L1KEEPstage Patternsareformedin anidenticalmannerto thatdescribedn section3.5.

5.1 CAM match

The searchfor valid sggmentsin the CAMs is the sameasthat usedfor L1-triggering (section3.6) asis the
numberof valid hit combinationgup to 2048).



| Module | Function | Comment | Status | Responsible]
AnalogueCard | Provide existing path designphase Manchester
analogueDC shouldnotbe | specification
signals affected complete
FEM hardware specificatiorready RAL
finetuningneeded
analoguesimulation
Q&t analysis FPGA C simulationon existing data 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
) FPGAwith dummyroutingcodedin VHDL | B’ham/ETH
mapping simulated
MergerCard hardware designphase SCS/ETH
specificatiorcomplete
datacollection FPGA FORTRAN simulation SCS/ETH
VHDL codingto bedone
L1 Linker hardware designphase SCS/ETH
Card specificatiorcomplete
L1 linking FPGA codedin VHDL B’ham/ETH
simulated
Generatiorof FPGA VHDL codingto bedone B’ham/ETH
TriggerElements
Service STCinterface HERA clock specification Manchester
Module or PLL beingfinalised
Backplane customVME/ commonL1/L2 | specificatiorphase Manchester
hardmetric backplane contactwith Wiener
Trigger signalinterface to be Manchester
Interface designed or B’ham

Table2: Overview of L1 triggercomponentstheir functionality, the designstatusandthe responsibility



5.2 Priority Encoding

Up to this point, the processingf differentregionsof the shift registershasbeenperformedin parallel. For

the remainingtasks, it is necessaryo switch to serial processing. ‘Priority encoding’circuits are usedto

serialisethe valid segmentsoutputfrom the CAMs. Theaddressesf valid hit combinationeemege from the
priority encoderin sequencegrderedby address.This doesnot necessarilymply ary orderingof sgments
by importancethoughthatfunctionality may be usedfor exampleto give priority to high p, tracksegmentsin

high multiplicity events. The 11 bit addressesselectedrom thelist of < 2048 possiblevalid sggments,are
passedo aFirstIn, First Out (FIFO) buffer.

5.3 Look-Up of hit combination

During CAM operation the register positionsof the threehits which generatehe valid matcharelost. This
informationis needed(section5.4) in orderto obtainthe refined¢ andthe = information storedin parallel
20 MHz shift registers. The register positionsof the threehits generatinghe CAM matchis restoredusing
a RAM look-uptable. Sincethereis a one-to-onerelationshipbetweenthe CAM outputline andthe stored
informationin the RAM, this architecturés calleda‘tag field'.

5.4 Retrieverefinedt and z information

The next stepis to re-associatéhe finer granularity80 MHz samplingandthe = coordinatef eachhit with

thetrack sggmentfoundin the CAMs at 20 MHz samplingfrequeng. The shift registerpositionsof the three
hits extractedin the tagfield (section5.3) areusedto look up the encodedB0 MHz timing informationand =

coordinatedrom the shift registersdescribedn section3.4. Thisinformationis laterusedto testthevalidity of

eachsggmentin fine detailandto refinethe x and¢ values(seesection5.6).

5.5 Collection of track segmentsand refinementinformation

The 11 bit valid masknumberandthe associate@0 MHz refinemeninformationandz coordinate@repassed
from all five front FPGAsto a singlesmallerFPGA at the backof the FEM (seefig 5). This FPGAsenesas
I/O controllerandalsoperformsthefinal validationof thetrackseggments.

5.6 Final validation of refinedtrack segments

Before the track segmentsare sentout to the FTT L2 system,their validity is testedin light of the refined
80 MHz hit information. In this stepabout50% of the track segmentsarerejectedbecausehe moreprecisely
known hit combinationcannotbe extrapolatedo the primary vertex position. For eachsegment,17 bits corre-
spondingto the 11 bit 20 MHz masknumberandthe 3 x 2 bit 80 MHz refinemeninformationarefed to an
external SRAM wherea ‘validation’ bit is addedjndicatingwhetherthe track segmentis keptor rejected.If it
is kept,asecondook-uptablein the SRAM is usedto obtaintheremainingtrackparametersvhich areneeded
by thelevel 2 systemrfor linking andfitting.

