Dissertation
submittedto the
JointFacultiesfor NaturalScienceandMathematics
of the RupertoCarolaUniversity of
Heidelbeg, Germauy,
for thedegreeof
Doctorof NaturalSciences

presentedby

Dipl.Phys.: Geoge Victor Andrei
bornin: Rosioride Vede,Romania

Heidelbeg, October27,2010






TheDataPathof the ATLAS Level-1
CalorimeterTrigger PreProcessor

Gutachter:Prof. Dr. KarlheinzMeier
Prof. Dr. ReinhardM anner






Thee's no problem,only solutions.

J.L.






ZUSAMMENFASSUNG

Der Pre-Prozessdm "ATLAS Level-1 CalorimeterTrigger” liefert digitale Wertefir trans\ersale
Enegie in Echtzeitan nachfolgendd’rozessorerdie physikalischeReaktionsprodukterkennensollen.
Der Eingang bestehtausmehrals 7000 analogenSignalenvon Zellen reduzierterGranularitit in den
KalorimeterndesATLAS-Detektors.Die "Level-1 Trigger’-Entscheidungnuf3 Giberptifbar sein. Dazu
werdenvom ProzessoKopien digitalisierter Echtzeit-Dateran die ATLAS Datenaufzeichnungere-
icht. Zusatzlich stellt das Pre-ProzessoBystemmit dem standartisierte’/ME-Bus eine Schnittstelle
zur Computetinfrastrukturdes Experimentszur Verfligung,worliber Kon gurationsdatergeladenund
Kontrol-bzw. Monitor-Datenausgelesewerden.

Ein zweclorientiertesSystem,welchessavohl den Transferzur Aufzeichnungvon Ereignisdaten
in ATLAS als auch Datenaustauschiber VME gewahrleistet,wurde auf den 124 Modulen des Pre-
ProzessoiSystemsin 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 Funktionaliit des”’ReadoutManagers’zu erfilllen. Der zweite Teil
behandeltdie Tests welchedurchgetihrtwurden,um einekorrekteFunktionder Module sicherzustellen
bevor siebei CERNin der ATLAS-Kaverneinstalliertwurden.

ABSTRACT

The PreProcessaof the ATLAS Level-1 CalorimeterTrigger providesdigital valuesof trans\erse
enegy in real-timeto the subsequentbject- nding processorsTheinput comprisesnorethan7000an-
aloguesignalsof reducedgranularityfrom the calorimetersof the ATLAS detector The Level-1 trigger
decisionmustbe veri ed. For this, the PreProcessaotransmitscopiesof the real-timedigital datato
the DataAcquisition (DAQ) systemIn addition,the PreProcess@ystemprovidesa standardMEbus
interfaceto the computinginfrastructureof the experiment,on which con guration datais loadedand
controlor monitoringdataarereadout.

A dedicatedsystemthat ensuredoth the transferof event datato storagein ATLAS andthe data
transferoverthe VME wasimplementedn the 124 modulesof the PreProcessaystemin theform of a
"ReadoutManager”.The"Field Programmabl&ateArray” (FPGA)is locatedon eachmodule.The rst
partof this work describeghe algorithmsdevelopedto meetthe functionality of the ReadoutManager
Thesecondpartdealswith theteststhatwerecarriedoutto ensureheproperfunctionalityof themodules
beforethey wereinstalledat CERNin the ATLAS cavern.
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Chapter 1

Intr oduction

Thelarge HadanCoIIider(LHC) is designedo acceleratandcollide protonswith acentre-of-
massenegy of ' s= 14 TeV, ataluminosityof L = 10**cm ?s 1. Theunprecedentetigh

enegy andluminositywill allow to studythe existenceof theHiggsboson the particlebelieved

to be atthe origin of the spontaneousymmetry-breakingnechanisnin the electraveaksector
of the StandardModel, aswell asto probethe theoriesbeyond the Standardviodel. ATLAS

is one of the four major experimentsinstalledat the LHC. It is a general-purposexperiment
designedo fully exploit the physicsopportunitiesofferedby the LHC.

At theLHC'sdesignluminosity, theexpectedeventrateis in theorderof 1 GHz Thisraises
animportantexperimentakchallengdor the ATLAS detector Theinterestingphysicsprocesses
occurat very small rates,in the orderof a few Hz or even lower, being overwhelmedby the
productionof jetscomingfrom QCD interactionsOn the otherhand,the raw dataproducecby
the detectoramountgo aboutl PByte=s, while the eventdatarecordingis limited by technol-
ogy andresource$o about300 MByte=s. Thereforethe ATLAS TriggerandDataAcquisition
systemdave to reducetheinitial eventrateto theaffordablemassstoragerate,while ef ciently
selectinghe potentialrarephysicsevents.To achiese this, the ATLAS Trigger systemis organ-
isedinto threelevelsof eventselection.

The PreProcessosystemis the rst stageof dataprocessingn the Level-1 Calorimeter
Trigger, amajor subcomponendf the rst level of eventselection.It recevesabout7200ana-
logue trigger signalsthat describetrans\erseenegy depositsin the ATLAS calorimetersub-
detectorsThe maintaskof the PreProcessds to extracta correspondingligital enegy value
from eachpulseandassigrit to aspeci ¢ proton-protorcollision. Additionally, in orderto allow
calibration,monitoringandveri cations of the Level-1 trigger systemthe PreProcessdrasto
provide copiesof thedigital triggerdatarelatedwith the acceptedventto the DataAcquisition
systemThePreProcessads a VME-basedsystemIt mainly consistof 124 PreProcessdviod-
ules,eachof which canproces$4 triggersignals.Thetaskof transferringhe eventrelateddata
to theDataAcquisitionsystems assignedo aReadouManagei-PGAlocatedon eachPrePro-
cessoModule. The device collectsthe eventdatafrom distributedlocationson the board,and
sendst in aprede nedformatto the DataAcquisitionsystemApartfrom this, thedevice hasthe
tasksto transfercon guration datafrom the VME interfaceto variouson-boardprogrammable
locations,andto collecttriggerindependenmonitoring data,accumulatedn the hardware of
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the PreProcessdvliodule, andprovide it to VME. The rst partof this thesisdescribeghe al-
gorithmsdevelopedto sustainthefunctionality of the ReadoutManager~PGA. The secondoart
of the thesispresentghe teststhat had beencarriedout to verify the properfunctionality of
the PreProcessdvlodules,beforethey wereinstalledat CERNin the electronicscavern of the
experiment.

Chapter2 providesa brief descriptionof the Standardviodel theoryand of the searchfor
the Higgs boson. The LHC machineandthe ATLAS detectoraredescribedn chapter3. An
overview of the ATLAS Trigger and DataAcquisition systemss givenin chapter4, while the
architectureandalgorithmsof the Level-1 CalorimeterTrigger are presentedn moredetailin
chapter5. The next two chaptersorm the coreof this thesis. Chapterg is entirely dedicated
to the ReadoutManagerFPGA, presentingn greatdetail the functionality of the device and
the implementedhlgorithms,while chaptef7 describeghe functionaltestsof the PreProcessor
Moduleandshavs examplesof misbehaioursdetectediuringthetests.Lastly, chaptef8 shavs
resultsrecordedduring the commissioningof the PreProcessaystemat CERN, in standalone
modewith the othertriggercomponentsndin combinedrunswith thewhole ATLAS detector
andresultsobtainedwith the rst LHC protonbeamdata.



Chapter 2

PhysicsMoti vation

2.1 The Standard Model of Particle Physics

TheStandardModeldescribeshephysicalworld in termsof two kindsof particlesandthreefun-
damentaforces.The particlesarethe elementaryfermionsandthe gauge bosons Thefermions
are half-integer spin particlesthat make up the matter while the gaugebosonsareinteger spin
particlesthat mediatethe interactionsbetweenthe fermions. The fermionsare classi ed into
two catgyories,leptonsandquarks accordingto the interactionghey experience.Therearesix
avours of leptons,i.e. the electron(e), the muon(m), the tau (tau) andthreeneutrinopartners
(ne, nmy n¢), andsix avoursof quarks,i.e. up (u), down (d), charm(c), strange(s), top (t) and
bottom(b). Thesel2 matterparticlesform togetherthreegeneations eachof which contains
one pair of leptonsand one pair of quarks,asshavn in table/2.1 The fermionsof the rst
generatiorarestableandthey representhe elementaryconstituent®f the ordinarymatter The
fermionsof the othertwo generationg@ppearin cosmicraysor they aremanufcturedin high-
enegy experiments,andthey eventuallydecayinto particlesof the rst generation.Also, for
eachfermionthereexistsanantiparticle of the samemassandoppositeelectricchage.

Thethreefundamentaforcesdescribedy the StandardModel are: the strongforce,which
is responsibldor holdingthe quarkstogetherthe electomagneticforce,which actson all elec-
trically chaged particlesandwhich is responsiblgor the bondingin chemicalelementsand
theweakforce,which determineghe transmutatiorof quarksandleptons.Attemptsto include
thefourth known fundamentaforce of nature the gravitation, in the framework of the Standard
Model have sofarbeenunsuccessfulHowever, thegravitationis consideredo beinconsequen-
tial atthesubatomicscalebecausdt is muchwealer thanthe otherthreeforces. The properties
of thefour fundamentaforcesaresummarisedh table2.2

The StandardViodel of particle physicsis formulatedasa relativistic quantumgauge eld
theory Eachof thethreefundamentaforcesis describedasresultingfrom theexchangeof spin-
1 gaugebosondetweerthe matterfermions. The gaugebosonsarisefrom therequiremenbf a
localgaugesymmetryi.e.theLagrangiarof thesystemhasto beinvariantunderdifferenttrans-
formationsappliedat eachpointin spaceandtime. The eld theoryof the stronginteractionis
formulatedasa non-abeliargaugetheorywith SU(3)¢ color symmetryandit is calledquantum
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Fermions Generation Electric
1 2 3 Chage
Leptons e m t -1
Ne Nm n 0
Quarks u c t +2=3
d ) b -1=3

Table2.1: Thethreegeneration®f matterfermions.

chromodynamic$QCD). The strongforceis mediatedoy eighg masslesgjaugebosonscalled
gluons which, like quarks,carry color chage. The electromagnetiinteractionis describedas
anabeliangaugetheorywith thesymmetrygroupU (1). Therespectie theoryis calledquantum
electrodynamic$QED). The mediatorof theelectromagnetitorceis the photon anelectrically
neutraland masslesgiaugeboson. The mathematicaformulation of the weak interactionis

basedon the gaugegroupSJ(2). Theweakforceis mediatedby threemassve gaugebosons,
i.e.W*, W andtheneutralZ. In the 1960s,Glashav, SalamandWeinbeg uni ed thedescrip-
tion of the electromagnetiandweakinteractionsinto one eld theorycalledthe electraveak
theory Thisis anon-abeliargaugetheorybasedonthe 3J (2) | xU(1)y gaugesymmetrygroup
of theweakisospin(l) andtheweakhyperchage (Y) [Mor04].

2.1.1 The Higgs Mechanism

In the1960s,mary theoreticaresearchewerefocusedon formulatingarelatwvistic eld theory
with local gaugesymmetrythatwould describeboththe electromagnetiandthe weakinterac-
tions. The majordif culty thatthe physicistsweretrying to overcomewasthatin ordernotto
destry the gaugeinvariancethe fermionsandgaugebosonshadto be masslesswhich wasin
contradictionwith the experimentalobserations. Of a particularinterestwasthe caseof the
weakinteraction,which wasknown to be short-rangejts in uence beingsigni cant only up
to 10 ¥ m. Consequentlythe carriersof the weakforce hadto be fairly massve ratherthan
massless.

In 1961, Glashav proposedthe rst SJ(2) x U(1) gaugetheoreticalmodelfor the elec-
troweakinteraction[Gla6]. Thetheorypossessesnly a partial symmetry meaningthat the
symmetryis broken by the addition of explicit masstermsin the Lagrangian. The theoryis
also notablefor introducingfor the rst time the neutal currenf carriedby the Z boson,in
additionto thethenalreadyknown chagedweakcurrentW ) andelectromagneticurrent(g).
Thebreakthrougltamein 1964whenHiggs[Hig64], EnglertandBrout|Eng64, andGuralnik,
Hagen,andKibble [Gur64 shavedthatmassesanbe generatedliynamicallyby spontaneous
symmetnbreaking The latter occurswhena systemthatis symmetricwith respectto some

lthenumberf gaugebosonss givenby thenumberof generatorsf theunitarygroupassociatevith eachforce.
For aspecialunitarygroupof degreen, i.e. SU(n) thenumberof generatorss n? 1.
2j.e. theinteractingparticlesdo not changetheir chages
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Force Relatve Range Mediators DynamicTheory
Strength (metres) (gaugebosons)

Strong 1 10 ¥ 8Gluons(g)  QuantumChromodynamics

Electromagnetic 10 ? ¥ Photon(g) ElectraveakTheory

Weak 10 ° 10 8 W ,Z

Gravitation 10 38 ¥ Graviton (G)  GeneralTheoryof Relatity

Table 2.2: Summaryof the propertiesof the four fundamentaforcesin nature. The gravitation is not
incorporatedn the StandardViodel. The mediatorof this force, called the graviton, is a
masslessspin-2particle[Mor04].

symmetrygroupsgoesinto a vacuumstatethatis not symmetricor not invariant. This frame-
work wasthenappliedby Weinbeg [Wei67] and Salam[Sal6§ to the electraveaktheoretical
modelformulatedby Glashav in 1961.1n theirwork, Weinbeg andSalamintroducedanSJ (2)
self-interactingdoubletof comple scalar elds, with four degreesof freedom of which neutral
componentoesnot vanishin vacuum,i.e. it hasa non-zerovaluein its lowestenepy state.
This non-zerovacuumexpectationvalue breaksspontaneouslyhe electraveak SJ (2) x U(1)
symmetry but the Lagrangiarof the systemremainsinvariantunder3J(2) x U(1) transforma-
tions. Threeof the four degreesof freedomof the doubletscalar eld are swallowedby the
W andZ bosonswhich in this way acquiremass. The remainingdegreeof freedomof the
doubletcorrespond$o a spin-Oscalarparticle,which waslatternamedasthe Higgsboson The
fermionmassesarealsoaconsequencef theelectraveaksymmetrybreaking. Thesametheory
postulateghat the doubletscalar eld couplesto fermionsthroughYukawa interactions. The
mechanisnthroughwhichW andZ bosonsacquiremassis referredto asthe Higgs meda-
nism A detailedaccountof the mathematicaformalismthat describeghe Higgs mechanism
canbefoundin e.g.[Djo0§].

TheHiggsbosonis sofartheonly particleof the Standardviodel of which existencehasnot
beencon rmed experimentally However, experimentalresultsachiezedin the lastforty years
for theelectraveaksectorof the Standardviodel provide strongsupportor thehypothesiof the
HiggsmechanismOf themostnotablearethe rst obsenationof neutralcurrentinteractionsn
the Gaigamellebubble chamberdetectorat CERN (1973),the direct obsenation of the W and
Z bosonsby the UA1 andUA2 experiments(1983),both alsolocatedat CERN, the discovery
of thetop quark,which decaysonly throughtheweakforce,by the CDF andD@ experimentsat
Fermilab(1995),or the high precisionmeasurementsf the massof W bosonandtop quarkby
experimentsatLEH&3 andTevatroncolliders.
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2.1.2 The Search for the Higgs Boson
The Higgs BosonMass

In the electraveaktheory the massof the Higgsboson(my) is givenas:

r_—
/

my= = ; 2.1
H 2 n (2.1)
wherel is theHiggsself-couplingparameterwhile n representshe vacuumexpectationvalue

of theHiggsscalareld. Thelatteris x edby theFermicouplingconstan{Gg) to:

P
n= 2Gg=246G&/ ; (2.2)

which meanghatmy scalesonly with P I". Becauséghe Higgs bosonhasnot beenyet experi-
mentallyobsered, the self-couplingl remainsunknaownn, thereforemy cannotbe predictedby
the StandardModel. However, theoreticallimits for my canbe derived from assumption®n
the enegy scaleL within which the StandardViodel is valid and beyond which new physics
phenomenamepe. If theelectraveaktheoryis assumedo bevalid in thewholeenegy range,
thenthe self-couplingl will vanishwhenL ! ¥. Which alsomeanghatthelargerthe enegy
scaleL , thesmallertheself-couplingl . But sincethe non-zerovacuumexpectatiorvaluein the
Higgs mechanisnoccursonly if I 6 0, L hasto be limited to a certainphysical scale. Since
my is proportionalwith I, this limitation givesan upperboundon my (triviality bound. On
theotBerhand,if I becomegoo small,i.e. smallerthanthe Higgs-topquark Yukava coupling
(It = 2m=n), the Higgs vacuumstatewill be unstable.Therefore,/ hasto belarge enough
to balancethe top quark contribution, and this gives a lower boundon my (vacuumstability

3Large ElectronPositron.
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bound. Thus, basedon thesetwo requirementsandon a give value of L, the minimum and
a maximumHiggs massallowed canbe determinedsee gure 2.1). If the StandardModel is
consistenup to the Planckscale(L  Mpjana = 10'° GeV), beyond which gravitation effect
cannotbelongerneglectedin respecto the otherfundamentainteractionspneobtainsthatmgy
shouldlie within therange:

130 G&V. my. 180 G&V (2.3)

If new physicsoccursatalowermassscale theboundonmy becomesvealer. Forexample,
if L  TeV thenoneexpectsmy within therange[Djo08]:

50 G&V. my. 800 G&/ (2.4)

Apart from thesetheoreticalconstraintsdirect searche®f the Higgs bosonat LEP estab-
lishedalowerboundontheHiggsmassof 114.4GeV at95%con dencelevel (CLiZ [ALEO3],
while similar investigationsat Tevatroncurrenlyexclude,in addition,the massrangeof 162to
166 GeV at95%CL [Tev1Q]. Furtherexperimentakonstraintonthe massrangeof the Higgs
bosonare determinedindirectly from precision ts of all measurectlectraveak obserables.
Figure2.2 shavs the Dc? of the t to the electraveakprecisiondatafrom LEP andSLCS asa
functionof my. Theshadedandaroundthecentralcurve indicateshetheoreticaluncertainties
dueto unknavn higherordercorrectionswhile the vertical bandindicatesthe 95% exclusion
limit determinedrom directsearchesTheHiggsmassobtainedromthe t ismy = 8732 GeV.
Also, takinginto accountthe 114.4 GeV lower limit, anupperlimit of my 185 GeV at 95%
CL wasobtained]ALEOS].

The Higgs Bosonat the LHC: Production and DecayChannels

The searchfor the Higgs bosonis one of the major goalsgor the experimentsat LHC. The
proton-proton(pp) collisionsat a centre-of-masgnegy of © s= 14 TeV will allow to search
for theHiggsbosonin amassrangefrom 100 GeVto aboutl TeV, in avariousproductionand
decaychannels.

Becausdhe couplingstrengthof the Higgsbosonto fermionsandbosonsare proportional
totheirmassesheHiggsproductiongenerallyinvolvesheavy particlesj.e.theW andZ bosons,
thetop quarkandto a lesserextentthe bottomquark. At the LHC, therearefour main Higgs
productionprocesses:

gluon-gluon(gg) fusion(gg! H): the Higgs bosoncouplesto gluonsthrougha heavy-
quarkloop;

4theinvestigationsweremainly carriedout throughtheprocess*e | Z | zZH! (f f+ b5=tt_), known asthe
Higgsstahlung basedn collision dataat centre-of-masenegiesup to 209 GeV. The LEP collaborationseported
anl.7s excessof eventsabove the expectedbackgroundsmallerthanthe 5s neededo certify the discovery of the
Higgsboson[ALEO3]. The LEP acceleratoendedits operationn November2000.

Sat Tevatron,the Higgsbosonis searchedh pp collisionsatthecentre-of-massnegy "~ s= 1:96 TeV via gluon
fusion productionandassociategroductionwith W=Z bosonsandtt pairs.

6stanfordLinearCollider (e* e ).
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Figure 2.3: Feynmandiagramof thefour mainHiggsproductionmechanismst LHC: associategbro-
ductionwith W=Z (upperleft), vectorbosonfusion(VBF) (upperright), gluon-gluonfusion
(lower left) andassociategroductionwith heary quarks(lower right) [Djo08].

vectorbosonfusion(VBF) (qq! V V | qg+ H): two incomingquarks,mostly light
guarks.emita pair of gaugebosonswhich thenfuseto form a Higgsboson;

associategroductionwith W=Z (qq! V + H): two incominglight quarksannihilateto a
weakgaugebosonwhichthenradiatesa Higgsboson;

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

The Feynmandiagramsof theseproductionprocessesre shavn in gure 2.3, while the
correspondingross-sectionareshavn in gure 2.4a. The dominantproductionchannelover
the entire massrangewill be the gg fusion, dueto the large gluon contentpossessedy the
high enegy protons. The cross-sectiomf the VBF processds roughly oneorderof magnitude
smaller but reacheghelevel of the gg fusion cross-sectiomt very large My values.The other
two processetiave muchsmallercross-sectionsandthey arerelevantonly in the massrange
my . 250 GeV.

As for the productioncasethe couplingof the Higgsbosonto massfavoursthe decaymode
into the heaviest possible nal state. This is alsoshavn in gure [2.4b, which illustratesthe
branchingratiosof the differentdecaymodesof the Higgsboson.In thelow massregionmy; .
130 GeV,thedominantdecaymodeisH ! bb, followedbyH ! tt=cc. Abovemy . 180GeV,
the Higgs bosonalmostexclusively decaysinto pairsof gaugebosonsj.e.H! W*W and
H! ZZ,whereoneof thegaugebosonss virtual for my < 2my(mz). Also, beyondmy > 2m,
thebranchingatio of thedecaymodeH ! tt becomesigni cant, but it is still smallerthanthe
branchingratiosof the decaymodesto W*W andZzZz, dueto the differentdependencef the
Higgscouplingwith themassscalej.e. linearversuscubic. Althoughthe Higgsbosondoesnot
coupleto gluonsor photonsijts decayinto thesemasslesgarticlesis alsopossible. The decay
modeH ! gg is mediatedby heary-quarkloopsandit hasa signi cant branchingratio only in
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the low massregion, while thedecaymodeH ! ggis very rareandit is mediatedby chaged
fermionandW bosonloops[Djo0§].

Figure2.5shavsthediscovery potentialfor theHiggsbosonin variousproductionanddecay
channelsjn the caseof the ATLAS experiment. The highestsensitvity is given by the decays
to weak gaugebosons. TheW*W modedominatesin the massrangeof 140 to 200 GeV,
while the ZZ decayto four isolatedleptons(e=m) givesthe highestsensitvity abose 200 GeV.
Whenall channelsare combinedtogetheya 5s discovery of the Higgs bosonis possiblewith
anintegratediuminosityof 10 fb 1, for my betweerthe LEP limit of 114.4GeVand 1 TeV,
afterthe detectomperformancendthe backgroundgsystematicareunderstood.



Chapter 3

The ATLAS Experiment at the LHC

ATLAS is oneof the four major experimentsbuilt on the Large HadronCollider (LHC) accel-
eratorring. It is ageneral-purposexperimentfor pp collisions,designedo obsenre the largest
spectrumof physicsprocessesxpectedfrom the LHC. This chaptergivesa brief overvien of
theLHC machineandof the ATLAS experimentalpparatus.

3.1 TheLargeHadron Collider

The LHC is a circular particle acceleratolocatedat the EuropeanOrganisationfor Nuclear
Researcr(CERl\lE) nearGenea, Switzerland.lt is installedin the 26.7 km long tunnelthat
formerly housedhe LEP collider, andit is primarily desigBedo collide head-ontwo counter
rotatingbeamsof protonswith a centre-of-masenegy of =~ s= 14 TeV, at anunprecedented
luminosity of 10**cm 2s 1. As a secondaryprogramof runnin%the LHC will also collide
two beamsof heary iong with a total centre-of-mas&negy of = s= 1:15 PeV anda peak
luminosityof 107’ cm 2s 1 [Eva0g. Thecollisionsoccurin four interactionpoints,wherefour
physicsexperimentsaresituated(seealso gure [3.1):

ATLAS (A Toroidal LHC ApparatuS)ATL084], designedo mainly investicate physics
processewvith high momentuntransferthatareproducedoy pp collisions;

CMS (CompactMuon Solenoid)[CMS0{, alsoa general-purposdetectorfor pp colli-
sions,designedo explorethe physicsat Terascale;

LHCDb (LHC beautyexperiment)[LHCO084, designedor precisionmeasurementsf CP
violation andraredecaysof B-mesons;

ALICE (A Large lon Collider Experiment)[ALIO8], dedicatedo investigationsof the
quark-gluonplasmain heavy ion collisions.

Two otherexperimentssmallerin size,arelocatedon eitherside of the ATLAS andCMS
detectorgespectiely:

1ConseilEuropeempourla Recherchéucleaire(fr.)
%i.e.298Pb (lead)ions
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LHCf (LHC forward) [LHCO08H, dedicatedo the measuremenidf neutralparticlesemit-
tedin the very forwardregion of the LHC collisions;

TOTEM (Total CrossSection,Elastic Scatteringand Diffraction Dissociation) TOT08],
which aimsto measurdhetotal pp cross-sectiomndto studyelasticanddiffractive scat-
teringatthe LHC.

3.1.1 Machine Parameters

The LHC is suppliedwith protonsor heavy ionsfrom aninjector chainthatmainly comprises
alinearaccelerato(LINAC?2), a ProtonSynchrotrorBooster(PSB),a ProtonSynchrotronPS)
anda SuperProtonSynchrotron(SPS)(seeagain gure 3.1). Theinjectorchainproducesand
pre-acceleratakeprotonsupto thekineticenegy of 450 GeV. TheLHC usessuperconducting
radio-frequeng cavities operatecht 400.8 MHz to captureandfurtheraccelerateéheseparticles
upto 7 TeV=beamthehighestenepgy ever reachedn a particleacceleratorThetrajectorieof
thesevery enepetic protonsare bentin the curved sectionsof the acceleratoring by 8.34 T
magnetsTherespectie magneticeld is producedby 1232niobium-titaniumsuperconducting
dipolemagnetswhich arecooledto 1.9 K with super uid heIiurrE. Additionally, in the straight
sectionsof thering, 386 quadrupolemagnetsandseveral thousandcorrectormagnetsare used
to focusthe beamsandto maximisetheluminosityat the collision points.
Themachinduminosityis ausefulmeasuref theacceleratoperformanceln addition,the
luminosityis animportantfactorneededo ensurahatinterestingohysicsprocessesvhich have
asmallcross-sectiomareproducedat the highestpossiblerate. The machineluminosity canbe
approximateds:
_ N% np frev

Aet

whereN is the numberof particlesper bunch, n, the numberof bunchesper beam, f;e, the
particle revolution frequeng (11,246 kHz), while Aett = 4psysy is the effective interaction
area,with sy andsy representinghe Gaussiartrans\ersepro le of the bunchesn the vertical
and horizontaldirections.For a given physics processwith a known cross-sectiorsgert, the
numberof relatedeventsgenerateedachsecondn the LHC collisionsis:

L [cm %s 1] ; (3.1)

Nevert = Sever L (3.2)

The proton beamsare organisedin bunches each containingup to 1.15 x 10! parti-
cles. The buncheshave a longitudinal spreadof about7.7 cm, andthey are spacedapartby
7.48 m [Brii04. The latter parametedeterminesa bunch-crossingate of 40.08 MHz anda
total numberof 3564 possiblebunchesin the circumferenceof the LHC ring. However, due
to technicalconstraintamposedby the operationof the injection, acceleratiorand dumping
systemsponly 2808-3564 bunchescanbe lled per LHC ring [Bai03. The RMS beamsize
parametersi.e. sy andsy, will betunedto about16.7 nm for pp collisionsin the centreof

Sfor comparisonptherlarge acceleratorsik e Tevatron(Fermilab)or HERA (DESY) useNbTi superconducting
magnetooledwith normalliquid helium at temperatureslightly above 4.2 K, which allows to reacha magnetic
eld of arounds T.
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Figure 3.1: ThelLargeHadronCollider andits four mainexperiment§ CER10¢.

the ATLAS and CMS detectorsjn orderto determinea peakvalue of the luminosityin these
interactionpointsof 10%**cm ?s . For pp collisionsat LHCb, the beamsizewill be enlaged
by tuning the sameparameterso approximatvely 70.9 nm, in orderto determinea peaklu-

minosity of 103%2cm s 1 [Brii04. The LHCb needsthis lower luminosityin orderto enable
a high-precisiorreconstructiorof the primaryinteractionvertex andof the secondarB-meson
decay

As a heavy ion collider, the LHC will acceleratehe ions from the injection enegy of
177.4 GeV=nucleonup to 2.76 TeV=nucleon,which determineghe total collision enegy of
1.15 PeV. In this operatingmode,the buncheswill containupto 7 x 10 ions. Also, the nom-
inal lling schemewill be basedon 100 ns bunchspacing,andonly 592 out of 891 possible
bunchpositionsin the LHC will be lled with ions[Bai03. Thiswill leadto a peakluminosity
of 10?” 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 predictedto be approximatvely
79 mb [Sjo0g. Accordingto equation3.2 the LHC is then expectedto producea total rate
of about10? inelasticeventsper secondat designluminosity This meansthat at eachbunch-
crossingj.e. 25 ns,ameanof 25 pp interactionsareexpectedto occufl. The high eventrate
and the high enepy of the colliding protonsimposesereral experimentalchallengeswhich
setstringentrequirement®n the differenttechniquesandtechnologiesemployed by the LHC
detectors:

Pile up. Theinelasticeventsproducedat LHC canbe dividedinto two cateyories: min-
imumbias andhard-scatteringevents. The minimum biaseventsarisefrom stronglong-
rangeinteractionsbetweenthe constituentsof the colliding protons.They are charac-
terisedby a small momentumtransfer suchthatthe nal stateparticleshave large lon-
gitudinal momentum(p_) and small transversemomentum(py), i.e.' 500 MeV. The
hard-scatteringventsare producedvia strongshort-rangepp interactions.Theseevents
are characterisedy a large momentumtransfer which canleadto the productionof
heary particles.The high pr processesarerelatively rarewith respectto the minimum
biasevents,but they representhe main interestsfor the physicsresearcheat LHC. At
eachbunch-crossingabout23low prt events(smy 69 mb) areproducedsimultaneously
overlappingthe high pt physicseventsof interest.Furthermorethe samelow pr events
generateon averagel700chaged particles.This meansthat a responsdime of the de-
tectorslongerthan 25 ns canleadto an overlap of signalsfrom multiple consecutie
bunch-crossingsTheseeffectsarecollectively referredto aseventpile-up.

The pile-up of minimum biaseventsdegradesthe accurag of the enegy measurement,
which consequentlyvorsengheselectioref ciency of theinterestinghigh pr objects.In
orderto beableto handlethe particle ux esandto reducethein uence of pile-upevents,
the LHC detectorsmustbe segmentedinto nely granularreadoutcells. Additionally,
the detectoranustfeaturea fastresponsei.e. typically 50 ns,in orderto integratethe
readoutsignalsover areducechumberof bunch-crossingn eachchannel.

QCD background. Anotherchallengefor the experimentsat LHC is the high produc-
tion rate of QCD jets. Theserepresentighly collimatedconesof particles,which are
generatedn high pr scatteringslueto strongpartonicinteractions.Becausef thelarge
cross-sectionfor theseprocesseQCD jetsareproducedabundantly overwhelmingthe
rarerprocessebeingsoughtatthe LHC (QCD badground. Figure3.2shows the cross-
sectiondor variousinelasticprocesseproducedn bothppandpp collisions,asafunction
of the centre—of—masenegyplt canbe obsened, for example,thatthe cross-sectiorior

jetswith pr > 100 GeV, at* s= 14 TeV, is about ve ordersof magnituddargerthan
thecross-sectiofor theHiggsbosonwith amassof 150 GeV. Sinceoneof thedominant
decaymodesfor the Higgsin that massrangeis into two b-quarkjets, the experimental
signaturesare dif cult to isolatebecauseof the QCD background.Instead, nal states
involving leptonsor photons,or missingtrans\erseenegy (E?“Sﬂ or secondaryertices

“this takesalsointo accounthatonly 2808out of 3564possiblebunchpositionsare lled with protons.
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Figure 3.2: Productioncross-sectionandeventratesfor differentprocesseasafunctionof thecentre-
of-massenegy [Gia04.

informationhave to be used,in orderto suppresshe backgroundyeneratedby QCD pro-
cesseskor anef cient extractionof the raresignalsof new physicsfrom the large back-
groundof known processeghe experimentsat LHC mustfeatureexcellentdetectorand
triggerperformancen termsof particleidenti cation capabilitiesandenegy resolution.

