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ZUSAMMENFASSUNG

Der Pre-Prozessorim ”ATLAS Level-1 CalorimeterTrigger” liefert digitale Wertefür transversale
Energie in EchtzeitannachfolgendeProzessoren,die physikalischeReaktionsprodukteerkennensollen.
Der Eingang bestehtausmehr als 7000 analogenSignalenvon Zellen reduzierterGranulariẗat in den
KalorimeterndesATLAS-Detektors.Die ”Level-1 Trigger”-Entscheidungmuß überpr̈ufbar sein.Dazu
werdenvom ProzessorKopien digitalisierterEchtzeit-Datenan die ATLAS Datenaufzeichnunggere-
icht. Zus̈atzlich stellt dasPre-ProzessorSystemmit dem standartisiertenVME-Bus eine Schnittstelle
zur Computer-InfrastrukturdesExperimentszur Verfügung,worüberKon�gurationsdatengeladenund
Kontrol- bzw. Monitor-Datenausgelesenwerden.

Ein zweckorientiertesSystem,welchessowohl den Transferzur Aufzeichnungvon Ereignisdaten
in ATLAS als auchDatenaustauscḧuber VME gewährleistet,wurde auf den 124 Modulen desPre-
ProzessorSystemsin Form des”ReadoutManagers”implementiert.Das ”Field-Programmable-Gate-
Array (FPGA)” �ndet sich auf jedemder Module.Der ersteTeil dieserArbeit beschreibtdie Algorith-
men,die entwickelt wurden,um die Funktionaliẗat des”ReadoutManagers”zu erfüllen. Der zweiteTeil
behandeltdieTests,welchedurchgef̈uhrtwurden,umeinekorrekteFunktionderModulesicherzustellen
bevor siebeiCERNin derATLAS-Kaverneinstalliertwurden.

ABSTRACT

The PreProcessorof the ATLAS Level-1 CalorimeterTrigger providesdigital valuesof transverse
energy in real-timeto thesubsequentobject-�nding processors.Theinputcomprisesmorethan7000an-
aloguesignalsof reducedgranularityfrom thecalorimetersof theATLAS detector. TheLevel-1 trigger
decisionmust be veri�ed. For this, the PreProcessortransmitscopiesof the real-timedigital datato
theDataAcquisition(DAQ) system.In addition,thePreProcessorsystemprovidesa standardVMEbus
interfaceto the computinginfrastructureof the experiment,on which con�guration datais loadedand
controlor monitoringdataarereadout.

A dedicatedsystemthat ensuresboth the transferof event datato storagein ATLAS andthe data
transferover theVME wasimplementedon the124modulesof thePreProcessorsystemin theform of a
”ReadoutManager”.The”Field ProgrammableGateArray” (FPGA)is locatedoneachmodule.The�rst
partof this work describesthealgorithmsdevelopedto meetthe functionalityof theReadoutManager.
Thesecondpartdealswith theteststhatwerecarriedoutto ensuretheproperfunctionalityof themodules
beforethey wereinstalledatCERNin theATLAS cavern.
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Chapter 1

Intr oduction

TheLargeHadronCollider(LHC) is designedto accelerateandcollideprotonswith acentre-of-
massenergy of

p
s= 14 TeV, at a luminosityof L = 1034cm� 2s� 1. Theunprecedentedhigh

energy andluminositywill allow to studytheexistenceof theHiggsboson,theparticlebelieved
to beat theorigin of thespontaneoussymmetry-breakingmechanismin theelectroweaksector
of the StandardModel, aswell as to probethe theoriesbeyond the StandardModel. ATLAS
is oneof the four major experimentsinstalledat the LHC. It is a general-purposeexperiment
designedto fully exploit thephysicsopportunitiesofferedby theLHC.

At theLHC'sdesignluminosity, theexpectedeventrateis in theorderof 1 GHz. Thisraises
animportantexperimentalchallengefor theATLAS detector. Theinterestingphysicsprocesses
occurat very small rates,in the orderof a few Hz or even lower, beingoverwhelmedby the
productionof jetscomingfrom QCD interactions.On theotherhand,theraw dataproducedby
thedetectoramountsto about1 PByte=s, while theeventdatarecordingis limited by technol-
ogy andresourcesto about300 MByte=s. Therefore,theATLAS TriggerandDataAcquisition
systemshave to reducetheinitial eventrateto theaffordablemassstoragerate,while ef�ciently
selectingthepotentialrarephysicsevents.To achieve this, theATLAS Triggersystemis organ-
isedinto threelevelsof eventselection.

The PreProcessorsystemis the �rst stageof dataprocessingin the Level-1 Calorimeter
Trigger, a majorsubcomponentof the�rst level of eventselection.It receivesabout7200ana-
logue trigger signalsthat describetransverseenergy depositsin the ATLAS calorimetersub-
detectors.Themain taskof thePreProcessoris to extracta correspondingdigital energy value
from eachpulseandassignit to aspeci�c proton-protoncollision.Additionally, in orderto allow
calibration,monitoringandveri�cations of theLevel-1 triggersystem,thePreProcessorhasto
providecopiesof thedigital triggerdatarelatedwith theacceptedeventto theDataAcquisition
system.ThePreProcessoris aVME-basedsystem.It mainlyconsistsof 124PreProcessorMod-
ules,eachof whichcanprocess64triggersignals.Thetaskof transferringtheeventrelateddata
to theDataAcquisitionsystemis assignedto aReadoutManagerFPGAlocatedoneachPrePro-
cessorModule. Thedevice collectstheeventdatafrom distributedlocationson theboard,and
sendsit in aprede�nedformatto theDataAcquisitionsystem.Apartfrom this,thedevicehasthe
tasksto transfercon�gurationdatafrom theVME interfaceto variouson-boardprogrammable
locations,andto collect trigger-independentmonitoringdata,accumulatedin the hardwareof
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thePreProcessorModule,andprovide it to VME. The �rst partof this thesisdescribestheal-
gorithmsdevelopedto sustainthefunctionalityof theReadoutManagerFPGA.Thesecondpart
of the thesispresentsthe teststhat hadbeencarriedout to verify the properfunctionality of
thePreProcessorModules,beforethey wereinstalledat CERNin theelectronicscavernof the
experiment.

Chapter2 providesa brief descriptionof the StandardModel theoryandof the searchfor
the Higgs boson. The LHC machineandthe ATLAS detectoraredescribedin chapter3. An
overview of theATLAS TriggerandDataAcquisitionsystemsis given in chapter4, while the
architectureandalgorithmsof theLevel-1 CalorimeterTriggerarepresentedin moredetail in
chapter5. The next two chaptersform the coreof this thesis. Chapter6 is entirely dedicated
to the ReadoutManagerFPGA, presentingin greatdetail the functionality of the device and
the implementedalgorithms,while chapter7 describesthe functionaltestsof thePreProcessor
Moduleandshowsexamplesof misbehavioursdetectedduringthetests.Lastly, chapter8 shows
resultsrecordedduringthecommissioningof thePreProcessorsystemat CERN,in standalone
modewith theothertriggercomponentsandin combinedrunswith thewholeATLAS detector,
andresultsobtainedwith the�rst LHC protonbeamdata.



Chapter 2

PhysicsMoti vation

2.1 The Standard Model of Particle Physics

TheStandardModeldescribesthephysicalworld in termsof twokindsof particlesandthreefun-
damentalforces.Theparticlesaretheelementaryfermionsandthegaugebosons. Thefermions
arehalf-integerspinparticlesthatmake up thematter, while thegaugebosonsareintegerspin
particlesthat mediatethe interactionsbetweenthe fermions.The fermionsareclassi�ed into
two categories,leptonsandquarks, accordingto theinteractionsthey experience.Therearesix
�avours of leptons,i.e. theelectron(e), themuon(m), the tau (tau) andthreeneutrinopartners
(ne, nm, nt ), andsix �a voursof quarks,i.e. up (u), down (d), charm(c), strange(s), top (t) and
bottom(b). These12 matterparticlesform togetherthreegenerations, eachof which contains
one pair of leptonsand one pair of quarks,as shown in table 2.1. The fermionsof the �rst
generationarestableandthey representtheelementaryconstituentsof theordinarymatter. The
fermionsof theothertwo generationsappearin cosmicraysor they aremanufacturedin high-
energy experiments,andthey eventuallydecayinto particlesof the �rst generation.Also, for
eachfermionthereexistsanantiparticleof thesamemassandoppositeelectriccharge.

Thethreefundamentalforcesdescribedby theStandardModel are: thestrongforce,which
is responsiblefor holdingthequarkstogether, theelectromagneticforce,whichactsonall elec-
trically chargedparticlesandwhich is responsiblefor the bondingin chemicalelements,and
theweakforce,which determinesthetransmutationof quarksandleptons.Attemptsto include
thefourthknown fundamentalforceof nature,thegravitation, in theframework of theStandard
Modelhavesofarbeenunsuccessful.However, thegravitation is consideredto beinconsequen-
tial at thesubatomicscalebecauseit is muchweaker thantheotherthreeforces.Theproperties
of thefour fundamentalforcesaresummarisedin table2.2.

TheStandardModel of particlephysicsis formulatedasa relativistic quantumgauge�eld
theory. Eachof thethreefundamentalforcesis describedasresultingfrom theexchangeof spin-
1 gaugebosonsbetweenthematterfermions.Thegaugebosonsarisefrom therequirementof a
localgaugesymmetry, i.e. theLagrangianof thesystemhasto beinvariantunderdifferenttrans-
formationsappliedat eachpoint in spaceandtime. The�eld theoryof thestronginteractionis
formulatedasanon-abeliangaugetheorywith SU(3)C color symmetry, andit is calledquantum
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Fermions Generation Electric
1 2 3 Charge

Leptons e m t -1
ne nm nt 0

Quarks u c t +2=3
d s b -1=3

Table2.1: Thethreegenerationsof matterfermions.

chromodynamics(QCD). Thestrongforce is mediatedby eight1 masslessgaugebosonscalled
gluons, which, like quarks,carrycolor charge. Theelectromagneticinteractionis describedas
anabeliangaugetheorywith thesymmetrygroupU(1). Therespectivetheoryis calledquantum
electrodynamics(QED).Themediatorof theelectromagneticforceis thephoton, anelectrically
neutraland masslessgaugeboson. The mathematicalformulationof the weak interactionis
basedon thegaugegroupSU(2). Theweakforce is mediatedby threemassive gaugebosons,
i.e.W+ , W� andtheneutralZ. In the1960s,Glashow, SalamandWeinberg uni�ed thedescrip-
tion of the electromagneticandweakinteractionsinto one�eld theorycalledthe electroweak
theory. This is anon-abeliangaugetheorybasedon theSU(2)L xU(1)Y gaugesymmetrygroup
of theweakisospin(I) andtheweakhypercharge(Y) [Mor04].

2.1.1 The HiggsMechanism

In the1960s,many theoreticalresearcheswerefocusedon formulatinga relativistic �eld theory
with local gaugesymmetrythatwould describeboththeelectromagneticandtheweakinterac-
tions. Themajordif�culty that thephysicistsweretrying to overcomewasthat in ordernot to
destroy thegaugeinvariancethe fermionsandgaugebosonshadto bemassless,which wasin
contradictionwith the experimentalobservations. Of a particularinterestwasthe caseof the
weak interaction,which wasknown to be short-range,its in�uence beingsigni�cant only up
to 10� 18 m. Consequently, the carriersof the weakforce hadto be fairly massive ratherthan
massless.

In 1961,Glashow proposedthe �rst SU(2) x U(1) gaugetheoreticalmodel for the elec-
troweakinteraction[Gla61]. The theorypossessesonly a partial symmetry, meaningthat the
symmetryis broken by the additionof explicit masstermsin the Lagrangian. The theory is
alsonotablefor introducingfor the �rst time the neutral current2 carriedby the Z boson,in
additionto thethenalreadyknown chargedweakcurrents(W� ) andelectromagneticcurrent(g).
Thebreakthroughcamein 1964whenHiggs[Hig64], EnglertandBrout [Eng64], andGuralnik,
Hagen,andKibble [Gur64] showedthatmassescanbegenerateddynamicallyby spontaneous
symmetrybreaking. The latter occurswhena systemthat is symmetricwith respectto some

1thenumberof gaugebosonsis givenby thenumberof generatorsof theunitarygroupassociatedwith eachforce.
For aspecialunitarygroupof degreen, i.e.SU(n), thenumberof generatorsis n2 � 1.

2i.e. theinteractingparticlesdonotchangetheir charges
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Force Relative Range Mediators DynamicTheory
Strength (metres) (gaugebosons)

Strong 1 10� 15 8 Gluons(g) QuantumChromodynamics
Electromagnetic 10� 2 ¥ Photon(g) ElectroweakTheory
Weak 10� 5 10� 18 W� , Z ”-”
Gravitation 10� 38 ¥ Graviton (G) GeneralTheoryof Relativity

Table 2.2: Summaryof thepropertiesof the four fundamentalforcesin nature.Thegravitation is not
incorporatedin the StandardModel. The mediatorof this force, called the graviton, is a
massless,spin-2particle[Mor04].

symmetrygroupsgoesinto a vacuumstatethat is not symmetricor not invariant. This frame-
work wasthenappliedby Weinberg [Wei67] andSalam[Sal68] to theelectroweaktheoretical
modelformulatedby Glashow in 1961.In theirwork, Weinberg andSalamintroducedanSU(2)
self-interactingdoubletof complex scalar�elds, with four degreesof freedom,of whichneutral
componentdoesnot vanishin vacuum,i.e. it hasa non-zerovalue in its lowestenergy state.
This non-zerovacuumexpectationvaluebreaksspontaneouslythe electroweakSU(2) x U(1)
symmetry, but theLagrangianof thesystemremainsinvariantunderSU(2) x U(1) transforma-
tions. Threeof the four degreesof freedomof the doubletscalar�eld areswallowedby the
W� andZ bosons,which in this way acquiremass. The remainingdegreeof freedomof the
doubletcorrespondsto aspin-0scalarparticle,whichwaslatternamedastheHiggsboson. The
fermionmassesarealsoaconsequenceof theelectroweaksymmetrybreaking.Thesametheory
postulatesthat the doubletscalar�eld couplesto fermionsthroughYukawa interactions.The
mechanismthroughwhich W� andZ bosonsacquiremassis referredto asthe Higgs mecha-
nism. A detailedaccountof the mathematicalformalismthat describesthe Higgs mechanism
canbefoundin e.g.[Djo08].

TheHiggsbosonis sofar theonly particleof theStandardModelof whichexistencehasnot
beencon�rmed experimentally. However, experimentalresultsachieved in the last forty years
for theelectroweaksectorof theStandardModelprovidestrongsupportfor thehypothesisof the
Higgsmechanism.Of themostnotablearethe�rst observationof neutralcurrentinteractionsin
theGargamellebubblechamberdetectorat CERN(1973),thedirectobservationof theW and
Z bosonsby theUA1 andUA2 experiments(1983),bothalsolocatedat CERN,thediscovery
of thetopquark,whichdecaysonly throughtheweakforce,by theCDFandDØ experimentsat
Fermilab(1995),or thehigh precisionmeasurementsof themassof W bosonandtop quarkby
experimentsatLEP3 andTevatroncolliders.
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Figure 2.1: Triviality andvacuumstability bounds
on mH as a function of new physics
scaleL [Djo08].

Figure 2.2: TheDc 2 = c 2 � c 2
min versusmH

from theglobal�t to theelectro-
weakdata[LEP02].

2.1.2 The Search for the HiggsBoson

The HiggsBosonMass

In theelectroweaktheory, themassof theHiggsboson(mH) is givenas:

mH =

r
l

2
n ; (2.1)

wherel is theHiggsself-couplingparameter, while n representsthevacuumexpectationvalue
of theHiggsscalar�eld. Thelatteris �x edby theFermicouplingconstant(GF ) to:

n =
p

2 GF = 246 GeV ; (2.2)

which meansthatmH scalesonly with
p

l . BecausetheHiggsbosonhasnot beenyet experi-
mentallyobserved,theself-couplingl remainsunknown, thereforemH cannotbepredictedby
the StandardModel. However, theoreticallimits for mH canbe derived from assumptionson
the energy scaleL within which the StandardModel is valid andbeyond which new physics
phenomenaemerge. If theelectroweaktheoryis assumedto bevalid in thewholeenergy range,
thentheself-couplingl will vanishwhenL ! ¥ . Which alsomeansthatthelargertheenergy
scaleL , thesmallertheself-couplingl . But sincethenon-zerovacuumexpectationvaluein the
Higgs mechanismoccursonly if l 6= 0, L hasto be limited to a certainphysical scale. Since
mH is proportionalwith l , this limitation givesan upperboundon mH (triviality bound). On
theotherhand,if l becomestoo small, i.e. smallerthantheHiggs-topquarkYukawa coupling
(l t =

p
2mt=n), theHiggsvacuumstatewill beunstable.Therefore,l hasto be largeenough

to balancethe top quarkcontribution, and this givesa lower boundon mH (vacuumstability

3LargeElectronPositron.
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bound). Thus,basedon thesetwo requirementsandon a give valueof L , the minimum and
a maximumHiggs massallowed canbe determined(see�gure 2.1). If the StandardModel is
consistentup to the Planckscale(L � MPlanck = 1019 GeV), beyond which gravitation effect
cannotbelongerneglectedin respectto theotherfundamentalinteractions,oneobtainsthatmH

shouldlie within therange:

130 GeV . mH . 180 GeV : (2.3)

If new physicsoccursatalowermassscale,theboundonmH becomesweaker. For example,
if L � TeV thenoneexpectsmH within therange[Djo08]:

50 GeV . mH . 800 GeV : (2.4)

Apart from thesetheoreticalconstraints,direct searchesof the Higgs bosonat LEP estab-
lisheda lowerboundon theHiggsmassof 114.4GeVat95%con�dencelevel (CL)4 [ALE03],
while similar investigationsat Tevatroncurrenlyexclude,in addition,themassrangeof 162to
166 GeVat95%CL5 [Tev10]. Furtherexperimentalconstraintson themassrangeof theHiggs
bosonaredeterminedindirectly from precision�ts of all measuredelectroweakobservables.
Figure2.2 shows theDc 2 of the �t to theelectroweakprecisiondatafrom LEP andSLC6 asa
functionof mH . Theshadedbandaroundthecentralcurve indicatesthetheoreticaluncertainties
dueto unknown higherordercorrections,while the vertical bandindicatesthe 95% exclusion
limit determinedfromdirectsearches.TheHiggsmassobtainedfromthe�t is mH = 87+ 34

� 26 GeV.
Also, takinginto accountthe114.4GeV lower limit, anupperlimit of mH � 185 GeV at 95%
CL wasobtained.[ALE08].

The HiggsBosonat the LHC: Production and DecayChannels

The searchfor the Higgs bosonis one of the major goalsfor the experimentsat LHC. The
proton-proton(pp) collisionsat a centre-of-massenergy of

p
s = 14 TeV will allow to search

for theHiggsbosonin amassrangefrom 100 GeVto about1 TeV, in avariousproductionand
decaychannels.

Becausethecouplingstrengthsof theHiggsbosonto fermionsandbosonsareproportional
to theirmasses,theHiggsproductiongenerallyinvolvesheavy particles,i.e.theW andZ bosons,
the top quarkandto a lesserextent thebottomquark. At theLHC, therearefour mainHiggs
productionprocesses:

� gluon-gluon(gg) fusion(gg ! H): theHiggsbosoncouplesto gluonsthrougha heavy-
quarkloop;

4theinvestigationsweremainlycarriedout throughtheprocesse+ e� ! Z� ! ZH ! ( f f̄ + bb̄=tt̄), known asthe
Higgsstrahlung, basedoncollisiondataat centre-of-massenergiesup to 209 GeV. TheLEPcollaborationsreported
an1.7s excessof eventsabove theexpectedbackground,smallerthanthe5s neededto certify thediscovery of the
Higgsboson[ALE03]. TheLEPacceleratorendedits operationin November2000.

5atTevatron,theHiggsbosonis searchedin pp̄ collisionsat thecentre-of-massenergy
p

s= 1:96 TeV via gluon
fusionproductionandassociatedproductionwith W=Z bosonsandtt̄ pairs.

6StanfordLinearCollider (e+ e� ).
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Figure2.3: Feynmandiagramsof thefour mainHiggsproductionmechanismsatLHC: associatedpro-
ductionwith W=Z (upperleft), vectorbosonfusion(VBF) (upperright), gluon-gluonfusion
(lower left) andassociatedproductionwith heavy quarks(lower right) [Djo08].

� vectorbosonfusion(VBF) (qq ! V � V � ! qq+ H): two incomingquarks,mostly light
quarks,emitapairof gaugebosons,which thenfuseto form aHiggsboson;

� associatedproductionwith W=Z (qq̄ ! V + H): two incominglight quarksannihilateto a
weakgaugeboson,which thenradiatesaHiggsboson;

� associatedproductionwith heavyquarks(gg ! QQ+ H): the processoccursmainly
throughgluonfusion,wheretheHiggsbosonis emittedfrom boththeexternalandinternal
quarklines.

The Feynmandiagramsof theseproductionprocessesare shown in �gure 2.3, while the
correspondingcross-sectionsareshown in �gure 2.4a. Thedominantproductionchannelover
the entiremassrangewill be the gg fusion, due to the large gluon contentpossessedby the
high energy protons.Thecross-sectionof theVBF processis roughlyoneorderof magnitude
smaller, but reachesthelevel of thegg fusioncross-sectionat very largeMH values.Theother
two processeshave muchsmallercross-sections,andthey arerelevant only in the massrange
mH . 250 GeV.

As for theproductioncase,thecouplingof theHiggsbosonto massfavoursthedecaymode
into the heaviest possible�nal state. This is alsoshown in �gure 2.4b, which illustratesthe
branchingratiosof thedifferentdecaymodesof theHiggsboson.In thelow massregionmH .
130 GeV,thedominantdecaymodeis H ! bb̄, followedby H ! t t̄ =cc̄. AbovemH . 180 GeV,
the Higgs bosonalmostexclusively decaysinto pairsof gaugebosons,i.e. H ! W+ W� and
H ! ZZ, whereoneof thegaugebosonsis virtual for mH < 2mW(mZ). Also, beyondmH > 2mt ,
thebranchingratioof thedecaymodeH ! tt̄ becomessigni�cant, but it is still smallerthanthe
branchingratiosof thedecaymodesto W+ W� andZZ, dueto thedifferentdependenceof the
Higgscouplingwith themassscale,i.e. linearversuscubic.AlthoughtheHiggsbosondoesnot
coupleto gluonsor photons,its decayinto thesemasslessparticlesis alsopossible.Thedecay
modeH ! gg is mediatedby heavy-quarkloopsandit hasa signi�cant branchingratio only in
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(a) (b)

Figure 2.4: Cross-sectionsof the main Higgs bosonproductionmechanismsat the LHC energies ofp
s= 14 TeV (a) andbranchingratiosof themainHiggsbosondecays(b) asa functionof

theHiggsmass.

Figure 2.5: Expectedstatisticalsigni�cance(expressedin s 's) for theHiggsbosonin variouschannels
in ATLAS asa functionof theHiggsmass.
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the low massregion, while thedecaymodeH ! gg is very rareandit is mediatedby charged
fermionandW bosonloops[Djo08].

Figure2.5showsthediscoverypotentialfor theHiggsbosonin variousproductionanddecay
channels,in thecaseof theATLAS experiment.Thehighestsensitivity is givenby thedecays
to weakgaugebosons.TheW+ W� modedominatesin the massrangeof 140 to 200 GeV,
while theZZ decayto four isolatedleptons(e=m) givesthehighestsensitivity above 200 GeV.
Whenall channelsarecombinedtogether, a 5s discovery of the Higgsbosonis possiblewith
anintegratedluminosityof 10 fb� 1, for mH betweentheLEP limit of 114.4GeV and� 1 TeV,
afterthedetectorperformanceandthebackgroundsystematicsareunderstood.



Chapter 3

The ATLAS Experiment at the LHC

ATLAS is oneof the four majorexperimentsbuilt on theLargeHadronCollider (LHC) accel-
eratorring. It is a general-purposeexperimentfor pp collisions,designedto observe thelargest
spectrumof physicsprocessesexpectedfrom theLHC. This chaptergivesa brief overview of
theLHC machineandof theATLAS experimentalapparatus.

3.1 The Lar geHadron Collider

The LHC is a circular particle acceleratorlocatedat the EuropeanOrganisationfor Nuclear
Research(CERN1) nearGeneva, Switzerland.It is installedin the 26.7 km long tunnel that
formerly housedtheLEP collider, andit is primarily designedto collide head-ontwo counter-
rotatingbeamsof protonswith a centre-of-massenergy of

p
s= 14 TeV, at anunprecedented

luminosity of 1034cm� 2s� 1. As a secondaryprogramof running, the LHC will also collide
two beamsof heavy ions2 with a total centre-of-massenergy of

p
s = 1:15 PeV anda peak

luminosityof 1027cm� 2s� 1 [Eva08]. Thecollisionsoccurin four interactionpoints,wherefour
physicsexperimentsaresituated(seealso�gure 3.1):

� ATLAS (A ToroidalLHC ApparatuS)[ATL08a], designedto mainly investigatephysics
processeswith highmomentumtransferthatareproducedby ppcollisions;

� CMS (CompactMuon Solenoid)[CMS08], alsoa general-purposedetectorfor pp colli-
sions,designedto explorethephysicsatTerascale;

� LHCb (LHC beautyexperiment)[LHC08a], designedfor precisionmeasurementsof CP
violationandraredecaysof B-mesons;

� ALICE (A Large Ion Collider Experiment)[ALI08], dedicatedto investigationsof the
quark-gluonplasmain heavy ion collisions.

Two otherexperiments,smallerin size,arelocatedon eithersideof theATLAS andCMS
detectorsrespectively:

1ConseilEuropeenpourla RechercheNucleaire(fr.)
2i.e. 208

82 Pb(lead)ions
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� LHCf (LHC forward)[LHC08b], dedicatedto themeasurementof neutralparticlesemit-
tedin thevery forwardregionof theLHC collisions;

� TOTEM (Total CrossSection,ElasticScatteringandDiffractionDissociation)[TOT08],
which aimsto measurethetotal pp cross-sectionandto studyelasticanddiffractive scat-
teringat theLHC.

3.1.1 Machine Parameters

TheLHC is suppliedwith protonsor heavy ions from an injectorchainthatmainly comprises
a linearaccelerator(LINAC2),aProtonSynchrotronBooster(PSB),aProtonSynchrotron(PS)
anda SuperProtonSynchrotron(SPS)(seeagain �gure 3.1). The injectorchainproducesand
pre-acceleratestheprotonsupto thekineticenergy of 450 GeV. TheLHC usessuperconducting
radio-frequency cavitiesoperatedat400.8MHz to captureandfurtheracceleratetheseparticles
up to 7 TeV=beam,thehighestenergy ever reachedin a particleaccelerator. Thetrajectoriesof
thesevery energetic protonsarebent in the curved sectionsof the acceleratorring by 8.34 T
magnets.Therespective magnetic�eld is producedby 1232niobium-titaniumsuperconducting
dipolemagnets,whicharecooledto 1.9 K with super�uid helium3. Additionally, in thestraight
sectionsof the ring, 386quadrupolemagnetsandseveral thousandcorrectormagnetsareused
to focusthebeamsandto maximisetheluminosityat thecollisionpoints.

Themachineluminosityis ausefulmeasureof theacceleratorperformance.In addition,the
luminosityis animportantfactorneededto ensurethatinterestingphysicsprocesses,whichhave
a smallcross-section,areproducedat thehighestpossiblerate.Themachineluminositycanbe
approximatedas:

L =
N2 � nb � frev

Aef f
[cm� 2s� 1] ; (3.1)

whereN is the numberof particlesper bunch, nb the numberof bunchesper beam, frev the
particle revolution frequency (11,246 kHz), while Aef f = 4psxsy is the effective interaction
area,with sx andsy representingtheGaussiantransversepro�le of thebunchesin thevertical
andhorizontaldirections.For a given physicsprocesswith a known cross-sections event , the
numberof relatedeventsgeneratedeachsecondin theLHC collisionsis:

Nevent = sevent � L : (3.2)

The proton beamsare organisedin bunches, eachcontainingup to 1.15 x 1011 parti-
cles.The buncheshave a longitudinal spreadof about7.7 cm, and they arespacedapartby
7.48 m [Brü04]. The latter parameterdeterminesa bunch-crossingrateof 40.08 MHz anda
total numberof 3564possiblebunchesin the circumferenceof the LHC ring. However, due
to technicalconstraintsimposedby the operationof the injection, accelerationand dumping
systems,only 2808=3564bunchescanbe �lled per LHC ring [Bai03]. The RMS beamsize
parameters,i.e. sx and sy, will be tunedto about16.7 mm for pp collisions in the centreof

3for comparison,otherlargeacceleratorslike Tevatron(Fermilab)or HERA (DESY) useNbTi superconducting
magnetscooledwith normalliquid heliumat temperaturesslightly above 4.2 K, which allows to reacha magnetic
�eld of around5 T.
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Figure3.1: TheLargeHadronColliderandits four mainexperiments[CER10c].

the ATLAS andCMS detectors,in orderto determinea peakvalueof the luminosity in these
interactionpointsof 1034cm� 2s� 1. For pp collisionsat LHCb, thebeamsizewill beenlarged
by tuning the sameparametersto approximatively 70.9 mm, in order to determinea peaklu-
minosity of 1032cm� 2s� 1 [Brü04]. The LHCb needsthis lower luminosity in orderto enable
a high-precisionreconstructionof theprimaryinteractionvertex andof thesecondaryB-meson
decay.

As a heavy ion collider, the LHC will acceleratethe ions from the injection energy of
177.4 GeV=nucleonup to 2.76 TeV=nucleon,which determinesthe total collision energy of
1.15 PeV. In this operatingmode,thebuncheswill containup to 7 x 107 ions. Also, thenom-
inal �lling schemewill be basedon 100 ns bunchspacing,andonly 592 out of 891 possible
bunchpositionsin theLHC will be�lled with ions[Bai03]. This will leadto a peakluminosity
of 1027 cm� 2 s� 1 for heavy ion collisions.
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3.1.2 Experimental Challengesat the LHC

The total inelastic pp cross-sectionat
p

s = 14 TeV is predicted to be approximatively
79 mb [Sjo06]. Accordingto equation3.2, the LHC is thenexpectedto producea total rate
of about109 inelasticeventsper secondat designluminosity. This meansthat at eachbunch-
crossing,i.e. � 25 ns,a meanof 25 pp interactionsareexpectedto occur4. Thehigh event rate
and the high energy of the colliding protonsimposeseveral experimentalchallenges,which
setstringentrequirementson the differenttechniquesandtechnologiesemployed by the LHC
detectors:

� Pile up. The inelasticeventsproducedat LHC canbedivided into two categories:min-
imumbiasandhard-scatteringevents.Theminimumbiaseventsarisefrom stronglong-
rangeinteractionsbetweenthe constituentsof the colliding protons.They are charac-
terisedby a small momentumtransfer, suchthat the �nal stateparticleshave large lon-
gitudinal momentum(pL) and small transversemomentum(pT), i.e. ' 500 MeV. The
hard-scatteringeventsareproducedvia strongshort-rangepp interactions.Theseevents
are characterisedby a large momentumtransfer, which can lead to the productionof
heavy particles.The high pT processesarerelatively rarewith respectto the minimum
biasevents,but they representthe main interestsfor the physicsresearchesat LHC. At
eachbunch-crossing,about23 low pT events(smb � 69 mb) areproducedsimultaneously,
overlappingthehigh pT physicseventsof interest.Furthermore,thesamelow pT events
generateon average1700chargedparticles.This meansthat a responsetime of the de-
tectorslonger than 25 ns can lead to an overlap of signalsfrom multiple consecutive
bunch-crossings.Theseeffectsarecollectively referredto aseventpile-up.
The pile-up of minimum biaseventsdegradesthe accuracy of the energy measurement,
whichconsequentlyworsenstheselectionef�ciency of theinterestinghigh pT objects.In
orderto beableto handletheparticle�ux esandto reducethein�uence of pile-upevents,
the LHC detectorsmust be segmentedinto �nely granularreadoutcells. Additionally,
thedetectorsmustfeaturea fastresponse,i.e. typically � 50 ns, in orderto integratethe
readoutsignalsovera reducednumberof bunch-crossingin eachchannel.

� QCD background. Anotherchallengefor the experimentsat LHC is the high produc-
tion rateof QCD jets. Theserepresenthighly collimatedconesof particles,which are
generatedin high pT scatteringsdueto strongpartonicinteractions.Becauseof thelarge
cross-sectionsfor theseprocesses,QCD jetsareproducedabundantly, overwhelmingthe
rarerprocessesbeingsoughtat theLHC (QCD background). Figure3.2shows thecross-
sectionsfor variousinelasticprocessesproducedin bothppandpp̄ collisions,asafunction
of the centre-of-massenergy. It canbe observed, for example,that the cross-sectionfor
jetswith pT > 100 GeV, at

p
s= 14 TeV, is about� ve ordersof magnitudelarger than

thecross-sectionfor theHiggsbosonwith amassof 150 GeV. Sinceoneof thedominant
decaymodesfor theHiggs in thatmassrangeis into two b-quarkjets, theexperimental
signaturesaredif�cult to isolatebecauseof the QCD background.Instead,�nal states
involving leptonsor photons,or missingtransverseenergy (Emiss

T ) or secondaryvertices

4this takesalsointo accountthatonly 2808outof 3564possiblebunchpositionsare�lled with protons.
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Figure3.2: Productioncross-sectionsandeventratesfor differentprocessesasa functionof thecentre-
of-massenergy [Gia04].

informationhave to beused,in orderto suppressthebackgroundgeneratedby QCD pro-
cesses.For anef�cient extractionof theraresignalsof new physicsfrom thelargeback-
groundof known processes,theexperimentsat LHC mustfeatureexcellentdetectorand
triggerperformancein termsof particleidenti�cation capabilitiesandenergy resolution.

� Radiation level. Becausethe �ux of particlesgeneratedin pp collisions is very large,
thedetectorsatLHC areexpectedto operatein ahigh radiationenvironment.Thehighest
radiationlevelsareexpectedto occurin the forwardregionsof thedetectors,which will
be exposedin ten yearsof LHC operationto a neutron�uence of up to 1017 neutrons=
cm2 anda g-doseof about107 Gy(5. Thus, in order to avoid severeradiationdamages,
thedetectionmaterialandtheon-detectorreadoutelectronicsmustberadiation-tolerant.
Also, thehigh radiationlevelsrequiretheLHC detectorsto operatereliably in long term.
In caseof failures,the accessfor maintenancein the experimentalhall will be highly
restrictedandtimeconsuming,whichwill leadto a longdetectorshut-down period.

5the Gray (Gy) is a radiologicalunit, which expressesthe absorbedenergy per unit massof material(1 Gy =
1 Joule=kg).
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3.2 The ATLAS Detector

ATLAS is ageneral-purposedetectorfor ppcollisionsat theLHC. Thedetectorwasmainlyde-
signedto searchfor new particlesrelatedto theelectroweaksymmetrybreakingmechanism.In
consequence,thedetectoroptimisationwasalsoguidedby physicsissuessuchasthesensitiv-
ity to thelargestpossibleHiggsmassrange.Otherimportantobjectivesof theATLAS physics
programrefer to precisemeasurementsof known particleproperties(e.g.W� bosons,t- and
b-quarkmesons)andthestudyof StandardModel (SM) processesat theTeV scale,aswell as
to investigationsof thetheoriesbeyondtheSM.

Thenecessarydetectioncapabilitiesfor a largespectrumof experimentalsignaturesleadto
thefollowing setof designrequirementsfor theATLAS detector:

� ef�cient trackingandvertex reconstructionneartheinteractionpoint to measurethemo-
mentumof chargedparticlesandto identify b-quarksandt -decays;

� verygoodelectromagneticcalorimetry, in termsof energy resolutionandsolidanglecov-
erage,for electronandphotonidenti�cation andmeasurements;

� hermetichadroniccalorimetryfor accuratedeterminationof thejet energy andreconstruc-
tion of theEmiss

T ;

� goodmuonidenti�cation andmomentumresolutionover a wide rangeof momenta,and
theability to determineunambiguouslythechargeof thehigh pT muons;

� fastandhighly selective triggersystem,to reducetheinitial eventrate(109 Hz) to a level
thatcanbehandledof�ine (� 200 Hz), while selectingef�ciently the interestingphysics
processes;

� fastandradiation-tolerantelectronicsandsensorelements,andhigh detectorgranularity
to handletheparticle�ux esandto reducethein�uence of overlappingevents.

Figure3.3 shows the layoutof theATLAS detector. It hasa total diameterof 25 m, a total
lengthof 46 m andit weighsabout7000t, whichmakesit thelargestof thefour maindetectors
installedat theLHC. Thedetectoris constructedwith rotation-symmetryaroundthebeamaxis,
and it consistsof threecomplementarysub-detectorsystemsassembledin concentriclayers:
anInner Detector, which is immersedin a solenoidalmagnetic�eld, anElectromagneticanda
HadronicCalorimetersurroundingtheInnerDetector, andat theouterregionaMuonSpectrom-
eter consistingof air coretoroidswith muonchambers.The following sectionsof thechapter
give a brief overview of thedifferentsub-detectors.A moredetaileddescriptionof theATLAS
subsystemscanbefoundin [ATL08a].

3.2.1 The Coordinate System

Thecoordinatesystemof theATLAS experimentis aright-handedsystem,with thex-axispoint-
ing radially towardsthecentreof theLHC ring, thez-axisfollowing thebeamdirection6, and

6thepositivez-axispointsto theLHCb detector(seealso�gure 3.1).
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Figure 3.3: Cut-awayview of theATLAS detector[CER10a].

they-axispointingverticallyupwards.Theorigin of thecoordinatesystemis thenominalinter-
actionpoint in the centreof the detector. The azimuthalanglef 2 [0,2p] is measuredaround
thebeamaxis, in the transverseplaneformedby thex andy directions,so that theanglef =0
correspondsto thepositivex-axiswhile f =p=2 correspondsto thepositivey-axis.

Thepolarangleq is measuredfrom thebeamaxiswith thepositivez-axis:

q = arctan
�

pT

pz

�
; (3.3)

wherepT andpz representtheperpendicularandparallelcomponentsof themomentumto the
z-axis.Therapidityvariable(Y) is de�ned as:

y =
1
2

�
E + pz

E � pz

�
: (3.4)

Thedifferencein rapiditybetweentwo particlesis Lorentzinvariantundera boostingalong
thez-axis.Whenthemassandthemomentumof theparticlearenot known, thepseudorapidity
variable(h ) it is usedto characterisethedetectedparticle:

h = � ln
�
tan

�
q

2

��
; (3.5)

In the masslesslimit (p � m), the pseudorapiditycloselyapproximatesrapidity. For the
transverseplane(q = 90� ) thepseudorapidityis zero,while for directionscloseto thebeamaxis
(q ! 0� , q ! 180� ) thepseudorapiditygoesto in�nity .
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Figure3.4: Thegeometryof theATLAS MagnetSystem.Thesolenoidmagnetsystemis depictedinside
thecalorimetervolume[ATL08a].

Threesidesarede�ned for theATLAS detector. Thepartalongthenegativez-axisis named
asthe C-side,the part alongthe positive z-axis is namedasA-side, while B-sideis the plane
with z= 0.

3.2.2 The Magnet System

The ATLAS magnetsystemdominatesthe overall sizeof the ATLAS detector, being22 m in
diameterand26 m in length.It consistsof four largesuperconductingmagnetsusedfor particle
identi�cation andmomentummeasurements(see�gure 3.4):

� a centralsolenoid, which provides the Inner Detectorwith a 2 T strongmagnetic�eld
alongthebeamaxis;

� an outersystemof threelarge air-core toroids, a Barrel Toroid (BT) and two End-Cap
Toroids(ECT),whichgeneratesamagnetic�eld for theMuonSpectrometerof 0.5 T and
1 T respectively.

The solenoidsuperconductingmagnetis built from a single-layercoil, and it sharesthe
cryostatwith theelectromagneticbarrelcalorimeter. This wasdonein orderto reducematerial
thicknessin front of the electromagneticcalorimeters,andthusto reducethe probability that
theparticlesstartshoweringbeforethey reachtheactive partof thecalorimeter7. For thesame
reason,thesolenoidwasdesignedto beshorterthantheInnerDetector, i.e.5.8 m versus7.2 m.
Thisgeometryproducessomenon-uniformityin themagnetic�eld alongthez-axis,whichdrops
from the nominalvalueof 2 T at the interactionpoint to about0.5 T throughthe endsof the
InnerDetector.

Thesystemof toroid magnetsis designedto producea magnetic�eld coveragein therange
0< j h j< 2:7. Thethreetoroidsconsisteachof eightcoilsassembledradiallyandsymmetrically

7atnormalincidence,thecontributionof thecentralsolenoidassemblyis 0.66radiationlengths[ATL08a].
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Figure 3.5: Cut-awayview of theATLAS InnerDetector[ATL10].

aroundthebeamaxis. TheBT coils arecontainedin individual cryostats,andthey arelocated
in betweenthehadroniccalorimetersandtheMuon Spectrometer, while theeightcoils of each
ECTareassembledin asinglelargecryostat.

3.2.3 The Inner Detector

The Inner Detector(ID) is designedto reconstructtracksandverticeswith high ef�ciency. It
measuresthemomentaof chargedparticletracksandthedecayverticesof short-livedparticles,
andit contributes,togetherwith thecalorimetersandthemuonsystem,to theelectron,photon
and the muon identi�cation. The 2 T solenoid�eld, in which the ID is immersed,allows to
measuretrackswith a transversemomentumpT > 0:5 GeV. For particleswith lower transverse
momentum,the track reconstructionef�ciency is limited dueto a large materialeffect in the
ID [ATL08b]. Thelow momentumdeterminessmallbendingradii, andtherespective particles
cannotescapetheID, loopingin thesolenoidal�eld.

Figure3.5shows anoverview of theID. It consistsof threedifferenttypesof sub-detectors
that cover thepseudorapidityrangeof jh j < 2:5. At the inner radii two high-resolutiondetec-
tors,thePixel DetectorandtheSemiconductorTracker (SCT),areusedfor high-precisionpat-
ternrecognitionmeasurements,while at theouterradii theTransitionRadiationTracker (TRT)
provides continuoustracking elementsthat enhancethe patternrecognitionand improve the
momentumresolutionover the pseudorapidityrangejh j < 2:0. Eachof thesesub-detectorsis
dividedinto abarrelcomponentandtwo end-capcomponentsateitherside.In thebarrelregion,
the high-resolutionlayersarearrangedin concentriccylindersaroundthe beamaxis,while in
theend-capregion they aremountedon disksperpendicularon thesameaxis. In a similar way,
theTRT componentsareadjustedin parallelto thebeamaxis in thebarrelregion andradially
in the end-capregions[ATL08a]. The ID sub-detectorsarebrie�y describedin the following
sections.
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The Pixel Detector

The Pixel detectoris the componentof the ID closestto the interactionpoint. It is madeof
1744modules,eachof whichconsistsof a15.5 cm2 wideand250 mm thick siliconsensor. The
nominalsizeof a standardpixel is 50 mm in the f directionand400 mm in z (barrel)or R(8

(end-cap)directions.This leadsto anintrinsicaccuracy of 10 mm in theR-f planeand115 mm
in the z direction.The pixel modulesarearrangedin threelayersin the barrel region, andin
threedisk layersin thetwo end-capregions.Theinnermostlayerin thebarrelsectionis placed
atabout5 cmaroundthebeamaxis.Thisprovidesagoodvertex resolution,whichis essentialin
orderto separatethedecayandproductionverticesof short-livedparticlessuchastheB-mesons
andthe t -leptons.

The principle of operationof the Pixel detectoris basedon a p-n junction in reversebias.
A chargedparticlepassingthroughthedetectorproducespairsof movableelectronsandholes
alongits path.Theappliedelectric�eld separatesthechargecarriersanddrifts themto thesur-
faceof the silicon sensor, wherethey aredetectedby charge sensitive amplifying electronics.
Eachsilicon sensorprovides46,080readoutchannels,which givesa total of approximatively
80.4million readoutchannels.This representsalmosthalf of thetotalnumberof channelsavail-
ablein ATLAS, i.e � 108.

Dueto theproximity to theinteractionpoint,thePixel detectorhasto operatein anextremely
hostileenvironmentof radiation.Theexpecteddosefor theinnermostbarrellayeris expectedto
reach500kGy afterapproximately� ve yearsof LHC operationat designluminosity. For this
reason,thelayerhasto bereplacedafterapproximatively � ve yearsof operation.Theothertwo
barrellayersandtheend-capdisksareexpectedto reachthesameradiationdoseaftertenyears
of LHC operation[ATL08a].

The SemiconductorTracker

The SCT providesfour spacepointsper track in the intermediateradial rangeof the ID, con-
tributingto themeasurementof themomentum,impactparameterandthevertex position.It also
providesgoodpatternrecognitionby useof high resolution.

TheSCTconsistsof 4088siliconmicro-stripmodules,whicharearrangedin four concentric
layersin thebarrelregionandninedisksoneitherend-capside.Eachlayerconsistsof adouble
layer of silicon strips, with a 40 mrad stereoanglebetweenthem, in order to measuretwo
coordinates.In the barrelsection,onesetof strips in eachlayer is arrangedin parallel to the
beamaxis,to measurethe f angle,while thesecondsetof stripsis tilted in orderto provide the
z direction.In theend-capsections,onesetis arrangedradially, while theotheroneis tilted with
thesamestereoangle.This geometryprovidesa spatialresolutionpersilicon moduleof about
17 mm in theR-f plane,and580 mm in thez (barrel)or R (end-cap)directions.

Thesilicon modulescover a surfaceof 63 m2 andprovide about6.3 million readoutchan-
nels[ATL08a].

8R is theradialdistancefrom thebeamline (R=
p

x2 + y2).
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The Transition Radiation Tracker

TheTRT makesuseof thetransitionradiationeffect for particleidenti�cation, andcombinesit
with spatialresolutionfor particletracking.A relativistic chargedparticleemitsphotonswhenit
crossestheboundaryof two materialswith differentdielectricconstants.Theenergy radiatedby
thepassingparticleis linearly proportionalto theLorentzfactor(g = E=m0). For electrons,the
emittedtransitionradiationphotonshaveenergiesin theX-ray range,while for heavier particles
theemittedradiationhasaconsiderablylowerenergy. Thus,theTRT contributesto theelectron
identi�cation, by discriminatingthemfrom heavier chargedparticles.

TheTRT is madeof 4 mm diameterthin proportionaldrift tubes(straws). Eachstraw tube
is equippedin thecentrewith a 31 mm diametergold-platedtungstenwire, actingasananode,
and�lled with a xenon-basedgasmixture9. Thecathodeis representedby a 0.2 mm aluminium
coatinglayeron thetubes.

Thebarrelsectioncomprises52,544straws,each144 cmlong,arrangedin 73layersparallel
to the beamaxis. The two end-capsectionscontaineach122,880straws of 37 cm length,
organisedin 160 planesradially alignedto the beamaxis. In both cases,the spacebetween
successive straw layersis �lled with 15 mm thick polypropylenefoils, which act asradiators.
Theadoptedgeometryensuresthatparticleswith transversemomentumpT > 0:5 GeVcrossat
least36 straw tubesin thepseudorapidityrangej h j< 2:0. Also, dueto thesamegeometry, the
TRT only providesa measurementin theR-f plane,with an intrinsic accuracy of 130 mm per
straw [ATL08a].

3.2.4 The Calorimetry

The ATLAS calorimetryplaysan importantrole in the reconstructionof physicsprocessesof
primeinterest.Thecalorimetershaveto measuretheenergy andpositionof electrons,positrons,
photons,isolatedhadronsand jets, provide an accurateestimationof the missingtransverse
energy (Emiss

T ), andcontribute to theparticleidenti�cation. Additionally, informationfrom the
calorimetersis usedat the �rst level of triggering in order to identify the interestingphysics
events.

Figure3.6shows anoverview of theATLAS Calorimetry. Thesystemis subdividedinto an
innerelectromagneticcalorimeter, to measuremainly electrons,positronsandphotonsthrough
theirelectromagneticinteractions,andanouterhadroniccalorimeter, to measuremainlyhadrons
throughtheir strongandelectromagneticinteractions.Both subsystemsaresamplingcalorime-
terswith full f -symmetryandcoveragearoundthebeamaxis,andcover togetherthepseudo-
rapidity rangejh j < 4:9. Eachsubsystemconsistsof a barrelandtwo end-capcomponents.In
addition,thehadroniccalorimeteris equippedin the forward regionswith a dedicatedsystem.
Table3.1summarisesthegranularityandthepseudorapiditycoverageof theATLAS calorime-
ters.

Thecomponentsof theATLAS calorimetryarebrie�y describedin thefollowing sections.

970%Xe (for anef�cient absorptionof thetransitionradiationphotons),27%CO2 and3%O2 (for constantdrift
velocityovera largedrift range,smallelectronde�ection in magnetic�elds, andultraviolet photonquenching).
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Figure3.6: Cut-awayview of theATLAS Calorimetrysystem[ATL08a].

The ElectromagneticCalorimeters

The electromagneticcalorimetersare lead-liquidargon (LAr) detectorswith accordion-shape
absorbersand electrodes(seee.g. �gure 3.7). The absorbersare madeof lead plates.They
areresponsiblefor bothinducingelectromagneticshowers,aswell asfor absorbingtheshower
constituentsof which energy is insuf�cient to createnew particles.Thegapsbetweenthe lead
platesare �lled with LAr, which provides the active layer of the calorimeter. The secondary
electronsandpositronscreatedin theelectromagneticshower ionisetheliquid argonatoms,and
theresultingionisationsignalis collectedby electrodeslocatedin betweentheabsorberplates.
The electrodesconsistof threeconductive copperlayers. The two outer layersdistribute the

Calorimeter h coverage Dh x Df granularity

Presampler jh j < 1:8 0.025x 0.1
ElectromagneticBarrel jh j < 1:475 0.003x 0.1 (S1)

0.025x 0.025 (S2)
0.050x 0.025 (S2)

ElectromagneticEnd-Cap 1:375< jh j < 3:2 0.003-0.1x 0.1
HadronicBarrel jh j < 1:0 0.1x 0.1
HadronicExtendedBarrel 0:8 < jh j < 1:0 0.1x 0.1
HadronicEnd-Cap 1:5 < jh j < 2:5 0.1x 0.1

2:5 < jh j < 3:2 0.2x 0.2
ForwardCalorimeter 3:1 < jh j < 4:9 � 0.2x 0.2

Table3.1: Thegranularityandthepseudorapiditycoverageof theATLAS calorimeters.
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Figure 3.7: Segmentationof theLAr electromagneticbarrelcalorimeter[ATL08a].

high-voltageacrossthe LAr gaps,while the inner layer is usedfor readingout the ionisation
signalvia capacitivecoupling.

The absorbersandthe electrodesareprojectiveto the interactionpoint in the h direction,
andbentinto an accordionshapeto ensurethat the incidentparticlescrossboth the absorbers
andtheactive layers.Thisgeometryprovidesafull azimuthalcoverage,withoutany cracks,and
a fastextractionof theionisationsignalat therearor at thefront of theelectrodes.

Theelectromagneticbarrel calorimeter(EMB) is placedbehindthecentralsolenoid,inside
the barrelcryostatthat surroundsthe ID cavity. It consistsof two half-barrels,separatedby a
4 mmgapatz= 0. Eachhalf-barrelconsistsof 1024leadabsorbers,interleavedwith electrodes.
In orderto achieveanuniformsamplingfractionin f , thethicknessof theleadplatesvarieswith
h , i.e.1.53mmfor jh j < 0:8, and1.13mmfor jh j > 0:8. Thethreeelectrodesarepositionedby
honeycombspacersat thehalf-distancebetweentwo neighbouringabsorberplates.Thefolding
angleof the absorbersandthe electrodesvarieswith the radius,in orderto keepconstantthe
thicknessof theLAr gap,i.e.2.1 mm. At anoperatingvoltageof 2 kV, thisgeometrydetermines
a total electrondrift time to thereadoutelectrodeof 450 ns.

Eachhalf-barrelis mechanicallydivided into 16 modules,eachof which coversan equal
slice of the full azimuthalrange.Figure3.7 describesschematicallya moduleof the EMB. It
consistsof threelongitudinalsamplinglayers:

� FrontSampling(S1): it representsthelayerclosestto theinteractionpoint. It is segmented
into �ne stripsin the h direction,to provide a goodresolutionfor g=p0 separation.The
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depthof thelayercorrespondsto 4.3radiationlengths(X0);

� Middle Sampling(S2): it is arrangedin squarecells of very �ne granularity(seeagain
table3.1), to provide a goodpositionmeasurementof the depositedenergy. The thick-
nessof the layer correspondsto 16 X0, to ensurethat the largestenergy fraction of the
electromagneticshower is absorbedwithin this layer;

� Back Sampling(S3): it is alsodividedinto cells,but of acoarsergranularityin h thanthe
secondsamplinglayer. Sinceonly thehighestenergeticconstituents(thetail) of theelec-
tromagneticshower reachthis layer, the energy resolutionis not affectedby the coarser
granularity. Thedepthof thelayercorrespondsto 2 X0.

Thetotalmaterialseenby anincidentparticlein front of theEMB is about2.3X0 at jh j = 0,
andincreasesup to 6 X0 at jh j = 1:475,sincethe distancetravelled by the particlesincreases
alsowith h . In orderto correctfor theenergy lost in the ID, centralsolenoidandthecryostat
wall, thetwo half-barrelsareprecededby apresamplerdetector. This is madeof an11 mmthin
LAr layer, which is subdividedinto 64 identicalazimuthalcells,i.e.32perhalf-barrel.Thetotal
active thicknessof oneEMB moduleis largerthan22X0, increasingfrom 22X0 at jh j = 0 up to
33 X0 at jh j = 1:3. Also, eachEMB moduleandthecorrespondingpresamplercells in front of
it provide togethera total of 3424readoutchannels.

Theelectromagneticend-capcalorimeters (EMECs)arecontainedin two cryostatstogether
with the hadronicend-capandthe forward calorimeters.EachEMEC consistof two co-axial
wheels,eachof which beingsubdividedinto eightwedge-shapedmodules,without introducing
any discontinuityalongthe azimuthalangle. The outerwheel(1:475< jh j < 2:5) consistsof
768 leadabsorbers,while the innerwheel(2:5 < jh j < 3:2) is madeof 256leadabsorbers.As
for the EMB, the thicknessof the lead platesvarieswith h , in order to optimisethe energy
responseof the EMECs,i.e. 1.7 mm in the outerwheel,and2.2 mm in the inner wheel.The
electrodesareagainpositionedin themiddleof thegapsby honeycombspacers,at2.1 mmfrom
theneighbouringabsorberplates.In theouterwheel,theionisationsignalsarereadoutfrom both
sidesof theelectrodes,asin thecaseof theEMB, while in theinnerwheel,thesignalsareread
outonly from thebackside,dueto high radiationlevelsat thefront side.

In thepseudorapidityrange1:5 < jh j < 2:5 theEMECsaresegmentedin threelongitudinal
samplinglayers,in thesameway astheEMB. In thepseudorapidityranges1:375< jh j < 1:5
and2:5 < jh j < 3:2 the EMECsaresegmentedin only two longitudinalsamplinglayers,and
haveacoarsertransversegranularity. Also, in therange1:5 < jh j < 1:8 eachEMECis preceded
by apresampler, whichconsistsof two 2 mmthin LAr layersequippedwith readoutelectrodes.
Thetotal active thicknessof onemoduleof theEMEC is largerthan24 X0. Also, eachmodule
provides3984readoutchannels,including96channelsfrom thepresampler.

The energy resolution that ATLAS expects to achieve with the LAr electromagnetic
calorimetersis:

s (E)
E

=
10%
p

E
� 0:7% ; (3.6)

wherethe�rst termrepresentsthestochasticterm, which takesinto accountthestatistical�uc-
tuationsin theshower development,while thesecondtermrepresentstheconstantterm, which



3.2TheATLASDetector 25

Figure 3.8: Schematicview of aTile module[ATL08a].

accountsfor all detectorimperfectionsandcalibrationimprecisions.Thesymbol� represents
thequadraticsumoperator.