Thelist of valid refinedmasksandcorrespondindx, ¢) coordinatesareperiodicallydeterminedisingrecent
calibrationconstantandareloadedinto the external SRAMs at timeswhendatais not beingtaken(between
HERA fills or H1 runs). For this purposeijt is plannedto install an online calibrationsystem which continu-
ouslymonitorsessentiaparametersuchasthe beampositionandthedrift velocity in thechambers.



Finally, the full validatedandrefinedtrack segmentsarebuilt. Theinformationto be passedo the L2 FTT
compriseghe curvaturex andslope¢ of the segment,the preciselocation (z-y coordinate)of the hit on the
centralwire andthe z coordinate®f all threehits. Thefinal track segmentsarebufferedin thisform in FIFOs.

5.7 L1-L2 LVDS channellink

Thevalidatedandrefinedtrack segmentsarebufferedandserially transmittedvia the Merger cardsto thelevel
2 systemusingthe samechannelink asusedfor L1-triggering.

6 Statusof the Implementation of postL1KEEP tasks

The statusof implementatiorof all tasksto be performedafter the LIKEEP is listed in table 3. Only those
taskswhich are not commonwith the pre-L1KEEPprocessingare listed. The largestresourceusagecomes
from the priority encoding.This hasbeensimulatedin detail. Theretrieval of the 80 MHz informationand =
coordinatedave beencodedin parts. The bufferingand SRAM accesgasksto be performedon thethe back
FPGAhave notyet beencoded thoughthesearestandardperationsvhich will not presentry 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 z front FPGA/RAM | partly codedin VHDL B’ham/ETH
refinedt partly simulated
Collect backFPGA/FIFO | VHDL codingto bedone| B’ham/ETH
Sements
Final backFPGA/SRAM | VHDL codingto bedone | B’ham/ETH
validation

Table3: Overview of the FEM tasksafterreceving the L1 triggersignal(LLKEEP). 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 the centraltrigger
aregivenin table4. The numbersin the table shouldbe comparedo the latestpoint at which the Trigger
Elementscanbe sentto the centraltrigger (~ 2.1 us). Thelongestdelayarisesfrom the maximumdrift time
to thechambesensewires(aboutl.1 is). In additionto this, thedelaysdueto cablelengths digitisation,data
transmissiorbetweencardsand Trigger Elementtransmissiorio the centraltrigger arealsounavoidable. The
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guoteddelaysrelatedto the pipelining of the algorithmwere obtainedby simulationof the individual tasks.
The uncertaintyin the simulationss of theorderof afew clock cycles(10-12ns)andis thusof similar sizeto
variationsin the maximumdrift time dueto changingatmospheripressure.

After accountingdor all othersteps]essthan20%of thetotal L1 lateng remaindor thetrackfindingalgorithm
andTriggerElementdefinitionlogic. Estimate®f thetimetakenfor thesdaststepsndicatethatthealgorithms
justfit into the availabletime. The VHDL implementationwhich hasbeenusedto simulatethe timing delays
hasnotyetbeenoptimisedanda few tensof nsmay alsobe saved by optimisingthe L1-L2 datatransmission.

Sincethe timing is tight, a fall-back solution hasalso beeninvestigatedwherebyhits from the longestdrift
times(> 1.0 us) areignoredin the processingo producelL1 Trigger Elements.Suchlong drift timesoccur
only in the outermostrigger layer of CJC1 andrepresenbnly about1% of all hits (seefig. 8). Cutting out
theselong drift timeswould thus savze 100 ns without a significantlossin track finding efficiengy. With the
availability of this additionaloption,the FTT L1 triggerwill beableto provide usefulinformationto thelevel
1 triggerwithin the availabletime.

Task Latency (ns) | Cumulative time (ns) | Reference

lonisation+ 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

Kk-¢ mapping 0 1460 | VHDL simulated
transmissiorandx-¢ transformation < 410 1870 | calculatecandsimulated7]
Linking + triggerdecision < 182 < 2052 | VHDL simulated
triggertransmission 50 < 2102 | calculated

Table4: Delaysof the differenttasksbeforea L1-Trigger decisionis taken. Shavn arethe individual delays,
the cumulative time assuminga maximumdrift time of 1100 ns and a referencefor how the delayhasbeen
evaluated.*Notethatthe hardwiredroutingfor the xk-¢ mappingaddsonly asmallsignaltransmissiordelayof
aboutl nsanddoesnot addanadditionalclock cycle.