Radiation level. Becausehe ux of particlesgeneratedn pp collisionsis very large,
thedetectorsat LHC areexpectedo operatan a high radiationenvironment.The highest
radiationlevels areexpectedto occurin the forward regionsof the detectorswhich will
be exposedin ten yearsof LHC operationto a neutron uence of up to 107 neutrons
cn? anda g-doseof about10’ Gy@. Thus, in orderto avoid severeradiationdamages,
the detectionmaterialandthe on-detectoreadoutelectronicamustbe radiation-tolerant.
Also, thehighradiationlevelsrequirethe LHC detectorgo operatereliably in long term.
In caseof failures,the accesdor maintenancen the experimentalhall will be highly
restrictedandtime consumingwhichwill leadto along detectorshut-davn period.

Sthe Gray (Gy) is a radiologicalunit, which expresseghe absorbedenegy per unit massof material(1 Gy =
1 JoulekQ).
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3.2 The ATLAS Detector

ATLAS is ageneral-purposdetectorfor pp collisionsatthe LHC. Thedetectowasmainly de-
signedto searchfor new particlesrelatedto the electraveaksymmetrybreakingmechanismin
consequencedhe detectoroptimisationwasalsoguidedby physicsissuessuchasthe sensitv-
ity to thelargestpossibleHiggs massrange.Otherimportantobjectivesof the ATLAS physics
programrefer to precisemeasurementsf known particle properties(e.g.W bosonst- and
b-quarkmesonsiandthe studyof StandardModel (SM) processesat the TeV scale,aswell as
to investicationsof thetheoriesheyondthe SM.

Thenecessargetectioncapabilitiesfor a large spectrumof experimentakignatureseadto
thefollowing setof designrequirement$or the ATLAS detector:

ef cient trackingandvertex reconstructiomeartheinteractionpoint to measurehe mo-
mentumof chagedparticlesandto identify b-quarksandt -decays;

very goodelectromagneticalorimetry in termsof enegy resolutionandsolid anglecov-
eragefor electronandphotonidenti cation andmeasurements;

hermetichadroniccalorimetryfor accurateleterminatiorof thejet enegy andreconstruc-
tion of the E{"'s5,

goodmuonidenti cation andmomentunresolutionover a wide rangeof momentaand
theability to determineunambiguouslyhe chage of the high pt muons;

fastandhighly selectve triggersystemjo reducetheinitial eventrate(10° Hz) to alevel
thatcanbe handledofine ( 200 Hz), while selectingef ciently theinterestingphysics
processes;

fastandradiation-tolerantlectronicsandsensorlementsandhigh detectorgranularity
to handlethe particle ux esandto reducethein uence of overlappingevents.

Figure3.3 shaws the layout of the ATLAS detector It hasa total diameterof 25 m, atotal
lengthof 46 m andit weighsabout7000t, which malkesit thelargestof thefour maindetectors
installedatthe LHC. Thedetectolis constructedvith rotation-symmetraroundthe beamaxis,
andit consistsof three complementarysub-detectosystemsassembledn concentriclayers:
anInner Detector whichis immersedn a solenoidaimagneticeld, anElectomayneticanda
Hadronic CalorimetersurroundinghelnnerDetector andattheouterregionaMuonSpectom-
eter consistingof air coretoroidswith muonchambers.The following sectionsof the chapter
give a brief overview of the differentsub-detectorsA moredetaileddescriptionof the ATLAS
subsystemsanbefoundin [ATL084].

3.2.1 The Coordinate System

Thecoordinatesystermof the ATLAS experimenis aright-handedystemwith thex-axispoint-
ing radially towardsthe centreof the LHC ring, the z-axisfollowing the beamdirectioﬂ?, and

6the positive z-axispointsto the LHCb detector(seealso gure [3.1).
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Figure 3.3: Cut-awvay view of the ATLAS detectof CER104.

they-axispointingvertically upwards.Theorigin of the coordinatesystemis the nominalinter-
actionpointin the centreof the detector The azimuthalanglef 2 [0,2p] is measuredround
the beamaxis, in the trans\erseplaneformedby the x andy directions,sothatthe anglef =0
correspondso the positive x-axiswhile f =p=2 correspondso the positive y-axis.
Thepolarangleq is measuredrom the beamaxiswith the positive z-axis:
g = arctan br ; (3.3)
y4

wherepr and p, representhe perpendiculaandparallelcomponent®f the momentunto the
z-axis. Therapidity variable(Y) is de ned as:

_1 E+p;
"2 E p,

y (3.4)

Thedifferencein rapidity betweertwo particlesis Lorentzinvariantundera boostingalong
the z-axis. Whenthe massandthe momentunof the particlearenotknown, the pseudorapidity
variable(h) it is usedto characteris¢he detectegarticle:

h= In tan % ; (3.5)

In the masslesdimit (p  m), the pseudorapidityclosely approximatesapidity. For the
trans\erseplane(q = 90 ) the pseudorapiditys zero,while for directionscloseto thebeamaxis
(g!' 0,qg! 180) thepseudorapiditgoesto in nity .
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Figure3.4: ThegeometryoftheATLAS MagnetSystem.Thesolenoidnagnesystemis depictednside
the calorimetervolume[ATLO84.

Threesidesarede nedfor the ATLAS detector Thepartalongthe nggative z-axisis named
asthe C-side, the partalongthe positive z-axisis namedas A-side, while B-sideis the plane
with z= 0.

3.2.2 The Magnet System

The ATLAS magnetsystemdominateghe overall size of the ATLAS detectoy being22 m in
diameterand26 min length.It consistof four large superconductingragnetsisedfor particle
identi cation andmomentunmmeasurementsee gure [3.4):

a centralsolenoid which providesthe Inner Detectorwith a2 T strongmagnetic eld
alongthebeamaxis;

an outer systemof threelarge air-coretoroids a Barrel Toroid (BT) andtwo End-Cap
Toroids(ECT), which generatesamagneticeld for theMuon Spectrometeof 0.5 T and
1 T respectiely.

The solenoidsuperconductingnagnetis built from a single-layercoil, andit sharesthe
cryostatwith the electromagnetibarrelcalorimeter This wasdonein orderto reducematerial
thicknessin front of the electromagneticalorimetersandthusto reducethe probability that
the particlesstartshavering beforethey reachthe active partof the calorimetef. For the same
reasonthesolenoidwasdesignedo beshorterthanthe InnerDetectori.e. 5.8 m versus7.2 m.
Thisgeometryproducesomenon-uniformityin themagneticeld alongthez-axis,whichdrops
from the nominalvalueof 2 T at the interactionpoint to about0.5 T throughthe endsof the
InnerDetector

The systemof toroid magnetss designedo producea magneticeld coveragein therange
0<j h j< 2:7. Thethreetoroidsconsisteachof eightcoils assembledadially andsymmetrically

"atnormalincidence the contritution of the centralsolenoidassemblys 0.66radiationlengths] ATLO084.
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Figure 3.5: Cut-avay view of the ATLAS InnerDetectorf ATL10].

aroundthe beamaxis. The BT coils arecontainedn individual cryostatsandthey arelocated
in betweenthe hadroniccalorimetersandthe Muon Spectrometemvhile the eightcoils of each
ECT areassembledh a singlelarge cryostat.

3.2.3 The Inner Detector

The Inner Detector(ID) is designedo reconstructracksand verticeswith high ef ciency. It
measureshe momentaof chagedparticletracksandthe decayverticesof short-lived particles,
andit contributes,togetherwith the calorimetersandthe muonsystemto the electron,photon
andthe muonidenti cation. The 2 T solenoid eld, in which the ID is immersed,allows to
measurdrackswith atransyersemomentumpr > 0:5 GeV. For particleswith lowertrans\erse
momentum the track reconstructioref ciency is limited dueto a large materialeffect in the
ID [ATLO8b]. Thelow momentundeterminesmallbendingradii, andthe respectie particles
cannotescapehelD, loopingin the solenoidaleld.

Figure3.5 shavs anoverview of the ID. It consistf threedifferenttypesof sub-detectors
that cover the pseudorapidityangeof jhj < 2:5. At theinnerradii two high-resolutiondetec-
tors, the Pixel Detectorandthe Semiconductoiiracker (SCT), areusedfor high-precisiorpat-
ternrecognitionmeasurementsyhile atthe outerradii the TransitionRadiationTracker (TRT)
provides continuoustracking elementsthat enhancethe patternrecognitionand improve the
momentunresolutionover the pseudorapidityangejhj < 2:0. Eachof thesesub-detectorss
dividedinto abarrelcomponentindtwo end-capcomponentst eitherside. In thebarrelregion,
the high-resolutionayersarearrangedn concentriccylindersaroundthe beamaxis, while in
the end-capregion they aremountedon disksperpendiculabn the sameaxis. In a similar way,
the TRT componentare adjustedn parallelto the beamaxisin the barrelregion andradially
in the end-capregions[ATL084d. TheID sub-detectorsrebrie y describedn the following
sections.
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The Pixel Detector

The Pixel detectoris the componentof the ID closestto the interactionpoint. It is madeof
1744modules gachof which consistsof a15.5 cm? wide and250 nm thick siliconsensarThe
nominalsize of a standardpixel is 50 rm in the f directionand400 nm in z (barrel)or R@
(end-capyirections.This leadsto anintrinsicaccurag of 10 nmin theR-f planeand115 nm
in the z direction. The pixel modulesare arrangedn threelayersin the barrelregion, andin
threedisk layersin thetwo end-capregions. Theinnermostayerin the barrelsectionis placed
atabouts cmaroundthebeamaxis. This providesagoodvertex resolutionwhichis essentiain
orderto separat¢hedecayandproductionverticesof short-livedparticlessuchasthe B-mesons
andthet-leptons.

The principle of operationof the Pixel detectoris basedon a p-n junctionin reversebias.
A chagedpatrticle passinghroughthe detectorproducegairs of movableelectronsandholes
alongits path.The appliedelectric eld separatethe chage carriersanddrifts themto the sur
faceof the silicon sensorwherethey are detectedby chage sensitve amplifying electronics.
Eachsilicon sensomrovides 46,080readoutchannelswhich givesa total of approximatiely
80.4million readoutthannelsThis representalmosthalf of thetotal numberof channelsavail-
ablein ATLAS, i.e 10%.

Dueto theproximity to theinteractionpoint, the Pixel detectohasto operatén anextremely
hostileervironmentof radiation.Theexpecteddosefor theinnermostarrellayeris expectedo
reach500 kGy after approximately ve yearsof LHC operationat designluminosity. For this
reasonthelayerhasto bereplacedafterapproximatvely ve yearsof operation.The othertwo
barrellayersandthe end-caplisksareexpectedo reachthe sameradiationdoseaftertenyears
of LHC operation ATLO8q.

The SemiconductorTracker

The SCT providesfour spacepointsper track in the intermediateradial rangeof the ID, con-
tributing to the measuremerdf the momentumijmpactparameteandthevertex position.It also
providesgoodpatternrecognitionby useof high resolution.

TheSCT consistof 4088siliconmicro-stripmoduleswhicharearrangedn four concentric
layersin the barrelregion andninediskson eitherend-capside. Eachlayerconsistof adouble
layer of silicon strips, with a 40 mrad stereoangle betweenthem, in orderto measuregwo
coordinatesin the barrel section,onesetof stripsin eachlayeris arrangedn parallelto the
beamaxis,to measurghe f angle,while thesecondsetof stripsis tilted in orderto provide the
z direction.In theend-capsectionspnesetis arrangedadially, while the otheroneis tilted with
the samestereoangle.This geometryprovidesa spatialresolutionper silicon moduleof about
17 mmin theR-f plane,and580 nmin thez (barrel)or R (end-capdirections.

The silicon modulescover a surfaceof 63 m? andprovide about6.3 million readoutchan-
nels[ATLO84q.

P
8R is theradialdistancerom thebeamline (R= = x2+ y2).
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The Transition Radiation Tracker

The TRT makesuseof thetransitionradiationeffectfor particleidenti cation, andcombinest

with spatialresolutionfor particletracking.A relatwvistic chagedparticleemitsphotonsvhenit

crossesheboundaryof two materialswith differentdielectricconstantsTheenegy radiatedoy
the passingparticleis linearly proportionalto the Lorentzfactor(g= E=myg). For electronsthe
emittedtransitionradiationphotonshave enegiesin the X-ray range while for heavier particles
the emittedradiationhasa considerabljower enegy. Thus,the TRT contritutesto theelectron
identi cation, by discriminatingthemfrom heavier chagedparticles.

The TRT is madeof 4 mm diameterthin proportionaldrift tubes(stravs). Eachstraw tube
is equippedn the centrewith a 31 nm diametergold-platedtungsterwire, actingasananode,
and lled with axenon-basegasmixturég. Thecathodes representetly a0.2 nm aluminium
coatinglayeronthetubes.

Thebarrelsectioncomprise$2,544stravs, eachl44 cmlong,arrangedn 73layersparallel
to the beamaxis. The two end-capsectionscontaineach122,880stravs of 37 cm length,
organisedin 160 planesradially alignedto the beamaxis. In both casesthe spacebetween
successie strav layersis lled with 15 nm thick polyprogylenefoils, which actasradiators.
Theadoptedyeometryensureghatparticleswith transversemomentumpr > 0:5 GeV crossat
least36 strav tubesin the pseudorapidityangej h j< 2:0. Also, dueto the samegeometrythe
TRT only providesa measuremerith the R-f plane,with anintrinsic accurag of 130 nm per
straw [ATLO84].

3.2.4 The Calorimetry

The ATLAS calorimetryplaysanimportantrole in the reconstructiorof physics processesf
primeinterest.The calorimeterdiave to measuréheenegy andpositionof electronspositrons,
photons,isolatedhadronsand jets, provide an accurateestimationof the missingtrans\erse
enegy (EIM9, andcontritute to the particleidenti cation. Additionally, informationfrom the
calorimeterss usedat the rst level of triggeringin orderto identify the interestingphysics
events.

Figure3.6 shavs anoverview of the ATLAS Calorimetry The systemis subdvidedinto an
innerelectromagneticalorimeterto measuranainly electrons positronsandphotonsthrough
theirelectromagnetimteractionsandanouterhadroniccalorimeterto measurenainly hadrons
throughtheir strongandelectromagnetimteractions.Both subsystemaresamplingcalorime-
terswith full f-symmetryandcoveragearoundthe beamaxis, andcover togetherthe pseudo-
rapidity rangejhj < 4:9. Eachsubsystentonsistf a barrelandtwo end-capcomponentsin
addition, the hadroniccalorimeteris equippedn the forward regionswith a dedicatedsystem.
Table3.1summariseshe granularityandthe pseudorapiditcoverageof the ATLAS calorime-
ters.

Thecomponent®f the ATLAS calorimetryarebrie y describedn thefollowing sections.

970% Xe (for anef cient absorptiorof thetransitionradiationphotons) 27% CO, and3% O, (for constandrift
velocity over alargedrift range,smallelectronde ectionin magneticelds, andultraviolet photonquenching).
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Figure 3.6: Cut-avay view of the ATLAS Calorimetrysysten{ATLO084|.

The ElectromagneticCalorimeters

The electromagneticalorimetersare lead-liquid argon (LAr) detectorswith accordion-shape
absorbersand electrodeqseee.g. gure [3.7). The absorbersare madeof lead plates.They
areresponsibldor bothinducingelectromagnetishavers,aswell asfor absorbinghe shaver
constituentof which enepy is insufcient to createnew particles. The gapsbetweerthelead
platesare lled with LAr, which providesthe active layer of the calorimeter The secondary
electronsaandpositronscreatedn the electromagnetishaverionisetheliquid argonatoms,and
theresultingionisationsignalis collectedby electrodedocatedin betweerthe absorbeplates.
The electrodesconsistof threeconductive copperlayers. The two outer layersdistribute the

Calorimeter h coverage Dh x Df granularity
Presampler jhj< 1.8 0.025x 0.1
Electromagneti®arrel jhj < 1:475 0.003x0.1 (S1)

0.025x 0.025 (S2)
0.050x 0.025 (S2)
Electromagneti&nd-Cap 1:375< jhj< 3:2 0.003-0.1x 0.1

HadronicBarrel jhj< 1.0 0.1x0.1
HadronicExtendedBarrel 0:8< jhj< 1.0 0.1x0.1
HadronicEnd-Cap 1.5< jhj< 25 0.1x0.1
25< jhj< 32 0.2x0.2
Forward Calorimeter 31l< jhj< 49 0.2x0.2

Table 3.1: Thegranularityandthe pseudorapidityoverageof the ATLAS calorimeters.
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Figure 3.7: Segmentatiorof the LAr electromagnetibarrelcalorimetef ATL084].

high-wltageacrossthe LAr gaps,while the innerlayeris usedfor readingout the ionisation
signalvia capacitve coupling.

The absorbersandthe electrodesare projectiveto the interactionpoint in the h direction,
andbentinto an accordionshapeto ensurethat the incidentparticlescrossboth the absorbers
andtheactive layers.Thisgeometryprovidesafull azimuthalcoverage withoutany cracks,and
afastextractionof theionisationsignalattherearor atthefront of theelectrodes.

Theelectomayneticbarrel calorimeter(EMB) is placedbehindthe centralsolenoid,inside
the barrelcryostatthat surroundghe ID cavity. It consistsof two half-barrels,separatedby a
4 mmgapatz= 0. Eachhalf-barrelconsistof 1024leadabsorbersnterleavedwith electrodes.
In orderto achieve anuniform samplingfractionin f , thethicknesof theleadplatesvarieswith
h,i.e.1.53mmfor jhj < 0:8,and1.13mmfor jhj > 0:8. Thethreeelectrodesrepositionedby
honegszcombspacerat the half-distancébetweertwo neighbouringabsorbeplates.Thefolding
angleof the absorbersandthe electrodessarieswith the radius,in orderto keepconstanthe
thicknesof theLAr gap,i.e.2.1 mm. At anoperatingvoltageof 2 kV, thisgeometrydetermines
atotal electrondrift time to thereadoutelectrodeof 450 ns.

Eachhalf-barrelis mechanicallydivided into 16 modules,eachof which coversan equal
slice of the full azimuthalrange. Figure[3.7 describesschematicallya moduleof the EMB. It
consistof threelongitudinalsamplinglayers:

FrontSamplingS1):it representthelayerclosesto theinteractionpoint. It is segmented
into ne stripsin the h direction, to provide a goodresolutionfor g=p° separationThe
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depthof thelayercorrespondso 4.3 radiationlengths(Xp);

Middle Sampling(S2): it is arrangedn squarecells of very ne granularity(seeagain
table 3.1), to provide a good position measuremenf the depositecenegy. The thick-
nessof the layer corresponds$o 16 X, to ensurethat the largestenepy fraction of the
electromagnetishaver is absorbedvithin this layer;

Bad Sampling(S3): it is alsodividedinto cells,but of a coarselgranularityin h thanthe

secondsamplinglayer. Sinceonly the highestenegeticconstituentgthetail) of theelec-

tromagneticshaver reachthis layer, the enegy resolutionis not affectedby the coarser
granularity The depthof thelayercorrespond$o 2 Xo.

Thetotal materialseerby anincidentparticlein front of the EMB is about2.3 Xy atjhj = 0,
andincreasesipto 6 Xp atjhj = 1:475, sincethe distancetravelled by the particlesincreases
alsowith h. In orderto correctfor the enepgy lostin the ID, centralsolenoidandthe cryostat
wall, thetwo half-barrelsareprecededy a presampledetector Thisis madeof an11 mmthin
LAr layer, whichis subdvidedinto 64 identicalazimuthalcells,i.e. 32 perhalf-barrel. Thetotal
active thicknessof oneEMB moduleis largerthan22 Xo, increasingrom 22 Xp atjhj = Oupto
33 Xp atjhj = 1:3. Also, eachEMB moduleandthe correspondingpresamplecellsin front of
it provide togetheratotal of 3424readoutchannels.

Theelectomaneticend-capcalorimetes (EMECs)arecontainedn two cryostatdogether
with the hadronicend-capandthe forward calorimetersEachEMEC consistof two co-axial
wheels,eachof which beingsubdvidedinto eightwedge-shapethoduleswithout introducing
ary discontinuityalongthe azimuthalangle. The outerwheel (1:475< jhj < 2:5) consistsof
768leadabsorberswhile theinnerwheel(2:5 < jhj < 3:2) is madeof 256 leadabsorbersAs
for the EMB, the thicknessof the lead platesvarieswith h, in orderto optimisethe enegy
responsef the EMECSs,i.e. 1.7 mm in the outerwheel,and2.2 mm in the innerwheel. The
electrodesireagain positionedn themiddleof thegapsby hong/combspacersat2.1 mmfrom
theneighbouringabsorbeplatesin theouterwheel,theionisationsignalsarereadoutfrom both
sidesof the electrodesasin the caseof the EMB, while in theinnerwheel,the signalsareread
outonly from the backside,dueto high radiationlevelsatthefront side.

In the pseudorapidityangel:5 < jhj < 2:5the EMECsaresegmentedn threelongitudinal
samplinglayers,in the sameway asthe EMB. In the pseudorapidityangesl:375< jhj < 1.5
and2:5< jhj < 3:2 the EMECsare sggmentedin only two longitudinal samplinglayers,and
have acoarsetrans\ersegranularity Also, in therangel:5< jhj < 1.8 eachEMEC s preceded
by a presamplemwhich consistof two 2 mmthin LAr layersequippedvith readoutelectrodes.
Thetotal active thicknessof onemoduleof the EMEC is largerthan24 Xg. Also, eachmodule
provides3984readoutchannelsincluding 96 channeldrom the presampler

The enepgy resolution that ATLAS expectsto achieve with the LAr electromagnetic

calorimeterss:
E 10%
S(E)z pf" 0:7% : (3.6)

wherethe rst termrepresentshe stotasticterm, which takesinto accounthe statistical uc-
tuationsin the shover developmentwhile the secondermrepresentshe constantterm, which
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Figure 3.8: Schematioziew of a Tile module[ATLO84d.

accountdor all detectorimperfectionsandcalibrationimprecisions.Thesymbol represents
the quadraticsumoperator

The Hadronic Calorimeters

Thehadroniccalorimetercoversthe pseudorapidityangejhj < 4:9 andusestwo differentsam-
pling techniquessteel-scintillatingiles in the barrelregion,andcoppefLAr in theend-capand
forwardregions.

The Tile calorimeterusessteelas absorberand plastic scintillating plates(tiles) asactive
medium. It is locatedbehindthe LAr electromagneticalorimeterandit is dividedinto a cen-
tral barrelandtwo extendedbarrels.Eachcomponents further subdvided into 64 modulesof
equalazimuthalsize,i.e. Df = 0:1. Figure 3.8 shawvs a schematioview of a moduleof the
Tile calorimeter Within the module,the scintillatingtiles areinsertedin arigid steelstructure,
perpendiculaion the beamaxis and staggeredn depth. They are3 mm thick, andare made
of opticaltransparengranulatedpolystyrenedopedwith scintillating additives'®. An ionising
particlecrossingheTile moduleinducegheproductionof ultaviolet light in thepolystyrenana-
terial,whichis thencorvertedby thescintillatingadditivesto visible bluelight. Two wavelength-
shifting bers collectthislight attheedgewf eachtile, shiftit to alongerwavelengthandguide
it to theinput of two photomultipliers(PMTs). The PMTsarehousedby arigid supportgirder
at the outer edgeof the module,togetherwith the front-endelectronics.The Tile moduleis
sgmentednto a three-dimensionatell structurewhich providesthreeradial samplingdepths.

101.5% para-terphenyl(PTP) and 0.44% 1,4-bis(5-phenyloxazol-2-yBenzeng POPOP) both acting as wave-
lengthshifters.
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Eachcell is obtainedby groupingwavelength-shiftingbers from correspondingiles into two
bundles,.e.onepersideof themodule,andcouplingthe bundlesto two PMTs. Thegranularity
of thecellsis Dh = 0:1, for theinnertwo cells,andDh = 0:2, for the outerone,while the
thicknessf the samplingdepthss approximatvely 1.5,4.1and1.8interactionlenghts(/ i) at
h=0.

The centralbarrelis separatedrom eachextendedbarrelsby a gap of about70 cm. These
gapsprovide spacdor cablesandservicedor thelD, andfor power suppliesandservicedor the
LAr EMB. Therespectie regionsareonly partially instrumentedwith specialmodulesmade
of steel-scintillatorwhich provide the samesamplingfractionastherestof the Tile calorimetey
andwith thin scintillatorcounters Thesedevicesallow partially to recorertheenengy lostin the
crackregionsof the detector The Tile calorimeterhasa total radial lengthof approximatvely
7.41int, andprovidesabout10,000readoutchannels.

Thehadmnic end-capcalorimetes (HECs)usecoppelplatesasabsorberandLAr asactive
medium.EachHEC consistf two cylindrical wheelsarrangeatoncentricallyaroundthebeam
axis. EachHEC wheelis constructedrom 32 identical modules,andit 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 coarserthe modulesbeingmadeof 16 copperplate,each50 mm thick. In bothwheels,the
threeelectrodeslivide the LAr gapinto four equaldrift zonesof 1.8 mm. Eachzoneis supplied
with a high voltageof 1.8 kV via the outerelectrodeswhich determinesan electrondrift time
of about430 ns Thetwo HECsprovide togethera total of 5632readoutchannelsThe active
partof eachHEC correspond$o approximatiely 12/ ;.

The forward calorimetes (FCALS) areplacedat high h, at a distanceof approximatvely

4.7 m from the interactionpoint. Therefore,the FCALs have to copewith a particularly
highlevel of radiation.EachFCAL is dividedinto three45 cm deepmodules.The rst module
(FCAL1) usescopperasabsorbeandis optimisedfor electromagnetimeasurement§.heother
two modules(FCAL2, FCAL3) aremadeof tungsterandmeasurgredominantlythe enegy of
hadronicinteractions EachFCAL moduleconsistof a metalmatrix with regularly spacedon-
gitudinalchannelslled with electrodesBecaus®f thehighdensityof thedesigntheLAr gaps
aremuchsmallerthanin the otherATLAS LAr calorimetersj.e. 0.25 mm (FCAL1), 0.35 mm
(FCAL2), 0.5 mm (FCALZ2). Consequentlythe electrondrift timesare shorter e.g.60 nsin
FCALL. EachFCAL is approximatelyl0/ ;,; deepandprovides1762readoutchannels.

Theenepy resolutionexpectedfor the hadroniccalorimeterss [ATL97]:

s(E) _ 50%
— = p=

S 5 3% ; jhj < 3;
E 100% _
S(E) = —SOTO 10% , 3<]jhj<5 (3.7)

3.2.5 The Muon Spectrometer
The Muon Spectrometeis designedvith atwofold functionality:

to detectthe chagedparticlesthat penetrateéhe calorimetry andto determinetheir mo-
mentumby measuringhe bendingof their tracksin thetoroidalmagneticeld;
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Figure 3.9: Cut-avay view of the ATLAS Muon SpectrometefATL084d).

to triggeronthedetectedarticles.

The rst taskis accomplishedy two high precision-trackingchambersMonitored Drift
Tubes(MDTs)! andCathodeStrip Chamber§CSCs) which cover togetheithe pseudorapidity
rangejhj < 2:7. Thesecondaskis delegatedto two typesof triggerchambersResistve Plate
ChambergRPCs)andThin GapChambergTGCs),which coverthepseudorapidityangejhj <
2:4 (seealso gure [3.9). Thetwo subsystemsf the Muon Spectrometearebrie y describedn
thefollowing sections.

The Precision-tracking Chambers

Thehigh precision-trackingystemaimsto measurehe muontrans\ersemomentunwith ares-
olution of approximatvely 10%for 1 TeV tracks.Thesystemconsistf threebarrellayersand
four end-capisksat eachside. Thearrangemendf thelayersandthedisksis optimisedfor full
coverageand momentunresolution.The barrellayersare arrangedas three concentriccylin-
drical shellsaroundthe beamaxis, at radii of approximately5 m, 7.5 m, and10 m, while the
end-capdisksarepositionedperpendicularlyto the beamaxis,andthey arelocatedat distances
of approximately7.4 m, 10.8 m, 14 m, and21.5 m from theinteractionpoint.

Theprecisionmeasuremerdf thetrackcoordinateareperformedwith MDTs over mostof
thepseudorapidityangecoveredby thetrackingsystem Exceptionmake theinnermosend-cap
disks(2:.0< jhj < 2:7),whichareequippedvith CSCs.

The MDT chambes consistof threeto eightlayersof drift tubes. Eachdrift tube consists
of a 30 mm diameteraluminiumtube,which is operatechat 3 bar absolutepressurewith a gas
mixture of Ar-CO, (93%- 7%). Theionisationchage producedoy a muontraversingthe tube
is collectedata centraltungsten-rheniuniW-Re)anodewire of 50 nm diameter Themaximum

monitoedis givenby aninternalchambemlignmentsystenthatcontinuouslymonitorstherelative positionand
the potentialdeformationf the chambeidueto gravitationalforces.
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drift time, from thewalls of thetubeto theanodewire, is about700 ns. Theachiezedspatialres-
olutionis 80 nm pertubeand35 nm perchamberln total, themuontrackingsystencomprises
1150MDT chamberswhich provide togetherapproximatvely 354,000readoutchannels.

The CSC chambes are multi-wire proportionalchamberswith two cathodesgeachsey-
mentedinto stripsorthogonatto the anodewires. The CSCsare preferredto MDTs in thein-
nermostend-capdisks,the closestdisksto the interactionpoint, becausehey provide a higher
granularity whichis neededo withstandthe high rateandthe backgroundtonditions.Besides
this, the CSCsoffer theadwantageof a smallerelectrondrift time (i.e. < 40 ns), agoodtime res-
olution (i.e. 7 ns),a goodtwo-trackresolutionanda low neutronsensitvity. Thetotal number
of CSCchambersisedin thetrackingsystemis 32, andtheseprovide togetherapproximately
31,000readoutthannels

The Trigger Chambers

Thetriggerchamberdave to provide bunch-crossingdenti cation, provide atriggerwith well-
de ned py thresholds,and measurehe muon coordinatein the direction orthogonalto that
determinedby the precision-trackingchambersThe systemusesRPC chambersn the barrel
region(h  1:05),andTGC chambersn theend-capregions(1:05 h 2:4). TheRPCsare
mountedtogethemwith the MTDs, sothattwo RPCssandwichthe MDTs of the middle barrel
layer, while thethird RPCis locatedcloseto theouterlayer(seee.g. gure [4.3). In theend-cap,
oneTGCis placedin front of thesecondVIDT disk, while two otherTGCsareinstalledbehind
thesamedisk. A fourth TGCsif placedin front of theinnermostrackinglayer.

The RPC chambes are gaseoudetectorgroviding a typical space-timeesolutionof ap-
proximatiely 1 cmx 1.5 ns. Theactive elemenbf theRPCis anarrov gasgap,whichis formed
by two resistive platesplacedin parallelto eachotherat a distanceof 2 mm. The primaryioni-
sationelectronsaremultiplied in avalanchesy anuniform electric eld of about4.5 kV=mm,
andtheresultingionisationsignalis readout via capacitve couplingby metalstripsplacedon
both sidesof the detector An RPC chamberconsistsof two independentletectorlayers,each
measuringhe h andf coordinatesimultaneouslyA muonpassingll threeRPCsin thebarrel
region will determinesix measurementsf track points. This redundantneasuremergrovides
anef cient rejectionof thefake tracksfrom noisehits. The muontriggersystemuses606 RPC
chamberswhich provide in total 373,000readoutchannels.

The TGC chambes are similar in designto multi-wire proportionalchambersput with a
smalleranodewire-to-wiredistancg1.4 mm)thanthewire-to-cathodelistancg1.8 mm). This
featureleadsto a shortdrift time andthusto a goodtime resolution. The TGC chambersare
mountedin suchaway thatthe wires measurdhe R coordinate.The f coordinates measured
by radial copperstrips appliedon the back side of the cathodeplates.A total of 3588 TGC
chamberareusedin the system providing together318,000readoutchannel§ ATLO84|.