The Hadronic Calorimeters

Thehadroniccalorimetercoversthepseudorapidityrangejh j < 4:9 andusestwo differentsam-
pling techniques:steel-scintillatingtiles in thebarrelregion,andcopper-LAr in theend-capand
forwardregions.

The Tile calorimeterusessteelasabsorberandplasticscintillating plates(tiles) asactive
medium.It is locatedbehindtheLAr electromagneticcalorimeter, andit is dividedinto a cen-
tral barrelandtwo extendedbarrels.Eachcomponentis furthersubdividedinto 64 modulesof
equalazimuthalsize, i.e. Df = � 0:1. Figure3.8 shows a schematicview of a moduleof the
Tile calorimeter. Within themodule,thescintillatingtiles areinsertedin a rigid steelstructure,
perpendicularon the beamaxis andstaggeredin depth. They are3 mm thick, andaremade
of optical transparentgranulatedpolystyrenedopedwith scintillating additives10. An ionising
particlecrossingtheTile moduleinducestheproductionof ultaviolet light in thepolystyrenema-
terial,whichis thenconvertedby thescintillatingadditivesto visiblebluelight. Two wavelength-
shifting�bers collectthis light at theedgesof eachtile, shift it to a longerwavelength,andguide
it to theinput of two photomultipliers(PMTs). ThePMTsarehousedby a rigid supportgirder
at the outer edgeof the module,togetherwith the front-endelectronics.The Tile moduleis
segmentedinto a three-dimensionalcell structure,which providesthreeradialsamplingdepths.

101.5% para-terphenyl(PTP) and 0.44%1,4-bis(5-phenyloxazol-2-yl)benzene(POPOP),both acting as wave-
lengthshifters.
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Eachcell is obtainedby groupingwavelength-shifting�bers from correspondingtiles into two
bundles,i.e.onepersideof themodule,andcouplingthebundlesto two PMTs.Thegranularity
of thecells is Dh = � 0:1, for the inner two cells,andDh = � 0:2, for theouterone,while the
thicknessof thesamplingdepthsis approximatively 1.5,4.1and1.8 interactionlenghts(l int) at
h = 0.

Thecentralbarrelis separatedfrom eachextendedbarrelsby a gapof about70 cm. These
gapsprovidespacefor cablesandservicesfor theID, andfor powersuppliesandservicesfor the
LAr EMB. The respective regionsareonly partially instrumented,with specialmodulesmade
of steel-scintillator, whichprovide thesamesamplingfractionastherestof theTile calorimeter,
andwith thin scintillatorcounters.Thesedevicesallow partially to recover theenergy lost in the
crackregionsof thedetector. TheTile calorimeterhasa total radial lengthof approximatively
7.4 l int , andprovidesabout10,000readoutchannels.

Thehadronicend-capcalorimeters(HECs)usecopperplatesasabsorbersandLAr asactive
medium.EachHECconsistsof two cylindrical wheelsarrangedconcentricallyaroundthebeam
axis. EachHEC wheel is constructedfrom 32 identical modules,and it is divided into two
longitudinal readoutsegments.In the wheelscloserto the interactionpoint the modulesare
madeof 24 copperplates,each25 mm thick, while in the outerwheelsthe samplingfraction
is coarser, themodulesbeingmadeof 16 copperplate,each50 mm thick. In bothwheels,the
threeelectrodesdividetheLAr gapinto four equaldrift zonesof 1.8 mm. Eachzoneis supplied
with a high voltageof 1.8 kV via theouterelectrodes,which determinesanelectrondrift time
of about430 ns. The two HECsprovide togethera total of 5632readoutchannels.Theactive
partof eachHECcorrespondsto approximatively 12 l int .

The forward calorimeters (FCALs) areplacedat high h , at a distanceof approximatively
� 4.7 m from the interactionpoint. Therefore,the FCALs have to copewith a particularly
high level of radiation.EachFCAL is dividedinto three45 cmdeepmodules.The�rst module
(FCAL1) usescopperasabsorberandis optimisedfor electromagneticmeasurements.Theother
two modules(FCAL2, FCAL3) aremadeof tungstenandmeasurepredominantlytheenergy of
hadronicinteractions.EachFCAL moduleconsistsof ametalmatrixwith regularlyspacedlon-
gitudinalchannels�lled with electrodes.Becauseof thehighdensityof thedesign,theLAr gaps
aremuchsmallerthanin theotherATLAS LAr calorimeters,i.e. 0.25 mm (FCAL1), 0.35 mm
(FCAL2), 0.5 mm (FCAL2). Consequently, the electrondrift timesareshorter, e.g.60 ns in
FCAL1. EachFCAL is approximately10 l int deepandprovides1762readoutchannels.

Theenergy resolutionexpectedfor thehadroniccalorimetersis [ATL97]:

s (E)
E

=
50%
p

E
� 3% ; jh j < 3;

s (E)
E

=
100%
p

E
� 10% ; 3 < jh j < 5; (3.7)

3.2.5 The Muon Spectrometer

TheMuonSpectrometeris designedwith a twofold functionality:

� to detectthechargedparticlesthatpenetratethecalorimetry, andto determinetheir mo-
mentumby measuringthebendingof their tracksin thetoroidalmagnetic�eld;
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Figure 3.9: Cut-awayview of theATLAS MuonSpectrometer[ATL08a].

� to triggeron thedetectedparticles.

The �rst task is accomplishedby two high precision-trackingchambers,MonitoredDrift
Tubes(MDTs)11 andCathodeStripChambers(CSCs),whichcover togetherthepseudorapidity
rangejh j < 2:7. Thesecondtaskis delegatedto two typesof triggerchambers,Resistive Plate
Chambers(RPCs)andThin GapChambers(TGCs),whichcover thepseudorapidityrangejh j <
2:4 (seealso�gure 3.9). Thetwo subsystemsof theMuonSpectrometerarebrie�y describedin
thefollowing sections.

The Precision-trackingChambers

Thehighprecision-trackingsystemaimsto measurethemuontransversemomentumwith ares-
olutionof approximatively 10%for 1 TeV tracks.Thesystemconsistsof threebarrellayersand
four end-capdisksateachside.Thearrangementof thelayersandthedisksis optimisedfor full
coverageandmomentumresolution.The barrel layersarearrangedasthreeconcentriccylin-
drical shellsaroundthebeamaxis,at radii of approximately5 m, 7.5 m, and10 m, while the
end-capdisksarepositionedperpendicularlyto thebeamaxis,andthey arelocatedat distances
of approximately7.4 m, 10.8 m, 14 m, and21.5 m from theinteractionpoint.

Theprecisionmeasurementof thetrackcoordinatesareperformedwith MDTs overmostof
thepseudorapidityrangecoveredby thetrackingsystem.Exceptionmaketheinnermostend-cap
disks(2:0 < jh j < 2:7), whichareequippedwith CSCs.

The MDT chambers consistof threeto eight layersof drift tubes.Eachdrift tubeconsists
of a 30 mm diameteraluminiumtube,which is operatedat 3 barabsolutepressurewith a gas
mixtureof Ar-CO2 (93%- 7%). Theionisationchargeproducedby a muontraversingthetube
is collectedatacentraltungsten-rhenium(W-Re)anodewire of 50 mm diameter. Themaximum

11monitoredis givenby aninternalchamberalignmentsystemthatcontinuouslymonitorstherelativepositionand
thepotentialdeformationsof thechamberdueto gravitationalforces.
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drift time,from thewallsof thetubeto theanodewire, is about700 ns. Theachievedspatialres-
olutionis 80 mm pertubeand35 mm perchamber. In total,themuontrackingsystemcomprises
1150MDT chambers,whichprovide togetherapproximatively 354,000readoutchannels.

The CSC chambers are multi-wire proportionalchamberswith two cathodes,eachseg-
mentedinto stripsorthogonalto the anodewires.The CSCsarepreferredto MDTs in the in-
nermostend-capdisks,theclosestdisksto the interactionpoint, becausethey provide a higher
granularity, which is neededto withstandthehigh rateandthebackgroundconditions.Besides
this, theCSCsoffer theadvantageof asmallerelectrondrift time(i.e.< 40 ns), agoodtimeres-
olution (i.e. 7 ns),a goodtwo-trackresolutionanda low neutronsensitivity. Thetotal number
of CSCchambersusedin thetrackingsystemis 32,andtheseprovide togetherapproximatively
31,000readoutchannels

The Trigger Chambers

Thetriggerchambershave to providebunch-crossingidenti�cation, providea triggerwith well-
de�ned pT thresholds,and measurethe muon coordinatein the direction orthogonalto that
determinedby the precision-trackingchambers.The systemusesRPCchambersin the barrel
region (h � 1:05), andTGC chambersin theend-capregions(1:05 � h � 2:4). TheRPCsare
mountedtogetherwith theMTDs, so that two RPCssandwichtheMDTs of themiddlebarrel
layer, while thethird RPCis locatedcloseto theouterlayer(seee.g.�gure 4.3). In theend-cap,
oneTGC is placedin front of thesecondMDT disk,while two otherTGCsareinstalledbehind
thesamedisk. A fourthTGCsif placedin front of theinnermosttrackinglayer.

The RPCchambers aregaseousdetectorsproviding a typical space-timeresolutionof ap-
proximatively1 cmx 1.5 ns.Theactiveelementof theRPCis anarrow gasgap,whichis formed
by two resistive platesplacedin parallelto eachotherat a distanceof 2 mm. Theprimaryioni-
sationelectronsaremultiplied in avalanchesby anuniform electric�eld of about4.5 kV=mm,
andtheresultingionisationsignalis readout via capacitive couplingby metalstripsplacedon
bothsidesof thedetector. An RPCchamberconsistsof two independentdetectorlayers,each
measuringtheh andf coordinatessimultaneously. A muonpassingall threeRPCsin thebarrel
region will determinesix measurementsof trackpoints.This redundantmeasurementprovides
anef�cient rejectionof thefake tracksfrom noisehits. Themuontriggersystemuses606RPC
chambers,whichprovide in total 373,000readoutchannels.

The TGC chambers aresimilar in designto multi-wire proportionalchambers,but with a
smalleranodewire-to-wiredistance(1.4 mm)thanthewire-to-cathodedistance(1.8 mm). This
featureleadsto a shortdrift time andthusto a goodtime resolution. The TGC chambersare
mountedin sucha way that thewiresmeasuretheR coordinate.The f coordinateis measured
by radial copperstrips appliedon the back side of the cathodeplates.A total of 3588 TGC
chambersareusedin thesystem,providing together318,000readoutchannels[ATL08a].

3.2.6 The Trigger, Data Acquisition and DetectorControl Systems

The taskof the ATLASTrigger systemis to reducethe initial event rateto an affordablemass
storagerate,while ef�ciently selectinginterestingcandidateeventsfrom theenourmousback-
groundproducedin pp collisions.The Data Acquisition(DAQ) systemis mainly responsible
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for transferingthe selecteddetectorevent datato the permanentstoragemedium,as well as
for managingthecon�guration,controlandmonitoringof theATLAS sub-detectorsduringthe
data-taking.The two systems,often referredasto oneentity - TDAQ, interactcloselywith a
third system,DetectorControl System(DCS),to ensurereliablephysicsdata-taking.

TheDCSmonitorscontinuouslytheoperationalconditionsof thedetectorhardware,e.g.gas
pressures,power supplyvoltagesor temperaturesacrossmodules.It signalsany observedmis-
behaviour by meansof warninganderror �ags, and,if needed,takesautomaticallyappropriate
corrective actionsto bring thedetectorhardwareinto a safestate.TheDCSis alsoresponsible
for thecommunicationwith externalsystemsandservices.Themostnotableis thebi-directional
communicationwith the LHC. The latter providesoverall statusof the accelerator(e.g.shut-
down, �lling) or beamparameters(e.g.luminosities,beamsizesandpro�les), andreceivesfrom
DCSvarioustypesof information,likedistributionof observedbackgroundin thesub-detectors,
or measuredluminositiesandtrigger rates.Otherexternalsystemsto which theDCSinteracts
arethe DetectorSafetySystem(DSS),which monitorsandpreventssituationsthat cancause
majordamages,andtheCERN-widesafetyandalarmsystem[ATL03].

TheTriggerandDataAcquisitionsystemsaredescribedin moredetail in thenext chapter.





Chapter 4

The ATLAS Trigger and Data
Acquisition Systems

As describedin section3.1.2, theharshenvironmentat the LHC imposessevererequirements
to the designof the detectorandof the trigger system.Two of the main challenges,relatedto
operatingat designluminosity of 1034cm� 2s� 1, arerepresentedby the pile-up of the low pT

eventsandby the largeQCD jet productionthatdominatestherateof high pT events.In order
to reducetheimpactof thepile-up,theATLAS sub-detectorsaresegmentedinto �nely granular
cells and featuregood time resolution.However, the reverseof a low detectoroccupancy is
a large numberof readoutchannelsand,consequently, an enormousamountof raw data.For
thegivenbunch-crossingrateof 40.08 MHz, theapproximatively 108 readoutchannelsof the
ATLAS detectorproducea total of 1 PByte=s of raw data,a ratethat cannotbe sustainedfor
massstoragewith nowadaystechnologies.Thetaskof thetriggersystemis, therefore,to reduce
theinitial interactionrateof 109 events=s (= 1 GHz) to a ratesuitablefor permanentstorage,by
rejectingthe majority of the backgroundandselectingwith maximumef�ciency the potential
rarephysicsevents.

The trigger systemhasin addition to deal with anothermajor operationalconstraint,the
highbunch-crossingrate.At designluminosity, 25new eventswill beproducedwith eachbunch-
crossing,andthetriggerwill haveto makeadecisionfor eachevent.However, giventheinterval
betweentwo consecutivebunch-crossings,i.e.25 ns,it is notfeasibleto processthesub-detector
eventdataandmakea triggerdecisionin suchaveryshorttime. Thesolutionto thisproblemis
to accomplisha full triggerdecisionin successive stages,by usingpipelinedtriggerprocessing
andreadoutarchitectures.

4.1 The Ar chitectureof the TDAQ System

In orderto meetall theserequirements,ATLAS hasadopteda triggersystemwith threelevels
of eventselection:Level-1 (L1), Level-2 (L2) andEventFilter (EF).Figure4.1describessche-
matically the architectureof the ATLAS Trigger andDataAcquisition (DAQ) systems,which
areoftencollectively calledtheTDAQ system.
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Figure 4.1: Block diagramof the ATLAS Trigger andDataAcquisition systems.The threelevels of
eventselectionareshown on theleft-handside,while theDAQ componentsarepicturedon
right-handside.

TheL1 trigger performstheinitial eventselection.It usesreduced-granularitydatafrom all
thecalorimetersubsystemsandthemuontriggerchambers,to reducethebunch-crossingrateof
40.08 MHz to about75 kHz (upgradeableto 100 kHz). While theL1 makesits decision,the
�nely-granulardetectordatais storedat40.08MHz in pipelinememorieslocatedonor nearthe
detector. Thedepthof thesebufferscorrespondsto 2.5 ms, andde�nes themaximumallowed
decisiontime, i.e. latency, for the L1 system1. This meansthat if the L1 doesnot provide a
decisionin lessthan2.5 ms, thedetectordatais lost, beingoverwrittenby new eventdatafrom
subsequentbunch-crossings.In order to copewith this stringenttiming constraint,the L1 is
basedon pipelinedcustom-madehigh-speedelectronics,runningsynchronouslywith theLHC
bunch-crossingfrequency. WhentheL1 acceptsanevent,all thedetectordatastoredin pipeline
memoriesis transferredto anothersetof storageelements,calledRead-OutBuffers (ROBs),
whereit is kept until it is validatedor discardedby the L2 trigger. In the sametime, the L1
suppliestheL2 with so-calledRegionsof Interest(RoIs). Theserepresenttheh -f coordinates

1in fact, the 2.5 ms latency for the L1 representsa compromisebetweenthe cost for deepermemorybuffers
andlongertriggerprocessingtime. Also, theactualtarget latency of theL1 trigger is 2 ms, out of which � 1 ms is
accountedfor the transmissionof thedetectorsignalsover long analoguecables,from theexperimentalhall to the
inputof theL1 system,in theelectronicscavern.
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Figure 4.2: Block diagramof theL1 trigger.

of thedetectorregionswithin which theL1 triggerhasidenti�ed interestingphysicssignatures,
andtheselectioncriteriathatwerepassed,e.g.typeof signature,energy threshold,etc.

Thenext triggerlevels,L2 andEF, areoftencollectively referredasto theHigh-Level Trig-
ger. Both systemsaresoftware-based,runningon a large network of commercialcomputers,
andhave accessto thefull-granularityandfull-precisioncalorimeterandmuondata,aswell as
to theID trackingdata.TheL2 triggerusestheRoI informationto limit theamountof datathat
hasto beaccessedfrom theROBsto about2%. Basedon this, theL2 furtherreducestherateto
3.5 kHz with anaverageprocessingtime of about40 ms. WhentheL2 decisionis positive,an
EventBuilder (EB) systemretrievestherelatedeventdatafrom theROBs,assemblesit in asin-
gle formatteddatastructure,andtransfersit to theEF. Thelatterusesof�ine analysisalgorithms
to reducetheeventratedown to themoreaffordablestoragerateof � 200 Hz, within anaver-
ageprocessingtime of � 4 s. Theaveragesizeof anATLAS event,afterzerosuppresionand
with nominalsampling,is around1.3 MByte, which leadsto amaximumstoragethrough-putof
about300 MByte=s [ATL08a]. Thethreetriggerlevelsandthecomponentsof theDAQ system
arebrie�y describedin thefollowing sections.

4.2 The Level-1Trigger

The L1 trigger searchesfor signaturesfrom high pT muons,electrons,photons,jets, and t
leptonsdecayinginto isolatedhadrons.It also selectseventswith large Emiss

T and large total
transverseenergy (å ET). In orderto reacha decisionin lessthan2.5 ms, theL1 accessesonly
reduced-granularitydatafrom thecalorimetryandthemuondetector. For thesamereason,the
ID trackingdatais not usedat this stage.Dueto thehugenumberof readoutchannelsprovided
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by theID, thetimeneededto reconstructthetracksanddecayverticeswouldexceedthelatency
of theL1 system.

Figure4.2shows a block diagramof theL1 triggersystem.It consistof threemaincompo-
nents:aCalorimeterTrigger (L1Calo)andaMuonTrigger (L1Muon),to processtheinput from
thecalorimetersandthemuondetector, andaCentral Trigger Processor(CTP),whichcombines
theresultsof thetwo triggersubsystems,in orderto reachanoverall L1 triggerdecision.

4.2.1 The Calorimeter Trigger

TheL1Calo is a pipelineddigital system,designedto processabout7200analoguetriggersig-
nalsof coarsegranularity, i.e. mostly Dh x Df = 0:1 x 0:1, from the entireATLAS calorime-
try, within a �x ed latency of � 1 ms. Theanaloguetriggersignalsdescribeenergy depositsin
the calorimeters.The L1Calo extractsthis information,assignsit to the correspondingbunch-
crossing,andusesit to identify variousphysicsobjectswith high ET and to computeglobal
andscalarenergy sums.The resultsof theseinvestigationsarethendiscriminatedagainstpro-
grammableenergy thresholds,andtheobtainedmultiplicities arepassedto theCTP. Addition-
ally, theL1CaloprovidestheL2 triggerwith RoIsinformationwhenever theoverallL1 trigger's
decisionis positive. The architectureandthe algorithmsof the L1Calo arepresentedin more
detail in thenext chapter.

4.2.2 The Muon Trigger

The L1Muon usesthe tracking measurementsperformedby the RPCs(in the barrel region)
andtheTGCs(end-cap)subsystemsof theMuon Spectrometer, to identify candidateswith pT

above six programmablethresholds,andto assignthemto the correctbunch-crossing.For an
ef�cient reconstructionof the pT over a wide range,the logic of the L1Muon dividesthe six
programmablethresholdsinto two groups:the�rst threethresholdsareassociatedwith a low pT

trigger, andcover theapproximative ET rangeof 6� 9 GeV, whereasthe last threethresholds
areassociatedwith ahigh pT trigger, andcover theET range� 9� 35 GeV.

The L1Muon trigger algorithmis basedon coincidenceof hits in the differentmuontrig-
ger chambers.By usingoneof the stationsasa pivot plane, the algorithmsearchesfor time-
correlatedhits in theothertwo stations(con�rm planes). In thebarrelregion, thepivot planeis
consideredthemiddleRPC(seeRPC2in �gure 4.3), while theoutermostTGC (TGC3)is used
for the samereasonin the end-capregions.The identi�cation of a coincidenceis performed
within a geometricalroad,of which centreis de�ned by theline of conjunctionof thehit in the
pivot planewith theinteractionpoint. This line canbeseenasthepathof a muonwith in�nite
momentumthat originatesfrom the interactionpoint. Sucha muonwill traversethe detector
without beingde�ectedby thetoroidalmagnetic�eld. Thewidth of thegeometricalroadis re-
latedto the chosenpT threshold,i.e. the higher the pT threshold,the narrower the road. For
anef�cient reconstruction,thealgorithmusesall six pT thresholdsin thesametime, which re-
sultsin asmany geometricalroadsaroundthein�nite-momentumpath.A low pT triggeris then
formedwhena coincidencein threeout of thefour layersgivenby RPC1andRPC2(barrel)or
TGC2andTGC3(end-cap)is found.A high pT trigger requiresa low pT coincidenceand,in
addition,a hit in oneof thetwo layersof RPC3=TGC1(seeagain �gure 4.3). Thealgorithmis
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Figure4.3: TheATLAS MuonTriggerChambersandexamplesof muontracksgeneratingtriggers.

performedsimultaneouslyin bothprojections(h -f in thebarrel,R-f in theend-cap),in orderto
reducesigni�cantly the rateof accidentaltriggersdueto low-energy particles,i.e. thermalised
slow neutronsleakingfrom calorimeterandshieldingmaterials.

Theresultsobtainedin thebarrelandend-capregionarecombinedinto onesetof threshold
multiplicities for eachbunch-crossing,andsentto theCTP. As in thecaseof theL1Calotrigger,
theL1MuonprovidestheL2 triggerwith RoIswhenever theL1 triggeracceptsanevent.

4.2.3 The Central Trigger Processor

The CTP combinesthe information received from the L1Calo and the L1Muon to make the
overall Level-1 trigger decision,within a latency of � 100 ns. For this, the CTP implements
a trigger menuof up to 256 programmabletrigger items, eachof which representsa logical
combinationof 1 to 256triggerconditions.For example,atriggeritemcouldbethecombination
of two trigger conditions: an e=g candidatewith ET > 10 GeV, anda muoncandidatewith
pT > 15 GeV. The overall L1 trigger decisionis then obtainedby logically OR'ing all the
items of the trigger menu.The output trigger signal generatedby CTP is called the Level-1
Accept(L1A), andit is distributedto all theATLAS sub-detectorsandreadoutelectronicsvia
the Timing, Trigger and Control (TTC) system.A positive L1A initiatesthe transferof event
relateddatafrom the front-end(FE) pipelinememoriesto the ROBs. First, the event datais
transferredto derandomisingbuffers, to accommodatethe maximuminstantaneousL1 output
ratewithout introducingsigni�cant dead-time.Subsequently, datafrom multiplederandomisers
is mergedinto a prede�nedATLAS format by ReadoutDriver (ROD) modules,to reducethe
numberof links, andthentheresultingdatastreamsaresentto theROBs(seeagain �gure 4.1).
A positive L1A will alsodeterminetheL1 subsystemsto readout to DAQ copiesof thedigital
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dataon which the trigger decisionwas based,in order to allow a veri�cation of the proper
functioningof thesystem.

TheCTPis alsoresponsiblefor generatingtwo typesof dead-timein thesystem:preventive
dead-timeanddead-timethrougha busysignalfrom the DAQ system.In fact, the CTP is the
only entity in ATLAS that hasthe ability to introducea dead-time.The preventive dead-time
is neededto avoid the over�ow of the FE derandomisers.It is a programmableparameter, the
typical settingsusea minimum of 4 bunch-crossingsaftereachL1A andup to 8 L1As within
a window of 80 ms. The secondtype of dead-timeis generatedwhenoneor moreRODs �ag
thattheirdatabuffersarealmost�lled. In suchcasestheCTPslowsdown theL1 outputrate,by
introducingadead-timeuntil theRODscansafelybuffer dataagain.

Lastbut not least,in additionto formingthetriggerdecision,theCTPhasthetaskto receive
timing signalsfrom theLHC machine,e.g.the40.08 MHz bunch-crossingclock, andprovide
themto all theATLAS sub-detectorsvia theTTC system[ATL08a].

4.3 The High-Level Trigger and the DAQ

TheLevel-2 trigger consistsof a largenetwork of commercialPCs(� 500), linkedby a high-
capacityswitchednetwork. It usesdetectordataat full granularityin orderto re�ne theselection
madeby L1. Becausethenumberof readoutchannelsavailableatthisstageis huge,andbecause
theaverageprocessingtimefor oneeventis � 40 ms,theL2 cannotaccessthecompletedetector
data. Instead,it usesthe RoI informationprovided by the L1 to accessonly a small fraction
(� 2%)of theeventdatastoredin theROBs.TheRoI informationis receivedby anRoI Builder
(RoIB, seeagain �gure 4.1), which assemblesit into a singledatastructureandforwardsit to
the L2 supervisor(L2SV). The latter requeststhe relateddatafrom the ROBs, assignsit for
analysisto one of the processingunits of the L2 (L2PUs), and delievers the L2PU's result,
i.e. acceptor reject,to theDataFlow Manager(DFM). TheROBsarephysically implemented
on PCI mezzaninecards,locatedin ReadoutSystem(ROS) units, which are implementedon
server-classPCs.Whenan event is rejectedby the L2 trigger, the DFM requeststhe ROSsto
deletetherelateddatafrom theROBs. If theL2's decisionis positive, thentheDFM instructs
anevent-building nodecalledSub-FarmInput (SFI) to pull out theevent relateddatafrom the
ROBs,andto assembleit in a singleformatteddatastructure.Whentheevent-building process
is completed,thefull reconstructedeventis providedto theEventFilter. Subsequently, theDFM
noti�es theROSsto deletetheeventrelateddatafrom theROBs.

TheEventFilter is madeof � 1600computingfarmnodes,eachof which consistsof two
2.5 GHz quad-coreCPU's [Ara09]. Becauseit hasaccessto thefull ATLAS event,theEF can
runalgorithmsadaptedfrom theof�ine reconstruction.Theaverageprocessingtimepereventat
thisstageis � 4 s. Theeventsselectedby theEFaresentto theSub-FarmOutputnodes(SFO),
andfrom thereto theCERN'scentraldata-recordingfacility, for massstorage.



Chapter 5

The ATLAS Level-1Calorimeter
Trigger

TheLevel-1 CalorimeterTrigger (L1Calo) is a pipelineddigital systemusingcommercialand
customelectronics.It is entirelyhousedoutsidetheexperimentalhall, in aseparateunderground
electronicscavern called USA15. The systemreceives and processes7168 analoguesignals
from all theATLAS electromagneticandhadroniccalorimeters.Theinput signals,oftencalled
trigger-towersignals,describedepositsof transverseenergy (ET) in multiple calorimetercells,
andthey areformedby analoguesummationin the detector's front-end(FE) electronics.The
granularityof the trigger towers is Dh x Df = 0:1 x 0:1 for jh j < 2:5, andcoarserat larger
pseudorapidityvalues.TheL1Caloprovidesresultsto theCTPwithin 2 msaftertheppcollision
hasoccurred.About 1 ms of this latency is assignedto the electronicsof the L1Calo, the rest
beingaccountedfor cablepropagationdelaysupstreamanddownstreamof thesystem.In order
to copewith the timing requirement,the L1Calo algorithmsare implementedin Application-
IntegratedCircuit (ASIC) andField-ProgrammableGateArrays(FPGAs).

5.1 The Ar chitecture

TheL1Caloconsistsof threemainsubsystems:thePreProcessor(PPr),theClusterProcessor
(CP) andtheJet=Energy-sumProcessor(JEP)(see�gure 5.1). ThePPrreceivesanddigitises
the7168analoguetrigger-towersignals,extractsacorrespondingET valuefrom eachpulseand
identi�es it with a speci�c bunch-crossing.The digital resultsarethentransmittedin parallel
to thesubsequentsubsystems.TheCPidenti�es isolatedclustersof electrons,photons,tausor
hadrons.TheJEPidenti�es jet objectsandcomputesglobalsumsof total,missingandjet-sum
ET , basedon a coarsergranularinput, i.e. 0:2 x 0:2 in Dh x Df . Thetwo processorsdiscrimi-
nateagainstprogrammablethresholdstheET of eachidenti�ed objectandthecomputedenergy
sums.Theresultingthresholdmultiplicitiesin eachprocessorare�rst mergedto obtainsystem-
wide results,andthensentto theCTP. The lattercombinesthedatareceived from theL1Calo
andL1Muon to form theLevel-1 Accept(L1A) decision.Uponreceiving theL1A signalfrom
theCTP, theL1Calosubsystemstransmitevent relateddatato theDAQ system,via dedicated
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Figure 5.1: Block diagramof theLevel-1CalorimeterTriggersystem.

ReadoutDriver (ROD) modules.Thesedataconsistof trigger-towerenergiesandprocessingre-
sults,to allow theveri�cation andthemonitoringof thetriggeroperation.In thesametime,RoI
information,comprisingthe typeandlocationof the identi�ed objectsandtheenergy sums,is
passedto theL2 RoI Buildervia anothersetof ROD modules[L1C08a].

All theL1Calocomponentsare9U1 VME systems.ThePPrandtheROD usethestandard
VMEbussystem,while theCPandJEPusea custombackplaneanda reducedVMEbusimple-
mentation.TheL1Calocomponentsandalgorithmsarepresentedin moredetailin thefollowing
sections.

5.2 The AnalogueInput

Thesignalsreceived from theLAr andTile calorimetershave a differentshape.In caseof the
LAr, thechargecollectedby thereadoutelectrodesdeterminesa triangularwaveformwith less
than1 ns rise time, anda linear decaythat correspondsto the electrondrift time in the LAr
gap(see�gure 5.2a).Theionisationpulsefrom eachcalorimetercell is �rst ampli�ed, to reduce
the sensitivity to noisein the next stagesof the FE electronics,and then shapedby bipolar
shapers,to optimisethe signal-to-noiseratio. The outputof the shaperis a signalwith a rise
time of � 50 ns anda long negative undershoot.The positive part of the signalspansover 5
bunch-crossings,andits integral andpeakamplitudeareproportionalto theenergy deposition
in the calorimetercell [Liq08]. In caseof the Tile calorimeter, the currentpulsesprovidedby
thePMTsaremuchfaster, mainly dueto theopticalpropertiesof thewavelengthshifter �bers.
Thesesignalshave a risetime of about5.5 nsanda FWHM2 of about15 ns. In orderto allow
a commonprocessingof the LAr andTile calorimetersignalsin the trigger system,the PMT

1theelectronicsmodulesare366 mmhighand400 mmwide.
2full-width athalf maximum
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Figure 5.2: LAr ionisationsignalandfront-endelectronicsresponseafterbipolarshaping(a),anduni-
polarshapedsignalfrom theTile calorimeter(b).

output is shapedto an unipolar signal with a FWHM of � 50ns, similar to that of the LAr
pulses[Til96] (see�gure 5.2b).

Thesignalsfrom multiplecellsaresummedby theFEelectronicsof eachcalorimetersystem
to form trigger-tower signalsfor the L1 system.The analoguesummationis performedsepa-
ratelyfor theelectromagneticandhadroniclayersof thecalorimetry. Thenumberof calorimeter
cells summedto form a trigger tower variesfrom a few in the end-capsup to 60 in the elec-
tromagneticbarrel.The trigger towers are adjacentand projective to the interactionpoint in
theh direction,andthey cover thefull depthof thegivencalorimeterlayer. Thegranularityof
the towers is Dh x Df = 0:1 x 0:1 for jh j < 2:5, andcoarserat larger pseudorapidityvalues.
The analoguesumsfrom the LAr EMB and EMEC calorimetersare proportionalto the ET ,
andthe amplitudesof thesesignalsare linear up to the maximumlevel speci�ed by the trig-
ger, i.e. 256 GeV ET = 2.5 V. Theanaloguesumsfrom theTile andtheLAr HEC andFCAL
calorimetersdescribeonly theraw energy E depositedin thetriggertowers.Also, in theoverlap
region betweentheEMB andEMEC (1:375< jh j < 1:475)andin theFCAL the triggersums
areonly preliminary. As describedabit later, the�nal summationsandtheconversionto ET for
thehadronicsignalsareperformedby anoff-detectorelectronicssystem,locatedin theUSA15,
upstreamof theL1Calo.

The trigger-tower signalsaredriven differentially from the detectorto the USA15 cavern
over 616 16-way twisted-paircoppercablesof variablelength.The shortestcablesare those
providing signalsfrom the LAr barrelcalorimeter, i.e. � 30m, while the cablescarryingsig-
nalsfrom the Tile extendedbarrelcalorimetersarethe longest,i.e. � 70m. In additionto the
trigger-tower signals,thecablesfrom theTile calorimetertransportalsosignalsfrom the third
samplinglayer. Thesesignalsareaddressedto theL1Muon, to serve asadditionalinformation
for backgroundsuppression,andthusthey have to beseparatedfrom thetrigger-tower signals.
Thisoperationis doneby asystemof patchpanels,calledTile CalorimeterPatchPanels(TCPP)
(see�gure 5.3). TheTile trigger-towersignalsandall theanaloguesumsfrom theLAr calorim-
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Figure5.3: Thehandlingof theanaloguetriggersumsfrom thecalorimetersto theinputof theL1Calo.
Thenumbersgivenin the�gure indicatetheamountof twisted-paircablesneededto trans-
port thesignalsbetweenvarioussystems.

etersarriveat theinputof aReceiver=Monitor system,of whichmainfunctionsaresummarised
in thefollowing:

� Gain adjustment.TheReceiversystemuseslinearvariable-gainampli�ers (VGAs)toad-
justtheamplitudeof eachinputsignalto thecorrectvoltagescale,i.e.10 mV = 1 GeVET .
For signalsfrom thehadroniccalorimeters(Tile, LAr HEC andFCAL) thegain factoris
proportionalto sinq, in orderto convert therespective trigger-tower energiesfrom raw E
to ET . TheVGAs arealsousedto compensatefor signalattenuation(� 40%)in thelong
cablesfrom the detectors.The referencevoltageof eachVGA is controlledvia a 12-bit
Digital-to-AnalogueConverter(DAC);

� Signal summing. In two casesthe Receiver systemperformsfurther analoguesumma-
tions: for theoverlapregionbetweentheEMB andEMEC,andfor thehadroniclayersof
theFCAL (FCAL2, FCAL3), to reducetheh granularityat theinputof theL1Calo;

� Signal re-ordering. The analoguesignalsarrive at the input of the Receiver systemin
an order mainly determinedby the structureof the calorimeters.The Receiver system
rearrangesthesignalsat theoutputin theorderrequiredby theL1Calo,i.e. typically one
16-way twisted-paircableprovidesa0.4x 0.4patternin theh -f space;

� Monitoring . In theFE electronicsof thecalorimeters,theanaloguesignalsfrom the in-
dividual cells aresampledanddigitisedat 40.08 MHz, andthesevaluesarethenstored
in pipelinebuffers during the L1 trigger latency. Therefore,with the experimentalhall
closed,thereis nopossibilityto examinethepropertiesof theanaloguecell signalsat that
stage.This is only possiblein the Receiver system,via the analoguetrigger sums.The
Monitor part of the Receiver systemprovides the facility to pick off a programmable
numberof input trigger-tower signals,and display or measurethem with an oscillo-
scope[Cle06], [Eis03].
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A numberof outputsignalsfrom theReceiver systemareroutedto the input of a Receiver
to PreProcessorPatchPannelssystem(RPPPs)wherefurther orderingof the trigger sumsis
performed[L1C07b]. TheRPPPoutputandtherestof theoutputsignalsfrom theReceiver are
thenroutedto theinputof thePreProcessorsystem,the�rst processingstageof theL1Calo.

5.3 The PreProcessor

5.3.1 Tasks

The tasksassignedto the PPr systemcan be divided into pre-processingand readouttasks.
Thepre-processingtasksreferto thepreparationof theanaloguecalorimetertriggersignalsfor
digital processingin theCPandJEPsystem,andthey canbesummarisedasfollows:

� Conditioning of the analogueinput signals.Thetrigger-towerpulsesarriveat theinput
of thePPrasdifferentialsignals,with amplitudesof � 1.25V. Thesignalshaveto becon-
vertedto single-endedform, andanappropriategain andbaselinelevel hasto beapplied
in orderto mapthesignalsinto thedigitisationwindow, i.e.1 V.

� Digitisation. Theanaloguesignalshaveto bedigitisedwith 10-bitresolutionatthebunch-
crossingfrequency of 40.08 MHz. Also, in order to improve the energy resolution,the
digitisation strobeshouldbe adjustedin sucha way as to enablethe samplingof the
analoguepulsesat theirmaximumamplitude.

� Synchronisation of the trigger-tower data. The trigger-tower signalsarrive in thePPr
asynchronouslywith respectto eachother. This is dueto the different time-of-�ight of
theparticlesfrom the interactionpoint to thecalorimeter, anddueto thedifferentsignal
path-lengthsfrom the detectorto the input of the PPr. Therefore,after digitisation, the
trigger-tower pulsesoriginatingfrom thesameeventhave to bealignedin time, to allow
theL1 triggerto makeaproperdecisionwith respectto eachbunch-crossing.

� Bunch-crossing identi�cation (BCID). The trigger-tower pulsesare several bunch-
crossingsin width andhaveamplitudesproportionalto ET . For eachpulse,thePPrhasto
�nd thepeakmaximum,extract thecorrespondingET andassignthis valueto a speci�c
LHC bunch-crossing.TheBCID algorithmshave to beadaptedto all pulsesin thelinear
range0-256GeVandin thesaturatedregion.

� Final ET calibration. The outputof the BCID algorithmsis a 10-bit ET value,which
includesalso the baselinelevel appliedduring the conditioningof the analoguepulses.
This contribution hasto besubtracted,andthenthenew ET valuehasto bemappedfrom
10-bit to 8-bit, in orderto reducethe datawidth on the links to the L1Calo processors.
This leadsto anominalET resolutionof 1 GeVpercount.

� Data preparation for transmission. The PPr hasto provide the JEPwith 0.2 x 0.2
elementsin order to reducethe numberof links betweenthe two systems.The jet data
is obtainedby summingfour 8-bit ET valuesfrom four adjacenttrigger towers.Also,
the summationhasto be performedseparatelyfor electromagneticandhadronictrigger
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towers.Theresultingvalueis 10 bits wide,andit hasto betruncatedto 9-bit data,with a
resolutionof 1 GeV percount.To theCP, thePPrhasto provide the8-bit calibratedET

value. In orderto reducethenumberof links to theCP, thePPrhasto multiplex into one
serialstreamthe8-bit ET resultsfrom two triggertowersadjacentin f .

� Data transfer to L1Calo processors.The pre-processingresultshave to be sentto the
CPandJEPvia 11 m long serialLow-VoltageDifferentialSignalling(LVDS) links, at a
datarateof 400Mbit=s. ThePPrhasto ensurethereliability of thetransmissionover the
longcablelinks, sothattheerrorrateis negligible.

The readouttasksrefer to providing differentdatatypesto the DAQ andDCS systemsin
orderto ensureacontinuouscontrollingandmonitoringof thesystemandof thetriggeritself:

� L1 accepteddata. This consistsof multiple 10-bit digital sampleswhich describethe
developmentof eachpulse,andof the corresponding8-bit ET calibratedvalues.These
dataaresampledatdifferentpointsalongthereal-timepre-processingchain,andpipelined
into dedicatedmemories.Uponthereceptionof theL1A signalfrom theCTP, thePPrhas
to extractthedatarelatedto theacceptedeventfrom thememories,andsendit to theDAQ
system.

� L1 unbiasedmonitoring data. ThePPrhasthepossibility to computeenergy ratesand
spectrafor eachtriggerchannel,basedon the10-bit digital samplesor the8-bit ET val-
ues.Theaccumulationof this monitoringdataaswell asits retrieval from thesystemis
doneindependentlyof theL1 decision.

� Non-event baseddata. This includesenvironmentalparametersthatensuretheoperation
of thehardware,i.e.supplyvoltagesandtemperaturesacrossdifferentpartsof thesystem.
Thesedataaresendto theDCSsystem.

5.3.2 HardwareRealisation

The PPr systemconsistsof 124 hardware-identicalPreProcessorModules(PPMs), eachof
which beingdesignedto process64 analoguetrigger-tower signalsfrom four input cables.The
PPMsareorganisedinto eightcrates3. Two of thesecratesareequippedwith 14 PPMs,while
the othersix hold 16 PPMs.SectionA.1 in appendixA givesadditionaldetailsaboutthe PPr
crateorganisationandcoverageof theexperiment(seee.g.�gure A.5). Apart from PPMs,each
crateholdsalso:

� one9U Timing Control Module(TCM), which interfacesthe PPr to the TTC andDCS
systems:it receives from the TTC systemLHC protocol signals,e.g. the 40.08 MHz
bunch-crossingclock, the L1A signal,etc., anddistributesthemto all the PPMsin the
crate,andforwardstemperatureandvoltageinformationfrom thePPMsto DCS;

� one6U SingleBoard Computer(SBC), actingasthecratecontroller, to con�gure,control
andmonitorthePPMsover theVMEbusinterface;

39U VME crateswith 21-slotVME64xPbackplanes(VIPA-standard).
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Figure 5.4: ThePreProcessorModule.

� 14 or 16 RearG-Link TransmitterModules- Optical Tx (RGTM-Os),mountedon the
backsideof thePPrcrate,to transferthePPMeventrelateddatato acorrespondingROD
module.

Figure5.4shows a photographof a PPM.Themoduleis con�guredasa 9U PrintedCircuit
Board(PCB)thatmainly carries23 daughterboardsandseveralbondedprogrammabledevices.
The 64 input differentialsignalsarereceived throughfour connectorson the front panel,and
conditionedon four 16-channelAnalogue Input Boards (PPrAnIns). The conditionedsingle-
endedsignalsarethenroutedto 16 4-channelMulti-Chip Modules(PPrMCM),wherethemain
signalprocessingtakesplace.TheET resultsare�rst serialisedandconvertedto LVDS form on
thePPrMCMs,andsentto anLVDSCableDriver (LCD) cardwhich forwardsthemin real-time
to the L1Calo processors.The event datais accumulatedon the PPrMCMs. Upon the receipt
of the L1A signal,the datarelatedto the acceptedevent is sentto a ReadoutManager FPGA
(ReM FPGA), which formatsit andsendsit to DAQ, via correspondingRGTM-O andROD
modules.TheReM FPGAhasalsothetasksto transfercon�gurationandcontroldatafrom the
VME to on-boardprogrammablelocations,andto collectanddeliver monitoringdatato VME.
The LHC protocol signalsarrive on the PPM encodedinto a singleserial stream.A Timing,
Trigger andControl ReceiverChip(TTCrx), locatedonaTTC Decoder(TTCdec)daughtercard,
decodesthe input streamand delivers the protocol signalsto the ReM FPGA, which further
distributesthem to multiple locationson the PPM. Lastly, a Fujitsu microcontrollercollects
informationabouttemperaturesandvoltageson thePPM via anATmega microcontroller, and
sendsthemto DCSoveraCAN-businterface.
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Figure 5.5: Analoguesignal-handlingin onePPrAnInchannel.

The following sectionspresentbrie�y the implementationof the pre-processingandread-
out tasksin hardware.Additional detailsaboutthe functionalityof thePPMwill emerge from
chapters6 and7.

Conditioning of the AnalogueInput on the PPrAnIn Boards

The input differential signalsare routeddirectly from the front-panelconnectorsto the four
PPrAnInboards.EachPPrAnInreceivesandpreparesfor digitisation16inputsignals.Figure5.5
describesschematicallytheanaloguesignalprocessingperformedin onechannelof a PPrAnIn
board.Theinputanaloguesignalis �rst routedto adifferentialline-receiver, whichconvertsit to
asingle-endedsignal.Subsequently, thesignalis fannedoutinto twocopies.Onecopy is takento
anoperationalampli�er, whichrescalesthesignalin orderto matchthedigitisationwindow. The
analoguetrigger-towersignalshaveamplitudesup to 2.5 V, while thedigitisationvoltagerange
is 1 V wide4. Therescalingis achievedby applyinga �x edsignal-gain factorG = 0:43 for the
operationalampli�er. In thesametime, an8-bit programmableDigital-to-AnalogueConverter
(DAC) suppliesa DC-level offset throughthe non-inverting input of the operationalampli�er,
in orderto shift thebaselineof thesingle-endedsignalandto ensurethat theamplitudeof the
signalis entirelyvisible to digitisation.Thevoltageoffsetcanbesetin stepsof 2.4 mV, from
1.65V, whichcorrespondsto aDAC setting0,upto 2.26V (255).Theoutputof theoperational
ampli�er is thenroutedto acorrespondingPPrMCMfor digitisationandfurtherprocessing.

Theothercopy of theinitial single-endedsignalis takento theinputof acomparator, which
discriminatesbetweenthe input signalanda voltagethresholdprovided by another8-bit pro-
grammableDAC. Thevoltagethresholdcanbeadjustedin stepsof 10 mV. Theoutputof the
comparatoris a digital signal,which is set to the logic value1 whenever the input signalex-
ceedsthevoltagethreshold,andto 0 otherwise.ThismeansthatthecomparatormarkstheLHC
bunch-crossingduringwhichthesignalsis abovetheappliedthreshold.Thedigital signal,called
ExternalBCID (ExtBCID), is routedto acorrespondingPPrMCM,whereit is usedby theBCID
algorithms.

42.4 V (VREF ) � 0.5 V.
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Figure 5.6: ThePreProcessorMulti-Chip Module. In orderto preventoxidation,thediesandthewire
bondsarecoveredwith a glob-topmaterial,andthe areain betweenthe connectorsis en-
capsulatedwith abrasslid. In orderto remove theheatproducedinsidetheenclosedarea,a
heat-sinkis mountedon thebackside.Thiscanbeobservedin �gure 5.5.

The DACs on the four PPrAnInboardsaresetover SerialPeripheralInterface(SPI) data
buses.Thecon�guration datais �rst loadedover theVME to theReM FPGA,andthentrans-
ferredfrom theReM FPGAto theDACsover theSPIbuses.

SignalProcessingon the PPrMCMs

Themainsignalprocessingis performedon the16 PPrMCMs.EachPPrMCMcarries9 wire-
bondednakeddiesthatprocessfour inputsingle-endedtrigger-towersignals(see�gure 5.6):

� four FlashAnalogue-to-DigitalConverters (FADCs) to digitisetheinputsignals;

� onePHOS4timingchip (PPrPHOS4)to strobethefour FADCs;

� onecustom-built 4-channelASICchip5 (PPrASIC),which performsthe trigger-speci�c
dataprocessing:synchronisationof thesignalsfrom thesamebunch-crossing,BCID and
�nal ET calibration,anddatapreparationfor transmissionto L1Caloprocessors;

� threeLVDSserialisers for serialtransmissionof thedigital ET valuesto theCPandJEP
systems.

At the input stageof the PPrMCM, eachanaloguesignal is viewed by a low-pass�lter ,
to reducethehigh-frequency noisecomponent6. Subsequently, thesignalsaredigitisedby the
FADCs, with 10-bit resolution7 andat the bunch-crossingfrequency of 40.08 MHz. The 1 V
input voltagerangeof theFADCs correspondsto 0� 256 GeV ET depositedin a giventrigger
tower. ThismeansthatoneFADC countcorrespondsto � 244 MeV.

5thechip wasdesignedat theKirchhoff-Institute for Physics,Heidelberg. Its die sizeis 8.370mm x 8,375mm
usinga0.6 mm CMOStechnology.

6thelow-pass�lter reducesalsotheamplitudeof theinput signalby about20%. In orderto compensatefor this
effect, thesignalsareactuallyrescaledon thePPrAnInboardsto matchavoltagewindow of 1.2 V [Web08].

7in fact, theFADCs have a 12-bit resolution,but the two leastsigni�cant bits arediscarded,i.e. theoutputpins
arenotconnectedto thedesign.
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The digitisationstrobesareprovided by the PPrPHOS4.The device allows alsoto adjust
the phaseof the strobeswith 1 ns resolution,within the LHC bunch-crossingclock periodof
25 ns, in orderto samplethe input signalsat their maximumamplitude.Thephase-adjustment
canbecon�guredseparatelyfor eachdigitisationstrobe.Thecon�gurationdatais loadedfrom
the VME to the ReM FPGA, and then transferredto the PPrPHOS4over an Inter-Integrated
Circuit (I2C) databus.

Theresulting10-bit digital signalsareroutedto thePPrASIC,wherethey aredigitally pre-
processed.Thefunctionalityof thePPrASICis describedin thenext section.For themoment
it shouldbementionedthatthereal-timeoutputof thePPrASICconsistsof three10-bit parallel
datastreams.Two of thesestreamsprovide calibratedET valuesfor the CP, while the third
streamprovides jet ET sumsfor the JEP. The datastreamsaretaken to the input of the three
LVDS serialisers,eachof which serialisesonestreamto a rateof 400 Mbit=s, andtransmitsit
to theLCD board.

Trigger-speci�c Data Processingon the PPrASIC

The four 10-bit FADC datastreamsareprocessedin parallel in the PPrASIC.Figure 5.7 de-
scribesschematicallythe dataprocessingoperationsperformedin one PPrASICchannel.At
the input stage,theFADC datais �rst registeredwith the40.08 MHz LHC clock. Becausethe
phaseof thedigitisationstrobesis displacedwith respectto theLHC clock in thePPrPHOS4,
thePPrASICoffers thepossibility to latch the input dataeitheron thepositive or thenegative
edgeof the LHC clock, in order to avoid metastabilityfailures.The choicebetweenthe two
optionsis doneaccordingto the sizeof the phase-displacement,i.e. the delaysettingapplied
in thePPrPHOS4.After latching,theFADC datais passedthrougha 4-bit deepx 10-bit wide8

synchronousFIFO9, whereit is delayedwith a programmablenumberof bunch-crossings,in
orderto align it with thedigital signaldataprocessedin theotherPPrchannels.Thedepthof the
FIFOcorrespondsto 16bunch-crossingsor 400 ns,which is suf�cient to compensatefor delays
dueto differencesin cablelength10 aswell asfor delaysinducedin theelectronicsupstreamof
thePPrsystem.

The 10-bit outputof the synchronisationFIFO is thenfannedout androutedto the input
of the BCID algorithms.The PPrASICimplementsthreemethodsfor bunch-crossingidenti�-
cation:onemethodfor non-saturatedpulses,a secondonefor saturatedpulses,anda third one
that usesthe outputof the comparatorson the PPrAnInboards,i.e. the ExtBCID signals,to
checktheconsistency of the�rst two methods.The�rst BCID methodusesa digital pipelined
Finite ImpulseResponse(FIR) �lter to sharpenthepulse,andapeak-�nderto identify thepulse
maximumandmarkthecorrespondingbunch-crossing.TheFIR �lter storesin internalregisters
� ve consecutive 10-bit samples:onefrom the currentbunch-crossing,andotherfour samples
from thepreviousandthefollowing two bunch-crossings.Thesevaluesare�rst multipliedwith
4-bit con�gurablecoef�cients, andthenthe� ve resultingvaluesaresummedtogether. The�rst

8i.e. 16 locations,eachof which10bitswide
9First-InFirst-Outmemorybuffer.

10the twisted-paircablesthat carry trigger-tower signals,from the detectorto the electronicsin USA15, have
lengthsbetween30and70 m. Thus,assumingasignalpropagationdelayin thetwisted-paircablesof � 5 ns=m, the
maximumdelaydueto differencesin cablelengthcanbeestimatedto � 200 ns.
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andthelastcoef�cients aresigned,i.e. they cantake valuesfrom -7 to +7, thereforethelargest
possibleresultyieldedby thesummationis 16-bitwide.Thisvalue(Sn) is thenpassedto aPeak-
Findermodule,which comparesit with similar dataobtainedfor the previous (Sn� 1) andthe
following (Sn+ 1) bunch-crossings.If oneof thefollowing two conditionsis ful�lled:

Sn+ 1 � Sn > Sn� 1 ;

Sn+ 1 < Sn > Sn� 1 ; (5.1)

thenthe PeakFinderassertsan 1-bit �ag to mark the currentbunch-crossing.Eachof the
two conditionspresentedabove de�ne an operationalmode,and the choicebetweenthe two
modesis donevia a con�gurablePPrASICparameter. The”BC Mark” �ag is sentto theBCID
Decisionblock,of which functionalityis describedabit later.

At high luminosity, pulsesdescribingvariousenergy depositspile up andgive rise to sat-
uratedsignals. In the calorimeterfront-endelectronics,the analoguesaturationof the trigger-
tower signalsoccursat about3 V. However, in the PPrthe digitisationwindow of the FADC
is limited to 2.5 V. This meansthatamplitudesequalto or higherthanthis valuewill be rep-
resentedby the maximum10-bit digitisationcount,i.e. 1023. For very large saturatedpulses,
thesaturationlevel extendsover multiple consecutive bunch-crossing.In thesecases,thepeak-
�nder algorithmdescribedabovecannotreliably identify thecorrectbunch-crossing.Therefore,
a separatedBCID methodwasimplementedfor saturatedpulses.Themethodassumesthat the
the shapeof the rising edgeis not distortedby signalsaturation,andthusthe peakingtime is
still � 50 ns. In consequence,two samplesbeforethevirtual peakarelocatedontherisingedge,
the �rst samplepointing to the origin of the pulse.Upon detectinga saturatedFADC value,
i.e. 1023,the algorithmdiscriminatesthe samplesfrom two previous bunch-crossingsagainst
two programmablethresholds,to determinethe origin of the pulse.Basedon the resultspro-
vided by thesecomparisons,the peakingtime is addedto the origin of the pulsein order to
determinethepositionof thevirtual peak.Thecorrespondingbunch-crossingis markedby as-
sertingan1-bit �ag, whichis thensentto theBCID Decisionblock. A moredetaileddescription
of theBCID methodfor saturatedpulsesis givenin [Pfe99].

A copy of the16-bit FIR �lter output(Sn) is routedto a DropBitsmodule,which truncates
the input to a 10-bit dataword. The selectionof the 10 bits is doneaccordingto the valueof
a programmableStartBitparameter. In his turn, theStartBithasto bede�ned accordingto the
settingsappliedfor theFIR �lter coef�cients, in orderto maximisetheenergy resolution.For
example,if the FIR �lter coef�cients areset to f 0,0,1,0,0g, thenthe six mostsigni�cant bits
(MSBs) of the 16-bit Sn sum will always be set to zero, while the other 10 bits will re�ect
theFADC datafor thecurrentbunch-crossing.In this case,theDropBitsmodulehasto bebe
con�gured to alwayscut off thesix MSBs.Theresulting10-bit datais thensentto a Look-Up
Table(LUT), which extractsthe �nal ET for the triggeralgorithms.TheLUT is a 10-bit deep
memorybuffer thatstores8-bit con�gurableET values.The10-bit inputdatais usedasmemory
address,sothatthe8-bit LUT outputre�ects thememorycontentindicatedby theinputaddress.
The8-bit ET valuesaresetin suchawayasto allow for pedestalsubtraction,noisesuppression
and�nal ET calibrationin thesametime. The8-bit LUT outputis sentto theBCID Decision
block.