7.2 Timing after Level 1 Keep

Thetime constraintdor the post-L1KEEPprocessingare nothinglike ascritical asthosefor the L1 Trigger
Elementproduction.Optimisationof FTT L2 algorithmsandthe increasedpeedof the LVDS channelink 3
have significantlyreducedthe L2 timing estimates.Recentresultson the implementatiorof tasksin the L2
FTT have showvn thatthe segmentlinking andtrack parametepptimisationcanbe finishedafterabout14 ps,
well insidetheL2 lateng of about20us. Someof theremainingé uswill beusedto implementsimpleparticle
resonancesearchesuchas elasticvector mesonsat L2. However, several hundredsof ns will certainly be
availablefor preprocessingtL1.

Table5 shows alist of thetiming delaysin the L2 preprocessingo be performedin the post-L1KEEPphase.
Thefirst five tasksareimplementedn thefront FPGAs.The numbergjuotedfor thesetasksaretakenfrom the
presensimulationresultswith pipelinedalgorithmsanda clock of 80 MHz driving the CAM validation. Tasks
to be performedin the validationandrefinementstepson the back FPGA cannotbe simulatedin full by the
Quartussoftware,sincethey involve external SRAM circuits. The Micron datasheebn ZBT SRAMs[8] has
beenusedasthe basisfor the time estimategor thesetasks,assuminga pipelinedSRAM accessat 100 MHz

%It hasbeendecidedor L1 Triggerpurposeso runthelink at 100 MHz insteadof 50 MHz asoriginally planned
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(133MHz is themaximumspeed).The 100 MHz frequeny matcheghe clock speedusedfor the L1-L2 link.

Task Latency (ns) | Time first segment(ns) | Time last segment(ns)
Receve LIKEEP 80 80 80
ReadShift Register+

CAM match 24 104 104
Priority Encoding 24 <200 424
Buffer sgments 24 <224 448
Look-Up hit combination 24 <248 472
retrieve refinedt andz 24 <272 660
CollectSegments 24 <296 684
FPGA-FPGAtransmission 60 <356 744
Validationin SRAM 40 <396 1186
Write to FIFO 10 <406 1196

Table 5: Calculatedtiming delaysfor the tasksthat are performedin the post-LIKEEPphase. ‘Time first
sggment’ definesthe delay after which the first track sggmentcan be sentout to the L2 system. ‘Time last
sggment’ definesthe time whenthe lastsegmentis processedA maximumnumberof 80 track sggmentscan
be sentout to the level 2 systemfrom a single FEM within 1196ns. All time evaluationshave beenmade
by using VHDL simulationswith the exceptionof the final validationin the SRAM and the FPGA-FPGA
transmission.

As canbe seenfrom the table, the delayafter LLKEEP is at most406 ns beforethe first track segmentcan
be sentto the L2 system. The 80th segmentwould be sentafter about1.2:s*. Thatresultfits well with the
L2 linker algorithm,which expectsa maximumof 128 track segmentsfrom all FEM cardsof the sametrigger
layer (6 FEM cardsfor CJCland12 for CJC2)within 1.3 us of the startof transmission.We concludethat
therewill beno problemsarisingfrom time takenby theL1 algorithmsafter LLKEEP.

For completenesthe currentunderstandingf the L2 timing is givenin table6.

task chip frequency | steps max. time
L1 tracksegmentfinding L1 system ~ 0.5us
receve data/ fill CAMs FPGA 100MHz | <130 1.3us
linking of < 4 x 128se@ments| FPGA 100MHz | <528 | (+2.6interleaved)2.6 us
fitting of < 2 x 24tracks DSP 166MHz | 1060 6.4 us
triggerdecision DSRFPGA | 166MHz | ~ 500 3.0-9.0 us
total 13.8-19.8us

Table6: Timing estimatedor eachindividual L2 task. Notethatlinking andfitting areinterleaved. The actual
trigger decisiontime depend®n the numberof invariantmasscombinationto be calculatedat level 2. *Basic
trigger decisionparameterdike transversemomentumthresholdstopologicalcriteria or the invariantmassof

two prongfinal statesanbecalculatedvithin 3 us. TheL 2 triggercapabilitiescanalsobe extendedo calculate
invariantmassesn multi-particlefinal statesIn thatcasethefull remaining9 ps would be usedup.