3.2.6 The Trigger, Data Acquisition and Detector Control Systems

Thetaskof the ATLASTrigger systemis to reducetheinitial eventrateto anaffordablemass
storagerate,while ef ciently selectinginterestingcandidatesventsfrom the enourmousack-
groundproducedin pp collisions. The Data Acquisition(DAQ) systemis mainly responsible
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for transferingthe selecteddetectorevent datato the permanenstoragemedium,aswell as
for managinghe con guration, controlandmonitoringof the ATLAS sub-detectorgduringthe
data-taking. The two systemspften referredasto oneentity - TDAQ, interactcloselywith a
third system DetectorContmwol Systen{DCS),to ensureeliablephysicsdata-taking.
TheDCSmonitorscontinuouslythe operationatonditionsof thedetectohardware,e.g.gas
pressurespower supplyvoltagesor temperatureacrosanodules.|t signalsary obsered mis-
behaiour by meansof warninganderror ags, and,if neededfakesautomaticallyappropriate
correctve actionsto bring the detectorhardwareinto a safestate.The DCSis alsoresponsible
for thecommunicatiorwith externalsystemsndservicesThemostnotableis thebi-directional
communicatiorwith the LHC. The latter provides overall statusof the acceleratofe.g. shut-
down, lling) orbeamparameterge.g.luminosities beamsizesandpro les), andrecevesfrom
DCSvarioustypesof information,lik e distribution of obsenedbackgroundn thesub-detectors,
or measureduminositiesandtrigger rates. Otherexternalsystemgo which the DCSinteracts
arethe DetectorSafety System(DSS), which monitorsand preventssituationsthat can cause
majordamagesandthe CERN-widesafetyandalarmsystem{ATLO3].
TheTriggerandDataAcquisitionsystemsaredescribedn moredetailin the next chapter






Chapter 4

The ATLAS Trigger and Data
Acquisition Systems

As describedn section3.1.2 the harshenvironmentat the LHC imposessevererequirements
to the designof the detectorand of the trigger system.Two of the main challengesrelatedto
operatingat designluminosity of 10**cm 2s 1, arerepresentedby the pile-up of the low pt
eventsandby the large QCD jet productionthatdominateghe rateof high pr events.In order
to reducetheimpactof the pile-up,the ATLAS sub-detectoraresggmentednto nely granular
cells and featuregood time resolution.However, the reverseof a low detectoroccupang is
a large numberof readoutchannelsand, consequentlyan enormousamountof raw data.For
the given bunch-crossingate of 40.08 MHz, the approximatvely 10® readoutchannelf the
ATLAS detectomproducea total of 1 PByte=s of raw data,a ratethat cannotbe sustainedor
massstoragewith novadaysechnologiesThetaskof thetriggersystemis, thereforeto reduce
theinitial interactionrateof 10° eventsss (= 1 GHz) to aratesuitablefor permanenstorageby
rejectingthe majority of the backgroundandselectingwith maximumef ciency the potential
rarephysicsevents.

The trigger systemhasin additionto deal with anothermajor operationalconstraint,the
highbunch-crossingate.At designuminosity, 25new eventswill beproducedvith eachbunch-
crossingandthetriggerwill haveto make adecisionfor eachevent. However, giventheinterval
betweertwo consecutie bunch-crossings,e. 25 ns, it is notfeasibleto processhesub-detector
eventdataandmalke atriggerdecisionin suchavery shorttime. The solutionto this problemis
to accomplishafull triggerdecisionin successie stagespy usingpipelinedtrigger processing
andreadoutarchitectures.

4.1 The Architecture of the TDAQ System

In orderto meetall theserequirementsATLAS hasadopteda trigger systemwith threelevels
of eventselection:Level-1(L1), Level-2 (L2) andEventFilter (EF). Figurel4.1 describesche-
matically the architectureof the ATLAS Trigger and Data Acquisition (DAQ) systemswhich

areoftencollectively calledthe TDAQ system.
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Figure 4.1: Block diagramof the ATLAS Trigger and Data Acquisition systems.The threelevels of
eventselectionareshavn on theleft-handside,while the DAQ componentsirepicturedon
right-handside.

Thel1 trigger performstheinitial eventselection.It usesreduced-granularitgatafrom all
thecalorimetersubsystemandthe muontriggerchambersto reducethe bunch-crossingateof
40.08 MHz to about75 kHz (upgradeabléo 100 kHz). While the L1 malesits decision,the

nely-granulardetectodatais storedat40.08 MHz in pipelinememoriedocatedon or nearthe
detector The depthof thesebuffers corresponds$o 2.5 ns, andde nes the maximumallowed
decisiontime, i.e. latency for the L1 systerﬁ This meansthatif the L1 doesnot provide a
decisionin lessthan2.5 ns, the detectordatais lost, beingoverwrittenby new eventdatafrom
subsequenbunch-crossingsin orderto copewith this stringenttiming constraint,the L1 is
basedon pipelinedcustom-madéigh-speeclectronicsyunningsynchronouslyith the LHC
bunch-crossindgrequeng. WhenthelL1 acceptsanevent,all thedetectodatastoredin pipeline
memoriesis transferredo anothersetof storageelementscalled Read-OutBuffers (ROBs),
whereit is kept until it is validatedor discardedby the L2 trigger In the sametime, the L1
suppliesthe L2 with so-calledReagionsof Interest(Rols). Theserepresenthe h-f coordinates

1in fact, the 2.5 ns lateny for the L1 represents compromisebetweenthe costfor deepermemorybuffers
andlongertrigger processingime. Also, the actualtargetlateng of the L1 triggeris 2 ns, outof which 1 nsis
accountedor the transmissiorof the detectorsignalsover long analoguecables from the experimentalhall to the
input of theL1 systemjn theelectroniccavern.
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Figure4.2: Block diagramof theL1 trigger

of thedetectorregionswithin which theL1 triggerhasidenti ed interestingphysicssignatures,
andthe selectioncriteriathatwerepassede.g.type of signaturegnegy threshold etc.

Thenext triggerlevels, L2 andEF, areoftencollectively referredasto the High-Level Trig-
ger. Both systemsare software-basedsunningon a large network of commercialcomputers,
andhave accesdo thefull-granularity andfull-precisioncalorimeterandmuondata,aswell as
tothelD trackingdata.ThelL2 triggerusesthe Rol informationto limit theamountof datathat
hasto beaccessefrom the ROBsto about2%. Basedon this, the L2 furtherreducegherateto
3.5 kHz with anaverageprocessingime of about40 ms. Whenthe L2 decisionis positive, an
EventBuilder (EB) systenretrievestherelatedeventdatafrom the ROBs,assembles in asin-
gleformatteddatastructure andtransferst to the EF. Thelatterusesof ine analysisalgorithms
to reducethe eventratedown to the moreaffordablestoragerateof 200 Hz, within anaver-
ageprocessingime of 4 s. The averagesizeof an ATLAS event, after zerosuppresiorand
with nominalsampling,s aroundl.3 MByte, whichleadsto amaximumstoragethrough-puiof
about300 MByte=s [ATL084d. Thethreetriggerlevelsandthecomponent®f the DAQ system
arebrie y describedn thefollowing sections.

4.2 The Level-1Trigger

The L1 trigger searchedor signaturesrom high pt muons,electrons,photons,jets, and t
leptonsdecayinginto isolatedhadrons.lt also selectseventswith large E{"iss and large total
trans\erseenegy (& Er). In orderto reacha decisionin lessthan2.5 ns,theL1 accesseenly
reduced-granularitgatafrom the calorimetryandthe muondetector For the samereasonthe
ID trackingdatais not usedat this stage.Dueto the hugenumberof readoutthannelgprovided
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by thelD, thetime neededo reconstructhetracksanddecayverticeswould exceedthelateng
of theL1 system.

Figurel4.2 shavs a block diagramof the L1 triggersystem.It consistof threemaincompo-
nents:a CalorimeterTrigger (L1Calo)andaMuonTrigger (L1Muon),to procesgheinputfrom
thecalorimeterandthemuondetectoranda Central Trigger Processo(CTP),whichcombines
theresultsof thetwo triggersubsystemsn orderto reachanoverall L1 triggerdecision.

4.2.1 The Calorimeter Trigger

The L1Calois a pipelineddigital systemdesignedo processabout7200analogudrigger sig-
nalsof coarsegranularity i.e. mostly Dh x Df = 0:1 x 0:1, from the entire ATLAS calorime-
try, within a x edlatengy of 1 ns. The analogudrigger signalsdescribeenegy depositsn

the calorimetersThe L1Calo extractsthis information, assignst to the correspondindpunch-
crossing,and usesit to identify variousphysics objectswith high Er andto computeglobal
andscalarenegy sums.The resultsof theseinvestigationsarethendiscriminatedagainstpro-
grammable=negy thresholdsandthe obtainedmultiplicities are passedo the CTP. Addition-

ally, theL1CaloprovidestheL2 triggerwith Rolsinformationwheneertheoverall L1 trigger's
decisionis positive. The architectureandthe algorithmsof the L1Calo are presentedn more
detailin thenext chapter

4.2.2 The Muon Trigger

The L1Muon usesthe tracking measurementperformedby the RPCs(in the barrel region)
andthe TGCs(end-cap)subsystemsf the Muon Spectrometetto identify candidatesvith pr
above six programmabléhresholdsandto assignthemto the correctbunch-crossingFor an
ef cient reconstructiorof the pr over a wide range,the logic of the L1Muon dividesthe six
programmabléhresholdsnto two groups:the rst threethresholdsreassociateavith alow pr
trigger, andcover the approximate Et rangeof 6 9 GeV, whereaghe lastthreethresholds
areassociateavith ahigh pt trigger, andcovertheEr range 9 35 GeV.

The L1Muon trigger algorithmis basedon coincidenceof hits in the differentmuontrig-
ger chambersBy usingone of the stationsasa pivot plane the algorithm searchegor time-
correlatedhits in the othertwo stations(con rm planeg. In the barrelregion, the pivot planeis
consideredhe middle RPC(seeRPC2in gure 4.3), while the outermosfTGC (TGC3)is used
for the samereasonin the end-capregions. The identi cation of a coincidences performed
within a geometricaroad,of which centreis de ned by theline of conjunctionof the hit in the
pivot planewith theinteractionpoint. This line canbe seenasthe pathof a muonwith in nite
momentumthat originatesfrom the interactionpoint. Sucha muonwill traversethe detector
without beingde ectedby thetoroidalmagneticeld. Thewidth of the geometricaroadis re-
latedto the chosenpr threshold,i.e. the higherthe py threshold,the narraver the road. For
anef cient reconstructionthe algorithmusesall six pr thresholdsn the sametime, which re-
sultsin asmary geometricatoadsaroundthein nite-momentumpath.A low pr triggeris then
formedwhena coincidencen threeout of the four layersgivenby RPClandRPC2(barrel)or
TGC2andTGC3 (end-cap)s found. A high pt triggerrequiresalow prt coincidenceand,in
addition,a hit in oneof thetwo layersof RPC3TGC1 (seeagnin gure [4.3). Thealgorithmis
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Figure4.3: The ATLAS Muon Trigger Chambersandexamplesof muontracksgeneratingriggers.

performedsimultaneouslyn bothprojectiongh-f in thebarrel,R-f in theend-cap)in orderto
reducesigni cantly the rateof accidentatriggersdueto low-enegy particles,i.e. thermalised
slow neutrondeakingfrom calorimeterandshieldingmaterials.

Theresultsobtainedn the barrelandend-cagpregion arecombinednto onesetof threshold
multiplicities for eachbunch-crossingandsentto the CTR As in the caseof theL1Calotrigger,
theL1Muon providestheL2 triggerwith RolswheneerthelL1 triggeracceptanevent.

4.2.3 The Central Trigger Processor

The CTP combinesthe information receved from the L1Calo and the L1Muon to make the
overall Level-1 trigger decision,within a lateny of 100 ns. For this, the CTP implements
a trigger menuof up to 256 programmablérigger items, eachof which represents logical
combinatiorof 1 to 256triggerconditions.For example atriggeritem couldbethecombination
of two trigger conditions: an e=g candidatewith Ey > 10 GeV, anda muon candidatewith
pr > 15 GeV. The overall L1 trigger decisionis then obtainedby logically OR'ing all the
items of the trigger menu. The outputtrigger signal generatecby CTP is calledthe Level-1
Accept(L1A), andit is distributedto all the ATLAS sub-detectorandreadoutelectronicsvia
the Timing, Trigger and Contmwol (TTC) system.A positive L1A initiatesthe transferof event
relateddatafrom the front-end (FE) pipeline memoriesto the ROBSs. First, the event datais
transferredo derandomisinguffers, to accommodat¢he maximuminstantaneougl output
ratewithoutintroducingsigni cant dead-time Subsequent|ydatafrom multiple derandomisers
is megedinto a prede nedATLAS format by ReadoutDriver (ROD) modules,to reducethe
numberof links, andthentheresultingdatastreamsaresentto the ROBs (seeagnin gure 4.1).
A positive L1A will alsodeterminghelLl1 subsystemso readoutto DAQ copiesof the digital
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dataon which the trigger decisionwas based,in orderto allow a veri cation of the proper
functioningof the system.

TheCTPis alsoresponsibldor generatingwo typesof dead-timen the system:preventive
dead-timeand dead-timethrougha busy signalfrom the DAQ system.In fact, the CTPis the
only entity in ATLAS that hasthe ability to introducea dead-time.The preventive dead-time
is neededo avoid the over ow of the FE derandomiserdt is a programmablgarameterthe
typical settingsusea minimum of 4 bunch-crossingaftereachL1A andup to 8 L1As within
awindow of 80 ns. The secondype of dead-timeis generatedvhenoneor moreRODs ag
thattheir databuffersarealmost lled. In suchcaseshe CTPslowsdown thelL1 outputrate,by
introducinga dead-timeuntil the RODs cansafelybuffer dataagain.

Lastbut notleast,in additionto forming thetriggerdecisionthe CTP hasthetaskto receie
timing signalsfrom the LHC machine e.g.the 40.08 MHz bunch-crossinglock, andprovide
themto all the ATLAS sub-detectorsia the TTC system[ATL084.

4.3 The High-Level Trigger and the DAQ

The Level-2trigger consistsof a large network of commercialPCs( 500), linked by a high-
capacityswitchednetwork. It usesdetectordataatfull granularityin orderto re ne theselection
madeby L1. Becaus¢he numberof readouthannelsvailableatthis stageis huge,andbecause
theaverageprocessingimefor oneeventis 40 ms,thelL2 cannotaccesshecompletedetector
data. Instead,it usesthe Rol informationprovided by the L1 to accesonly a small fraction
( 2%)of theeventdatastoredin theROBs. The Rol informationis recevedby anRol Builder
(RolB, seeagpin gure [4.1), which assemble# into a singledatastructureandforwardsit to
the L2 supervisor(L2SV). The latter requestghe relateddatafrom the ROBs, assignst for
analysisto one of the processingunits of the L2 (L2PUs), and delieversthe L2PU's result,
i.e. acceptor reject,to the DataFlow Manager(DFM). The ROBs are physically implemented
on PCl mezzaninecards,locatedin ReadoutSystem(ROS) units, which areimplementecdon
sener-classPCs.Whenan eventis rejectedby the L2 trigger, the DFM requestdhe ROSsto
deletetherelateddatafrom the ROBs. If the L2's decisionis positive, thenthe DFM instructs
an event-huilding nodecalled Sub-Farm Input (SFI) to pull out the eventrelateddatafrom the
ROBs,andto assemblét in a singleformatteddatastructure. Whenthe event-tuilding process
is completedthefull reconstructedventis providedto the EventFilter. Subsequentlythe DFM
noti es the ROSsto deletethe eventrelateddatafrom the ROBs.

The EventFilter is madeof = 1600computingfarm nodes,eachof which consistsof two
2.5 GHz quad-coreCPU's [Ara09. Becausét hasaccesgo thefull ATLAS event,the EF can
runalgorithmsadaptedrom theof ine reconstructionTheaverageprocessindgime pereventat
thisstageis 4 s. Theeventsselectedy the EF aresentto the Sub-FRarm OutputnodeqSFO),
andfrom thereto the CERN's centraldata-recordindacility, for massstorage.



Chapter 5

The ATLAS Level-1 Calorimeter
Trigger

The Level-1 CalorimeterTrigger (L1Calo)is a pipelineddigital systemusingcommercialand
customelectronicslt is entirelyhousedutsidetheexperimentahall, in aseparateindeground
electronicscavern called USA15. The systemreceves and processe¥ 168 analoguesignals
from all the ATLAS electromagnetiandhadroniccalorimetersTheinput signals,oftencalled
trigger-tower signals,describedepositf transerseenegy (Et) in multiple calorimetercells,
andthey areformedby analoguesummationin the detectors front-end(FE) electronics.The
granularity of the trigger towersis Dh x Df = 0:1 x 0:1 for jhj < 2:5, and coarserat larger
pseudorapidityalues.TheL1Caloprovidesresultsto the CTPwithin 2 nsaftertheppcollision
hasoccurred.About 1 ns of this lateng is assignedo the electronicsof the L1Calo, the rest
beingaccountedor cablepropagtiondelaysupstreananddownstreanof the system.In order
to copewith the timing requirementthe L1Calo algorithmsare implementedn Application-
IntegratedCircuit (ASIC) andField-Programmabl&ateArrays (FPGAS).

5.1 The Architecture

The L1Calo consistsof threemain subsystemsthe PreProcessor(PPr),the ClusterProcessor
(CP) andthe Jet=Enegy-sumProcessor(JEP)(see gure [5.1). The PPrrecevesanddigitises
the 7168analogudriggertower signals extractsa correspondinder valuefrom eachpulseand
identi es it with a speci ¢ bunch-crossingThe digital resultsare thentransmittedin parallel
to the subsequergubsystemsThe CP identi es isolatedclustersof electronsphotons tausor
hadrons.The JEPidenti es jet objectsandcomputeglobal sumsof total, missingandjet-sum
Er, basedon a coarsemgranularinput,i.e. 0:2 x 0:2 in Dh x Df . Thetwo processorsliscrimi-
nateagainstprogrammablehresholdghe Et of eachidenti ed objectandthe computedenegy
sums.Theresultingthresholdmultiplicitiesin eachprocessoare rst meigedto obtainsystem-
wide results,andthensentto the CTR The latter combineshe datareceived from the L1Calo
andL1Muonto form the Level-1 Accept(L1A) decision.Uponreceving the L1A signalfrom
the CTR the L1Calo subsystemg&ransmiteventrelateddatato the DAQ system via dedicated
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Figure5.1: Block diagramof the Level-1 CalorimeterTriggersystem.

ReadouDriver (ROD) modules.Thesedataconsistof triggertower enegiesandprocessinge-
sults,to allow theveri cation andthemonitoringof thetriggeroperation.In thesametime, Rol
information,comprisingthe type andlocationof theidenti ed objectsandthe enegy sums,is
passedo theL2 Rol Buildervia anothersetof ROD moduleqL1C084.

All theL1Calo componentsireg VME systemsThe PPrandthe ROD usethe standard
VMEDbus systemwhile the CP andJEPusea custombackplaneanda reducedvMEbusimple-
mentation.TheL1Calocomponentandalgorithmsarepresented moredetailin thefollowing
sections.

5.2 The Analoguelnput

Thessignalsreceived from the LAr andTile calorimetershave a differentshape.In caseof the
LAr, thechage collectedby the readoutelectrodegletermines triangularwaveformwith less
thanl nsrisetime, anda linear decaythat correspondgo the electrondrift time in the LAr
gap(see gure [5.2a). Theionisationpulsefrom eachcalorimetercellis rst ampli ed, to reduce
the sensitvity to noisein the next stagesof the FE electronics,and then shapedby bipolar
shapersto optimisethe signal-to-noiseatio. The outputof the shaperis a signalwith a rise
time of 50 nsandalong negative undershootThe positive part of the signal spansover 5
bunch-crossingsandits integral and peakamplitudeare proportionalto the enegy deposition
in the calorimetercell [Lig08]. In caseof the Tile calorimeterthe currentpulsesprovided by
the PMTsaremuchfaster mainly dueto the optical propertiesof the wavelengthshifter bers.
Thesesignalshave arisetime of about5.5 nsanda FWHM? of about15 ns. In orderto allow
a commonprocessingf the LAr andTile calorimetersignalsin the trigger system,the PMT

ltheelectronicamodulesare366 mm high and400 mmwide.
2full-width at half maximum
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Figure5.2: LAr ionisationsignalandfront-endelectronicgesponsefterbipolar shaping(a), anduni-
polarshapedsignalfrom the Tile calorimeter(b).

outputis shapedto an unipolar signalwith a FWHM of  50ns similar to that of the LAr
pulseqTil96] (see gure [5.2b).

Thesignalsirom multiple cellsaresummedy the FE electronicf eachcalorimeteisystem
to form triggertower signalsfor the L1 system.The analoguesummationis performedsepa-
ratelyfor theelectromagnetiandhadronidayersof thecalorimetry Thenumberof calorimeter
cells summedto form a trigger tower variesfrom a few in the end-capaup to 60 in the elec-
tromagneticbarrel. The trigger towers are adjacentand projectie to the interactionpoint in
the h direction,andthey coverthefull depthof the givencalorimetedayer The granularityof
thetowersis Dh x Df = 0:1 x 0:1 for jhj < 2:5, and coarserat larger pseudorapidityalues.
The analoguesumsfrom the LAr EMB and EMEC calorimetersare proportionalto the Er,
andthe amplitudesof thesesignalsare linear up to the maximumlevel speci ed by the trig-
ger, i.e. 256 GeV Er = 2.5 V. Theanaloguesumsfrom the Tile andthe LAr HEC andFCAL
calorimeterglescribeonly theraw enegy E depositedn thetriggertowers.Also, in theoverlap
region betweerthe EMB andEMEC (1:375< jhj < 1:475)andin the FCAL thetriggersums
areonly preliminary As describedabit later, the nal summationsandthe corversionto Et for
thehadronicsignalsareperformedby anoff-detectorelectronicsystem)ocatedin the USA15,
upstreanof theL1Calo.

The triggertower signalsare driven differentially from the detectorto the USA15 cavern
over 616 16-way twisted-paircoppercablesof variablelength. The shortestcablesare those
providing signalsfrom the LAr barrelcalorimeteri.e.  30m, while the cablescarryingsig-
nalsfrom the Tile extendedbarrel calorimetersarethe longest,i.e. 70m. In additionto the
triggertower signals,the cablesfrom the Tile calorimetertransportalsosignalsfrom the third
samplinglayer Thesesignalsareaddressetb the L1Muon, to sene asadditionalinformation
for backgroundsuppressionandthusthey have to be separatedrom the triggertower signals.
This operationis doneby a systemof patchpanelscalledTile CalorimeterPatchPanels(TCPP)
(see gure |5.3). TheTile triggertower signalsandall theanaloguesumsfrom the LAr calorim-
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Figure5.3: Thehandlingof theanalogueriggersumsfrom the calorimetergo theinputof theL1Calo.
Thenumbergyivenin the gure indicatethe amountof twisted-paircablesneededo trans-
portthesignalsbetweervarioussystems.

etersarrive attheinput of a Recever=Monitor systemof which mainfunctionsaresummarised
in thefollowing:

Gain adjustment. TheRecever systermusedinearvariable-ginampli ers (VGAs)to ad-
justtheamplitudeof eachinputsignalto thecorrectvoltagescalej.e.10 mV =1 GeVEr.
For signalsfrom the hadroniccalorimetergTile, LAr HEC andFCAL) the gain factoris
proportionalto sing, in orderto corvertthe respectie triggertower enegiesfrom raw E
to Er. TheVGAs arealsousedto compensatéor signalattenuatior( 40%)in thelong
cablesfrom the detectorsThe referencevoltageof eachVGA is controlledvia a 12-bit
Digital-to-AnalogueCorverter(DAC);

Signal summing. In two caseghe Recever systemperformsfurther analoguesumma-
tions: for the overlapregion betweerthe EMB andEMEC, andfor the hadroniclayersof
theFCAL (FCAL2, FCAL3), to reducethe h granularityattheinput of theL1Calo;

Signal re-ordering. The analoguesignalsarrive at the input of the Recever systemin
an order mainly determinedby the structureof the calorimetersThe Recever system
rearrangeshe signalsat the outputin the orderrequiredby the L1Calo, i.e. typically one
16-way twisted-paircableprovidesa 0.4 x 0.4 patternin the h-f space;

Monitoring . In the FE electronicsof the calorimetersthe analoguesignalsfrom thein-
dividual cells are sampledanddigitised at 40.08 MHz, andthesevaluesarethenstored
in pipeline buffers during the L1 trigger lateng. Therefore,with the experimentalhall
closed thereis no possibilityto examinethe propertieof theanaloguecell signalsat that
stage. This is only possiblein the Recever system via the analoguetrigger sums.The
Monitor part of the Recever systemprovides the facility to pick off a programmable
numberof input triggertower signals, and display or measurethem with an oscillo-

scopg Cle0q, [Eis03.
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A numberof outputsignalsfrom the Recever systemareroutedto theinput of a Recever
to PreProcessoPatch Pannelssystem(RPPPswherefurther orderingof the trigger sumsis
performed L1C074. The RPPPoutputandtherestof the outputsignalsfrom the Recever are
thenroutedto theinput of the PreProcessa@ystemthe rst processingtageof thelL1Calo.

5.3 The PreProcessor

5.3.1 Tasks

The tasksassignedo the PPr systemcan be divided into pre-processingand readouttasks.
The pre-processintpsksreferto the preparatiorof the analoguecalorimetertrigger signalsfor
digital processingn the CPandJEPsystemandthey canbe summarisedsfollows:

Conditioning of the analogueinput signals. Thetriggertower pulsesarrive attheinput
of thePPrasdifferentialsignalswith amplitudesof 1.25V. Thesignalshaveto becon-
vertedto single-endedorm, andan appropriategain andbaselindevel hasto be applied
in orderto mapthe ssignalsinto thedigitisationwindow, i.e. 1 V.

Digitisation. Theanalogussignalshave to bedigitisedwith 10-bitresolutionatthebunch-
crossingfrequeny of 40.08 MHz. Also, in orderto improve the enegy resolution,the
digitisation strobeshould be adjustedin sucha way asto enablethe samplingof the
analoguegoulsesattheirmaximumamplitude.

Synchronisation of the trigger-tower data. Thetriggertower signalsarrive in the PPr
asynchronouslyvith respectto eachother This is dueto the differenttime-of- ight of
the particlesfrom the interactionpoint to the calorimeter anddueto the differentsignal
path-lengthdrom the detectorto the input of the PPt Therefore,after digitisation, the
triggertower pulsesoriginatingfrom the sameevent have to be alignedin time, to allow
theL1 triggerto make a properdecisionwith respecto eachbunch-crossing.

Bunch-crossing identi cation (BCID). The triggertower pulsesare several bunch-
crossingsn width andhave amplitudesproportionalto Er. For eachpulse,the PPrhasto
nd the peakmaximum,extractthe correspondinder andassignthis valueto a speci c
LHC bunch-crossingThe BCID algorithmshave to be adaptedo all pulsesin thelinear
range0-256 GeV andin the saturatedegion.

Final Er calibration. The outputof the BCID algorithmsis a 10-bit Ey value, which
includesalsothe baselinelevel appliedduring the conditioningof the analoguepulses.
This contritution hasto be subtractedandthenthe new Er valuehasto be mappedrom
10-bit to 8-bit, in orderto reducethe datawidth on the links to the L1Calo processors.
Thisleadsto anominalEr resolutionof 1 GeV percount.

Data preparation for transmission. The PPrhasto provide the JEP with 0.2 x 0.2
elementsn orderto reducethe numberof links betweenthe two systemsThe jet data
is obtainedby summingfour 8-bit Ey valuesfrom four adjacenttrigger towers. Also,
the summationhasto be performedseparatelyfor electromagneti@and hadronictrigger
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towers. Theresultingvalueis 10 bits wide, andit hasto betruncatedo 9-bit data,with a
resolutionof 1 GeV percount.To the CR, the PPrhasto provide the 8-bit calibratedE+
value. In orderto reducethe numberof links to the CP, the PPrhasto multiplex into one
serialstreamthe 8-bit Et resultsfrom two triggertowersadjacentn f .

Data transfer to L1Calo processors.The pre-processingesultshave to be sentto the
CPandJEPvia 11 m long serialLow-VoltageDifferential Signalling(LVDS) links, ata
datarateof 400 Mbit=s. The PPrhasto ensurehereliability of thetransmissiorover the
long cablelinks, sothattheerrorrateis negligible.

The readouttasksreferto providing differentdatatypesto the DAQ and DCS systemsn

orderto ensurea continuouscontrollingandmonitoringof the systemandof thetriggeritself:

L1 accepteddata. This consistsof multiple 10-bit digital sampleswvhich describethe

developmentof eachpulse,and of the corresponding-bit Et calibratedvalues.These
dataaresampledatdifferentpointsalongthereal-timepre-processinghain,andpipelined
into dedicatednemoriesUponthereceptionof theL1A signalfrom the CTR thePPrhas
to extractthedatarelatedto theacceptedaventfrom thememoriesandsendit to the DAQ

system.

L1 unbiasedmonitoring data. The PPrhasthe possibilityto computeenegy ratesand
spectrafor eachtrigger channel basedon the 10-bit digital samplesor the 8-bit Et val-
ues.The accumulatiorof this monitoringdataaswell asits retrieval from the systemis
doneindependentlyf theL1 decision.

Non-event baseddata. Thisincludesenvironmentalparameterthatensureghe operation
of thehardwarei.e. supplyvoltagesandtemperatureacrosdifferentpartsof thesystem.
Thesedataaresendto the DCS system.

5.3.2 Hardware Realisation

The PPr systemconsistsof 124 hardware-identicalPreProcessorModules (PPMs), eachof
which beingdesignedo proces$4 analogudriggertower signalsfrom four input cables.The
PPMsareorganisedinto eightcrates. Two of thesecratesare equippedwith 14 PPMs,while
the othersix hold 16 PPMs.SectionA.1/in appendixA givesadditionaldetailsaboutthe PPr
crateorganisationandcoverageof the experiment(seee.g. gure [A.5). Apartfrom PPMs,each
crateholdsalso:

one9U Timing Control Module (TCM), which interfacesthe PPrto the TTC andDCS
systems:it recevesfrom the TTC systemLHC protocol signals,e.g. the 40.08 MHz
bunch-crossinglock, the L1A signal, etc., and distributesthemto all the PPMsin the
crate,andforwardstemperatur@ndvoltageinformationfrom the PPMsto DCS;

one6U SingleBoard Computer(SBC) actingasthecratecontroller to con gure, control
andmonitorthe PPMsover the VMEDbusinterface;

39U VME crateswith 21-slotVME64xP backplanegVIPA-standard).
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14 or 16 Rear G-Link TransmitterModules- Optical Tx (RGTM-0Os), mountedon the
backsideof the PPrcrate to transferthe PPMeventrelateddatato a correspondindgrOD
module.

Figure5.4 shavs a photographof a PPM. The moduleis con guredasa 9U PrintedCircuit
Board(PCB)thatmainly carries23 daughterboardandseveralbondedprogrammablelevices.
The 64 input differential signalsare receved throughfour connectorson the front panel,and
conditionedon four 16-channelAnalague Input Boards (PPrAnins). The conditionedsingle-
endedsignalsarethenroutedto 16 4-channeMulti-Chip Modules(PPrMCM), wherethe main
signalprocessingakesplace.TheEr resultsare rst serialisedcandcorvertedto LVDS form on
thePPrMCMs,andsentto anLVDSCableDriver (LCD) cardwhichforwardsthemin real-time
to the L1Calo processorsThe event datais accumulatedn the PPrMCMs. Upon the receipt
of the L1A signal,the datarelatedto the acceptedeventis sentto a ReadoutManager FPGA
(ReM_FPGA), which formatsit and sendsit to DAQ, via correspondinfRGTM-O and ROD
modules.The ReM_FPGA hasalsothetasksto transfercon gurationandcontroldatafrom the
VME to on-boardprogrammabldocations,andto collectanddeliver monitoringdatato VME.
The LHC protocol signalsarrive on the PPM encodednto a single serial stream.A Timing,
Trigger andContmwol ReceivelChip(TTCrx), locatedonaTTC Decodel(TTCdec)daughtercard,
decodeghe input streamand delivers the protocol signalsto the ReM_FPGA, which further
distributesthem to multiple locationson the PPM. Lastly, a Fujitsu microcontrollercollects
informationabouttemperatureandvoltageson the PPM via an ATmega microcontrolley and
sendghemto DCSovera CAN-businterface.
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Figure5.5: Analoguesignal-handlingn onePPrAninchannel.

The following sectiongpresentorie y theimplementatiorof the pre-processingndread-
outtasksin hardware.Additional detailsaboutthe functionality of the PPM will emege from
chapters/and?.

Conditioning of the Analoguelnput onthe PPrAnin Boards

The input differential signalsare routeddirectly from the front-panelconnectorgo the four
PPrAninboardsEachPPrAninrecevesandpreparesor digitisation16inputsignals.Figure5.5
describeschematicallthe analoguesignalprocessingperformedn onechannelof a PPrAnin
board.Theinputanaloguesignalis rst routedto adifferentialline-recever, which corvertsit to
asingle-endedignal.Subsequentlyhesignalis fannecutinto two copies Onecopy is takento
anoperationabmpli er, whichrescaleshesignalin orderto matchthedigitisationwindow. The
analogudriggertower signalshave amplitudeaup to 2.5 V, while thedigitisationvoltagerange
is 1 V wide". Therescalings achieredby applyinga x edsignal-gin factorG = 0:43 for the
operationabmpli er. In the sametime, an 8-bit programmabléigital-to-AnalogueConwerter
(DAC) suppliesa DC-level offsetthroughthe non-irverting input of the operationalampli er,
in orderto shift the baselineof the single-endedignalandto ensurethatthe amplitudeof the
signalis entirely visible to digitisation. The voltageoffset canbe setin stepsof 2.4 mV, from
1.65V, whichcorrespond$o a DAC setting0, upto 2.26 V (255). Theoutputof theoperational
ampli er is thenroutedto a corresponding®PrMCMfor digitisationandfurtherprocessing.