The task of the BCID Decisionlogic is to allocatethe threeBCID algorithmsto energy
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”BC Mark” Register BcidDecisionRegisters
(3-bit) (8-bit)

PeakFinder Saturated ExtBCID BitNr Reg1 Reg2 Reg3
0 0 0 0 0 0 0
0 0 1 1 1 1 0
0 1 0 2 1 0 0
0 1 1 3 1 1 0
1 0 0 4 1 1 1
1 0 1 5 1 1 1
1 1 0 6 1 1 1
1 1 1 7 1 1 1

Table 5.1: The combinationsof the three”BC Mark” bits andtheir relation to the bit numberof the
threeBcidDecisionregisters.Notethatthe�rst BcidDecisionregisteris allocatedto theupper
energy region,thesecondto themiddleregionandthethird to thelowerregion.Also,all three
BcidDecisionregistersarecon�gurable.The8-bit valuesgivenin this tablerepresentdefault
settingsfor theseregisters,andthey areshown hereonly asanexample.

levels. For this, the moduledivides the 10-bit energy rangeinto threeregions, via two pro-
grammableenergy thresholds,anddiscriminatesa 10-bit energy input againstthesethresholds.
Theenergy input is giveneitherby the10-bit outputof thesynchronisationFIFO or the10-bit
outputof theDropBitsmodule,thechoicebetweenthe two datasourcesbeingdonevia a De-
cisionSourcecon�gurableparameter. In thesametime, theBCID Decisionmapsthe1-bit ”BC
Marks” received from thePeakFinderandSaturatedalgorithmsandtheExtBCID signalinto a
3-bit register, after they werepreviously synchronised.The resulting3-bit valueindicatesthe
bit numberof three8-bit con�gurableBcidDecisionregisters,eachregisterbeingallocatedto an
energy region.For example,if thePeakFinderresultis 1, theSaturatedresultis 0 andtheExtB-
CID bit is 1, thenthiswill indicatethe�fth bit of theBcidDecisionregisters(seee.g.table5.1).
If the respective bit of any of theseregistersis setto 1, andthe10-bit energy input falls in the
relatedenergy range,thenthe BCID Decisionmodulevalidatesthe 8-bit calibratedET value
receivedfrom theLUT. Otherwise,if theseconditionsarenot met,theBCID Decisionsetsthe
sameET valueto zero. This alsomeansthat theoff-peakdigital sampleswill alwaysbesetto
zero.

Data Preparation and Transfer to the L1Calo Processors

TheseET resultsof the BCID Decisionlogic, called in the following BCID-LUT values,are
sentto theoutputstageof thePPrASIC,wherethey arepreparedfor transmissionto theL1Calo
processors.For the CP, the PPrASICmultiplexesat eachbunch-crossingclock tick the 8-bit
BCID-LUT datafrom two channelsinto one10-bitparalleldatastream.This leadsto two PPrA-
SIC outputdatastreamsfor the CP. For the JEP, a copy of the 8-bit BCID-LUT datafrom all
four channelsis summedinto one9-bit 0.2x 0.2dataword.This is achievedin two steps,�rst by
pre-summingthedatafrom two channels,andthenby summingthetwo preliminaryresultsand
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truncatingthe�nal 10-bitsumto 9 bits.Thebunch-crossingmultiplexing andjet sumalgorithms
aredescribedin section7.2.5. Also, themappingof thePPrASICchannelsin theoutputstreams
to CPis explainedin sectionA.2.

Thethree10-bit paralleldatastreamsareroutedfrom thePPrASICto thePPrMCM-LVDS
serialiserchips,which convert theinput datato LVDS serialdatastreamsandsendthemto the
LCD daughtercard.TheLCD receivesin total48serialstreamsfrom the16PPrMCMs.Its tasks
areto duplicatethesignalsnearthe f edgesof thePPM,in orderto allow thealgorithmsof the
L1Caloprocessorsto scanef�ciently the boundariesof the quadrantsin azimuth,andto drive
all the signalsover 11 m long cablesto the object-�nding processors.For the latter task, the
LCD appliesan RC pre-compensation,to minimise the degradationof the signalsduring the
transmissionover thelongLVDS cables.

Readoutand Monitoring Operationson the PPM

Theevent-baseddatathatthePPrhasto provideto DAQ consistsof 10-bit raw FADC data,8-bit
BCID-LUT dataandthe1-bit ”BC Marks” providedby thethreeBCID algorithms.Thisdatais
continuouslyaccumulatedin two pipelinememoriesin eachPPrASICchannel(seePipeMem-
ADC andPipeMem-LUTin �gure 5.7). Uponthereceiptof theL1A signalfrom theCTP, each
PPrASICcopiesa programmablenumberof eventdatawordsfrom thepipelinememoriesinto
correspondingderandomiserbuffers,andthentransfersthe respective datato theReM FPGA,
over two serialinterfaces.TheReM FPGAassemblestheeventdatafrom all 16PPrASICsin a
pre-de�nedATLAS format,andtransfersit to theDAQ. For varioustestinganddebuggingap-
plications,theReM FPGAkeepsin localmemorybuffersanunformattedcopy of thePPrASIC
data,from whereit canbeaccessedover theVME interface.

ThePPrASICshave alsothecapabilityto accumulatechannel-wiseenergy depositionrates
anddistributionsof depositedET above programmablethresholds,basedeitheron the 10-bit
raw FADC dataor the 8-bit BCID-LUT data.The respective algorithmsare implementedin
two modules,calledRateMeteringandHistogramming.Themonitoringdataproducedby these
modulescanbereadout from thePPrASICindependentof theL1 triggerdecision.Thetaskto
retrieve this datafrom all the 16 PPrASICsis assignedto the ReM FPGA.The device places
the monitoringcontentinto an on-boardStaticRAM (SRAM) memory, from whereit canbe
accessedover the VME. The implementationof the RateMeteringandHistogrammingtools
in the PPrASIC,the contentof the datathey provide and the mechanismthroughwhich this
datais readout from thePPrASICsaredescribedin section6.6. Also, the functionalityof the
ReM FPGAis presentedin greatdetailthroughoutthenext chapter.

ThePPrASICscanalsoinject digital test-vectordatain thepre-procesingchain,in orderto
allow a functionalveri�cation of thedigital part of theL1Calosystem.The test-vectordatais
loadedfrom theVME, over theReM FPGAandtheserialinterfaces,to dedicated11-bit wide
playbackmemoriesin thePPrASICs.Upontheactivationof acorrespondingoperationalmode,
thePPrASICsinsertthecontentof theplaybackmemoriesinto thesynchronisationFIFOs,re-
placingthe10-bitFADC dataandthe1-bit ExtBCID signal.

Lastbut not least,thePPMsprovide temperatureandsupplyvoltagevaluesto theDCSsys-
tem,in orderto allow themonitoringof thephysicalaspectsof thehardware.Thetemperatures
aremeasuredby meansof diodesimplementedin thePPrASICsandin theReM FPGA,while
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thesupplyvoltagevaluesareprovidedby anon-boardpower manager. Thesedataarereceived
by theATmega microcontroller, which providesthemto theFujitsumicrocontroller, for trans-
missionto DCS,andto theVME for localmonitoringanddebuggingpurposes.

5.4 The Cluster Processor

5.4.1 Trigger Algorithms

The ClusterProcessoridenti�es isolatedelectrons,photonsandhadronict decays,andcom-
putesmultiplicitiesof identi�ed e=g andt candidatesthatpassvariousET thresholdconditions.
Theseinvestigationsusethe8-bit calibratedtrigger-towerET valuesprovidedby thePPrsystem,
andthey extendout to jh j < 2:5, which is the limit for precisionmeasurementswith the Inner
Detectorandtheelectromagneticcalorimeters.

Thee=g andt =hadronalgorithmsarebasedon a window of 4x4 trigger towersin both the
electromagneticandhadroniccalorimeterlayers(see�gure 5.8a). The window is divided into
two regions: a core, formedby the central2x2 trigger towers,andan isolation ring given by
the remaining12 towers.The algorithmsslide the window by onetower in both the h and f
directions,within theallocatedtriggerspace.At eachstep,severalET sumsarecomputedand
evaluatedagainstprogrammablethresholds.

The e=g algorithmsearchesfor narrow high ET electromagneticshowersthat extendover
maximumtwo trigger towers,andthatdo not penetratethehadroniccalorimeter, while the t =
hadronalgorithmsearchesfor t decaysinto collimatedclustersof hadronsthat leadto energy
depositionsin boththeelectromagneticandhadroniccalorimeters.For this, thealgorithms�rst
computethefollowing ET sums:

� four electromagneticclusters, to measuretheET of thecandidatetriggerobject.Theseare
obtainedby summingeachtwo adjacenttowersin theelectromagneticcore,andthey will
bein thefollowing referredto asS1;

� onehadroniccorecluster, by summingthefour towersof thehadroniccore(S2);

� four hadronicclusters, by summingeachof thefour S1 sumswith theS2 sum(S3);

� oneelectromagneticisolationsum, by summingthe12 towersof thecorrespondingisola-
tion ring (S4).

� onehadronic isolationsum, by summingthe12towersof thecorrespondingisolationring
(S5);

ThesesumsarethencomparedagainstprogrammableET thresholdsin orderto identify an
e=g or a t =hadrontrigger candidateobjectwithin the given algorithmwindow. The following
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(a) (b)

Figure 5.8: Schematicview of the trigger algorithmsperformedby the ClusterProcessor:the sliding
window of 4x4 towersandtheET sumsusedfor thee=g andt =hadronalgorithms(a), and
theRoI declustering(b).

conditionsmustbeful�lled:

S1 > Eem;cluster
T ;

S2 � Ehad;core
T ;

S3 > Ehad;cluster
T ;

S4 � Eem;isolation
T ;

S5 � Ehad;isolation
T ; (5.2)

wherethe �rst andthe third conditionsaresuf�cient to be ful�lled by only oneS1 sumor one
S3 sumrespectively, while thesecondconditionis appliedonly to thee=g algorithm,in orderto
ensurethattheshower is containedin theelectromagneticcalorimeter.

Thealgorithmscontain16setsof programmableET thresholds,eachsetrepresentingacom-
binationof clusterandisolationthresholds.Eightof thesethresholdsaredirectlyassignedto the
e=g algorithm,while theothereightcaneachbeprogrammedto beusedeitherby thee=g or by
the t =hadronalgorithm.

Whena candidateobject is identi�ed, a corresponding3-bit multiplicity counteris incre-
mented11. However, becausethealgorithmwindow is slidedby onetower in both theh andf

11whenthecounteris setto its maximumvalue,i.e.7, no furtherincrementationis permitted.
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Figure 5.9: Thehandlingof thetrigger-towerdataon theCPM[Hil06].

direction,thereis a signi�cant probability to identify the sameobject in morethanoneover-
lappingwindow. In order to avoid the multiple countingof a candidateobject,an additional
conditionis imposedfor boththee=g andt =hadronalgorithms.Thecentral2x2 towersof both
theelectromagneticandhadroniccoresare�rst summedtogetherto form aclusterRoI, andthis
is thenrequiredto bea localmaximumcomparedwith its eightoverlappingnearestneighbours,
asshown in �gure 5.8b. This requirementis sometimesreferredasto declustering. The(h ,f )
coordinatesof the local maximumarethenincludedin theRoI informationfor theL2 trigger.
The16multiplicity resultsaresentto theCTP[L1C04], [L1C08a].

5.4.2 HardwareRealisation

The ClusterProcessoris a four cratesystem.Eachcrateprocesses8-bit calibratedET values
from onef quadrant,andhosts14ClusterProcessorModules(CPMs)thatcarryout thecluster-
�nding algorithms,two CommonMerger Modules(CMMs) that producesystem-wideresults,
andoneTCM to distribute theLHC protocolsignalsin thecrateandto transferenvironmental
parametersto DCS.

EachCPM canprocess64 algorithmwindows arrangedin an arrayof 4x16 (hxf ) trigger
towers.In orderto form theoverlappingwindows, eachCPM usesadditionaltrigger-tower in-
formationfrom regionsadjacentin h andfrom theboundariesof thecorrespondingf quadrant,
so that the trigger spaceviewed by eachmoduleconsistsof 7x20 (see�gure 5.9). Sincethe
cluster-�nding algorithmsrequiredatafrom both the electromagneticandhadroniccalorime-
ters,this meansthateachCPM receivesET datafrom a total of 280 towers. Out of these,160
ET valuesarereceiveddirectly from thePPrsystemvia 80 serialLVDS links. The remaining



54 TheATLASLevel-1CalorimeterTrigger

Figure 5.10: Block-diagramof aClusterProcessorModule[Hil06].

120ET valuesarereceivedfrom theneighbouringCPMswithin thesamecrate,over theback-
plane.Thecluster-�nding algorithmsarecarriedout on eachCPM by eightCP FPGAs. Each
device processeseightoverlappingwindows arrangedin a 4x2 arrayof trigger towerswithin a
5x7 region (seeagain �gure 5.9).

TheCPMsareimplementedas9U PCBs.Figure5.10shows a block-diagramof theCPM.
The10-bit serialdatastreamsfrom thePPrenterthemodulethroughthecratebackplane.They
are�rst convertedtoparallelform,andthenroutedto20SerialiserFPGAs, whichre-serialisethe
dataat160 Mbit=sandtransmitsit to theCPFPGA.Threequartersof theresultingdatastreams
areduplicatedandsentto theneighbouringmodulesover thecratebackplane.TheCPFPGAs
de-serialiseandde-multiplex the input datastreamsandprocessthe trigger-tower information.
The resultsof this processingindicatewhich thresholdswerepassed,andthey aresentto two
HitCount FPGAs. Thesedevicescomputeoverall multiplicity resultsfor an entireCPM, and
transmitthesedatato the two CMMs in the crate. In orderto monitor the performanceof the
CPM, oneReadoutController (ROC) FPGA providesto the DAQ trigger-tower ET values,as
received by the SerialisersFPGAsfrom the PPr, andprocessingresultsfrom the CP FPGAs.
A secondROC FPGAis employed to transmitRoI informationto theL2 trigger. The transfer
of readoutdatato DAQ is initiateduponthe receiptof anL1A signalfrom theCTP. TheL1A
signal and the other LHC protocol signalsreceived via the TCM are decodedby a TTCdec
card,identicalto theoneusedon thePPM.Also, aFujitsumicrocontrollercollectstemperature,
supplyvoltageandcurrentinformationfrom theboard,andprovidesit to theDCS,via a CAN-
buson thebackplaneandtheTCM in thecrate.

The two CMMs produceoverall crateresults,by summingthe multiplicity datafrom all
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Figure 5.11: Thealgorithmwindows of thejet trigger. TheshadedareasindicatetheRoIs.

CPMs.OneCMM in the four CP cratescombinesthe resultsfrom all four cratesto produce
system-wideresults,which arethensendto the CTP. For testinganddebuggingpurposes,the
module,crateandthesystemresultsareprovidedto theDAQ [Hil06], [L1C08a].

5.5 The Jet=Energy-sumProcessor

5.5.1 Trigger Algorithms

TheJet=Energy-sumProcessoridenti�es hadronicjetsandcomputesglobalsumsof total,miss-
ing andjet-sumET , basedon theDh x Df = 0:2 x 0:2 jet sumsprovidedby thePPrsystem12.
The jet algorithmcoverstheregion jh j < 3:2, which representsthe limit of theend-capaccep-
tance13, while thetotal andmissingET algorithmscover theentireATLAS triggerspace.

The Jet Trigger

Thejet algorithmis basedon a 0.2x 0.2 jet element, which is formedby summingtheelectro-
magneticandhadronic9-bit ET sumsreceivedfrom thePPr. Thejet elementis usedto construct
jet windowsof differentsizes:2x2,3x3or 4x4jet elements,i.e. 0.4x 0.4,0.6x 0.6and0.8x 0.8
in Dh x Df (see�gure 5.11). Thewindows areslidedin stepsof onejet elementin boththeh
andf directions.At eachstep,a total jet ET is computedfor eachwindow by summingthejet
elements,andthisenergy valueis thenevaluatedagainstprogrammablethresholds.

As for thee=g andt =hadronalgorithms,alocalmaximumtestis performedin orderto avoid
countingmultiple timesthesameobject.For this,a2x2 jet RoI is constructedby summingfour
adjacentjet elements.For a jet window with 2x2 or 4x4 jet elementsthereis only onepossible
window for eachRoI,while for awindow with 3x3jet elementsfour possiblewindowssurround

12notethatthePPMsthatprocesstrigger-towersignalsfrom theend-capregions2:9 < jh j < 3:2 provide0.3x 0.2
jet sums,dueto thetrigger-towergranularityin thoseregions(seee.g.�gures A.3, A.4 andA.5).

13a jet algorithm for the FCAL regions, i.e. 3:2 < jh j < 4:9, is currentlynot implemented,but foreseen.The
possiblescenariosfor a triggeron forwardjetsarepresentedin [L1C04].
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eachRoI (seeagain �gure 5.11). In this lattercase,only thewindow with thehighestET sumis
usedfor thelocalmaximumtest.

Thejet algorithmconsistsof eightsetsof thresholds,eachof which is acombinationof a jet
ET thresholdanda choiceof a jet window size. Whena local maximumis foundandthetotal
ET sumof a jet window is greaterthantheappliedthreshold,a corresponding3-bit multiplicity
counteris incremented.The coordinatesof the jet RoI arepassedto the L2 trigger, while the
eightmultiplicity resultsaresentto theCTP.

Energy-sumsTriggers

The total ET is computedby summingthe ET of all jet elements.The resultingenergy value
is comparedagainstfour thresholds,which cantake valuesup to 2 TeV in 4 GeV steps.Each
comparisonproducesan1-bit result,which is thensentto theCTP.

For themissingET trigger, it is assumedthat thevectorialsumof themeasuredET equals
the samesumof the undetectedET (Emiss

T ). Therefore,the Emiss
T is estimatedaccordingto the

formula:

Emiss
T =

vu
u
t

� N

å
j= 0

Ex; j

� 2

+
� N

å
j= 0

Ey; j

� 2

; (5.3)

whereN representsthetotalnumberof jet elements,while Ex; j andEy; j representtheprojection
of the measuredET on the x- andy-axis respectively for a given j jet element.The latter are
calculatedasfollows:

Ex; j = ET � cos(f j ) ;

Ey; j = ET � sin(f j ) ; (5.4)

wheref j representstheazimuthalcoordinateof thegivenjet element.
Thus,theEmiss

T algorithmmultiplies �rst theET of eachjet elementwith cosf andsinf to
obtainthe transverseenergy componentsEx andEy, andthendeterminesthe global å Ex and
å Ey values.Lastly, aLUT is employedto performthe�nal quadratureadditionandto compare
with eightthresholdsin a singlestep.As for thetotal ET algorithm,eachcomparisonproduces
an1-bit result,which is thensentto theCTP.

The total jet ET is basedon theeight3-bit multiplicity resultsof the jet triggeralgorithm.
The jet countsareconvertedto transverseenergy valuesby multiplying themwith appropriate
factorsthattake into accountthata jet candidatecouldhavepassedmorethanoneET threshold.
TheresultingET valuesarethensummedandcomparedagainstfour thresholds,andtheresults
aresentto CTP[L1C04], [L1C08a].

5.5.2 HardwareRealisation

The Jet=Energy-sumProcessoris a two cratesystem.Eachcrateprocesses9-bit jet ET sums
from two oppositef quadrants(back-to-back), andhosts16Jet=Energy-sumProcessorModules
(JEMs)thatcarryout thejet andtheenergy-sumalgorithms,two CMMs andoneTCM.
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Figure 5.12: Block-diagramof aJet=Energy-sumProcessorModule[Sch08].

EachJEM processesa core region of 4x8 (hxf ) jet elements.As for th CP, in order to
form theoverlappingwindows,thejet algorithmrequiresadditionalinformationfrom theneigh-
bourhoodof thecoreregion. Therefore,theeffective region scannedby eachJEM is 7x11 jet
elementswide. Out of the total of 77 jet elements,44 arereceived directly from the PPr, the
remaining33 jet elementsbeingreceivedfrom theneighbouringmodulesin thesameJEPcrate.

TheJEM is alsoa 9U PCB.Figure5.12shows a block-diagramof theJEM. EachJEM re-
ceiveddatafrom thePProver 88 serialLVDS links. Out of these,44 streamsprovide 0.2x 0.2
electromagneticjet sums,while theother44providesimilarhadronicjet sums.The10-bit input
dataenterthe modulethoughthe cratebackplane,andthey areroutedto four input daughter-
cards,namedasR,S,T,U in thesame�gure 5.12. Eachinput daughtercardcanhandle24 data
streams,andconsistsof four 6-channelLVDS deserialisersandoneInputFPGA. Thedeserialis-
ersconvert the10-bit input datato parallelform. TheInput FPGAsextractsthe9-bit jet sums,
andforms10-bit jet elementsby summingcorrespondingelectromagneticandhadronicjet sums.
Thejet elementsarethenmultiplexedat80 MBit=sandsentto aJetFPGA, whichperformsthe
jet-�nding andthetotal jet ET algorithms.Also, theInputFPGAscomputetheEx; j andEy; j val-
ues(seeagainequation5.4) andthejet elementET sum,andsendthemto theanotherprocessor
FPGA,calledSumFPGA, whichcarriesout theothertwo energy-sumalgorithms.Additionally,
theInput FPGAsduplicate3=4 of thejet elementsandsendthemvia thecratebackplaneto the
neighbouringmodules.Themultiplicity countscomputedby theJetFPGAandtheSumFPGA
aresentto thetwo CMMs in thecrate.

As theCPM,theJEMhastwo ReadoutController(ROC)FPGAswhichcollectandtransmit
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readoutdatato the DAQ andRoI informationto the L2 trigger. The modulesarehostedon a
readoutdaughtermodule(RM). The readoutdataconsistsof jet sumsreceived from the PPr,
andjet andenergy-sumresults.TheJEMhostsalsoaTTCdeccard,to decodetheLHC protocol
signals,andaCAN controllerto provideenvironmentalparametersto DCS.

Thetwo CMMs in thecratehave a hardwaredesignidenticalto theCMMs usedby theCP
system,but they run differentversionsof �rmw areon local FPGAs. This is possiblebecause
bothCPandJEPusea commoncustombackplane.As in theCPcase,thetwo CMMs produce
crate-level multiplicity results,andoneCMM in thetwo cratesmergestheresultsfrom thetwo
cratesto producesystem-wideresults. In contrastto the CP, the CMMs of the JEPsystemdo
not senddatato DAQ, but to theL2 trigger. Theseconsistsof total valuesof Ex, Ey andET and
thethresholdresultsfrom thetotalET , Emiss

T andthetotal jet ET algorithms[Sch08], [L1C08a].



Chapter 6

The ReadoutManager of the
PreProcessorModule

Themaintaskof thePPrsystemis to preparethe7168analoguetrigger-towersignalsfor digital
processingat subsequentstagesin theL1Calo.Theinput signalsareconditionedandconverted
to digital form, anda transverseenergy (ET) valueis extractedfrom eachpulseandassigned
to the correctbunch-crossing.Thesedigital ET valuesform the basisof the trigger decision.
They aretransmittedin real-timeto theCPandJEPsystems,which usethemto identify small
andlargephysicsobjectsandto computeglobalenergy sums.Subsequently, thetwo processors
counthit multiplicitiesof thedifferenttypesof triggerobjects,andsendthemto theCTP. Based
on this information,aswell ason informationreceived from theMuon Trigger, theCTPtakes
a decisionwith respectto eachevent. If positive, thentheCTPdistributestheL1A signalto all
theATLAS sub-detectorsandreadoutelectronicssystems,andthe�nely-granulardetectordata
relatedto theacceptedeventis examinedby thenext levelsof theATLAS triggersystem.

This meansthat thebulky analogueinput from thecalorimetersis reducedat theoutputof
theL1 triggerto only onebit, i.e. theL1A, andthattheanaloguecalorimetertriggersignalsare
availableonly in thePPrsystem.Therefore,in orderto allow veri�cation of thetriggerdecision
andof the operationof the L1Calo components,the PPrmustprovide real-timedigital values
relatedto the acceptedevent to the DAQ system. Raw FADC dataandcalibratedET values
arepermanentlyextractedfrom thepre-processingchainandpipelinedinto separatedscrolling
memories(see�gure 6.1). Upon the receiptof the L1A signal,eachPPM readsout the event
relateddatafrom thememories,andsendsit to theDAQ via anexternalROD module.This op-
erationis handledby anon-boardField-ProgrammableGateArray (FPGA)baseddevice,called
ReadoutManager(ReM FPGA).The device collectsthe event datafrom the distributedloca-
tions,processesit in thespeci�edATLAS format,andprovidesit to a RearG-Link Transmitter
Module - Optical Tx (RGTM-O), mountedon the backsideof the PPrcrate,for high speed
serialisationandtransmissionto theROD.

In additionto thereadoutpath,thePPrmustprovideaninterfaceto thecomputinginfrastruc-
tureof theexperiment,for con�guration,controlandmonitoringof thesystem.Theinterfaceis
realisedvia astandardVersaModuleEurocarddatabus(VMEbus).ThePPMis con�guredasa
VME slave,andits communicatingpartneron theVMEbusis thecratecontrollerCPUmounted
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Figure6.1: Simpli�ed view of themaindatapathson thePreProcessorModule.

in the�rst slotof thePPrcrate.Theinterfaceis mainlyusedfor settingupthePPM.All thePPM
on-boardcomponentsprovide setsof con�gurableparametersto allow �e xibility in steeringor
debuggingtheoperationof thesystem.Apart from that, the interfaceis usedfor retrieving the
monitoringdataproducedby thePPrASICs.Ratesandenergy spectra,of real-timeraw FADC
or calibratedenergies,arecontinuouslyaccumulatedfor eachtrigger channel,independentof
any triggerdecision.Thesedatacanbereadoutperiodicallyfrom thesystem,andusedfor mon-
itoring theactivity in theATLAS calorimeters.Lastbut not least,theinterfaceis usedfor testing
anddebuggingtheoperationof thePPMin a laboratory environment. Unformattedcopy of the
event datais madeavailableat low bandwidthto VME, to compensatefor the absenceof the
DAQ requisites.

As for the readoutcase,the tasksof collectingand transferringdatafrom VME to PPM
on-boardcomponents,andin reversedirection,aredelegatedto theReM FPGA.This chapter
describesin detail the functionality of the ReM FPGA andthe implementedalgorithms.The
device is aXilinx VirtexE (XCV1000-E)FPGA,andits behaviour wasde�nedusingtheVerilog
hardwaredescriptionlanguage(HDL).
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Figure 6.2: Block diagramof theof theReM FPGA.

6.1 Functional Overview

Figure6.2 shows a block diagramof theReM FPGA.Thedevice interfacesto severaldistinct
communicationsystems,to receive andtransmitdatafrom andto multiple PPM on-boardand
externalcomponents:

� a VME databus connectsthe ReM FPGA with the cratecontrollerCPU. Softwareap-
plications,runningon the cratecontroller, transfercon�guration dataover the VMEbus
to theReM FPGA,which thendistributesit to on-boarddestinations.Sameapplications
caninstructtheReM FPGA,via commandandcontrolregisters,to collectreadbackdata
(i.e.con�gurationdatafrom thesourcesandPPrASICmonitoringdata)or PPrASICevent
relateddata,andto placeit in locationsvisibleto VME. Additionally, thecontrollingsoft-
warecanaccessover theVME informationabouttheoperationalstateof thePPM.The
ReM FPGAgathersinto dedicatedVME registersbitwisestatusanderrordatareceived
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from theinterfaceddevicesor generatedby its internalalgorithms;

� four unidirectional Serial PeripheralInterface (SPI) data busesare accessedby the
ReM FPGA to transfercon�guration datato the DACs mountedon the four PPrAnIn
boards;

� two Inter-IntegratedCircuit (I2C) databusesprovide the ReM FPGA with accessto the
16PPrPHOS4sandto theTiming,TriggerandControlReceiverChip(TTCrx), locatedon
the TTC Decoder(TTCdec)daughtercard.The ReM FPGA transferscon�guration data
to thesedevices,andreadsbackcon�gurationdataonly from theTTCrx (thePPrPHOS4
is not readable);

� 32 bidirectional serial data links interface the ReM FPGA to the 16 PPrASICs.The
ReM FPGA writes trigger con�guration datato the PPrASICs,andreceives, in a mul-
tiplexedstream,readback,readoutandstatusdata;

� onebidirectionalparalleldatabusconnectstheReM FPGAwith anon-boardStaticRAM
(SRAM) device. The SRAM actsas a physical extensionto the ReM FPGA's internal
memoryresources.The ReM FPGA storesin the SRAM copiesof the settingsloaded
from VME anddatareadbackfrom thePPrASICsandtheTTCrx;

� 16unidirectionaldatalinesareusedby theReM FPGAto transfertheprocessedPPrASIC
eventrelateddatato theROD, via theRGTM-O;

� multiple singledatalines provide the ReM FPGA with control andstatusdatafrom the
communicatingdevices,or areusedby theReM FPGAto transmitsimilar informationto
thesamedevices;

Apart from these,the ReM FPGA hasthe taskto supplyits communicatingpartnerswith
clock pulses.TheReM FPGAreceivesthesesignalsfrom two PPMcomponents.The�rst one
is an on-boardcrystaloscillator(PPM XTAL), which providesa 40.00 MHz pulsetrain. The
secondcomponentis the TTCdeccard,which providesthe 40.08 MHz LHC Bunch-Crossing
Clock or, whenthe LHC clock is not available,a 40.00 MHz clock pulsefrom a local crystal
oscillator. ThePPM XTAL clock is providedto theRGTM-O,aspartof thetransportprotocol
of event datato this device, anddrives the relatedlogic in the ReM FPGA. The clock pulse
suppliedby theTTCdeccardis distributedto all devicesonthereal-timedatapath,andit drives
mostof theReM FPGA's internallogic. Additionally, theinput clock from theTTCdeccardis
usedby theReM FPGAto generatea clock pulsefor thetransportprotocolof theI2C andSPI
databuses,i.e.100 kHz and2 MHz respectively.

6.2 Communication with the On-board and External Devices

6.2.1 The Interface to VME

EachPPrcrateis equippedwith aSingleBoardComputer1 (SBC)whichservesfor thepurposes
of settingup, controllingandmonitoringtheoperationof thePPMs.Themoduleis connected

1VP315from ConcurrentTechnologies
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Figure 6.3: Schematicrepresentationof theVME implementationfor thePreProcessorSystem.

to all PPMsvia aVMEbussystem,on thebackplaneof thePPrcrate.Theway thedatais trans-
ferredbetweentheSBCandthePPMsfollowsthestandardVME protocol[VME87]. Figure6.3
describesschematicallythecommunicationbetweenthetwo modulesontheVMEbus.It should
benotedthatthe�gure doesnotattemptto describethewholesetof VME sub-busesandhand-
shake signalswhich the modulesaccessduring their communication,but only thosethat are
relevant for the operationof the ReM FPGA. The SBC, being the crateCPU unit, plays the
role of themaster. It takescontrolof theVME databus,andinitiatesread=write buscyclesto
transferdatato andfrom oneof theslavePPMsinstalledin thesamecrate.Theslaveprotocolis
implementedon thePPMin a Complex ProgrammableLogic Device calledVME CPLD. The
non-volatilecharacteristicof thedeviceensuresthattheVME interfaceis enabledassoonasthe
systemstartsup. But, dueto the reducedinternalresourcesgenerallyfeaturedby CPLDs,no
complex processingof theVME requestscanbeperformedon thedevice. Instead,theattribu-
tionsof theVME CPLD aremainly limited to decodinganddistributing theVME requeststo
othertwo deviceson theboard:theReM FPGAandtheFlashLoadCPLD2.

The VME addressinglines encodeinformationaboutthe device that hasto take over and
processthe incomingrequest.TheVME modelimplementedin thePreProcessorsystemuses
the A32 addressingmode.EachPPM occupies8 MByte of addressspace,by using the �rst
23 leastsigni�cant bits of the addressbus (A[22:0]) (see�gure 6.4). The uppertwo bits of

2thedevice administratesthecommunicationwith a local non-volatile FlashRAM memory. Firmwarebinaries
for theReM FPGA,andthe four FPGAsof theLVDS CableDriver (LCD) daughtercard,canbeuploadedinto the
FlashRAM memoryvia theVME interface,to laterfacilitateafastloadingto therelateddevices.Moredetailsabout
thefunctionalityof theFlashLoadCPLDandtheFlashRAM memoryarepresentedhere[Han09b].
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this range(A22, A21) areusedto further subdivide the addressspace.The �rst 2 MByte are
allocatedfor accessto statusandcontrolregistersof theVME CPLDandtheFlashLoadCPLD
devices,while theother6 MByte areallocatedfor accessto all registersandmemorylocations
interfacedby or availablein theReM FPGA.Theotherbitsof theA32 addressbusareusedfor
crateandmoduleidenti�cation. The four mostsigni�cant bits (A[31:28]) de�ne theCrateID,
andthey aresetto a �x edvalue3, i.e. 0xC (in hexadecimal).Thenext � ve mostsigni�cant bits
(A[27:23]) encodethegeographicaladdress, i.e. they encodethepositionof themodulewhich
is beingaccessedin oneof the21 slotsof thecrate.TheVME CPLD comparesthese� ve bits
againsta hardwiredslot address, availableon thebackplaneof thecrate,to determinewhether
theincomingVME requestis addressedto thePPMonwhich it operates.

The 32-bit VME addressbus is only routedto the VME CPLD. The device distributesa
sub-setof addressinglinesto theReM FPGAor theFlashLoadCPLD,accordingto thevalues
of the bits A22 andA21. Although the PPM-VME addressingmodeallows byte-wiseaccess
on the bus, all the ReM FPGA locationsin the addressspaceare4-bytealigned. This means
thatthetwo leastsigni�cant bits of theaddressspace(A[1:0]) areneverusedfor addressingthe
ReM FPGA.As a consequence,only 21 bits (A[22:2]) areroutedfrom theVME CPLD to the
ReM FPGA.Theinput 32-bit databus(D32) is fannedout on theboardandroutedto all three
devices.ThehandshakeprotocolbetweentheVME CPLDandtheothertwo slavesensuresthat
only onedevice haswrite accessto thedatabusat a time, in orderto preserve the integrity of
thedataon theVMEbus.

The modelof communicationbetweenthe VME CPLD andthe ReM FPGA is similar to
themaster-slavecommunicationrealisedbetweentheSBCandthePPMontheVMEbus.Upon
identifying a VME requestfor theReM FPGA,theVME CPLD distributestherelatedaddress
dataanda setof control signalsto the ReM FPGA, while holding the VMEbus cycle active.
Thesecontrolsignalsarecopiesof themainhandshake signalsinvolvedin theSBC-PPMcom-
munication,and thereforethey permanentlyre�ect the stateof the VMEbus cycle: VmeAd-
dressSelect(AS*4), VmeDataSelect(DS*) and VmeWrite (WRITE*) (seeagain �gure 6.3).
TheReM FPGArespondswith anacknowledgesignal,i.e. VmeReady(DTACK*), after it has
latchedthe input VME addressanddata,andit has�nished processingtheVME request.The
acknowledgesignaldeterminesthe VME CPLD to endthe currentVMEbus cycle. Addition-
ally, theReM FPGAcangeneratean interruptsignal,andprovide it to thecratecontrollervia
theVME CPLD andtheVME Priority InterruptBus. Thehardwarelevel canbeprogrammed,
on a scalefrom 1 to 7 (IRQ1-IRQ7),via a con�guration registerin theVME CPLD. Also, the
8-bit interruptvectortablecanbecon�guredvia thesameregister[Sch09]. However, currently
neitherthedesignof theReM FPGA's �rmw arenor theATLAS OnlineSoftwareconsiderthis
aspect.

3theATLAS OnlineSoftwareandthetest=debug applicationsareinstalledandrunningon theSBC.Thereforea
separateID for eachPPrcrateis not needed.Also, theRunController, thecomponentof theOnlineSoftwarewhich
coordinatesthe data-takingactivities in the experiment,is connectedto eachPPr cratevia high-speedEthernet,
andgetstold explicitly which host to access.In contrast,an indivudualcrateID is neededto accessthe Fujitsu
microcontrollerandtheTTCdecvia theTiming ControlModule(TCM). ThisID is hardwiredby adedicatedmodule,
which is mountedon thebacksideof eachPPrcrate,in oneof thefreebackplaneslots.

4theasteriskbehindthesignalnameindicatesa low-active signal. This notationis usedthroughoutthe current
andthenext chapters.
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Figure 6.4: Theaddressspaceof thePreProcessorModule[Han09b].

Theactualprocessingof the VME requestin theReM FPGA consistsof transferringdata
betweentheVMEbusandtheregisteror memorylocationsindicatedon theaddressbus,in the
formatrequestedby theconsumer. In addition,theReM FPGAhasto ensurethattheprocessing
is realisedwithin themaximumallowedperiodof timefor theVME cycle. TheVMEbussystem
limits the durationof the cycle5 to avoid the communicationto hang,wheneither the master
hasissuedanaddressthattheslavedoesnot recognise,or whentheslavetakestoo long time to
resolvetherequestof themaster. If thetimeoutconditionis met,thentheVMEbussystemgen-
eratesa BusError (BERR)signal,which in ATLAS operationindicatesa failureof thesystem,
andmayaborttheoperationof thesupervisingsoftware.CertainVME requests,like thetrans-
fer of con�gurationdatato thePPrAnIn-DACsor PPrPHOS4s,or thereadbackof registerdata
from the PPrASICsor TTCrx, cannotbe completedwithin oneVME cycle, dueto the timing
characteristicsof thedatabusesaccessedby theReM FPGAduringthetransfer. In suchcases,
theReM FPGAclosestheVME cycle assoonasit hasacknowledgedtherequest,and�ags in
dedicatedVME statusregisterstheprogressof theoperationandtheavailability of therequested
data.Lastbut not least,theReM FPGAdoesnot provide a fail-safemechanismfor thosecases
in whichthesoftwaretriesto accessanunallocatedaddress.Therefore,it is theresponsibilityof
thesoftwareto issueavalid address.TheVME addressspaceof theReM FPGAis presentedin
appendixB, sectionB.1.

6.2.2 Accessto the On-board SRAM

A synchronousstaticRAM6 device is implementedon the PPM to extendthe internalmem-
ory resourcesof the ReM FPGA. The SRAM is mainly usedto facilitate the transferof data
to VME. Readbackof con�guration datafrom PPrASICsor TTCrx or monitoringdatafrom
PPrASICs,cannotbecollectedanddeliveredto VME in onetransfercycle,dueto theirsizeand

5thisparameteris con�gurable,andit is typically setto 16or 256 ms [Joo05]
6K7M323625Mfrom SamsungElectronics[Sam03]
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time of acquisition.TheReM FPGAassemblesthesedatainto dedicatedblocksin theSRAM,
from wherethesoftwarecanaccessit throughtheVME. Otherusageof thememoryrefersto
storingcon�gurationdataloadedfrom VME. Therearetwo distinctcases.In the �rst one,the
ReM FPGAplacesa copy of eachsettingloadedfrom VME, which is designatedto otheron-
boardcomponentsthantheReM FPGA,to serve asreference. In thesecondcase,thesoftware
loadsdirectly several distinct con�guration patternsfor eachPPrASICPlaybackMemory in
dedicatedlocationsin theSRAM, andtheninstructstheReM FPGAto pick upacertainpattern
andtransferit to thePPrASICs(seesection6.4). A detaileddescriptionof theway thedatais
storedin theSRAM is givenin sectionB.2.

TheSRAM hasa20-bitaddressrange,which is entirelymappedto theVME addressspace.
EachSRAM memorylocationis 36 bits wide, andalthoughtheReM FPGAhasaccessto the
full width, only the lower 32 bits areentirely visible to VME. The other four bits aremostly
unusedandnot accessiblefrom VME. The exceptionoccursfor thosememoryblockswhich
storereadbackof con�guration data. Thecorrespondingupperfour bits of theselocationsare
usedby theReM FPGAto indicatethevalidity of thestoreddata.Themechanismthatsetsthese
�ags, andtheway thebitsaremadevisible to VME, is presentedin section6.4.

6.2.3 The Serial Interfaces to the PPrASICs

As previously mentionedin section6.1, the ReM FPGA is connectedto the 16 PPrASICs
to transfertrigger con�guration dataandcustomcommands,and to receive event data,read-
back of con�guration and trigger independentmonitoring data, and statusinformation. For
thesepurposes,eachPPrASICprovidestwo custom,bi-directionalandsynchronousserial in-
terfaces,eachof whichservestwo PPrASICchannels7 (seealso�gure 5.7). Thismeansthatthe
ReM FPGAis connectedto the16PPrASICsvia a total of 32serialdatabuses.

Figure6.5 describesthecontrolanddatalinesof theserialcommunication,andthemech-
anismof transferringandreceiving data,asimplementedon both devices.The �rst thing that
shouldbementionedis thatthewidth of thedatawordstransmittedover theserialbusis 13bits.
Theboundariesof theeachdatawordarede�ned by aFrameBit.Thesignalis usedatbothends
to transfernew dataandto latch the incomingone. Upon theoccurrenceof theFrameBit,the
transmittingendcopiesthe datainto an OutputShiftRegister, andon the next event of Serial-
Clk it startssendingthedata,bit-by-bit (seeDataOut). Thereceiving endcapturesthedatabits
(DataIn) into anInputShiftRegisteruntil thenext occurrenceof theFrameBit,whenthewhole
contentis copiedinto an InputRegister. The latter operationis necessaryto further allow the
latchingof the incomingdatabits without overwriting thepreviousdataword. Theprotocolof
thePPrASICserialinterfacerequirestheexternaldevice to masterthecommunication.Which
meansthat theReM FPGAhasto provide theFrameBitandtheSerialClksignalsto thePPrA-
SIC. Also, the sameprotocoldoesnot includeany hand-shake mechanism.The successof a

7thereasonfor this implementationis ratherhistorical.Thepresentfour-inputchannelPPrASICwasinitially de-
signedto processonly two triggersignals,andto provideonly oneserialport for con�gurationandreadout[ IHE99].
Also, thePPrMCMdesignwasdifferent,beingadaptedto hosttwo suchPPrASICs.Laterstudiesshowedthatit was
possibleto integratefour channelsinto onechip,andthusreducethecomplexity of thePPrMCMlayout.Thedesign
of thecurrentPPrASICwasin principleobtainedby duplicatingthechannel-andserialinterface-wisefunctionality
of thepreviousdesign,while adaptingtheexistingglobalfeaturesandaddingnew ones.
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Figure 6.5: Timing waveformfor thesignalsof thePPrASICserialinterface[Hus02].

write operationto thePPrASICis re�ectedin thedataprovidedby thedevice.
More detailsaboutthe format in which the PPrASICandthe ReM FPGA transferdatato

eachotherover theserialinterface,aswell asdetailsaboutthecontentof therespectivedata,are
presentedin varioussectionsthroughoutthechapter.

6.2.4 The Interface to DAQ System

The top priority of the ReM FPGA,during normaloperationin the ATLAS experiment,is to
provide eventdatato theDAQ System.Theeventdatais accumulatedchannel-wisein pipeline
memories,in the16PPrASICs,andit is transmittedto theReM FPGAuponreceiving apositive
decisionfrom the trigger system.The ReM FPGA gathersthe event datafrom all PPrASICs,
processesit in thespeci�ed ATLAS format,andsendsit asserialstreamsto theDAQ System,
via aROD module.

The transferof event datafrom the ReM FPGA to the ROD is intermediatedby the slave
RGTM-O card[Mah05], which is mountedon the backsideof the PPrcrate. Figure 6.6 de-
scribesschematicallytherelationshipbetweentheReM FPGAandtheRGTM-O,aswell asthe
readoutpathto DAQ. TheReM FPGAis connectedto theRGTM-Ovia asynchronousanduni-
directional20-bit databus.Only 16 linesof thebusareactively used,eachof themtransporting
theprocessedeventdataof onePPrASIC.OntheRGTM-O,the16inputreadoutstreamsare�rst
bufferedandfurtherserialisedinto onestreamby aGigabitRateSerialTransmitChip[Agi], and
thensentvia G-Link to theROD by anoptical transmitter[Inf]. Additionally, theReM FPGA
providestheRGTM-O with a 40.00MHz clock (GLinkClk), obtainedfrom thePPMon-board
crystal oscillator, and threecontrol signals: DataAvailable (DAV*), RESET* andLaserDis-
abled(LaserDis). TheDAV* framestheserialeventdatastreamson boththeReM FPGAand
theRGTM-O's transmitterchip. TheRESET* initialisesthe internalregistersof thesamede-
vice8, while LaserDis signalis routedto theRGTM-O'sopticaltransmitter, to switchthedevice
on9.

8the documentationof the Gigabit transmitterchip speci�es that the externaldevice mustkeepthe resetsignal
active for at least� veclockperiods,in orderto ensurethesuccessof theoperation.TheReM FPGAkeepsthesignal
active for eightclockperiods.

9the optical transmitterrequiresthe LaserDis signal to be low-active andkept in this statefor at least10ms.
The ReM FPGA drivesthe signalhigh, asits stateis invertedby logic on the RGTM-O, prior to the arrival in the
optical transmitter(see�gure 6.6 andthe relateddocumentation[Per05]). Also, the ReM FPGA drivesthe signal
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Figure 6.6: Theinterfaceto theDAQ system.

Two statussignals are routed from the RGTM-O to the ReM FPGA: LINKRDY and
Tx Fault. TheLINKRDY signalindicatesthattheRGTM-O's transmitterchip is readyto send
datato theROD, while Tx Fault indicatesaneventualfaultyoperationof thelaser. Thestrategy
implementedin theReM FPGA's �rmw are,for transmittingtheeventreadoutdatato theDAQ
System,doesnot considerthe gating of the data�o w with thesetwo statussignals.A recov-
ery mechanismwould be very complex andunnecessary. The eventualfaulty operationof the
RGTM-O is recognisedby the ROD [Bar08], andthe replacementof the defective moduleis
the mostappropriatesolutionfor suchcases.Therefore,the two bits areonly mappedby the
ReM FPGAin the�rst ReM Statusregister, in orderto provide a statusof thesystemto VME
(seetableB.22). In addition,thestateof theLINKRDY signalis re�ected by oneLED on the
front panelof thePPM.

6.2.5 The SPI Interface to the PPrAnIn-DACs

As mentionedin thepreviouschapter, theconditioningof theanaloguecalorimetertriggersig-
nalsis performedby four PPrAnInboards.EachPPrAnInreceivesandpreparesfor digitisation
16 analoguetrigger-tower signals.Thesignals,which arrive asdifferentialpairs,are�rst con-
vertedto single-endedand thenrescaledto matchthe digitisationwindow of the PPrMCM's
FADCs. Additionally, thebaselineof thesingle-endedsignalis adjusted,by addinga DC-level
offset, and a comparatorindicateswhen the samesingle-endedsignal hasexceededa given
threshold.The offset andthe thresholdarecon�gurableparameters,andthey areprovided by
8-bit programmableDACs.

Each PPrAnIn is equippedwith four identical DACs10, each of which has eight pro-
grammablechannels.Two of theseDACs are usedfor adjustingthe baselineof the signals,

permanentlyhigh,asthereis nooperationalneedto deactivatetheopticaltransmitter.
10MAX529CAG from MAXIM [Max94]
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Figure 6.7: Theimplementationof theSPIbuson thePPMfor thecaseof onePPrAnInboard.

while the other two areusedfor settingup the thresholdat the input of the comparator. The
ReM FPGAis connectedto all four DACsvia a synchronousSerialPeripheralInterface(SPI)
Bus. Therearefour physical SPI busesimplementedon the board,eachoneproviding access
to a correspondingPPrAnInboard. Figure6.7 illustratesthe implementationof theSPIbus in
thecaseof onePPrAnInboard.TheReM FPGAtransfersthedatato theDACsover theMaster
Out, SlaveIn (MOSI) line. The four DACs aredaisy-chained,suchthat only the �rst DAC is
directly connectedto the MOSI line, while the otherthreeareconnectedto the DOUT pin of
theprecedingDAC. A particularityof theSPIbus implementedon thePPMis that it doesnot
containtheMasterIn, SlaveOut (MISO) electricalline. WhichmeansthattheDACscannotbe
readback11.

Thedatatransferredby theReM FPGAto eachDAC consistsof an8-bit address,identifying
oneof theeightinternalDAC channels,andan8-bit offsetor thresholddata.Whichmeansthat
duringonewrite cycle to all four DACstheReM FPGAtransmits64 bits. On theReM FPGA,
theoutputdatais clockedwith a2 MHz clock,which is internallyderivedby dividing theLHC
clock.Thesameclock pulseis providedto all DACsvia theCLK line, to allow thelatchingof
the incomingdataon eachdevice. In parallel, the ReM FPGA assertsthe Chip Select(CS*)
signal to control the operationof the DACs. Whenthe signal is driven low, eachDAC shifts
the input datainto a 16-bit register, while sendingthe leastsigni�cant bit of thesameinternal
register to the DOUT pin. This operationensuresthe propagation of datathroughthe daisy
chain.Simultaneouslywith the arrival of the 64th databit in the �rst DAC, the ReM FPGA
drivestheCS* signalshigh.Uponthedetectionof a low-to-hightransitionof theCS* signal,all
four DACsdisabletheCLK input, andupdatetheir DC outputsaccordingwith thedigital data
storedin theinternalshift register[Sch09].

11thereadbackwould have beenpossibleif theDOUT pin of thelastDAC wasconnectedto theReM FPGA,via
theMISO line. Thereasonthathadmotivatedthedecision,to leave out theMISO line, is thatonly theconstantDC
outputof theDACsplaysasigni�cant role,andthiscanbededucedby analysingtheFADC data[Han09a].
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6.2.6 The I2C Interfaces to the PPrPHOS4sand the TTCrx

Two standardserial Inter-IntegratedCircuit (I2C) busesareimplementedon the PPM.Oneof
theI2C busesconnectstheReM FPGAwith all 16 PPrPHOS4timing chips[CER92], to allow
the con�guration of the digitisationstrobes,while the otherI2C bus connectsthe sameFPGA
devicewith theTTCrx chip[Chr04] of theTTCdeccard[Qia05], for con�gurationandreadback
of theTTCrx registers.

In bothcasestheReM FPGAis themaster, andtheotherdevicesaretheslaves. Figure6.8
illustratestheimplementationof thetwo I2C busesonthePPM,andthelogic in theReM FPGA
thatmastersthedatatransferover thesebuses.TheReM FPGAprovideseachslave with 8-bit
datavia the Serial Data (SDL) line, andwith a 100 kHz clock pulse,derived from the LHC
clock, via theSerialClock (SCL) line. TheReM FPGAsendsfour distinct typesof data,each
of thembeingloadedon the bus at certainstepsduring the communication,asde�ned by the
I2C protocol:aslaveaddress, which identi�es thedevice to which thedatais addressed,a local
address, which indicatesthelocationon theslave thathasto bereador written, theactualcon-
�guration data,andthecontrolbits thatdrive theI2C communication.Theslavefunctionalityof
theTTCrx andthePPrPHOS4is different.TheTTCrx providesanacknowledgebit in response
to eachbytereceivedfrom theReM FPGA,and,if readbackis requestedfrom oneof its regis-
ters,it providesthecorresponding8-bit registerdata.ThePPrPHOS4respondsaswell with an
acknowledgebit, but it doesnotprovidea read-accessto its registers.

Thepropertiesof thestandardI2C busrequireall thedevicesconnectedto theSCLandSDA
linesto haveopen-drainor open-collectoroutputs.TheReM FPGAful�ls therequirementonly
for theSDA lines,while theSCL linesaredrivenvia a push-pulloutput. The reasonsthat led
to this implementationaremainly relatedto thecharacteristicsof thePPrPHOS4-I2C bus,and
with theoperationof thePPrPHOS4chip.Early work, with a prototypePPM,revealedthatthe
PPrPHOS4cannotacknowledgetheclock properlyif theSCL line is pulledup [Mah04]. The
relatively long lines of the PPrPHOS4-I2C bus, determinea high bus capacitanceand,subse-
quently, a slow rising edgeof theclock.Additional re�ectionsor noiseon theclock line, com-
binedwith theabsenceof a Schmitttriggerat the input stageof thePPrPHOS4,determinethe
deviceto double-latchtheinputclock[Sch09]. By driving theSCLline throughapush-pullout-
put,a fasterrising edgeof theclock is obtained,andthedescribedeffect is minimised.TheI2C
busthatconnectstheReM FPGAwith theTTCrx chip is considerablyshorter, andit doesnot
presentsimilarproblems.However, for simpli�cation of the�rmw aredesign,thecorresponding
SCL line is alsodriventhroughapush-pulloutput.

The I2C protocolis maintainedin theReM FPGA by two modules:I2CDataTransferand
I2CMasterCore. Althoughthelattermodulebearsthenamemaster, theactualmasterof theI2C
communicationis theI2CDataTransfermodule.TheI2CMasterCore,which is entirelybasedon
sourcecode,providesonly theinterfaceto theI2C bus[Her03]. This in principlemeans,thatthe
modulehasto beinstantiatedtwicein the�rmw aredesign,suchthateachinstanceinterfacesone
I2C bus. But, becausetheTTCrx andthePPrPHOS4sarenever addressedsimultaneouslyover
theVME, andin orderto minimisetheusageof internalFPGAresources,thefollowing strategy
hasbeenadopted.The I2CMasterCoreis implementedonly once,so that it seesonly oneI2C
bus with 17 slaves,i.e. 16 PHOS4sandoneTTCrx. The I2C relatedsignalsproducedby this
module,i.e.outputdata(SDOUT)andclockanddataoutputenable(COE*, DOE*), arefanned
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Figure6.8: Theimplementationof theI2C buseson thePPM.

outandroutedto two functionallyidenticalmodules,PHOS4Port andTTCrxPort, whereall I2C
I=Osareimplemented.TheSDOUTandDOE* signalsfed theopen-collectorlogic, while the
COE* signalis usedby thepush-pulllogic. TheI2CMasterCoreprovidesalsoanoutputclock
signal(CLKOUT), but sincetheSCL line is driventhroughapush-pulloutput,thissignalis not
usedat all and,for thesamereason,not shown in �gure 6.8. Thetransferof dataover eachI2C
busis gatedby two outputenablesignals,Phos4I2C PortActiveandTTCrx I2C PortActive, to
ensurethatI2CMasterCoreaccessesonly onebusata time. Thetwo enablesignalsareasserted
by a Phos4TTCrxDatamodule.Basedon the input VME address,this modulemakesa clear
distinctionbetweena PPrPHOS4anda TTCrx request, andassertsthe correspondingenable
signal,while simultaneouslydeactivatestheotherone.Additionally, thesamefunctionalmodule
providestheI2CDataTransferwith appropriateslaveandlocaladdresses,andwith con�guration
datafrom VME.

Theinput I2C clockanddatasignalsarealsoroutedto theI2CMasterCore.Eachof thePort
modulesprovidestwo suchsignalsfrom thecorrespondingI2C bus,whicharethenmultiplexed
accordingto the logic value of the Phos4I2C PortActive enablesignal.When the input I2C
dataprovidescon�gurationdatareadbackfrom theTTCrx, thecontentis transferredfrom the
I2CMasterCoreto theSRAM, via theI2CDataTransferandPhos4TTCrxDatamodules.

Lastbut not least,aspecialbehaviour of theTTCrx chipwasobservedwhentheLHC clock
is not present.As long as the latter occurs,an internalwatchdogcircuit initiatesperiodically
anautomaticresetof thechip, which affectsaswell the I2C interface[Han09a]. Therefore,in
order to avoid the communicationto hangwhenthe TTCrx is in resetstate,the ReM FPGA
doesnot gate the datatransferwith the acknowledgebit sentby TTCrx. However, in order
to allow the veri�cation of the I2C transferin normaloperationmode,the ReM FPGA maps
theacknowledgebits, received from theTTCrx at differentstepsof thecommunication,in the
secondsecondReM Statusregister(seetableB.23). In a similar way, theReM FPGAignores
theacknowledgebits sentby thePPrPHOS4sduringtheI2C datatransfer, andmapsthesebits
into adedicatedVME statusregistercalledPHOS4Acknowledge (seesectionB.3.5).
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6.2.7 Control and StatusSignals

The ReM FPGA providesandreceivesmultiple control andstatussignalsfrom the on-board
components.Thesesignalsaretransmittedover singlelines, independentof any busprotocol.
The informationthey carryandtheir handlingin theReM FPGAis describedin the following
subsections.

The Level-1ProtocolSignals

TheseincludetheL1A signalandthesynchronousbunchcounter(BCR)andeventcounterreset
(ECR)signals.All threesignalsaregeneratedby theCTP12. TheL1A signalindicatesthat the
CTP hasacceptedan event,while the BCR andECR signalssynchronisecorrespondinglocal
counterson theATLAS front-endandreadoutelectronics.TheCTPfansthesignalsout to the
TTC system,which distributesthemvia optical �bers to the detectorelectronics.In eachPPr
crate,a Timing Control Module(TCM), locatedin theright mostslot, receivestheTTC signal,
convertsit to electricalform, anddistributesit to eachPPMover thecratebackplane[Gee06].
On the PPM, the signal is directly routedto the TTCdeccard,wherethe TTCrx chip extracts
theL1A, BCRandECRsignalsfrom thestream,re-synchronisesthemwith theLHC clock,and
routesthemonseparatechannelsto theReM FPGA.