“Note that the final numberof 1.2us cannotdirectly be comparedwith table 3 in [3], sincethe orderof steps,specificallythe
collectionof tracksggmentsfrom 5 adjacentellsandthefinal validation,hasbeenreversedn orderto save SRAMs.
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7.3 Required FPGA Resources

In contrastto the timing considerationsthe biggestrequirementon FPGA resourcesarisefrom the post-
L1KEEP tasks. The biggestAltera chipsavailableon the marketarethe APEX20K400,600, 1000,and 1500
whichintegrateabout400k,600k,1M and1.5M gategespectiely. Thesechipsarepin compatible suchthatfi-
naldecision®onwhich FPGAsto usecanpotentiallybeleft until theproductionphaseof theFEM. For theFEM
design,we presentlyassumehatwe will usethe APEX20K600,with the possibilityto usethe APEX20K400
to save mong if the algorithmcanbe fitted into it. The APEX20K600has24320logic cells (registers)and
154 EmbeddedSystemBlocks (ESBs)which are usedto 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 the algorithm. It hasbeenfound thatthe maximum
clock speeddepend®n thesynthesizesoftware.For all studiesn this note,resultsobtainedusingthe Quartus
softwarehave beentaken. Someof the resultshave beencross-checkedsing other softwarepackages.No
optimisationprocedurehave beentestedor appliedso far. Potentialfor optimisationis given by so called
"back-annotatingthe designandby changingroutingsat theregisterlevel. In addition,regularimprovements
in the developmentsoftware(usuallyevery 3-6 months)leadto betteroptimiseddesignimplementationsFor
the currentstudy, the Quartusversion2000.05from Altera[6] hasbeenused.An improvedversionis expected
to bereleasedn October2000.

7.3.1 Resourcesof the front FPGA

The Resourcausagein the front FPGA on the FEM boardis listedin table 7. The numberof logic cellsand
ESBsusedby eachstepin the algorithmis given as obtainedby VHDL simulations. Thosestepslabelled
"proved by VHDL simulation”arein agreemenivith the expectationdasedon theoreticalkconsiderations.

About 65% of the logic cells of the 20K600FPGA areusedup by the L1 algorithm. Detailedstudieshave
shawn thata degradationof the maximumspeedoccursif more than70% of the FPGA resourcesre used.
Even beforeary optimisationprocedure the algorithmis found to fit comfortablyonto the 20K600 FPGA.
Additional logic may be implementedor control purposestc. at the level of afew hundredogic cells. This
is expectedto fit without a significantdegradationof the performance Timing analyse®f the currentdesign
shavedthatthe 80 MHz clock requirementsrefulfilled with a safetymaigin of about30%.

Task Number logic cells | Number ESBs | reference

Q&t analysis < 3000* 0 | provedby VHDL simulation
Shift Register 1920 5 | provedby VHDL simulation
PatternExtraction 200 0 | provedby VHDL simulation
CAM match 4800 64 | provedby VHDL simulation

k-¢ translation 688 0 | provedby VHDL simulation
Priority Encoding 4000 0 | provedby VHDL simulation
Buffer sgments 400 4 | provedby VHDL simulation
Look-Up hit combination 0 16 | provedby VHDL simulation
Retrieve refinedt andz ~ 400 0 | estimated
Collectsggments 100 2 | provedby VHDL simulation
ControlandIF < 500 0 | estimated

total < 16008 91

Table7: Resourcaisageof all tasksperformedn thefront FPGAonthe FEM board.* Theexisting implemen-
tationof the Q &t analysisis goingto betunedandreducedn size.
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7.3.2 Resourcesof the back FPGA

The maintasksof the back FPGA arethe collectionof datafrom the five front FPGAsandthe validation of
tracksegmentsusingthelook-uptablesin the SRAM. BecausehebackFPGAalsosenesas!/O controller, the
FPGA ssizeis mainly determinedy the numberof requiredl/O pins. It wasdecidedto usean APEX20K400
with 488 userpins.