Theothercopy of theinitial single-endedignalis takento theinput of acomparatgrwhich
discriminatesbetweenthe input signalanda voltagethresholdprovided by another8-bit pro-
grammableDAC. The voltagethresholdcanbe adjustedn stepsof 10 mV. The outputof the
comparatotis a digital signal,which is setto the logic value 1 wheneer the input signal ex-
ceedghevoltagethreshold andto 0 otherwise.This meanghatthe comparatomarksthe LHC
bunch-crossingluringwhichthesignalss above theappliedthreshold. Thedigital signal,called
ExternalBCID (ExtBCID), is routedto acorresponding®PrMCM,whereit is usedby theBCID
algorithms.

424V (Vree) 0.5 V.
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Figure 5.6: ThePreProcessaviulti-Chip Module. In orderto preventoxidation,the diesandthe wire
bondsare coveredwith a glob-topmaterial,andthe areain betweenthe connectorss en-
capsulatedvith abrasdid. In orderto remove the heatproducednsidetheenclosedareaa
heat-sinkis mountedon the backside This canbeobseredin gure 5.5

The DACs on the four PPrAninboardsare setover Serial Peripheralinterface (SPI) data
buses.The con guration datais rst loadedoverthe VME to the ReM_FPGA, andthentrans-
ferredfrom theReM_FPGAto the DACsoverthe SPIbuses.

Signal Processingon the PPrMCMs

The main signalprocessings performedon the 16 PPrMCMs.EachPPrMCM carries9 wire-
bondednaked diesthatprocesdour input single-endedriggertower signals(see gure |5.6):

four Flash Analague-to-DigitalCorverters (FADCs) to digitisetheinput signals;
onePHOS4timing chip (PPrPHOS4jo strobethefour FADCs;

one custom-hilt 4-channelASIC chiﬁ5 (PPrASIC),which performsthe triggerspeci ¢
dataprocessingsynchronisatiomf the signalsfrom the samebunch-crossingBCID and
nal Ey calibration,anddatapreparatiorfor transmissiorio L1Caloprocessors;

threeLVDSserialises for serialtransmissiorof the digital Er valuesto the CPandJEP
systems.

At the input stageof the PPrMCM, eachanaloguesignal is viewed by a low-pass Iter,
to reducethe high-frequeng noisecomponeﬂﬁ. Subsequentjythe signalsaredigitised by the
FADCs, with 10-bit resolutiod andat the bunch-crossindrequeng of 40.08 MHz. The 1l V
input voltagerangeof the FADCs correspondso 0 256 GeV Et depositedn a giventrigger
tower. ThismeanghatoneFADC countcorrespondso 244 MeV.

Sthe chip wasdesignedat the Kirchhoff-Institute for Physics,Heidelbeg. Its die sizeis 8.370 mm x 8,375 mm
usinga 0.6 nm CMOStechnology

bthelow-passlter reducesalsothe amplitudeof theinput signalby about20%. In orderto compensatéor this
effect, the signalsareactuallyrescaledn the PPrAninboardsto matcha voltagewindow of 1.2 V [Web08§.

’in fact, the FADCs have a 12-bit resolution,but the two leastsigni cant bits arediscardedi.e. the outputpins
arenotconnectedo thedesign.
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The digitisation strobesare provided by the PPrPHOS4.The device allows alsoto adjust
the phaseof the strobeswith 1 nsresolution,within the LHC bunch-crossinglock period of
25 ns,in orderto samplethe input signalsat their maximumamplitude.The phase-adjustment
canbecon gured separatelyor eachdigitisationstrobe.The con guration datais loadedfrom
the VME to the ReM_FPGA, andthentransferredto the PPrPHOS4over an Inter-Integrated
Circuit (1°C) databus.

Theresulting10-bit digital signalsareroutedto the PPrASIC,wherethey aredigitally pre-
processedThe functionality of the PPrASICis describedn the next section. For the moment
it shouldbe mentionedhatthereal-timeoutputof the PPrASICconsistf three10-bit parallel
datastreams.Two of thesestreamsprovide calibratedEy valuesfor the CR while the third
streamprovidesjet Er sumsfor the JER The datastreamsaretaken to the input of the three
LVDS serialisersgachof which serialisesonestreamto a rate of 400 Mbit=s, andtransmitsit
to theLCD board.

Trigger-speci ¢ Data Processingon the PPrASIC

The four 10-bit FADC datastreamsare processedn parallelin the PPrASIC.Figurel5.7 de-
scribesschematicallythe dataprocessingoperationsperformedin one PPrASIC channel At
theinput stage the FADC datais rst registeredwith the 40.08 MHz LHC clock. Becausdhe
phaseof the digitisationstrobess displacedwith respecto the LHC clock in the PPrPHOS4,
the PPrASICoffersthe possibility to latch the input dataeitheron the positive or the negative
edgeof the LHC clock, in orderto avoid metastabilityfailures.The choicebetweenthe two
optionsis doneaccordingto the size of the phase-displacemenitg. the delay settingapplied
in the PPrPHOSA4After latching,the FADC datais passedhrougha 4-bit deepx 10-bit wide8
synchronoustIFO°, whereit is delayedwith a programmablenumberof bunch-crossingsin
orderto alignit with thedigital signaldataprocesseéh the otherPPrchannelsThedepthof the
FIFO correspondso 16 bunch-crossinger 400 ns,whichis sufcient to compensatéor delays
dueto differencesn cablelengtl@ aswell asfor delaysinducedin the electronicsupstreanof
the PPrsystem.

The 10-bit outputof the synchronisatiorFIFO is thenfannedout and routedto the input
of the BCID algorithms.The PPrASICimplementshreemethodsfor bunch-crossingdenti -
cation: onemethodfor non-saturategulses,a seconcdonefor saturategulses,andathird one
that usesthe output of the comparatorson the PPrAninboards,i.e. the ExtBCID signals,to
checkthe consisteng of the rst two methods.The rst BCID methodusesa digital pipelined
Finite ImpulseRespons¢FIR) Iter to sharperthepulse,andapeak- nderto identify the pulse
maximumandmarkthe correspondindgpunch-crossingTheFIR lter storedn internalregisters

ve consecutie 10-bit samples:onefrom the currentbunch-crossingand otherfour samples
from the previousandthe following two bunch-crossingsThesevaluesare rst multiplied with
4-bit con gurablecoefcients, andthenthe ve resultingvaluesaresummedogether The rst

8j.e. 16 locations,eachof which 10 bits wide
9First-In First-Outmemorybuffer.
10the twisted-paircablesthat carry triggertower signals,from the detectorto the electronicsin USA15, have
lengthsbetweerB0and70 m. Thus,assumingasignalpropagtiondelayin thetwisted-paircablesof 5 ns=m, the
maximumdelaydueto differencesn cablelengthcanbeestimatedo 200 ns.
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andthelastcoefcients aresigned,i.e. they cantake valuesfrom -7 to +7, thereforethe largest
possibleresultyieldedby thesummatioris 16-bitwide. Thisvalue(S,) is thenpassedo a Peak-
Findermodule,which comparest with similar dataobtainedfor the previous (S, 1) andthe
following (S+ 1) bunch-crossingdf oneof thefollowing two conditionsis ful lled:

S1+1 Sh>Sh1 )
S+1<S>S 1 (5.1)

thenthe PeakFindemassertsan 1-bit ag to mark the currentbunch-crossing.Eachof the
two conditionspresentedibore de ne an operationalmode, and the choice betweenthe two
modesis donevia a con gurablePPrASICparameterThe”BC Mark” ag is sentto the BCID
Decisionblock, of which functionalityis describeda bit later.

At high luminosity, pulsesdescribingvariousenegy depositspile up andgive rise to sat-
uratedsignals. In the calorimeterfront-endelectronicsthe analoguesaturationof the trigger
tower signalsoccursat about3 V. However, in the PPrthe digitisationwindow of the FADC
is limited to 2.5 V. This meanghatamplitudesequalto or higherthanthis valuewill berep-
resentedy the maximum10-bit digitisationcount,i.e. 1023. For very large saturategoulses,
the saturatiorievel extendsover multiple consecutie bunch-crossingln thesecasesthe peak-
nder algorithmdescribedibore cannotreliably identify the correctbunch-crossingTherefore,
a separate®CID methodwasimplementedor saturategulses.The methodassumeshatthe
the shapeof the rising edgeis not distortedby signal saturationandthusthe peakingtime is
still 50 ns In consequencéwo sampledeforethevirtual peakarelocatedontherising edge,
the rst samplepointing to the origin of the pulse.Upon detectinga saturatedFADC value,
i.e. 1023, the algorithmdiscriminateghe sampledrom two previous bunch-crossingsigainst
two programmablehresholdsto determinethe origin of the pulse.Basedon the resultspro-
vided by thesecomparisonsthe peakingtime is addedto the origin of the pulsein orderto
determinethe positionof the virtual peak. The correspondindpunch-crossings marked by as-
sertingan1-bit ag, whichis thensentto theBCID Decisionblock. A moredetaileddescription
of theBCID methodfor saturategulsess givenin [Pfe99.

A copy of the 16-bit FIR Iter output(S,) is routedto a DropBits module,which truncates
theinput to a 10-bit dataword. The selectionof the 10 bits is doneaccordingto the value of
a programmabléstartBit parameterin his turn, the StartBithasto be de ned accordingto the
settingsappliedfor the FIR Iter coefcients, in orderto maximisethe enegy resolution. For
example,if the FIR lter coefcients aresetto f0,0,1,0,@, thenthe six mostsigni cant bits
(MSBs) of the 16-bit S, sumwill always be setto zero, while the other 10 bits will re ect
the FADC datafor the currentbunch-crossingln this case the DropBits modulehasto be be
con guredto alwayscut off the six MSBs. The resulting10-bit datais thensentto a Look-Up
Table (LUT), which extractsthe nal Er for thetriggeralgorithms. The LUT is a 10-bit deep
memorybuffer thatstoresB-bit con gurableEy values.The10-bitinputdatais usedasmemory
addresssothatthe8-bit LUT outputre ectsthememorycontentindicatedby theinputaddress.
The8-bit Et valuesaresetin suchaway asto allow for pedestasubtractionnoisesuppression
and nal Er calibrationin the sametime. The 8-bit LUT outputis sentto the BCID Decision
block.

The task of the BCID Decisionlogic is to allocatethe three BCID algorithmsto enegy
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"BC Mark” Register BcidDecisionRegisters
(3-bit) (8-bit)
PeakFinder Saturated ExtBCID | BitNr | Regl 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 relationto the bit numberof the
threeBcidDecisiorregisters Notethatthe rst BecidDecisiorregisteris allocatedo theupper
enegy region,thesecondo themiddleregionandthethird to thelowerregion.Also, all three
BcidDecisionregistersarecon gurable. The 8-bit valuesgivenin this tablerepresendefault
settingsfor theseregisters,andthey areshovn hereonly asanexample.

levels. For this, the module divides the 10-bit enegy rangeinto threeregions, via two pro-
grammableenepgy thresholdsanddiscriminatesa 10-bit enegy input againstthesethresholds.
Theenegy inputis given eitherby the 10-bit outputof the synchronisatiorFIFO or the 10-bit
outputof the DropBits module,the choicebetweenthe two datasourceseingdonevia a De-
cisionSourcecon gurable parameterin the sametime, the BCID Decisionmapsthe 1-bit "BC
Marks” receved from the PeakFindeand Saturatedalgorithmsandthe ExtBCID signalinto a
3-bit register afterthey were previously synchronised.The resulting3-bit valueindicatesthe
bit numberof three8-bit con gurableBcidDecisionregisters eachregisterbeingallocatedo an
enepy region. For example,if the PeakFinderesultis 1, the Saturatedesultis 0 andthe ExtB-
CID hit is 1, thenthiswill indicatethe fth bit of the BcidDecisionregisters(seee.g.table5.1).
If therespectie bit of ary of theseregistersis setto 1, andthe 10-bit enegy inputfallsin the
relatedenepgy range,thenthe BCID Decisionmodulevalidatesthe 8-bit calibratedEt value
recevedfrom the LUT. Otherwise|f theseconditionsarenot met,the BCID Decisionsetsthe
sameEy valueto zero. This alsomeanghatthe off-peakdigital sampleswill alwaysbe setto
zero.

Data Preparation and Transfer to the L1Calo Processors

TheseEr resultsof the BCID Decisionlogic, calledin the following BCID-LUT values,are
sentto the outputstageof the PPrASIC wherethey arepreparedor transmissiorio the L1Calo
processors.For the CR, the PPrASIC multiplexes at eachbunch-crossinglock tick the 8-bit
BCID-LUT datafrom two channelsnto onel0-bit paralleldatastreamThis leadsto two PPrA-
SIC outputdatastreamdor the CP. For the JER a copy of the 8-bit BCID-LUT datafrom all
four channelss summednto one9-bit 0.2x 0.2dataword. Thisis achievedin two steps, rst by
pre-summinghedatafrom two channelsandthenby summingthetwo preliminaryresultsand
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truncatingthe nal 10-bitsumto 9 bits. Thebunch-crossingnultiplexing andjet sumalgorithms
aredescribedn section7.2.5 Also, themappingof the PPrASICchannelsn theoutputstreams
to CPis explainedin sectionA.2|

Thethreel0-bit paralleldatastreamsareroutedfrom the PPrASICto the PPrMCM-LVDS
serialiserchips,which corvert theinput datato LVDS serialdatastreamsandsendthemto the
LCD daughtercardThe LCD recevesin total 48 serialstreamdgrom the 16 PPrMCMs.Its tasks
areto duplicatethe signalsnearthe f edgesof the PPM,in orderto allow the algorithmsof the
L1Caloprocessorso scanef ciently the boundariesof the quadrantsn azimuth,andto drive
all the signalsover 11 m long cablesto the object- nding processorskor the latter task, the
LCD appliesan RC pre-compensatiortp minimise the degradationof the signalsduring the
transmissiorover thelong LVDS cables.

Readoutand Monitoring Operationson the PPM

Theevent-basedatathatthe PPrhasto provide to DAQ consistof 10-bitraw FADC data,8-bit
BCID-LUT dataandthe 1-bit "BC Marks” providedby thethreeBCID algorithms.This datais
continuouslyaccumulatedn two pipelinememoriesn eachPPrASICchannel(seePipeMem-
ADC andPipeMem-LUTin gure 5.7). Uponthereceiptof the L1A signalfrom the CTP, each
PPrASICcopiesa programmableumberof eventdatawordsfrom the pipelinememoriesnto
correspondinglerandomisebuffers, andthentransfershe respectre datato the ReM_FPGA,
overtwo serialinterfaces.The ReM_FPGAassemblethe eventdatafrom all 16 PPrASICsn a
pre-de nedATLAS format,andtransferst to the DAQ. For varioustestinganddeluggingap-
plications,theReM_FPGAkeepsn local memorybuffersanunformatteccopy of the PPrASIC
data,from whereit canbeaccessedver the VME interface.

The PPrASICshave alsothe capabilityto accumulatehannel-wiseenegy depositionrates
and distributions of depositeder above programmabldhresholdsbasedeither on the 10-bit
raw FADC dataor the 8-bit BCID-LUT data. The respectie algorithmsare implementedn
two modulescalledRateMeteringandHistogramming.The monitoringdataproducedy these
modulescanbereadout from the PPrASICindependentf the L1 triggerdecision. Thetaskto
retrieve this datafrom all the 16 PPrASICsis assignedo the ReM_FPGA. The device places
the monitoring contentinto an on-boardStaticRAM (SRAM) memory from whereit canbe
accessedaver the VME. The implementatiorof the Rate Metering and Histogrammingtools
in the PPrASIC,the contentof the datathey provide and the mechanismthroughwhich this
datais readout from the PPrASICsaredescribedn section6.6. Also, the functionality of the
ReM_FPGAIs presentedn greatdetailthroughouthe next chapter

The PPrASICscanalsoinject digital test-vectordatain the pre-procesinghain,in orderto
allow a functionalveri cation of the digital part of the L1Calo system.The test-\ectordatais
loadedfrom the VME, over the ReM_FPGA andthe serialinterfaces to dedicatedL1-bit wide
playbackmemoriesn the PPrASICs.Upontheactivationof a correspondingperationamode,
the PPrASICsinsertthe contentof the playbackmemoriesnto the synchronisatiorFIFOs, re-
placingthe 10-bit FADC dataandthe 1-bit ExtBCID signal.

Lastbut notleast,the PPMsprovide temperaturandsupplyvoltagevaluesto the DCS sys-
tem,in orderto allow the monitoringof the physicalaspect®f the hardware. Thetemperatures
aremeasuredy meansf diodesimplementedn the PPrASICsandin the ReM_FPGA, while
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the supplyvoltagevaluesare provided by anon-boardpover managerThesedataarereceved
by the ATmega microcontroller which providesthemto the Fujitsu microcontroller for trans-
missionto DCS,andto the VME for local monitoringanddeluggingpurposes.

5.4 The Cluster Processor

5.4.1 Trigger Algorithms

The ClusterProcessordenti es isolatedelectrons,photonsand hadronict decays,andcom-
putesmultiplicities of identi ed e=gandt candidateshatpassvariousEr thresholdconditions.
Theseanvestigationsusethe 8-bit calibratedriggertower Et valuesprovidedby thePPrsystem,
andthey extendoutto jhj < 2:5, which is thelimit for precisionmeasurementwith the Inner
Detectorandthe electromagneticalorimeters.

The e=g andt =hadronalgorithmsarebasedon a window of 4x4 triggertowersin boththe
electromagnetiand hadroniccalorimeterayers(see gure 5.8a). The window is divided into
two regions: a core, formedby the central2x2 trigger towers,and an isolation ring given by
the remaining12 towers. The algorithmsslide the window by onetower in boththe h andf
directions,within the allocatedtrigger space At eachstep,several Er sumsarecomputedand
evaluatedagainstprogrammablehresholds.

The e=g algorithm searchedor narrav high Er electromagnetishoversthat extend over
maximumtwo trigger towers,andthatdo not penetratahe hadroniccalorimeter while the t =
hadronalgorithmsearchegor t decaysnto collimatedclustersof hadronsthatleadto enegy
depositionsn boththe electromagnetiandhadroniccalorimetersFor this, thealgorithms rst
computethefollowing Er sums:

four electomayneticclusters, to measuréhe Et of thecandidatdriggerobject. Theseare
obtainedby summingeachtwo adjacentowersin the electromagneticore,andthey will
bein thefollowing referredto as$y;

onehadrmnic core cluster, by summingthefour towersof the hadroniccore(S,);
four hadmonic clustess, by summingeachof thefour S; sumswith the S, sum(Sg);

oneelectomayneticisolationsum by summingthe 12 towersof the correspondingsola-
tionring (&).

onehadmnicisolationsum by summingthe 12 towersof thecorrespondingsolationring

(S)

Thesesumsarethencomparedagainstprogrammablder thresholdsn orderto identify an
e=g or a t=hadrontrigger candidateobjectwithin the given algorithmwindow. The following
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Figure 5.8: Schematioview of the trigger algorithmsperformedby the ClusterProcessorthe sliding
window of 4x4 towersandthe Ey sumsusedfor the e=g andt =hadronalgorithms(a), and
theRol declusteringb).

conditionsmustbeful lled:

S > E_Ie_mclusler
S E?ad;core ;
S > E?ad;cluster
S E_(I?mlsolatlon :

S E?ad;isolation : (5.2)

wherethe rst andthethird conditionsaresufcient to beful lled by only oneS; sumor one
S3 sumrespectiely, while the secondconditionis appliedonly to the e=g algorithm,in orderto
ensurehatthe shaveris containedn the electromagneticalorimeter

Thealgorithmscontainl6 setsof programmablé& thresholdseachsetrepresentinge.com-
binationof clusterandisolationthresholdsEight of thesethresholdsaredirectly assignedo the
e=g algorithm,while the othereightcaneachbe programmedo be usedeitherby the e=g or by
the t =hadronalgorithm.

Whena candidateobjectis identi ed, a corresponding-bit multiplicity counteris incre-
mented!. However, becausehe algorithmwindow is slidedby onetower in boththe h andf

Hywhenthe counteris setto its maximumvalue,i.e. 7, no furtherincrementatioris permitted.
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Figure5.9: Thehandlingof thetriggertower dataon the CPM [Hil06].

direction, thereis a signi cant probability to identify the sameobjectin morethanone over
lappingwindow. In orderto avoid the multiple countingof a candidateobject, an additional
conditionis imposedfor boththe e=g andt =hadronalgorithms.The central2x2 towersof both
theelectromagnetiandhadroniccoresare rst summedogethetto form a clusterRol, andthis
is thenrequiredto bealocal maximumcomparedvith its eightoverlappingnearesheighbours,
asshavn in gure 5.80. This requirements sometimeseferredasto declustering The (h,f)
coordinate®f the local maximumarethenincludedin the Rol informationfor the L2 trigger.
The 16 multiplicity resultsaresentto the CTP[L1C04], [L1C084.

5.4.2 Hardware Realisation

The ClusterProcessois a four cratesystem.Eachcrateprocesses$-bit calibratedEt values
fromonef quadrantandhostsl4 ClusterProcessoModules(CPMs)thatcarryoutthecluster
nding algorithms,two CommonMerger Modules(CMMs) that producesystem-wideresults,
andoneTCM to distribute the LHC protocolsignalsin the crateandto transferervironmental
parameterso DCS.

EachCPM canprocess64 algorithmwindows arrangedn an array of 4x16 (hxf) trigger
towers.In orderto form the overlappingwindows, eachCPM usesadditionaltriggertower in-
formationfrom regionsadjacenin h andfrom the boundarie®f the corresponding quadrant,
so that the trigger spaceviewed by eachmodule consistsof 7x20 (see gure [5.9). Sincethe
cluster nding algorithmsrequiredatafrom both the electromagneti@nd hadroniccalorime-
ters,this meanghateachCPM recevesEr datafrom atotal of 280towers. Out of these, 160
Er valuesarereceved directly from the PPrsystemvia 80 serialLVDS links. Theremaining
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Figure 5.10: Block-diagramof a ClusterProcessoModule[Hil06].

120 Ey valuesarerecevedfrom the neighbouringCPMswithin the samecrate,over the back-
plane. The cluster nding algorithmsarecarriedout on eachCPM by eight CP FPGAs Each
device processesgight overlappingwindows arrangedn a 4x2 arrayof triggertowerswithin a
5x7 region (seeagain gure [5.9).

The CPMsareimplementedas9U PCBs. Figurel5.10shaws a block-diagranof the CPM.
The 10-bit serialdatastreamdrom the PPrenterthe modulethroughthe cratebackplane They
are rst convertedto parallelform, andthenroutedto 20 Serialiser-PGASs whichre-serialisghe
dataat 160 Mbit=s andtransmitst to the CPFPGA. Threequartersof theresultingdatastreams
areduplicatedandsentto the neighbouringnodulesover the cratebackplaneThe CP FPGAs
de-serialiseandde-multiplex the input datastreamsand procesghe triggertower information.
Theresultsof this processingndicatewhich thresholdsvere passedandthey are sentto two
HitCount FPGAs Thesedevices computeoverall multiplicity resultsfor an entire CPM, and
transmitthesedatato the two CMMs in the crate. In orderto monitor the performanceof the
CPM, oneReadoutContwller (ROC) FPGA providesto the DAQ triggertower Et values,as
receved by the SerialisersFPGAsfrom the PPy and processingesultsfrom the CP FPGAs.
A secondROC FPGAis employedto transmitRol informationto the L2 trigger Thetransfer
of readoutdatato DAQ is initiated uponthe receiptof an L1A signalfrom the CTRP. TheL1A
signal and the other LHC protocol signalsreceved via the TCM are decodedby a TTCdec
card,identicalto theoneusedonthe PPM. Also, a Fujitsumicrocontrollercollectstemperature,
supplyvoltageandcurrentinformationfrom the board,andprovidesit to the DCS, via a CAN-
busonthebackplaneandthe TCM in thecrate.

The two CMMs produceoverall crateresults,by summingthe multiplicity datafrom all
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Figure5.11: Thealgorithmwindows of thejet trigger. The shadedareasndicatethe Rols.

CPMs.OneCMM in the four CP cratescombinesthe resultsfrom all four cratesto produce
system-wideesults,which arethensendto the CTP. For testinganddehuggingpurposesthe
module,crateandthe systenresultsareprovidedto the DAQ [Hil06], [L1C084.

5.5 The Jet=Energy-sumProcessor

5.5.1 Trigger Algorithms

TheJetEnegy-sumProcessoidenti es hadronigetsandcomputegylobalsumsof total, miss-
ing andjet-sumEr, basedon the Dh x Df = 0:2 x 0:2 jet sumsprovided by the PPrsysterHZ.

Thejet algorithmcoverstheregion jhj < 3:2, which representshe limit of the end-capaccep-
tanc@%, while thetotalandmissingEr algorithmscovertheentireATLAS triggerspace.

The Jet Trigger

Thejet algorithmis basedona0.2x 0.2 jet elementwhichis formedby summingthe electro-
magneticandhadronic9-bit Er sumsrecevedfrom the PPr Thejet elemenis usedto construct
jetwindowsof differentsizes:2x2,3x3 or 4x4 jet elementsi.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 boththe h
andf directions.At eachstep,atotal jet Et is computedor eachwindow by summingthejet
elementsandthis enegy valueis thenevaluatedagainstprogrammabléhresholds.

As for thee=g andt =hadronalgorithms alocal maximumtestis performedn orderto avoid
countingmultiple timesthe sameobject. For this, a 2x2 jet Rol is constructedy summingfour
adjacenjet elementsFor a jet window with 2x2 or 4x4 jet elementdhereis only onepossible
window for eachRol, while for awindow with 3x3jet elementgour possiblevindows surround

12notethatthe PPMsthatprocesgriggertower signalsfrom theend-capregions2:9 < jhj < 3:2 provide 0.3x 0.2
jet sums dueto thetriggertower granularityin thoseregions(seee.g. gures|A.3,/A.4 andA.5).

133 jet algorithmfor the FCAL regions,i.e. 3:2 < jhj < 4:9, is currently not implemented put foreseen. The
possiblescenariogor atriggeron forwardjetsarepresentedn [L1C04].
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eachRol (seeagpin gure [5.11). In this lattercase pnly thewindow with the highestEt sumis
usedfor thelocal maximumtest.

Thejet algorithmconsistof eightsetsof thresholdseachof whichis a combinationof ajet
Er thresholdanda choiceof ajet window size. Whena local maximumis found andthetotal
Er sumof ajet window is greaterthanthe appliedthresholda corresponding-bit multiplicity
counteris incrementedThe coordinatesf the jet Rol are passedo the L2 trigger, while the
eightmultiplicity resultsaresentto the CTP,

Energy-sumsTriggers

Thetotal Er is computedby summingthe Er of all jet elementsThe resultingenegy value
is comparedagainstfour thresholdswhich cantake valuesupto 2 TeV in 4 GeV steps.Each
comparisorproducesan 1-bit result,whichis thensentto the CTP,

For the missingEs trigger, it is assumedhatthe vectorialsumof the measuredEr equals
the samesumof the undetectedEr (EMSY. Therefore the EfsSis estimatedaccordingto the
formula:

miss P °N °N .

whereN representghetotal numberof jet elementswhile Ey; andEy;j representhe projection
of the measuredEr on the x- andy-axis respectiely for a given j jet element. The latter are
calculatedhsfollows:

Eyj= Er sin(fj) (5.4)

wheref j representshe azimuthalcoordinateof the givenjet element.

Thus, the EI"Ss algorithmmultiplies rst the Er of eachjet elementwith cos® andsinf to
obtainthe trans\erseenegy components£, and Ey, andthendetermineshe global & Ex and
a Ey values.Lastly, aLUT is employedto performthe nal quadraturedditionandto compare
with eightthresholdsn a singlestep.As for thetotal Et algorithm,eachcomparisorproduces
an 1-bit result,whichis thensentto the CTR

Thetotal jet Et is basedon the eight 3-bit multiplicity resultsof the jet triggeralgorithm.
Thejet countsarecorvertedto trans\erseenegy valuesby multiplying themwith appropriate
factorsthattake into accounthatajet candidatecould have passednorethanoneEy threshold.
TheresultingEt valuesarethensummedandcomparedagainstfour thresholdsandtheresults
aresentto CTP[L1CO04], [L1CO084.

5.5.2 Hardware Realisation

The JetEnegy-sumProcessois a two cratesystem.Eachcrate processe®-bit jet Er sums
from two oppositef quadrantgbadk-to-badk), andhostsl 6 Jet=Enegy-sumProcessoModules
(JEMs)thatcarryoutthejet andthe enegy-sumalgorithms two CMMs andone TCM.
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Figure5.12: Block-diagramof a JetEnegy-sumProcessoModule [Sch0§.

Each JEM processes core region of 4x8 (hxf) jet elementsAs for th CP, in orderto
form theoverlappingwindows, thejet algorithmrequiresadditionalinformationfrom theneigh-
bourhoodof the coreregion. Therefore the effective region scannedoy eachJEM is 7x11jet
elementswide. Out of the total of 77 jet elementsd4 arereceved directly from the PPy the
remaining33jet elementeingrecevedfrom the neighbouringnodulesn thesameJEPcrate.

The JEMis alsoa 9U PCB.Figure5.12 shaws a block-diagranof the JEM. EachJEM re-
ceived datafrom the PProver 88 serialLVDS links. Out of these 44 streamgrovide 0.2x 0.2
electromagnetiet sumswhile theother44 provide similar hadroniget sums.The 10-bitinput
dataenterthe modulethoughthe cratebackplaneandthey areroutedto four input daughter
cards,namedasR,S,TU in thesame gure 5.12 Eachinput daughtercar¢anhandle24 data
streamsandconsistof four 6-channelLVDS deserialiserandonelnput FPGA Thedeserialis-
erscorvertthe 10-bitinput datato parallelform. The Input FPGAsextractsthe 9-bit jet sums,
andforms10-bitjet elementdy summingcorrespondinglectromagnetiandhadroniget sums.
Thejet elementarethenmultiplexedat 80 MBit=s andsentto a Jet FPGA which performsthe
jet- nding andthetotaljet Er algorithms.Also, theInput FPGAscomputethe E,.j andEy;; val-
ues(seeagnin equationb.4) andthejet elementer sum,andsendthemto theanothemprocessor
FPGA, calledSumFPGA, which carriesout the othertwo enegy-sumalgorithms.Additionally,
the Input FPGAsduplicate3=4 of thejet elementsandsendthemvia the cratebackplaneo the
neighbouringmodules.The multiplicity countscomputedoy the JetFPGAandthe SUmMFPGA
aresentto thetwo CMMs in thecrate.

As theCPM, the JEM hastwo ReadoutController(ROC) FPGAswhich collectandtransmit
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readoutdatato the DAQ andRol informationto the L2 trigger. The modulesare hostedon a
readoutdaughtemodule (RM). The readoutdataconsistsof jet sumsreceved from the PPt
andjet andenepgy-sumresults.The JEM hostsalsoa TTCdeccard,to decodehe LHC protocol
signals,anda CAN controllerto provide ervironmentalparameterso DCS.

Thetwo CMMs in the cratehave a hardwaredesignidenticalto the CMMs usedby the CP
systembut they run differentversionsof rmw areon local FPGAs. This is possiblebecause
both CPandJEPusea commoncustombackplane As in the CP case thetwo CMMs produce
crate-leel multiplicity results,andoneCMM in thetwo cratesmergesthe resultsfrom thetwo
cratesto producesystem-wideresults. In contrastto the CR the CMMs of the JEPsystemdo
not senddatato DAQ, but to the L2 trigger Theseconsistsof total valuesof Ey, Ey andEr and
thethresholdresultsfrom thetotal Et, EMsSandthetotal jet Et algorithms[Sch0§, [L1C084.



Chapter 6

The ReadoutManager of the
PreProcessoModule

Themaintaskof the PPrsystemis to preparehe 7168analogudriggertower signalsfor digital
processin@gt subsequerdgtagesn theL1Calo. Theinput signalsareconditionedandcorverted
to digital form, anda trans\erseenepy (Et) valueis extractedfrom eachpulseandassigned
to the correctbunch-crossingThesedigital Er valuesform the basisof the trigger decision.
They aretransmittedn real-timeto the CP and JEPsystemswhich usethemto identify small
andlarge physicsobjectsandto computeglobalenegy sums.Subsequent|ythetwo processors
counthit multiplicities of thedifferenttypesof triggerobjects andsendthemto the CTP. Based
on this information,aswell ason informationreceved from the Muon Trigger, the CTP takes
adecisionwith respecto eachevent. If positive, thenthe CTP distributesthe L1A signalto all
the ATLAS sub-detectorandreadoutelectronicssystemsandthe nely-granular detectordata
relatedto theaccepteaventis examinedby the next levelsof the ATLAS triggersystem.