In theReM FPGA,eachinput is fannedout twice. Onecopy is distributedto all 16 PPrA-
SICs13, while the other copy is internally usedby the logic that processesand transfersthe
PPrASICreadoutdatato DAQ (seesection6.5). Additionally, theprotocolsignalsareregistered
twice in the ReM FPGA,onetime at the input stageandanothertime at the outputstage,as
shown in �gure 6.9. This implementationwasadoptedafter it wasobserved that, if thecopies
provided to the PPrASICsareroutedasynchronouslythroughthe FPGA, their alignmentwith
theclock suppliedto thesamedevices(MCMClk) signi�cantly differs from theonesetby the
TTC. Both theMCMClk andthesystemclock (SysClk),which operatesthe registeringof the
signals,representdelay-compensatedversionof theLHC clock (seealsosection6.3). Thecon-
sequenceof the doubleregisteringis that the L1A, BCR, andECR signalswill arrive in the
PPrASICswith adelayof 50ns.To copewith thesituation,thecontrollingsoftwaremustadjust
accordinglythereadpointersof thescrollingmemorieswhichrecordeventdatain thePPrASIC.

The Local ProtocolSignals

For the casewhenthe PPM is operatedin standalonemode,on a set-upthat doesnot include
a TTC system,theReM FPGAcangenerateon requestlocal protocolsignals,i.e. local trigger
andcounterresetsignals(seeLL1A, LBCR andLECR in �gure 6.9). Therequestis addressed
over theVME, via threededicatedregisters.Thebit �eld contentof theseregisters,aswell as

12theBCRsignalis, in fact,a re�ection of theORBIT signalprovidedby theLHC machine,andwhichde�nesthe
3564bunch-crossingsLHC turn [Pau05].

13in orderto reducetheusageof I=O pinson theReM FPGA,andto reducethecomplexity of thePPMlayout,
the duplicationof eachprotocolsignalinto 16 othersignalsis not performedin the ReM FPGA,but on dedicated
bufferslocatedon themainboard.This implementationextendsto all controlandclock signalsdistributedfrom the
ReM FPGAto thePPrASICs.
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Figure 6.9: Thehandlingof theLevel-1andthelocalprotocolsignalsin theReM FPGA.

thevariousmodalitiesprovidedto generatea local trigger, is describedin detailsin appendixB
(seesectionsB.3.18andB.3.19).

Oncegenerated,eachsignalis multiplexedwith thecorrespondingTTC protocolsignal,so
thatit getsdistributedto thesamelocations.In ordertopreventany accidentalgenerationof local
triggerandcounterresetsignals,while thePPMis usedin theATLAS data-takingruns,onecan
con�gure theReM FPGAto operatein asocalledDAQ Mode. As longasthismodeis enabled,
theReM FPGAwill deny any VME requestfor local protocolsignalsandcorrespondingly�ag
the refusalvia the �rst ReM Error register (seetable B.26). The DAQ Mode is describedin
section6.4.6. Also, applicationsthatmake useof thelocal protocolsignalsaredescribedin the
next chapter.

Clock Selectionon the TTCdec Card

Thereal-timepre-processingperformedon thePPMis drivenby theLHC clock. Thesignalis
deliveredby the TTC system,via the sameoptical streamsthat containsthe protocolsignals.
TheTTCrx recoverstheclocksignalfrom theinputstreamandprovidesonenon-deskewedand
two deskewedcopiesto theoutput. As describedin section6.3, oneof deskewedLHC clocks
is routedto the ReM FPGA which thendelivers it to all the on-boarddevices locatedon the
real-timepath.

When the PPM is operatedon a set-upthat doesnot include a TTC system,and hence
is not suppliedwith an LHC clock, the TTCdecdaughtercardcan provide the ReM FPGA,
in compensation,with a 40.00 MHz clock pulsefrom a local crystal oscillator (XTAL). On
the TTCdec,the XTAL clock andthe two deskewed LHC clocksfrom TTCrx (Clock40Des1,
Clock40Des2)arefed into a multiplexing logic, of which output is controlledby two signals
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Figure 6.10: Theclockselectionschemeon theTTCdec[Qia05].

providedby theReM FPGA(see�gure 6.10).
The�rst signal,PnD, de�nestwo operationalmodesfor theReM FPGA:ProtectedandDe-

bug. In Protectedmode,theReM FPGA hasto selectonly thedeskewedLHC clocks,andto
disablethedatasenton theexternalinterfaceswhenever theLHC clock is not available. This
latteraspectis �agged by theTTCrx, via theTTCReadysignal.Whenasserted,thesignalindi-
catesthat theTTCrx receivesexternalTTC signalsandthat thephase-lockedloop (PLL) of its
internalclock anddatarecovery circuit haslocked. This signalis routedto theReM FPGAvia
theS1output.In Debug mode,theReM FPGAcaneitherselecttheXTAL clock asa sourceor
automaticallychangetheclock source[Qia05]. As theclock pulsesuppliedby this multiplex-
ing logic drivesalsomostof the ReM FPGA's internallogic, the Debug modeis permanently
enabled,i.e.PnD is alwayssetto thelogic valueof ”0”, sothattheclocksourceis automatically
changed.

The secondcontrol signal provided by the ReM FPGA, ClkSel, indicatesactually which
clocksourcehasto beselected.If thesignalis drivenhighthentheTTCrx is selected,otherwise
theXTAL. TheReM FPGAassertsthis signalaccordingwith thelogic valueof theTTCReady
signal,so that theXTAL clock is automaticallyselectedwhentheLHC clock is not available.
Thesourceselectedby themultiplexing logic is re�ected in theS2output,which is alsorouted
to theReM FPGA.Togetherwith theS1output,this signalis mappedin the �rst ReM Status
registers.Additionally, thestateof theS1andS2signalsis re�ectedby two LEDs on thefront
panelof thePPM.
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Broadcastbits Description

6'b00 0010 StopLVDS syncpattern(PPMspeci�c)
6'b00 0011 StartLVDS syncpattern(PPMspeci�c)
6'b01 0000 Startplayback(globalcommand)

Table6.1: TheTTC broadcastcommandsfor thePPrsystem.

The TTC BroadcastCommands

Certainfunctionalor testingproceduresrequireasynchronousoperationof all PPMsin thesys-
tem. In orderto determinethelock conditionof theLVDS receiverson theL1Caloprocessors,
thePPrMCM-LVDS transmittersshouldsimultaneouslygenerateandtransmitasynchronisation
pattern.Also, testapplicationswith PPrASICplaybackdata,which verify the timing andper-
formanceof thedigital partof theL1Calosystem,requirea synchronousstartof theplayback
memories.Theonly possibilityto realisethisglobalsynchronisationis by distributingbroadcast
commandsvia theTTC system.

The broadcastcommandsencodespeci�c actionsfor the systemin an 8-bit datapacket.
The TTCrx chip recovers the datafrom the input serial streamand provides it in parallel to
the ReM FPGA. The two leastsigni�cant bits of the broadcastdataarereserved by the TTC
systemfor bunchcounterandeventcounterresetcommands,andthey arenormallysetto zero
whenbroadcastcommandsaredistributedto L1Calo[Lan08]. For thisreason,thecorresponding
lines arenot routedfrom the TTCdeccardto the ReM FPGA.The remainingsix bits encode
global andmodulespeci�c commands.Currently, oneglobal andtwo speci�c commandsare
addressedto PPM.Table6.1 shows thecombinationof bits andthecorrespondingdescription
for eachcommand.

Additionally, theTTC providestwo strobes,BrcstStr1andBrcstStr2,to validatethebroad-
castdata. The strobesare differently synchronisedwith the two deskewed LHC clocks on
the TTCrx (Clock40Des1,Clock40Des2).The BrcstStr1signaland the lower four command
bits are synchronisedto Clock40Des1,while BrcstStr2and the upper two bits are synchro-
nisedeitherwith Clock40Des1or Clock40Des2.As theReM FPGA's �rmw areusesexclusively
Clock40Des1(seesection6.3), datais latchedonly on the occurrenceof BrcstStr1. After the
contentof thebroadcastedmessageis decoded,theReM FPGAdistributescorrespondingcon-
trol signalsto thePPrASICsor thePPrMCM-LVDS transmitters,via dedicatedsinglelines.

Thesameactionslisted in table6.1 areavailableasVME commands,to provide a similar
servicewhenthePPMis testedin standalonemode(seesectionB.3.17). TherelatedVME and
TTC commandsareOR'ed,sothatif distributedsimultaneouslyacommonactionis taken.

The PPrPHOS4Status

The PPrPHOS4chip provides digitisation strobesto the four FADCs mountedon the same
PPrMCM. Eachstrobeis obtainedby delayingthe input LHC bunch-crossingclock in steps
of 1 ns,up to 25 ns,with respectto a referenceclock. Both the LHC clock andthe reference
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clockaresuppliedby theReM FPGA(see6.3). On thePPrPHOS4chip, thetiming referenceis
providedto eachchannelvia aDelayLockedLoop(DLL). In parallel,aphasedetectorcontinu-
ouslycomparestheinput referenceclockagainsttheDLL output,andtheresultis routedoff the
chip. ThePPrASICmountedonthesamePPrMCMmonitorsthephasedetectoroutputto deter-
minetheproperoperationof thePPrPHOS4.If thefrequency of thephasedetectoroutputsignal
is lower than2 MHz or higherthan6 MHz, or the signalhasa constantvalue,the PPrASIC
assertsaFrequencyLostbit. Thisstatusbit is thenroutedfrom thePPrASICto theReM FPGA,
whereit is packedwith other15similarbits into aVME statusregister(seesectionB.3.6).

The External BCID Signals

As mentionedin section6.2.5, comparatorson thePPrAnInboardindicatewhentherisingedge
of thesingle-endedsignalshasexceededa programmablethreshold.Thedigital outputof each
comparator, namedExternalBCID, is sentto a correspondingPPrASICin orderto beusedin
theBCID logic. As eachPPrAnInboardperformsanalogueprocessingfor 16 input signals,16
ExternalBCID signalswill result from the comparison.In parallel,a copy of thesesignalsis
logically OR'edon thePPrAnInboard,andtheresultis sentto theReM FPGA.Therefore,the
ReM FPGA receives in total four suchExternalBCIDs, onefrom eachPPrAnInboard. The
signalsareusedby ReM FPGAto built a local trigger, for testinganddebuggingapplications.
Theimplementationof thelocal triggeris describedin sectionB.3.18.

The VME ResetSignal

This is a low-active signalwhich is generatedby the controlling software,via a con�guration
register in the VME CPLD, to initialise the logic of the ReM FPGA.A copy of this signal is
distributedby theReM FPGAto all 16PPrASICs,for thesamepurpose.

The TTCrx ResetSignal

ThissignalinitialisestheTTCrx andis generatedby theReM FPGA,following aVME request
addressedvia the ReM Control register(seealsoB.3.22). Initially, the signalwascoupledto
the VME Reset,so that the TTCrx wasinitialised in the sametime with the ReM FPGA and
thePPrASICs.Thedecisionto implementa separatefunctionfor TTCrx wastakenafter it was
observedthat theresetof theTTCrx device sometimesgeneratesa glitch in theclock provided
by theTTCdec.

In morewords,whentheresetstateis activated,theTTCrx de-assertstheTTCReadysignal,
which,aspreviouslyexplained,determinestheclockmultiplexing logic of TTCdecto selectthe
XTAL asclock source.As soonasthe resetstateis released,andits internalPLL haslocked,
the TTCrx re-assertsthe TTCReadysignal,which determinesthe samemultiplexing logic to
considertheTTCrx asclocksource.Thisswitchingbetweenthetwo clocksources,from TTCrx
to XTAL andthenbackto TTCrx, generatessometimesaclockglitch, whichaffectsirreversibly
thelogic of theReM FPGA14. Oneexampleof logic damagedby aclockglitch is thegeneration

14the”clock glitch” problemwasonly veryrecentlyspotted.Sofar, it is notclearwhethertheglitch is generatedby
theclock multiplexing logic of theTTCdecor by theReM FPGA's DLLs (seesection6.3). Theonly clearevidence
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of theFrameBitsignal,which controlstheserialcommunicationwith thePPrASICs(seeagain
section6.2.3). The signal representsthe leastsigni�cant bit of a 13-bit shift register. Within
this register, one bit of logic value ”1” is shifted on the occurrenceof eachclock event, so
that a FrameBitsignal is generatedevery 13th clock cycle. The observed behaviour wasthat,
sometimes,aftera resetto TTCrx, theFrameBitdoesnot getassertedagain. This hasled to the
conclusionthat theclock glitch determinesthelogic of theshift registerto latchtheshift bit at
a wrong time, andthusto changeits logic valuefrom a ”1” to a ”0”. The main consequence
of losing theFrameBitis the inability of theReM FPGAandthePPrASICsto transferdatato
eachother. Additionally, the communicationwith VME is affected. Whenthe ReM FPGA is
requestedto transferdatafrom VME to PPrASICs,the ReM FPGA assertsthe acknowledge
bit (i.e. VmeReady, seeagain �gure 6.3) only after thedatatransferis completed.As thedata
transfercannotoccur in the absenceof the FrameBit,the acknowledgebit is never asserted,
andthis determinesthecratecontrollerto generatea VME buserrorsignal.Lastbut not least,
sincetheTTCdecclock is distributedby theReM FPGAto thePPrASICs,onecanexpectthe
PPrASIClogic to beaswell affectedby theclockglitch.

Theonly wayto restorethecorrectoperationalstateof theReM FPGAandof thePPrASICs
is by re-initialisingtheir logic via a VME Reset.As this signalwasinitially alsodistributedto
theTTCrx, it wasdecidedto implementtwo separateresetfunctions,andrequestthecontrolling
softwareto alwayssendaVME Resetafteraninitialisationof theTTCrx chip. This implemen-
tationdoesnotpreventa furtherclockglitch to occur, but it allows thelogic on theReM FPGA
andthePPrASICsto recover from aneventualclockglitch.

Finally, the ReM FPGA permanentlymonitorsthe locking stateof the TTCrx via the S1
statusbit of TTCdec. A TTCrx LockLost bit is assertedin the Statusregistereachtime the
S1signalmakesa high-to-low transition.Thestatusbit is clearedby a VME Reset,sothat the
high-to-low transitioninducedby a resetto TTCrx is not considered.Additionally, the logic
thatsetstheTTCrx LockLostbit is drivenby thePPM XTAL clock, to ensurethat it doesnot
get damagedby a clock glitch. Thus,whenever this statusbit is asserted,onecancounton a
malfunctionof thesystem,eventuallycausedby aclockglitch.

StatusSignalsto the Front Panelof the PPM

Two statussignalsaregeneratedon theReM FPGAin orderto activatetwo LED indicatorson
thefront panelof thePPMboard.The�rst signalindicatesthatanL1A waseitherreceivedfrom
theTTC or locally generatedin theReM FPGA.Thesecondsignalindicatesthatat leastoneof
thePPrPHOS4statusbits, i.e. theFrequencyLost bits deliveredby thePPrASICs,is set. Both
signalsarestretchedto about400 ms wide,sothattheactive stateof theLED indicatorscanbe
sensedby thehumaneye.

is thattheDLLs donotdeactivatetheirLOCKED signalswhentheclockglitch occurs.Thiswasprovenby counting
the high-to-low transitionof eachLOCKED signal,i.e. the lock is lost. Whenever a clock glitch hasoccured,the
valueof therespectivecounterswassetto zero.
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6.3 Clock Management

Anothertaskof theReM FPGAis to supplyvariouson-boardandexternaldeviceswith clock
pulses(see�gure 6.11). The ReM FPGA, in his turn, is suppliedwith clock pulsesfrom two
sources:the TTCdecandthe PPM XTAL. As describedin the previous section,the TTCdec
can provide either two deskewed versionsof the 40.08 MHz LHC clock (Clock40Des1and
Clock40Des2)or a 40.00 MHz pulsetrain from a local XTAL. Thesepulsesareroutedto the
PPMboardvia threechannels.The�rst two channelsprovide a delay-compensatedversionof
the Clock40Des1=XTAL andClock40Des2=XTAL clock pulses,while the third channelpro-
videstheoriginal Clock40Des1=XTAL clock pulseoutputof themultiplexing logic (seeagain
�gure 6.10). TheReM FPGAusesanddistributesto otherdevicesonly theclockpulsesupplied
on thethird channel.Thereasonfor this choiceis thatthePPrMCM-LVDS transmitters,which
aresuppliedwith a clockpulseby theReM FPGA,requirea clock jitter valuesmallerthan150
ps[Nat02]. Thisspeci�cationis ful�lled only by thenon-compensatedclockpulse[Sch09]. The
othertwo clock signalsarealsoroutedto theReM FPGA,but thecorrespondinginput pinsare
disabledin the�rmw aredesign.

Thesecondclocksource,thePPM XTAL, providestheReM FPGAwith a40.00MHz pulse
train [Jau]. This clock signal,andtheonereceivedfrom TTCdec,areroutedin theReM FPGA
to the input of a clock managementscheme.The respective logic, locatedin the ClockMan-
ager functionalblock, employs internalFPGADLLs to obtaindelay-compensatedandequally
symmetric15 versionsof theinput clockpulses,anddeliverstheresultingsignalsto internaland
externalconsumers. Theclock schemeis illustratedin �gure 6.11. Additionally, table6.2 lists
theproducedclockpulsesandthedevicesto which they aredelivered.

The input PPM XTAL clock is only usedto producethe serialframeclocksthat drive the
transferof eventdatafrom theReM FPGAto theRGTM-O,i.e. intGLinkClk andextGLinkClk.
Thechoicefor thePPM XTAL wastriggeredby yet anotherclock-jitter issue.In anearlyver-
sionof theReM FPGA's �rmw aredesign,intGLinkClk andextGLinkClk wereobtainedfrom
the deskewed LHC clock. During functional testsof the DAQ interface,performedwith this
�rmw areversion,it wasobserved that bits wereconstantlylost during the transmissionto the
ROD. Althoughthedocumentationdoesnotprovideany jitter speci�cation,it wasassumedthat
a large jitter value,above thetolerance,on the input clock providedby theReM FPGA,deter-
minestheRGTM-O's Gigabit transmitterchip to wrongly latchtheinput data.Theassumption
was later proven to be correct,whenthe �rmw aredesignof the ReM FPGA waschangedto
generatethe serial frameclocksfrom the input PPM XTAL clock [Sch09]. Also notethat, in
orderto ensurea reliablelatchingoperationon theGigabit transmitterchip, theintGLinClk and
extGLinkClk clocksignalsare180-degreephase-shifted.

All theotherclockpulsesareobtainedfrom theinputsuppliedby theTTCdec.This includes
also the I2C- and SPI-bus clocks, which are derived by dividing the systemclock (SysClk)
down to theneededfrequency. Thedivision is realisedin logic, in otherfunctionalblocksof the
ReM FPGA,andnotvia DLLs.

An importantfunctionalaspectof theclock managementschemeis thatall theDLL feed-
backloopsarerealisedinsidetheReM FPGA.In thecaseof theDLL thatprovidesthesystem

15i.e. 50%-50%dutycycle.
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ClockName Consumer(s) Usage

SysClk ReM FPGA systemclock,drivesmostof thelogic
extSRamClk SRAM operationalclock
intSRamClk ReM FPGA drivestheSRAM relatedlogic
MCMClk PPrASICs drivesthepre-processinglogic

PHOS4s usedfor generatingFADC strobes
PPrMCM-LVDS operationalclock
Transmitters

MCMSerClk PPrASICs drivestheserialinterfacelogic
Phos4Clk PHOS4s referenceclock for delayingtheFADC strobes
I2C Clock PHOS4s I2C-busclock

TTCrx ”
ReM FPGA ”

SPI Clock PPrAnIn-DACs SPI-busclock
ReM FPGA ”

extGlinkClk RGTM-O serialframeclock
intGlinkClk ReM FPGA ”

Table6.2: Theclockssignalsproducedin theReM FPGA.

clock (SYSCLKDLL), thefeedbackline connectstheinternalclock distribution network of the
FPGAto theclock feedbackpin of theDLL (CLKFB), to allow theDLL to eliminatethedelay
betweenthesourceclock andthe individual loadswithin theFPGA.In all theothercases,the
feedbackline connectsonly theexternaloutputpin of theFPGA,throughwhich thegivenclock
pulseis deliveredto an externaldevice, to the correspondingCLKFB pin. Which meansthat
theDLLs only eliminatethepropagationdelayfrom their output(CLK0) to theexternaloutput
pin. In principleexternalfeedbackloopscanbeimplemented,thelayoutof thePPMboardcon-
tainssuchelectricallines. However, thesefeedbacklinesarecurrentlydisabledby thephysical
absenceof a correspondingresistor. But, even if the lines would be activated,the actualgain
of usingthe external feedbackloopsis not signi�cant. That is becausethe feedbacklines are
not routedbackfrom theclock consumers, asnoneof themprovidessuchanoutput,but from
differentclock fan-outanddistribution pointson the PPM board,which in mostof the cases
arelocatedat a closerdistanceto the ReM FPGA thanto the clock consumers. Which means
that the actualpropagation delaycannotbe completelyeliminated,andthat the compensation
which would beachievedwith externalfeedbackloopsis comparablewith theoneachievedby
thecurrentimplementation[Sch09].

For monitoringanddebuggingpurposes,all theDLL-LOCKED signalsaregatheredinto a
VME statusregister(seetableB.13). Additionally, theLOCKED signalof theMCMCLKDLL
unit is routedoff thechip to yet anotherclock multiplexing logic on thePPMboard,to indicate
that the ReM FPGA is ableto provide a referenceclock to the PPrPHOS4s(Phos4Clk).This
multiplexing logic ensuresthatthePPrPHOS4sarepermanentlysuppliedwith areferenceclock,
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by selectingthePPM XTAL asclock sourcewhenever theReM FPGA's �rmw areis reloaded
or not loadedatall. Theclockmultiplexing schemeis describedin greaterdetailin thereference
documentationof thePreProcessorModule[Han09b].

6.4 Distrib ution of Con�guration Data

Oneof the importanttasksof the ReM FPGA is to realisethe transferof con�guration data
from VME to on-boardlocations.Thereare� ve typesof con�gurabledeviceson the PPM to
which the ReM FPGA is connected:the PPrASICs,the TTCrx chip, the PPrAnIn-DACs, the
PPrPHOS4sand the PPrMCM-LVDS transmitters.Eachdevice provides a set of parameters
thatallow thecontrolandcustomisationof their operation.All theseparametersaremappedto
the VME addressspaceof the PPM, and the allocatedVME addressesencodethe necessary
informationto identify their locationon the board. The ReM FPGA decodesthis information
and transfersthe datain the format requestedby the destinationdevice and by the protocol
of the accessedinterface. In parallel, the ReM FPGA placestwo copiesof the input VME
con�guration datain the SRAM. The �rst copy is storedasreference, while the otherone is
usedto �ag thechangein con�guration,andit is storedin SRAM until overwrittenby related
readbackdata.

OncethePPMis setupandreadyto takedata,theReM FPGAcanbecon�guredto operate
in the DAQ Mode. As long asthis modeis enabled,the ReM FPGA deniesany con�guration
requestfor thereal-timeandreadoutpaths.Additionally, theReM FPGAdeniesacon�guration
requestwhenotherprocesses,that accessthe SRAM device, are in progress. In both cases,
the ReM FPGA closesproperly the VME cycle and �ags the refusalvia the two ReM Error
registers.

6.4.1 PPrASIC Con�guration

The PPrASICprovides the largestnumberand variety of con�gurable parametersamongall
the PPM on-boarddevices. The operationof eachPPrASICchannelcanbe con�gured via an
individualsetof 34channelregisters. Additionally, asetof 5 global registersprovidescommon
parametersfor two channelscontrolledby thesameserialinterface,sothattwo suchsetscover
all four PPrASICchannels.A detaileddescriptionof thechannelandglobal registersis given
in the PPrASICmanual[Hus02]. Apart from registers,eachchannelcontainstwo memories:
an 8-bit deepx 11-bit wide Playback Memory, which is usedfor technicalveri�cations of the
digital partof thetriggersystem,anda 10-bit deepx 8-bit wide Look-UpTable(LUT) Memory
which is usedfor �ne energy calibration,pedestalsubtractionandnoisesuppressionwithin the
real-timepath.

Two methodsareimplementedin the ReM FPGA for settingup the PPrASIC.In the �rst
method,theReM FPGAreceivestheregisteror memorydatadirectly from theVME, andtrans-
fersit to thePPrASICswithin thesameVME cycle. Thesecondmethodis exclusively dedicated
to settingupthePlaybackmemory. Thecon�gurationdatais �rst loadedto SRAM, andthenthe
ReM FPGAis requestedto collectit andtransferit to thePPrASICs.

A specialcaseis representby the PPrASICchannelregisterthat allows the control of the



82 TheReadoutManager of thePreProcessorModule

Register/
MemLoc
 Address


Channel

Address


PPrASIC
 Address


0
 1
 0
 0
 0
 0
 P
 P
 P
 P
 C
 C
 R
 R
 R
 R
 R
 R
 R
 R
 R


20
 0


Figure6.12: Theencodingof thePPrASICregisterandmemorylocationsin theVME addressinglines.
Theschemedescribesonly theVME addressinglineswhichareroutedto theReM FPGA
(A[23:2], seealsosection6.2.1).

RateMeteringandHistogrammingoperations,i.e. ChannelReg17. Theenablebit �elds of this
registeraresetonly via dedicatedVME registers,in orderto synchronisetherespective opera-
tionsin all thePPrASICs.

Loading fr om VME

The PPrASICregistersandmemoriesaremappeddifferently to the VME addressspace.The
registersaresetup individually, thuseachregister is allocatedan uniqueVME address.The
memorylocationsaremappedin sucha way thatmultiple consecutive locationscanbecon�g-
uredvia oneVME address,within thesameVME cycle (seeappendixB, tablesB.4 andB.5).
This implementationreducesthe time neededto loadthePPrASICmemories,andprovidesan
economicway for storingthecorrespondingdatain SRAM.

In eithercase,theallocatedVME addressesencodeall theinformationneededto identify the
locationwheretheinputVME datahasto betransfered.Figure6.12showstheencodingscheme
usedfor thePPrASICregistersandmemories.Thelower nineVME addressbits (A[8:0]) pro-
vide simultaneouslyinformationaboutthetypeandthe local addressof thecon�gurableloca-
tion. The type indicateswhetherthe incomingVME datais addressedto a channelor global
registeror a memory. The local addresscarriesa differentinformationfor registersandmem-
ories.In the formercaseit indicatestheregisternumber, while in the lattercaseit indicatesto
whichof thetwo memoriesis thedataaddressed.An individualmemorylocationnumberis not
needed,asthePPrASICincrementsautomaticallythelocalwrite pointerwith eachcon�guration
datareceivedfor therespectivememory. Thus,thesoftwaremustensurethatdatais contiguously
writtento eachof thesememories.Thefollowing six bitsof theVME addressinglines(A[14:9])
indicatethechannelandthePPrASICto whichtheregisteror memorybelongs.TheReM FPGA
extractsthis informationandusesit separatelyfor two purposes.The�rst purposeis to identify
theserialinterfaceon which thedatahasto betransfered.This is doneby combiningthechan-
nel andthePPrASICaddresses.Thesecondpurposeis to built a 13-bit CfgAddresscommand
word,whichhasto besentto theidenti�ed PPrASICprior to theactualcon�gurationdata.The
commandindicatesthecon�gurationoperationandthelocationon thePPrASICwheredatahas
to beloaded.This latter informationis built by theReM FPGAbasedon thetype,channeland
localaddresses,andin theformatrequestedby thePPrASIC(seealso[Hus02]).
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Thecon�gurationdatais extractedfrom theinput 32-bit VME data.All thePPrASICloca-
tionsareup to 11bitswide,whichmeansthateachregisteror memorydatacanbetransferedin
one13-bit frameover theserialinterface.The format in which thecon�guration datais trans-
feredover the VME to the ReM FPGA is directly relatedto the way the registerandmemory
locationsaremappedto the VME addressspace.As the registersaresetup individually, the
correspondingcon�gurationdatais providedvia thelower11bitsof theVME data.In thiscase,
theReM FPGAextractsonly thesebitsandsendthemontheappropriateserialinterface,in one
frame. ThePlaybackandLUT memorydataaresentover theVME in the format indicatedin
tablesB.4 andB.5. In this case,theReM FPGAseparatelyextractsthedatacorrespondingto
eachlocation,andsendsit over theserialinterfacein the increasingorderof the local memory
address.

In parallel to transferringdatato the PPrASIC,the ReM FPGA placestwo copiesof the
32-bit input VME datain the SRAM. The �rst copy is placedin an MCM Referenceblock,
whichholdscopiesof all con�gurationdatatransferedto PPrASICs,PPrPHOS4sandPPrAnIn-
DACs. As eachSRAM location is 36 bits wide, and the ReM FPGA hasaccessto all these
bits, theupperfour bits areautomaticallysetaswell. However, asneitherthesoftwarenor the
ReM FPGAusestheupperfour bitsof anSRAM locationin theReferenceblock,thesebitsare
setfor convenienceto zero.Thesecondcopy of theVME datais placedby theReM FPGAin
a secondblock, calledMCM Readback, which storesdatareadbackfrom the sources.In this
case,theReM FPGAexplicitly setstheupperfour bits to value4'b0001,to indicatethatnew
con�gurationdatahasbeenloadedin thecorrespondingPPrASIClocation,andthatthecontent
of theReadbacklocationhasto beupdatedwith theactualdatastoredby thesource.Whenthe
latter happens,the ReM FPGA will set the upperfour bits to value4'b0000, to indicatethat
thedatastoredin theReadbacklocationis up-to-date(seesection6.6.3). TheSRAM locations,
wherethe ReM FPGA copiesthe con�guration data,areindicatedby the sameVME address
thatencodesthePPrASICinformation.Thelocationin theReferenceblockis givenby thelower
20 bits of theVME address,while the locationin theReadbackblock is obtainedby addinga
constantoffset to the previously obtained20-bit address.This constantoffset determinesan
identicalstructureandsizefor theReferenceandReadbackblocks(seealsosectionB.2.1).

The way the ReM FPGA handlesthe transferof con�guration datato both the PPrASIC
andthe SRAM is schematicallydescribedin �gure 6.13 andexplainedin the following. The
protocol with the VME CPLD device, and subsequentlywith the VMEbus, is maintainedin
theReM FPGAby aVmeManager module.Themodulereceivesfrom theVME CPLDcontrol
signalsthat indicatethe validity of the input VME addressanddata(VmeAddrSelect,Vme-
DataSelect),and the type of the VME request(VmeWrite). Upon determiningthe beginning
of a VME cycle, the VmeManagerlatchesanddecodesthe input VmeAddress,to determine
which functionalmodulein theReM FPGAshouldtake over andprocesstheVME request.If
the decodingidenti�es a requestfor transferringcon�guration datafrom VME to a PPrASIC
location,theVmeManagerdistributesa strobesignal(ASIC WriteStr) to anAsicCon�guration
module,which mastersall the write operationsto the PPrASICs.Upon receiving this strobe,
themodulelatchesandprocessestheinput VmeAddressandVmeDataasdescribedabove,and
sendsthecon�guration datato a correspondingAsicSerialInterfacesmodule.As mentionedin
section6.2.3, the latter modulecontainsthe serial interfaceprotocol,andit is instantiated16
times in the �rmw aredesign,so that eachinstancerealisesthe transferof dataover the two
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Figure6.13: Controllogic in theReM FPGAmanagingthetransferof con�gurationdatafrom VME to
thePPrASICandSRAM.

serialinterfacesof theonePPrASIC.In consequence,AsicCon�gurationhasto alwaysprovide
AsicSerialInterfaceswith datafor bothserialconnections.As theVME requestpointsto a cer-
tain PPrASIClocation,which is servedby only oneserialinterface,theAsicCon�gurationwill
provide theidenti�ed serialportwith theobtainedCfgAddresswordandthecon�gurationdata,
andsetthe datafor the secondserialport to zero,which indicatesthe PPrASICthat the input
hasto beignored.

Dueto thedualinformationcarriedby theinputVmeAddress,thesamedecodingperformed
in theVmeManageridenti�es a requestfor writing the input con�guration datato theSRAM.
Correspondingly, theVmeManagerdistributessimultaneouslytwo strobes(SRamDataWriteStr
andSRamFlagWriteStr) to anSramManager module,which handlesall thedatatransfersbe-
tweentheReM FPGAandtheSRAM. The�rst strobewill determinetheSramManagerto copy
theVmeDatato theReferenceblock,while thesecondstrobewill determinetheSramManager
to copy thesamedatato theReadbackblockandsetthe4-bit �ag accordingly.

Meanwhile,the VmeManagerkeepsthe VME cycle openand monitorsthe statusof the
dataprocessingin the AsicCon�guration and the SramManager. Eachmoduleprovides the
VmeManagerwith awrite-in-progresssignal(ASIC WIP, SRAM WIP), which is assertedupon
thereceiptof theVmeManager's strobes,andde-assertedwhenthedatatransferis completed.
The AsicCon�guration needssigni�cantly longer time to completethe datatransferthan the
SramManager, dueto theserialtransmission.This time canextendup to 2 ms whentheLUT
memoryis con�gured,astheAsicCon�gurationhasto transmitthe13-bitCfgAddresscommand
andfour 13-bitsdatawords.In comparison,theSramManagertransfersthesamedatain parallel
andin a compactformat,sothatup to 4 clock periodsareneededfor eachwrite operation.As
boththePPrASICserialinterfaceandtheinterfaceto SRAM areoperatedwith thesameclock
frequency, it meansthat the transferof datato SRAM will becompletedmuchearlierthanthe
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transferto PPrASICs.Therefore,whendatais transferredto the PPrASICsthe VmeManager
monitorsonly thebusysignalprovidedby theAsicCon�gurationmodule,andclosestheVME
cycleupondetectingahigh-to-low transitionof this signal.

Loading fr om SRAM

As previouslystated,theReM FPGAprovidesanalternativemethodfor settingupthePPrASIC
Playbackmemories.In this method,theplaybackcon�guration datais �rst loadedfrom VME
to theSRAM,andthentheReM FPGAis instructedto collectit andloadit in thecorresponding
PPrASIClocations.

TheVME datais storedin adedicatedblock in SRAM, calledReferencePlayback Patterns,
which is locatedoutsidethe alreadymentionedMCM Referenceand Readbackblocks.The
block is subdivided into eight sub-blocks,eachof which providesspacefor 64 playback pat-
terns16, i.e. onepatternfor eachPPM channel.The format in which the playbackdatahasto
beloadedfrom VME andstoredin theSRAM is identicalwith theformatusedin theprevious
method(seeagain tableB.4). Additionally, theplaybackpatternshave to bearranged,in each
sub-block,in theincreasingorderof thePPMchannelnumber, asshown in tableB.8.

The transferof datafrom VME to SRAM is handledby the VmeManagerandSramMan-
agerfunctionalblocks,andtheir communicationis pretty muchsimilar to the onepreviously
described.As this operationdoesnot imply a direct transferof con�guration datato any other
on-boardcomponent,theVmeManagerwill issueonly onestrobefor theSramManager(Sram-
DataWriteStr),andwill closetheVME cycleassoonastheSramManagerindicatesthetransfer
of theinput32-bitVME datais completed.Oncethereferenceplaybackdatais storedin SRAM,
theReM FPGAcanbe instructedto pick it up andtransferit to thePPrASICs.The requestis
addressedvia a theReM Commandregister. For thecurrentpurpose,theregisterprovideseight
commands,eachoneinitiating thetransferof datafrom asingleblock to thePPrASICs.Thebit
�eld representationof the commandregisterandthe way the commandshave to be addressed
over theVME aredescribedin appendixB, in sectionB.3.23.

Figure6.14describesschematicallyhow thedatatransferis realised.TheVME commandis
receivedby two functionalblocks: theCommandRegister, which holdstherelatedlogic for the
ReM Commandregister, andtheAsicPlaybackLoader, which handlesthetransferof datafrom
SRAM to PPrASICs.TheCommandRegisterchecksthevalidity of theVME requestand,if the
veri�cation is successful,it distributesa LoadPlaybackcommandto the AsicPlaybackLoader.
Uponreceiving thissignal,themodule�rst decodestheinputVME data,todeterminetheSRAM
block that hasto be readout, and then it startstransferringthe data.The modulereads,via
the SramManager, contiguouslyeachmemory location of the indicatedblock, and transfers
the respective datato the AsicCon�gurationmodule.In parallelwith the latter operation,the
AsicPlaybackLoaderwritesbackthesamedatato SRAM, in theMCM ReferenceandReadback
blocks, and requeststhe SramManagerto set the readback�ags accordingly. All the SRAM
addresses,aswell as the addresswhich encodesthe PPrASIClocationwherethe datahasto

16in thiscontext, aplaybackpatternrepresentsthetotalamountof 25611-bitcon�gurationdatawhich is loadedin
onePPrASICPlaybackmemory. Thedatamaycontaincalorimeter-like pulsesor datapreviously recordedby DAQ,
andit is injectedin thepre-processingchainto verify thedigital partof thesystem.An applicationthatusesplayback
patternsis describedin thenext chapter, in section7.2.5.
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Figure 6.14: Control logic in theReM FPGAmanagingthetransferof playbackpatternsfrom SRAM
to thePPrASICs.

betransferred,aregeneratedby theAsicPlaybackLoader. Also, thesamemodulegeneratesall
theread=write strobesexpectedby its communicatingpartners,andcoordinatesthedatatransfer
accordingto thebusysignalsproducedby thesemodules.ThismeansthatAsicPlaybackLoader
will readanew SRAM memorylocation,only aftertheSramManagerandtheAsicCon�guration
moduleshavesignalisedthecompletionof thecurrenttransfers.

Thestatusof theentireoperationis indicatedby theAsicPlaybackLoadervia thePlayback-
LoadingActivebit. Thebit is assertedassoonasthemodulereceivestheLoadPlaybacksignal,
andclearedimmediatelyafterthedatafrom thelastSRAM memorylocationis transferredto the
PPrASICs.This bit is permanentlydeliveredto threefunctionalmodules:theCommandRegis-
ter, VmeManagerandtheStatusRegister. As longasthebit is set,CommandRegisterdeniesany
furthercommandto beexecuted,while VmeManagerdeniesany VME requestwhichimpliesan
accessto theSRAM. TheStatusRegisterprovidesthePlaybackLoadingActive bit to VME, via
thesecondReM Statusregister.

Synchronisationof the RateMetering and Histogramming Operations

The RateMeteringandHistogrammingare two operationalmodulesof the PPrASIC,which
producechannel-wiseandtrigger independentenergy ratesandspectra.A detaileddescription
of thesemonitoringtoolsis givenin section6.6.3. Therespectiveoperationsareenabledor dis-
abledvia two bitsin thePPrASICchannelregister17: RateEnableandHisEnable(seetable6.3).
In orderto synchronisetheRateMeteringor theHistogrammingoperationin all 64 PPMchan-
nels,theRateEnableandHisEnablebits of eachchannelregister17 aresetsimultaneously, via
dedicatedVME registers(seesectionB.3.4). This is realisedasfollows:
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Bit Nr. Description

0 RateEnable
1 RateSource
2 HisEnable
3 HisSource
4-5 HisOpMode

Table6.3: Thebit �eld contentof thePPrASICchannelregister17 [Hus02].

� when register 17 is con�gured separatelyfor eachPPrASICchannel,the ReM FPGA
ignoresthe valuessentfrom VME for RateEnableandHisEnable,andsetsthesebits to
zero.Simultaneously, the input VME datais storedin an internal6-bit register, called
AsicReg17;

� when an enableor disable requestis received via the dedicatedVME registers, the
ReM FPGA setsthe RateEnableor HisEnablebits to the logic value ”1” or ”0”. The
other four bit �elds of channelregister17 aresetaccordingto the valuesstoredby the
AsicReg17,to keepunchangedany previouscon�guration.Theresulting6-bit con�gura-
tion datais thensentsimultaneouslyoverall 32serialinterfaces.

The consequenceof this implementationis that any con�guration strategy shouldforesee
identicalsettings,in all 64channels,for eachof theotherfour parametersof register17. Other-
wise,theReM FPGAcanoverwritea previouscon�gurationwhenusingthedatastoredin the
AsicReg17.

All theseoperationson the channelregister 17, and the simultaneoustransferto the 16
PPrASICs,areperformedin theReM FPGAby theAsicCon�guration.Themodule�rst builds
a common13-bit CfgAddress,which indicatesthat the incomingcon�guration datahasto be
written to bothchannelregisters17 servedby a givenserialinterface.Then,it loads,at subse-
quentsteps,theCfgAddressandthecon�gurationdatato all 32 outputshift registers,to realise
the simultaneoustransferto the 16 PPrASICs.For monitoring and debugging purposes,As-
icCon�guration �ags permanentlythe valuesloadedin the PPrASICsfor the RateEnableand
HisEnablebits. The respective �ags aremappedin the �rst ReM Statusregister, asRateMe-
terIsEnabledandHistogrammingIsEnabled(seetableB.22).

6.4.2 PPrAnIn-DAC Con�guration

Trigger Con�guration Data

As mentionedin section6.2.5, theanalogueprocessingperformedon thefour PPrAnInboards
providestwo con�gurableparametersfor eachchannel:an8-bit offset, to shift thebaselineof
the correspondingsingle-endedsignal,andan 8-bit thresholdto detectthe rising edgeof the
samesignal.Theseparametersareloadedfrom VME, via theReM FPGAanda corresponding
SPIbus, into 8-channelserialDACs. EachPPrAnInboardis equippedwith four suchdevices,
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Figure 6.15: Theencodingof thePPrAnIn-DAC locationsin theVME addressinglines.

asshown in �gure 6.7. Theleftmosttwo DACs,labelledastheHigh DACs, provide offsetand
thresholdvoltagesfor theanalogueprocessingof the�rst 8 triggersignals,while theremaining
two DACs, the Low DACs, provide similar output for the analogueprocessingof the other8
triggersignals.

Theoffsetandthethresholdparametersof eachtriggerchannelaremappedtogetherin one
VME address,so that they aresimultaneouslysetwithin thesameVME cycle (seetableB.3).
As for thePPrASICregistersandmemories,theallocatedVME addressesencodethenecessary
informationto identify their locationonthePPM.Figure6.15showsthecorrespondingencoding
scheme.Thelower two bits andthetwelfth bit of theVME addressindicatetogethertheDAC
channelthathasto becon�gured. Thethirteenthbit pointsto oneof the two groupsof DACs,
while the following two bits identify the PPrAnInboardon which the DACs arelocated,and
thustheSPIbusoverwhich thedatahasto betransferred.

EachPPrAnIn-DAC is programmedvia 16databits. Theuppereightbitscontainanaddress
information,which identi�es oneof the eightDAC channels.The ReM FPGA builds this ad-
dress,basedonthechannelinformationencodedin theVME address,andin theformatexpected
by the device (seethe relateddocumentationfor moredetails[Max94]). The lower eight bits
containtheactualcon�gurationdata,whichtheReM FPGAextractsfrom theinput32-bitVME
data.As describedin section6.2.5, thefour DACsof onePPrAnInboardaredaisy-chained,so
thateachwrite operationto any of theseDACsimpliesa transferof 64 databits. As theoffset
andthresholdparametersaresettogetherduringthesameVME cycle, it meansthatalwaystwo
DACswill besimultaneouslyprogrammed.The32databitsdesignatedto theseDACswill con-
taintheaddressandthecon�gurationdatadeliveredfrom VME, while theother32databitswill
all besetto zero,which indicatestherespectiveDACsthattheinputdatamustbeignored.

The transferof datafrom the VME to the PPrAnInboardsis handledby the ReM FPGA
in a similar manneras in the caseillustratedin �gure 6.13. Upon detectinga con�guration
requestfor the PPrAnIn-DACs, the VmeManagerdistributescorrespondingstrobesignalsto
anAnInManager functionalmodule,which managestheprocessingandtransferof datato the
PPrAnIn-DACs, and to the SramManager, which will placetwo copiesof the input data in
the SRAM. The major differencewith respectto the mentionedcase,is that the VME cycle
cannotbekeptopenuntil theAnInManagercompletesthedatatransfer, as32 ms areneededto
transferthe64 databits. As a consequence,theAnInManagergenerates� ve busysignals.The
�rst oneindicatesthatthemodulehas�nished processingthedatain theformatrequiredby the
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Figure 6.16: Theencodingof thePPrPHOS4locationsin theVME addressinglines.

PPrAnIn-DACs. This signal is deliveredto the VmeManagermodule,which closesthe VME
cycleuponits arrival. Theotherfour bits,AnIn1 Spi WIP, AnIn2 Spi WIP, AnIn3 Spi WIPand
AnIn4 Spi WIP, indicatetheprogressof thedatatransferoveracorrespondingSPIbus,andthey
aremappedinto the�rst ReM Statusregister[Sch09].

The DAC Full-Buffer edMode

ThePPrAnIn-DACscanbeprogrammedto operatein a Full-BufferedMode, which providesa
morepreciseconversionof thedigital inputandafastersettlingtimeof theanalogueoutputthan
thedefaultUnbufferedMode. For thispurpose,eightVME registersareprovided(seetableB.1).
The datacontentexpectedby the ReM FPGA from VME, and the sequencein which these
registersshouldbeaccessedis presentedin sectionB.3.17. Also, theeightregistersaremapped
outsidethe VME-SRAM addressspace. Which meansthat in this casethe input VME data
will not becopiedto SRAM. Furthermore,thetransferof datafrom VME to PPrAnIn-DACsis
handledonly by theVmeManagerandtheAnInManagerfunctionalmodules,asdescribedat the
previouspoint.

6.4.3 PPrPHOS4Con�guration

The PPrPHOS4providesonly one5-bit con�gurableparameterfor eachof its four channels.
As a consequence,the VME addressesallocatedfor transferringcon�guration data to the
PPrPHOS4sencodeonly two parameters:a 2-bit ChannelAddress, which identi�es oneof the
four channels,anda 4-bit Phos4Address, whichpointsto oneof the16 PPrPHOS4devices(see
�gure 6.16).

The 5-bit con�guration datais loadedfrom the VME, via the ReM FPGA andthe corre-
spondingI2C bus.Table6.4lists the5-bit dataexpectedfrom VME andthesigni�canceof each
setting.The�rst 28 valuesrepresenttheactualPPrPHOS4con�gurationdata.The�rst 25 val-
ues,i.e. 0 to 24,specifythenumberof nanosecondsby which theFADC strobeis delayedwith
respectto thereferenceclock. Thevalue26activatesthephasedetectoroutputdescribedin sec-
tion 6.2.7, while values25and27determinethePPrPHOS4to generateaconstantoutputsignal.
Thenext threevalueslistedin thesametable,i.e.28 to 30,arerede�nedin theReM FPGAto a
valid PPrPHOS4con�gurationsetting,andthey areonly usedfor testanddebuggingpurposes.

Thelastsetting,i.e.31, is usedfor initialising theI2C relatedlogic of thePPrPHOS4s.This
implementationwasdeterminedby someoperationalaspectsof thePPrPHOS4.First of all, the
devicedoesnotprovidearesetfunction.Theonlypossibilityto resetits logic isbypowercycling
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VME InputData Signi�cance

0-24 delayin ns
25 constant0 atoutput
26 phasedetectoroutput
27 constant1 atoutput

28 rede�nedas25 (for testsonly)
29 rede�nedas27 (”-”)
30 rede�nedas0 (”-”)
31 PPrPHOS4-I2C initialisation

Table6.4: Theexpected5-bit VME con�gurationdatafor thePPrPHOS4s(adaptedfrom [CER92]).

thePPMboard. Moreover, after it is suppliedagain with power, thechip will initialise its I2C
relatedlogic only on theoccurrenceof the�rst I2C clockevent.However, theReM FPGAdoes
not distributepermanentlythis clock signalto thePPrPHOS4s,but only duringa datatransfer
over thebus.Whichmeansthatthe�rst 8-bit datasentby theReM FPGAwill notbeprocessed
becausethePPrPHOS4swill bebusyinitialising their I2C interfacelogic. For this reason,it was
chosento implementadummywrite operationto thePPrPHOS4s,via thesetting31, in orderto
stimulatetheinitialising procedure.In thebeginningof this operationtheReM FPGAsendsan
invalid I2C slaveaddress,sothatnoneof thePPrPHOS4swill try to processtheinputdatain the
eventualitythattheinitialisationis �nished beforethedummyI2C transferis completed.

The I2C slave addressesgeneratedby theReM FPGAfor thePPrPHOS4saregiven in ta-
ble 6.5. Additionally, thetablelists theI2C addressesgeneratedfor theTTCrx, but they will be
explainedin thenext subsection.Thefour bitsgivenin bold([5:2]) representthePHOS4Address
which theReM FPGAextractsfrom theinput VME address.Thesebits arecomparedby each
PPrPHOS4againstanunique4-bit PPrMCM slot address. Thelatter is hardwiredon thePPM
motherboardanddeliveredto thePPrPHOS4throughoneof thePPrMCMconnectors[Sch09].

I2C Address SlaveDevice

7'b000 0000 PPrPHOS4#1 (upperPPrMCMon thePPMboard)
7'b000 0100 PPrPHOS4#2

... ...
7'b011 1100 PPrPHOS4#16(lowerPPrMCM)

7'b000 0010 TTCrx (I2C pointerregister)
7'b000 0011 TTCrx (I2C dataregister)

7'b100 0000 dummyPPrPHOS4address(initialisation)

Table6.5: TheI2C slaveaddressesgeneratedfor thePPrPHOS4sandtheTTCrx.
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Figure 6.17: Theencodingof theTTCrx registernumberin theVME addressinglines.

Apart from the slave address,the ReM FPGA providesalsoa local address,which indicates
the PPrPHOS4channelto which the input con�guration datais addressed.This information
is given by the 2-bit ChannelAddressencodedin the VME address,andit is packed together
with the5-bit con�gurationdatain one8-bit dataword,asindicatedin thespeci�cationsof the
device [CER92].

Thetransferof con�gurationdatafrom theVME to thePPrPHOS4sis handledby theVme-
Managerandthe threefunctionalmodulespreviously shown in �gure 6.8: Phos4TTCrxData,
I2CDataTransferand I2CMasterCore.Upon receiving a correspondingwrite strobefrom the
VmeManager, the Phos4TTCrxDatamoduleenablesthe transferthe PPrPHOS4-I2C bus, and
processesthe input VME addressand data.The obtained7-bit slave addressand the 8-bit
dataword arethenpassedto the I2CDataTransfermodule. As mentionedin section6.2.6, the
I2CDataTransferis theactualmasterof theI2C communication,while I2CMasterCoreonly pro-
videsthe interfaceto the I2C bus. Thecommunicationbetweenthe two modulesandthedata
transferover theI2C busis realisedsequentially. First, theI2CDataTransferappendsa write bit
to the 7-bit slave address,andthensendsthe resultingbyte to I2CMasterCore,requestingthis
datato betransferredovertheI2C bus.TheI2CMasterCoreserialisesthereceiveddataand�ags,
via local registers,the progressof the transfer. The I2CDataTransfercheckspermanentlythis
statusandsendsthenext databyte,containingtheactualcon�gurationdata,whentheprevious
transferis completed.

In parallel with this transfer, the input VME datais copiedto the SRAM. As the whole
I2C cycle takesmuchlongerthanthetransferto SRAM, theVmeManagerwill closetheVME
cycleassoonastheSramManagerhas�agged thecompletionof its operations.Theprogressof
the I2C transferis indicatedby thePhos4TTCrxData.Themoduleassertsa correspondingbit,
i.e.Phos4WIP, aftertheinputVME addressanddatahasbeenlatched,andclearsit immediately
after the I2CDataModuleindicatesthat I2CMasterCorehas�nished transferringthe last data
byte.Thestatusbit is mappedin the�rst ReM Statusregister.

6.4.4 TTCrx Con�guration

The TTCrx provides twenty 8-bit user-accessibleregistersfor controlling and monitoring its
operation. As only oneTTCrx chip is presenton the PPM, the VME addressesallocatedfor
con�guring thedeviceencodeonly oneparameter:RegisterAddress(see�gure 6.17).

The transferof con�guration datafrom VME to theTTCrx is realisedin a similar manner
as in the casepresentedin the previous subsection.Therearea few differences.First of all,
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uponreceiving a write strobeindicatinga write operationto the TTCrx, the Phos4TTCrxData
moduleenablesthe TTCrx-I2C bus, while it simultaneouslydisablesthe PPrPHOS4-I2C bus.
Then,during a write operationto the TTCrx, the ReM FPGA hasto generatetwo I2C slave
addresses(seeagain table6.5). That is becausetheTTCrx occupiestwo consecutive addresses
in the I2C space[Chr04]. The �rst addresslocalisesan I2C pointerregisteron the device, to
which theReM FPGAhasto transfertheVME RegisterAddressparameter. Thesecondaddress
localisesanotherregister, I2C data,to which theReM FPGAhasto transfertheVME con�gu-
rationdata.Anotherparticularityof thecurrentoperationis givenby thefact that thenumbers
allocatedby theTTCrx to its user-accessibleregistersarenot contiguous(seetableB.6). This
numberingleadsto ”gaps” in the VME addressspace.In casea VME requestis received via
oneof theseinvalid addresses,theReM FPGAwill not processit, andit will correspondingly
asserta bit in the�rst ReM Error register(seeDeniedTTCrx UnReg in tableB.26). Also, asin
thepreviouscase,thestatusof thedatatransferto TTCrx is indicatedvia a dedicatedbit in the
�rst ReM Statusregister.

As in thecaseof thedatatransferto thePPrASICs,theReM FPGAplacestwo copiesof the
inputVME datain theSRAM.The�rst copy is writtento aTTCrxReferenceblock,whichholds
copiesof all con�guration datatransferedto the TTCrx, while the secondcopy is written to a
TTCrx Readback block, which storesdatareadbackfrom the source(seealsosectionB.2.2).
Additionally, the ReM FPGA setsthe upperfour bits of the correspondingSRAM locationto
value 4'b0001, to indicate that new con�guration datahasbeenloadedto the given TTCrx
register.

6.4.5 PPrMCM-L VDS Con�guration

The operationof the PPrMCM-LVDS transmitterscan be controlled via three parameters:
TClkRF, DEn and LvdsSync. The �rst parameterallows to selecteither the rising or falling
edgeof theoperationalclock for strobingin thePPrASICdata.Thesecondparameterenables
theoutputof thetransmitter, while thethird parameterdeterminesthesamedeviceto sendasyn-
chronisationpattern. All threeparametersarecon�gured via the ReM FPGA's MCM Control
register(seeB.3.17).

6.4.6 Con�guration Restrictions

As mentionedin theintroductorypartof this section,theReM FPGAdeniesa VME con�gura-
tion requestin two cases.The�rst casecanbedirectly induced,by con�guring theReM FPGA
to operatein theDAQ Mode.As longasthismodeis active,any con�gurationrequest,thatim-
pliesa changeof thepre-processingandreadoutoperations,is denied.This refersto con�gura-
tion requestsaddressedto thePPrASICs,PPrAnIn-DACs,PPrPHOS4,TTCrx, PPrMCM-LVDS
transmitters,andto thoseinternalregistersof theReM FPGAthatallow thecon�gurationof the
eventdataprocessingandtransmission.In thecaseof thePPrASIC,thechannelregistersthat
allow thecon�gurationandthecontrolof theRateMeteringandHistogrammingoperationsare
exceptedfrom this restriction,sincethe respective monitoringtools arecompletelydecoupled
from thereadoutpathandthey only usethepre-processingresults(seealsosection6.6.3).
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In the secondcase,the ReM FPGA deniesa con�guration requestif anotherprocess,that
demandsaccessto theSRAM device,is in progress.Therestrictionis mainlynecessarybecause
the SRAM is a single-portedmemory, and thus only one internal processcan accessit at a
time. Onecanprobablyimplementanalgorithmthatqueuesotherprocessesdemandingaccess
to SRAM until a currentoneis completed,but, besidesof a signi�cant increasein theusageof
FPGAresources,thiswill considerablyslow down theoperationsexecutedtheReM FPGA.This
restrictionappliesfor any con�guration requestaddressedto the PPrASICs,PPrAnIn-DACs,
PPrPHOS4,TTCrx, thePPrMCM-LVDS transmitters.

In both cases,the ReM FPGA will closeimmediatelythe VME cycle and�ag the refusal
via dedicatedbits in thetwo VME errorregisters(seealsosectionB.3.24).