7.3.3 Resourcesof the L1-Linker Card FPGA

The L1-Linking algorithmis a modified versionof the L2-linking algorithm and hasbeenadaptedrom L2
without major changedor a x-¢ histogramof size8x 60 bins. Althoughthe implementedalgorithmusesfor
first level trigger purposesa ratherbig sliding window with 3x 3 binsto searchfor track sgmentmatches?®
the full algorithmfits into an APEX20K400FPGA with about16000logic cells. The implementedinking
algorithm uses63% of the logic cells and no ESBs. The currentimplementationof the algorithm can be
clockedslightly above theplannedoperationfrequeny of 100MHz. Optimisationsareforeseerio increasehe
maximumclock speedandimprove the safetymamgin.

Now thatthefeasibility of the“L1 Triggeroption” hasbeendemonstratedurtherstudiesarerequiredin order
to find theoptimallinking algorithm. Refinemenof theVHDL code takinginto accountry new findings,will
thentakeplace. Becausehe currentimplementatiorof the algorithmfills only 63% of the 4th biggestFPGA
onthe marketit is clearthat FPGAresourcesrenot a critical issuehere. The generatiorof Trigger Elements
from the linked trackshasnot yet beenconsideredn detail. Thattaskwill addat mosta few hundredlogic
cellswithout affectingthe resourcedlemandsignificantly

8 Manpower and Financing

Table8 shavsalist of all active personsn thedesignandconstructiorof the FTT. In two casesponame(N.N.)
is allocatedo uncoveredtasks hamelytheimplementatiorof thereadoutandof thecalibrationandmonitoring.
The groupis in the processof searchingfor two studentgo cover thesetasks. With theseexceptions,the
manpaver situationatall systemlevelsis sufficient.

The total costof all levels of the FTT hasbeenestimatedat 1730kDM, of which 1480kDM are currently
approved. 200kDM have beenrequestedrom the GermamBMBF for theyear2001andadecisionis expected
next year 50 kDM have beenrequestedrom a German-Polistiund for supportingnfrastructurecrates PCs,
etc.).A decisionis expectedthisyear Currentlythe FTT is within budgetalthoughbeingconfrontedwith high
exchangeratesfor purchasing=PGA circuitsin US$. ETH Zirich madea contractin Augustwith the SCS
compauy for the constructionof the L2 boards. The financingof the designand prototypingis assured.The
seriesproductionof boards,plannedfor summer2001, cannotcommenceuntil the remaining250 kDM has
beenapproved.

9 Summary

A basicdesignfor thelevel 1 FTT is now in place. Most aspect®f the algorithmshave beenfully simulated,
suchthatFPGAresourcendtiming requirementdave beemaccuratelyestimatedThesmallnumberof missing
piecesof information are expectedto be availablein the nearfuture. All hardwarecomponentsand their

SA 2x 2 slidingwindow in placeof 3x 3 wouldreducegtheamountof logic by about50%. This optionis currentlybeinginvestigated.

13



Institute Person Engineer | Diploma | PHD | Postdoc | task
Birmingham| PNewvman X L1
Y.Fleming X L1
R.Stalg X L1
Manchester | S.Kolya X L1
D.Mercer X L1
RAL D.Sankg X L1
A.Baird X L1
B.Claxton X L1
Zurich A.Schining X FTT
D.Meer X L2
N.N (calibration) X FTT
SCS compary 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 the FTT project. Also shownn is the distribution of tasks.N.N.
standgor two Phdstudentshe projectis currentlylooking for. SCSstandgor the compaly Supercomputing
Systemsn Ziurichwhichis building theboardsfor theL2 system.

interfaceshave beenspecified. The optionof sendingtriggerinformationto thelevel 1 triggerhasprovedto be
viable, suchthatthe presentarchitecturéncorporateghis option. The designandlayoutof electronicboards,
backplaneand other aspectsf the hardwareis underway In parallelwith this, work will continueon the
optimisationof algorithms.
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Figure8: Drift time distribution of hits usedby the FTT andvalidatedby the track segmentprocedure Data
from 1997have beentaken.Thedrift timeis showvn for the outermosivires of thefour triggerlayers.
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