This meanghatthe bulky analoguanput from the calorimeterss reducedat the outputof
thel1 triggerto only onebit, i.e.theL1A, andthatthe analoguecalorimetettriggersignalsare
availableonly in the PPrsystem.Thereforejn orderto allow veri cation of thetriggerdecision
andof the operationof the L1Calo componentsthe PPrmustprovide real-timedigital values
relatedto the acceptecevent to the DAQ system. Rav FADC dataand calibratedEt values
arepermanentlyextractedfrom the pre-processinghainandpipelinedinto separatedcrolling
memories(see gure [6.1). Uponthe receiptof the L1A signal,eachPPM readsout the event
relateddatafrom the memoriesandsendst to the DAQ via anexternalROD module.This op-
erationis handledby anon-boardrield-Programmabl&ateArray (FPGA)basedlevice, called
ReadoutManager(ReM_FPGA). The device collectsthe event datafrom the distributedloca-
tions, processed in thespeci ed ATLAS format,andprovidesit to a RearG-Link Transmitter
Module - Optical Tx (RGTM-0O), mountedon the back side of the PPr crate,for high speed
serialisatiorandtransmissiorio the ROD.

In additionto thereadoupath,thePPrmustprovide aninterfaceto thecomputingnfrastruc-
ture of theexperiment for con guration, controlandmonitoringof the system.Theinterfaceis
realisedvia a standard/ersaModule Eurocarddatabus (VMEbus). ThePPMis con guredasa
VME slave, andits communicatingartneronthe VMEDbusis the cratecontrollerCPUmounted
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Figure6.1: Simpli ed view of the maindatapathson the PreProcessdviodule.

in the rst slotof thePPrcrate. Theinterfaceis mainly usedfor settingupthePPM.AIl thePPM
on-boardcomponentprovide setsof con gurableparameterso allow e xibility in steeringor
dehuggingthe operationof the system Apart from that, the interfaceis usedfor retrieving the
monitoringdataproducedby the PPrASICs Ratesandenegy spectraof real-timeraw FADC
or calibratedenegies, are continuouslyaccumulatedor eachtrigger channel,independenof
ary triggerdecision.Thesedatacanbereadout periodicallyfrom thesystemandusedfor mon-
itoring theactivity in the ATLAS calorimetersLastbut notleast theinterfaceis usedfor testing
anddehluggingthe operationof the PPMin alaboratory ervironment Unformattedcopy of the
event datais madeavailable at low bandwidthto VME, to compensatéor the absencef the
DAQ requisites

As for the readoutcase,the tasksof collecting and transferringdatafrom VME to PPM
on-boardcomponentsandin reversedirection,are delegatedto the ReM_FPGA. This chapter
describesn detail the functionality of the ReM_FPGA and the implementedalgorithms.The
deviceis aXilinx VirtexE (XCV1000-E)FPGA,andits behaiour wasde ned usingthe Verilog
hardwaredescriptionanguaggHDL).
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Figure 6.2: Block diagramof the of the ReM_FPGA.

6.1 Functional Overview

Figure6.2 shavs a block diagramof the ReM_FPGA. The device interfacesto several distinct
communicatiorsystemsfo receve andtransmitdatafrom andto multiple PPM on-boardand
externalcomponents:

a VME databus connectghe ReM_FPGA with the cratecontroller CPU. Software ap-
plications,running on the cratecontrollet transfercon guration dataover the VMEbus
to the ReM_FPGA, which thendistributesit to on-boarddestinations Sameapplications
caninstructthe ReM_FPGA,via commandandcontrolregistersto collectreadbacldata
(i.e.con gurationdatafrom thesourcesandPPrASICmonitoringdata)or PPrASICevent
relateddata,andto placeit in locationsvisibleto VME. Additionally, the controllingsoft-
warecanaccessver the VME informationaboutthe operationaktateof the PPM. The
ReM_FPGA gathersinto dedicatedVME registersbitwise statusanderror datareceved



62

TheReadoutManager of the PreProcessoModule

from theinterfaceddevicesor generatedby its internalalgorithms;

four unidirectional Serial Peripheralinterface (SPI) data busesare accessedy the
ReM_FPGA to transfercon guration datato the DACs mountedon the four PPrAnin
boards;

two Inter-IntegratedCircuit (12C) databusesprovide the ReM_FPGA with accesdo the
16 PPrPHOS4andto the Timing, TriggerandControlRecever Chip (TTCrx), locatedon
the TTC Decoder(TTCdec)daughtercardThe ReM_FPGA transferscon guration data
to thesedevices,andreadsbhackcon gurationdataonly from the TTCrx (the PPrPHOS4
is notreadablé;

32 bidirectional serial data links interface the ReM_FPGA to the 16 PPrASICs.The
ReM_FPGA writes trigger con guration datato the PPrASICs,andreceves, in a mul-
tiplexed streamyeadbackreadoutandstatusdata;

onebidirectionalparalleldatabusconnectthe ReM_FPGAwith anon-boardStaticRAM
(SRAM) device. The SRAM actsas a physical extensionto the ReM_FPGAs internal
memoryresourcesThe ReM_FPGA storesin the SRAM copiesof the settingsloaded
from VME anddatareadbackfrom the PPrASICsandthe TTCrx;

16unidirectionaldatalinesareusedby theReM_FPGAto transfetheprocesse®PrASIC
eventrelateddatato the ROD, viathe RGTM-O;

multiple singledatalines provide the ReM_FPGA with control and statusdatafrom the
communicatinglevices,or areusedby the ReM_FPGATto transmitsimilarinformationto
the samedevices;

Apart from these the ReM_FPGA hasthe taskto supplyits communicatingpartnerswith

clock pulses.The ReM_FPGA recevesthesesignalsfrom two PPMcomponentsThe rst one
is an on-boardcrystal oscillator (PPM_XTAL), which providesa 40.00 MHz pulsetrain. The
secondcomponenis 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 The PPMXTAL clock s providedto the RGTM-O, aspartof the transportprotocol
of eventdatato this device, and drivesthe relatedlogic in the ReM_FPGA. The clock pulse
suppliedoy the TTCdeccardis distributedto all deviceson thereal-timedatapath,andit drives
mostof the ReM_FPGAs internallogic. Additionally, theinput clock from the TTCdeccardis
usedby the ReM_FPGAto generatea clock pulsefor the transportprotocolof the 12C andSPI
databusesj.e. 100 kHz and2 MHz respectiely.

6.2 Communication with the On-board and External Devices

6.2.1 The Interface to VME

EachPPrcrateis equippedwith aSingIeBoardComputeE (SBC)which senesfor thepurposes
of settingup, controllingandmonitoringthe operationof the PPMs.The moduleis connected

1yP315from ConcurrenfTechnologies
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Figure6.3: Schematiadepresentationf the VME implementatiorfor the PreProcessdystem.

to all PPMsvia aVMEbussystemonthe backplaneof the PPrcrate. Theway the datais trans-
ferredbetweerthe SBC andthe PPMsfollows thestandard/ME protocol[VMES87]. Figure6.3
describeschematicallthecommunicatiorbetweerthetwo modulesontheVMEDbus. It should
benotedthatthe gure doesnotattemptto describehewhole setof VME sub-tusesandhand-
shale signalswhich the modulesaccesgluring their communication put only thosethat are
relevant for the operationof the ReM_FPGA. The SBC, being the crate CPU unit, playsthe
role of themaster It takescontrol of the VME databus, andinitiatesreadwrite bus cyclesto
transferdatato andfrom oneof theslavePPMsinstalledin thesamecrate. Theslaveprotocolis
implementedbn the PPMin a Complex Programmablé.ogic Device calledVME _CPLD. The
non-\olatile characteristiof thedevice ensureshatthe VME interfaceis enabledassoonasthe
systemstartsup. But, dueto the reducedinternalresourcegjenerallyfeaturedby CPLDs, no
complex processingf the VME requestsanbe performedon the device. Instead the attribu-
tions of the VME _CPLD aremainly limited to decodinganddistributing the VME requestgo
othertwo deviceson the board:the ReM_FPGAandthe FlashLoadCPLD?.

The VME addressindines encodeinformationaboutthe device that hasto take over and
procesgheincomingrequest.The VME modelimplementedn the PreProcessasystemuses
the A32 addressingnode.EachPPM occupies8 MByte of addressspace by usingthe rst
23 leastsigni cant bits of the addressbus (A[22:0]) (see gure |6.4). The uppertwo bits of

2the device administrateshe communicatiorwith a local non-wlatile FlashRAM memory Firmwarebinaries
for the ReM_FPGA, andthe four FPGAsof the LVDS CableDriver (LCD) daughtercardganbe uploadednto the
FlashRAM memoryvia the VME interface to laterfacilitatea fastloadingto therelateddevices. More detailsabout
thefunctionality of the FlashLoadCPLD andthe FlashRAM memoryarepresentedhere[Han09H.
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this range(A22, A21) are usedto further subdvide the addresspace.The rst 2 MByte are
allocatedfor accesgo statusandcontrolregistersof the VME _CPLD andthe FlashLoadCPLD
devices,while the other6 MByte areallocatedfor accesgo all registersandmemorylocations
interfacedby or availablein the ReM_FPGA. The otherbits of the A32 addres$usareusedfor

crateandmoduleidenti cation. The four mostsigni cant bits (A[31:28]) de ne the CratelD,

andthey aresetto a x edvaluﬁ, i.e.OxC (in hexadecimal).Thenext ve mostsigni cant bits
(A[27:23]) encodethe geagraphicaladdress i.e. they encodehe positionof the modulewhich

is beingaccessed oneof the 21 slotsof the crate. The VME _CPLD compareghese ve bits
agpinsta hardwiredslot address availableon the backplaneof the crate,to determinewhether
theincomingVME requesis addressetb the PPMonwhichit operates.

The 32-bit VME addressus is only routedto the VME _CPLD. The device distributesa
sub-sebf addressindinesto the ReM_FPGA or the FlashLoadCPLD, accordingto the values
of the bits A22 and A21. Although the PPM-VME addressingnodeallows byte-wiseaccess
on the bus, all the ReM_FPGA locationsin the addresspaceare 4-byte aligned. This means
thatthetwo leastsigni cant bits of theaddresspacgA[1:0]) arenever usedfor addressinghe
ReM_FPGA.As a consequenceanly 21 bits (A[22:2]) areroutedfrom the VME _CPLD to the
ReM_FPGA.Theinput 32-bit databus (D32) is fannedout on the boardandroutedto all three
devices. Thehandsha& protocolbetweerthe VME _CPLD andtheothertwo slavesensureshat
only onedevice haswrite accesdgo the databus at atime, in orderto presere the integrity of
thedataonthe VMEDbus.

The modelof communicatiorbetweenthe VME _CPLD andthe ReM_FPGA is similar to
themasterslavecommunicatiorrealisedbetweerthe SBCandthe PPMon the VMEbus. Upon
identifying a VME requesfor the ReM_FPGA,the VME _CPLD distributestherelatedaddress
dataanda setof control signalsto the ReM_FPGA, while holding the VMEDbus cycle active.
Thesecontrol signalsare copiesof the mainhandsha& signalsinvolvedin the SBC-PPMcom-
munication,and thereforethey permanentlyre ect the stateof the VMEbus cycle: VmeAd-
dressSeIec(AS’@), VmeDataSelec{DS*) and VmeWrite (WRITE*) (seeagain gure 6.3).
The ReM_FPGA respondsvith anacknavledgesignal,i.e. VmeReady(DTACK®*), afterit has
latchedthe input VME addressanddata,andit has nished processinghe VME request.The
acknavledgesignaldeterminegshe VME _CPLD to endthe currentVMEDbus cycle. Addition-
ally, the ReM_FPGA cangenerataninterruptsignal,andprovide it to the cratecontrollervia
the VME _CPLD andthe VME Priority InterruptBus. The hardwarelevel canbe programmed,
onascalefrom 1 to 7 (IRQ1-IRQ7),via a con guration registerin the VME _CPLD. Also, the
8-bit interruptvectortablecanbe con guredvia the sameregister[Sch09. However, currently
neitherthe designof the ReM_FPGAs rmw arenor the ATLAS Online Software considerthis
aspect.

Sthe ATLAS Online Softwareandthe testdehug applicationsareinstalledandrunningon the SBC. Thereforea
separatéD for eachPPrcrateis notneededAlso, the Run Controller the componenbf the Online Softwarewhich
coordinateshe data-takingactvities in the experiment,is connectedo eachPPr cratevia high-speecdEthernet,
and getstold explicitly which hostto access.In contrast,an indivudual crateID is neededo accesghe Fuijitsu
microcontrollerandthe TTCdecvia the Timing ControlModule(TCM). ThisID is hardwiredby adedicatednodule,
whichis mountedon the backsideof eachPPrcrate,in oneof thefreebackplanesiots.

4the asteriskbehindthe signalnameindicatesa low-active signal. This notationis usedthroughoutthe current
andthenext chapters.
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Figure 6.4: Theaddresspaceof the PreProcessdviodule[Han09h.

The actualprocessingf the VME requestin the ReM_FPGA consistsof transferringdata
betweerthe VMEbus andtheregisteror memorylocationsindicatedon the addressus, in the
formatrequestedby theconsumerin addition,theReM_FPGAhasto ensureghattheprocessing
is realisedwithin themaximumallowed periodof time for the VME cycle. TheVMEbussystem
limits the durationof the cycles\ to avoid the communicatiorto hang,when eitherthe master
hasissuedanaddresshatthe slavedoesnot recognisepr whenthe slavetakestoo long time to
resohetherequesbf themaster If thetime out conditionis met,thenthe VMEbussystemgen-
eratesa Bus Error (BERR) signal,whichin ATLAS operationindicatesa failure of the system,
andmay abortthe operationof the supervisingsoftware. CertainVME requestslik e thetrans-
fer of con guration datato the PPrAnIn-DACs or PPrPHOS4spr the readbaclof registerdata
from the PPrASICsor TTCrx, cannotbe completedwithin one VME cycle, dueto the timing
characteristicef the databusesaccessetly the ReM_FPGA duringthetransfer In suchcases,
the ReM_FPGA closesthe VME cycle assoonasit hasacknavledgedtherequestand ags in
dedicated/ME statugegisterstheprogresof theoperatiorandtheavailability of therequested
data.Lastbut notleast,the ReM_FPGAdoesnot provide a fail-safemechanisnior thosecases
in whichthesoftwaretriesto accesanunallocatedaddressThereforejt is theresponsibilityof
the softwareto issueavalid addressThe VME addresspaceof theReM_FPGAIs presentedn
appendixB, sectionB.1.

6.2.2 Accesdo the On-board SRAM

A synchronousstatic RAME device is implementedon the PPM to extendthe internalmem-
ory resource®f the ReM_FPGA. The SRAM is mainly usedto facilitate the transferof data
to VME. Readbaclof con guration datafrom PPrASICsor TTCrx or monitoring datafrom
PPrASICsgcannotbe collectedanddeliveredto VME in onetransfercycle, dueto their sizeand

Sthis parametetis con gurable,andit is typically setto 16 or 256 ns[Joo05
6K7M323625Mfrom SamsundElectronic§Sam03
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time of acquisition.The ReM_FPGA assemblethesedatainto dedicatedlocksin the SRAM,

from wherethe softwarecanaccesst throughthe VME. Otherusageof the memoryrefersto

storingcon guration dataloadedfrom VME. Therearetwo distinctcases.In the rst one,the
ReM_FPGA placesa copy of eachsettingloadedfrom VME, which is designatedo otheron-
boardcomponentshanthe ReM_FPGA, to sene asreference In the secondcase the software
loadsdirectly several distinct con guration patternsfor eachPPrASIC PlaybackMemory in

dedicatedocationsin the SRAM, andtheninstructsthe ReM_FPGAto pick up acertainpattern
andtransferit to the PPrASICs(seesection6.4). A detaileddescriptionof the way the datais

storedin the SRAM is givenin sectionB.2.

The SRAM hasa 20-bitaddressange whichis entirelymappedo the VME addresspace.
EachSRAM memorylocationis 36 bits wide, andalthoughthe ReM_FPGA hasaccesgo the
full width, only the lower 32 bits are entirely visible to VME. The otherfour bits are mostly
unusedand not accessibldrom VME. The exceptionoccursfor thosememoryblocks which
storereadbackof con guration data. The correspondingipperfour bits of theselocationsare
usedby theReM_FPGAto indicatethevalidity of thestoreddata. Themechanisnthatsetsthese

ags, andtheway the bits aremadevisible to VME, is presentedn section6.4.

6.2.3 The Serial Interfacesto the PPrASICs

As previously mentionedin section/6.1, the ReM_FPGA is connectedto the 16 PPrASICs
to transfertrigger con guration dataand customcommandsandto receve event data,read-
back of con guration and trigger independentnonitoring data, and statusinformation. For
thesepurposesegachPPrASICprovidestwo custom,bi-directionaland synchronouserialin-
terfaces gachof which senestwo PPrASICchannel$ (seealso gure [5.7). This meanghatthe
ReM FPGAIs connectedo the 16 PPrASICsvia atotal of 32 serialdatabuses.

Figure6.5 describeghe controlanddatalines of the serialcommunicationandthe mech-
anismof transferringandreceving data,asimplementedon both devices. The rst thing that
shouldbementioneds thatthewidth of the datawordstransmittedbverthe serialbusis 13 bits.
Theboundarie®f theeachdataword arede ned by a FrameBit. Thesignalis usedatbothends
to transfernew dataandto latch theincomingone. Uponthe occurrenceof the FrameBit,the
transmittingend copiesthe datainto an OutputShiftRgister and on the next event of Serial-
Clk it startssendingthe data,bit-by-bit (seeDataOu). Thereceving endcaptureshe databits
(Dataln) into an InputShiftReisteruntil the next occurrenceof the FrameBit,whenthe whole
contentis copiedinto an InputReyister The latter operationis necessaryo further allow the
latchingof the incomingdatabits without overwriting the previous dataword. The protocolof
the PPrASICserialinterfacerequiresthe externaldevice to masterthe communication Which
meanghatthe ReM_FPGA hasto provide the FrameBitandthe SerialClksignalsto the PPrA-
SIC. Also, the sameprotocol doesnot include ary hand-sha& mechanismThe succesf a

“thereasorfor thisimplementatioris ratherhistorical. The presenfour-input channePPrASICwasinitially de-
signedto procesonly two triggersignals,andto provide only oneserialportfor con gurationandreadouf/IHE99].
Also, the PPrMCMdesignwasdifferent,beingadaptedo hosttwo suchPPrASICs.Laterstudiesshavedthatit was
possibleto integratefour channelsnto onechip, andthusreducethe compleity of the PPrMCMIayout. Thedesign
of the currentPPrASICwasin principle obtainedby duplicatingthe channel-andserialinterface-wisefunctionality
of the previous designwhile adaptinghe existing globalfeaturesandaddingnew ones.
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Figure 6.5: Timing waveformfor the signalsof the PPrASICserialinterface[Hus03.

write operationto the PPrASICis re ectedin the dataprovided by the device.

More detailsaboutthe formatin which the PPrASICandthe ReM_FPGA transferdatato
eachotherovertheserialinterface aswell asdetailsaboutthe contentof therespectie data,are
presentedn varioussectionghroughouthe chapter

6.2.4 The Interface to DAQ System

Thetop priority of the ReM_FPGA, during normal operationin the ATLAS experiment,is to
provide eventdatato the DAQ System.The eventdatais accumulateehannel-wisen pipeline
memoriesin the 16 PPrASICsandit is transmittedo theReM_FPGAuponreceving apositive
decisionfrom the trigger system.The ReM_FPGA gathersthe event datafrom all PPrASICs,
processeft in the speci ed ATLAS format, andsendst asserialstreamdo the DAQ System,
via a ROD module.

The transferof eventdatafrom the ReM_FPGAto the ROD is intermediatedby the slave
RGTM-O card[Mah0§, which is mountedon the back side of the PPrcrate. Figure/6.6 de-
scribesschematicallyherelationshipbetweerthe ReM FPGAandtheRGTM-0, aswell asthe
readoutpathto DAQ. TheReM_FPGAIs connectedo theRGTM-O via a synchronousinduni-
directional20-bit databus. Only 16 linesof thebusareactively used,eachof themtransporting
theprocesseaventdataof onePPrASIC.OntheRGTM-O,thel6inputreadoustreamsre rst
bufferedandfurtherserialisednto onestreanby a Gigabit RateSerial TransmitChip [Agi], and
thensentvia G-Link to the ROD by an optical transmitter{Inf]. Additionally, the ReM_FPGA
providesthe RGTM-O with a 40.00 MHz clock (GLinkClk), obtainedfrom the PPM on-board
crystal oscillator and threecontrol signals: Data Available (DAV*), RESET* and LaserDis-
abled(LaserDis). The DAV* framesthe serialeventdatastream®n boththe ReM_FPGAand
the RGTM-O's transmitterchip. The RESET*initialisesthe internalregistersof the samede-
Vﬁgﬁg while LaserDis signalis routedto theRGTM-O's opticaltransmitterto switchthedevice
0

8the documentatiorof the Gigabit transmitterchip speci esthat the external device mustkeepthe resetsignal
activefor atleast veclockperiods,n orderto ensureghesuccessf theoperation.TheReM_FPGAkeepshesignal
active for eightclock periods.

9the optical transmitterrequiresthe LaserDis signalto be low-active and keptin this statefor at least10ns.
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 relateddocumentatiorjPer05). Also, the ReM_FPGA drivesthe signal
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Figure 6.6: Theinterfaceto the DAQ system.

Two statussignals are routed from the RGTM-O to the ReM_FPGA: LINKRDY and
Tx_Fault. TheLINKRDY signalindicatesthatthe RGTM-O's transmitterchip is readyto send
datato the ROD, while Tx_Faultindicatesaneventualfaulty operatiorof thelaser The stratgy
implementedn the ReM_FPGAs rmw are,for transmittingthe eventreadoutdatato the DAQ
System,doesnot considerthe gating of the data o w with thesetwo statussignals.A recov-
ery mechanismwould be very complex and unnecessaryl he eventualfaulty operationof the
RGTM-O is recognisedhy the ROD [Bar0g, andthe replacemenbf the defectve moduleis
the mostappropriatesolutionfor suchcases.Therefore the two bits are only mappedby the
ReM_FPGAIn the rst ReM_Statusregister in orderto provide a statusof the systemto VME
(seetableB.22). In addition,the stateof the LINKRDY signalis re ected by oneLED on the
front panelof the PPM.

6.2.5 The SPI Interface to the PPrAnin-D ACs

As mentionedn the previous chapterthe conditioningof the analoguecalorimetentrigger sig-
nalsis performedby four PPrAninboards.EachPPrAninrecevesandpreparedor digitisation
16 analogudriggertower signals.The signals,which arrive asdifferential pairs,are rst con-
vertedto single-endedand thenrescaledo matchthe digitisationwindow of the PPrMCM's
FADCs. Additionally, the baselineof the single-endedignalis adjustedpy addinga DC-level
offset, and a comparatorindicateswhen the samesingle-endedsignal has exceededa given
threshold.The offsetandthe thresholdare con gurable parametersandthey are provided by
8-bit programmabl®ACs.

Each PPrAnin is equippedwith four identical DACsL, eachof which has eight pro-
grammablechannels.Two of theseDACs are usedfor adjustingthe baselineof the signals,

permanenthhigh, asthereis no operationaheedto deactvatethe opticaltransmitter
1OMAX529CAG from MAXIM [Max94]
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Figure 6.7: Theimplementatiorof the SPIbusonthe PPMfor the caseof onePPrAninboard.

while the othertwo are usedfor settingup the thresholdat the input of the comparatarThe
ReM_FPGAis connectedo all four DACsvia a synchronousSerial Peripheralnterface(SPI)
Bus. Therearefour physical SPI busesimplementecbn the board,eachone providing access
to a correspondind®PrAninboard. Figurel6.7 illustratesthe implementatiorof the SPIbusin
thecaseof onePPrAninboard. The ReM_FPGAtransferghedatato the DACsoverthe Master
Out, Slaveln (MOSI) line. The four DACs aredaisy-chainedsuchthatonly the rst DAC is
directly connectedo the MOSI line, while the otherthreeare connectedo the DOUT pin of
the precedingDAC. A particularityof the SPIbusimplementedn the PPMis thatit doesnot
containthe Masterin, SlaveOut (MISO) electricalline. Which meanghatthe DACscannotbe
readback?,

Thedatatransferredy theReM_FPGAto eachDAC consistf an8-bit addressidentifying
oneof theeightinternal DAC channelsandan 8-bit offsetor thresholddata.Which meanghat
duringonewrite cycleto all four DACsthe ReM_FPGA transmitst4 bits. Onthe ReM_FPGA,
the outputdatais clockedwith a2 MHz clock, whichis internally derivedby dividing the LHC
clock. The sameclock pulseis providedto all DACsvia the CLK line, to allow the latchingof
the incoming dataon eachdevice. In parallel,the ReM_FPGA assertghe Chip Select(CS*)
signalto control the operationof the DACs. Whenthe signalis driven low, eachDAC shifts
theinput datainto a 16-bit register while sendingthe leastsigni cant bit of the sameinternal
registerto the DOUT pin. This operationensureshe propagtion of datathroughthe daisy
chain. Simultaneouslywith the arrival of the 64th databit in the rst DAC, the ReM_FPGA
drivesthe CS* signalshigh. Uponthedetectionof alow-to-hightransitionof the CS* signal,all
four DACsdisablethe CLK input, andupdatetheir DC outputsaccordingwith the digital data
storedin theinternalshift register[Sch09.

lthe readbackvould have beenpossibleif the DOUT pin of thelastDAC wasconnectedo the ReM_FPGA, via
the MISO line. Thereasorthathadmotivatedthe decision to leave outthe MISO line, is thatonly the constanDC
outputof the DACsplaysa signi cant role, andthis canbe deducedy analysinghe FADC data]Han094&
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6.2.6 The |2C Interfacesto the PPrPHOS4sand the TTCrx

Two standardserial Inter-IntegratedCircuit (1°C) busesareimplementedon the PPM. One of
the I2C busesconnectthe ReM_FPGAwith all 16 PPrPHOS4iming chips[CER93, to allow
the con guration of the digitisationstrobeswhile the other|2C bus connectthe sameFPGA
devicewith the TTCrx chip[Chr04 of the TTCdeccard[Qia09, for con gurationandreadback
of the TTCrx registers.

In bothcaseshe ReM_FPGA s the master andthe otherdevicesarethe slaves Figurel6.8
illustratestheimplementatiorof thetwo 12C busesonthe PPM,andthelogic in theReM_FPGA
thatmasterghe datatransferover thesebuses.The ReM_FPGA provideseachslave with 8-bit
datavia the Serial Data (SDL) line, andwith a 100 kHz clock pulse,derived from the LHC
clock, via the Serial Clodk (SCL) line. The ReM_FPGA senddfour distincttypesof data,each
of thembeingloadedon the bus at certainstepsduring the communicationasde ned by the
12C protocol:aslaveaddress whichidenti es thedevice to which thedatais addresseda local
address whichindicatesthelocationon the slave thathasto be reador written, the actualcon-

guration data,andthe controlbits thatdrive the|°C communicationThe slavefunctionality of
the TTCrx andthe PPrPHOS4s different. The TTCrx providesanacknavledgebit in response
to eachbyterecevedfrom the ReM_FPGA, and,if readbacks requestedrom oneof its regis-
ters,it providesthe corresponding-bit registerdata. The PPrPHOS4espondsaswell with an
acknavledgebit, but it doesnot provide aread-accest its registers.

Thepropertieof thestandard?C busrequireall thedevicesconnectedo the SCL andSDA
linesto have open-drairor open-collectobutputs. TheReM_FPGAful Is therequiremenbnly
for the SDA lines, while the SCL lines aredrivenvia a push-pulloutput. The reasonghatled
to this implementatiorare mainly relatedto the characteristicef the PPrPHOS44C bus, and
with the operationof the PPrPHOS4hip. Early work, with a prototypePPM, revealedthatthe
PPrPHOSZannotacknavledgethe clock properlyif the SCL line is pulledup [Mah04. The
relatively long lines of the PPrPHOS44C bus, determinea high bus capacitancand, subse-
quently a slow rising edgeof the clock. Additional re ections or noiseon the clock line, com-
binedwith the absencef a Schmitttrigger at the input stageof the PPrPHOS4determinethe
deviceto double-latchtheinputclock[Sch09. By driving the SCL line througha push-pullout-
put, afasterrising edgeof the clockis obtained andthe describedeffectis minimised. The2C
busthatconnectdhe ReM_FPGAwith the TTCrx chip is considerablyshorter andit doesnot
presensimilar problemsHowever, for simpli cation of the rmw aredesign thecorresponding
SCLline is alsodriventhrougha push-pulloutput.

The 12C protocolis maintainedn the ReM_FPGA by two modules:12CDataTansferand
I2CMasterCoe. Althoughthelattermodulebearsghe namemaster the actualmasternof thel2C
communications thel2CDataTansfermodule. Thel2CMasterCorewhichis entirelybasecn
sourcecode providesonly theinterfaceto the|2C bus[Her03. Thisin principlemeansthatthe
modulehasto beinstantiatedwicein the rmw aredesign suchthateachinstancenterfacesone
IC bus. But, becaus¢he TTCrx andthe PPrPHOS4srenever addressedimultaneouslyver
theVME, andin orderto minimisetheusageof internalFPGAresourceshefollowing stratgy
hasbeenadopted.The I2CMasterCords implementecbnly once,sothatit seesonly onel?C
bus with 17 slaves, i.e. 16 PHOS4sandone TTCrx. The I12C relatedsignalsproducedby this
module,i.e. outputdata(SDOUT)andclock anddataoutputenable(COE*, DOE*), arefanned
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Figure 6.8: Theimplementatiorof thel2C busesonthe PPM.

outandroutedto two functionallyidenticalmodulesPHOS4Brt andTTCrxPort, whereall 12C
I=Os areimplemented.The SDOUT and DOE* signalsfed the open-collectotogic, while the
COE-* signalis usedby the push-pulllogic. The I2CMasterCorgrovidesalsoan outputclock
signal(CLKOUT), but sincethe SCL line is driventhrougha push-pulloutput,this signalis not
usedat all and,for the samereasonnotshavn in gure [6.8. Thetransferof dataover eachl?C
busis gatedby two outputenablesignals,Phos4l>C_PortActive and TTCrx_I2C_PortActive, to
ensureghat|2CMasterCoreaccessesnly onebusatatime. Thetwo enablesignalsareasserted
by a Phos4TTCrxDatanodule.Basedon the input VME addressthis modulemakes a clear
distinction betweena PPrPHOS4anda TTCrx request and assertghe correspondingnable
signal,while simultaneouslyleactvatestheotherone. Additionally, thesame&unctionalmodule
providesthel2CDataTansfemwith appropriateslave andlocaladdressegndwith con guration
datafrom VME.

Theinput!?C clock anddatasignalsarealsoroutedto the [I2CMasterCoreEachof the Port
modulesprovidestwo suchsignalsfrom the corresponding?C bus,which arethenmultiplexed
accordingto the logic value of the Phos4l2C_PortActive enablesignal. When the input 12C
dataprovidescon guration datareadbackfrom the TTCrx, the contentis transferredrom the
I2CMasterCordo the SRAM, via thel2CDataTansferandPhos4TTCrxDatanodules.

Lastbut notleast,a specialbehaiour of the TTCrx chip wasobseredwhenthe LHC clock
is not presentAs long asthe latter occurs,an internal watchdogcircuit initiates periodically
anautomaticresetof the chip, which affectsaswell the 12C interface[Han09& Therefore,in
orderto avoid the communicatiorto hangwhenthe TTCrx is in resetstate,the ReM_FPGA
doesnot gate the datatransferwith the acknavledgebit sentby TTCrx. However, in order
to allow the veri cation of the 1°C transferin normal operationmode,the ReM_FPGA maps
the acknavledgebits, receved from the TTCrx at differentstepsof the communicationin the
secondsecondReM_Statusregister (seetableB.23). In a similar way, the ReM_FPGA ignores
the acknavledgebits sentby the PPrPHOS4sluring the 1°C datatransfer andmapsthesebits
into a dedicatedVME statusregistercalledPHOS4Adknowledg (seesectionB.3.5).
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6.2.7 Control and Status Signals

The ReM_FPGA provides and receives multiple control and statussignalsfrom the on-board
componentsThesesignalsaretransmittedover singlelines, independenof any bus protocol.
Theinformationthey carry andtheir handlingin the ReM_FPGA s describedn the following

subsections.