6.5 PPrASIC Event Data Formatting and Transmissionto DAQ

A mandatorytaskof thePPrsystemis to provideeventrelateddatato theDAQ System,in order
to allow the veri�cation, calibrationandmonitoringof the trigger. The event relateddatais
accumulatedin thePPrASICs,andtransferredover theserialinterfacesto theReM FPGAupon
thereceiptof theL1A signal.In theReM FPGA,theeventdatais collectedin dedicatedbuffers,
processedin thespeci�edATLAS format,andtransmittedto theDAQ system,via theRGTM-O
deviceandacorrespondingROD module.

6.5.1 PPrASIC Event Data Format and Transfer on the Serial Interface

ThePPrASICeventdatamainlyconsistsof 10-bit raw FADC dataand8-bit BCID-LUT results.
For eachof its four channels,thePPrASICcontinuouslyextractsthesedatafrom thereal-time
pre-processingpath,andstoresthemin two separatepipelinememories(seee.g. �gure 5.7).
Eachmemoryis 7-bit deepx 11-bit wide, andis operatedat theLHC clock frequency. Which
meansthateach11-bit dataword is availablein thepipelinememoryfor roughly3.2 ms. This
periodof availability extendsoverthe2.5 msoverall latency of theL1 trigger, and,in addition,it
compensatesfor thepropagationtimeof theL1A signalfrom theCTPto theinputof thePPrA-
SICs.Apart from theraw FADC andtheBCID-LUT data,thePPrASICstoresthreeadditional
1-bit parametersin thepipelinememories:theExtBCID signalprovidedby thePPrAnInboard,
andtheresultsof theinternallinearandsaturatedBCID algorithms,i.e.PeakFindingBCID and
SaturatedBCID. Theseparametersareoften referredto asthe BC Marks, asthey indicatethe
bunch-crossingthatcontainsthemaximumof theinputcalorimetersignal.

Thereadoutof eventdatafrom thepipelinememoriesandits transferover theserialinter-
faceareinitiatedby theL1A signal. On thearrival of this signal,eachdataword relatedto the
acceptedevent is copiedout from thepipelinememoriesinto anothersetof buffers,calledde-
randomisers, andthentransferredover a correspondingserialinterfaceto theReM FPGA.The
derandomisershave an identicalsizewith thepipelinememories,andthey compensatefor the
L1A rate�uctuations,by storingtheeventdatawordsuntil their transferover theserialinterface
is completed.Thenumberof event relateddatawords,which arereadout from eachchannel-
memory, is acon�gurableparameter, andit representsanimportantaspectfor boththeoperation
of theDAQ andthealgorithmsimplementedin theReM FPGA.ThePPrASICallowsup to 127
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(b) adaptedfrom [Hus02]

Figure6.18: ThePPrASICeventchannel-dataformat(a),andthemultiplexing schemeof theReadback
andReadoutchannelson theserialinterface(b). Theformerdepictsthecaseof a readout
with oneBCID-LUT andthreeFADC samples,while in thelatter � ve FADC samplesare
readout.

raw FADC and7 BCID-LUT samplesto bereadout. However, in normalphysicsrunning,the
DAQ canmaximallyhandlea readoutwith � veFADC samples,becausetheseparationbetween
two consecutive L1As is constrainedby the CTP to a minimum of � ve bunch-crossings.For
calibrationruns,theDAQ canbecon�guredto operatewith a slightly largernumberof readout
samples,but still well below themaximumprovidedby thePPrASIC.As it will bedescribedin
section6.5.3, theReM FPGAcanprocessandprovide to DAQ only readoutsof maximum16
samples(FADC+BCID), dueto limited internalbuffering resources.Outsidethe DAQ mode,
for technicalveri�cations of the system,theReM FPGA canbuffer andprovide via theVME
interfacetheentirereadoutrangeof thePPrASIC(seesection6.8).

Theformatandthesuccessionin which thePPrASICtransmitstheeventchannel-dataover
theserialinterfaceis shown in �gure 6.18a. The�rst datawritten out is an11-bit EventHeader
word,which thePPrASICpreparesin parallelwith accumulatingdatain thepipelinememories,
andstoresin theBCID-LUT derandomiseruponthearrival of theL1A. Mostof theinformation
providedby theEventHeaderis processedby theReM FPGA,in orderto verify thesynchroni-
sationbetweenthe two devices,andto setstatusbit �elds in the readoutstreamto DAQ. The
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�rst eightlowerbitsof theheaderequallymaptheoutputof thePPrASICbunch-crossing17 and
eventcounters.Theremainingthreebit �elds of theheaderprovide statusof thereadoutoper-
ation. The Channelbit indicatesto which of the two PPrASICchannels,served by the given
serialinterface,belongstheincomingeventdata.TheHeadersOnlybit indicatesthatoneof the
two derandomisersis almostfull, andtheavailablespaceallowsonly to copy theheaders,while
theDataLossbit indicatesthatthederandomisersarefull andall theeventdatais lost. Thenext
datawordscontainthe actualevent data. The BCID-LUT datais provided togetherwith the
corresponding”BC Marks”, while theraw FADC datais packedtogetherwith theExtBCID bit,
to indicatetheresponseof thePPrAnIncomparator-thresholdfor thegivendigitisedvalue.

The uppertwo bits of each13-bit dataword shown in �gure 6.18a are usedas �ags, to
helpthereceiving devicedistinguishbetweenthedifferentdatatypessentby thePPrASICover
the serial interface.As mentionedin section6.2.3, the PPrASICprovides four typesof data:
con�guration, monitoring,event andstatusdata. The transmissionprotocolgroupsthesedata
typesinto threestreams,which are multiplexed on the serial output into a �x ed scheme,as
illustratedin �gure 6.18b. The�rst streamcontainsthecon�guration,monitoringandstatusdata,
andit is calledReadback Channel. Theothertwo streamscontaintheeventdatafrom the two
channelsservedby theserialinterface,andthey arecalledReadoutChannels. Theidenti�cation
of theReadbackandReadoutwordsis donevia thetwo mostsigni�cant bitsof eachdataword.
Whenthebit is setto 0 it indicatesaReadbackWord,andwhenis setto 1 it indicatesaReadout
word(seeagain�gure 6.18a). Subsequently, thesecondmostsigni�cant bit is usedto distinguish
betweenthedifferentdatatypeswithin eachchannel.For theReadoutchannel,theEventHeader
andtheBCID-LUT wordsare�agged with a 0, while theFADC wordsare�agged with an1.
TheReadbackchannelusesaslightly differentschemefor �agging its own datawords,thethird
mostsigni�cant bit beingusedto identify thestatusdata.Thecontentof theReadbackchannel
andthe�agging schemearedescribedin section6.6.1.

Whenno eventdatahasto betransmitted,thePPrASICsendsonly Readbackwordson the
serial interface. As soonasan L1A signal is received, and the event datais readyfor trans-
mission,the PPrASICsetsthe highestpriority for the Readoutchannels.This meansthat the
Readbackchannelis delayeduntil thetransmissionof thecurrenteventdatais completed.Also,
dependingon the L1A frequency, a new event datablock may be alreadyavailablein the de-
randomisersbeforethe transmissionof the previous event block is completed.In suchcases,
the PPrASICintercalatesoneReadbackword in betweenthe two event datablocks, to addi-
tionally help thereceiving endidentify thestartandtheendof aneventdatablocks(seeagain
�gure 6.18b).

6.5.2 Receptionof PPrASIC Data in the ReM FPGA

In the ReM FPGA, the multiplexed datastreamis received by a correspondingAsicSerialIn-
terfacesmodule.As alreadymentionedin theprevioussections,thereare16 suchmodulesin-

17theactualPprASICbunch-crossingcounteris 12-bit wide, coveringthetotal lengthof theLHC orbit, i.e. 3564
bunch-crossings.For bandwidthconsiderations,only the lower 4 bits of the counteroutput are transferredover
the serial interface. The respective value is suf�cient to determinethe synchronisationof the PPrASICwith the
ReM FPGAandtheothertriggercomponents.Thefull outputof thecounteris internallyusedby theHistogramming
operation(seesection6.6.3)
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Figure6.19: Thefanningoutandtheprocessingof thePPrASICserialinterfacedatain theReM FPGA.

stantiatedin the designof the ReM FPGA, eachinstancehandlingthe datatransfer, in both
directions,over the two serial interfacesof onePPrASIC.After it is convertedfrom serial to
parallelformat,theinput datais fannedout into four streams,andprovidedto four differentin-
ternallogic units,for furtherprocessing(see�gure 6.19). Thismeansthatthede-multiplexing of
theinput datastreamis performedlocally, eachlogic unit selectingonly therelevantdata.Two
of the fannedout datastreamsareprocessedby theAsicSerialInterfacesmodule. In onecase,
theeventdatablock is extractedandstored,in theoriginal format, in internalVME-accessible
memorybuffers. In thesecondcase,theAsicSerialInterfacesmoduleextractsthestatusinfor-
mationfrom theReadbackchannel,andprovidesit to VME via theStatusRegistermodule.The
third copy of the input PPrASICdatastreamis routedto theAsicReadback module,which ex-
tractsthecon�gurationandmonitoringdatafrom theReadbackChannel,andwritesit to SRAM.
Thesethreeoperationswill bedescribedin section6.6. The last copy is deliveredto theRod-
ReadoutManager module,which hasthe tasksof collecting, processingand transmittingthe
eventdatafrom all 32 serialinterfacestreamsto theRGTM-O device. Thefunctionalityof the
RodReadoutManageris describedin thefollowing subsections.

6.5.3 Collecting the PPrASIC Event Data

The datacollectiontaskimplies to extract the event relateddataandwrite it to local memory
buffers. Therole of thememorybuffersis similar to thatof thePPrASICderandomisers.They
compensatefor the L1A rate �uctuations, by storing the currentevent datauntil the transfer
to the DAQ is completed. Additionally, the buffers act as synchronisers, at the boundaryof
two differentclock domains.As mentionedin sections6.2.3and6.2.4, theserialinterfacesto
the PPrASICsandthe RGTM-O areoperatedat differentclock frequencies.The interfaceto
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Figure 6.20: Longitudinalstorageof theinputPPrASICeventdatain thelocaldual-portedmemories.

PPrASICis driven by the 40.08 MHz LHC clock, while the interfaceto RGTM-O usesthe
40.00MHz PPM XTAL clock. As thetwoclockdomainsappearasynchronoustoeachother, the
RodReadoutManagermustensurethatdatais synchronised,whenit passesfrom the�rst clock
domaininto thesecondone,in ordertoavoidmetastabilityfailures.Although,for adatabuswith
multiple consecutive values,asynchronousFIFOs(First-In First-Out)arethemostappropriate
synchronisers, the currentimplementationusesdual-portedmemories,for the �e xibility they
offer in termsof operatingthereadandwrite pointers.

Thede-multiplexing andtheextractionof eventdatais performedseparatelyfor eachof the
32 streams.Also, one8-bit deepx 16-bit wide dual-portedmemoryis employed to storethe
selecteddatafrom oneinput stream.In orderto separateoff theReadoutdatafrom Readback
data,the RodReadoutManagermonitorsthe mostsigni�cant bit of eachincomingdataword.
A transitionfrom 0 (Readback)to 1 (Readout)indicatesthebeginningof theeventdatablock.
Upondetectingit, theRodReadoutManagerdiscardstheuppertwo controlbitsof eachfollowing
BCID-LUT andFADC dataword,andwritestheremaining11bits to thememory. Additionally,
most of the datacarriedby eachEventHeaderword is written as well to the memory. This
datawill be later usedfor settingstatusbits in the readoutstreamto DAQ. Figure6.20shows
the longitudinal format in which the event data is storedin the dual-portedmemories. The
BCID-LUT dataandthe”BC Marks” arestoredexactly in theformatprovidedby thePPrASIC,
while the 10-bit FADC dataand the ExtBCID bit are �rst swapped,and then written to the
buffers. In bothcases,this is theformatin which therespective 11-bit datais transmittedto the
ROD. For anef�cient usageof thememoryspace,theEventHeaderdatais written to thesame
memorylocationsthatstoretheBCID-LUT dataandthethree”BC Marks”. TheHeadersOnly
andDataLossbits of eachheaderare �rst logically OR'ed, andtheneachresult is written in
theupperpositionof thecorrespondingmemorylocation. The4-bit bunch-crossingnumberis
extractedonly from the �rst header, andit is storedtogetherwith thedataof the �rst channel.
The value is extractedonly from one headerbecausethe bunch-crossingcounteris globally
implementedin the PPrASIC,and in consequence,all four channel-headersgeneratedby the
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PPrASICduringaneventreadoutprovide thesamecountervalue.A similar implementationis
adoptedfor theeventnumber, which, for simplicity of operationsin the�rmw are,it is extracted
only from the secondheader, andstoredin the memorytogetherwith the dataof the second
channel.The Channelbit of the EventHeaderis discarded,the respective information being
deducedfrom thestructureof thePPrASICeventdatablock.

Anotherimportantaspectof thebufferingprocessis thetransversalstorageof theeventdata
words in the dual-portedmemories.As it will be describeda bit later, the processingin the
speci�ed ATLAS format requiresto serialisetheeventdatafrom the two serialinterfacesof a
given PPrASIC,by concatenatingthe two event blocks.Which meansthat the readoutof the
event datafrom the memorybuffers andits transmissionto the DAQ necessitateslongertime
thanwriting the samedatato the buffers. At mediumandhigh L1A frequenciesthis leadsto
multiple consecutive eventsaccumulatedin the buffers, possiblyhitting the storagelimits. In
thesesituations,theRodReadoutManagermustensurethatonly integral eventblocksarestored
in thebuffers,andthat theunreadeventdatais not overwrittenby further incomingeventdata.
In orderto accomplishtheserequirements,logic in theRodReadoutManagerdividestheentire
depthof eachmemorybuffer into equally sizedevent blocks. The numberand the depthof
theseblocksdependon thesizeof thePPrASICeventblock, i.e. they dependon thenumberof
FADC andBCID-LUT sampleswhich thePPrASICis con�gured to readout from its pipeline
memories.Thecurrentdesignof theReM FPGAofferssupportfor six differentcombinations
of FADC andBCID-LUT samples,undertheassumptionthatall thePPrASICsarecon�gured
to readout thesamenumberof samples.Also, theReM FPGAneedsto know in advancethe
settingsappliedto thePPrASICs.Thisis donevia adedicatedVME register(seesectionB.3.14).

Table6.6 lists the supportedcombinationsof readoutsamples.They werechosento meet
differentoperationalnecessities.In normalphysics running, the DAQ usesonly the '3+1' or
'5+1' readoutmodes,in order to copewith the transportlimitations at maximumL1A rate.
Theothermodesareintendedfor calibrationstudiesthatcheckthepropertiesof thecalorimeter
trigger pulsesor the BCID algorithms.Also listed in table 6.6 is the numberof event blocks
thattheRodReadoutManagerallocatesfor eachreadoutmode.Thisnumberis determinedin the
following way:

Selectedreadoutscheme No. eventblocks
(NFADC + NBCID� LUT ) (in DPmemories)

3+1 16
5+1 16
7+1 16

9+3 8
11+5 8
15+1 8

Table 6.6: The combinations of FADC and BCID-LUT samples currently supported by the
ReM FPGA's �rmw are.Thevaluesgivenin boldspecifythedefaultmode.
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� if the sumof the FADC andBCID-LUT numbersis smalleror equalto 8, thenthe 256
locationsof eachmemoryareorganisedinto 16 blocks,so that eachblock contains16
memorylocations.

� if thesamesumis greaterthan8 andsmalleror equalto 16,thenthedepthof thememory
is organisedinto 8 blocks,eachof whichcontains32memorylocations.

In caseof the '3+1', '5+1' and '9+3' readoutmodes,the allocatedmemoryblocks will not
be fully occupied. For example,if the PPrASICis con�gured to readout 5 FADC samples
andoneBCID-LUT sample,thentheeventdatablock transmittedover theserialinterfacewill
consistsof 14 datawords: tenFADC, two BCID-LUT andtwo EventHeaderdatawords.Since
theEventHeaderdatais storedtogetherwith theBCID-LUT datain thelocalbuffers,thismeans
thatonly 12 out of the16 memorylocationswill beactuallywritten with data.Theotherfour
memorylocationsareleft empty, thewrite pointerbeingmovedto thestartaddressof thenext
memoryblock, whena new PPrASICevent block is received. The advantageof this method
is that thePPrASICeventdatablocksareintegrally storedin thelocal memories.Additionally,
with this methodnew readoutmodescanbeeasilyadded,undertheassumptionthatthesumof
thereadoutsamplesis notgreaterthan16.

6.5.4 The G-Link Event Data Format

As mentionedin section6.2.4, thetransferof eventdatafrom theReM FPGAto theRGTM-O
is realisedvia 16singledatalines,eachof which is usedfor transportingtheeventdataprovided
by a correspondingPPrASIC.Theserialformat in which thedatais written out to RGTM-O is
shown in �gure 6.21, andit is often referredasto theG-Link EventData Format. Apart from
PPrASICevent data,eachserialstreamtransportsaswell threeother typesof data: a global
12-bit Bunch-Crossing(BC) number, a setof 10 errorbits (Errors)anda longitudinalparity bit
(GP).Thefour componentsof theserialstreamsaredescribedin thefollowing.

The Bunch CrossingNumber

The ReM FPGA hasto tag eachevent with the BC numberof the correspondingL1A, in or-
der to allow veri�cations of the PPM timing with respectto the othercomponentsof the trig-
ger. TheBC numberis providedby a 12-bit counterrunningin theRodReadoutManager. The
counteris incrementedwith eachLHC clockevent,andit is clearedby theTTC BunchCounter
Reset(BCR) signal.Upon the receiptof an L1A, the outputof the counteris written to a 16-
bit deepx 12-bit wide asynchronousFIFO, whereit is queueduntil the RodReadoutManager
extractsit for processingandtransmissionto DAQ.

In theG-Link eventdataformatthe12-bitBC numberprecedestheactualeventdata,andit
is transportedtransversallyby the�rst 12serialframes.Thecorrespondingbit �eld in theformat
of thelastfour serialframesis, therefore,alwayssetto zero(seeagain �gure 6.21).

The PPrASIC Event Data

For eachserial frame, the RodReadoutManagerhasto concatenatethe event dataoriginating
from the four channelsof onePPrASIC,in the successionindicatedin �gure 6.21. First the
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eventdataof the�rst two channelsis transmitted,labelledin thesame�gure asASIC Ch A and
ASIC Ch B, andthenthe event dataof the othertwo channels,ASIC Ch C andASIC Ch D.
Eachchannelblockconsistsof 11-bitFADC andBCID relateddata,whichareserialisedexactly
in theformatin which they arestoredin thedual-portedmemories(seeagain �gure 6.20).

The Err or Bits

A setof 10 errorbits is providedin eachserialframe,to indicatethestatusof thePPMreadout
operation.The�rst � veerrorbitsaresetfrom VME, while theremaining� vebitsaresetby the
RodReadoutManager, asa resultof an internalprocessing.The signi�canceof the error bits,
andtheway they aresetis presentedin thefollowing:

� PPrASIC channelsare disabled (CD)18. This is a groupof four error bits which �ags
thatoneor morePPrASICchannelshave beendisabledby software.Noisy, deador hot
channelshave to be disabled,asthey candisturbthe trigger operation.The supervising
softwarehasthe possibility to disablea PPrASICchannel,by settingthe contentof the
correspondingLUT memoryto zero.The effect of this measureis that the 8-bit BCID-
LUT datawill bepermanentlysetto zero.Therefore,in orderto avoid ambiguitieswhen
the event datais analysed,the situationhasto be �agged accordingly. The ReM FPGA
needstoknow in advancewhichchannelshavebeendisabled,becauseit cannotdeducethe
informationotherwise.Two32-bitVME registersareprovidedfor thispurpose,eachbit of
eachregisterbeingdedicatedto onePPMchannel,i.e. 64 bits covering64 PPMchannels
(seealsosectionB.3.16). WheneventdataissenttoDAQ,theRodReadoutManagercopies
theseVME bits,andloadsthemto corresponding�elds in eachserialframe.
The same�agging methodis appliedfor the unusedchannelsof the PPMsthat process
trigger-tower signalsfrom the end-capcalorimeters.ThosePPMsaresuppliedthrough
theinputconnectorswith only 32analoguesignals(seee.g.�gure A.5). Correspondingly,
only theoutputof therespective32channelsis physicallyconnectedto thereal-timepath
of thetrigger. However, sinceall thePPMsusedin thesystemarehardwareidentical,the
other32channelsarestill connectedto thereadoutpathandprovideeventdata.Hence,in
orderto avoid ambiguities,theeventdataoriginatingfrom thesePPrASICchannelsis as
well �agged.

� ThePPrMCM is absentfr om themodule(MA). In theveryearlycommissioningphases
of the L1Calo, someof the PPMswereoperatedwith lessthan16 PPrMCMsmounted
on the board.Therefore,at that time this bit was meantto �ag that the corresponding
PPrMCMis physicallyabsentfrom thePPMboard.Sincethisscenariois excludedduring
the regular operationof the systemin the ATLAS experiment,the de�nition of the MA
errorbit wasadapted,to indicatethat thePPrMCMis ratherfunctionallythanphysically
absent.TheRodReadoutManagerassertsthebit whenall the four channelsof thegiven
PPrASICare�agged asdisabledby thesupervisingsoftware,asdescribedabove.

18thetext givenin bold representsthede�nition of theerrorbits, asestablishedby theL1Calocollaboration(see
also[Bar08]).
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Figure6.21: TheG-Link eventdataformat.

� Oneor morechannelsdid not producedata in responseto L1A (TO). Thebit is often
referredasto theTimeOutbit. In theRodReadoutManager, onesuchabit is implemented
for eachPPrASICserialinterface.Sinceonly oneTO bit canbetransmittedperG-Link
serialframe,thebitsassignedto thetwo serialinterfacesof thesamePPrASICaremerged
into onebit. The default valueof eachTO bit is 1, indicatingthat no datahasbeenre-
ceived.Whenthe�rst eventdatawordis writtento adual-portedmemory, thecorrespond-
ing TO bit is setto 0. After thelastbut oneeventdataword is storedin thememory, the
bit is logically OR'ed with the correspondingbit of the secondserial interface,andthe
result is queuedinto a 16-bit deepx 1-bit wide asynchronousFIFO. Then,after the last
dataword is written to thememory, thedefault valueof theTO bit is restored.

� L1As are coming too fast and the readout FIFO in the PPrASIC has becomefull
(AFF). Whenthisoccurs,thePPrASICsendsonly eventheaders,and�ags therespective
statusvia theHeadersOnlyandDataLossbits. In consequence,theeventdatasentby the
ReM FPGA to DAQ is invalid, representingdatafrom the previous event readout.The
invalidity of the event datais �agged by the AFF error bit. The RodReadoutManager
setsthis bit accordingto thevaluesof theHeadersOnlyandDataLoss�ags. As described
in the previous section,the two �ags of eachEventHeaderarelogically OR'ed, andthe
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resultis written to acorrespondinglocalbuffer. TheAFF bit is thenobtainedby logically
OR'ing thefour resultsrelatedto thesamePPrASIC.

� Event Number Mismatch (ENM). Whenasserted,thebit indicatesamismatchbetween
the 4-bit Event Number(EvNum) provided by the PPrASIC,anda referencecomputed
by theReM FPGA.Both numbersareobtainedby incrementingcorrespondingcounters
each time an L1A is received. Also, the two countersare operatedwith the LHC
clock, and they are set to zero by the TTC Event CounterReset(ECR) signal. As
describedin the previous section, the EvNum of the PPrASIC is extractedfrom the
secondEventHeaderof each input data stream,and stored in a correspondinglocal
buffer. The local referenceis storedin a 16-bit deepx 4-bit wide asynchronousFIFO,
uponthe receiptof theL1A. Wheneventdatais sentto DAQ, theRodReadoutManager
extractsthe PPrASICEvNum from two relatedbuffers, andcomparesthemseparately
with thelocalreference.TheENM bit is thenobtainedby logicallyOR'ing thetwo results.

� Bunch Number Mismatch (BNM). Whenasserted,thebit indicatesamismatchbetween
the4-bit BC numberprovidedby thePPrASICandthe lower four bits of the12-bit BC
numbercomputedby the ReM FPGA. The comparisonbetweenthe two valuesis per-
formedas in the previous case.First, the PPrASICBC numbersstoredby two related
buffersarecomparedseparatelywith thelocal referencestoredin thededicatedFIFO,and
thentheBNM bit is obtainedby logically OR'ing thetwo results.
ThePPrASICbunch-crossingcounteris implementedin asimilarwayastheReM FPGA
counter. It is incrementedwith eachLHC clock event,andit is resetto zeroby theTTC
BunchCounterReset(BCR) signal. In spiteof that,it wasobservedthattheactualvalue
provided by the PPrASICdoesnot representthe BC numberof the L1A, but the next
BC number. This occursbecausethe decisionto storethe outputof the BC counterin
the BCID-LUT derandomiser, togetherwith the otherdatacomposingthe EventHeader,
is takenonly oneclock eventafter thearrival of theL1A. In orderto eliminatetheoffset
betweenthetwo countervalues,thefollowing solutionwasimplementedin theRodRead-
outManager. First, the lower four bits of the local referencearecopiedinto a 4-bit Bc-
NumShortregister, andthentheobtainedvalueis incrementedby 1, to matchthenumber
providedby thePPrASIC.Theusageof theBcNum Shortregisteris neededin orderto
preserve the12-bit BC number, asthis valuerepresentsthecorrecttime stamp,andit is
transferedto theROD for veri�cations of thePPMtiming.
However, this solutionis reliableaslong asthereis a minimumspacingof oneclock pe-
riod betweentheL1A andtheBCR signals.Whenthe two protocolsignalsarereceived
simultaneously, thelogic of thePPrASICgivespriority to theBCR signal,which setsthe
BC counterto zero. This valueis thenprovided via the EventHeader, dueto the above
mentionedlate decision,and the RodReadoutManagerdetectsa mismatchbetweenthe
countervaluesin spiteof the incrementation.This situationwas�rst observedwhile the
PPrsystemwastakingpartin cosmic-raysruns,atCERN.Dueto thefactthatthecosmic
ray particlesarrive in thedetectorrandomlywith respectto thetiming of theexperiment,
a trigger decisionmay be taken during any of the 3564 bunch-crossing”time marks”.
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As the BCR signal is generatedanddistributed to all readoutsystemsonly on the last
bunch-crossing,i.e. 3563,thereis a non-zeroprobability to generatesimultaneouslythe
two protocolsignals.In thesecases,theRodReadoutManagerdetectsamismatch,by �rst
incrementingthevalue3 to 4, andthencomparingit to thevalue0 providedby thePPrA-
SIC.This situationis excludedin physicsrunswith LHC beam.ThecurrentLHC bunch
�lling schemeforesees,for a bunchspacingof 25 ns, thatno collision will occurin the
last119bunchesof theorbit [Bai03]. In consequence,no L1A will begeneratedwithin
thespeci�edperiodof time.
SincetheReM FPGAhasto cover all thesituations,theRodReadoutManagercompares
theBC numberof thePPrASICagainstfour bitszero,whenever theL1A andtheBCRare
receivedon thesamebunch-crossing.As thecomparisonbetweenthetwo countervalues
is performedduringthetransmissionof eventdatato DAQ, thusmuchlaterafter theco-
incidenceis detected,theRodReadoutManagerstores,for eachevent,a coincidence�ag
into a 16-bit deepx 1-bit wide asynchronousFIFO. This bit will later indicatewhether
the BC numberof the PPrASIChasto be comparedagainst the incrementedvalue(the
coincidencebit is setto 0), or againstfour bits zero(1).
A similar problemwasobserved for the PPrASICevent numbercounter, which counts
theeventsstartingfrom 0, whentheL1A andtheECRarrive simultaneously, andfrom 1
otherwise.However, astheReM FPGAdoesnothaveto transmittheeventnumberto the
DAQ, theproblemwassolvedby implementingthe local eventcounterin a similar way
asthePPrASICcounter.

� ReM FPGA FIFO corrupt occursif FIFO over�o ws (RFC). Whenall thedatablocks
of thedual-portedmemoriesareoccupiedwith unreadeventdata,theRodReadoutMan-
agerstopsbufferingfurthereventsuntil thestoreddatais entirelyreadoutandtransmitted
to DAQ. Correspondingly, aslong astherestrictionis in place,theRodReadoutManager
assertsthe RFC bit of eachG-Link serial frame.Additionally, a copy of the RFC bit is
provided to VME, for debuggingpurposes,via the �rst ReM Statusregister(seeRodE-
ventsNotBufferedbit in tableB.3.21).

The Global Parity Bit

While sendingdatato theROD, theRodReadoutManagercomputesanodd-paritybit for each
serialframe,andappendsit after the lasterrorbit. Uponreceiving the input PPMdatastream,
theROD computesasimilarparitybit, andcomparesit with thebit providedby theReM FPGA,
in orderto detecteventualtransmissionerrors.

6.5.5 The Transfer to RGTM-O

TheRodReadoutManagerstartstransferringthedatato theRGTM-OwhenatleastonePPrASIC
eventdatablock is entirelystoredin thelocalmemorybuffers. In orderto facilitatethedescrip-
tion of the transfermechanism,�gure 6.22 givesan overview of the operationsperformedin
theRodReadoutManager. Additionally, �gure 6.23showsbehaviouralsimulationresultsfor the
caseof two readoutswith oneBCID-LUT andthreeFADC samples.In both�gures, thedescrip-
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tion mainly focuseson thecaseof the�rst two serialinput datastreams,asthetreatmentof the
otherinputstreamsis identical.

In theRodReadoutManager, eachinput PPrASICdatastreamis receivedby a functionally
identicalRodBuffer module.Themaintaskof thismoduleis to extracttheeventdatafrom input
stream,andstoreit in a correspondinglocal buffer. Upondetectingthe �rst EventHeader, the
modulewrites to the buffer eachfollowing BCID-LUT andFADC dataword, until their sum
equalsthedoublesumof thesettingsspeci�edfrom theVME (NumFadc, NumBcid). Addition-
ally, theRodBuffer moduleassertsaWriteInProgressbit, to �ag thestatusof thewrite operation,
andsetsa time-out(TO) errorbit to zero,to indicatethat thecorrespondingserialinterfacehas
provided datain responseto the L1A. The WriteInProgress�ag is asserteduponwriting the
�rst BCID-LUT dataword, andclearedwhenthe lastbut oneFADC dataword is stored.This
statusbit is thenroutedto aWriteControl module,whereit is logically OR'edin two successive
stepswith theother31 similar bits, to form a global indicatorof thewrite operationto the32
local buffers (seeROB WIP in �gure 6.23). The high-to-low transitionof the obtainedsignal,
i.e. write operationcompletedin all RodBuffer modules,is usedby theWriteControlfor three
purposes.

The�rst purposeis to incrementa 4-bit NextBlockToWritecounter, which indicatesto each
RodBuffer modulethememoryblock wherethenext PPrASICeventdatahasto bestored.The
counteris incrementedby 1, if the sumof NumFadcandNumBcid is smalleror equalto 8,
andby 2, if the samesumis greaterthan8 andsmalleror equalto 16 (seeagain table 6.6).
Upon detectinga new event block in the input datastream,eachRodBuffer modulesetsthe
local write pointerto the startaddressof the next memoryblock, by appendingfour bits zero
to the 4-bit valueprovided by the NextBlockToWrite. The usageof a block counteris mainly
necessaryfor the casewhenoneor moreserial interfacesdo not provide dataduring a single
or moreconsecutive readoutoperations.As longasthis situationholds,thecorrespondinglocal
write pointersarenot incremented.Thus,in theeventualitythat thesameserialinterfacesstart
sendingagaindata,afteranumberof eventreadouts,thecorrespondinglocalwrite pointershave
to bere-alignedwith theotherwrite pointers,to ensurethatall 32 eventdatablocksarestored
at thesamelocations,in eachmemorybuffer.

The secondpurpose,for which the high-to-low transitionof the ROB WIP signal is used,
is to storethetime-outbits in theallocatedFIFO (seeWriteEnableTOFifo). Thethird andthe
lastpurposeis to generateaWriteDonestrobe,which indicatestheavailability of theeventdata
in the local buffers.The WriteDonestrobeandthe Empty status�ag of the ”Time Out” FIFO
(EmptyTOFifo) arethesignalsthatinitiate thetransferof eventdatato theRGTM-O.

Thedatatransferoperationis coordinatedby a ReadControl module.If thememorybuffers
have previously containedno data,anda new PPrASICeventblock hasjust beenwritten to the
buffers,theReadControlstartsretrieving thedatafrom theFIFOsandthedual-portedmemories
upon the receiptof the WriteDonesignal.At �rst, the ReadControlgeneratesa GetFifoData
strobe,to extract the bunch-crossingnumber, the event numberandthe coincidence�ag from
theFIFOs. The lower four bits of the12-bit BC numberarecopiedin a separateregister, and
processedin orderto canceltheoffsetbetweentherelatedPPrASICandReM FPGAcounters
(BCNumShortCounter), while all the 12 bits of the FIFO output(BCNumFifoOut) aretrans-
ferredvia the�rst 12 datalinks. Theloadingof thesebits in theserialoutputstream,aswell as
theloadingof all theotherdatatypes,is controlledby severalstrobes,whichareissuedbasedon
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thevalueof aninternalbit counter, andof theNumFadcandNumBcidsettings.The�rst strobe,
BcBit RdStr, will simultaneouslyactivatethe ”data available” framesignal(DAV BAR19), and
load theBC bits in thesamestreams.Thenext two strobesdeterminethe loadingof theevent
datafrom thedual-portedmemories.As for thewrite operation,a 4-bit NextBlockToReadindi-
catesthestartaddressof thememoryblock thathasto be readout. Unlike thewrite pointers,
which are locally manipulatedduring the writing of datato the buffers, the readpointersare
globally controlled,to ensurethatdatais readout simultaneouslyfrom eachmemory, andonly
from thelocationindicatedby theglobalpointer(ReadAddress). First, theReadControlextracts
andtransferstheeventdataprovidedby the �rst serialinterface(SerIntf1RdStr), andthenthe
eventdataof thesecondserialinterface(SerIntf2RdStr).

Theerrorbits aretransferredin two steps.The �rst strobe,ErrBits1 RdStr, will determine
theinsertionof theCD andMA bits in theserialstream.In thesametime,thesignaldetermines
theextractionof theTO bit from theFIFO, andtheextractionandprocessingof thePPrASIC
bunch-crossingnumber, eventnumberandtheheader�ags storedin thedual-portedmemories.
TheTO andRFCbits, andtheAFF, ENM andBNM bits returnedby therespective processing
areinsertedin the outputstreamuponthe releaseof the ErrBits2 RdStrstrobe.After that, the
ReadControlissuesa Parity RdStrstrobe,which appendsthe global parity bit to the output
stream,anddeterminesthedeactivationtheDAV BAR signalon thefollowing clockevent.

The transferof the entireserial streamto the RGTM-O necessitateslonger time than the
operationof writing the input PPrASICdatato thebuffers.For a readoutwith oneBCID-LUT
sampleandthreeFADC samples,which is thecaseillustratedin �gure 6.23, it takes3.25 ms to
buffer theinputdata,and4.7 msto readit out,packit with additionaldata,andtransferit. Which
meansthat if a secondL1A is received in, roughly, lessthan4.7 ms, the correspondingevent
datablockwill beavailablein thememorybuffersbeforethecurrenttransmissionis completed.
Subsequently, thesecondWriteDonestrobewill begeneratedat a time whentheReadControl
moduleis busy transferringdata,and thus it cannotprocessit. In consequence,alwaysafter
completinga transfer, the ReadControlchecksthe level of occupancy in the memorybuffers,
by readingtheEmpty TOFifo status�ag. If this is setto zero,thentheReadControlinitiatesa
new datatransfer. This is a reliablesolution,becausetheTO bitsarewritten to theFIFOshortly
beforethebuffering of theinput datais completed,andreadout alsoshortlybeforethetransfer
to RGTM-O is �nalised. Additionally, the releaseof the WriteDonesignal is alwaysdelayed
with six clock periods,with respectto the WriteEnableTOFifo, to allow the ReadControlto
eitherdetectanon-emptyFIFOor theWriteDonestrobe.

Theevaluationof theEmpty TOFifo �ag, andthepreparationfor transmissionof thenext
bunch-crossingnumber, requiretogethersix clockperiods.Thismeansthatthedatatransfer, and
theactivationof theDAV BAR signal,will only occurafterthisdelay. For debuggingor testing
purposes,theReadControlcanbe instructedfrom VME to extendthedelaybetweentwo con-
secutive”dataavailable”signals(DAV Gap), with upto 15clockticks(seesectionB.3.15). This
settingwill alsodelaythe datatransfer, with the samenumberof clock periods.The eventual
extensionis performedaftertheevaluationof theEmpty�ag, andonly if the�ag indicatesthat
eventdatais availablein thebuffers. This is donein orderto allow thealgorithmsof theRead-
Controlmoduleto returnin anoperationalstatein which they canprocessa furtherWriteDone

19theDAV* signaldescribedin section6.2.4
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Figure 6.22: The event datacollection,processingandtransferto RGTM-O, asperformedin the Ro-
dReadoutManager.

strobe.If the�ag indicatesemptybuffers,thenanextensionof theDAV Gapwith morethan6
clockperiods,i.e. thedelaybetweentheWriteEnableTOFifo andWriteDonesignals,cancause
theReadControlto missaneventualWriteDonestrobe.Which will postponethedatatransfer
until a secondWriteDonestrobeis received.

Lastbut not least,theAchilles' heelof thecurrentimplementationis thescenarioin which
oneor up to 31 serial interfacesprovide only event headers.This operationalmodeindicates
that eitheroneor both derandomisersof the given interfaceshave becomefull, andthat they
cannotbuffer any further event datafrom the correspondingpipelinememories.In this case,
theWriteInProgresspulses,generatedby thecorrespondingRodBuffer modules,will besignif-
icantly shorter, andthey will irreversiblyaffect themechanismthatinitiatesthetransmissionof
theactualeventdatato theRGTM-O.Sucha scenario,with lessthan32 serialinterfacesenter-
ing this operationalmode,hasnever beensofar observed. As all thePPrASICsarecon�gured
to copy thesameamountof datafrom thepipelinememoriesto thederandomisers,oneexpects
the sameoperationalbehaviour in all 16 PPrASICs.A differentsituationwill thenpoint to a
defectivehardware.However, thisveryunlikely scenariohasto becoveredby theReM FPGA's
algorithms.Thesolutionforeseenfor thenext updatesof the�rmw aredesignis to permanently
de-couplethecorrespondingWriteInProgresssignalsfrom thegenerationof theROB WIP sig-
nal,andassertaccordinglytheAFF errorbit, until thesystemis reset.
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6.6 Collecting the PPrASIC ReadbackData

Anothermajortaskassignedto theReM FPGAis tocollectthePPrASICreadbackdataandstore
it in locationsaccessibleover theVME. As previously describedin section6.5.1, thePPrASIC
provides threetypesof datavia the Readback Channel: con�guration, monitoringandstatus
data.Thecon�gurationandthemonitoringdataareprovidedonrequest,while thestatusdatais
sentpermanentlywhenno requestfor thepreviousdatatypesis addressed.

Thecon�gurationdataprovidesthevaluestoredat anindicatedPPrASICregisteror mem-
ory location. TheReM FPGAwrite this datato a correspondingSRAM location,in theMCM
Readbackblock,from whereit canbereadoutovertheVME, andcomparedwith thesimilarset-
ting loadedby thesoftwareandthecopy storedin theMCM Referenceblock, in orderto verify
thesettingup procedureandtheproperfunctioningof thehardware.Themonitoringdatacon-
sistsof channel-wiseandtriggerunbiasedenergy ratesandspectra,which areproducedbased
on real-time10-bit raw FADC dataor 8-bit BCID-LUT results.This datais readout periodi-
cally andusedfor detectingfaulty calorimetertriggerchannels(seesection8.1). Additionally,
thesamedatacanbeusedfor calibratingthetrigger-tower energiesor for monitoringtheLHC
beamconditions[Mül08b]. Theratesandthehistogramsareprovidedover theserialinterface
uponseparaterequests.TheReM FPGAassembleseachdatatypeinto a dedicatedblock in the
SRAM.Finally, thestatusdataprovidesbit-wiseinformationaboutthestateof variousprocesses
in thePPrASIC.Thisdatais packedby theReM FPGAinto VME-accessibleregisters.

6.6.1 The PPrASIC ReadbackData Format On the Serial Interface

Figure6.24shows theformat in which thePPrASICtransfersthereadbackdataover theserial
interface.Therearethreetypesof 13-bit readbackwords,eachtypebeing�agged correspond-
ingly via the most signi�cant bits. The �rst word, called ReadbackEmpty, provides a 10-bit
statusdata,of which contentis listedin table6.7. The�rst four bits indicatetheavailability of
themonitoringdatain the two channelsservedby theaccessedserialinterface.Thefollowing
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Bit Nr. Description

0 RateAvailable(Channel1)
1 RateAvailable(Channel2)
2 HistogramAvailable(Channel1)
3 HistogramAvailable(Channel2)
4 FADC PipelineStopped(Channel1)
5 BCID-LUT PipelineStopped(Channel1)
6 FADC PipelineStopped(Channel2)
7 BCID-LUT PipelineStopped(Channel2)
8 PlaybackModeActive
9 Frequency Lost (PPrPHOS4status)

Table6.7: ThePPrASICstatusdataprovidedvia theReadbackEmptydataword.

four bitsindicatethatthewriting of theraw FADC andBCID-LUT datato thepipelinememories
hasbeenstoppedby theuser20. The lastbut onebit �ags thatat leastoneof thetwo channels
have beencon�gured to operatein playbackmode,while the last bit providesa copy of the
FrequencyLost signaldescribedin section6.2.7. In theReM FPGA,thesetenbitsareextracted
by eachAsicSerialInterfacesmodule,andprovided to theStatusRegistermodule,which packs
themseparatelyinto VME-accessibleregisters(see�gure 6.19andsectionsB.3.8to B.3.13).

Theothertwo 13-bitdatawordsform theactualreadbackblock. TheReadbackHeaderword
startsthereadbackblock,andindicatesthePPrASIClocationwhich is beingreadout,while the
ReadbackDatawordprovidesan11-bitcon�gurationor monitoringdata.In theReM FPGA,the
ReadbackHeaderandthecontrolbitsof theReadbackDataarediscarded,andtheremaining11-
bit datais written to a correspondinglocationin theSRAM. Thefollowing subsectionspresent
thealgorithmsimplementedin theReM FPGA's �rmw arefor retrieving thecon�guration and
themonitoringdatafrom thePPrASICs.

6.6.2 Readbackof Con�guration Data

As mentionedin section6.4.1, whencon�gurationdatais transferredfrom VME to a PPrASIC
location,theReM FPGAplacesonecopy of theinput 32-bit VME datain theMCM Readback
block, andsetsthe upperfour bits of the correspondingSRAM locationto value4'b0001, to
�ag the changein con�guration. Additionally, the upperfour bits, called in the following as
the readback �a gs, are set by the ReM FPGA to the samevalue when a VME Resetsignal
is received. The reasonfor doing this is that the VME Resetremovesany con�guration data

20therearetwo distinctcasesin which thewriting of eventdatato thepipelinememoriesin stopped.In the �rst
case,the userexplicitly requeststhe interruption,via a speci�c commandaddressedover the serial interface. In
the secondcase,the samestateis indirectly induced. The userhasthe possibility to readout the whole content
of any pipelinememoryvia theserialinterface.While this operationis in progress,thewriting of eventdatato the
accessedpipelinememoryis paused.Noneof thesetwo casesis consideredby thecurrentdesignof theReM FPGA's
�rmw are.
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previously loadedto the PPrASICregisters,by restoringthe default values.In consequence,
immediatelyaftertheresetstateis released,theReM FPGAsetsthelower 32 bits of theentire
MCM Readbackblock, for convenience,to zero,andthecorrespondingreadback�ags to value
4'b0001. When con�guration data is readback from a PPrASIClocation and placedin the
SRAM, theReM FPGAsetsthe readback�ags of thecorrespondingSRAM locationto value
4'b0000,to indicatethattherespectivedatawasretrievedfrom thesource.

The readbackof PPrASICcon�guration datais initiated from theVME. Two methodsare
provided for the currentpurpose.In the �rst method,the ReM FPGA startsautomaticallythe
readbackprocess,whenthereadback�ags associatedwith aPPrASIClocationarereadoutover
the VME, andif their value is set to 4'b0001. In the secondmethod,the ReM FPGA canbe
instructedto ignorethe valueof the same�ags, andstartthe readbackprocessupona similar
VME readoperationto thesebits.

Conditioned Readback

The upperfour bits of the entireMCM Readbackblock aremappedto VME asdescribedin
sectionB.3.2. Whenthe�ags arereadoutfrom VME, theReM FPGAchecks�rst theirvalue.If
this is foundto besetto 4'b0001,thentheReM FPGAproceedswith verifying if therespective
�ags areassociatedwith a PPrASICregisteror memorylocation.This veri�cation is necessary
for coupleof reasons.First of all, multiple locationsin theMCM Readbackblock areallocated
for storingPPrAnIn-DAC andPPrPHOS4data(seetableB.2). Although thesedevicescannot
bereadback,theReM FPGAplacesa copy of therelatedcon�gurationdatain theselocations,
andsetsthe correspondingreadback�ags to value4'b0001,dueto the identicalformat of the
MCM ReferenceandReadbackblocks.Then,a signi�cant numberof memorylocationsin the
sameblocksarenotatall used.TheVME addressesrelatedto therespectiveSRAM locationsdo
not encodea valid PPrASICregisteror memorylocation.Althoughno input con�gurationdata
is written to theselocations,the upperfour bits setalsoby the ReM FPGA to value4'b0001,
whena VME Resetsignal is received. In consequence,the ReM FPGA must verify that the
read-�agsaccessedby theVME arenot associatedwith any of the locationsmentionedabove.
If theveri�cation returnsa negative result,thentheReM FPGAonly providesthevalueof the
respective �ags to VME, anddoesnot considerinitiating a readbackoperation. In caseof a
positive result,thentheReM FPGAstartsreadingbacktherelateddata.

Theexact informationaboutthePPrASIClocationthathasto bereadout is obtainedfrom
theinputVME address,in thesamemannerasdescribedin section6.4.1. Basedonthis informa-
tion, theReM FPGAbuildsalsoa13-bitStartReadback commandword,which indicatesto the
identi�ed PPrASICa readbackrequestandthelocationfrom wherethedatahasto beretrieved
(seealso[Hus02]). Thenumberof ReadbackDatawords,sentby thePPrASICin responseto the
StartReadbackcommand,dependson the typeof requesteddata. If a registeris readout, then
thePPrASICprovidesthe respective 11-bit datavia oneReadbackDataword. If memorydata
is requested,thenthePPrASICtransfersthewholememorycontent,andnot thedatastoredin a
singlememorylocation.Thus,in thiscase,thenumberof ReadbackDatawordsequalsthedepth
of theaccessedmemory. Uponreceiving thereadbackdatafrom thePPrASIC,theReM FPGA
extractsthe 11-bit con�guration data,and writes it to a correspondinglocation in the MCM
Readbackblock, in theformat indicatedin tableB.2. Simultaneously, theReM FPGAsetsthe
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Figure 6.25: Control logic in the ReM FPGA managingthe readbackof con�guration datafrom the
PPrASICs.

readback�ags to value4'b0000,to indicatethat thedatastoredin the respective locationwas
readbackfrom thePPrASIC.

Figure6.25describesschematicallythelogic implementedin theReM FPGA's�rmw arefor
retrieving thecon�gurationdatafrom thePPrASICs,andtransferringit to theSRAM.Thevalue
of thereadback�ags is checkedby theSramManager. If this is setto 4'b0001,theSramManager
distributesaCollectAsicCfgDatacommandto anotherfunctionalmodule,calledAsicReadback,
which handlesall the readbackoperationsfrom thePPrASICs.Uponreceiving this signal,the
AsicReadbacklatchestheinput VME addressandusesit for threepurposes.The�rst oneis to
verify if thereadback�ags areassociatedwith a PPrASIClocation. If theveri�cation returnsa
negative result,thentheAsicReadbackcancelsany furtherprocessingof thereadbackrequest,
and �ags the situationvia the InvalidAsicCfgRdbkRequestbit of the �rst ReM Error register.
Thesecondpurposeis to generateaReadback Address, which is providedto theAsicCon�gura-
tion module.Basedon this information,thelattermoduleidenti�es thePPrASICandtheserial
interfacethathaveto beaccessed,andbuilds the13-bitStartReadbackcommand.Thethird pur-
poseis to obtaintheaddressof theSRAM locationwherethePPrASICreadbackdatawill be
stored.

A copy of theinputdatastreamfrom theaccessedserialinterfaceis routedto theAsicRead-
back. The modulemonitorspermanentlythe two control bits of eachincoming13-bit datato
identify the ReadbackDataword. Whenthis occurs,the modulediscardsthe control bits and
writes the remaining11-bit con�guration datato theSRAM, via theSramManager. Addition-
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ally, the AsicReadbackrequeststhe SramManagerto set the correspondingreadback�ags to
value4'b0000.

Thestatusof thereadbackoperationis �agged by thesamemodule.An AsicCfgReadback-
Activebit is assertedassoonasthereadbackrequestis validated,andclearedimmediatelyafter
thelastcon�gurationdataword is placedin theSRAM. Thestatusbit is permanentlyprovided
to threefunctionalmodules:VmeManager, CommandRegisterandStatusRegister. Whenthebit
is set, the VmeManagerandCommandRegistermodulesdeny any VME requestthat implies
the accessto the SRAM. The StatusRegisterprovidesthe respective bit to VME, via the �rst
ReM Statusregister.

UnrestrictedReadback

For debuggingandtestpurposes,theReM FPGAcanbeinstructedto initiate thereadbackpro-
cessindependentof thevaluestoredby the readback�ags. This operationalmodeis activated
via theForcedCon�gReadback bit of theReM Controlregister(seetableB.24). Whenthebit is
asserted,theSramManagerignoresthevalueof thereadback�ags, andgeneratestheCollectAs-
icCfgDatacommanduponreceiving thedatafrom theSRAM device. Oncethereadbackprocess
is started,the logic administratingtheReM Control registerclearstheForcedCon�gReadback
bit. Whichmeansthatthebit hasto beassertedagain, if thenext readbackoperationis intended
to berealisedunderthesameconditions.

6.6.3 Readoutof PPrASIC Energy Ratesand Spectra

In thePPrASIC,themonitoringfunctionality is implementedin two modules,calledRateMe-
tering andHistogramming. TheRateMeteringevaluatestheinput FADC or BCID-LUT values
against a programmableenergy threshold,during a speci�ed period of time, while the His-
togrammingmapsthe sameinput valuesinto histogrambins. In both cases,the FADC and
theBCID-LUT dataarepermanentlyfed from thereal-timepre-processingpath(seeagain �g-
ure 6.1). Which meansthat the dataproducedby the two algorithmsis not biasedby the L1
triggerdecision.

The PPrASIC RateMetering

Figure6.26describesschematicallythe algorithmimplementedin the RateMeteringmodule.
Theoperationis startedassoonastheRateEnablebit is asserted.A 20-bitDataCounteris then
incrementedeachtimetheinput10-bitFADC or the8-bit BCID-LUT dataexceedsthespeci�ed
thresholdvalue(RateEtThreshold). Theselectionof theinput datasource,aswell asthesetting
upof theprogrammableparameters,is doneduringthecon�gurationprocedure,via appropriate
PPrASICchannelregisters. The energy thresholdis 10 bits wide, in orderto cover the entire
dynamicrangeof the FADC. In casethe BCID-LUT datais selectedassource,two bits zero
areappendedto eachincoming8-bit BCID-LUT data,so that theobtaineddataword matches
thewidth of thethreshold.Theperiodof time,within which theinput datais comparedagainst
the threshold,is speci�ed in units of 1024bunch-crossings,i.e. 25.6 ms. This is achieved by
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Figure6.26: Schematicrepresentationof thePPRASICRateMeteringoperation.Theparametersgiven
with italic fontsareuser-programmable.

combininga 10-bitBC Counter, which is incrementedwith eachLHC clockevent,anda 16-bit
TimeBlockscounter, which is incrementedeachtime theBC Counterover�ows.

The RateMetering operationstopswhen either the DataCounterover�ows, or when the
valuestoredin the TimeBlocksregisterequalsthe valuespeci�ed by the user(RateDelTime).
Whenany of theseconditionsis met,thecontentof theDataCounterandTimeBlocksregistersis
copiedinto dedicatedreadbackregisterbuffers.Simultaneously, aRateAvailable�ag is asserted,
to indicatethecompletionof theoperation,andthatthedatais availablefor readout.This bit is
mappedby thelogic of theserialinterfacein theReadbackEmptyword,aspreviouslyshown in
table6.7, andcleareduponareadoutrequestsfor theRateMeteringdata.After thedatais copied
in thereadbackbuffers,thecontentof theDataCounterandTimeBlocksregistersis cleared,and
the RateMeteringoperationrestartsautomatically, if the RateEnablebit is still asserted.This
alsomeansthatif thereadbackbuffersarenotreadoutbeforethestopconditionis metagain,the
new resultswill overwrite thepreviousones.Whena readoutis requested,the20-bit counting
resultandthe16-bit time informationareextractedfrom thereadbackbuffers,andsentover the
serialinterfacein theformatandthesuccessionindicatedin �gure 6.26[Hus02].

The PPrASIC Histogramming

Thealgorithmsimplementedin theHistogrammingmodulearepresentedschematicallyin �g-
ure6.27. ThemodulemapstheinputFADC or BCID-LUT values,thatexceedaprogrammable
threshold,into histogrambins, in order to obtain a distribution of the energy depositionsin
thegiven trigger tower. Thehistogramis realisedby meansof memorylocations,thesame8-
bit deepx 11-bitwidememoryusedfor storingtheplaybackdatabeingalsousedfor thecurrent
purpose.Thus,thehistogramhas256bins,eachof which allows a maximumof 2047counts.
Theenergy rangeandtheresolutionof thehistogramdependon theselectedinput datasource.
If the BCID-LUT is used,thenthesearesetto 256 GeV and1 GeV respectively. In casethe
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Figure 6.27: Schematicrepresentationof the PPRASICHistogrammingoperation. The parameters
givenwith italic fontsareuser-programmable.

FADC datais selected,thentwo bitsof the10-bit inputdataaredropped,accordingto thevalue
of a user-programmableparameter(HisOpMode). Threetruncationmodesareavailable,each
onedeterminingaspeci�c energy rangeandresolutionfor thehistogram,asshown in table6.8.

As the Histogrammingandthe Playbackprocessessharethe samememory, the former is
activatedonly whenthelatter is disabled(ActivateHis). Additionally, theHistogrammingoper-
ationcanberestrictedto a certainrangeof bunch-crossings.Theupperandlower limits of this
rangearede�ned by two user-programmableparameters(HisUpperBc, HisLowerBc). TheHis-
togrammingmodulecomparesthesevalueswith the outputof the local 12-bit bunch-crossing
counter, andenablesthehistogrammingof theinputdataif thelattervalueis within thespeci�ed
limits (ValidBc)21.

TheinputBCID dataor thetruncatedFADC dataarepermanentlycomparedagainstan8-bit

21this modeis disabledwhenthe limits of thebunch-crossingrangearesetto thesamevalues. In consequence,
theValidBcwill bepermanentlyasserted.

HisOpMode DroppedBits Range(GeV) Resolution(GeV)

0 2 LSBs 0 - 256 1
1 1 MSB, 1 LSB 0 - 128 0.5
2 2 MSBs 0 - 64 0.25

Table 6.8: The histogrammingmodesof the 10-bit FADC data. The valuesgiven in bold specifythe
defaultmode.
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energy threshold.WhentheHistogrammingoperationis activated,thecontentof thememory
locationindicatedby theacceptedinputdatais �rst readoutandevaluated.If notsaturated,then
therespectivevalueis �rst incrementedandthenwrittenbackto its location22. If saturated,then
the Histogrammingoperationstops,andthe situationis �agged via the HisAvailable bit. Un-
like theRateMeteringdata,which is copiedto dedicatedreadbackbuffers,theHistogramming
datais kept in thememoryuntil it is readout over theserialinterface.Whenthis is requested,
thePPrASICtransfersthe11-bit contentof eachmemorylocationvia oneReadbackDataword,
andsimultaneouslyde-assertstheHisAvailable�ag. Whenthereadbackis completed,theHis-
togrammingmodule�rst clearsthememorycontent,andthenrestartstheoperation.[Hus02].

ReadoutOperations in the ReM FPGA

The ReM FPGA retrieves the RateMetering and Histogrammingdataduring separateread-
out operations.In bothcases,theoperationsareinitiated from VME, via correspondingbits in
the ReM Commandregister(seetableB.25). Upon receiving sucha request,the ReM FPGA
retrieves the indicatedmonitoringdatatype from all 16 PPrASICs,andstoresit in dedicated
Readbackblocks in the SRAM. The structureof theseblocks,and the format in which each
datatype is stored,is describedin sectionsB.2.4andB.2.5. Note that theRateMeteringdata
is reassembledto its originalwidth, afterit wassplit in thePPrASICs,for serialtransmissionto
theReM FPGA.

In the ReM FPGA, the readoutoperationis coordinatedby the sameAsicReadback.The
modulereceives from CommandRegister a strobesignal that indicatesthe readoutoperation
andthetypeof datathathasto becollected.In its turn,AsicReadbackgeneratesappropriatead-
dressesfor theAsicCon�gurationmodule,thatindicatethesamereadoutoperation,thedatatype
andthe locationfrom wherethedatahasto beretrieved. Basedon this information,theAsic-
Con�gurationgeneratesappropriateStartReadbackcommandsfor eachPPrASIC.Theretrieval
of monitoringdatais performedchannel-by-channel,startingwith the�rst channelof thePPrA-
SIC locatedontheupperPPrMCM,andendingwith thelastchannelof thePPrASIClocatedon
thelowerPPrMCM.At eachstep,AsicReadbackwrites�rst thereceiveddatato theSRAM be-
fore issuinga new addressfor theAsicCon�gurationmodule.While thetransferis in progress,
theAsicReadbackassertsanappropriate�ag, indicatingthestatusof theoperation.The�ag is
clearedassoonasthelastdataword is written to theSRAM. As in thesimilar casesdescribed
in theprevioussections,the�ag is providedto thesamefunctionalmodules,i.e. VmeManager,
CommandRegisterandStatusRegister, for thesametwo purposes:to deny furtherVME requests
thatimply anaccessto theSRAM, andto provide thestatusof theoperationto theVME.

The consequenceof readingout the Histogrammingdatachannel-by-channel,is that the
previous setsynchronisation,of the respective operationin all 64 PPM channels,is lost. This
is because,asmentionedin theprevioussubsection,theHistogrammingoperationrestartsonly
after the datais readout from the memory. Thus, if the synchronisationis still wanted,the
Histogrammingoperationhasto be �rst disabledandthenre-enabled,after the readoutfrom
all 64 channelsis completed.TheRateMeteringis not affectedby thereadoutimplementation.

22the entireoperationrequiresten clock ticks to be completed.During this time no otherinput datacanbe his-
togrammed.
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This is becausethe RateMetering operationrestartsimmediatelyafter the datais copiedin
the readbackbuffers.As the latter operationis performedindependentlyon the ReM FPGA's
request,thesynchronisationof theRateMeteringoperationsin all 64channelsis conserved.

6.7 Readbackof TTCrx Con�guration Data

TheReM FPGAhasalsothetaskof readingbacktheTTCrx registerdata.Theconceptimple-
mentedfor thisoperationis identicalto theoneimplementedfor retrieving thePPrASICregister
andmemorydata.Thereadback�ags aresetto value4'b0001,whencon�gurationdatais trans-
ferredfrom VME to TTCrx,or whenaVME Resetsignalis received23. Then,whenthe�ags are
readout over theVME, thereadbackoperationis initiatedif eithertheir valueis setto 4'b0001
or theForcedCon�gReadbackbit is asserted.

Thetransferof datafrom theTTCrx to theSRAM is managedby thesamethreefunctional
modulesthatrealisethetransferof con�gurationdatafrom VME to TTCrx: Phos4TTCrxData,
I2CDataTransferand I2CMasterCore(seeagain �gure 6.8). The Phos4TTCrxDatamoduleis
theactualcoordinatorof thereadbackoperation.Uponreceiving a CollectTTCrxCfgDatacom-
mandfrom the SramManager, the modulelatchesthe input VME addressin orderto validate
the readbackrequest,to determinetheTTCrx registernumberandgeneratethecorresponding
I2C pointeraddress,andto obtaintheSRAM addresswherethedatareadbackfrom theTTCrx
hasto beplaced.Whenthe8-bit registerdatais receivedfrom theTTCrx, thePhos4TTCrxData
modulewritesit to SRAM, via theSramManager, andrequeststhesamemoduleto settheread-
back�ags to value4'b0000.Also, thePhos4TTCrxDatais themodulethat�ags theprogressof
the readbackoperation.Thestatusbit, i.e. TTCrxCfgReadbackActive, is permanentlyprovided
to theVmeManager, CommandRegisterandStatusRegistermodules,to deny furtherVME re-
queststhatimply theaccessto SRAM, andto provide thestatusof thedatatransferto theVME.

6.8 Spying the PPrASIC Serial Interface Data Over the VME

Whenthe PPM is operatedin standalonemode,on a testplatform that doesnot includeDAQ
facilities,theReM FPGAcanbeinstructedto storeacopy of thePPrASICeventdatainto VME-
accessiblebuffers,to allow thetestingor debuggingof themodule.Whenthis is requested,the
ReM FPGAextractsfrom the input streamof eachserialinterfacethe �rst arriving eventdata
block, andwrites it without any additionalprocessingto a corresponding9-bit deepx 16-bit
wide internalmemorybuffer. Thedepthof thebufferswasspeciallychosen,to allow eventhe
storageof the largestpossiblePPrASICevent block, i.e. to 127 raw FADC and7 BCID-LUT
samplesfor eachPPrASICchannel.

Also for testingor debugging purposes,the ReM FPGA can be instructedto storeaddi-
tionaldatafrom theinputPPrASICdatastream.Two methodsareprovided.In the�rst one,the
ReM FPGAstoresin thesamememorybuffers the�rst arriving eventblock, andall the13-bit

23asmentionedin section6.2.7, a VME Resetis always requiredafter a TTCrx Reset,in order to ensurethat
theReM FPGA's logic recoversfrom aneventualclock glitch. Thus,for this reasonandin orderto alsominimise
theusageof internalFPGAresources,theTTCrx readback�ags aresetupona VME Resetsignal,asthePPrASIC
readback�ags, andnotuponaTTCrx Resetsignal.
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datawordsthat follow therespective eventblock, until thebuffersget full. This methodgives
thepossibilityto storemultipleeventblocks,of smallandmediumsize,andin thesametime to
analysethecontentof thereadbackwordssentin betweentwo consecutive eventblocks.In the
secondmethod,theReM FPGAstoresall thedatawordsreceivedover theserialinterface,until
thememorybufferssaturate.

Theoperationalmodesdescribedabove areenabledvia dedicatedbits in theReM Control
register(seetableB.24). Also, themodalityin whichtheaccumulateddatacanbeaccessedfrom
theVME is presentedin sectionB.3.1.

6.9 DesignImplementation

As mentionedin the introductorypartof thechapter, theReM FPGAis a Xilinx XCV1000-E
device, andits behaviour wasdesignedusingthe Verilog HDL. The createdsourcecodewas
embeddedin theFPGAusingthedesigntool providedby thevendor24.

Table6.9 lists themostrelevant typesof FPGAresourcesusedby thecurrent�rmw arede-
sign,andthecorrespondingutilisationfactor. Thebasicfunctionalblockin theVirtexE FPGAis
thelogic cell. Eachlogic cell mainly consistsof a 4-inputLUT, usedascombinationalfunction
generator, a �ip-�op, to optionally registertheLUT output,andcarry logic, for ef�cient arith-
meticoperations.Two suchcellsarecombinedinto onelogic slice,which representsthebasic
programmableblock,andtwo slicesform togetheraCombinedLogic Block (CLB) [Xil06]. The
currentdesignof theReM FPGA's�rmw areusesthreequartersof theavailableslices.However,
therelevantnumberfor estimatingtheutilisationlevel is thenumberof usedsliceLUTs, asthe
logic is mostly implementedby them.Whenthedesignis not hitting thelimits of theavailable
resources,theimplementationtool takesthefreedomto useasmany asneededslicesin orderto
minimisetheroutingdelays.In consequence,someof theslicescountedasoccupiedhave only
oneLUT elementimplemented.The largenumberof used�ip-�ops, approachingthenumber
of usedLUTs, indicatesthatthedesignis mostlybasedonsequentiallogic.

TheVirtexE devicealsoincorporates964kb con�gurableBlock RAM (BRAM) memories.

24Xilinx IntegratedSoftwareEnvironment(ISE),v10.1

Resources Used Available Utilisation

Numberof occupiedSlices 9,416 12,288 76%
Numberof SliceFlip-Flops 10,517 24,576 42%
Numberof 4-inputLUTs 12,823 24,576 52%

Numberof Block RAMs 96 96 100%
Numberof GCLKs 3 4 75%
Numberof GCLKIOBs 2 4 50%
Numberof DLLs 5 8 62%

Table6.9: Usageof FPGAresources.
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Theseelementsareusedupin thecurrentdesign.A numberof 32BRAMs areusedfor buffering
the PPrASICevent data,while the other64 BRAMs areusedfor spying the PPrASICserial
interfaces.As a consequenceof the full utilisationof BRAMs, theasynchronousFIFOsof the
RodReadoutManagermodulewere built from the slice LUTs, eachsuchelementacting like
a 16 x 1-bit RAM. Also listed in table 6.9, are the resourcesusedby the clock management
scheme.Two global clock I=O buffers (GCLKIOB) receive the PPM XTAL andthe TTCdec
clocks,andthreeglobalclock lines(GCLK) distributewith low skew theSysClk,intGLinkClk
andintSRamClkclocks,outputby the managementscheme,to all the �ip-�ops andmemory
blocks.

Functionaltestsof theReadoutManagerFPGAarepresentedthroughoutthenext chapter.



Chapter 7

The Functional Testsof the
PreProcessorModule

BeforethePPMswereinstalledin theelectronicscavernof theATLAS experiment,theirproper
operationhadbeentestedin thelaboratoryenvironment,in Heidelberg. An extensivetestproce-
durewasdevelopedto establishthefunctionsof thePPMsin shortandlongperiodsof operation.
Themodulesweretestedbothindividuallyaswell asin acratecon�gurationsimilarto thatof the
systemin useatCERN.Thepre-processingof theinputanaloguesignals,thereadoutoperation
andthetransmissionof thereal-timedataover longLVDS cableswerecheckedwith adedicated
VME-basedsystem,which emulatesbotha ROD moduleandthereceiving stageof theL1Calo
processors.Additionally, a periodicmonitoringof the temperaturesandvoltagesacrosseach
boardwasperformedduringthetests,to verify theoperatingconditionsof themodules.

This chapterpresentsin detailsthe procedureimplementedfor testingthe functionality of
thePPMs.

7.1 Overview

A total numberof 160PPMmainboardswereproduced,in orderto enableaconsistentbatchof
sparemodulesabovethenumberrequiredby thefull coverageof theexperiment,i.e.124PPMs.
Eachmanufacturedmainboardhadbeen�rst subjectedto aseriesof preliminarytests,to ensure
thebasicoperationalstateof theboardsasapreparationfor theactualfunctionaltests[Sch09]:

� visual inspectionwith a microscopeof thesolderstateof theactive andpassive compo-
nentsandof theconnectorsmountedon theboard;

� manualveri�cation of themainelectricalcircuitswith a digital multimeter, to ensurethat
noshortor opencircuit is presenton theboard;

� power-up testsbeforeandafterthemountingof thedaughtercards;

� uploadingof �rmw arebinariesinto the VME CPLD, FlashCPLD andthe ATmega mi-
crocontrollerdevices.Subsequently, anautomatedveri�cation of thevoltagesandtemper-
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aturesacrosstheboardwasperformed,by retrieving therespectivevaluesvia theATmega
microcontrollerandtheVME interface(seealsosection7.3);

� uploadingof �rmw arebinariesfor theReM FPGAandfor theFPGAsof theLVDS Ca-
ble Driver (LCD) daughtercard,over the VME into the Flashmemory, andsubsequent
veri�cation of thedownloadingprocedurefrom theFlashto thecorrespondingdevices.

Thefunctionalityof eachfully equippedPPMboard,validatedby theinitial tests,wasthen
veri�ed usinga two-steptestprocedure.During the�rst step,thePPMboardwasoperatedindi-
vidually on thetestplatform,andanextendedsetof automatedfunctionaltestswasperformed.
In caseof misbehaviours, the identi�ed faulty componentswerereplacedandthe entiresetof
functional testswasrepeated,until a stablehardwarecon�guration wasobtained.During the
secondstepof thetestprocedure,thePPMboardwasoperatedtogetherwith other15PPMsin a
cratecon�gurationsimilarto theonein useatCERN,andits functionalitywastestedoveralong
periodof operation.In caseof additionalmisbehaviours, the faulty componentswerereplaced
andthe entire two-steptestprocedurewasrepeated.Upon a successfulcompletionof all the
functionaltests,themodulewaslabelledasoperational, andall thetestsresultswererecorded
in adedicateddatabase[Dat].

Thefollowing sectionsdescribethefunctionaltestsperformedduringtheadoptedtwo-step
testprocedure.

7.2 SingleBoard Tests

7.2.1 The TestSetup

The setupusedfor the individual testingof the PPM boardsis schematicallydescribedin �g-
ure7.1. It is aVME-basedsetupconsistingof:

� onecustom-built 9U VME crate;

� thePPMunderinvestigation;

� onefunctiongenerator1 andoneDC powersupply2 providing theanalogueinput;

� two custom-built modules,theReadoutTransferCard(RTC) andtheUniversalReceiver
Unit (URU), to captureandanalysethePPMreal-timeandreadoutoutputdata;

� onehome-brew SingleBoardComputer(SBC)actingasthecratecontroller;

The AnalogueInput

Thefunctiongeneratoris usedfor testingtheanalogueprocessingperformedon thePPM.The
device is operatedin single-shotmode,which meansthata singleanaloguepulseis generated
uponthereceiptof anexternaltriggersignal.Thetypeof waveformsignalgenerallyusedduring

1Agilent 33250A,80 MHz FunctionnArbitrary WaveformGenerator
2InstekGPS-4303Multi-OutputPowerSupply
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Figure 7.1: Schematicrepresentationof thesetupusedfor thesinglePPMboardtests.

the testsis shown in �gure 7.2. It representsa triangularpulsewith a rising edgeof roughly
50 ns,similar to thatof thecalorimetertrigger-tower signals,a slightly longerfalling edge,and
anamplitudevalueequivalentto about900FADC counts.Thisanaloguepulseis routedto a1 to
64 cascadedfan-outsystem,andtheresultingcopiesarefed asdifferentialsignalsto the input
of thePPM.Theexternaltriggersignal,which enablestheoutputof the functiongenerator, is
createdby theReM FPGAuponaVME request,asdescribedin sectionB.3.18.

TheDC powersupplyis usedfor generatinganadditionaloffsetto thevalueprovidedby the
PPrAnIn-DACs,in orderto allow a full scanof thedigitisationwindow (seesection7.2.2). The
DC powersupplyandthefunctiongeneratorareusedduringseparatetests,thustheDC offsetis
notappliedto thewaveformpulseproducedby thefunctiongenerator.

The UniversalReceiver Unit and the ReadoutTransfer Card

TheURU is amodularVME systemdesignedto recordthereal-timeLVDS andthereadoutdata
transmittedby the PPM. It consistsof a 6U VME motherboardandtwo CommonMezzanine
Cards(CMC): CMC LVDS Multiplexer(CMC Mux) andCMC LVDS Receiver(CMC Rx) (see
�gure 7.3). Themainfunctionalityof themotherboardis to ensurethetransferof dataover the
VMEbus,betweenthe two daughtercardsandthecratecontroller. Its centralcomponentsarea
Xilinx XC4010XLFPGAandtwo 13-bitdeepx 16-bitwidedual-portedmemories3 (DPRAMs).
TheFPGAis connectedto theVME databusthroughtheDPRAMs.Its role is to transfercon-

3IDT7025-S20PFfrom IntegratedDeviceTechnology.
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Figure 7.2: Oscilloscopeshotof thepulseusedto testtheanalogueprocessingon thePPM.Thepulse
seenin theupperleft cornerof thepicturerepresentstheexternaltriggersignalthatenables
theoutputof thefunctiongenerator[Sch09].

�guration andcontroldatafrom theVME to thetwo daughtercards,andto collectandprovide
to VME statusandmemorydatafrom thesamemodules.

TheCMC Mux is anFPGA-basedboarddesignedto eithersamplethePPMreal-timeLVDS
dataor to verify on-the-�y theintegrity of thedatatransmission.The10-bit serialLVDS output
from thePPMis transportedto theinputof theCMC Mux via 22assembliesof shieldedparallel
cables,eachof which is 15 m long4 andcarryingfour twin-pair signals.On theCMC Mux, the
signalsareconvertedto single-endedform androutedto theon-boardFPGA5. Thefunctionality
of this device is twofold. First, the FPGA selectsthe four signalsdeliveredby a pre-selected
cableassembly, convertsthembackto LVDS form, androutesthemto the CMC Rx cardvia
a 20 cm long cableassemblyof the sametype asdescribedabove. The selectionof the input
signalsis doneby the FPGA accordingto the valuestoredby an internalVME-con�gurable
register. On theCMC Rx, theserialdatastreamsareconvertedto parallelform by four LVDS
deserialiserchips,compatiblewith theserialisersof thePPM,andtheresulting40-bitwidereal-
time datais routedback to the FPGA of the CMC Mux card.Additionally, eachdeserialiser
recoversthe40 MHz transmitclock from theinput streams,andprovidesit aswell to thesame
device.At thisstage,theFPGAcanbecon�guredto operatein two modes.In the�rst mode,the
devicestoresevery25 nstheinput40-bit datainto a 14-bit deepx 40-bitwideVME-accessible
local memorybuffer, until the respective storagemedium�lls up. Subsequently, the full occu-

4in comparison,theLVDS outputcablesusedin thecon�guration of theL1Calo triggersystemareof thesame
typebut only 11 m long. Theusageof longercablesduringthefunctionaltestswasmeantto enhancethereliability
of thedatatransmissionover thedistanceusedby thetriggersystem.

5Xilinx Virtex-II 1000(XC2V1000)
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Figure 7.3: TheUniversalReceiver Unit (URU).

pancy of the buffer is �agged to VME via a dedicatedstatusregister. In the secondmode,the
FPGAcomputesanodd-paritybit, separatelyfor eachof the four 10-bit input datawords,and
comparesit with the odd-paritybit embeddedin the input dataword, in orderto detecteven-
tual transmissionerrors(seealsosection62). A setof four 8-bit VME-accessiblecounters,one
perinputdataword,areincrementedwith eachdetectedmismatch,until therespectivecounters
over�ow.

Apart from de-serialisingthereal-timeLVDS data,theCMC Rx cardhasalsothefunction-
ality of capturingthePPMreadoutdata.The16readoutstreams,theDAV* signal,andtheserial
frameclocktransmittedby theReM FPGAare�rst receivedby theRTC card,whichis mounted
ontherearsideof thecratebackplane(seeagain �gure 7.1). TheRTC consistsonly of 24differ-
ential line drivers,thathave therole to transferthe input single-endedsignalsto theCMC Rx,
over six 1 m long LVDS cableassembliesof the sametype aspreviously described.On the
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CMC Rx, the readoutstreamsare�rst convertedbackto single-ended,andthenroutedto an
on-boardFPGA6. Thedevice monitorsthestateof theDAV* signal,andstorestheinput 16-bit
paralleldatainto aVME-accessiblelocalmemorybuffer, upondetectingahigh-to-low transition
of the framesignal,i.e. thebeginningof theeventdatastream(see�gure 6.23). Thedecoding
of thereadoutstreamsis thenperformedof�ine, by thecontrollingsoftware.

7.2.2 The DAC ScanTest

As mentionedin thepreviouschapters,thePPrAnInboardsconvert theinputdifferentialsignals
to single-ended,andrescalestheobtainedpulsesin orderto matchthe1.0 V digitisationwindow
of thePPrMCM'sFADCs,i.e.1.9- 2.9 V. Additionally, two 8-bit programmableDACsoneach
PPrAnIn boardallow to adjust the baselineof the single-endedsignals,in stepsof 2.4 mV
within thedynamicrangeof 1.65- 2.26 V. Thisadjustmentis neededin orderto ensurethatthe
amplitudeof theinput signalsis entirelyvisible to theFADCs, andthateachsignalis digitised
with thesameoffset.

Theselattertasksareaccomplishedby performingatypicalcalibrationprocedure,calledthe
DAC Scantest. Thetestdeterminesa linearrelationshipbetweenthe8-bit DAC settingandthe
10-bit FADC counts,in orderto computetheDAC offsetvalueneededto setthesamepedestal
in eachPPM channel.The linear dependency betweenthe two parametersis determinedby
measuringthenoiselevel. Sincetheelectronicbaselineandthenoisecontribution arelikely to
vary from channelto channel,the linearity is determinedseparatelyfor eachof the 64 PPM
channels,andanappropriateDAC offset is computedin eachcase.This operationof settinga
commonpedestalvalueat theboardlevel wouldthenallow furtherfunctionaltestsor debugging
applicationsto achieve comparableresultsin all PPM channels.The pedestalvalue typically
usedduring the presenttestsis 40 FADC counts,which ensuresthat the testanaloguepulse
previouslyshown in �gure 7.2will neithersaturatenorunder�ow theFADCs.

Apart from this, theDAC Scanis anusefulapplicationfor testingthefunctionalityof multi-
ple on-boardcomponents.By recordingandanalysingthe10-bit raw FADC datafor each8-bit
DAC settingloadedinto the system,oneveri�es the transferoperationof con�guration data
from theReM FPGAto thePPrAnIn-DACs,over theSPIbus,aswell astheproperoperationof
thePPrAnIn-DACsandthePPrMCM-FADCs.Also, sincetheraw FADC datais retrievedfrom
theboardvia a readoutoperation,onecanevaluatetheperformanceof therespective processes
in thePPrASICsandtheReM FPGA.

Thetestprocedureis automatedby softwareapplicationsrunningon theSBC,andit is per-
formedthreetimes.During the �rst run, all the analogueinput cablesaredisconnectedfrom
the front-panelof the PPM, in orderto avoid noisecontributionsfrom third parties.Then,the
softwaregeneratesthe256possibleDAC valuesin a randomsequence,andtransfersthemse-
quentiallyto thePPrAnIn-DACs,via theVMEbus,theReM FPGAandtheSPIbus,asdescribed
in sections6.2.5and6.4.2. After loadingeachDAC setting,thesoftwaregeneratesa local L1A
signal,andextractstheraw FADC datafrom theeventblocksstoredin theReM FPGA's VME
Spy Buffers (seesection6.8). The 8-bit con�guration dataandthe corresponding10-bit raw
FADC dataarethenstoredin channel-wisepro�le histograms.Additionally, for debuggingpur-

6Xilinx Virtex-E 200(XCV200E)
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Figure 7.4: Examplesof DAC Scanresultsachievedwith 0 V (a)and1.1V (b) externalDC offset.

poses,theFADC datais storedin 64x 256one-dimensionalhistograms,eachhistogramstoring
the datarecordedfor a given DAC settingandPPM channel.The readoutmodeusedduring
the currenttestswas '5+1', which meansthat � ve FADC datawordswere readout for each
channelandDAC setting.However, in orderto achieve a larger statistics,the softwarecanbe
con�gured to performseveral consecutive DAC scans.After the last DAC scanis completed,
a linear �t is appliedto theobtaineddata,andtheDAC valueneededto setthepedestalto 40
FADC countsis thencomputedbasedon the slopeandthe y-interceptparametersreturnedby
the linear �t. Figure7.4a shows anexampleof channelpro�le histogram,describingthemean
of the FADC countsasa function of the DAC value,asobtainedafter � ve consecutive DAC
scans.For smallDAC settingstheFADC is in under�ow, andthusthedigitisationreturnsazero
count.The contentof the respective bins is set to zero,and their rangeis excludedfrom the
linear �t. Additionally, in orderto accountfor thosesituationsin which only the largestnoise
amplitudesareseenby thedigitisation,resultingin small �uctuationsof thebin content,all the
leadingbinsof which contentis non-zerobut smallerthan5 meanFADC countsareexcluded
aswell from therangeof thelinear�t.

The secondandthe third runsof the DAC Scantestareexclusively dedicatedto verifying
thelinearityof thePPrMCM-FADCs in theupperpartof thedynamicrange.Sincethedynamic
rangeof thePPrAnIn-DACsoverlapsonly thelower partof therangeof thePPrMCM-FADCs,
i.e.1.9- 2.26V, anadditionalDC offsetis neededin orderto shift theelectronicbaselinein each
channelto theupperrangeof thedigitisationwindow. Thisoffsetis providedby theexternalDC
powersupply, throughtheinputconnectorsof thePPM(seeagain�gure 7.1). Duringthesecond
run thedevice is setto provide a 0.6 V DC offset,which allows to investigatethemiddlepart
of thedynamicrange,while duringthethird run thepower supplyis setto provide a 1.1 V DC
offset,whichextendstheinvestigationsupto thesaturationregion.Figure7.4b showstheresults
recordedwith anexternalDC offsetof 1.1 V. It shouldbenotedthattheexternalDC offsetalso
enablesacompleteinvestigationof theDAC output,sincein thepreviouscaseanevaluationwas
possibleonly for theupperrangeof DAC settings(seeagain �gure 7.4a).

Figure7.5 shows a few examplesof misbehavioursdetectedwith theDAC Scantest. The
effect seenin the�rst plot (see�gure 7.5a) wasidenti�ed to beproducedby anopenDAC pin,
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Figure 7.5: DAC Scanresultspointing to faulty hardwarecomponentsanderroneous�rmw areopera-
tions: openDAC pin (a), stuckandmissingFADC bits (b,c),andimpropertransferof con-
�guration dataover theSPIbus(d). Thelastplot (e) shows theDAC Scanresultsachieved
aftera rework of theReM FPGA�rmw are.
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andit wascompletelyremoved after re-solderingthe chip. The exampleshown in �gure 7.5b
illustratesa morecommonmisbehaviour observedduringthecurrenttests.For threeDAC set-
tings, the meanof the recordedFADC datashows a signi�cant deviation from the expected
value.By analysingthecontentof therespectivedata,it wasobservedthatthesituationis gener-
atedby theFADC, which sometimesfails to properlyupdatethedigital output,whenthevalue
of severalconsecutivebitshasto bechangedfrom 0 to 1 or in thereverseorder. Thissituationis
illustratedin �gure 7.5c, which shows theFADC datarecordedfor theDAC setting196. It can
be seenthat mostof the recordedFADC valuesare128 (10000000,in binary representation)
and127 (111 1111),which is in agreementwith the expectedmeanvaluefor the given DAC
setting. But, theactualmeanFADC valuedeviatesfrom theexpectedonedueto two outliers,
63 (11 1111)and192(11000000). In bothcasestheFADC fails to assertcorrectlythe7th bit
of thedigital output. In the�rst case,thebit valueis setto zero,suggestingthat thefailurehas
probablyoccurreduponachangein theoutputfrom 128to 127.In thesecondcase,thesamebit
is erroneouslysetto 1, suggestingthatthebit gotstuckuponachangein theoutputfrom 127to
128.

Finally, the caseillustratedin �gure 7.5d describesan erroneousDAC Scanresultdueto
animpropermasteringin theReM FPGAof thedatatransferover theSPIbus.Theplot shown
in �gure 7.5e shows the resultsachievedafter the respective �rmw areimplementationwasre-
worked.

7.2.3 The External BCID Test

The ExternalBCID (ExtBCID) signal is the binary outputof the comparatoron the PPrAnIn
board,which discriminatesbetweenthe input signalandthe programmablethresholdvoltage
provided by oneof the two dedicatedPPrAnIn-DACs.The binary output is set to logic value
”1” as long as the input signal is above the given threshold,and to ”0” otherwise. The 16
ExtBCID signalsgeneratedby eachPPrAnInboardareroutedto four correspondingPPrASICs,
wherethey areregisteredwith the systemclock, synchronisedwith the incomingFADC data,
andfed to theinput of theBCID DecisionLogic. A copy of thesynchronisedExtBCID signals
is provided by eachPPrASICin the event datablock, for veri�cations of the pre-processing
algorithms(seee.g.�gure 6.18a).

Thecurrentfunctionaltestis performedin orderto verify thecorrectassertionof theExtB-
CID signal.At �rst, the offset valuescomputedduring the DAC Scantest are loadedin the
system,in orderto bring thepedestalof eachchannelto thesamevoltagelevel. Subsequently,
a prede�nedthresholdvalue,commonto all channels,is loadedto thecorrespondingPPrAnIn-
DACs.The8-bit valuetypically usedduringthecurrenttestis 64,whichcorrespondsto approx-
imatively 157FADC counts.Thisvaluepositionstheanaloguethresholdbelow themiddlethree
FADC samplesof thefuturedigitisedinputpulse.ThismeansthattheExtBCID dataassociated
with therespective digital valuesis expectedto besetto 1. Theanaloguepulseusedduringthis
testis thetriangularwaveformshown in �gure 7.2.

OncethePPMis con�gured,theexternaltriggersignalandthelocal L1A aregeneratedvia
theReM FPGA,asdescribedin sectionB.3.18. Subsequently, theeventdatais retrieved from
boththeReM FPGAandtheCMC Rx, andtheExtBCID dataprovidedby bothreadoutblocks
is extractedandcomparedwith theexpectedresult[Sch09].
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7.2.4 The FADC Test

This functional test representsan extensionof the investigationscarriedout during the DAC
Scantest.If at thatsteptheproperoperationof theFADCsis veri�ed by studyingtheir response
to aconstantinputDC offset,thecurrenttestapplicationinvestigatestheresponseof theFADCs
to avariableinputvoltage.

Theanalogueinputsignalusedduringthistestis thesametriangularpulsepreviouslyshown
in �gure 7.2. Upongeneratinganexternaltriggersignalanda local L1A, thepulseis fed to the
input of thePPM,andsubsequently� ve FADC samplesdescribingthedigitisedinput pulseare
readout from eachchannel.Sincethe function generatoroutputsan identicalpulseeachtime
it is triggeredby thePPM,theFADCs will alwayssampleapproximatively thesameregionsof
the input pulse. In orderto increasetheef�ciency of the testingmethod,thePHOS4settingis
steppedfrom 0 to 24. This operationdelaysthedigitisationstrobeswith respectto thesystem
clock,with anumberof nanosecondscorrespondingto thegivenPHOS4setting,anddetermines
theFADCs to sampleatdifferentpointsalongthepulsepro�le.

During the executionof the test, the controlling softwaregenerates10,000events,i.e. lo-
cal L1As, for eachPHOS4setting.The FADC dataresultingfrom theseeventsis collectedin
64 x 5 x 25 local memorybuffers,eachof which storesdataassociatedwith a givenFADC and
time-slice.The analysisof the accumulateddatais performedseparatelyfor eachbuffer. The
softwaredeterminesthe largestandthe smallestrecordedFADC value,and�ags an FADC as
problematicif thearithmeticdifferencebetweenthetwo outliersis largerthan50FADC counts.
This limit wasappliedafter it wasobserved that in mostof the goodcases,the spread is be-
tween30 and50 FADC counts.This relatively largevalueis inducedby a few effects.First, a
changein theinput voltagevaluewhile theFADC is samplingdeterminesa lessaccuratedigiti-
sationresult.Thedegreeof accuracy is proportionalto theslopeof theinput signal,suchthata
largechangein theinput voltagedeterminesa largedeviation of thedigital resultfrom thetrue
value.This effect wasobserved to bedominantin thedataassociatedwith samplingpointson
therising andfalling edges.Othereffectscontributing to thelargespreadof FADC valuesarea
signi�cant jitter of thepulsetiming, which is inducedby thefunctiongenerator, andelectronic
noisefrom theanaloguechain.

A spreadlarger than50 FADC countsis mostlygeneratedby missingor stuckFADC bits,
asin theexamplepreviouslyshown in �gure 7.5c [Sch09].

7.2.5 Real-Time LVDS Data Tests

As mentionedin section5.3.2, the real-timeoutputfrom the PPrASICconsistsof three10-bit
paralleldatastreams.Two of thesestreamsprovide trigger-tower transverseenergy valuesfor
the ClusterProcessor(CP), while the third streamprovides jet sumsfor the Jet=Energy-sum
Processor(JEP).Thedatastreamsareserialisedat a rateof 400 Mbit=s by thethreePPrMCM-
LVDS transmitters7, andthenroutedto theLVDS CableDriver (LCD) daughtercard.TheLCD,
which receivesa total of 48 serialstreamsfrom the 16 PPrMCMs,duplicatesthe signalsnear
the f boundariesof thePPM,in orderto provide theoverlapneededby thesliding algorithms

7theactualrateoutputby eachLVDS transmitteris 480 Mbit=s,becausethedevice appendsonehigh-statestart
bit andonelow-statestopbit in orderto frameeachinput10-bit dataword [Nat02].
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of the L1Calo processors,anddrivesall the signalsover 11 m long cablesto the subsequent
processors,while applyinganRCpre-compensationto minimisethesignaldegradation.

Thefunctionaltestsdescribedin thissectionarecarriedout in orderto checkthedigital part
of thepre-processingchainandtheintegrity of the10-bit real-timedataafteratransmissionover
longLVDS cables.Thetestprocedureis mainlybasedon thecomparisonbetweentheexpected
result,deducedfrom a ”known input”, andthe recordedoutputfrom the PPM.The input data
andthe expectedresultareprovided by the software.The input is representedby several pre-
de�ned digital testpatterns,which areloadedindividually in thePPrASICplaybackmemories,
asdescribedin section6.4.1, andtheninjectedin the real-timepre-processingpath.The latter
occursonly when the PPrASICis con�gured to operatein a so calledplayback mode. Upon
activating it, the PPrASICselectsthe 11-bit wide contentof the playbackmemoryasinput to
thepre-processinglogic, replacingthe10-bit raw FADC andthe1-bit ExtBCID data(seeagain
�gure 5.7). The input datais then processed,serialisedand transmittedover the 15 m long
LVDS cablesto theURU, whereit is collectedin local memorybuffersby theCMC Mux card.
Subsequently, therecordeddatais retrievedby thesoftwarefrom thebuffers,andcomparedwith
theexpectedresult.

Becausethe contentof the real-timedataprovided to CP differs from the contentof the
samedataprovidedto JEP, thetestapplicationsdevelopedfor thetwo datapathsarepresented
separatelyin thefollowing.

The LVDS Output to Cluster Processor

The trigger-tower datasentto the CP consistsof 8-bit BCID-LUT results.The two PPrASIC
real-timedatastreamsto CPprovide togetherpre-processingresultsfrom all four triggerchan-
nels.This is realisedby multiplexing the BCID-LUT datafrom two channelsinto oneoutput
stream,and it was implementedin order to halve the numberof cablelinks betweenthe PPr
andthe CP. The multiplexing schemebene�ts from a functionalaspectof the BCID Decision
Logic, whichblanksout thesamplefollowing theidenti�ed bunch-crossings.Thisaspectallows
theusageof two consecutivebunch-crossingin orderto multiplex over thesameoutputlink two
non-zeroenergy values,eachoriginatingfrom adifferentchannel.Furthermore,in orderto allow
thereceiving endto assigntheincomingdatato thecorrecttriggerchannelandbunch-crossing,
one1-bit Bunch-CrossingMultiplexing (BcMux) �ag it is attachedto eachBCID-LUT result.
Figure7.7 illustratesthemultiplexing of thechanneldatain two consecutive bunch-crossings,
andthevaluesassignedto theBcMux �ag. Whenassociatedto the �rst non-zerodata,theBc-
Mux �ag indicatesthe channelto which the respective energy value belongs,i.e. ”0” - �rst
channel,”1” - secondchannel,while whenit is associatedwith thesecondconsecutivenon-zero
datait indicatesthebunch-crossingto whichthesecondenergy valuebelongs,i.e. ”0” - previous
BC, ”1” - currentBC. The multiplexed 8-bit BCID-LUT dataandthe BcMux �ag arepacked
togetherwith anodd-paritybit into a 10-bit dataword, andsentin this formatdown to theCP
(see�gure 7.6).

The testsperformedfor the datalinks to CP focuson verifying the BCID-LUT resultand
its associatedBcMux �ag, andthe integrity of the 10-bit real-timedataafter the transmission
to URU. It hasto bementionedthat in theformercasethegoal is to ensurethat thePPrASICs
areoperational,ratherthanto studytheperformanceof thepre-processingalgorithms.Thishad
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Figure7.6: Thecontentof the10-bit real-timedatasentto theClusterProcessor.

beenrigorouslyinvestigatedduringtheproductionstagesof thePPrASICsandPPrMCMs,and
the achieved resultswere documented[Web08]. Also, during the currentfunctional teststhe
PPMboardswereequippedonly with PPrMCMsvalidatedby theproductiontests.

Thetestapplicationsfor thedatalinks to CParedescribedin thefollowing:

� Connectivity test. The32 PPrMCMserialstreamscontainingpre-processingresultsfor
theCPareequallyreceivedby two dedicatedFPGAslocatedon theLCD daughtercard.
Thetaskof theseFPGAsis to duplicatethesignalstransmittedby thePPrMCMslocated
in theuppertwo andthelower two slotpositionson theboard,andto routeall thesignals
to the backplaneconnector. The fan-outproduceseight additionalserialstreams,which
givesatotalof 40datalinks toCP. Thesignalsaretransportedto theCPvia10LVDScable
assembliesof thetypedescribedin section7.2.1. TablesA.1 to A.3 show themappingof
theoutputsignalson theLVDS cableconnectors(seethe�fth columnin eachtable).The
orderin which thesignalsarelisted in the tablescorrespondsto theorderin which they
aremappedto the backplaneconnector. This is alsothe order in which the signalsare
routedin thecurrenttestsetupto theinputof theCMC Mux board.
Thecurrenttestis performedin orderto verify thefan-outandthemappingof theoutput
signals.Additionally, thetestgivesthepossibilityto spot,atanearlystageandin asimple
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manner, eventualhardwaremisbehaviourscausedby othercomponentsalongthedigital
part of PPM's real-timepath. Lastbut not least,the testservesasa veri�cation tool for
theproperroutingof theLVDS signalsfrom thePPMto theCMC Mux.
During the testeachplaybackmemoryis loadedwith a �at signalof an amplitudethat
indicatesthecorrespondingchannelnumber. Sinceaninput�at signalwill alwaysproduce
a constantzeroBCID-LUT result, the PPrASICsarecon�gured in this caseto operate
in a transparentmode,calledBypassBcMux. Whenthe modeis activated,the PPrASIC
provideson the real-timeoutputto CPthe10-bit input datato theLUT (see�gure 5.7).
Which meansthat the BCID DecisionLogic and the BcMux algorithmsare bypassed.
Furthermore,if the FIR �lter is alsocon�gured to operatein a transparentmode8, then
the PPrASICprovides on the real-timeoutput the 10-bit raw FADC dataor the 10-bit
playbackdata,accordingto theoperationalstateof theplayback mode. Sinceeachreal-
timeoutputlink to CPpairsuptwo channels,andsincetheBcMux logic is bypassed,only
thedatafrom onechannelcanbeoutputat a time. Theselectionof thechannelis done
via auser-con�gurableparameter, i.e.ChannelSelect.
This combinationof operationalmodesallows a direct comparisonbetweenthe input
data,i.e. the testpatternloadedin theplaybackmemory, andtheoutputrecordedby the
CMC Mux card.

� Data integrity tests.Thesetestschecktheintegrity of the10-bit real-timedataafter the
transmissionover thelongLVDS cablelinks. Two methodswereimplemented.
The �rst methodis basedon the evaluationof the odd-paritybit. The bit provided by
thePPrASICindicateswhetherthe total numberof bits setto logic value”1” in the10-
bit dataword is odd or even. In the former casethe odd-paritybit is set to 1, while in
the latter to 0. The FPGA of the CMC Mux card computesas well an odd-paritybit
basedon thereceived10-bit data,andcomparesit with thebit providedby thePPrASIC.
The evaluationof the parity bit is performedon-the-�y, for eachincoming 10-bit data
word,andsimultaneouslyfor eachof thefour inputdatastreams.Theeventualmismatches
indicatea hardwaremisbehaviour, andthey arerecordedby four 8-bit VME-accessible
counters.This methodhasa well-known limitation. In caseanevennumberof bits have
changedtheirvalueduringthetransferfrom thePPrASICto theFPGAof theCMC Mux,
andnoneof thesebits is theparity bit, thenthecomparisonstill returnsa positive result.
Whichmeansthattheerrorremainsundetected.
The secondmethodimplementedfor the currentfunctionaltestsis complementarywith
the�rst method.It is basedonthedirectcomparisonbetweenthe10-bit inputdataandthe
recordedoutput.As previously described,thePPrASICcanbecon�gured to provide on
thereal-timeoutputto CPthedatastoredin theplaybackmemories.Fourdigital patterns
wereusedasinputdataduringthecurrenttests:

– a rampsignalwith anincrementationstepof onedigital bit perbunch-crossing(see
�gure 7.8a);

– threeidenticalsetsof non-saturatedtriangularpulses,eachpulsehaving a different
amplitude(see�gure 7.8b);

8FIR �lter coef�cients aresetto f 0,0,1,0,0g



132 TheFunctionalTestsof thePreProcessorModule

– asetof saturatedpulseswith differentsaturationlevels(see�gure 7.8c);

– astresspatternconsistingof arepetitiveblockof 10-bitdatawords,of whichbinary
representationdescribesaspecialsuccessionof 1'sand0's (seetable7.1).

In all four cases,the�rst locationof theplaybackmemoryis loadedwith anumberwhich
is uniquewith respectto all theother255valuesof thetestpattern.Therole of this num-
ber is to unambiguouslymark the beginning of the digital pattern,in order to facilitate
the comparisonbetweenthe input dataandthe recordedoutput.The usageof a marker
is determinedby thefactthattheFPGAof theCMC Mux startswriting theinput datato
thelocal buffersonly uponthereceiptof anappropriatecommandfrom VME. Thus,the
writing operationis not synchronisedwith thebeginningof theplaybackpattern.
During theteststhecontentof theplaybackmemoriesis rolledcontinuously, which leads
to multiplepatternsaccumulatedin thelocalbuffers.Whendatais retrieved,thesoftware
searchesfor the �rst occurringmarker, and then it comparesthe remainingsetof data
with the input digital pattern.This works aslong asthe marker itself is not affectedby
transmissionerrors,e.g.missingbits.Whenthisoccurs,thewholedatacontentis dumped
in �les, andtheanalysisof theerrorsis performedof�ine.
Also, it shouldbementionedthatall thepatternsusedduring thesetestsareonly 10-bit
wide. The eleventhbit, which emulatesthe ExtBCID signal,is for convenienceperma-
nentlysetto zero.
Finally, theparity testis performedonly with thedigital patternscontainingthesaturated
andthenon-saturatedpulses,asthey generatemultiplenon-zeroBCID-LUT results.Also,
sinceduringtheparity testthedatais notstoredin thebuffers,but analysedon-the-�y, the
comparisonstopsonly whenrequestedfrom the VME, or whenthe four 8-bit counters
over�ow.

� BCID-LUT test. This test is in principle performedin order to verify the BCID-LUT
resultandthe BcMux �ag, but its resultscanserve asreferencein understandingerrors
originatingfrom differentlocationson theboard.Thethreepossiblecombinationsof the
BcMux �ag, shown previously in �gure 7.7, areeachveri�ed during a separatetest. In

Hexadecimal Binary

55 0001010101
AA 0010101010
155 0101010101
2AA 1010101010
333 1100110011
CC 0011001100
3FF 1111111111
0 0000000000

Table7.1: The10-bit datawordscomposingthestresspattern.
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Figure7.8: Digital testpatternsusedfor checkingtheintegrity of thereal-timedatato CP.

the �rst case,theplaybackmodeis enabledsimultaneouslyin all channels,while in the
othertwo casesthe input FIFOsareusedin addition,in orderto delaythe channeldata
with respectto eachother. Thesimultaneousactivationof theplaybackmodeis controlled
from theVME, via theReM FPGA,asdescribedin sectionB.3.17.
Theinput datausedduringthecurrenttestis representedby thedigital patternsshown in
�gures 7.8b and7.8c. Theexpectedresultis representedin eachcaseby a256datawords
longpattern,describingthemultiplexedBCID-LUT resultfor eachbunch-crossing.Since
theBcMux �ag indicatesthechannelandthebunch-crossingto which theincomingdata
belongs,its valueis automaticallyvalidatedby a positive testresult.In caseof errors,the
wholedatasetis dumpedin �les, andtheanalysisof theerrorsis performedof�ine.

The LVDS Output to Jet=Energy-sumProcessor

The trigger datasentto the JEPconsistsof 0.2 x 0.2 (DhxDf ) jet sums.Thesevaluesare in
principleobtainedby �rst summingthe8-bit BCID-LUT resultsfrom eachtwo PPrASICchan-
nels(JetPreSum), andthenby addingthe two results(JetSum) (seee.g.�gure 5.7). However,
in orderto preserve informationaboutaneventualsaturationin onetriggerchannel,JetPreSum
is setto themaximumvalue(i.e. 511) if at leastoneof thetwo BCID-LUT resultsis saturated



134 TheFunctionalTestsof thePreProcessorModule

Odd Parity Bit
9-bit
JetSum

(
MSB
/
LSB
 Truncated)


9
 0


Figure 7.9: Thecontentof the10-bit real-timedatasentto theJet=Energy-sumProcessor.

(255).Correspondingly, JetSumis setto themaximumvalue(1023)if at leastoneJetPreSumis
saturated.SinceJetSumis likely to have a valuelarger than511,thusto be10 bits wide, three
modesof transferringthisdatato theJEPwereimplemented:

� TruncateMSB. Themostsigni�cant bit (MSB) of the10-bit JetSumis dropped,andthe
remaining9 bits arepacked togetherwith the correspondingodd-paritybit into a 10-bit
dataword (see�gure 7.9). Thisword is thensentto JEP;

� TruncateLSB. Similar with the previous mode, the least signi�cant bit (LSB) being
droppedinstead;

� NoTruncation. Theparity bit is dropped,andthe10-bit JetSumis transferredintegrally
to JEP. This modeis only intendedfor technicaltests,andit is analogousto theBypass-
BcMux modeimplementedfor thedatalinks to CP.

Thetestsperformedfor thedatalinks to JEParesimilar to thosecarriedoutfor thedatalinks
to CP. They checkthemappingof theoutputsignalsto JEP, theJetSumdata,andthe integrity
of the10-bit real-timedataaftera transmissionover thecorrespondingcablelinks:

� Connectivity test. The 16 PPrMCM serial streamsproviding jet sumsto the JEPare
equallyreceivedby a secondsetof two FPGAson theLCD daughtercard.As in thecase
of theFPGAshandlingtheoutputsto CP, thetaskof thesedevicesis to duplicatesomeof
thereceivedsignals,andthenrouteall thesignalsto thebackplaneconnector. Thefan-out
schemeis a little bit morecomplex thanin thepreviouscase,becausesomeduplicationof
signalsis requiredfor a jet-triggerin theforwardregionsof thecalorimeter(seethesixth
columnin tablesA.1, A.2 andA.3). The fan-outproduces17 additionalserialstreams,
whichgivesa totalof 33datalinks to JEP. Thetransportationof thesesignalsto theinput
of JEPrequires12LVDS cableassemblies.
In orderto verify thefan-outandthemappingof theoutputsignalseachplaybackmemory
is loadedwith a specialpattern,which consistof only onenon-zerovalue.This number
waschosenin sucha way, that the obtained10-bit JetSumfor eachPPrMCM is unique
with respectto theothersums.Then,thePPrASICsarecon�gured to usetheNoTrunca-
tion mode,for aneasieridenti�cation of eachchannel.

� Data integrity tests. As for the caseof the datalinks to CP, two methodswereimple-
mentedin orderto checktheintegrity of the10-bit real-timedata.The�rst methodchecks
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the odd-paritybit, for both TruncateMSBandTruncateLSBmodes.The secondmethod
usestheNoTruncationmode,in orderto comparethe10-bit input datawith therecorded
output.Bothmethodsuseasinputdatathedigital patternsshown in �gures 7.8b and7.8c.

� JetSumtest. This testis carriedout in orderto verify theformationof thejet element,by
usingtheTruncateMSBandTruncateLSBmodes,andthetwo digital patternsmentioned
above. Also, in order to increasethe numberof truncatedJetSumvaluesin the output
stream,theinputFIFOsareusedfor delayingthechanneldata.
Finally, the expectedresult, to which the recordeddatais compared,is representedin
eachcaseby a 256datawordslong pattern,which describestheJetSumfor eachbunch-
crossing.

Results

Themostfrequenttypeof errorobservedduringthepresentfunctionaltestswasgivenby a bit
systematicallymissingin therecorded10-bitdata.Thismeansthatthebit waspermanentlysetto
zero,thusdeterminingamismatchbetweentheexpectedresultandtherecordeddata.In thelarge
majority of thecases,this typeof errorwasfound to originatefrom thePPrMCMs.Typically,
theidenti�cation of aPPrMCMaserrorsourceis donein successivesteps.First,upondetecting
a systematicmismatchin the dataprovided by a certainCP or JEPlink, the corresponding
PPrMCMis movedto adifferentslotontheboard,wherepreviouslynoerrorwasobserved,and
thenthetestsarerepeated.If thesamemismatchis now detectedin thedatalink corresponding
to thenew slotposition,thePPrMCMis consideredasbeingthedevicegeneratingtheobserved
error. In mostof thecases,thecausefor this typeof errorseemsto bea brokenwire bond.The
parity bit appearsto besetcorrectly, but dueto themissingbit in theremaining9-bit data,the
reconstructedparity valuedisagreeswith the recordedvalue.This suggeststhat theodd-parity
bit is correctlyassignedin the PPrASIC,andthat the missingbit is probablygeneratedby an
openconnection,eitherattheoutputof thePPrASICor attheinputto theLVDS transmitters9. In
othercases,thereconstructedandtherecordedparityvaluesmatcheachother, whichapartfrom
abrokenwire bond,pointsaswell to amisbehaving PPrASIC.

Another type of error observed during the testswasgiven by bits shifted in the recorded
10-bit dataword. This error wasfound to originateaswell from the PPrMCM,but dueto its
nature,it is believedto beinducedby a faultyserialisationin theLVDS transmitter.

Also, other errorswere identi�ed to originate from the LCD card, and to be causedby
an impropersolderingof thepre-compensationcircuit. Thepartial or total absenceof thepre-
compensationwasresultingin weaksignalsat theendof the15 m long cables.Subsequently,
the deserialiserson the CMC Rx cardwere falsely interpretingthe input data,generatingbit
errorsor beingunableto lock on theinputsignal.

9the devices mountedon the PPrMCM and their wire bondsare sealedby glob-top, in order to prevent their
oxidation.Severalattemptsto remove thecoatingmaterial,without damagingthewire bondsor thechips,have so
far failed.Thus,thecurrenthypothesiscannotbeveri�ed in practice.
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7.2.6 Additional Testsfor the ReM FPGA

A signi�cant part of the ReM FPGA's functionality is indirectly veri�ed during the testsde-
scribedin the previous sections.The distribution of VME con�guration datato the on-board
devices,or the transferof PPrASICevent dataover the regular interfaceto DAQ, aresomeof
theoperationsintensively exercisedduringthetests.

Theonly functionthatcannotbecheckedat thisstageis thecommunicationwith theTTCrx,
becausethecurrenttestsetupdoesnot includeTTC facilities.As mentionedin section6.2.6, in
the absenceof the input bunch-crossingclock, the TTCrx staysin a resetstate,andit cannot
be accessedover the I2C bus interface.This becomespossibleduring the full-crate tests(see
section7.3).

Thefollowing testapplicationsweredevelopedandperformedin orderto enlargetheinves-
tigationson thefunctionalityof theReM FPGA,aswell asto allow a moresystematicveri�ca-
tion of someof thealgorithmsimplementedin thedevice. Additionally, thesameapplications
provideagoodindicationabouttheoperationalstateof theaccesseddevices.

PPrASIC ReadbackTest

As mentionedin section6.6.2, the ReM FPGA initiates a readbackof PPrASICregister or
memorydataonly if the correspondingupper four bits, called readback�ags, in the MCM
Readbackblockaresetto value4'b0001,or if theForcedCon�gReadbackmodeis enabled.The
ReM FPGAsetsthereadback�ags tovalue4'b0001in twosituations:eitherafteraVME Reset,
or whencon�gurationdatais transferredfrom VME to therespective locations.

Two methodswereimplementedfor testingthe readbackoperation.The �rst methodgen-
eratesa VME Reset,andthenreadsbackthedefault valuesstoredin thePPrASICregisterand
memorylocations.TheReM FPGAplacesthisdatain theSRAM, in theMCM Readbackblock,
andsetsthecorresponding�ags to value4'b00000.Subsequently, thedatais readout from the
SRAM andcomparedwith the expectedvalues.Then, the default valuesare readbackonce
again from thePPrASIC,this time by enablingtheForcedCon�gReadbackmode,andchecked
againagainsttheexpectedvalues.

Thesecondmethodloads�rst apre-de�nedsetof registerandmemorydatato thePPrASICs,
andthenreadsout therespectivelocations,andcomparesthetwo setsof data.As in theprevious
method,theForcedCon�gReadbackmodeis enabled,andthedatais readbackonceagain from
thePPrASICandcomparedwith theinputvalues.

Several PPrASICswith an internal faulty operationwere identi�ed with thesemethods.
Someof theregisteror memorydataprovidedby thesePPrASICswascorrupted,dueto missing
or shiftedbit values.

RateMetering and Histogramming Test

Theaimof thistestis to ensurethattheReM FPGAhandlescorrectlythetransferof energy rates
andhistogramsfrom thePPrASICsto theSRAM, andthatthedatareceivedfrom thePPrASICs
doesnot containbit errors.Thetestis usuallyperformedaftera DAC Scantest,by measuring
thenoiselevel.
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Thereadoutof thePPrASICratesis veri�ed in threesteps.First, the10-bit energy thresh-
old is setwell above the pedestal,andthe 16-bit timing parameteris setat maximumin each
PPrASICchannel.This con�guration determinestheRateMeteringprocessto stoponly upon
theover�ow of the internal16-bit time counter(seeagain �gure 6.26). Thedatareadout from
thePPrASICconsistsof the20-bitdatacountervalueandthe16-bit timing countervalue,which
in thiscaseareexpectedto besetto 0 and65535(FFFF, in hexadecimal)respectively. Oncethe
ReM FPGAhasplacedthedatain theSRAM, the integrity of the timing valueis checked. At
the secondstep,the energy thresholdis setbelow the pedestal,while the time settingis kept
unchanged.This determinesthe RateMeteringto stopuponthe over�ow of the internaldata
counter. Similar to thepreviouscase,theintegrity of thedatacounteris veri�ed oncethedatais
availablein theSRAM. During thelaststep,theenergy thresholdis placedagainwell above the
pedestal,andadistincttiming parametervalueis appliedfor eachchannel.Thisdistinctvalueis
meantto actasa channelidenti�er. After thedatais readout, the timing valuesreceived from
thePPrASICarecheckedin orderto ensurethattheReM FPGAhasplacedthechanneldatain
theexpectedorderin theSRAM.

Thereadoutof thePPrASIChistogramsis veri�ed in only onestep.The8-bit energy thresh-
old is setwell below the pedestal,in orderto determinea histogrambin to saturatein a short
periodof time. After readingoutthecontentof thememories,theintegrity of the11-bitsaturated
valueis checked.

Event ReadoutTests

Thesetestsareperformedin order to checkthe processingof the PPrASICevent datain the
speci�ed ATLAS format.The investigationsarecarriedout usingtheanaloguepulsefrom the
functiongenerator, andthey aremainly basedon thecomparisonbetweenthereadoutdatacap-
turedby theCMC Rx testcardandtheunformattedcopy storedby theReM FPGAin theVME
Spy buffers.