The Level-1 Protocol Signals

ThesdncludetheL1A signalandthesynchronousunchcounten BCR) andeventcounterreset
(ECR)signals.All threesignalsaregeneratedby the CTF@. TheL1A signalindicatesthatthe
CTP hasacceptedan event, while the BCR and ECR signalssynchronisecorrespondindocal
counterson the ATLAS front-endandreadoutelectronics.The CTP fansthe signalsout to the
TTC system,which distributesthemvia optical bers to the detectorelectronics.Iln eachPPr
crate,a Timing Control Module (TCM), locatedin the right mostslot, recevesthe TTC signal,
corvertsit to electricalform, anddistributesit to eachPPM over the cratebackpland Gee06.
On the PPM, the signalis directly routedto the TTCdeccard,wherethe TTCrx chip extracts
theL1A, BCRandECRsignalsfrom the streamye-synchronisethemwith the LHC clock,and
routesthemon separatehanneldo the ReM_FPGA.

In the ReM_FPGA, eachinputis fannedout twice. Onecopy is distributedto all 16 PPrA-
SIC@, while the other copy is internally usedby the logic that processesnd transfersthe
PPrASICreadoutlatato DAQ (seesection6.5). Additionally, theprotocolsignalsareregistered
twice in the ReM_FPGA, onetime at the input stageand anothertime at the outputstage,as
shovn in gure [6.9. This implementatiorwasadoptedafterit wasobseredthat, if the copies
providedto the PPrASICsareroutedasynchronouslyhroughthe FPGA, their alignmentwith
the clock suppliedto the samedevices(MCMCIK) signi cantly differsfrom the onesetby the
TTC. Boththe MCMCIk andthe systemclock (SysCIk),which operateghe registeringof the
signals representlelay-compensatecersionof the LHC clock (seealsosection6.3). Thecon-
sequencef the doubleregisteringis thatthe L1A, BCR, and ECR signalswill arrive in the
PPrASICswith adelayof 50 ns. To copewith thesituation the controllingsoftwaremustadjust
accordinglythereadpointersof the scrollingmemoriesvhich recordeventdatain the PPrASIC.

The Local Protocol Signals

For the casewhenthe PPMis operatedn standalonanode,on a set-upthatdoesnot include
aTTC systemthe ReM_FPGA cangeneraten requestiocal protocolsignals,i.e. local trigger
andcounterresetsignals(seeLL1A, LBCR andLECRin gure [6.9). Therequesis addressed
over the VME, via threededicatedegisters. Thebit eld contentof theseregisters,aswell as

12theBCR signalis, in fact,are ection of the ORBIT signalprovidedby the LHC machineandwhichde nesthe
3564bunch-crossingtHC turn[Pau04.

13in orderto reducethe usageof I=O pins on the ReM_FPGA, andto reducethe compleity of the PPM layout,
the duplicationof eachprotocolsignalinto 16 othersignalsis not performedin the ReM_FPGA, but on dedicated
bufferslocatedon themainboard. This implementatiorextendsto all controlandclock signalsdistributedfrom the
ReM_FPGAto the PPrASICs.
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Figure 6.9: Thehandlingof the Level-1 andthelocal protocolsignalsin theReM_FPGA.

thevariousmodalitiesprovidedto generate local trigger, is describedn detailsin appendixB
(seesectionsB.3.18andB.3.19.

Oncegeneratedeachsignalis multiplexedwith the correspondin@ TC protocolsignal,so
thatit getsdistributedto thesamdocations.In orderto preventary accidentagjeneratiorof local
triggerandcountemesetsignalswhile the PPMis usedin the ATLAS data-takinguns,onecan
con guretheReM_FPGAto operatdn asocalledDAQ_Mode As long asthis modeis enabled,
theReM_FPGAwill dery ary VME requesfor local protocolsignalsandcorrespondinglyag
the refusalvia the rst ReM_Error register (seetableB.26). The DAQ_Mode is describedn
section6.4.6 Also, applicationghatmake useof thelocal protocolsignalsaredescribedn the
next chapter

Clock Selectionon the TTCdec Card

Thereal-timepre-processingerformedon the PPMis driven by the LHC clock. The signalis
deliveredby the TTC system,via the sameoptical streamshat containsthe protocol signals.
TheTTCrx recoversthe clock signalfrom theinput streamandprovidesonenon-deskwedand
two deslewed copiesto the output. As describedn section6.3, oneof deskewed LHC clocks
is routedto the ReM_FPGA which thendeliversit to all the on-boarddeviceslocatedon the
real-timepath.

When the PPM is operatedon a set-upthat doesnot includea TTC system,and hence
is not suppliedwith an LHC clock, the TTCdecdaughtercarccan provide the ReM_FPGA,
in compensationwith a 40.00 MHz clock pulsefrom a local crystal oscillator (XTAL). On
the TTCdec,the XTAL clock andthe two deslewed LHC clocksfrom TTCrx (Clock40Des1,
Clock40Des2)re fed into a multiplexing logic, of which outputis controlledby two signals
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Figure 6.10: Theclockselectionschemeonthe TTCdec[Qia03g.

providedby the ReM_FPGA (see gure 6.10.

The rst signal,PnD, de nestwo operationamodedor theReM_FPGA: ProtectedandDe-
bug. In Protectedmode,the ReM_FPGA hasto selectonly the deslewed LHC clocks,andto
disablethe datasenton the externalinterfaceswheneer the LHC clock is not available. This
latteraspecis agged by the TTCrx, via the TTCRead\ignal. Whenassertedthe signalindi-
catesthatthe TTCrx recevesexternal TTC signalsandthatthe phase-lockdloop (PLL) of its
internalclock anddatarecorvery circuit haslocked. This signalis routedto the ReM_FPGAVvia
theS1output.In Delug mode,the ReM_FPGA caneitherselectthe XTAL clock asa sourceor
automaticallychangethe clock source[Qia0g. As the clock pulsesuppliedby this multiplex-
ing logic drivesalsomostof the ReM_FPGAs internallogic, the Debug modeis permanently
enabledj.e. PnD is alwayssetto thelogic valueof "0”, sothattheclock sources automatically
changed.

The secondcontrol signal provided by the ReM_FPGA, CIkSe] indicatesactually which
clock sourcehasto beselectedlf thesignalis drivenhighthenthe TTCrx is selectedptherwise
the XTAL. The ReM_FPGA assertghis signalaccordingwith thelogic valueof the TTCReady
signal,sothatthe XTAL clock is automaticallyselectedvhenthe LHC clock is not available.
Thesourceselectedy the multiplexing logic is re ectedin the S2 output,whichis alsorouted
to the ReM_FPGA. Togethemwith the S1 output, this signalis mappedn the rst ReM_Status
registers.Additionally, the stateof the S1andS2 signalsis re ected by two LEDs on the front
panelof the PPM.
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Broadcasbits Description

6'000.0010 StopLVDS syncpattern(PPMspeci c)
6'b00.0011 StartLVDS syncpattern(PPMspeci c)
6'b01.0000 Startplayback(globalcommand)

Table6.1: TheTTC broadcastommandgor the PPrsystem.

The TTC BroadcastCommands

Certainfunctionalor testingproceduresequirea synchronousperationof all PPMsin the sys-
tem. In orderto determinethelock conditionof the LVDS receversonthe L1Caloprocessors,
thePPrMCM-LVDS transmittershouldsimultaneouslgeneratendtransmita synchronisation
pattern. Also, testapplicationswith PPrASICplaybackdata,which verify the timing and per
formanceof the digital partof the L1Calo system requirea synchronoustartof the playback
memoriesTheonly possibilityto realisethis globalsynchronisatiofis by distributing broadcast
commandvia the TTC system.

The broadcastommandsencodespeci ¢ actionsfor the systemin an 8-bit datapaclet.
The TTCrx chip recovers the datafrom the input serial streamand providesit in parallelto
the ReM_FPGA. The two leastsigni cant bits of the broadcastlataareresened by the TTC
systemfor bunchcounterandevent counterresetcommandsandthey arenormally setto zero
whenbroadcastommandsiredistributedto L1Calo[Lan0§. For thisreasonthecorresponding
lines are not routedfrom the TTCdeccardto the ReM_FPGA. The remainingsix bits encode
globaland modulespeci ¢ commands.Currently one global andtwo speci c commandsare
addressetbb PPM. Table 6.1 shavs the combinationof bits andthe correspondinglescription
for eachcommand.

Additionally, the TTC providestwo strobesBrcstStrlandBrestStr2 to validatethe broad-
castdata. The strobesare differently synchronisedwith the two deslewed LHC clocks on
the TTCrx (Clock40Des1Clock40Des2).The BrecstStrisignal and the lower four command
bits are synchronisedo Clock40Des1 while BrcstStr2and the uppertwo bits are synchro-
nisedeitherwith Clock40DesDr Clock40Des2As theReM_FPGAs rmw areusesexclusively
Clock40Des1(seesection6.3), datais latchedonly on the occurrenceof BrestStrl. After the
contentof the broadcastedthessagés decodedthe ReM_FPGA distributescorrespondingon-
trol signalsto the PPrASICsor the PPrMCM-LVDS transmittersyia dedicatedinglelines.

The sameactionslisted in table/6.1 are availableasVME commandsto provide a similar
servicewhenthe PPMis testedin standalonenode(seesectionB.3.17). TherelatedVME and
TTC commandsreOR'ed, sothatif distributedsimultaneouslya commonactionis taken.

The PPrPHOS4 Status

The PPrPHOSA4chip 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 respecto a referenceclock. Both the LHC clock andthe reference
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clockaresuppliedby theReM_FPGA (see6.3). Onthe PPrPHOS4hip, thetiming references
providedto eachchannelia aDelayLockedLoop (DLL). In parallel,a phasedetectorcontinu-
ouslycomparesheinputreferenceclock againstthe DLL output,andtheresultis routedoff the
chip. The PPrASICmountedonthe samePPrMCM monitorsthe phasealetectomoutputto deter
minetheproperoperatiornof the PPrPHOSA4If thefrequeny of the phasadetectomutputsignal
is lower than2 MHz or higherthan6 MHz, or the signalhasa constantvalue,the PPrASIC
assert@ FrequencyLogbit. This statushit is thenroutedfrom the PPrASICto theReM_FPGA,
whereit is packedwith other15 similar bitsinto a VME statusregister(seesectionB.3.6).

The External BCID Signals

As mentionedn section6.2.5 comparator®nthe PPrAninboardindicatewhentherising edge
of the single-endedignalshasexceededa programmableéhreshold.The digital outputof each
comparatgrnamedExternal BCID, is sentto a correspondind®PrASICin orderto be usedin

the BCID logic. As eachPPrAninboardperformsanalogugprocessindor 16 input signals,16

ExternalBCID signalswill resultfrom the comparison.In parallel,a copy of thesesignalsis

logically OR'ed onthe PPrAninboard,andtheresultis sentto the ReM_FPGA. Therefore the
ReM FPGA recevesin total four suchExternalBCIDs, one from eachPPrAninboard. The
signalsareusedby ReM_FPGAto built alocal trigger, for testinganddeluggingapplications.
Theimplementatiorof thelocal triggeris describedn sectiornB.3.18

The VME _ResetSignal

This is a low-active signalwhich is generatedy the controlling software, via a con guration
registerin the VME _CPLD, to initialise the logic of the ReM_FPGA. A copy of this signalis
distributedby the ReM_FPGAto all 16 PPrASICsfor the samepurpose.

The TTCrx _ResetSignal

This signalinitialisesthe TTCrx andis generatedby the ReM_FPGA, following a VME request
addressedia the ReM_Control register (seealso B.3.22. Initially, the signalwas coupledto
the VME _Reset,sothatthe TTCrx wasinitialised in the sametime with the ReM_FPGA and
the PPrASICs.The decisionto implementa separatdéunctionfor TTCrx wastakenafterit was
obsenedthattheresetof the TTCrx device sometimegeneratesa glitch in the clock provided
by the TTCdec.

In morewords,whentheresetstateis activated,the TTCrx de-assertthe TTCReadysignal,
which, aspreviously explained,determinesghe clock multiplexing logic of TTCdecto selectthe
XTAL asclock source.As soonastheresetstateis releasedandits internalPLL haslocked,
the TTCrx re-assertshe TTCReadysignal, which determineghe samemultiplexing logic to
considethe TTCrx asclock source.This switchingbetweerthetwo clock sourcesfrom TTCrx
to XTAL andthenbackto TTCrx, generatesometimes clock glitch, which affectsirreversibly
thelogic of the ReM_FPGAE‘. Oneexampleof logic damagedy aclockglitch is thegeneration

14the”clock glitch” problemwasonly very recentlyspotted Sofar, it is notclearwhethertheglitch is generatedby
the clock multiplexing logic of the TTCdecor by the ReM_FPGAs DLLs (seesection6.3). Theonly clearevidence
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of the FrameBitsignal,which controlsthe serialcommunicatiorwith the PPrASICs(seeagain
section6.2.3. The signalrepresentshe 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
thata FrameBitsignalis generatedvery 13th clock cycle. The obsened behaiour wasthat,
sometimesafteraresetto TTCrx, the FrameBitdoesnot getassertedgain. This hasledto the
conclusionthatthe clock glitch determineghe logic of the shift registerto latch the shift bit at
awrongtime, andthusto changeits logic valuefrom a”1” to a”0”. The main consequence
of losing the FrameBitis the inability of the ReM_FPGA andthe PPrASICsto transferdatato
eachother Additionally, the communicatiorwith VME is affected. Whenthe ReM_FPGA is
requestedo transferdatafrom VME to PPrASICs,the ReM_FPGA assertghe acknavledge
bit (i.e. VmeReadyseeagnin gure [6.3) only after the datatransferis completed.As the data
transfercannotoccurin the absenceof the FrameBit,the acknavledgebit is never asserted,
andthis determineghe cratecontrollerto generatea VME bus error signal.Lastbut not least,
sincethe TTCdecclock is distributedby the ReM_FPGAto the PPrASICs,one canexpectthe
PPrASIClogic to beaswell affectedby the clock glitch.

Theonly way to restorehecorrectoperationastateof theReM_FPGAandof the PPrASICs
is by re-initialisingtheir logic via a VME _Reset.As this signalwasinitially alsodistributedto
theTTCrx, it wasdecidedo implementwo separateesetfunctions,andrequesthecontrolling
softwareto alwayssenda VME _Resefafteraninitialisationof the TTCrx chip. Thisimplemen-
tationdoesnot preventa furtherclock glitch to occur, but it allows thelogic onthe ReM_FPGA
andthe PPrASICgo recover from aneventualclock glitch.

Finally, the ReM_FPGA permanentlymonitorsthe locking stateof the TTCrx via the S1
statusbit of TTCdec. A TTCrxLodkLostbit is assertedn the _Statusregister eachtime the
Slsignalmakesa high-to-lov transition.The statusbit is clearedby a VME Resetsothatthe
high-to-low transitioninducedby a resetto TTCrx is not consideredAdditionally, the logic
that setsthe TTCrx_LockLostbit is drivenby the PPMXTAL clock, to ensurethatit doesnot
getdamagedy a clock glitch. Thus, wheneer this statusbit is assertedpne cancounton a
malfunctionof the system gventuallycausedy a clockglitch.

Status Signalsto the Front Panel of the PPM

Two statussignalsaregeneratean the ReM_FPGAIn orderto activatetwo LED indicatorson
thefront panelof thePPMboard.The rst signalindicateghatanL1A waseitherrecevedfrom
the TTC or locally generatedn theReM_FPGA.Thesecondsignalindicateshatat leastoneof
the PPrPHOS4tatusbits, i.e. the FrequengLost bits deliveredby the PPrASICs,is set. Both
signalsarestretchedo about400 ns wide, sothatthe active stateof the LED indicatorscanbe
sensedy the humaneye.

is thatthe DLLs do notdeactvatetheir LOCKED signalswhentheclock glitch occurs.Thiswasprovenby counting
the high-to-low transitionof eachLOCKED signal, i.e. the lock is lost. Whenever a clock glitch hasoccured the
valueof therespectie countersvassetto zero.
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6.3 Clock Management

Anothertaskof the ReM_FPGA s 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 describedn the previous section,the TTCdec
can provide eithertwo deslewed versionsof the 40.08 MHz LHC clock (Clock40Desland
Clock40Des2)r a 40.00 MHz pulsetrain from alocal XTAL. Thesepulsesareroutedto the
PPM boardvia threechannels.The rst two channelgprovide a delay-compensategersionof
the Clock40Des:XTAL and Clock40Des2XTAL clock pulses,while the third channelpro-
videsthe original Clock40DestXTAL clock pulseoutputof the multiplexing logic (seeagain
gure[6.10. TheReM_FPGAusesanddistributesto otherdevicesonly theclock pulsesupplied
onthethird channel.Thereasorfor this choiceis thatthe PPrMCM-LVDS transmitterswhich
aresuppliedwith a clock pulseby the ReM_FPGA, requirea clock jitter valuesmallerthan150
ps[Nat0d. Thisspeci cationis ful lled only by thenon-compensatedock pulse[ Sch09. The
othertwo clock signalsarealsoroutedto the ReM_FPGA, but the correspondingnput pinsare
disabledn the rmw aredesign.

TheseconcatlocksourcethePPM_XTAL, providestheReM_FPGAwith a40.00MHz pulse
train[Jay. This clock signal,andtheonerecevedfrom TTCdec,areroutedin the ReM_FPGA
to the input of a clock managemenscheme. The respectie logic, locatedin the ClockMan-
ager functionalblock, employs internal FPGADLLSs to obtaindelay-compensateahdequally
symmetrﬂ:15 versionsof theinput clock pulsesanddeliverstheresultingsignalsto internaland
externalconsumes. The clock schemas illustratedin gure [6.11 Additionally, tablel6.2 lists
the producectlock pulsesandthe devicesto which they aredelivered.

Theinput PPM.XTAL clock is only usedto producethe serialframeclocksthatdrive the
transferof eventdatafrom theReM_FPGAto theRGTM-0O,i.e.intGLinkClk andextGLinkCIk.
The choicefor the PPM_XTAL wastriggeredby yet anotherclock-jitter issue.In anearly ver-
sion of the ReM_FPGAs rmw aredesign,intGLINkCIk andextGLinkClk were obtainedfrom
the deslewed LHC clock. During functional testsof the DAQ interface, performedwith this

rmw areversion,it wasobsened that bits were constantlylost during the transmissiorto the
ROD. Althoughthedocumentatiomloesnot provide ary jitter speci cation,it wasassumedhat
alargejitter value,above thetolerance pn the input clock provided by the ReM_FPGA, deter
minesthe RGTM-O's Gigabit transmitterchip to wrongly latchtheinput data. The assumption
was later proven to be correct,whenthe rmw are designof the ReM_FPGA was changedo
generatehe serialframe clocksfrom the input PPM_XTAL clock [Sch09. Also notethat,in
orderto ensureareliablelatchingoperationon the Gigabit transmitterchip, theintGLinClk and
extGLinkClk clock signalsare180-dgreephase-shifted.

All theotherclock pulsesareobtainedrom theinputsuppliedby the TTCdec.Thisincludes
alsothe 1°C- and SPI-tus clocks, which are derived by dividing the systemclock (SysCIk)
downto theneededrequeng. Thedivisionis realisedn logic, in otherfunctionalblocksof the
ReM_FPGA,andnotviaDLLs.

An importantfunctionalaspectof the clock managemenschemes thatall the DLL feed-
backloopsarerealisednsidethe ReM_FPGA.In the caseof the DLL thatprovidesthe system

15 e. 50%-50%duty cycle.
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ClockName Consumer(s) Usage

SysClIk ReM_FPGA systemclock, drivesmostof thelogic

extSRamClk SRAM operationaktlock

intSRamClk ReM_FPGA drivesthe SRAM relatedogic

MCMCIk PPrASICs drivesthe pre-processingpgic
PHOS4s usedfor generating-ADC strobes

PPrMCM-LVDS operationatlock
Transmitters

MCMSerClk PPrASICs drivestheserialinterfacelogic
Phos4Clk PHOS4s referenceclock for delayingthe FADC strobes
I2C_Clock  PHOS4s I2C-busclock
TTCrx K
ReM_FPGA ”
SPLClock PPrAnin-DACs  SPI-tusclock
ReM_FPGA ”
extGlinkClk  RGTM-O serialframeclock

intGlinkClk  ReM_FPGA ”

Table 6.2: Theclockssignalsproducedn theReM_FPGA.

clock (SYSCLKDLL), thefeedbacKine connectgheinternalclock distribution network of the
FPGAto theclock feedbackpin of theDLL (CLKFB), to allow theDLL to eliminatethedelay
betweernthe sourceclock andthe individual loadswithin the FPGA. In all the othercasesthe
feedbackine connectonly the externaloutputpin of the FPGA,throughwhich the givenclock
pulseis deliveredto an externaldevice, to the correspondingCLKFB pin. Which meansthat
the DLLs only eliminatethe propagtiondelayfrom their output(CLKO) to the externaloutput
pin. In principle externalfeedbackoopscanbeimplementedthelayoutof the PPMboardcon-
tainssuchelectricallines. However, thesefeedbacHKines arecurrentlydisabledby the physical
absencef a correspondingesistor But, evenif the lines would be activated,the actualgain
of usingthe externalfeedbackoopsis not signi cant. Thatis becausdhe feedbacKines are
not routedbackfrom the clock consumes, asnoneof themprovidessuchan output,but from
differentclock fan-outand distribution points on the PPM board,which in mostof the cases
arelocatedat a closerdistanceto the ReM_FPGA thanto the clock consumes. Which means
thatthe actualpropagtion delay cannotbe completelyeliminated,andthat the compensation
which would be achievedwith externalfeedbacKoopsis comparableavith the oneachievzed by
the currentimplementatiorfSch09.

For monitoringanddeluggingpurposesall the DLL-LOCKED signalsaregatherednto a
VME statusregister(seetableB.13). Additionally, the LOCKED signalof the MCMCLKDLL
unit is routedoff the chip to yet anotherclock multiplexing logic onthe PPMboard,to indicate
thatthe ReM_FPGA s ableto provide areferenceclock to the PPrPHOS4¢Phos4CIk). This
multiplexing logic ensureshatthe PPrPHOS4arepermanenthsuppliedwith areferenceslock,
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by selectingthe PPM.XTAL asclock sourcewheneer the ReM_FPGAs rmw areis reloaded
or notloadedatall. Theclock multiplexing schemes describedn greatedetailin thereference
documentatiomf the PreProcessdvlodule[Han094.

6.4 Distribution of Con guration Data

One of the importanttasksof the ReM_FPGA is to realisethe transferof con guration data
from VME to on-boardlocations. Thereare ve typesof con gurabledeviceson the PPMto
which the ReM_FPGA is connectedthe PPrASICs the TTCrx chip, the PPrAnIn-LACs, the
PPrPHOS4snd the PPrMCM-LVDS transmitters Eachdevice provides a setof parameters
thatallow the controland customisatiorof their operation All theseparametersremappedo
the VME addressspaceof the PPM, andthe allocatedVME addressegncodethe necessary
informationto identify their locationon the board. The ReM_FPGA decodeghis information
and transfersthe datain the format requesteddy the destinationdevice and by the protocol
of the accessednterface. In parallel, the ReM_FPGA placestwo copiesof the input VME
con guration datain the SRAM. The rst copy is storedasrefeence while the otheroneis
usedto ag thechangen con guration, andit is storedin SRAM until overwrittenby related
readbacldata.

Oncethe PPMis setup andreadyto take data,the ReM_FPGAcanbecon guredto operate
in the DAQ_Mode As long asthis modeis enabledthe ReM_FPGA deniesary con guration
requesfor thereal-timeandreadoufpaths.Additionally, theReM_FPGAdeniesacon guration
requestwhen other processesthat accesghe SRAM device, arein progress. In both cases,
the ReM_FPGA closesproperlythe VME cycle and ags the refusalvia the two ReM_Error
registers.

6.4.1 PPrASIC Con guration

The PPrASIC provides the largestnumberand variety of con gurable parameteramongall
the PPM on-boarddevices. The operationof eachPPrASICchannelcanbe con gured via an
individual setof 34 channelregisters. Additionally, a setof 5 global registels providescommon
parameter$or two channelontrolledby the sameserialinterface,sothattwo suchsetscover
all four PPrASICchannels.A detaileddescriptionof the channelandglobal registersis given
in the PPrASICmanual[Hus03. Apart from registers,eachchannelcontainstwo memories:
an 8-bit deepx 11-bit wide Playbadk Memory which is usedfor technicalveri cations of the
digital partof thetriggersystemanda 10-bit deepx 8-bit wide Look-UpTable (LUT) Memory
whichis usedfor ne enegy calibration,pedestakubtractiorandnoisesuppressiomvithin the
real-timepath.

Two methodsareimplementedn the ReM_FPGA for settingup the PPrASIC.In the rst
method theReM_FPGArecevestheregisteror memorydatadirectly from theVME, andtrans-
fersit to the PPrASICswithin thesameVME cycle. Thesecondnethodis exclusively dedicated
to settingup the Playbackmemory Thecon gurationdatais rst loadedio SRAM, andthenthe
ReM_FPGAIis requestedo collectit andtransferit to the PPrASICs.

A specialcaseis represenby the PPrASICchannelregisterthat allows the control of the
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Figure6.12: Theencodingof the PPrASICregisterandmemorylocationsin theVME addressindines.
Theschemalescribe®only the VME addressindineswhich areroutedto the ReM_FPGA
(A[23:2], seealsosection6.2.7).

RateMeteringandHistogrammingoperationsj.e. ChannelRg17. The enablebit elds of this
registeraresetonly via dedicated/ME registers,in orderto synchronisehe respectie opera-
tionsin all the PPrASICs.

Loading from VME

The PPrASICregistersand memoriesare mappeddifferently to the VME addresspace.The
registersare setup individually, thus eachregisteris allocatedan unique VME addressThe
memorylocationsaremappedn sucha way that multiple consecutie locationscanbe con g-
uredvia oneVME addresswithin the sameVME cycle (seeappendixB, tablesB.4 andB.5).
This implementatiorreduceghetime neededo loadthe PPrASICmemoriesandprovidesan
economioway for storingthe correspondinglatain SRAM.

In eithercasetheallocatedvME addressesncodeall theinformationneededo identify the
locationwheretheinput VME datahasto betransferedFigure6.12shavstheencodingscheme
usedfor the PPrASICregistersandmemories.Thelower nine VME addressits (A[8:0]) pro-
vide simultaneouslynformationaboutthe type andthe local addressof the con gurableloca-
tion. The type indicateswhetherthe incoming VME datais addressedo a channelor global
registeror amemory Thelocal addresscarriesa differentinformationfor registersand mem-
ories.In the former caseit indicatesthe registernumber while in the latter caseit indicatesto
which of thetwo memorieds the dataaddressedAn individual memorylocationnumberis not
neededasthePPrASICincrementsautomaticallythelocal write pointerwith eachcon guration
datarecevedfor therespectie memory Thus,thesoftwaremustensurdhatdatais contiguously
writtento eachof thesememories.Thefollowing six bits of theVME addressindines(A[14:9])
indicatethechannebndthe PPrASICto whichtheregisteror memorybelongs.TheReM_FPGA
extractsthis informationandusest separatelyor two purposesThe rst purposés to identify
the serialinterfaceon which the datahasto betransfered Thisis doneby combiningthe chan-
nel andthe PPrASICaddressesThe secondpurposeis to built a 13-bit CfgAddesscommand
word, which hasto be sentto theidenti ed PPrASICprior to theactualcon gurationdata.The
commandndicateshecon gurationoperationrandthelocationonthe PPrASICwheredatahas
to beloaded.This latterinformationis built by the ReM_FPGAbasedn thetype,channeland
local addressesindin theformatrequestedby the PPrASIC(seealso[Hus03).
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Thecon guration datais extractedfrom theinput 32-bit VME data.All the PPrASICloca-
tionsareupto 11 bits wide, which meanghateachregisteror memorydatacanbetransferedn
one 13-bit frameover the serialinterface. The formatin which the con guration datais trans-
feredover the VME to the ReM_FPGA s directly relatedto the way the registerand memory
locationsare mappedto the VME addressspace As the registersare setup individually, the
correspondingon gurationdatais providedvia thelower 11 bits of theVME data.In this case,
theReM_FPGAextractsonly thesebits andsendthemonthe appropriateserialinterface,in one
frame. The Playbackand LUT memorydataare sentover the VME in the formatindicatedin
tablesB.4 andB.5. In this casethe ReM_FPGA separatelyextractsthe datacorrespondingo
eachlocation,andsendst over the serialinterfacein the increasingorderof thelocal memory
address.

In parallelto transferringdatato the PPrASIC,the ReM_FPGA placestwo copiesof the
32-bit input VME datain the SRAM. The rst copy is placedin an MCM Refeenceblock,
which holdscopiesof all con gurationdatatransferedo PPrASICs PPrPHOS4andPPrAnin-
DACs. As eachSRAM locationis 36 bits wide, andthe ReM_FPGA hasaccesdo all these
bits, the upperfour bits areautomaticallysetaswell. However, asneitherthe softwarenor the
ReM_FPGAusesheupperfour bits of anSRAM locationin the Referencédlock, thesebits are
setfor corvenienceto zero. The secondcopy of the VME datais placedby the ReM_FPGAIn
a secondblock, calledMCM Readbak, which storesdatareadbackfrom the sources.In this
case the ReM_FPGA explicitly setsthe upperfour bits to value4'b0001, to indicatethat new
con gurationdatahasbeenloadedin the correspondindg®PrASIClocation,andthatthe content
of the ReadbacHkocationhasto be updatedwith the actualdatastoredby the source Whenthe
latter happensthe ReM_FPGA will setthe upperfour bits to value 4'b0000, to indicatethat
the datastoredin the Readbackocationis up-to-date(seesection6.6.3. The SRAM locations,
wherethe ReM_FPGA copiesthe con guration data,are indicatedby the sameVME address
thatencodeshe PPrASICinformation. Thelocationin the Referencélockis givenby thelower
20 bits of the VME addresswhile the locationin the Readbaclblock is obtainedby addinga
constantoffset to the previously obtained20-bit address. This constantoffset determinesan
identicalstructureandsizefor the ReferencendReadbaclblocks(seealsosectionB.2.1).

The way the ReM_FPGA handlesthe transferof con guration datato both the PPrASIC
andthe SRAM is schematicallydescribedn gure [6.13 and explainedin the following. The
protocolwith the VME _CPLD device, and subsequentlyvith the VMEbus, is maintainedin
theReM_FPGADby aVmeManger module.Themodulerecevesfrom the VME _CPLD control
signalsthat indicatethe validity of the input VME addressand data(VmeAddrSelectVme-
DataSelect)andthe type of the VME request(VmeWrite). Upon determiningthe beginning
of a VME cycle, the VmeManageilatchesand decodeghe input VmeAddressto determine
which functionalmodulein the ReM_FPGA shouldtake over andprocesghe VME request.If
the decodingidenti es a requestfor transferringcon guration datafrom VME to a PPrASIC
location,the VmeManagedistributesa strobesignal (ASIC_WriteStr) to an AsicCon guration
module,which mastersall the write operationgto the PPrASICs.Upon receving this strobe,
the modulelatchesandprocessethe input VmeAddressaandVmeDataasdescribedabove, and
sendghe con guration datato a correspondingisicSeriallnterfacesnodule. As mentionedn
section6.2.3 the latter modulecontainsthe serialinterface protocol,andit is instantiatedl6
timesin the rmw are design,so that eachinstancerealisesthe transferof dataover the two
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Figure6.13: Controllogic in theReM_FPGAmanaginghetransferof con gurationdatafrom VME to
the PPrASICandSRAM.

serialinterfacesof the onePPrASIC.In consequenceédsicCon gurationhasto alwaysprovide
AsicSeriallnterceswith datafor both serialconnectionsAs the VME requespointsto a cer
tain PPrASIClocation,whichis senedby only oneserialinterface,the AsicCon gurationwill
provide theidenti ed serialportwith the obtainedCfgAddressvord andthecon gurationdata,
andsetthe datafor the secondserialport to zero,which indicatesthe PPrASICthat the input
hasto beignored.

Dueto thedualinformationcarriedby theinputVmeAddressthe samedecodingoerformed
in the VmeManageiidenti es a requestor writing the input con guration datato the SRAM.
Correspondinglythe VmeManagedistributessimultaneouslywo strobe SRamDatanNrite Str
and SRamFlagWriteStr) to an SramManager module,which handlesall the datatransfersbe-
tweentheReM_FPGAandthe SRAM. The rst strobewill determinghe SramManageto copy
the VmeDatato the Referencélock, while the secondstrobewill determinghe SramManager
to copy the samedatato the Readbaclblock andsetthe 4-bit ag accordingly

Meanwhile,the VmeManagerkeepsthe VME cycle openand monitorsthe statusof the
dataprocessingn the AsicCon guration and the SramManager Each module provides the
VmeManagewith awrite-in-progresssignal(ASIC_WIP, SRAM_WIP), whichis assertedipon
thereceiptof the VmeManages strobesandde-assertehenthe datatransferis completed.
The AsicCon guration needssigni cantly longertime to completethe datatransferthanthe
SramManagerueto the serialtransmission.This time canextendup to 2 ns whenthe LUT
memoryis con gured,astheAsicCon gurationhasto transmitthe 13-bit CfgAddressommand
andfour 13-bitsdatawords.In comparisonthe SramManagetransferghesamedatain parallel
andin a compactformat,sothatup to 4 clock periodsareneededor eachwrite operation.As
boththe PPrASICserialinterfaceandthe interfaceto SRAM areoperatedvith the sameclock
frequeng, it meanghatthe transferof datato SRAM will be completednuchearlierthanthe



6.4 Distribution of Con guration Data 85

transferto PPrASICs. Therefore whendatais transferredo the PPrASICsthe VmeManager
monitorsonly the busy signalprovided by the AsicCon gurationmodule,andclosesthe VME
cycle upondetectinga high-to-low transitionof this signal.

Loading from SRAM

As previously statedthe ReM_FPGAprovidesanalternatve methodfor settingupthe PPrASIC
Playbackmemories.In this method,the playbackcon gurationdatais rst loadedfrom VME
to the SRAM, andthentheReM_FPGA: s instructedo collectit andloadit in thecorresponding
PPrASIClocations.

TheVME datais storedin adedicatedlockin SRAM, calledRefeencePlaybad Patterns
which is locatedoutsidethe alreadymentionedMCM Referenceand Readbackblocks. The
block is subdiided into eight sub-blocks,eachof which provides spacefor 64 playbad pat-
tern@, i.e. onepatternfor eachPPM channel.The formatin which the playbackdatahasto
beloadedfrom VME andstoredin the SRAM is identicalwith the formatusedin the previous
method(seeagnin tablelB.4). Additionally, the playbackpatternshave to be arrangedjn each
sub-blockin theincreasingprderof the PPMchannehumberasshavn in tableB.8

The transferof datafrom VME to SRAM is handledby the VmeManagerland SramMan-
agerfunctionalblocks, andtheir communicationis pretty muchsimilar to the one previously
described As this operationdoesnot imply a directtransferof con guration datato ary other
on-boardcomponentthe VmeManagewill issueonly onestrobefor the SramManage(Sram-
DataWriteStr),andwill closetheVME cycle assoonasthe SramManageindicateghetransfer
of theinput32-bitVME datais completed Oncethereferenceplaybackdatais storedin SRAM,
the ReM_FPGA canbe instructedto pick it up andtransferit to the PPrASICs.Therequesis
addressettia atheReM_Commandegister For the currentpurposetheregisterprovideseight
commandseachoneinitiating thetransferof datafrom a singleblock to the PPrASICs. The bit
eld representationf the commandregisterandthe way the commandsave to be addressed
overthe VME aredescribedn appendixB, in sectionB.3.23

Figure6.14describeschematicallhow thedatatransferis realised The VME commands
receved by two functionalblocks: the CommandRgster, which holdstherelatedlogic for the
ReM_Commandegister andthe AsicPlaybaklLoader which handleshe transferof datafrom
SRAM to PPrASICs.The CommandRgistercheckshevalidity of the VME requestnd,if the
veri cation is successfuljt distributesa LoadPlaybackcommandto the AsicPlaybackLoader
Uponreceving thissignal,themodule rst decodesheinputVME datato determingheSRAM
block that hasto be readout, andthenit startstransferringthe data. The modulereads,via
the SramManagercontiguouslyeachmemorylocation of the indicatedblock, and transfers
the respectre datato the AsicCon guration module.In parallelwith the latter operation,the
AsicPlaybackLoadewritesbackthesamedatato SRAM, in theMCM ReferenceandReadback
blocks, and requestdhe SramManageto setthe readbackags accordingly All the SRAM
addressesaswell asthe addressvhich encodeghe PPrASIClocationwherethe datahasto

18in this context, a playbackpatternrepresentshetotal amountof 256 11-bitcon gurationdatawhichis loadedin
onePPrASICPlaybackmemory Thedatamay containcalorimeteflik e pulsesor datapreviously recordecby DAQ,
andit is injectedin the pre-processinghainto verify thedigital partof thesystem An applicationthatusesplayback
patternds describedn the next chapterin sectiori7.2.5
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Figure 6.14: Controllogic in the ReM_FPGA managinghe transferof playbackpatterndrom SRAM
to the PPrASICs.

be transferredaregeneratedy the AsicPlaybacklLoaderAlso, the samemodulegeneratesll
theread-write strobesexpectedoy its communicatingpartnersandcoordinateshedatatransfer
accordingo thebusysignalsproducedvy thesemodules.This meanghatAsicPlaybackLoader
will readanew SRAM memorylocation,only afterthe SramManageandthe AsicCon guration
moduleshave signalisedhe completionof the currenttransfers.

The statusof the entireoperationis indicatedby the AsicPlaybackLoadevia the Playbad-
LoadingActivebit. Thebit is assertecssoonasthe modulerecevesthe LoadPlaybaclsignal,
andclearedmmediatelyafterthedatafrom thelastSRAM memorylocationis transferredo the
PPrASICs.This bit is permanentlydeliveredto threefunctionalmodules:the CommandReis-
ter, VmeManagerandthe StatusRgister As long asthebit is set, CommandRegisterdeniesary
furthercommando beexecutedwhile VmeManagedeniesary VME requeswhichimpliesan
accesgo the SRAM. The StatusRgisterprovidesthe PlaybackLoadingActe bit to VME, via
thesecondReM Statusregister

Synchronisation of the Rate Metering and Histogramming Operations

The Rate Metering and Histogrammingare two operationalmodulesof the PPrASIC,which

producechannel-wiseandtriggerindependenenegy ratesandspectraA detaileddescription
of thesemonitoringtoolsis givenin section6.6.3 Therespectie operationsareenabledor dis-
abledviatwo bitsin thePPrASICchanneltegisterl7: RateEnabl@ndHisEnable(seetable6.3).

In orderto synchroniseéhe RateMeteringor the Histogrammingoperationin all 64 PPMchan-
nels,the RateEnablandHisEnablebits of eachchannelregister17 aresetsimultaneouslyvia

dedicated/ME registers(seesectionB.3.4). Thisis realisedasfollows:
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Bit Nr. Description

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

Table6.3: Thebit eld contentof the PPrASICchannekegisterl7 [Hus04.

when register 17 is con gured separatelyfor eachPPrASIC channel,the ReM_FPGA
ignoresthe valuessentfrom VME for RateEnablend HisEnable ,and setsthesebits to
zero. Simultaneouslythe input VME datais storedin an internal 6-bit register called
AsicRg17,

when an enableor disablerequestis receved via the dedicatedVME registers, the
ReM_FPGA setsthe RateEnableor HisEnablebits to the logic value"1” or "0”. The
otherfour bit elds of channelregister17 are setaccordingto the valuesstoredby the
AsicRey17,to keepunchangedary previouscon guration. Theresulting6-bit con gura-
tion datais thensentsimultaneouslyver all 32 serialinterfaces.

The consequencef this implementationis thatany con guration stratgy shouldforesee
identicalsettingsjn all 64 channelsfor eachof the otherfour parametersf register17. Other
wise,the ReM_FPGA canoverwrite a previous con guration whenusingthe datastoredin the
AsicRey17.

All theseoperationson the channelregister 17, and the simultaneoudransferto the 16
PPrASICsareperformedn the ReM_FPGAby the AsicCon guration. Themodule rst builds
a common13-bit CfgAddresswhich indicatesthat the incoming con guration datahasto be
written to both channelregisters17 sened by a given serialinterface. Then, it loads,at subse-
guentstepsthe CfgAddressandthe con gurationdatato all 32 outputshift registers,to realise
the simultaneoudransferto the 16 PPrASICs.For monitoring and delugging purposes As-
icCon guration ags permanenththe valuesloadedin the PPrASICsfor the RateEnableand
HisEnablebits. The respectre ags are mappedin the rst ReM_Statusregister as RateMe-
terlsEnabledandHistogramminglsEnablegseetableB.22).

6.4.2 PPrAnIin-D AC Con guration
Trigger Con guration Data

As mentionedn section6.2.5 the analogueprocessingperformedon the four PPrAninboards
providestwo con gurable parametergor eachchannel:an 8-bit offset to shift the baselineof
the correspondingsingle-endedsignal, and an 8-bit thresholdto detectthe rising edgeof the
samesignal. Theseparametersreloadedfrom VME, via the ReM_FPGAanda corresponding
SPIlbus,into 8-channekerial DACs. EachPPrAninboardis equippedwith four suchdevices,
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Figure 6.15: Theencodingof the PPrAnin-DAC locationsin the VME addressindines.

asshavnin gure [6.7. Theleftmosttwo DACs, labelledasthe High DACs, provide offsetand
thresholdvoltagesfor the analoguegprocessingf the rst 8 triggersignals,while theremaining
two DACs, the Low DACs provide similar outputfor the analogueprocessingf the other8
triggersignals.

The offsetandthethresholdparametersf eachtrigger channelaremappedogethelin one
VME addressso thatthey aresimultaneouslysetwithin the sameVME cycle (seetableB.3).
As for the PPrASICregistersandmemoriestheallocatedVME addressesncodehenecessary
informationto identify theirlocationonthePPM.Figure6.15shavsthecorrespondingncoding
scheme.The lower two bits andthe twelfth bit of the VME addressndicatetogetherthe DAC
channelthat hasto be con gured. Thethirteenthbit pointsto oneof the two groupsof DACSs,
while the following two bits identify the PPrAninboardon which the DACs arelocated,and
thusthe SP1busoverwhichthedatahasto betransferred.

EachPPrAnIn-DAC is programmediia 16 databits. The uppereightbits containanaddress
information,which identi es oneof the eight DAC channels.The ReM_FPGA builds this ad-
dresspasednthechanneinformationencodedn theVME addressandin theformatexpected
by the device (seethe relateddocumentatiorior more details[Max94]). The lower eight bits
containtheactualcon gurationdata,whichtheReM_FPGAextractsfrom theinput 32-bitVME
data.As describedn section6.2.5 the four DACsof onePPrAninboardaredaisy-chainedso
thateachwrite operationto ary of theseDACsimplies atransferof 64 databits. As the offset
andthresholdparameteraresettogetherduringthe samevVME cycle, it meanghatalwaystwo
DACswill besimultaneouslyprogrammedThe 32 databits designatedo theseDACswill con-
taintheaddressndthecon gurationdatadeliveredfrom VME, while the other32 databits will
all be setto zero,whichindicatesherespectie DACsthattheinput datamustbeignored.

The transferof datafrom the VME to the PPrAninboardsis handledby the ReM_FPGA
in a similar mannerasin the caseillustratedin gure /6.13 Upon detectinga con guration
requestfor the PPrAnin-DACs, the VmeManagerdistributes correspondingstrobesignalsto
an AninManayer functionalmodule,which manageshe processingandtransferof datato the
PPrAnin-DACs, and to the SramManagerwhich will placetwo copiesof the input datain
the SRAM. The major differencewith respectto the mentionedcase,is that the VME cycle
cannotbe keptopenuntil the AninManagercompleteghe datatransfer as32 ns areneededo
transferthe 64 databits. As a consequencehe AnInManagergenerates ve busy signals.The

rst oneindicatesthatthe modulehas nished processinghe datain theformatrequiredby the
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PPrAnIn-DACs. This signalis deliveredto the VmeManagemodule,which closesthe VME
cycle uponits arrival. The otherfour bits, Anin1.Spi WIP, AnIn2.SpiWIP, AnIn3.SpiWIP and
AnIn4.SpiWIP, indicatetheprogres®f thedatatransferoveracorrespondin@Plbus,andthey
aremappednto the rst ReM_Statusregister[Sch09.

The DAC Full-Buffer ed Mode

The PPrAniIn-DACs canbe programmedo operatein a Full-Buffered Mode which providesa

moreprecisecorversionof thedigital inputandafastersettlingtime of theanalogueutputthan
thedefault UnhufferedMode For this purposegightVME registersareprovided(seetableB.1).

The datacontentexpectedby the ReM_FPGA from VME, andthe sequenceén which these
registersshouldbe accesseés presentedn sectionB.3.17 Also, the eightregistersaremapped
outsidethe VME-SRAM addressspace. Which meansthat in this casethe input VME data
will notbe copiedto SRAM. Furthermorethe transferof datafrom VME to PPrAnin-DACsis

handledonly by theVmeManageandthe AninManageffunctionalmodulesasdescribedatthe

previouspoint.

6.4.3 PPrPHOS4Con guration

The PPrPHOS4rovides only one 5-bit con gurable parametefor eachof its four channels.
As a consequencethe VME addressesllocatedfor transferringcon guration datato the
PPrPHOS4&ncodeonly two parametersa 2-bit ChannelAddess which identi es oneof the
four channelsanda4-bit Phos4Addess which pointsto oneof the 16 PPrPHOS4levices(see
gure6.16).

The 5-bit con guration datais loadedfrom the VME, via the ReM_FPGA andthe corre-
sponding?C bus. Table6.4 lists the 5-bit dataexpectedrom VME andthesigni canceof each
setting. The rst 28 valuesrepresenthe actualPPrPHOS4o0n gurationdata. The rst 25val-
ues,i.e. 0 to 24, specifythe numberof nanosecondiy which the FADC strobeis delayedwith
respecto thereferenceclock. Thevalue26 activatesthe phasedetectoroutputdescribedn sec-
tionl6.2.7, while values25 and27 determinghe PPrPHOS4o0 generate constanbutputsignal.
Thenext threevalueslistedin thesametable,i.e. 28to 30, arerede nedin theReM_FPGAto a
valid PPrPHOS4£on guration setting,andthey areonly usedfor testanddehuggingpurposes.

Thelastsetting,i.e. 31, is usedfor initialising the12C relatedlogic of the PPrPHOS4sThis
implementatiorwasdeterminedy someoperationabspectof the PPrPHOS4First of all, the
devicedoesnotprovide aresetfunction. Theonly possibilityto resetits logic is by powercycling
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VME Input Data Signi cance

0-24 delayin ns
25 constan® atoutput
26 phasadetectoroutput
27 constantl atoutput
28 rede nedas25 (for testsonly)
29 rede nedas27("-")
30 rede nedas0 ("-")
31 PPrPHOSA4AC initialisation

Table 6.4: Theexpecteds-bit VME con gurationdatafor the PPrPHOS4¢adaptedrom [CER93).

the PPM board. Moreover, afterit is suppliedagain with power, the chip will initialise its 1°C
relatediogic only onthe occurrencef the rst 12C clock event. However, the ReM_FPGAdoes
not distribute permanentithis clock signalto the PPrPHOS4sbhut only during a datatransfer
overthebus. Which meanghatthe rst 8-bit datasentby theReM_FPGAwill notbeprocessed
because¢he PPrPHOS4wiill bebusyinitialising their 12C interfacelogic. For thisreasonit was
choserto implementa dummywrite operationto the PPrPHOS4syia the setting31, in orderto
stimulatetheinitialising procedureln the beginning of this operationthe ReM_FPGAsendsan
invalid I1°C slave addresssothatnoneof the PPrPHOSA4svill try to processheinputdatain the
eventualitythattheinitialisationis nished beforethe dummyl?C transferis completed.

The 12C slave addressegeneratedy the ReM_FPGA for the PPrPHOS4sregivenin ta-
ble/6.5. Additionally, thetablelists the |°C addressegeneratedor the TTCrx, but they will be
explainedin thenext subsectionThefour bits givenin bold ([5:2]) representhe PHOS4Addess
which the ReM_FPGA extractsfrom theinput VME addressThesebits arecomparediy each
PPrPHOSAginstanunique4-bit PPrMCM slot address The latteris hardwiredon the PPM
motherboardnddeliveredto the PPrPHOS4hroughoneof the PPrMCM connectorg Sch09.

I2C Address Slave Device

7'b000.0000 PPrPHOS4#1 (upperPPrMCMonthe PPMboard)
7'b000.0100 PPrPHOS4#2

7'b011.1100 PPrPHOS4#16 (lower PPrMCM)

7'b000.0010 TTCrx (I2C_pointerregister)
7'b000.0011 TTCrx (I12C_dataregister)

7'b100.0000 dummyPPrPHOS4ddresginitialisation)

Table 6.5: Thel?C slave addressegeneratedor the PPrPHOS4sndthe TTCrx.
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Apart from the slave addressthe ReM_FPGA provides also a local addresswhich indicates
the PPrPHOS4channelto which the input con guration datais addressedThis information
is given by the 2-bit ChannelAddressencodedn the VME addressandit is packed together
with the 5-bit con guration datain one8-bit dataword, asindicatedin the speci cationsof the
device [CER93.

Thetransferof con gurationdatafrom the VME to the PPrPHOS4gs handledby the Vme-
Managerandthe threefunctionalmodulespreviously shavn in gure (6.8 Phos4TTCrxData,
[2CDataTansferand I2CMasterCoreUpon receving a correspondingwrite strobefrom the
VmeManagerthe Phos4TTCrxDatanoduleenableghe transferthe PPrPHOS44C bus, and
processeghe input VME addressand data. The obtained7-bit slave addressand the 8-bit
dataword arethenpassedo the I2CDataFansfermodule. As mentionedn section6.2.6 the
|2CDataTansferis theactualmasterof thel2C communicationyhile I2CMasterCorenly pro-
videsthe interfaceto the I2C bus. The communicatiorbetweenthe two modulesandthe data
transferover the 12C busis realisedsequentially First, the I2CData Fansferappendsa write bit
to the 7-bit slave addressandthensendsthe resultingbyte to I2CMasterCorerequestinghis
datato betransferredverthel2C bus. Thel2CMasterCoreserialiseshereceveddataand ags,
via local registers,the progres=of the transfer The I2CDataTansfercheckspermanentlythis
statusandsendghe next databyte, containingthe actualcon guration data,whenthe previous
transferis completed.

In parallelwith this transfer the input VME datais copiedto the SRAM. As the whole
I2C cycle takesmuchlongerthanthe transferto SRAM, the VmeManagewill closethe VME
cycle assoonasthe SramManagehas agged the completionof its operationsThe progresf
the 12C transferis indicatedby the Phos4TTCrxDatal he moduleassertsa correspondingpit,
i.e.Phos4WIP, aftertheinputVME addressanddatahasbeenatched andclearst immediately
after the 12CDataModuleindicatesthat I2CMasterCorenhas nished transferringthe last data
byte. The statusbit is mappedn the rst ReM._Statusregister

6.4.4 TTCrx Con guration

The TTCrx provides twenty 8-bit useraccessibleegistersfor controlling and monitoring its
operation. As only one TTCrx chip is presenton the PPM, the VME addressesllocatedfor
con guring thedevice encodeonly oneparameterRegisterAddess(see gure 6.17).
Thetransferof con guration datafrom VME to the TTCrx is realisedin a similar manner
asin the casepresentedn the previous subsection.Thereare a few differences.First of all,
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uponreceving a write strobeindicatinga write operationto the TTCrx, the Phos4TTCrxData
moduleenableshe TTCrx-1°C bus, while it simultaneouslydisablesthe PPrPHOS44C bus.
Then, during a write operationto the TTCrx, the ReM_FPGA hasto generatewo 12C slave
addresseéseeacpin table6.5). Thatis becauséhe TTCrx occupieswo consecutie addresses
in the 1°C space[Chr04. The rst addresdocalisesan 12C_pointerregisteron the device, to
whichtheReM_FPGAhasto transfethe VME RegisterAddresparameterThesecondaddress
localisesanotheregister 12C_data,to which the ReM_FPGA hasto transferthe VME con gu-
ration data. Anotherparticularityof the currentoperationis given by the factthatthe numbers
allocatedby the TTCrx to its useraccessibleegistersarenot contiguous(seetable/B.6). This
numberingleadsto "gaps”in the VME addressspace.In casea VME requestis receved via
oneof theseinvalid addresseshe ReM_FPGAwill notprocesst, andit will correspondingly
asserf bit in the rst ReM_Errorregister(seeDenied TTCrx UnRey in tableB.26). Also, asin
the previous case the statusof the datatransferto TTCrx is indicatedvia a dedicatedit in the
rst ReM_Statusregister

As in thecaseof thedatatransferto the PPrASICstheReM_FPGA placeswo copiesof the
inputVME datain the SRAM. The rst copy is writtento a TTCrxRefeenceblock, whichholds
copiesof all con guration datatransferedo the TTCrx, while the secondcopy is writtento a
TTCrx Readbak block, which storesdatareadback from the source(seealsosectionB.2.2).
Additionally, the ReM_FPGA setsthe upperfour bits of the correspondingsRAM locationto
value 4'b0001, to indicatethat nev con guration datahasbeenloadedto the given TTCrx
registet

6.4.5 PPrMCM-L VDS Con guration

The operationof the PPrMCM-LVDS transmitterscan be controlled via three parameters:
TCIKRF, DEn and LvdsSync The rst parametemllows to selecteitherthe rising or falling
edgeof the operationaklock for strobingin the PPrASICdata. The secondparameteenables
theoutputof thetransmitteywhile thethird parametedetermineshe samedevice to sendasyn-
chronisationpattern. All threeparametersre con gured via the ReM_FPGAs MCM_Contol

register(seeB.3.17).

6.4.6 Con guration Restrictions

As mentionedn theintroductorypartof this sectionthe ReM_FPGAdeniesa VME con gura-
tion requestin two casesThe rst casecanbedirectlyinduced by con guring theReM_FPGA
to operatan the DAQ_Mode. As long asthis modeis active, ary con gurationrequestthatim-
pliesa changeof the pre-processingndreadoutoperationsis denied.This refersto con gura-
tion requestaddressetb the PPrASICs PPrAniIn-DACs,PPrPHOS4T TCrx, PPrMCM-LVDS
transmittersandto thoseinternalregistersof theReM_FPGAthatallow thecon gurationof the
eventdataprocessingandtransmission.n the caseof the PPrASIC,the channelregistersthat
allow thecon gurationandthe control of the RateMeteringandHistogrammingoperationsare
exceptedfrom this restriction,sincethe respectre monitoringtools are completelydecoupled
from thereadoufpathandthey only usethe pre-processingesults(seealsosection6.6.3.
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In the secondcase the ReM_FPGA deniesa con guration requestf anotherprocessthat
demandsccesso the SRAM device, is in progressTherestrictionis mainly necessarpecause
the SRAM is a single-portedmemory and thus only one internal processcan accesst at a
time. Onecanprobablyimplementanalgorithmthatqueuestherprocessedemandingaccess
to SRAM until a currentoneis completedput, besidesof a signi cant increasan the usageof
FPGAresourceghiswill considerablglow dovntheoperationgexecutedheReM_FPGA.This
restrictionappliesfor any con guration requestaddressedo the PPrASICs,PPrAnin-DACs,
PPrPHOS4TTCrx, the PPrMCM-LVDS transmitters.

In both casesthe ReM_FPGAwill closeimmediatelythe VME cycle and ag therefusal
via dedicatedits in thetwo VME errorregisters(seealsosectionB.3.24).

6.5 PPrASIC Event Data Formatting and Transmissionto DAQ

A mandatontaskof the PPrsystemis to provide eventrelateddatato the DAQ Systemjn order
to allow the veri cation, calibrationand monitoring of the trigger. The event relateddatais
accumulatedn the PPrASICsandtransferredver the serialinterfaceso theReM_FPGAupon
thereceiptof theL1A signal.In theReM_FPGA  theeventdatais collectedin dedicateduffers,
processeth thespeci ed ATLAS format,andtransmittedo the DAQ systemyia theRGTM-O
device anda correspondindROD module.

6.5.1 PPrASIC Event Data Format and Transfer on the Serial Interface

ThePPrASICeventdatamainly consistsof 10-bitraw FADC dataand8-bit BCID-LUT results.
For eachof its four channelsthe PPrASICcontinuouslyextractsthesedatafrom the real-time
pre-processingath, and storesthemin two separateipeline memories(seee.g. gure [5.7).
Eachmemoryis 7-bit deepx 11-bit wide, andis operatedat the LHC clock frequeng. Which
meanghateachll1-bit dataword is availablein the pipelinememoryfor roughly 3.2 ns. This
periodof availability extendsoverthe2.5 nsoveralllateng of theL1 trigger, and,in addition,it
compensatefr the propagtiontime of the L1A signalfrom the CTPto theinput of the PPrA-
SICs. Apartfrom theraw FADC andthe BCID-LUT data,the PPrASICstoresthreeadditional
1-bit parameter the pipelinememoriesthe ExtBCID signalprovided by the PPrAninboard,
andtheresultsof theinternallinearandsaturatedCID algorithms,.e. PeakFindingdCID and
SaturatedBCID. Theseparametersre often referredto asthe BC Marks asthey indicatethe
bunch-crossinghatcontainsghe maximumof theinput calorimetersignal.

The readoutof eventdatafrom the pipelinememoriesandits transferover the serialinter
faceareinitiated by the L1A signal. Onthe arrival of this signal,eachdataword relatedto the
acceptedventis copiedout from the pipelinememoriesinto anothersetof buffers, calledde-
randomises, andthentransferrecver a correspondingerialinterfaceto the ReM_FPGA.The
derandomiserbave anidenticalsizewith the pipelinememoriesandthey compensatéor the
L1A rate uctuations, by storingtheeventdatawordsuntil theirtransferovertheserialinterface
is completed.The numberof eventrelateddatawords,which arereadout from eachchannel-
memoryis acon gurableparameterandit representanimportantaspector boththeoperation
of the DAQ andthealgorithmsimplementedn theReM_FPGA.The PPrASICallowsupto 127
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Figure6.18: ThePPrASICeventchannel-datéormat(a),andthemultiplexing schemeof the Readback
andReadouthannelon the serialinterface(b). Theformerdepictsthe caseof areadout
with oneBCID-LUT andthreeFADC sampleswhile in thelatter ve FADC samplesare
readout.

raw FADC and7 BCID-LUT samplego bereadout. However, in normalphysicsrunning,the
DAQ canmaximallyhandleareadoutwith ve FADC samplesbecause¢he separatiobetween
two consecutie L1As is constrainedyy the CTP to a minimum of ve bunch-crossingsFor
calibrationruns,the DAQ canbe con guredto operatewith a slightly largernumberof readout
sampleshut still well belony the maximumprovided by the PPrASIC.As it will bedescribedn
section6.5.3 the ReM_FPGA canprocessandprovide to DAQ only readoutsof maximum16
samplegFADC+BCID), dueto limited internal buffering resources.Outsidethe DAQ mode,
for technicalveri cations of the system the ReM_FPGA canbuffer andprovide via the VME
interfacethe entirereadoutrangeof the PPrASIC(seesection6.8).

Theformatandthe successioin which the PPrASICtransmitsthe eventchannel-dataver
the serialinterfaceis shavn in gure [6.18. The rst datawritten outis an 11-bit EventHeader
word, whichthe PPrASICpreparesn parallelwith accumulatinglatain the pipelinememories,
andstoresn theBCID-LUT derandomisenponthearrival of the L1A. Most of theinformation
provided by the EventHeaders processedby the ReM_FPGA, in orderto verify the synchroni-
sationbetweenthe two devices,andto setstatusbit elds in the readoutstreamto DAQ. The
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rst eightlower bits of the headerequallymapthe outputof the PPrASICbunch-crossing and
eventcounters.The remainingthreebit elds of the heademprovide statusof the readoutoper
ation. The Channelbit indicatesto which of the two PPrASICchannelssened by the given
serialinterface,belongstheincomingeventdata. The HeadesOnlybit indicateghatoneof the
two derandomiseris almostfull, andthe availablespaceallows only to copy the headerswhile
the DataLosshit indicateghatthederandomiserarefull andall theeventdatais lost. The next
datawords containthe actualevent data. The BCID-LUT datais provided togetherwith the
correspondingBC Marks”, while theraw FADC datais pacledtogethemwith the ExtBCID bit,
to indicatetherespons®f the PPrAnincomparatothresholdor the givendigitisedvalue.

The uppertwo bits of each13-bit dataword shavn in gure [6.18 are usedas ags, to
helpthereceving device distinguishbetweerthe differentdatatypessentby the PPrASICover
the serialinterface.As mentionedin section6.2.3 the PPrASIC provides four typesof data:
con guration, monitoring, event and statusdata. The transmissiomprotocol groupsthesedata
typesinto three streamswhich are multiplexed on the serial outputinto a x ed schemeas
illustratedin gure(6.18&. The rst streamcontainghecon guration,monitoringandstatusdata,
andit is calledReadbak Channel The othertwo streamscontainthe event datafrom the two
channelsenedby theserialinterface,andthey arecalledReadoutChannelsTheidenti cation
of the ReadbaclandReadoutvordsis donevia thetwo mostsigni cant bits of eachdataword.
Whenthebit is setto 0 it indicatesa ReadbackVord, andwhenis setto 1 it indicatesa Readout
word (seeagain gure 6.18). Subsequent|ythesecondnostsigni cant bit is usedo distinguish
betweerthedifferentdatatypeswithin eachchannel.For the Readouthannelthe EventHeader
andthe BCID-LUT wordsare agged with a 0, while the FADC wordsare agged with an1.
TheReadbackhannelusesaslightly differentschemdor agging its own datawords,thethird
mostsigni cant bit beingusedto identify the statusdata. The contentof the Readbackhannel
andthe agging schemearedescribedn section6.6.1

Whenno eventdatahasto betransmittedthe PPrASICsendsonly Readbackvordson the
serialinterface. As soonasan L1A signalis receved, andthe event datais readyfor trans-
mission,the PPrASICsetsthe highestpriority for the ReadoutchannelsThis meansthat the
Readbaclchanneis delayeduntil thetransmissiorof the currenteventdatais completed Also,
dependingon the L1A frequeng, a nenv event datablock may be alreadyavailablein the de-
randomiserdeforethe transmissiorof the previous event block is completed.In suchcases,
the PPrASICintercalatesone Readbackvord in betweenthe two event datablocks, to addi-
tionally help the receving endidentify the startandthe endof an eventdatablocks(seeagain

gure [6.18).

6.5.2 Receptionof PPrASIC Data in the ReM_FPGA

In the ReM_FPGA, the multiplexed datastreamis receved by a correspondingAsicSerialln-
terfacesmodule.As alreadymentionedn the previous sectionsthereare 16 suchmodulesin-

1"the actualPprASICbunch-crossingounteris 12-bit wide, covering thetotal lengthof the LHC orbit, i.e. 3564
bunch-crossings.For bandwidthconsiderationsonly the lower 4 bits of the counteroutput are transferredover
the serialinterface. The respectie valueis sufcient to determinethe synchronisatiorof the PPrASICwith the
ReM_FPGAandtheothertriggercomponentsThefull outputof thecounteris internallyusedoy theHistogramming
operation(seesection6.6.3
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Figure6.19: ThefanningoutandtheprocessingfthePPrASICserialinterfacedatain theReM_FPGA.

stantiatedn the designof the ReM_FPGA, eachinstancehandlingthe datatransfer in both
directions,over the two serialinterfacesof one PPrASIC.After it is corvertedfrom serialto
parallelformat,theinput datais fannedoutinto four streamsandprovidedto four differentin-
ternallogic units,for furtherprocessingsee gure [6.19. Thismeanghatthede-multiplexing of
theinput datastreamis performedocally, eachlogic unit selectingonly the relevantdata. Two
of the fannedout datastreamsare processedby the AsicSeriallnterhcesmodule. In onecase,
the eventdatablock is extractedandstored,in the original format, in internal VME-accessible
memorybuffers. In the secondcase the AsicSeriallnterbcesmoduleextractsthe statusinfor-
mationfrom the Readbaclkchannelandprovidesit to VME via the StatusRgistermodule.The
third copy of the input PPrASICdatastreamis routedto the AsicReadbdcmodule,which ex-
tractsthecon gurationandmonitoringdatafrom the ReadbackChanneindwritesit to SRAM.
Thesethreeoperationswill be describedn section6.6. The lastcopy is deliveredto the Rod-
ReadoutManger module, which hasthe tasksof collecting, processingand transmittingthe
eventdatafrom all 32 serialinterfacestreamgo the RGTM-O device. Thefunctionality of the
RodReadoutManagés describedn thefollowing subsections.

6.5.3 Collecting the PPrASIC Event Data

The datacollectiontaskimpliesto extractthe event relateddataandwrite it to local memory
buffers. Therole of the memorybuffersis similar to thatof the PPrASICderandomisersThey
compensatdor the L1A rate uctuations, by storingthe currentevent datauntil the transfer
to the DAQ is completed. Additionally, the buffers act as syndironisers, at the boundaryof
two differentclock domains.As mentionedn sectiond$6.2.3and6.2.4 the serialinterfacesto
the PPrASICsandthe RGTM-O are operatedat differentclock frequencies.The interfaceto
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Figure 6.20: Longitudinalstorageof theinput PPrASICeventdatain thelocal dual-portedmnemories.