The FADC and BCID-LUT datawords, as well the three”BC Marks”, i.e. PeakFinding
BCID, SaturatedBCID andExternalBCID, areveri�ed via a direct comparisonbetweenthe
relateddatastoredin thetwo buffers.Also, sincethe�rst � veerrorbits, i.e. thefour CD bitsand
theMA bit, aresetfrom VME, their valuecanbedirectly checked.The12-bit bunch-crossing
numberis evaluatedby comparingtheincrementedvalueof its four leastsigni�cant bitswith the
4-bit bunch-crossingcountervalueavailablein theEventHeader. Subsequently, theresultof this
comparisonis usedto evaluatetheBNM bit. TheAFF errorbit is veri�ed by checkingthevalue
of theHeadersOnlyandDataLoss�ags from theEventHeader, while theENM bit is checkedby
comparingthe4-bit eventcountervaluefrom thesameEventHeaderwith a referencecomputed
by thesoftware.

The properveri�cation of the time-out(TO) bit requiresspecialtestingconditions.When
setto logic value1, thebit indicatesthatthecorrespondingPPrASICdid not sendeventdatain
responseto anL1A. This situationcanbearti�cially induced.ThePPrASICcanbecon�gured
to stopsendingdataoveroneor bothof its serialinterfaces.Subsequently, theReM FPGAwill
settheTO bit to 1 uponreceiving eventdatafrom theotherPPrASICs.Thisallowsthento verify
themechanismthatsetstheTO bit.

Also, themechanismbehindtheRFCbit canbeproperlyveri�ed only by inducinga faulty
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state. When set to logic value 1, the bit indicatesthat the dual-portedmemoriesof the Ro-
dReadoutManagerarefull, andthat no further eventswill be buffereduntil the datastoredby
the memoriesis readout andtransferred.To inducethis situation,oneneedsto generatevery
highL1A frequencies.ThepresenttestapplicationgeneratesL1As with afrequency in theorder
of a few Hz. This is becausea new L1A is generatedonly after the dataof the currentevent
is analysedandtheeventualerrorsarelogged.For this reason,thefunctionalityof theRFCbit
wasveri�ed duringa separatetest.TheL1As weregeneratedwith a frequency in theorderof a
few MHz, andtheassertionof theRFCandtheDAV* signalswasmonitoredwith thehelpof
anoscilloscope.

Accessto SRAM

This testis performedin orderto verify the32-bit accessto theSRAM from theVME, aswell
asthestoragefunctionalityof thedevice. For this, 32-bit checkeredpatterns10 are�rst loaded
from VME to eachSRAM location,andthentheSRAM contentis readbackover theVME and
comparedwith theinputdata.

7.3 Full-crate Tests

The PPMsthat have passedthe singleboardtestsareinstalledandoperatedin a cratecon�g-
urationsimilar to thatof thesystemin useat CERN,andtheir functionality is testedin a long
periodof operation.Figure7.10describesschematicallythetestsetup.Thisconsistsof:

� 1 standardPPrcrate(21slotVME backplane);

� 16PreProcessorModules(PPMs);

� 1 Timing ControlModule(TCM);

� 1 ReadoutTransferCard(RTC) and1 UniversalReceiverUnit (URU);

� 1 standardSingleBoardComputer(SBC);

Additionally, a TTC Encoder=Transmitter(TTCex) module,operatingin a standardTTC
crate,generatesandprovides to the TCM a 40.08 MHz pulsetrain via an optical link [Tay].
TheTCM convertsthesignalto electricalform, andthendistributesit over thebackplaneto the
TTCdecof eachPPM.Thepresenceof theexternalbunch-crossingclockbringstheTTCrx back
in anoperationalstate,andthusenablestheaccessover theI2C busto thisdevice.

Thefunctionalityof thePPMsis veri�ed by repeatingmostof thetestsperformedduringthe
previoustestingstage.Thesupervisingsoftwareis adaptedto considerthepresenceof 16PPMs
in the crate,andto transfersamecon�guration andcontrol datato all modulesduring a given
functionaltest. However, sincethe setupcontainsonly oneRTC andoneURU, the real-time
LVDS andthereadouttestscanbeperformedfor only onePPMata time. Thestrategy adopted

1032-bit datawords consistingof alternating0's and1's. A 32-bit dataword in which all the bits are set to 1
(FFFFFFFF, in hexadecimal)is in generalavoided,asthisvaluealsoindicatesadataclashon theVME bus.
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Figure 7.10: Schematicrepresentationof thefull-cratetestsetup.

in thesecaseswasto de�ne theeleventhslot of thecrateasthepermanentpositionfor testing,
becausethisslotcorrespondsto thehottestpositionin thecrate.Thus,in thiswayonecanverify
theproperoperationof thePPMsunderthehardestconditions.

During the executionof the functional tests,the software readsout periodically from the
ATmega microcontrollerdigital valuesof voltagesacrosstemperaturemeasuring-diodeson the
16 PPrMCMs,in orderto verify theoperatingconditionsof the16 PPMsin thevery denseas-
sembly. Figure7.11shows a two-dimensionalhistogramdescribingaveragetemperaturevalues
for eachPPMandPPrMCM,asrecordedduringa real-timeLVDS test. It canbeseenthat,as
previously mentioned,the hottestregion in the crateis centeredaroundtheeleventhslot.This,
aswell asthegeneraltemperaturepro�le, is dueto thecon�gurationof thecoolingsystem.Two
setsof fans,locatedat thebottomsideof thecrate,distributeahigh-�ux coldair streamupwards
throughthecrate,to force theremoval of theheat.Thus,the temperaturevaluesincreasefrom
the bottomto the top of the modules. Also, the hot region correspondsto the spacebetween
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Figure 7.11: PPrMCMtemperaturemap(slotnumberis givenon thetop).



140 TheFunctionalTestsof thePreProcessorModule

thetwo setsof fans,wheretheair �ux is lessintense.However, thetemperaturesarein general
below 60� C, whichde�nesasafeoperatingstate.

Apart from temperatures,thesoftwarealsomonitorsdifferentoperatingvoltages.As in the
previouscase,thecorrespondingdigital valuesareobtainedfrom theATmega microcontroller,
which receivescopiesof theoperatingvoltagesfrom thepowermanagerof theboard.Also, the
ATmegaprovidesthesametemperatureandvoltagevaluesto theFujitsumicrocontroller, which
thentransfersthemvia theCAN-bus interfaceto theDCS.This functionalityof thePPM was
ver�ed aswell, but ata latertime thanthecurrentfunctionaltests[Kho09].

7.4 Summary

No majormismanufacturingof thePPMboardswasobservedduringthetests.Thevisualinspec-
tionsor theautomatedtestshave detectedonly minor solderproblems,which were�x edin the
local laboratory. Also,all theidenti�ed functionalproblemswerelocalisedonthedaughtercards,
andthesewerereplacedwith sparecomponents.

Thetestprocedurepresentedin thischapteris anongoingprocedure.It servesfor maintain-
ing a consistentnumberof valid sparePPMs,for theoperationof thesystemat CERN,aswell
asfor debuggingandunderstandingthenatureof theerrorsreportedfrom CERN.



Chapter 8

The PreProcessorOperation in the
ATLAS Experiment

Theinstallationof thePPrsystemin theelectronicscavernof theATLAS experimentwascom-
pletedat the end of 2007.Sincethen, the PPr hasbeeninvolved in various integration and
commissioningactivities with the interfacingsystems.In the summerof 2008,the whole AT-
LAS detectorwent througha commissioningphasewith cosmicmuons,to preparefor the�rst
LHC beam.After a a shortsingle-beamrun in the autumnof 2008,ATLAS continuedto col-
lectcosmicmuoneventsfor detectoralignmentandcalibrationpurposes.In November2009the
LHC wasrestarted,andthe�rst ppcollisioncandidateswereobservedby ATLAS. Thischapter
presentsbrief overview of theresultsobtainedduringtheintegrationandcommissioningof the
PPrsystemwith theinterfacingsystem,aswell asduringthecosmicmuonandtheLHC beam
runs.

8.1 Integration and CommissioningTests

The 124 PPMsare installedin eight PPrcrates,which in their turn arehousedin four racks.
Figure8.1 shows two photographspresentingthe PPrsystemas installedin the underground
USA15electronicscavern.Theleftmostpicture(�gure 8.1a)shows in theforegroundfour fully
equippedPPrcrates,housedin two racks,with analogueinput cablesconnectedto the front
panelof the PPMs.ThesePPMsreceive andprocesstrigger-tower signalsfrom the A-side of
the calorimeters.The two racksseenin the backgroundhold the electronicsof the Receiver
system.The secondpicture(�gure 8.1b) shows a view from the rearof a PPrcrate.Oncecan
observethemassiveLVDSoutputcabling,whichtransportsthereal-timedatafromthePPrto the
L1Caloprocessors,aswell astheRGTM cards(identi�able by thegreenLEDs)andtheG-Link
�bers, whichareusedfor transmittingthePPrreadoutdatato correspondingROD modules.

During andafter the installationof the systemin situ, the main activities werefocusedon
integratingthePPrwith all theinterfacingsystems.Oneof the�rst testsdonewasto verify the
connectivity andmappingof theanalogueinput anddigital outputcables.An impropersolder-
ing of thecableson theconnectorsor a wrongmappingof thesignalsupstreamor downstream
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(a) (b)

Figure 8.1: Views of thePPrsystemin USA15: four fully equippedPPrcratesandfront panelcabling
(a, foreground), andoutputcablingat therearof aPPrrack(b) [L1C07a].

of the PPr can lead to an erroneoustrigger decision.The veri�cation of the analogueinputs
wasperformedusingdetectorcalibrationsystems[Ach07]. TheTile andLAr calorimetershave
very precisecharge-injectionandpulsersystems,which allow themto insertsignalpatternsof
con�gurableamplitudesin their front-endelectronics[ATL08a]. Thedigital links to theL1Calo
processorswereveri�ed by loadingadistinctpatternin theplaybackmemoryof eachPPrchan-
nel. Only a few minor problemswere found during the connectivity and mappingtests,e.g.
interchangedcablesdueto swappedlabelsor faulty LVDS cablesor connectors,andthey were
�x ed.

Thecalorimetercalibrationsystemswerealsousedto performinitial timing andenergy cal-
ibrationstudies.In the�rst case,coarseand�ne timing settingswerederived,to compensatefor
thedifferentanaloguecablelengthsfrom thecalorimetersto theinputof thetriggersystem.The
coarsetiming settingsalign all theinput triggersignalsto thesamebunch-crossing.Theseval-
uesaresetin stepsof 25 ns, andthey areloadedin thesystemascon�gurationparametersfor
thesynchronisationFIFOsof thePPrASICs.The�ne timing settingsprovideafurtheralignment
of theanaloguetriggersignals,to ensurethateachpulseis sampledat its peak.Thesevaluesare
setin stepsof 1 ns,andthey representthecon�gurationdelayparametersfor thePPrPHOS4s.
In orderto determinethe �ne timing settings,the PPrPHOS4settingis steppedup within the
25 ns bunch-crossinginterval, while the calorimetercalibrationsystems�re periodically the
samepattern.This methodallows to reconstructwith a resolutionof 1 ns the pulsesreceived
from thecalorimeters.Themaximumamplitudeof eachpulseis thenobtainedof�ine, by �tting
the resultingsignalshapes[Mor09]. Figure8.2 illustratesthecaseof a signalpatternfrom the
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Figure8.2: ReconstructedTile calibrationpulse[Chi09].

Tile calorimeter, whichwasreconstructedwith themethoddescribedabove.In thisexample,the
PPrwascon�guredto readout 15 FADC samples,thereforethereconstructedshapespansover
375 ns.

For theenergy calibrationstudy, thecalorimetercalibrationsystemswereemployed to de-
liver pulsesof differentamplitudesfor eachchannel.The energy valuesextractedfrom these
pulsesby thePPrwerethencomparedagainsttheenergy givenby thecalorimeters,in orderto
derive appropriatecalibration constantsfor eachtrigger tower. Theseinitial resultswerelater
checkedduring thecosmicmuonrunsandafter the �rst LHC protonbeamdatawasrecorded.
Also,new coarseand�ne timing settingshadto berecalculated,to takeinto accountthetime-of-
�ight of theparticlesthroughthedetector. Themaindif�culty for thetiming calibration,during
thecosmicmuonor theLHC beamruns,is that thePPrPHOS4delaysettingcannotbevaried,
becausea re-con�gurationof the PPr real-timedatapathduring the data-takingis forbidden.
Apart from this, the calorimetersdeliver only physicspulses,at a large variety of amplitudes,
andthePPrcanbecon�guredto readupto � veFADC slices,to copewith themaximumL1 out-
put rate(i.e. 100kHz). Therefore,in thesecasestherecordedpulsesare�tted with a dedicated
function,whichcombinestheLandauandtheGaussianfunctions(seee.g.[L1C08b]).

The accuracy of the energy resultsdependsalsoon the ef�cient suppressionof the noise
componentin eachtrigger channel.The measurementof the noiselevel is usuallyperformed
whenthe electronicsupstreamof the PPr is in operation. The procedureinvolves two steps.
At �rst, appropriatereceiver gain settingsanda commonpedestalvaluearesetfor all trigger
channels.Thepedestalis typically setto 32FADC counts.Thisvalueis obtainedby performing
a DAC scan,in a similar mannerasdescribedin section7.2.2. Subsequently, PPrFADC event
datais accumulatedchannel-wiseoverasigni�cant periodof time,andthennoisethresholdsare
derivedof�ine for eachtriggerchannel,basedontheresultingRMSpedestalvalues.Figure8.3a
showstheresultof aDACscanfor onePPrchannel,while �gure 8.3bpresentstheresultobtained
after a pedestalmeasurement,for the samePPr channel.An overview of the RMS pedestal
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Figure8.3: DAC scanandpedestalmeasurementfor onePPrchannel(a,b) [Chi09], andRMSpedestal
valuesfor theelectromagneticsectionof thePPr[Mor09].

valuesobtainedin the electromagneticpart of the system,during the samemeasurement,is
shown in �gures 8.3c. The resultsaregiven in FADC counts,and they areplotted in a two-
dimensionalhistogram,with h alongthex-axis,andf up they-axis. It canbenoticedthat the
noisecontribution is up to 2 FADC counts(� 0.5 GeV) in mostof the triggerchannels,andit
decreasesat largepseudorapidityvalues.Thelatter is dueto theE ! ET conversionappliedin
theelectronicschainupstreamof thePPr.

Thepedestalmeasurementsallow alsoto identify channelswith alargenoisecontentor with
afaultyoperation.Thesechannelshaveto bedisabledfrom thereal-timepathof L1Calo,asthey
cannegatively in�uence the trigger performance.Their maskingis typically doneby setting
the contentof the correspondingPPrASIC-LUTsto zero,so that the BCID-LUT datasentby
the PPr to the L1Calo processorsis permanentlyzeroon thesechannels.Anotherpossibility
to identify noisy, hot or deadchannelsis by monitoring the RateMeteringdataprovided by
the PPrASICs. A dedicatedprocedurewas implementedin the ATLAS Online Software to
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Figure 8.4: Identi�cation of problematicchannelsbasedon thePPrRateMeteringdata[Mül08a].

Figure 8.5: DCSdisplayshowing thePPrMCMtemperaturesrecordedin onePPrcrate.
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readout every 2 s the RateMeteringdataover the VME interface,anddisplay it into a GUI
panel.This methodoffers two mainadvantages:�rstly , a problematicchannelcanbedetected
alsoduringa data-takingrun,notonly duringa calibrationrun,andsecondly, themonitoringof
thetriggerchannelsis performedindependentlyof theL1 decision.TheGUI is madeavailable
to theshift crew, which cantake immediateactionuponidentifying a problematicchannel.The
samesoftwaretool archiveschannel-wisetheRateMeteringdata,to facilitateto asystemexpert
the debuggingof the observed problem[Mül08a]. Figure 8.4 illustratesan exampleof noisy
trigger tower identi�ed with the RateMeteringtool. The panelseenin the backgroundis the
GUI usedfor displayingthe RateMeteringdata.The fact that only coupleof channelsseem
to have datais dueto additionalcutsimposedin software,to facilitatethe identi�cation of the
eventualproblematicchannels.Thehistogramseenin theforegroundof thesame�gure shows
the RateMeteringhistory for oneof the channelsthat have producedratesabove the applied
cuts.

Lastly, thePPrhasbeenalsointegratedandcommissionedwith theDetectorControlSystem
(DCS).On eachPPM,theFujitsumicrocontrollercollectsinformationabouttemperaturesand
voltagesacrosstheboard,andsendsit to DCSover theCANbusinterface.Themicrocontroller
sendsalsowarningor errormessagesto DCS,if thePPrMCMtemperaturesor thesupplyvolt-
agesexceedpre-de�nedthresholds.In thecurrentcon�guration,anwarning�ag is raisedupon
detectinga temperaturevalueabove 70� C or a �uctuation of a supplyvoltagefrom its nominal
value larger than� 5%. An error �ag is thenraisedwhena temperaturevalueexceeds80� C
or whena supplyvoltage�uctuateswith morethan� 10% [Kho10]. Upon receiving an error
�ag, the DCS switchesoff the correpondingcrate.Figure 8.5 shows the format in which the
PPrMCM temperaturesmeasuredin a PPrcratearedisplayedin theDCS control panel.Also,
theDCSmonitorsthetemperaturein theracksandthecratepowersupplyvoltages.

8.2 CosmicMuon Runs

Thecommissioningof theATLAS detectorwith cosmicmuonswasstartedin 2005,in parallel
to the detectorinstallation.In summer2008,whenall subsystemswerereadyfor datataking,
ATLAS went throughan intenseperiodof commissioningwith cosmicmuons,to preparethe
detectorfor the�rst LHC beam.

Cosmicmuonsoccurwhena primarycosmicparticleundergoesnuclearcollisionswith at-
mosphericnuclei. Thesecollisions producea large numberof charged p-mesonsand kaons,
which quickly decayinto muons.Sincemuonshave a relatively long lifetime anddo not un-
dergo stronginteractions,but only losepart of their energy via electromagneticprocesses,the
mostenergeticcosmicmuonsareableto passthroughthe75 m thick rock overburden,which
roofs the experimentalcavern1, andthroughthe ATLAS detector. At the passagethroughthe
ATLAS calorimeters,thecosmicmuonsmainly behave asminimumionisingparticles,but they
alsoradiatebrehmsstrahlungphotons.In mostof theobservedcases,theenergy depositedwas
in theorderof severalGeV in theTile hadroniccalorimeter, theouterlayerof thecalorimetry,
anda factor10 lower in theLAr electromagneticcalorimeters[Hoe10].

1in fact,basedon theangleof the tracksreconstructedby theRPCsof theMuon Spectrometer, it wasobserved
thatmostof thecosmicmuonsdetectedby ATLAS entertheexperimentalcavernfrom thetwo accessshafts[Wen09].
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Most of the trigger-tower pulsesproducedby theseeventsaretypically only a few counts
abovethepedestal.Thechallengewastodiscriminatethesepulsesfromnoise,andthusto trigger
on genuinephysicsevents.To accomplishthis,L1Calowasseededwith anelectron=photonET

thresholdof 3 GeV, andwith t -likeandjet-likethresholdsof 5 GeV[L1C08b]. Figure8.6shows
theexampleof acosmiceventtriggeredby L1Calo,usingthet andjet thresholds.Additionally,
�gure 8.7 shows a comparisonbetweenthe transverseenergy measuredby L1Calo, and the
transverseenergy detectedin thecellsof theelectromagneticcalorimeters.Theplot takesinto
accountonly the trigger-tower energies above the appliedthreshold,i.e. 5 GeV in this case,
andtheenergy sumof thecorrespondingcalorimetercells.A goodcorrelationbetweenthetwo
setsof energy valuescanbeobserved,althoughthecalibrationof thetwo systemswasstill in a
preliminaryphase.

Besidetheparticipationin thetrigger, thecosmicrunsrepresentedfor thePPragoodoppor-
tunity to performmeasurementsof thenoiselevel, identify hot anddeadchannels,andmonitor
the functionality of the PPMsin long periodsof operation,aswell as to tune its timing and
energy calibrationmethods.

8.3 LHC BeamRuns

The First LHC Proton Beam

In September2008, the �rst single-beamsof protonsweresuccessfullycirculatedaroundthe
LHC acceleratorring. During severaldays,a singleprotonbunch,�lled with 2 x 109 protons,
was circulatedwithout accelerationat the injection energy of 450 GeV. Gaining experience
from thecommissioningrunswith cosmicmuons,ATLAS wasreadyto recordandanalyseall
theeventsgeneratedby thepassageof thesinglebeam.

In thebeginningof thesecommissioningactivities, the tertiarycollimators,placedon each
sideof the four main experiments2, werebeingclosedfor safety. This wasdonein order to
protecttheLHC machineandthedetectorsfrom aneventualmisalignmentof thebeam,andto
allow correctionsto be made,if necessary. Also for safetyreasons,someof the sub-detectors
proneto radiationdamagewereturnedoff or operatedwith reducedhighvoltage3. Eachcollision
betweentheprotonbeamandtheclosedcollimatorproducedasprayof particles,mostlymuons,
thatreachedtheexperimentalcaverns.In caseof ATLAS, mostof theseparticleshit thedetector,
generatinga so-calledbeam-splashevent. Figure 8.8 shows the �rst beam-splashevent seen
by the ATLAS, andwhich wastriggeredby L1Calo. In this examplethe beamwascirculated
clockwisearoundthe accelerator, hencethe collision occurredupstreamof the A-side of the
detector(i.e. right-handsidein the lower left plot). TheparticlesreachingtheATLAS detector
generatedmorethan100,000hits in the muonchambersandleft a hugeenergy depositionin
the calorimeters,i.e. morethan1000 TeV in the hadroniccalorimeterandseveral TeV in the
electromagneticcalorimeter[Cos09].

Thebeam-splasheventsprovedto beveryusefulin determiningthetiming alignmentof the

2in ATLAS: 140 m from theinteractionpoint.
3in ATLAS: Pixel detector, barrelSCT (off ), End-CapSCT, Muon SystemandForward Calorimeters(reduced

voltage) [Cos09]
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Figure 8.6: Cosmiceventtriggeredby theL1Calo t andjet algorithms[L1C08b].

Figure 8.7: ComparisonbetweentheET reconstructedby L1Calo(x-axis)andtheET measuredin the
full readoutof the LAr electromagneticcalorimeters.The resultsare basedon the 2008
cosmicrunning[L1C08b].
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Figure 8.8: Beam-splasheventtriggeredby L1Caloin September2008[L1C08b].

Figure 8.9: Energy depositionfrom abeam-splasheventasreconstructedby L1Calo[Tri09].
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L1Calo trigger with respectto the LHC bunch-crossingsclock. Suchan analysisis basedon
the assumptionthat the particlesresultedfrom the collision with the collimatorstravel almost
parallelto thebeamline,andenterthedetectoralmostin thesametime, within a few nanosec-
onds.Figure8.9 shows anexampleof a beam-splashevent,asseenin theL1Calo trigger. It is
a two-dimensionalh -f plot, with h alongthex-axisandf up they-axis,describingtherelative
transverseenergy depositedin eachelectromagnetictrigger tower. Theseenergy valuesrepre-
sentthemiddle10-bit FADC sampleprovidedby eachPPM in the readoutstreamto DAQ. A
differencebetweentheA- andC-sideof theelectromagneticlayercanbenoticed.This wasde-
terminedto bedueto onebunch-crossingtick misalignmentof thePPMsthatprocessthedata
from theC-sideof theelectromagneticcalorimeter, andit wascorrectedasa resultof theseob-
servations[Tri09]. Also in the sameplot, two structuresin f canbe observed: an eight-fold
structure,which is dueto theeightcoils of theA-sideend-captoroid magnet,anda low energy
responseregion aroundf = 3p=2, which is believed to be dueto the supportstructureof the
ATLAS detector.

The First Collisions

After a breakof oneyear, causedby an incident in oneof the sectorsof the acceleratorring
[Baj09], the LHC hasresumedits operationin November2009. In the beginning, the LHC
repeatedthe commissioningprocedureperformedin 2008,by circulatingonly onebeamat a
time in theaccelerator. During thisperiod,ATLAS recordedmorethan100beamsplashevents,
producedon bothsidesof thedetector, whichweremainlyusedto synchronisethevarioussub-
detectors[Hoe10]. At the end of November2009, the LHC circulatedfor the �rst time two
beamssimultaneouslyin theaccelerator, at the injectionenergy of 450 GeV, andsteeredthem
to collidewith

p
s= 900 GeV. Figure8.10showsathree-dimensionalview of the�rst collision

candidateobservedby ATLAS.
After stable-beamconditions were reached,the LHC increasedthe number of proton

bunchesin eachbeam,from oneto four, aswell astheintensityof protonbunches,reachingto
� 1.5x 1010 protonsperbunchat thestartof the�lls. Thestabilityof thebeamshasdetermined
ATLAS to switchonthePixel andtheSCTdetectors,whichhadnotbeenpreviouslyuseddueto
safetyreasons.With thefull detectoractive,ATLAS hasrecordedabouthalf a million collision
at

p
s= 900 GeV[ATL09]. After afew daysof operationin thiscon�guration,theLHC ramped

for the�rst time to 1.18 TeV=beam.This hasled to pp collisionswith a centre-of-massenergy
of

p
s = 2:36 TeV, andit hasmadetheLHC thehighestenergy particlecollider in theworld,

supersedingthe
p

s� 2 TeV achievedby Tevatron,atFermilab,Chicago.Figure8.11showsthe
�rst collision eventat

p
s= 2:36 TeV observedby ATLAS. It representsa 2-jet candidatewith

uncalibratedtransverseenergiesof approximately6 GeVand16 GeV.
In March 2010, the LHC seta new record,by acceleratingthe protonsto 3.5 TeV=beam

andcolliding themat
p

s = 7 TeV. Figure8.12shows a three-dimensionalview of oneof the
�rst collisionsat observedby ATLAS at this centre-of-massenergy. This run modeis planned
to bemaintainedfor about18 months,to allow a safecommissioningof theacceleratorandof
thedetectors.After that, theLHC will startincreasingtheenergy andthe luminosityup to the
designvaluesof

p
s= 14 TeV andL = 1034cm� 2s� 1 respectively.



8.3LHC BeamRuns 151

Figure8.10: The�rst ppcollisioncandidaterecordedby ATLAS. Thecentre-of-massenergy
of thecollisionwas

p
s= 900 GeV[CER09b].

Figure8.11: The�rst ppcollisionwith thecentre-of-massenergy of
p

s= 2:36 TeV recorded
by ATLAS. [CER09a].
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Figure 8.12: Oneof the�rst ppcollisionswith thecentre-of-massenergy of
p

s= 2:36 TeV
observedby ATLAS. [CER10b].



Chapter 9

Summary and Conclusions

The �rst part of this thesishasdescribedthe algorithmsdevelopedto meetthe functionality
of the ReadoutManagerFPGA (ReM FPGA). The tasksassignedto the ReM FPGA canbe
summarisedasdataroutinganddataformatting. Thedevice interfacesto severaldistinctcom-
municationsystemsto transferdatato andfrom variouson-boardandexternallocations,in the
formatrequestedby theeachcommunicationsystemanddestinationdevice.Themajor taskof
the ReM FPGA is to transferPPM event datato the DAQ system.The ReM FPGA collects
theeventdatafrom the16 PPrASICs,andsendsit to DAQ in a prede�nedATLAS format.The
properoperationof theeventreadouttaskin theReM FPGAis of a specialimportance.Of�ine
calibrationstudiesor online softwareapplicationsthat monitor andverify the performanceof
theLevel-1 triggerduring thedata-takingphysicsrunsarebasedalsoon thedatadeliveredby
thePPMsto DAQ. Thereadoutoperationwastestedintensively both in Heidelberg, in thelab-
oratoryenvironment,andat CERN,andit is currentlyrunningstablyanderror-free. The rare
casesin whichamisbehaviour wasreportedweredueto eitheranimpropercon�gurationof the
systemor adefectivehardware.

Anotherimportanttaskof the ReM FPGA is to retrieve the RateMeteringandHistogram-
ming datafrom the PPrASICsand to storeit in memorylocationsaccessibleover the VME
interface.Therespective datais usedby onlinesoftwareapplicationsto monitor theactivity in
the calorimetersor to identify problematicchannelsupstreamof andin the PPrsystem.This
operationis aswell stable,no misbehaviour beingreported.Thesamestability is alsoobserved
for otherimportantoperationsperformedby theReM FPGA,e.g.the transferof con�guration
datafrom the VME to variouson-boardprogrammablelocations,or the readbackof con�gu-
rationdatafrom thePPrASICsandtheTTCrx devices. For thecasesin which functionalmis-
behaviours aredetected,the ReM FPGA providesextendedsetsof VME registersthat gather
bitwise statusanderror data,received from the interfaceddevicesor generatedby its internal
algorithms,to helpinvestigatetheseproblems.

Thesecondpartof this thesishaspresentedthefunctionalteststhathadbeencarriedout to
ensuretheproperoperationof thePPMs,beforethey wereinstalledatCERN.For this,atwo-step
testprocedurewasdeveloped.Duringthe�rst step,thePPMswereoperatedindividually, andan
extendedsetof automatedfunctionaltestswasperformed.Theconditioninganddigitisationof
theanalogueinputwasveri�ed by employing a waveformgeneratorto provideanaloguepulses
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with apeakingtimesimilar to thatof thegenuinecalorimetersignals.Thedigital processingand
the transmissionof real-timedataover long LVDS cableswaschecked with digital playback
data,consistingof eithercalorimeter-like pulsesor variousstresspatterns.ThePPM real-time
datawas capturedand analysedby an UniversalReceiver Unit (URU), a custom-built VME
module,which emulatesthe receiving stageof the L1Calo processors.The readoutoperation
wascheckedwith bothanalogueinputsanddigital patterns.A secondcustom-built modulewas
usedin this caseto transfertheeventdatafrom thebackplaneconnectorsto thesameURU. For
moreconsistency of the readouttests,the formattedevent datareceived by the URU wasalso
comparedwith an unformattedcopy, storedby the ReM FPGA in VME-accessiblememory
buffers.

During the secondstepof the implementedtestprocedure,the PPMswereoperatedin a
cratecon�gurationsimilar to theoneusedin theexperiment,andtheir functionalitywasveri�ed
over a long periodof operationby repeatingmostof the testsperformedduring the �rst step.
Additionally, the operatingconditionsof the PPMsin the densecrateassemblywerechecked
by monitoringperiodicallyPPrMCM temperaturesandvariouson-boardsupplyvoltages.All
the functionalmisbehaviours identi�ed during thesetestswerelocalisedon thedaughtercards,
and thesewere replacedby sparemodules.Otherproblemsreferredto mis-solderingof pas-
sive componentson the main boardor on the daughtercards,andthesewere�x ed in the local
laboratory.

Theinstallationof thePPrsystemat CERNwascompletedby theendof 2007.Sincethen,
the PPrhasparticipatedin variousintegrationandcommissioningrunswith the othercompo-
nentsof the trigger systemandwith the whole ATLAS detector, which helpedtuneits opera-
tion. At thetime this thesisis completed,thePPrsystemis operatedsuccessfullyin data-taking
physicsrunswith LHC protonbeamdata.



Appendix A

PreProcessorSystem:Channel
Mappings

A.1 The Mapping of the PPM Channelsto DetectorCoordinates

The PPr receives the 7168analoguetrigger sumsasdifferential signals,via 496 twisted-pair
cables.All theinput cablesareidentical,containing16 differentialanaloguesignalpairs.Most
of thecablestransport16 analoguetrigger-tower signals.Exceptionmake thecablesthatcarry
triggersumsfrom theend-capregions2:4 < jh j < 3:2. In thesecases,only 8 differentialpairs
arepopulatedwith triggersignals.

ThePPrconsistsof 124hardware-identicalPPMs,eachPPMbeingdesignedto receive and
process64 differential analoguesignalsfrom four input cables.The input signalsentereach
PPMboardthroughfour SUBD 37cconnectors.FigureA.1 illustratesthepinningononeinput
connector, andtheadoptednumberingconventionfor the16signalpairs.

Eachtriggertower is identi�ed by asetof h -f coordinates1 andacorrespondingcalorimeter
layer type, i.e. electromagneticor hadronic.Therefore,basedon this informationandon the
labelsde�ned ontheinputconnectors,acorrelationbetweentheeachPPMchannelandthecor-
respondingdetectorregionis obtained.This is illustratedin �gures A.3 andA.4, whichshow the
trigger-towergranularityin the�rst f -quadrantof theelectromagneticandhadroniccalorimeter

1e.g.in theATLAS Onlinesoftware,thecoordinatesof a triggertower areconsideredthecentralvaluesof theh
andf bins.

Figure A.1: Pinusageandassignmentof differentialpairson theinputPPMconnectors[L1C07b].
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layers,asseenby thePPrsystem.In eachplot theh coordinatesaredisplayedat thetop,while
the f coordinatesareshown on the left side.Note that, for simplicity, the f coordinatesare
givenin unitsof p=32. In thesame�gures, thefour input connectorsareeachrepresentedby a
distinctcolour, while thenumberattachedto eachtrigger tower representsthe labelof thecor-
respondinginput signalpair on thegivenconnector. Thegranularityin theelectromagneticand
hadroniclayersis in generalidentical.ExceptionmakestheFCAL region,wherethegranularity
of theelectromagneticFCAL1 triggertowersis � , while thetowersin thehadronicFCAL2 and
FCAL3 layersare� 0:8 x 0:4 wide,andthey areidenti�ed by thesamesetof h -f coordinates.

Thetrigger-tower granularityin theotherthreef quadrantsis identicalwith theoneof the
�rst quadrant.This is illustratedin �gure A.5, which describesin the samediagramboth the
electromagneticandhadroniclayers.In orderto simplify the�gure, thelabelsof theinputsignal
pairsareomitted,but themappingdescribedin �gures A.3 andA.4 holdsfor theotherthreef
quadrants,too. FigureA.5 shows alsothecrateorganisationof thePPrsystem.The124PPMs
arehousedin eight VME crates.The fat blue boxes indicatethe h -f spacecoveredby each
PPM. The numbergiven within eachbox indicatesthe slot positionof the given PPM in the
correspondingcrate. The red boxesshown at the bottomof the schematicsindicatethe eight
PPrcrates. The boxesarearrangedin sucha way to point to the PPMsthey hold, and thus
to h -f spacethey cover. Note that two crates,i.e. 2 and3, areequippedwith only 14 PPMs,
while theothersix crateshold 16 PPMs.Also, thecratesareorganisedin sucha way that four
of them processelectromagnetictrigger-tower signals,while the other four processhadronic
trigger-tower signals.However, an exceptionoccursfor the cratesnumber4 and5, wherethe
PPM in slot 5 in eachof thesecratesreceives and processestrigger-tower signalsfrom the
electromagneticFCAL1 layer.

A.2 The Mapping of the Analogue and Digital Channels on the
PPM

On the PPM, the 64 input analoguedifferential signalsare conditionedby four 16-channel
PPrAnInboards.The64 analoguechannelsarelabelledfrom 1 to 64, countingfrom thetop to
thebottomof themodule.Theconnectivity betweenthesignalpairsontheinputconnectorsand
theanaloguechannelson thePPMis shown in the�rst two columnsof tablesA.1, A.2 andA.3.
In the �rst column,the connectorsare indicatedby the letter C, followed by a corresponding
numberfrom 1 to 4. As for theanaloguechannels,a similar top-bottomnumberingconvention
is adoptedfor thefront-panelconnectors.Thenumberingof thesignalpairson eachconnector
correspondsto theassignmentshown previously in �gure A.1.

After conditioningon thePPrAnInboards,theresultingsingle-endedsignalsarereordered
at theinput of thePPrMCMs,to allow thebunch-crossingmultiplexing algorithmon thePPrA-
SICsto combineinto pairsdatafrom triggertowerswith thesamef coordinate,asexpectedby
the CPMs.This reorderingof signalsis illustratedschematicallyin �gure A.2, for the caseof
onePPrMCM.Thesameschemeholdsfor theother15 PPrMCMs.Four trigger-tower signals,
labelled1-4,arereceivedon thePPMthroughfour pin pairs(16-13)of a front-panelconnector,
andconditionedin the�rst four channelsof a correspondingPPrAnInboard.Thesingle-ended
signalsarethenreorderedat the input of a correspondingPPrMCM,so that the datafrom the
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FigureA.2: Trigger-cell orderingin thePPrMCM[Han09b].

digital datafrom thetriggertowers1 and4 is multiplexedin thePPrASICinto onestreamto CP
(CP-a),andthedatafrom theothertwo trigger towers(2,3) is multiplexed into anotherstream
(CP-b).

On eachPPrMCM, the four input analoguesignalsare digitised by four single-channel
FADCs, andthe resultingdigital signalsareroutedto the input of the 4-channelPPrASICfor
furtherprocessing.Thereare16PPrMCMson theboard,whichgivesa totalof 64digital chan-
nels.Thesearelabelledalso1-64,again countingfrom the top to thebottomof thePPM.The
fourth and the �fth columnsin tablesA.1-A.3 describethe correlationbetweenthe analogue
channels,afterreorderingat theinputof thePPrMCMs,andthedigital channels.

EachPPrASICprovidesthreeoutputparalleldatastreamsonthereal-timepath.Twoof these
streamscontainbunch-crossingmultiplexedDh x Df = 0:1 x 0:1 energy depositionsfor theCP,
while the third streamprovides0.2 x 0.2 energy depositionsumsfor theJEP. Thestreamsare
serialisedandconvertedto LVDS form onthePPrMCM,andthensentby theLCD daughtercard
to the L1Calo processorsvia cableassemblieswhich carry four LVDS signals.EachPPM is
designedto provide real-timedatavia 10 cableassembliesto CP and12 cableassembliesto
JEP. The last two columnsin tablesA.1-A.3 describethemappingof theoutputLVDS signals
on the cableconnectors.The signalsarelisted in the tablesin conformity with their mapping
to thebackplaneconnector. Notealsothat thesignalsnearthe f edgesof thePPMarefanned
out, to allow the algorithmsof the L1Calo processorsto investigate the boundariesof the f
quadrants.Thesesignalsare indicatedin the upperpart of table A.1 and in the lower part of
tableA.3. A moredetaileddescriptionaboutthepin usageon thebackplaneconnectorandthe
LVDS cableconnectorsis givenhere[Mah06]. Also, theconnectivity betweenthePPrandthe
L1Caloprocessorsis describedin greatdetailhere[L1C07b].
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0 1 2 1 5 6 1 2 5 6 1 2 5 6 1 2 5 6 1 2 5 6 1 2 5 6 1 2 5 6

FCAL_2 FCAL_3

Hadr. trigger towers, 1st phi quadrant, positive eta

          0.0    0.4    0.8    1.2    1.6    2.0    2.4    2.9    3.2    4.0    4.9 / 3.2    4.0       4.9
      PPM 1       PPM 2       PPM 3       PPM 4       PPM 5       PPM 6   PPM 7  PPM 8      PPM 9

15 16 15 12 11 16 15 12 11 16 15 12 11 16 15 12 11 16 15 12 11 16 15 12 11 16

14 13 14 9 10 13 14 9 10 13 14 9 10 13 14 9 10 13 14 9 10 13 14 9 10 13 14 9 13 14

13 4 3 8 7 4 3 8 7 4 3 8 7 4 3 8 7 4 3 8 7 4 3 8 7 4 13 15 14 16

12 1 2 5 6 1 2 5 6 1 2 5 6 1 2 5 6 1 2 5 6 1 2 5 6 1 2 5 9 10

11 16 15 12 11 16 15 12 11 16 15 12 11 16 15 12 11 16 15 12 11 16 15 12 11 16

10 13 14 9 10 13 14 9 10 13 14 9 10 13 14 9 10 13 14 9 10 13 14 9 10 13 14 9 5 6

9 4 3 8 7 4 3 8 7 4 3 8 7 4 3 8 7 4 3 8 7 4 3 8 7 4 9 11 10 12

8 1 2 5 6 1 2 5 6 1 2 5 6 1 2 5 6 1 2 5 6 1 2 5 6 1 2 5 1 2

7 16 15 12 11 16 15 12 11 16 15 12 11 16 15 12 11 16 15 12 11 16 15 12 11 16

6 13 14 9 10 13 14 9 10 13 14 9 10 13 14 9 10 13 14 9 10 13 14 9 10 13 14 9 13 14

5 4 3 8 7 4 3 8 7 4 3 8 7 4 3 8 7 4 3 8 7 4 3 8 7 4 5 7 6 8

4 1 2 5 6 1 2 5 6 1 2 5 6 1 2 5 6 1 2 5 6 1 2 5 6 1 2 5 9 10

3 16 15 12 11 16 15 12 11 16 15 12 11 16 15 12 11 16 15 12 11 16 15 12 11 16

2 13 14 9 10 13 14 9 10 13 14 9 10 13 14 9 10 13 14 9 10 13 14 9 10 13 14 9 5 6

1 4 3 8 7 4 3 8 7 4 3 8 7 4 3 8 7 4 3 8 7 4 3 8 7 4 1 3 2 4

0 1 2 5 6 1 2 5 6 1 2 5 6 1 2 5 6 1 2 5 6 1 2 5 6 1 2 5 1 2

FCAL_2 FCAL_3

Connector 1 Connector 2 Connector 3 Connector 4
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PPr coverage of the Electromagnetic and Hadronic Layers PPM Connector 1 Connector 2 Connector 3 Connector 4
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TableA.1: Analogueanddigital channelmappingon thePPM(1) (modi�ed from [Mah06]).

Conn. Analogue MCM MCM Dig. PPM to CPM PPM to JEM
Pair ch # slot # ch map ch # LVDS Connector LVDS Connector

C1 16 A1 A1 D1
C1 15 A2 1 A4 D2
C1 14 A3 A2 D3
C1 13 A4 A3 D4
C1 12 A5 A5 D5
C1 11 A6 2 A8 D6
C1 10 A7 A6 D7
C1 9 A8 A7 D8
C1 8 A9 A9 D9
C1 7 A10 3 A12 D10
C1 6 A11 A10 D11
C1 5 A12 A11 D12
C1 4 A13 A13 D13
C1 3 A14 4 A16 D14
C1 2 A15 A14 D15
C1 1 A16 A15 D16
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TableA.2: Analogueanddigital channelmappingon thePPM(2) (modi�ed from [Mah06]).

Conn. Analogue MCM MCM Dig. PPM to CPM PPM to JEM
Pair ch # slot # ch map ch # LVDS Connector LVDS Connector

C2 16 A17 A17 D17
C2 15 A18 5 A20 D18
C2 14 A19 A18 D19
C2 13 A20 A19 D20
C2 12 A21 A21 D21
C2 11 A22 6 A24 D22
C2 10 A23 A22 D23
C2 9 A24 A23 D24
C2 8 A25 A25 D25
C2 7 A26 7 A28 D26
C2 6 A27 A26 D27
C2 5 A28 A27 D28
C2 4 A29 A29 D29
C2 3 A30 8 A32 D30
C2 2 A31 A30 D31
C2 1 A32 A31 D32
C3 16 A33 A33 D33
C3 15 A34 9 A36 D34
C3 14 A35 A34 D35
C3 13 A36 A35 D36
C3 12 A37 A37 D37
C3 11 A38 10 A40 D38
C3 10 A39 A38 D39
C3 9 A40 A39 D40
C3 8 A41 A41 D41
C3 7 A42 11 A44 D42
C3 6 A43 A42 D43
C3 5 A44 A43 D44
C3 4 A45 A45 D45
C3 3 A46 12 A48 D46
C3 2 A47 A46 D47
C3 1 A48 A47 D48
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TableA.3: Analogueanddigital channelmappingon thePPM(3) (modi�ed from [Mah06]).

Conn. Analogue MCM MCM Dig. PPM to CPM PPM to JEM
Pair ch # slot # ch map ch # LVDS Connector LVDS Connector

C4 16 A49 A49 D49
C4 15 A50 13 A52 D50
C4 14 A51 A50 D51
C4 13 A52 A51 D52
C4 12 A53 A53 D53
C4 11 A54 14 A56 D54
C4 10 A55 A54 D55
C4 9 A56 A55 D56
A57 A57 A57 D57
A58 A58 15 A60 D58
A59 A59 A58 D59
A60 A60 A59 D60
A61 A61 A61 D61
A62 A62 16 A64 D62
A63 A63 A62 D63
A64 A64 A63 D64

�� � ��� ����� �� ��





Appendix B

ReadoutManager FPGA: Registers
and Memory Locations

B.1 The VME Addr essSpacefor the ReadoutManager

Thefollowing tablegivesanoverview of theVME addressspaceallocatedto theReM FPGA.
It shouldbementionedthatall theVME addressesgivenin this appendixreferonly to the�rst
23 bits of theA32 addressbus, i.e. they do not includethegeographicalandthecrateaddress
bits. Also, thedatawidth is 32bits,asde�ned by theVME.

Thecontentof eachdatablockor singleregisteris detailedin thenext sections.A reference
to the correspondingsectionis indicated,for eachentry of the following table,in the column
Reference.

TableB.1: Overview of theVME addressspacefor theReM FPGA

VME Address Block=RegisterName Size Reference
On-boardSRAM

0x200000 MCM Reference 0x20000 B.2.1
0x220000 MCM Readback 0x20000 ”-”
0x240000 TTCrx Reference 0x100 B.2.2
0x240100 TTCrx Readback 0x100 ”-”
0x240200 FREESRAMSPACE 0x1FE00
0x260000 ReferencePlaybackPatterns 0x40000 B.2.3
0x2A0000 FREESRAMSPACE 0x60000
0x300000 ReferencePPrASICRates 0x200 B.2.4
0x300200 ReadbackPPrASICRates 0x200 ”-”
0x300400 FREESRAMSPACE 0xFC00
0x310000 ReferencePPrASICHistograms 0x8000 B.2.5
0x318000 ReadbackPPrASICHistograms 0x8000 ”-”

Continuedonnext page
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TableB.1 – continuedfrom previouspage
VME Address Block=RegisterName Size Reference
0x320000 FREESRAMSPACE 0x2E0000

ReMCommand,Control,StatusandErrorRegisters
0x600000 VME Spy Buffers 0x100 B.3.1
0x600100 NOT ALLOCATED 0x1FF00
0x620000 SRAM-MCM ReadbackFlags 0x20000 B.3.2
0x640000 NOT ALLOCATED 0x100
0x640100 SRAM-TTCrxReadbackFlags 0x100 B.3.3
0x640200 NOT ALLOCATED 0xFE00
0x650000 RateMeteringEnable 0x4
0x650004 RateMeteringDisable 0x4
0x650008 HistogrammingEnable 0x4
0x65000C HistogrammingDisable 0x4
0x650010 NOT ALLOCATED 0x1AFEEC
0x7FFEF8 PHOS4Acknowledge 0x4 B.3.5
0x7FFEFC PHOS4-DLLStatus 0x4 B.3.6
0x7FFF00 AnIn 1 Low 0x4 B.3.7
0x7FFF04 AnIn 1 High 0x4 ”-”
0x7FFF08 AnIn 2 Low 0x4 ”-”
0x7FFF0C AnIn 2 High 0x4 ”-”
0x7FFF10 AnIn 3 Low 0x4 ”-”
0x7FFF14 AnIn 3 High 0x4 ”-”
0x7FFF18 AnIn 4 Low 0x4 ”-”
0x7FFF1C AnIn 4 High 0x4 ”-”
0x7FFF20 NOT ALLOCATED 0x18
0x7FFF38 RateMeterStatus(1) 0x4 B.3.8
0x7FFF3C RateMeterStatus(2) 0x4 ”-”
0x7FFF40 HistogrammingStatus(1) 0x4 B.3.9
0x7FFF44 HistogrammingStatus(2) 0x4 ”-”
0x7FFF48 Raw PipelineStatus(1) 0x4 B.3.10
0x7FFF4C Raw PipelineStatus(2) 0x4 ”-”
0x7FFF50 BCID PipelineStatus(1) 0x4 B.3.11
0x7FFF54 BCID PipelineStatus(2) 0x4 ”-”
0x7FFF58 PlaybackStatus 0x4 B.3.12
0x7FFF5C PHOS4SerIntfStatus 0x4 B.3.13
0x7FFF60 ROD ReadoutSamples 0x4 B.3.14
0x7FFF64 G-Link DAV Gap 0x4 B.3.15
0x7FFF68 DisabledASIC Channels(1) 0x4 B.3.16
0x7FFF6C DisabledASIC Channels(2) 0x4 ”-”
0x7FFF70 MCM ControlRegister 0x4 B.3.17

Continuedonnext page
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TableB.1 – continuedfrom previouspage
VME Address Block=RegisterName Size Reference
0x7FFF74 NOT ALLOCATED 0xC
0x7FFF80 LocalTriggerDelay 0x4 B.3.18
0x7FFF84 LocalTriggerCon�guration 0x4 B.3.18
0x7FFF8C LocalCounterReset 0x4 B.3.19
0x7FFF90 NOT ALLOCATED 0x40
0x7FFFD0 ReMFirmwareVersion 0x4 B.3.20
0x7FFFD4 ReM StatusRegister(1) 0x4 B.3.21
0x7FFFD8 ReM ControlRegister(1) 0x4 B.3.22
0x7FFFDC ReM ControlRegister(2) 0x4 B.3.22
0x7FFFE0 ReM CommandRegister 0x4 B.3.23
0x7FFFE4 ReM ErrorRegister(1) 0x4 B.3.24
0x7FFFE8 ReM StatusRegister(2) 0x4 B.3.21
0x7FFFEC ReM ErrorRegister(2) 0x4 B.3.24
0x7FFFF0 NOT ALLOCATED 0x10

B.2 Data Storagein SRAM

B.2.1 MCM Referenceand ReadbackBlocks

TheMCM ReferenceandReadbackblockshaveanidenticalstructureandsize.They aredivided
into 16 sub-blocksof equalsize,eachsub-blockstoringdatarelatedto a given PPrMCM (see
tableB.2).

Theway thedatais organisedin eachsub-blockis shown in tableB.3. Notethatapartfrom
PPrPHOS4andPPrASICdata,eachsub-blockholdsaswell thecorrespondingPPrAnIn-DAC
settingsfor thegivenPPMchannels,in orderto ef�ciently usetheSRAM space.Thelastcolumn
of the sametabledescribesthe format in which the ReM FPGA writes both the con�guration
andthereadbackdatato SRAM. This is alsothe format in which theReM FPGAexpectsand
deliversthedataon theVME interface.Theformatof thePPrASICPlaybackandLUT memory
datarepresentsaspecialcase.In orderto reducethetimeneededto con�gure thesememories,as
well asto ef�ciently usetheSRAM space,thedataof multiple consecutive memorieslocations
arepackedinto one32-bit VME dataword andstoredin this form in theSRAM (seetablesB.4
andB.5).

Also, notethat the �rst columnof tablesB.2 andB.3 providesonly anaddressoffset.This
offset hasto be addedto the correspondingbaseaddressesspeci�ed in table B.1 in order to
locatethegivendatain theVME addressspace.



168 ReadoutManager FPGA:RegistersandMemoryLocations

TableB.2: Internaldivisionof theMCM ReferenceandReadback
blocks.

AddressOffset Sub-BlockName Size
0x0 PPrMCM 01 0x2000
0x2000 PPrMCM 02 0x2000
0x4000 PPrMCM 03 0x2000
... ... ...
0x1C000 PPrMCM 15 0x2000
0x1E000 PPrMCM 16 0x2000

TableB.3: Organisationof datain oneMCM datasub-block.

AddressOffset FieldName Size DataFormat(32-bit)
0x0 PPrAnIn-DAC dataCh#1-4 0x10 0x00YY00ZZ

YY=ZZ = 8-bit threshold=offset
0x10 PPrPHOS4dataCh#1-4 0x10 0x000000YY

YY = 5-bit PHOS4delay
0x20 PPrASICGlobalRegs#1-5 0x14 0x00000YYY

(PPrASICCh#1-2) YYY = 11-bitPPrASICdata
0x34 FREESRAMSPACE 0xC
0x40 PPrASICGlobalRegs#1-5 0x14 0x00000YYY

(PPrASICCh#3-4) YYY = 11-bitPPrASICdata
0x54 FREESRAMSPACE 0xC

PPrASICChannel#1
0x60 PPrASICPlaybackMemory 0x200 seetableB.4
0x260 FREESRAMSPACE 0x20
0x280 PPrASICLUT Memory 0x400 seetableB.5
0x680 PPrASICChanRegs#1-34 0x88 0x00000YYY

(PPrASICCh#1) YYY = 11-bitPPrASICdata
0x708 FREESRAMSPACE 0x158

PPrASICChannel#2
0x860 Playback,LUT 0x800 sameformatasfor channel#1

& channelregisterdata
PPrASICChannel#3

0x1060 Playback,LUT 0x800 sameformatasfor channel#1
& channelregisterdata

PPrASICChannel#4
0x1860 Playback,LUT 0x7A0 sameformatasfor channel#1

& channelregisterdata
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Table B.4: The format in which the PPrASICPlaybackdata is
transferedthroughtheVME andstoredin SRAM. Datarelatedto
eachtwo consecutiveplaybackmemorylocationsis packedin one
32-bit dataword (YYY andZZZ areeach11bitswide).

AddressOffset 0x0YYY 0ZZZ
0x0 PlaybackMemLoc #2 PlaybackMemLoc #1
0x1 #4 #3
0x2 #6 #5
... ... ...
0x126 #254 #253
0x127 #256 #255

TableB.5: The format in which the PPrASICLUT datais trans-
feredthroughtheVME andstoredin SRAM. Datarelatedto each
four consecutive LUT memorylocationsis packed in one32-bit
dataword (YY,ZZ,WW andUU areeach8 bitswide).

AddressOffset 0xYY ZZ WW UU
0x0 LUT Loc #4 LUT Loc #3 LUT Loc #2 LUT Loc #1
0x1 #8 #7 #6 #5
0x2 #12 #11 #10 #9
... ... ... ... ...
0x254 #1020 #1019 #1018 #1017
0x255 #1024 #1023 #1022 #1021

B.2.2 TTCrx Referenceand ReadbackBlocks

As in the caseof the MCM datablocks,the TTCrx ReferenceandReadbackBlocks have an
identicalstructure,sothattherelatedregisterdatain thetwo blocksareseparatedby a constant
memoryaddressoffset.TableB.6 shows theway thedatais storedin bothblocks.Notethatthe
addressoffsetgivenin the�rst columnhasto beaddedto thecorrespondingVME baseaddress
of eachblock (seetableB.1), in orderto reconstructtheactualVME addressallocatedfor each
register. Also, theTTCrx registerdatais storedin thelower 8-bitsof thecorrespondingSRAM
locations.
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TableB.6: TheTTCrx registersasstoredin thecorrespondingRef-
erenceandReadbackblocks.

Addr. Offset Reg.Nr. RegisterName
Timing Registers

0x0 0 FineDelay1
0x4 1 FineDelay1
0x8 2 CoarseDelay

ControlRegister
0xC 3 Control
0x10 FREESRAMSPACE

ErrorCounterRegisters
0x20 8 SingleErrorCount< 7:0>
0x24 9 SingleErrorCount< 15:8>
0x28 10 DoubleErrorCount< 7:0>
0x2C 11 DoubleErrorCount< 15:8>
0x30 FREESRAMSPACE

ID Registers
0x40 16 ID< 7:0>
0x44 17 MasterModeA< 1:0> , ID< 13:8>
0x48 18 MasterModeB< 1:0> , I2C ID< 13:8>

Con�gurationRegisters
0x4C 19 Con�g 1
0x50 20 Con�g 2
0x54 21 Con�g 3

StatusRegister
0x58 22 Status
0x5C FREESRAMSPACE

BunchCounterRegisters
0x60 24 Bits < 7:0>
0x64 25 Bits < 15:8>

EventCounterRegisters
0x68 26 Bits < 7:0>
0x6C 27 Bits < 15:8>
0x70 28 Bits < 23:16>

B.2.3 ReferencePlaybackPatterns

This SRAM spacestoresreferencepatternsfor the PPrASICPlaybackmemory. The spaceis
divided into 8 compactand equally sizeddatablocks, so that eachblock stores64 patterns,
i.e. oneperPPMchannel.Therepartitionof theseeightblocksis shown in tableB.7. Also, the
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orderin which theplaybackpatternshave to bedepositedin eachof theeightblocksis shown
in tableB.8. This is alsotheorderin which theReM FPGAis readingandtransferringthedata
to thePPrASICs.

Lastbut not least,the format in which theReM FPGAexpectsthepatternsto bestoredin
SRAM is identicalto theformatpreviouslypresentedin tableB.4.

Table B.7: Internal division of the ReferencePlaybackPatterns
datablock.

VME Address Block Name Size
0x260000 PlaybackBlock #1 0x8000
0x268000 —”— #2 0x8000
0x270000 —”— #3 0x8000
0x278000 —”— #4 0x8000
0x280000 —”— #5 0x8000
0x288000 —”— #6 0x8000
0x290000 —”— #7 0x8000
0x298000 —”— #8 0x8000

TableB.8: Theorderingof thereferenceplaybackpatternsin one
SRAM blockaccordingto thePPrASICchannelnumberandto the
PPMdigital channelnumber.

PPrASICNr. PPrASICChannelNr. PPMDigital ChannelNr.
1 1 1

(theupperPPrASIC 2 2
on theboard) 3 3

4 4
... ... ...
16 1 61

(thelowestPPrASIC 2 62
on theboard) 3 63

4 64
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B.2.4 Referenceand ReadbackRates

Thesetwo blocksstorePPrASICRateMeteringdataandhave anidenticalsize.TheReadback
Ratesblock storestheRateMeteringdatareadout from thePPrASICs,in theformatshown in
tableB.9. Theorderingof dataaccordingto thePPMdigital channelnumberandthePPrASIC
numberis identicalto theorderingpreviouslypresentedin tableB.8. TheReferenceRatesblock
is meantasa storageplacefor RateMeteringdatathat re�ects ”good conditions”. This datais
loadedfrom VME, in a formatleft freeto thechoiceof theuser.

TableB.9: Theformat in which thePPrASICRateMeteringdata
is storedin SRAM, in theReadbackRatesblock.

VME Address 32-bitSRAM Data PPMDigital ChannelNr.
0x300200 12'b0,DataCounter[19:0] 1
0x300204 16'b0,TimeBlocks[15:0] 1

... ... ...
0x3003F8 12'b0,DataCounter[19:0] 64
0x3003FC 16'b0,TimeBlocks[15:0] 64

B.2.5 Referenceand ReadbackHistograms

Thesetwo blocksstorePPrASICHistogrammingdataandhaveanidenticalsize.TheReadback
Histogramsblock holds the Histogrammingdatareadout from all the 16 PPrASICs. Each
channel-histogramis storedin the sameformat in which the playbackdatais storedin other
blocks(seetableB.4), while their orderingwith respectto thePPMdigital channelnumberand
thePPrASICnumberis realisedasshown in tableB.8. TheReferenceHistogramsblockis meant
asastorageplacefor histogramsthatre�ects ”goodconditions”.Thisdatais loadedfrom VME,
in a formatleft freeto thechoiceof theuser.

B.3 Control, Command,Statusand Err or Registers

B.3.1 The ”VME SpyBuffers” Registers

A numberof 64read-onlyregistersareprovidedfor accessingthePPrASICserialinterfacedata
accumulatedin the VME Spy Buffers. Thereare32 suchmemorybuffers, eachonestoring
datafrom a correspondingserialinterface.This meansthattwo VME registersareallocatedfor
eachbuffer. The�rst registerprovidesstatusinformationaboutthedatastorageoperationin the
respective buffer, in theformat indicatedin tableB.11. Thesecondregisterprovidestheactual
PPrASICdata,via thelower13bitsof the32-bitVME dataword.

No local addressneedsto be deliveredfrom VME. The ReM FPGA incrementsthe local
readpointeraftereachVME readoperationto thesecondregister, andsimultaneouslyupdates
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the datacontentof the �rst register. The successionin which the 64 registersaremappedto
VME, is shown in tableB.10.

TableB.10: Themappingof theVME Spy Buffers.

VME Address AccessedData PPrASICNrs.
0x600000 Mem.Status PPrASIC1, 1stSer.Intf.
0x600004 Mem.Data PPrASIC1, 2ndSer.Intf.

... ... ...
0x6000F8 Mem.Status PPrASIC16,1stSer.Intf.
0x6000FC Mem.Data PPrASIC16,2ndSer.Intf.

TableB.11: Thecontentof the�rst VME Spy Buffersregister.

Bit Nr. Bit Name Description
0-8 DataCounter numberof 13-bit datawordsavailablein thebuffer
9-11 NOT USED1

12 Over�ow ”1” = themaximumbufferingcapacityhasbeenexceeded
13 Under�ow ”1” = VME attemptsto readdata,althoughthebuffer is empty
14 Full ”1” = themaximumbufferingcapacityhasbeenreached
15 Empty ”1” = nodatais storedin thebuffers

16-31 NOT USED

B.3.2 The ”SRAM-MCM ReadbackFlags” Addr essBlock

EachVME addressof this block mapsthereadback�ags of a correspondingmemorylocation
from the MCM Readbackblock. Only a readaccessto the readback�ags is provided, their
valuebeingexclusively setby theReM FPGA.Upona readrequest,theReM FPGAwill pack
thereadback�ags in thelower four bitsof the32-bitVME data,andsettheremaining28bits to
zero.

B.3.3 The ”SRAM-TTCrx ReadbackFlags” Addr essBlock

EachVME addressof this block mapsthereadback�ags of a correspondingmemorylocation
from the TTCrx Readbackblock. Only a readaccessto the readback�ags is provided, their
valuebeingexclusively setby theReM FPGA.Upona readrequest,theReM FPGAwill pack

1the”NOT USED” bitsarepermanentlysetto zero.
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thereadback�ags in thelower four bitsof the32-bitVME data,andsettheremaining28bits to
zero.

B.3.4 The RateMetering & Histogramming Enable=DisableRegisters

Theseregistersallow to simultaneouslyenableor disabletheRateMeteringandHistogramming
operationsin all 64 PPMchannels.Theregistersareimplementedascommands,thustheinput
VME datais notused.Whenread,thedataloadedto theVMEbuscontains32bitszero.

B.3.5 The ”PHOS4 Acknowledge” StatusRegister

ThisregisterindicateswhethertheaccessedPPrPHOS4shaveacknowledgedthedatatransferred
by theReM FPGAover theI2C bus.As describedin section6.4.3, duringthecon�gurationof
aPPrPHOS4,theReM FPGAtransfers�rst thecorresponding8-bit slaveaddress, andthenthe
8-bit con�guration data.After eachtransferredbyte, the addressedPPrPHOS4respondswith
a low-active bit, if the input wasacknowledged,or with a high-active bit if otherwise.These
bits aremappedby the ReM FPGA in the PHOS4Acknowledgestatusregister, in the order
indicatedin tableB.12. Thedefault valueof thebits is zero.

TableB.12: ThePHOS4AcknowledgeStatusRegister.

Bit Nr. Bit Name Description
0 Addr Ackn 1 ”0” = I2C addressacknowledged(PHOS4#1)
1 DataAckn 1 ”0” = I2C dataacknowledged(PHOS4#1)
... ... ...
30 Addr Ackn 16 ”0” = I2C addressacknowledged(PHOS4#16)
31 DataAckn 16 ”0” = I2C dataacknowledged(PHOS4#16)

B.3.6 The ”PHOS4-DLL Status” Register

This registergatherstheFrequencyLost signals,which indicatetheoperationalstatusof the16
PPrPHOS4s,andtheLOCKED outputfrom the internalDLLs of theReM FPGA.Theproper
operationof thePPrPHOS4sis �agged by a logic ”0”, while thelock stateof theinternalDLLs
is �agged by a logic ”1”.

TableB.13: ThePHOS4-DLLStatusRegister.

Bit Nr. Bit Name Description
0 MCM1 Phos4Err FrequencyLostsignalfor thePPrPHOS4onMCM#1
1 MCM2 Phos4Err — ” — MCM#2

Continuedonnext page
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TableB.13– continuedfrom previouspage
Bit Nr. Bit Name Description

2 MCM3 Phos4Err — ” — MCM#3
3 MCM4 Phos4Err — ” — MCM#4
4 MCM5 Phos4Err — ” — MCM#5
5 MCM6 Phos4Err — ” — MCM#6
6 MCM7 Phos4Err — ” — MCM#7
7 MCM8 Phos4Err — ” — MCM#8
8 MCM9 Phos4Err — ” — MCM#9
9 MCM10 Phos4Err — ” — MCM#10
10 MCM11 Phos4Err — ” — MCM#11
11 MCM12 Phos4Err — ” — MCM#12
12 MCM13 Phos4Err — ” — MCM#13
13 MCM14 Phos4Err — ” — MCM#14
14 MCM15 Phos4Err — ” — MCM#15
15 MCM16 Phos4Err — ” — MCM#16
16 SysClkDLL Lock TheLOCKED outputof thecorrespondingDLL
17 GLinkClk DLL Lock — ” —
18 McmClk DLL Lock — ” —
19 McmSerClkDLL Lock — ” —
20 SRamClkDLL Lock — ” —

21-31 NOT USED

B.3.7 The ”DAC Full-Buffer edMode” Registers

Eight32-bitwrite-only registersareprovidedfor theactivationof thefull-bufferedmodeon the
PPrAnIn-DACs.Eachregisterservestwo DACslocatedon thesamePPrAnInboard.Thegroup
of two DACsandthePPrAnInboardareindicatedin thenamesof theregisters.Theformer is
indicatedby a suf�x, i.e. High or Low, while the latter is indicatedby a number, from 1 to
4, where1 refersto the PPrAnIn locatedin the upperslot on the PPM, while 4 refersto the
PPrAnInlocatedin thelowerslot.

In orderto enablethe full-bufferedmodesimultaneouslyin both DACs, the following 32-
bit dataword hasto bedeliveredfrom VME: 32'b00ff00ff. Theupper16-bitsprovide the8-bit
addressandthe8-bit datafor the�rst DAC, while thelower16-bitsdescribethesimilardatafor
thesecondDAC. In casetheoperationalmodeis intendedto beenabledin only oneDAC, then
thecorresponding16bitsshouldall bezeroed.

The64databits,whichtheReM FPGAtransfersduringonewrite operationto thePPrAnIn-
DACs,areobtainedby merging the32-bit dataprovidedby theHigh andtheLow registersre-
latedto thesamePPrAnIn.Thetransferof the64databits from theReM FPGAto theindicated
PPrAnInboardis initiatedonly by a VME write operationto theHigh register. Which means
that the relatedLow registerhasto bewritten in advance. If this latter informationis not pro-
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vided, thenthe ReM FPGA will send32 bits zero to the Low DACs, which indicatethat the
inputdatashouldbeignored.

B.3.8 The ”Rate Metering Status” Registers

Thesetwo registersgatherthe ”Rate Available” bits provided by the PPrASICsvia the Read-
backEmptydatawords.Theformat in which thebits aregroupedin theseregistersis shown in
tableB.14. Also, therelationshipbetweenthePPMdigital channelnumbersandthePPrASIC
channelnumberis identicalwith theonepreviouslypresentedin tableB.8. Thedefault valueof
thesebits is 0, i.e. ”ratesarenotavailable”.

Table B.14: The grouping of the ”Rate Available” bits in the
two ”Rate MeteringStatus”registersaccordingto the PPM dig-
ital channelnumber.

BitNr First Register SecondRegister
0 PPMdigital channel#1 PPMdigital channel#33
... ... ...
31 PPMdigital channel#32 PPMdigital channel#64

B.3.9 The ”Histogramming Status” Registers

Thesetwo registersgatherthe ”HistogramAvailable” bits provided by the PPrASICsvia the
ReadbackEmptydatawords.Theformatin whichthe”HistogramAvailable”bitsaregroupedin
thetwo VME statusregistersis identicalwith theformatshown in tableB.14. Thedefault value
of thesebits is 0, i.e. ”histogramsarenotavailable”.

B.3.10 The ”Raw PipelineStatus” Registers

Thesetwo registersgatherthe”FADC PipelineStopped”bitsprovidedby thePPrASICsvia the
ReadbackEmptydatawords.Theformatin which thesebits aregroupedin thetwo VME status
registersis identicalwith the formatshown in tableB.14. Thedefault valueof thesebits is 0,
i.e. ”the raw pipelinememoriesareactive”.

B.3.11 The ”BCID-LUT PipelineStatus” Registers

Thesetwo registersgatherthe ”BCID-LUT PipelineStopped”bits provided by the PPrASICs
via theReadbackEmptydatawords.Theformatin whichthesebitsaregroupedin thetwo VME
statusregistersis identicalwith theformatshown in tableB.14. Thedefault valueof thesebits
is 0, i.e. ”the BCID-LUT pipelinememoriesareactive”.
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B.3.12 The ”Playback Status” Register

This registergathersthe”PlaybackModeActive” bits providedby thePPrASICsvia theRead-
backEmptydatawords.Theformatin which thesebits aregroupedis shown in tableB.15. The
default valueof thesebits is 0, i.e. ”playbackmodeis disabled”.

TableB.15: Thegroupingof the ”PlaybackModeActive” bits in
the”PlaybackStatus”register.

BitNr PPrASICChannelNr. Ser.Intf Nr.
0 1 1
1 1 2
... ... ...
30 16 1
31 16 2

B.3.13 The ”PHOS4 SerIntf Status” Register

This registergathersthe ”Frequency Lost” bits provided by the PPrASICsvia the Readback-
Emptydatawords.Thesebits representcopiesof the statusbits that bearthe samename,and
which aredeliveredby the PPrASICsvia single lines (seealsosectionB.3.6). The format in
which the”Frequency Lost” bits aregroupedin thecurrentregisteris identicalwith theformat
previouslypresentedin tableB.15. Thedefaultvalueof thesebitsis 0, i.e.”no PPrPHOS4error”.

B.3.14 The ”ROD ReadoutSamples”Register

Via this register the ReM FPGA is indicatedthe numberof FADC and BCID-LUT samples
which the PPrASICsarecon�gured to readout. Currently, the ReM FPGA offers supportfor
six combinationsof readoutsamples,aslistedin tableB.17. Thechoicefor oneof thesereadout
settingsis madevia theleastthreesigni�cant bitsof theregister(seetableB.16). Notethat'5+1'
is thedefault operationalmode.Also, if the input con�gurationdatais invalid theReM FPGA
will considerthesamemode.

The register is alsoreadable.Apart from the con�guration data,the ReM FPGA provides
to VME the numbersof FADC andBCID-LUT samplesselectedby a previous con�guration
operation.If noselectionwaspreviouslydone,thentheReM FPGAprovidesthecorresponding
default values.

Finally, it is recommendedto resettheReM FPGAbeforeselectingadifferentcombination
of readoutsamples.As mentionedin section6.5.3, the storageof the PPrASICin the internal
memorybuffers is organisedaccordingto thechosenreadoutsettings.A change,for example,
from the '5+1' modeto the '11+5' modewill alsochangethenumberof memoryblocksallo-
catedfor storingthe event datain eachbuffer. If the systemwaspreviously in use,the write
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andreadpointersof thememorybuffersmaybesetto valuesthatcon�ict with thenew internal
organisationof thememory. This canbeavoidedby settingthewrite andreadpointersbackto
zerovia aVME reset.

TableB.16: Thebit �elds of theROD ReadoutSamplesregister.

Bit Nr. FieldName Access
0-2 Con�gurationData read=write
3 NOT USED

4-6 NBCID� LUT read-only
7 NOT USED

8-11 NFADC read-only
12-31 NOT USED

TableB.17: The expectedVME con�guration datafor selecting
onecombinationof readoutsamples.

Con�gurationData (NFADC + NBCID� LUT)
3'b000 3+1
3'b001 5+1
3'b010 7+1
3'b011 9+3
3'b100 11+5
3'b101 15+1
3'b110 5+1
3'b111 5+1

B.3.15 The ”G-Link DAV Gap” Register

Dueto processingissues,currentlytheReM FPGAneedssix clockticksbeforetransmittingthe
next eventdatato theRGTM-O, if this is alreadyavailablein thelocalmemorybuffers.Via the
”G-Link Dav Gap”registerthistiming canbeadditionallyincreasedby upto 15clockticks. The
delayappliesto all serialframes.Also, thedefaultvalueof theregisteris zero,i.e.noadditional
delay.
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B.3.16 The ”Disabled ASIC Channels” Registers

Two 32-bitVME registersareprovidedfor �agging thedisabledPPrASICchannelsin theread-
outstreamto RGTM-O.Eachbit of eachregistercorrespondsto onedigital PPMchannel,i.e.64
bitscovering64PPMchannels.The�rst registeris dedicatedto the�rst 32channels.Themap-
pingof therespectivechannelsis realisedin theincreasingorderof thechannelandbit numbers,
suchthattheleastsigni�cant bit mapsthePPMdigital channel1, while themostsigni�cant bit
mapsthePPMdigital channel32. Correspondingly, thesecondregisteris dedicatedto theother
32 channels,theleastandthemostsigni�cant bits mappingthedigital channels33 and64. The
default valueof all 64bits is zero,indicatingthatthechannelis available.

B.3.17 The MCM Control Register

This registeris usedfor generatingglobalcommandsfor thePPrASICsandtheLVDS transmit-
ters. All bits arereadablefrom VME, but only thelower threebits arewritable. Theothertwo
bitsarepermanentlysetto constantvalues.Also, thedefault valueof the�rst threebits is zero.

TableB.18: The MCM Control Register. The numbersgiven in
parenthesesindicatethevaluethathasto be loadedto initiate the
respectivecommand.

Bit Nr. Bit Name Description
0 VMESyncPlayback Start(1) synchronouslytheplaybackdatain all 64channels
1 VMELvdsSync Start(1) or Stop(0) sendingLVDS synchronisationpatterns
2 MCMLvdsTClkRF Selecttherising (1) or falling (0) edgefor strobing

theinputdatato LVDS transmitters
3 MCMLvdsDEn Enabletheoutputof theLVDS transmitters.Thebit is

permanentlysetto 1 (true)
4 MCMSyncReadout Thefeatureis notused,thereforethebit is permanentlyset

to 0 (false)
5-31 NOT USED

B.3.18 The Local Trigger Registers

When the PPM is operatedon a test set-upthat is not equippedwith a TTC system,the
ReM FPGA canbe instructedto generatelocal trigger signals[Sch09]. Two modesarepro-
videdfor generatinga local trigger, bothbeingcon�gurablevia two R=W VME registers,Local
Trigger Con�gurationandLocalTrigger Delay(seetablesB.20andB.19).

In the�rst mode,theReM FPGAgenerateslocalL1As accordingto apreloadedcon�gura-
tion. Theusercanchoosethenumberof L1As to begenerated(seeL1A Pulses) andthedelay
betweeneachtwo consecutiveL1As (Delay Next L1A). Additionally, theuserhasthepossibility
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to generateonetriggerpulsefor anexternalwaveformgenerator, andsynchronisethe�rst L1A
(Delay First L1A) with thearrival on thePPMof thesignalproducedby theexternaldevice.

In thesecondmode,theReM FPGAgeneratesa local triggeraccordingto thelogic valueof
thefour ExtBCID signalsreceivedfrom thePPrAnInboards(seeTheExternalBCID Signalsin
section6.2.7). Theusercanselectwhich of thefour signalsshouldbeusedby theReM FPGA
(ExtBCID Mask). A localL1A will thenbegeneratedeachtimeoneof theselectedsignalhasa
logic valueof ”1”. SincetheL1A pulsemustbeoneclockperiodwide,theReM FPGAimposes
adeadtimeonthefollowing clockevent,independentonthelogic valueof theExtBCID signals.

Whenthe generationof local triggersis enabled(EnableL1A), the ReM FPGA assertsa
LocalTrigger BusyStatusbit in the �rst VME statusregister to indicatethe progressof the
operation(seesectionB.3.21). This bit shouldbe polled by the controlling software before
sendinga similar requestto the ReM FPGA. Also, as long as the ReM FPGA is con�gured
to operatedin DAQ Mode, any write requestto the local trigger registersis denied(seesec-
tions6.4.6andB.3.22). This refusalis �agged by correspondingbits in oneVME errorregister
(seesectionB.3.24).

TableB.19: TheLocalTriggerCon�gurationRegister.

Bit Nr. Bit Name Description
0-7 L1A Pulses numberof L1As to begenerated

(default is 1, whenall bitsaresetto zero)
8-11 ExtPulseWidth width (in clock ticks)of theexternaltriggerpulse
12-15 ExtBCID Mask selectstheExtBCID signalsthatwill beusedfor

generatinga local triggersignal
(triggermodeis disabledif all bitsaresetto zero)

16-31 Delay Next L1A delay(in clock ticks) for thefollowing L1A
(default: 1 clock tick)

TableB.20: TheLocalTriggerDelayRegister.

Bit Nr. Bit Name Description
0-14 Delay First L1A delay(in clock ticks) for the�rst L1A
15 EnableL1A startgeneratingL1As

(1 - enable,0 - disable)
16-30 Delay ExtTrigger delay(in clock ticks) for theexternaltriggerpulse

31 EnableExtTrigger startgeneratingexternaltrigger
(1 - enable,0 - disable)
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B.3.19 The ”Local Counter Reset”Register

TheReM FPGAcanalsobeinstructedto generatelocalbunch-crossingandeventcounterreset
signals.For this purposeone2-bit wide VME registeris provided (seetableB.21). The soft-
warecanrequestthe ReM FPGA to generateeitheroneof the two signalsat a time, or both
signalssimultaneously, by writing a logic ”1” in thecorrespondingbit �elds. After thesignals
aregenerated,theReM FPGAsetsbackthebit �elds to a logic ”0”.

TableB.21: TheLocalCounterResetRegister.

Bit Nr. Bit Name Description
0 Local BcCntRst generateresetsignalfor thebunch-crossingcounters
1 Local EvCntRst generateresetsignalfor theeventcounters

B.3.20 The ”Firmwar eVersion” Register

This 32-bit registeris read-only. It providesa mainversionnumber, via theupper16 bits,anda
sub-versionnumber, via thelower16bits.

B.3.21 The ReM StatusRegisters

TheReM FPGAprovidestwo read-onlyVME statusregisters,which gathercorrespondingin-
formationfrom differentinternalfunctionalmodulesor from externaldevices.Thebit �elds of
theseregistersarepresentedin thefollowing two tables,(B.22andB.23).

TableB.22: The�rst ReM StatusRegister.

Bit Nr. Bit Name Description
0 DAQ Mode ”1” = DAQ Modeis enabled
1 PPM Load ”1” = con�gurationmodeis active

(i.e.DAQ Modeis disabled)
2 SRamInitBusy ”1” = busyinitialising theSRAM Readbackblocks
3 VmeSRamReadStatus ”1” = busytransferringdatafrom SRAM to VME
4 VmeSRamWriteStatus ”1” = busywriting datafrom VME to SRAM
5 RdbkSRamWriteStatus ”1” = busywriting readbackdatato SRAM
6 Asic RIP ”1” = busysendingreadbackcommandsto PPrASIC
7 Asic WIP ”1” = busywriting con�gurationdatato PPrASIC
8 GlobalReadbackActive ”1” = global”readbackin progress”indicator
9 AsicCfgReadbackActive ”1” = busyreadingbackthePPrASICregisters

Continuedonnext page
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TableB.22– continuedfrom previouspage
Bit Nr. Bit Name Description

10 TTCrxCfgReadbackActive ”1” = busyreadingbacktheTTCrx registers
11 RateReadbackActive ”1” = busycollectingthePPrASICrates
12 HistoReadbackActive ”1” = busycollectingthePPrASIChistograms
13 RateMeterIsEnabled ”1” = RateMeteringhasbeenenabledfrom VME

in all PPrASICs
”0” = operationhasbeendisabledor notatall
enabled

14 HistogrammingIsEnabled ”1” = Histogramminghasbeenenabledfrom VME
in all PPrASICs
”0” = operationhasbeendisabledor notatall
enabled

15 LocalTrigger Busy Status ”1” = LocalTriggermoduleis busygeneratingtrigger
pulses

16 MCMLvdsSync ”1” = LVDS syncpatternis enabled
17 MCMTclkRF LVDS transmitterslatchtheinputPPrASICdataon

therising (1) or thefalling (0) edge
18 LINKRDY ”1” = RGTM-Otransmitterchip is readyto senddata
19 Tx Fault ”1” = faultyoperationof theRGTM-O'soptical

transmitter, or theRGTM-Odevice is notmounted
20 Empty InputRoFifos ”1” = thelocal readoutbuffersareempty
21 Full InputRoFifos ”1” = thelocal readoutbuffersarefull
22 RodEventsNotBuffered ”1” = thelocal readoutbuffersarein over�ow and

furtherwriting is denieduntil thebuffersare
emptyagain

23 AnIn1 Spi WIP ”1” = busywriting datato the1stPPrAnInboard
24 AnIn2 Spi WIP ”-” 2ndPPrAnInboard
25 AnIn3 Spi WIP ”-” 3rdPPrAnInboard
26 AnIn4 Spi WIP ”-” 4thPPrAnInboard
27 PHOS4WIP ”1” = busywriting datato aPPrPHOS4
28 TTCrx WIP ”1” = busywriting datato theTTCrx
29 TTCrx ClockStatus1 S1signal(TTCReady)from TTCdec

”1” = TTCrx' PLL haslocked
30 TTCrx ClockStatus2 S2signalfrom TTCdec

”1” = TTCrx selectedasclocksource
”0” = XTAL selectedasclocksource

31 TTCrx PorD ProtectednDebugmode(TTCdecclockselection)
alwayssetto ”0” (= Debug)
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TableB.23: ThesecondReM StatusRegister.

Bit Nr. Bit Name Description
0 PlaybackSRamReadStatus ”1” = AsicPlaybackLoaderreadstheplaybackdata

storedin SRAM
1 PlaybackSRamWriteStatus ”1” = AsicPlaybackLoaderwritestheplaybackdata

backto SRAM
2 PlaybackLoadingActive ”1” = busytransferringplaybackdatafrom SRAM

to thePPrASICs
3 TTCrx LockLost ”1” = TTCrx haslost thelock at leastonce

”0” = otherwise
4 TTCrx I2C ptr WR Ackn ”0” = TTCrx hasacknowledgedtheI2C pointer

address(WRITE)
5 TTCrx RegNr Ackn ”0” = — ” — theregisternumber
6 TTCrx I2C dataAckn ”0” = — ” — theI2C dataaddress
7 TTCrx DataAckn ”0” = — ” — the8-bit con�g. data
8 TTCrx I2C ptr RD Ackn ”0” = TTCrx hasacknowledgedtheI2C pointer

address(READ)
4-31 NOT USED

B.3.22 The ReM Control Register

This register provides six bits to con�gure the operationof the ReM FPGA, and one bit to
generatea resetfor theTTCrx chip. All bitshaveadefault valueof ”0”, i.e.disabled.

A particularityof thisregisteris thewayit is mappedto VME. As it canbeseenin tableB.1,
theregisteris mappedtwice,at two consecutive VME addresses.The�rst addressis usedonly
for settingtheDAQ Modebit, while thesecondoneis usedfor settingtheotherbits.Thereason
for this implementationis to preventtheDAQ Modeto beenabledby accident.Also, theregister
is readablevia bothVME addresses.

TableB.24: TheReM ControlRegister.

Bit Nr. Bit Name Description
0 DAQ Mode deniesVME con�gurationrequestsfor ReM FPGA

andon-boarddevices
1 ForcedCon�gReadback overwritesthereadback�ags of thedatastored

in theMCM Readbackblock
2 RoBuffReset resetstheVME Spy buffers(datais lost)
3 RoBuffEnable enablesthedatastoragein theVME Spy buffers
4 SingleEvent only the�rst arriving eventdatablock is buffered

Continuedonnext page
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TableB.24– continuedfrom previouspage
Bit Nr. Bit Name Description

5 SpyBehindEvent buffer the�rst arriving eventdatablock,andthenall the
following datawords,until memorybecomesfull

6 SpySerialInterface buffer eachdataword receivedover theserial
interfaceuntil thememorybecomesfull

7 TTCrxResetBar resetsignalfor theTTCrx
(it is invertedat theoutputstage)

7-31 NOT USED

B.3.23 The ReM CommandRegister

Theregisterprovidesa setof tenVME commandsfor theReM FPGA,asshown in tableB.25.
The �rst two commandsdeterminetheReM FPGAto collect thePPrASICRateMeteringand
Histogrammingdatafrom all 64PPMchannels,andplaceit in theSRAM. Theothereightcom-
mandsarededicatedto theloadingof referenceplaybackpatternsfrom SRAM to thePPrASICs,
sothateachcommandindicatestheReM FPGAtheplaybackblock thathasto beread(seealso
sectionB.2.3).

Thecommandscanonly beaddressedindividually. Thelastcolumnof tableB.25 indicates
theexpectedVME datafor eachcommand.Notethatin casetheinputVME datahasadifferent
content,no commandwill beexecuted.Thesituationwill thenbe �agged via the InvalidRem-
Commandbit, in thesecondVME errorregister(seetableB.27), until thenext valid command.
Additionally, theexecutionof acommandis refusedwhenaprocessinitiatedby apreviouscom-
mandis still in progress,or whentheReM FPGAis readingbackcon�guration datafrom the
PPrASICsor theTTCrx. This is becausetheSRAM is a single-portedmemory, andthusonly
oneprocesscanaccessit at a time. Finally, theexecutionof theplaybackcommandsis refused
if theDAQ Modeis activated(seesection6.4.6). All thesesituationsare�agged by dedicated
bits in bothVME errorregisters(seesectionB.3.24).

Thecommandregisteris alsoreadable.Thedatawhichis provideduponaVME readrequest
is eitherthepreviousdataloadedto this registeror 10 bits zero,if no commandwasaddressed
afteraVME resetor astartupof thesystem.

TableB.25: TheReM CommandRegister.

Bit Nr. Bit Name VME data
0 CollectAsicRates 0x1
1 CollectAsicHistos 0x2
2 LoadPlaybackBlock1 0x4
3 LoadPlaybackBlock2 0x8
4 LoadPlaybackBlock3 0x10

Continuedonnext page
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TableB.25– continuedfrom previouspage
Bit Nr. Bit Name VME data

5 LoadPlaybackBlock4 0x20
6 LoadPlaybackBlock5 0x40
7 LoadPlaybackBlock6 0x80
8 LoadPlaybackBlock7 0x100
9 LoadPlaybackBlock8 0x200

10-31 NOT ALLOCATED

B.3.24 The ”ReM Err or” Registers

Theseregistersgatherserrorbitsgeneratedby variousfunctionalblocksof theReM FPGA.The
vastmajority of thesebits aregeneratedby theVmeManager, which deniestheVME requests
in four cases:

� whenthe DAQ Mode is enabledall con�guration requestsfor the real-timeandreadout
pathsaredenied. The error bits relatedto theserefusalsare labelledin with the suf�x
” Daq”;

� whena readbackoperationis in progress,theaccessto thedevicesthatarereadbackand
to theSRAM is denied.Thecorrespondingerrorbitsarelabelledwith thesuf�x ” Rdbk”;

� whenReM FPGAis loadingplaybackpatternsfrom SRAM to thePPrASICs,any reador
write accessto thesedevicesis denied.Thecorrespondingerrorbits arelabelledwith the
suf�x ” LdPb”;

� whena write accessfor a non-useraccessibleTTCrx registeris received. Only oneerror
bit is producedin thiscase,DeniedTTCrx UnReg;

The othererror bits aregeneratedby the logic of the ReM Commandregisterandby the
logic thathandlesthereadbackoperationsfrom PPrASICandTTCrx. In eithercasethebits �ag
aninvalid requestaddressedfrom VME.

Thedefault logic valueof all bits in bothregisteris ”0”.

TableB.26: The�rst ReM ErrorRegister.

Bit Nr. Bit Name Description
0 DeniedAsicWrite Daq write accessto PPrASICregistersis denied
1 DeniedAsicWrite Rdbk ”-”
2 DeniedRateEnableRdbk ”enable”theRateMeteringoperationis denied
3 DeniedRateDisableRdbk ”disable” theRateMeteringoperationis denied

Continuedonnext page
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TableB.26– continuedfrom previouspage
Bit Nr. Bit Name Description

4 DeniedCollectRatesRdbk readbackof ratesfrom PPrASICsis denied
5 DeniedHistoEnableRdbk ”enable”theHistogrammingoperationis denied
6 DeniedHistoDisableRdbk ”disable” theHistogrammingoperationis denied
7 DeniedCollectHistosRdbk readbackof histogramsfrom PPrASICsis denied
8 DeniedSRamDataReadRdbk readaccessto SRAM is denied
9 DeniedSRamDataWriteDaq write accessto SRAM is denied
10 DeniedLocalTrigDelay Daq write accessto LocalTriggerDelayregisteris

denied
11 DeniedLocalTrigCfg Daq write accessto LocalTriggerCon�guration

registeris denied
12 DeniedLocalCtrRstDaq write accessto LocalCounterResetregisteris

denied
13 DeniedRodRoSamplesDaq con�gurationof thereadoutsamplesis denied
14 DeniedGLinkDavGapDaq con�gurationof theDAV gapis denied
15 DeniedAsicChansDis1Daq con�gurationof thedisabledPPrASICchannels

is denied
16 DeniedAsicChansDis2Daq ”-”
17 DeniedAnIn Daq write accessto PPrAnInDACsis denied
18 DeniedAnIn Rdbk ”-”
19 DeniedPhos4Daq write accessto PPrPHOS4sis denied
20 DeniedPhos4Rdbk ”-”
21 DeniedMcmCtrl Daq write accessto MCM Controlregisteris denied
22 DeniedTTCrx Daq write accessto TTCrx registersis denied
23 DeniedTTCrx Rdbk ”-”
24 DeniedTTCrx UnReg write requestfor non-useraccessibleTTCrx

register
25 InvalidAsicCfgRdbkRequest readbackrequestto aninvalid PPrASIC

address
26 InvalidTTCrxCfgRdbkRequest readbackrequestfor anon-useraccessible

register
27-31 NOT USED

TableB.27: ThesecondReM ErrorRegister.

Bit Nr. Bit Name Description
0 DeniedSRamDataReadLdPb readaccessto SRAM is denied
1 DeniedSRamDataWriteRdbk write accessto SRAM is denied

Continuedonnext page
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TableB.27– continuedfrom previouspage
Bit Nr. Bit Name Description

2 DeniedSRamDataWriteLdPb ”-”
3 DeniedAsicWrite LdPb write accessto PPrASICregistersis denied
4 DeniedRateEnableLdPb ”enable”theRateMeteringoperationis denied
5 DeniedRateDisableLdPb ”disable” theRateMeteringoperationis denied
6 DeniedCollectRatesLdPb readbackof ratesfrom PPrASICsis denied
7 DeniedHistoEnableLdPb ”enable”theHistogrammingoperationis denied
8 DeniedHistoDisableLdPb ”disable” theHistogrammingoperationis denied
9 DeniedCollectHistosLdPb readbackof histogramsfrom PPrASICsis denied
10 DeniedLoadPBDaq loadingof playbackpatternsfrom SRAM to

PPrASICsis denied
11 DeniedLoadPBRdbk ”-”
12 DeniedLoadPBLdPb ”-”
13 InvalidRemCommand invalid commandreceivedfrom VME
14 DeniedAnIn LdPb write accessto PPrAnInDACsis denied
15 DeniedPhos4LdPb write accessto PPrPHOS4sis denied
16 DeniedTTCrx LdPb write accessto TTCrx registersis denied

17-31 NOT USED





LISTOF FIGURES

List of Figures

2.1 Triviality andvacuumstabilityboundsontheHiggsbosonmassasafunctionof
thenew physicsscale . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2 TheDc 2 of the �t to theelectroweakprecisiondataasa functionof theHiggs
bosonmass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.3 Feynmandiagramsof thefour mainHiggsproductionmechanismsatLHC . . 8
2.4 Cross-sectionsof themainHiggsbosonproductionmechanismsat theLHC and

branchingratiosof themainHiggsbosondecaysasa functionof theHiggsmass 9
2.5 Expectedstatisticalsigni�cancefor theHiggsbosondiscovery in variouschan-

nelsin ATLAS asa functionof theHiggsmass . . . . . . . . . . . . . . . . . 9

3.1 TheLargeHadronColliderandits four mainexperiments. . . . . . . . . . . . 13
3.2 Productioncross-sectionsandeventratesfor differentprocessesasafunctionof

thecentre-of-massenergy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.3 TheATLAS detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.4 TheATLAS MagnetSystem . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.5 TheATLAS InnerDetector . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.6 TheATLAS Calorimetrysystem . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.7 Segmentationof theLAr electromagneticbarrelcalorimeter . . . . . . . . . . 23
3.8 Schematicview of aTile module . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.9 TheATLAS MuonSpectrometer. . . . . . . . . . . . . . . . . . . . . . . . . 27

4.1 Block diagramof theATLAS TriggerandDataAcquisitionsystems . . . . . . 32
4.2 Block diagramof theL1 trigger . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.3 Examplesof muontracksgeneratingtriggers . . . . . . . . . . . . . . . . . . 35

5.1 Block diagramof theL1Calosystem. . . . . . . . . . . . . . . . . . . . . . . 38
5.2 LAr andTile analoguecalorimetercell signals. . . . . . . . . . . . . . . . . . 39
5.3 Thehandlingof theanaloguetriggersumsfrom thecalorimetersto theinput of

theL1Calo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
5.4 ThePreProcessorModule . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
5.5 Analoguesignal-handlingin onePPrAnInchannel. . . . . . . . . . . . . . . . 44
5.6 ThePreProcessorMulti-Chip Module . . . . . . . . . . . . . . . . . . . . . . 45
5.7 Block-diagramof pre-processing,readoutand monitoring operationsin one

PPrASICchannel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49



190 LISTOF FIGURES

5.8 Schematicview of thetriggeralgorithmsperformedby theClusterProcessor . 52
5.9 Thehandlingof thetrigger-towerdataon theCPM . . . . . . . . . . . . . . . 53
5.10 Block-diagramof aClusterProcessorModule . . . . . . . . . . . . . . . . . . 54
5.11 Thealgorithmwindowsof thejet trigger . . . . . . . . . . . . . . . . . . . . . 55
5.12 Block-diagramof aJet=Energy-sumProcessorModule . . . . . . . . . . . . . 57

6.1 Themaindatapathson thePreProcessorModule . . . . . . . . . . . . . . . . 60
6.2 Block diagramof theReM FPGA . . . . . . . . . . . . . . . . . . . . . . . . 61
6.3 Theimplementationof theVME in thePreProcessorSystem . . . . . . . . . . 63
6.4 Theaddressspaceof thePreProcessorModule . . . . . . . . . . . . . . . . . . 65
6.5 Timing waveformfor thesignalsof thePPrASICserialinterface . . . . . . . . 67
6.6 Theinterfaceto theDAQ system . . . . . . . . . . . . . . . . . . . . . . . . . 68
6.7 Implementationof theSPIbuson thePPM. . . . . . . . . . . . . . . . . . . . 69
6.8 Implementationof theI2C buseson thePPM . . . . . . . . . . . . . . . . . . 71
6.9 TheLevel-1andthelocalprotocolsignalsin theReM FPGA . . . . . . . . . . 73
6.10 Theclockselectionschemeon theTTCdec . . . . . . . . . . . . . . . . . . . 74
6.11 Theclockmanagementanddistributionschemeon theReM FPGA . . . . . . 79
6.12 The encodingof the PPrASICregisterandmemorylocationsin the VME ad-

dressinglines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
6.13 Control logic in the ReM FPGA managingthe transferof con�guration data

from VME to thePPrASICandSRAM . . . . . . . . . . . . . . . . . . . . . . 84
6.14 Controllogic in theReM FPGAmanagingthetransferof playbackpatternsfrom

SRAM to thePPrASICs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
6.15 Theencodingof thePPrAnIn-DAC registerandmemorylocationsin theVME

addressinglines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
6.16 Theencodingof thePPrPHOS4locationsin theVME addressinglines . . . . . 89
6.17 Theencodingof theTTCrx registernumberin theVME addressinglines . . . . 91
6.18 ASIC readoutformat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
6.19 The fanningout andtheprocessingof thePPrASICserialinterfacedatain the

ReM FPGA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
6.20 Longitudinalstorageof the input PPrASICevent datain the local dual-ported

memories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
6.21 TheG-Link eventdataformat . . . . . . . . . . . . . . . . . . . . . . . . . . 101
6.22 Theeventdatacollection,processingandtransferto RGTM-O,asperformedin

theRodReadoutManager. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
6.23 Behaviour simulationof the RodReadoutManagermodule,for the caseof two

readoutswith oneBCID andthreeFADC readoutsamples . . . . . . . . . . . 107
6.24 Theformatof thePPrASICreadbackdataon theserialinterface . . . . . . . . 108
6.25 Control logic in the ReM FPGA managingthe readbackof con�guration data

from thePPrASICs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
6.26 Schematicrepresentationof thePPrASICRateMeteringoperation . . . . . . . 113
6.27 Schematicrepresentationof thePPrASICHistogrammingoperation . . . . . . 114

7.1 Setupfor thesinglePPMboardtests . . . . . . . . . . . . . . . . . . . . . . . 121



LISTOF FIGURES 191

7.2 Oscilloscopeshotof thepulseusedto testtheanalogueprocessingon thePPM 122
7.3 TheUniversalReceiverUnit . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
7.4 Examplesof DAC Scanresults . . . . . . . . . . . . . . . . . . . . . . . . . . 125
7.5 DAC Scan results pointing to faulty hardware componentsand erroneous

�rmw areoperations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
7.6 Thecontentof the10-bit real-timedatasentto theClusterProcessor. . . . . . 130
7.7 ThePPrASICbunch-crossingmultiplexing scheme . . . . . . . . . . . . . . . 130
7.8 Digital testpatternsusedfor checkingtheintegrity of thereal-timedatato CP. . 133
7.9 Thecontentof the10-bit real-timedatasentto theJet=Energy-sumProcessor . 134
7.10 Thefull-cratetestsetup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
7.11 PPrMCMtemperaturemap . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

8.1 Viewsof thePPrsystemin theUSA15 . . . . . . . . . . . . . . . . . . . . . . 142
8.2 ReconstructedTile calibrationpulse . . . . . . . . . . . . . . . . . . . . . . . 143
8.3 Resultsrecordedduringthecommissioningof thePPrsystematCERN . . . . 144
8.4 Identi�cation of problematicchannelsbasedon thePPrRateMeteringdata . . 145
8.5 DCSdisplayshowing thePPrMCMtemperaturesrecordedin onePPrcrate . . 145
8.6 Cosmiceventtriggeredby theL1Calo . . . . . . . . . . . . . . . . . . . . . . 148
8.7 Energy correlationplot in cosmicmuonrunsatCERN . . . . . . . . . . . . . 148
8.8 Beam-splasheventtriggeredby L1Calo. . . . . . . . . . . . . . . . . . . . . . 149
8.9 Energy depositionfrom abeam-splasheventasreconstructedby L1Calo . . . . 149
8.10 First ppcollisioncandidateat900GeVrecordedby ATLAS. . . . . . . . . . . 151
8.11 First ppcollisioncandidateat2.36TeV recordedby ATLAS. . . . . . . . . . . 151
8.12 First ppcollisioncandidateat7 GeVrecordedby ATLAS. . . . . . . . . . . . 152

A.1 Pinusageandassignmentof differentialpairson theinputconnectors . . . . . 155
A.2 Trigger-cell orderingin thePPrMCM . . . . . . . . . . . . . . . . . . . . . . 157
A.3 The mappingof the analoguetrigger-tower signalsfrom the electromagnetic

calorimeterson theinputconnectorsof thePPMs . . . . . . . . . . . . . . . . 158
A.4 Themappingof theanaloguetrigger-tower signalsfrom thehadroniccalorime-

terson theinputconnectorsof thePPMs . . . . . . . . . . . . . . . . . . . . . 159
A.5 Thecompletecoverageof theATLAS triggerspaceby thePreProcessorsystem 160





LISTOF TABLES

List of Tables

2.1 Thethreegenerationsof matterfermions. . . . . . . . . . . . . . . . . . . . . 4
2.2 Summaryof thepropertiesof thefour fundamentalforcesin nature. . . . . . . 5

3.1 Thegranularityandthepseudorapiditycoverageof theATLAS calorimeters. . 22

5.1 Thecombinationsof thethree”BC Mark” bitsandtheir relationto thebit num-
berof thethreeBcidDecisionregisters . . . . . . . . . . . . . . . . . . . . . . 48

6.1 TheTTC broadcastcommandsfor thePPrsystem. . . . . . . . . . . . . . . . 75
6.2 Theclockssignalsproducedin theReM FPGA . . . . . . . . . . . . . . . . . 80
6.3 Thebit �eld contentof thePPrASICchannelregister17 . . . . . . . . . . . . 87
6.4 Theexpected5-bit VME con�gurationdatafor thePPrPHOS4s . . . . . . . . 90
6.5 TheI2C slaveaddressesgeneratedfor thePPrPHOS4sandtheTTCrx . . . . . 90
6.6 Thecombinationsof FADC andBCID-LUT samplescurrentlysupportedby the

ReM FPGA's �rmw are . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
6.7 ThePPrASICstatusdataprovidedvia theReadbackEmptyword . . . . . . . . 109
6.8 Thehistogrammingmodesof the10-bitFADC data . . . . . . . . . . . . . . . 114
6.9 Usageof FPGAresources. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

7.1 The10-bit datawordscomposingthestresspattern . . . . . . . . . . . . . . . 132

A.1 Analogueanddigital channelmappingon thePPM(1) . . . . . . . . . . . . . 161
A.2 Analogueanddigital channelmappingon thePPM(2) . . . . . . . . . . . . . 162
A.3 Analogueanddigital channelmappingon thePPM(3) . . . . . . . . . . . . . 163

B.1 Overview of theVME addressspacefor theReM FPGA . . . . . . . . . . . . 165
B.2 Internaldivisionof theMCM ReferenceandReadbackblocks . . . . . . . . . 168
B.3 Organisationof datain oneMCM datasub-block. . . . . . . . . . . . . . . . . 168
B.4 Theformatof PPrASICPlaybackdatain SRAM . . . . . . . . . . . . . . . . 169
B.5 Theformatof PPrASICLUT datain SRAM . . . . . . . . . . . . . . . . . . . 169
B.6 The TTCrx registersas storedin the correspondingReferenceand Readback

blocks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
B.7 Internaldivisionof theReferencePlaybackPatternsdatablock . . . . . . . . . 171
B.8 Theorderingof thereferenceplaybackpatterns.. . . . . . . . . . . . . . . . . 171



194 LISTOF TABLES

B.9 Theformatof thePPrASICRateMeteringdatain theReadbackRatesblock . . 172
B.10 Themappingof theVME Spy Buffers . . . . . . . . . . . . . . . . . . . . . . 173
B.11 Thecontentof the�rst VME Spy Buffersregister . . . . . . . . . . . . . . . . 173
B.12 ThePHOS4AcknowledgeStatusRegister . . . . . . . . . . . . . . . . . . . . 174
B.13 ThePHOS4-DLLStatusRegister. . . . . . . . . . . . . . . . . . . . . . . . . 174
B.14 The groupingof the ”Rate Available” bits in the two ”Rate MeteringStatus”

registers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176
B.15 Thegroupingof the”PlaybackModeActive” bits in the”PlaybackStatus”register177
B.16 TheROD ReadoutSamplesRegister . . . . . . . . . . . . . . . . . . . . . . . 178
B.17 TheexpectedVME con�gurationdatafor selectingonecombinationof readout

samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178
B.18 TheMCM ControlRegister . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
B.19 TheLocalTriggerCon�gurationRegister . . . . . . . . . . . . . . . . . . . . 180
B.20 TheLocalTriggerDelayRegister . . . . . . . . . . . . . . . . . . . . . . . . 180
B.21 TheLocalCounterResetRegister . . . . . . . . . . . . . . . . . . . . . . . . 181
B.22 The�rst ReM StatusRegister . . . . . . . . . . . . . . . . . . . . . . . . . . 181
B.23 ThesecondReM StatusRegister . . . . . . . . . . . . . . . . . . . . . . . . . 183
B.24 TheReM ControlRegister . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
B.25 TheReM CommandRegister. . . . . . . . . . . . . . . . . . . . . . . . . . . 184
B.26 The�rst ReM ErrorRegister . . . . . . . . . . . . . . . . . . . . . . . . . . . 185
B.27 ThesecondReM ErrorRegister . . . . . . . . . . . . . . . . . . . . . . . . . 186



List of Acronyms

Acronym Explanation

ALICE A LargeIon ColliderExperiment
ATLAS A ToroidalLHC AparatuS
ASIC Application-Speci�cIntegratedCircuit
BCID Bunch-CrossingIdenti�cation
BCR BunchCounterReset
BT BarrelToroid
BRAM Block RAM (FPGA)
BUFG InternalClockBuffer (FPGA)
CAN Controller-AreaNetwork
CDF ColliderDetectoratFermilab
CERN EuropeanOrganizationfor NuclearReasearch
CL Con�denceLevel
CP ClusterProcessorsystem
CPM ClusterProcessorModule
CPU CentralProcessingUnit
CPLD Complex ProgrammableLogic Device
CMC CommonMezzanineCard
CMC Mux CMC LVDS Multiplexer Card
CMC Rx CMC LVDS Receiver Card
CMM CommonMergerModule
CMOS ComplementaryMetal-Oxide-Semiconductor
CMS CompactMuonSolenoid
CSC CathodeStripChambers
CTP CentralTriggerProcessor
DØ DZeroexperiment
DAC Digital-to-AnalogueConverter
DAQ DataAcquisitionsystem
DAV DataAvailable
DC DirectCurrent
DCS DetectorControlSystem

continuedonnext page



196 List of Acronyms

continuedfrompreviouspage

Acronym Explanation

DSS DetectorSafetySystem
DESY DeutschesElektronenSynchrotron(Ger.)
DFM DataFlow Manager
DLL Delay-LockedLoop
EB EventBuilder
ECR EventCounterReset
ECT End-CapToroid
EF EventFilter
EMB ElectromagneticBarrelCalorimeter
EMEC ElectromagneticEnd-CapCalorimeter
FADC FlashAnalogue-to-DigitalConverter
FCAL ForwardCalorimeter
FE Front-End
FIFO First-InFirst-Out
FIR Finite ImpulseResponse
FPGA FieldProgrammableGateArray
FWHM Full-Width atHalf Maximum
GCLK GlobalClockLine
GCLKIOB GlobalClock I=O Buffer
HDL HardwareDescriptionLanguage
HEC HadronicEnd-CapCalorimeter
HERA Hadron-Elektron-Ringanlage(Ger.)
HLT High-Level Trigger
I2C Inter-IntegratedCircuit
IBUF InternalBuffer (FPGA)
IBUFG DedicatedClock InputPin for DLLs (FPGA)
ID InnnerDetector
IRQ InterruptRequest
ISE Xilinx IntegratedSoftwareEnvironment
JEM Jet=Energy-sumProcessorModule
JEP Jet=Energy-sumProcessorsystem
L1 Level-1Trigger
L1A Level-1AcceptSignal
L1Calo Level-1CalorimeterTrigger
L1Muon Level-1MuonTrigger
L2 Level-2Trigger
L2SV Level-2Supervisor
L2PU Level-2ProcessingUnit
LAr Liquid Argon

continuedonnext page



List of Acronyms 197

continuedfrompreviouspage

Acronym Explanation

LED Light-EmittingDiode
LEP LargeElectronPositronCollider
LINAC Liniar Accelerator
LHC LargeHadronCollider
LHCb LHC beautyExperiment
LHCf LHC forwardExperiment
LSB LeastSigni�cant Bit
LUT Look-UpTable
LVDS Low-VoltageDifferentialSignalling
MCM Multi-Chip Module
MDT MonitoredDrift Chambers
MSB MostSigni�cant Bit
OBUF OutputBuffer (FPGA)
OBUFT Tri-stateOutputBuffer (FPGA)
PC PersonalComputer
PCB PrintedCircuit Board
PCI PeripheralComponentInterconnect
PHOS4 DelayChip
PLL Phase-LockedLoop
PMT Photomultiplier
PPM Pre-ProcessorModule
PPr Pre-ProcessorSystem
PPrAnIn Pre-ProcessorAnalogueInputBoard
PPrASIC Pre-ProcessorASIC
PPrMCM Pre-ProcessorMCM
PPrPHOS4 Pre-ProcessorPHOS4
PS ProtonSynchrotron
PSB ProtonSynchrotronBooster
QCD QuantumChromodynamics
RAM RandomAccessMemory
ReM FPGA ReadoutManagerFPGA
RGTM-O RearG-Link TransmissionModule- OpticalTx
ROB ReadoutBuffer
ROD ReadoutDriver
ROS ReadoutSystem
RoI Regionsof Interest
RoIB RoI Builder
ROC ReadoutController
RPC ResistivePlateChambers

continuedonnext page



198 List of Acronyms

continuedfrompreviouspage

Acronym Explanation

RPPP Receiver to PreProcessorPatchPannels
RST ResetSignal
RTC ReadoutTransferCard
SBC SingleBoardComputer
SCT SemiconductorTracker
SFI Sub-FarmInput
SFO Sub-FarmOutput
SM StandardModel
SPI SerialPeripheralInterface
SPS SuperProtonSynchrotron
SRAM StaticRandomAccessMemory
SU SuperUnitaryGroup
TCM Timing ControlModule
TCPP Tile CalorimeterPatchPanels
TDAQ TriggerandDataAcquisitionsystem
TGC Thin GapChambers
TOTEM TotalCrossSection,ElasticScatteringandDiffractionDissociationExperiment
TRT TransitionRadiationTracker
TTC Timing, TriggerandControl
TTCex TTC Encoder=Transmitter
TTCdec TTC DecoderCard
TTCrx TTC Receiver Chip
UA UndergroundAreaexperiments
URU UniversalReceiver Unit
USA15 Main ATLAS UndergroundElectronicsCavern
UX15 ATLAS UndergroundExperimentalCavern
VGA Variable-GainAmpli�er
VME VersaModuleEurocard
VIPA VME InternationalPhysicsAssociation
XTAL CrystalOscillator



BIBLIOGRAPHY

Bibliography

[Ach07] R. Achenbachet al., First Measurementswith the ATLAS Level-1 Calorimeter
Trigger PreProcessorSystem, Proc.Topical Workshopon Electronicsfor Particle
Physics,Prague2007,pp.222–226.

[Agi] Agilent Technologies,Low CostGigabit RateTransmit=ReceiveChip Setwith TTL
I=Os, TechnicalData.

[ALE03] ALEPH, DELPHI, L3, and OPAL Collaborations,the LEP Working Group for
Higgs Boson Searches,Search for the Standard Model Higgs Boson at LEP,
Phys.Lett.B656(2003),61.

[ALE08] ALEPH, CDF, DØ, DELPHI, L3, OPAL, SLD Collaborations,theLEPElectroweak
WorkingGroup,theTevatronElectroweakWorkingGroupandtheSLD electroweak
andheavy �a vour groups,PrecisionElectroweakMeasurementsandConstraintson
theStandard Model, arXiv:0811.4682v1.

[ALI08] ALICE Collaboration,TheALICE experimentat the CERNLHC, JINST 3 (2008),
S08002.

[Ara09] I. Aracena,Operational Experienceof the ATLASHigh-Level Trigger with Single-
BeamandCosmicRays, ATL-DAQ-PROC-2009-044,2009.

[ATL97] ATLAS Collaboration,TheATLASCalorimeterPerformance, TechnicalDesignRe-
port,CERN/LHCC96-40,1997.

[ATL03] ATLAS HLT/DCS/DAQ Group,TheATLASHigh-Level Trigger, Data Acquisition
andControls, TechnicalDesignReport,CERN/LHCC2003-022,2003.

[ATL08a] ATLAS Collaboration,TheATLASExperimentat theCERNLargeHadronCollider,
JINST3 (2008),S08003.

[ATL08b] ATLAS Collaboration,Expectedperformanceof the ATLASexperiment: detector,
trigger andphysics, CERN-OPEN-2008-020,December2008.

[ATL09] ATLAS e-News,Statussnapshot, 14December2009,
http://atlas-service-enews.web.cern.ch/atlas-service-enews/2009/news
09/news status12-09.php.



200 BIBLIOGRAPHY

[ATL10] ATLAS PublicWebPages,DetectorDescription:InnerDetector, 2010,
http://www.atlas.ch/inner-detector.html.

[Bai03] R. Bailey and P. Collier, Standard Filling Schemesfor Various LHC Operation
Modes, LHC ProjectNote323(Revised),2003.

[Baj09] M. Bajko et al., Reportof theTaskForceon theIncidentof 19thSeptember2008at
theLHC, LHC-PROJECT-Report-1168,March2009.

[Bar08] B. M. Barnettet al., ATLASLevel-1CalorimeterTrigger Read-outDriver, Module
Speci�cations,Version1.2.2,2008(lastrevised13.05.2008),
http://hepwww.rl.ac.uk/Atlas-L1/Modules/ROD/ROD-spec-version1 2 2.pdf.
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