PPrASICis driven by the 40.08 MHz LHC clock, while the interfaceto RGTM-O usesthe
40.00MHz PPM.XTAL clock. As thetwo clockdomainsappeaasynchronout eachother the
RodReadoutManagenustensurehatdatais synchronisedwhenit passesrom the rst clock
domaininto thesecondne,in orderto avoid metastabilityfailures.Although,for adatabuswith
multiple consecutie values,asynchronousIFOs (First-In First-Out) arethe mostappropriate
syndironisess, the currentimplementationusesdual-portedmemories,for the e xibility they
offer in termsof operatinghe readandwrite pointers.

Thede-multipling andthe extractionof eventdatais performedseparatelyor eachof the
32 streams.Also, one 8-bit deepx 16-bit wide dual-portedmemoryis employedto storethe
selecteddatafrom oneinput stream.In orderto separateff the Readoutdatafrom Readback
data,the RodReadoutManagenonitorsthe mostsigni cant bit of eachincoming dataword.
A transitionfrom 0 (Readbackjo 1 (Readoutjndicatesthe beginning of the eventdatablock.
Upondetectingt, theRodReadoutManageiscardsheupperntwo controlbits of eachfollowing
BCID-LUT andFADC dataword, andwritestheremainingl 1 bitsto thememory Additionally,
most of the datacarriedby eachEventHeadeword is written aswell to the memory This
datawill belaterusedfor settingstatusbits in the readoutstreamto DAQ. Figure|6.20 shavs
the longitudinal format in which the event datais storedin the dual-portedmemories. The
BCID-LUT dataandthe”BC Marks” arestoredexactly in theformatprovidedby the PPrASIC,
while the 10-bit FADC dataandthe ExtBCID bit are rst swapped,andthenwritten to the
buffers. In bothcasesthisis theformatin which therespectie 11-bit datais transmittedo the
ROD. For anef cient usageof the memoryspacethe EventHeadedatais written to the same
memorylocationsthat storethe BCID-LUT dataandthethree’BC Marks”. The HeadersOnly
and DatalL ossbits of eachheaderare rst logically OR'ed, andtheneachresultis written in
the upperpositionof the correspondingnemorylocation. The 4-bit bunch-crossingiumberis
extractedonly from the rst headerandit is storedtogethemwith the dataof the rst channel.
The value is extractedonly from one headerbecausehe bunch-crossingcounteris globally
implementedn the PPrASIC,andin consequencell four channel-headergeneratedy the
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PPrASICduringaneventreadoutprovide the samecountervalue. A similarimplementatioris
adoptedor the eventnumberwhich, for simplicity of operationsn the rmw are,it is extracted
only from the secondheader and storedin the memorytogetherwith the dataof the second
channel.The Channelbit of the EventHeadelis discardedthe respectre information being
deducedrom the structureof the PPrASICeventdatablock.

Anotherimportantaspecof thebuffering processs thetrans\ersalstorageof theeventdata
wordsin the dual-portedmemories.As it will be describeda bit later, the processingn the
speci ed ATLAS formatrequiresto serialisethe event datafrom the two serialinterfacesof a
given PPrASIC,by concatenatinghe two event blocks. Which meansthat the readoutof the
eventdatafrom the memorybuffers andits transmissiorto the DAQ necessitatekngertime
thanwriting the samedatato the buffers. At mediumandhigh L1A frequencieghis leadsto
multiple consecutie eventsaccumulatedn the buffers, possiblyhitting the storagelimits. In
thesesituationsthe RodReadoutManagenustensurehatonly integral eventblocksarestored
in the buffers, andthatthe unreadeventdatais not overwrittenby furtherincomingeventdata.
In orderto accomplishitheserequirementslogic in the RodReadoutManagelividesthe entire
depthof eachmemorybuffer into equally sizedevent blocks The numberand the depth of
theseblocksdependon the sizeof the PPrASICeventblock, i.e. they dependon the numberof
FADC andBCID-LUT sampleswvhich the PPrASICis con guredto readout from its pipeline
memories.The currentdesignof the ReM_FPGA offers supportfor six differentcombinations
of FADC andBCID-LUT samplesunderthe assumptiorthatall the PPrASICsarecon gured
to readout the samenumberof samples.Also, the ReM_FPGA needgo know in advancethe
settingsappliedto thePPrASICs.Thisis donevia adedicated/ME register(seesectionB.3.14).

Table 6.6 lists the supporteccombinationsof readoutsamples.They werechosento meet
different operationalnecessitiesln normal physicsrunning, the DAQ usesonly the '3+1' or
'5+1' readoutmodes,in orderto copewith the transportlimitations at maximumL1A rate.
Theothermodesareintendedor calibrationstudieshatcheckthe propertiesof the calorimeter
trigger pulsesor the BCID algorithms.Also listed in tablel6.6 is the numberof event blocks
thattheRodReadoutManagetlocatedor eachreadoumode.This numberis determinedn the
following way:

Selectedeadoutscheme No. eventblocks
(NFADC + Ngcip LUT) (|n DP memories)

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_FPGAs rmw are.Thevaluesgivenin bold specifythedefault mode.
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if the sumof the FADC andBCID-LUT numberss smalleror equalto 8, thenthe 256
locationsof eachmemoryare organisedinto 16 blocks, so that eachblock contains16
memorylocations.

if thesamesumis greateithan8 andsmalleror equalto 16, thenthe depthof thememory
is organisednto 8 blocks,eachof which contains32 memorylocations.

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 thenthe eventdatablock transmittedover the serialinterfacewill
consistof 14 datawords: ten FADC, two BCID-LUT andtwo EventHeadedatawords.Since
theEventHeadedatais storedtogethemwith theBCID-LUT datain thelocal buffers,thismeans
thatonly 12 out of the 16 memorylocationswill be actuallywritten with data. The otherfour
memorylocationsareleft empty the write pointerbeingmovedto the startaddresf the next
memoryblock, whena new PPrASICeventblock is receved. The adwantageof this method
is thatthe PPrASICeventdatablocksareintegrally storedin thelocal memories Additionally,
with this methodnew readoutmodescanbe easilyadded underthe assumptiorthatthe sumof
thereadoutsampless notgreaterthan16.

6.5.4 The G-Link Event Data Format

As mentionedn section6.2.4 thetransferof eventdatafrom the ReM_FPGAto the RGTM-O
is realisedvia 16 singledatalines,eachof whichis usedfor transportinghe eventdataprovided
by a correspondind®PrASIC.The serialformatin which the datais written outto RGTM-O is
shavn in gure [6.21, andit is oftenreferredasto the G-Link EventData Format Apart from
PPrASICevent data,eachserial streamtransportsas well threeothertypesof data: a global
12-bit Bunch-CrossingBC) numbey a setof 10 errorbits (Errors)anda longitudinalparity bit
(GP).Thefour component®f the serialstreamsaredescribedn thefollowing.

The Bunch CrossingNumber

The ReM_FPGA hasto tag eachevent with the BC numberof the correspondind-1A, in or-
derto allow veri cations of the PPM timing with respecto the othercomponent®f the trig-
ger The BC numberis provided by a 12-bit counterrunningin the RodReadoutManaget he
counteris incrementedvith eachLHC clock event,andit is clearedby the TTC BunchCounter
Reset(BCR) signal.Uponthe receiptof an L1A, the outputof the counteris written to a 16-
bit deepx 12-bit wide asynchronou$IFO, whereit is queueduntil the RodReadoutManager
extractsit for processingndtransmissionio DAQ.

In the G-Link eventdataformatthe 12-bit BC numbermrecedesheactualeventdata,andit
is transportedrans\ersallyby the rst 12 serialframes.Thecorrespondindit eld in theformat
of thelastfour serialframesis, therefore alwayssetto zero(seeagain gure [6.21).

The PPrASIC Event Data

For eachserial frame, the RodReadoutManagédrasto concatenate¢he event dataoriginating
from the four channelsof one PPrASIC,in the successiorindicatedin gure |6.21 First the
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eventdataof the rst two channelss transmitted|abelledin thesamegure asASIC Ch A and
ASIC Ch.B, andthenthe event dataof the othertwo channels ASIC Ch_.C andASIC Ch.D.
Eachchanneblock consistof 11-bit FADC andBCID relateddata,which areserialisedexactly
in theformatin which they arestoredin the dual-portednemoriegseeagain gure [6.20.

The Err or Bits

A setof 10 errorbitsis providedin eachserialframe,to indicatethe statusof the PPMreadout
operation.The rst veerrorbits aresetfrom VME, while theremaining ve bits aresetby the

RodReadoutManageas a resultof aninternal processing.The signi cance of the error bits,

andtheway they aresetis presentedn thefollowing:

PPrASIC channelsare disabled (CDE. This is a groupof four error bits which ags
thatoneor more PPrASICchannelshave beendisabledby software.Noisy, deador hot
channelshave to be disabled,asthey candisturbthetrigger operation. The supervising
software hasthe possibility to disablea PPrASICchannel by settingthe contentof the
correspondind.UT memoryto zero. The effect of this measuras that the 8-bit BCID-
LUT datawill be permanentlysetto zero. Thereforejn orderto avoid ambiguitiesvhen
the eventdatais analysedthe situationhasto be agged accordingly The ReM_FPGA
needgo know in advancewhichchanneldhavebeendisabledpbecausé& cannotdeducehe
informationotherwise.Two 32-bitVME registersareprovidedfor this purposegachbit of
eachregisterbeingdedicatedo onePPMchannelj.e. 64 bits covering64 PPM channels
(seealsosectionB.3.16. Wheneventdatais sentto DAQ, theRodReadoutManagebppies
theseVME bits, andloadsthemto correspondingelds in eachserialframe.

The same agging methodis appliedfor the unusedchannelsof the PPMsthat process
triggertower signalsfrom the end-capcalorimetersThosePPMsare suppliedthrough
theinputconnectorsvith only 32 analoguesignals(seee.g. gure |A.5). Correspondingly
only theoutputof therespectre 32 channelss physically connectedo thereal-timepath
of thetrigger However, sinceall the PPMsusedin the systemarehardwareidentical,the
other32 channelsrestill connectedo thereadoupathandprovide eventdata.Hence,n
orderto avoid ambiguities the eventdataoriginatingfrom thesePPrASICchannelds as
well agged.

The PPrMCM is absentfr omthe module (MA). In theveryearlycommissioningphases
of the L1Calo, someof the PPMswere operatedwith lessthan 16 PPrMCMsmounted
on the board. Therefore,at that time this bit was meantto ag thatthe corresponding
PPrMCMis physically absenfrom the PPMboard.Sincethis scenarids excludedduring
the regular operationof the systemin the ATLAS experiment,the de nition of the MA
error bit wasadaptedto indicatethatthe PPrMCM s ratherfunctionally thanphysically
absent.The RodReadoutManagessertghe bit whenall the four channelof the given
PPrASICare agged asdisabledby the supervisingsoftware,asdescribedabore.

18thetext givenin bold representshe de nition of the errorbits, asestablishedy the L1Calo collaboration(see
also[Bar09g).
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Figure6.21: TheG-Link eventdataformat.

Oneor more channelsdid not producedatain responsdo L1A (TO). Thebit is often
referredasto the TimeOutbit. In the RodReadoutManagesnesucha bit is implemented
for eachPPrASICserialinterface. Sinceonly oneTO bit canbe transmittedper G-Link
serialframe thebits assignedo thetwo serialinterfacesof thesamePPrASICaremeged
into onebit. The default value of eachTO bit is 1, indicatingthat no datahasbeenre-
ceived. Whenthe rst eventdatawordis writtento adual-portednemorythecorrespond-
ing TO bit is setto 0. After the lastbut oneeventdataword is storedin the memory the
bit is logically OR'ed with the correspondindit of the secondserialinterface,andthe
resultis queuednto a 16-bit deepx 1-bit wide asynchronou&IFO. Then,afterthe last
dataword is written to the memory the default valueof the TO bit is restored.

L1As are coming too fast and the readout FIFO in the PPrASIC has becomefull
(AFF). Whenthis occurs the PPrASICsendsnly eventheadersand ags therespectie
statusvia the HeadersOnlyandDatalLosgbits. In consequencehe eventdatasentby the
ReM_FPGAto DAQ is invalid, representinglatafrom the previous eventreadout. The
invalidity of the event datais agged by the AFF error bit. The RodReadoutManager
setsthis bit accordingo the valuesof the HeadersOnlyandDatalLossags. As described
in the previous section,thetwo ags of eachEventHeadearelogically OR'ed, andthe
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resultis writtento a correspondindpcal buffer. The AFF bit is thenobtainedoy logically
OR'ing thefour resultsrelatedto the samePPrASIC.

Event Number Mismatch (ENM). Whenassertedthe bit indicatesa mismatchbetween
the 4-bit Event Number(EvNum) provided by the PPrASIC,and a referencecomputed
by the ReM_FPGA. Both numbersare obtainedby incrementingcorrespondingounters
eachtime an L1A is receved. Also, the two countersare operatedwith the LHC
clock, and they are setto zero by the TTC Event Counter Reset(ECR) signal. As
describedin the previous section,the EvNum of the PPrASICis extractedfrom the
secondEventHeaderof eachinput data stream,and storedin a correspondingocal
buffer. Thelocal references storedin a 16-bit deepx 4-bit wide asynchronou$IFO,
uponthereceiptof the L1A. Wheneventdatais sentto DAQ, the RodReadoutManager
extractsthe PPrASIC EvNum from two relatedbuffers, and compareshem separately
with thelocalreference TheENM bit is thenobtainedoy logically OR'ing thetwo results.

Bunch Number Mismatch (BNM). Whenassertedthebit indicatesa mismatchbetween
the 4-bit BC numberprovided by the PPrASICandthe lower four bits of the 12-bit BC
numbercomputedby the ReM_FPGA. The comparisorbetweenthe two valuesis per
formedasin the previous case.First, the PPrASICBC numbersstoredby two related
buffersarecomparedeparatelyvith thelocal referencestoredin thededicatedrIFO, and
thenthe BNM bit is obtainedby logically OR'ing the two results.
ThePPrASICbunch-crossingounteris implementedn asimilarway astheReM_FPGA
counter It is incrementedvith eachLHC clock event,andit is resetto zeroby the TTC
BunchCounterReset(BCR) signal. In spiteof that,it wasobsenedthatthe actualvalue
provided by the PPrASICdoesnot representhe BC numberof the L1A, but the next
BC number This occursbecausehe decisionto storethe outputof the BC counterin
the BCID-LUT derandomisertogetherwith the otherdatacomposingthe EventHeader
is takenonly oneclock eventafterthe arrival of the L1A. In orderto eliminatethe offset
betweerthetwo countervalues thefollowing solutionwasimplementedn the RodRead-
outManager First, the lower four bits of the local referenceare copiedinto a 4-bit Bc-
Num.Shortregister andthentheobtainedvalueis incrementedy 1, to matchthenumber
provided by the PPrASIC.The usageof the BcNum Shortregisteris neededn orderto
presere the 12-bit BC number asthis valuerepresentshe correcttime stamp,andit is
transferedo the ROD for veri cations of the PPMtiming.

However, this solutionis reliableaslong asthereis a minimumspacingof oneclock pe-
riod betweerthe L1A andthe BCR signals.Whenthe two protocolsignalsarereceved
simultaneouslythelogic of the PPrASICgivespriority to the BCR signal,which setsthe
BC counterto zero. This valueis thenprovided via the EventHeaderdueto the above
mentionedlate decision,and the RodReadoutManageatetectsa mismatchbetweenthe
countervaluesin spiteof theincrementation.This situationwas rst obseredwhile the
PPrsystemwastaking partin cosmic-raysuns,at CERN.Dueto thefactthatthecosmic
ray particlesarrive in the detectorandomlywith respecto thetiming of the experiment,
a trigger decisionmay be taken during ary of the 3564 bunch-crossingtime marks”.
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As the BCR signalis generatedand distributedto all readoutsystemsonly on the last
bunch-crossingi.e. 3563,thereis a non-zeroprobability to generatesimultaneoushthe
two protocolsignals.In thesecasesthe RodReadoutManageéletectsa mismatchpy rst
incrementinghevalue3 to 4, andthencomparingt to thevalueO providedby the PPrA-
SIC. This situationis excludedin physicsrunswith LHC beam.The currentLHC bunch
lling schemedoreseesfor a bunchspacingof 25 ns thatno collision will occurin the
last 119 bunchesof the orbit [Bai03. In consequencejo L1A will be generatedvithin
thespeci ed periodof time.
Sincethe ReM_FPGA hasto cover all the situationsthe RodReadoutManageompares
the BC numberof the PPrASICagainstfour bits zero,wheneertheL1A andtheBCRare
recevedon the samebunch-crossingAs the comparisorbetweerthe two countervalues
is performedduring the transmissiorof eventdatato DAQ, thusmuchlater afterthe co-
incidenceis detectedthe RodReadoutManagsatores for eachevent,a coincidenceag
into a 16-bit deepx 1-bit wide asynchronou&IFO. This bit will laterindicatewhether
the BC numberof the PPrASIChasto be comparedagainstthe incrementedralue (the
coincidencebit is setto 0), or againstfour bits zero(1).
A similar problemwas obsened for the PPrASICevent numbercounter which counts
the eventsstartingfrom 0, whenthe L1A andthe ECR arrive simultaneouslyandfrom 1
otherwise However, asthe ReM_FPGAdoesnot have to transmitthe eventnumberto the
DAQ, the problemwassolved by implementingthe local event counterin a similar way
asthe PPrASICcounter

ReM_FPGA FIFO corrupt occursif FIFO over o ws (RFC). Whenall the datablocks
of the dual-portedmemoriesare occupiedwith unreadeventdata,the RodReadoutMan-
agerstopsbuffering furthereventsuntil the storeddatais entirelyreadout andtransmitted
to DAQ. Correspondinglyaslong asthe restrictionis in place,the RodReadoutManager
assertghe RFC bit of eachG-Link serialframe. Additionally, a copy of the RFC bit is
providedto VME, for deluggingpurposesyia the rst ReM_Statusregister(seeRodE-
ventsNotBuéred bit in tableB.3.21).

The Global Parity Bit

While sendingdatato the ROD, the RodReadoutManageomputesan odd-paritybit for each
serialframe,andappendst afterthelasterrorbit. Uponreceving theinput PPM datastream,
theROD computesa similar parity bit, andcomparedt with thebit providedby theReM_FPGA,
in orderto detecteventualtransmissiorerrors.

6.5.5 The Transfer to RGTM-O

TheRodReadoutManagstartstransferringhedatato theRGTM-OwhenatleastonePPrASIC
eventdatablockis entirely storedin thelocal memorybuffers. In orderto facilitatethe descrip-
tion of the transfermechanism,gure givesan overview of the operationgperformedin

theRodReadoutManageidditionally, gure [6.23shawvs behaioural simulationresultsfor the
caseof two readoutsvith oneBCID-LUT andthreeFADC samplesin both gures, thedescrip-



104 TheReadoutManager of the PreProcessoModule

tion mainly focuseson the caseof the rst two serialinput datastreamsasthetreatmenbf the
otherinput streamss identical.

In the RodReadoutManagesachinput PPrASICdatastreamis received by a functionally

identicalRodBufer module. Themaintaskof thismoduleis to extractthe eventdatafrom input
stream,andstoreit in a correspondindocal buffer. Upondetectingthe rst EventHeaderthe
modulewrites to the buffer eachfollowing BCID-LUT and FADC dataword, until their sum
equalghe doublesumof the settingsspeci edfrom the VME (NumFadg NumBcid. Addition-
ally, theRodBufer moduleasserta WritelnProgresshit, to ag thestatusof thewrite operation,
andsetsatime-out(TO) errorbit to zero,to indicatethatthe correspondingerialinterfacehas
provided datain responseo the L1A. The WriteInProgressag is asserteduponwriting the
rst BCID-LUT dataword, andclearedwhenthe lastbut oneFADC dataword is stored. This
statushit is thenroutedto a WriteContol module whereit is logically OR'ed in two successie
stepswith the other31 similar bits, to form a globalindicatorof the write operationto the 32
local buffers (seeROB_WIP in gure 6.23. The high-to-lav transitionof the obtainedsignal,
i.e. write operationcompletedn all RodBufer modules,is usedby the WriteControlfor three
purposes.

The rst purposds to incrementa 4-bit NextBlod<ToWrite counter which indicatesto each
RodBufer modulethe memoryblock wherethe next PPrASICeventdatahasto be stored.The
counteris incrementeddy 1, if the sumof NumFadcand NumBcid is smalleror equalto 8,
andby 2, if the samesumis greaterthan8 and smalleror equalto 16 (seeagpin table/6.6).
Upon detectinga new event block in the input datastream,eachRodBufer module setsthe
local write pointerto the startaddressof the next memoryblock, by appendindgour bits zero
to the 4-bit value provided by the NextBlockToWrite. The usageof a block counteris mainly
necessaryor the casewhenoneor more serialinterfacesdo not provide dataduring a single
or moreconsecutie readoutoperationsAs long asthis situationholds,the correspondindocal
write pointersarenotincrementedThus,in the eventualitythatthe sameserialinterfacesstart
sendingagain data,afteranumberof eventreadoutsthecorrespondindpcal write pointershave
to bere-alignedwith the otherwrite pointers,to ensurethatall 32 eventdatablocksarestored
atthe samdocations,in eachmemorybuffer.

The secondpurposefor which the high-to-lav transitionof the ROB_WIP signalis used,
is to storethe time-outbits in the allocatedFIFO (seeWriteEnableTORfo). Thethird andthe
lastpurposés to generatea WriteDonestrobe which indicateshe availability of theeventdata
in the local buffers. The WriteDonestrobeandthe Empty status ag of the "Time Out” FIFO
(Empty TOFifo) arethe signalsthatinitiate the transferof eventdatato theRGTM-O.

Thedatatransferoperationis coordinatedby a ReadContl module.If the memorybuffers
have previously containecho data,anda newv PPrASICeventblock hasjust beenwritten to the
buffers,the ReadControstartsretrieving the datafrom the FIFOsandthe dual-portednemories
uponthe receiptof the WriteDonesignal. At rst, the ReadControgenerates GetHfoData
strobe,to extract the bunch-crossingiumber the event numberandthe coincidenceag from
the FIFOs. The lower four bits of the 12-bit BC numberare copiedin a separateegister and
processedh orderto cancelthe offsetbetweerthe relatedPPrASICandReM_FPGA counters
(BCNumShortCounte), while all the 12 bits of the FIFO output(BCNumFifoOut) aretrans-
ferredvia the rst 12 datalinks. Theloadingof thesebits in the serialoutputstreamaswell as
theloadingof all the otherdatatypes,is controlledby severalstrobeswhich areissuedbasedn
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thevalueof aninternalbit counter andof the NumFadcandNumBcidsettings.The rst strobe,
BcBit RSty will simultaneouslyactivate the "data available” frame signal (DAV_BAR'®), and
loadthe BC bits in the samestreams.The next two strobesdeterminethe loadingof the event
datafrom the dual-portednemories As for thewrite operationa 4-bit NextBlodkToReadindi-
catesthe startaddresf the memoryblock that hasto be readout. Unlike the write pointers,
which arelocally manipulatedduring the writing of datato the buffers, the readpointersare
globally controlled,to ensurghatdatais readout simultaneouslyrom eachmemory andonly
from thelocationindicatedby theglobalpointer(ReadAddesg. First,the ReadControéxtracts
andtransferghe eventdataprovided by the rst serialinterface(SerintfLRdSt), andthenthe
eventdataof the secondserialinterface(SerIntf2RdSt).

The errorbits aretransferredn two steps.The rst strobe,ErrBits1_RdStr will determine
theinsertionof the CD andMA bitsin the serialstream.In the sametime, thesignaldetermines
the extractionof the TO bit from the FIFO, andthe extractionand processingf the PPrASIC
bunch-crossingiumber eventnumberandthe headerags storedin the dual-portednemories.
The TO andRFCbits, andthe AFF, ENM andBNM bits returnedby the respectre processing
areinsertedin the outputstreamuponthe releaseof the ErrBits2_RdStrstrobe.After that, the
ReadControlissuesa Parity_RdStr strobe,which appendghe global parity bit to the output
streamanddetermineshe deactvationthe DAV _BAR signalon thefollowing clock event.

The transferof the entire serial streamto the RGTM-O necessitatebongertime thanthe
operationof writing theinput PPrASICdatato the buffers. For a readoutwith oneBCID-LUT
sampleandthreeFADC sampleswhichis the casellustratedin gure [6.23 it takes3.25 nsto
buffer theinputdata,and4.7 nsto readit out, packit with additionaldata,andtransferit. Which
meanghatif a secondL1A is recevedin, roughly lessthan4.7 ns, the correspondingvent
datablockwill beavailablein thememorybuffersbeforethe currenttransmissioris completed.
Subsequentjythe secondWriteDonestrobewill be generatedt a time whenthe ReadControl
moduleis busy transferringdata, and thusit cannotprocesst. In consequencealways after
completinga transfer the ReadControthecksthe level of occupang in the memorybuffers,
by readingthe Empty TOFifo statusag. If thisis setto zero,thenthe ReadControlnitiatesa
new datatransfer Thisis areliablesolution,becausehe TO bits arewritten to the FIFO shortly
beforethe buffering of theinput datais completedandreadout alsoshortly beforethe transfer
to RGTM-O is nalised. Additionally, the releaseof the WriteDonesignalis always delayed
with six clock periods,with respecto the WriteEnableTOFifo, to allow the ReadControto
eitherdetecta non-emptyFIFO or the WriteDonestrobe.

The evaluationof the Empty TOFifo ag, andthe preparatiorfor transmissiorof the next
bunch-crossingilumberrequiretogethersix clock periods.This meanghatthedatatransferand
theactiationof the DAV _BAR signal,will only occurafterthis delay For detuggingor testing
purposesthe ReadControtanbe instructedfrom VME to extendthe delaybetweentwo con-
secutve "dataavailable” signals(DAV_Gap), with upto 15 clockticks (seesectionB.3.15. This
settingwill alsodelaythe datatransfer with the samenumberof clock periods. The eventual
extensionis performedafterthe evaluationof the Empty ag, andonly if the ag indicatesthat
eventdatais availablein the buffers. Thisis donein orderto allow the algorithmsof the Read-
Controlmoduleto returnin anoperationaktatein whichthey canprocessa furtherWriteDone

1%the DAV* signaldescribedn section6.2.4
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Figure 6.22: Theeventdatacollection, processingandtransferto RGTM-O, as performedin the Ro-
dReadoutManager

strobe.If the ag indicatesemptybuffers,thenanextensionof the DAV _Gapwith morethan6
clock periodsj.e.thedelaybetweerthe WriteEnableTOFifo andWriteDonesignals cancause
the ReadControto missan eventualWriteDonestrobe. Which will postponethe datatransfer
until a secondNriteDonestrobeis receved.

Lastbut not least,the Achilles' heelof the currentimplementatioris the scenarian which
oneor up to 31 serialinterfacesprovide only event headersThis operationaimodeindicates
that eitherone or both derandomisersf the given interfaceshave becomefull, andthatthey
cannotbuffer ary further event datafrom the correspondingipeline memories.In this case,
the WriteInProgrespulsesgeneratedby the correspondindRodBufer moduleswill be signif-
icantly shorter andthey will irreversibly affect the mechanisnihatinitiatesthe transmissiorof
theactualeventdatato the RGTM-O. Sucha scenariowith lessthan32 serialinterfacesenter
ing this operationaimode,hasnever beensofar obsered. As all the PPrASICsarecon gured
to copy the sameamountof datafrom the pipelinememoriedo the derandomisersyneexpects
the sameoperationalbehaiour in all 16 PPrASICs.A differentsituationwill thenpointto a
defective hardware.However, this very unlikely scenarichasto be coveredby theReM_FPGAs
algorithms.The solutionforeseerfor the next updatef the rmw aredesignis to permanently
de-couplethe correspondinVriteInProgressignalsfrom the generatiorof the ROB_WIP sig-
nal,andasseraccordinglythe AFF errorbit, until the systemis reset.
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Figure 6.24: Theformatof the PPrASICreadbacldataonthe serialinterface(adaptedrom [Hus03.

6.6 Collecting the PPrASIC ReadbackData

Anothermajortaskassignedo theReM_FPGAIs to collectthePPrASICreadbacklataandstore
it in locationsaccessibl@ver the VME. As previously describedn section6.5.1, the PPrASIC
providesthreetypesof datavia the Readbak Channel con guration, monitoringand status
data.Thecon gurationandthe monitoringdataareprovidedon requestwhile the statusdatais
sentpermanentlywhenno requestor the previousdatatypesis addressed.

The con guration dataprovidesthe valuestoredat anindicatedPPrASICregisteror mem-
ory location. The ReM_FPGAwrite this datato a correspondinggRAM location,in the MCM
Readbaclblock,fromwhereit canbereadoutovertheVME, andcomparedvith thesimilarset-
ting loadedby the softwareandthe copy storedin the MCM Referencédlock, in orderto verify
the settingup procedureandthe properfunctioningof the hardware. The monitoringdatacon-
sistsof channel-wiseandtrigger unbiasecenegy ratesandspectrawhich areproducedbased
on real-time10-bit raw FADC dataor 8-bit BCID-LUT results.This datais readout periodi-
cally andusedfor detectingfaulty calorimetertrigger channelgseesection8.1). Additionally,
the samedatacanbe usedfor calibratingthe triggertower enegiesor for monitoringthe LHC
beamconditions[Mul08H. Theratesandthe histogramsareprovided over the serialinterface
uponseparateequestsThe ReM_FPGAassemblesachdatatypeinto a dedicatedlockin the
SRAM. Finally, thestatusdataprovidesbit-wiseinformationaboutthe stateof variousprocesses
in the PPrASIC.This datais pacledby theReM_FPGAIinto VME-accessibleegisters.

6.6.1 The PPrASIC ReadbackData Format On the Serial Interface

Figure6.24 shavs the formatin which the PPrASICtransfershe readbacldataover the serial
interface. Therearethreetypesof 13-bit readbackvords,eachtype being agged correspond-
ingly via the mostsigni cant bits. The rst word, called ReadbakEmpty provides a 10-bit
statusdata,of which contentis listedin table6.7. The rst four bits indicatethe availability of
the monitoringdatain the two channelssened by the accessederialinterface. The following
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Bit Nr. Description

RateAvailable(Channell)
RateAvailable(ChannelR)
HistogramAvailable(Channell)
HistogramAvailable(ChanneR)

FADC PipelineStoppedChannell)
BCID-LUT PipelineStoppedChannell)
FADC PipelineStopped ChannelR)
BCID-LUT PipelineStopped Channel)
PlaybackMViode Active

Frequeng Lost (PPrPHOS4tatus)

© 00O ~NO O~ WNPEFO

Table 6.7: The PPrASICstatusdataprovidedvia the ReadbackEmptgataword.

four bitsindicatethatthewriting of theraw FADC andBCID-LUT datato thepipelinememories
hasbeenstoppedby the user??. Thelastbut onebit ags thatat leastoneof thetwo channels
have beencon gured to operatein playbackmode,while the last bit providesa copy of the
FrequengLostsignaldescribedn section6.2.7. In theReM_FPGA, thesetenbits areextracted
by eachAsicSeriallnterhcesmodule,and provided to the StatusRgistermodule,which packs
themseparatelynto VME-accessiblaegisters(see gure [6.19andsectionsB.3.8t0[B.3.13.

Theothertwo 13-bitdatawordsform theactualreadbackblock. TheReadbakHeaderword
startsthereadbaclblock, andindicateshe PPrASIClocationwhichis beingreadout, while the
ReadbakDataword providesan11-bitcon gurationor monitoringdata.Iln theReM_FPGA the
ReadbackHead@ndthe controlbits of the ReadbackDatarediscardedandtheremainingll-
bit datais written to a correspondindocationin the SRAM. The following subsectionpresent
the algorithmsimplementedn the ReM_FPGAs rmw arefor retrieving the con guration and
themonitoringdatafrom the PPrASICs.

6.6.2 Readbackof Con guration Data

As mentionedn section6.4.1 whencon guration datais transferredrom VME to a PPrASIC
location,the ReM_FPGA placesonecopy of theinput 32-bit VME datain the MCM Readback
block, and setsthe upperfour bits of the correspondingsRAM locationto value 4'b0001, to
ag the changein con guration. Additionally, the upperfour bits, calledin the following as
thereadba& ags aresetby the ReM_FPGA to the samevalue when a VME Resetsignal
is receved. The reasonfor doing this is thatthe VME _Resetremaovesary con guration data

2therearetwo distinctcasesn which thewriting of eventdatato the pipelinememoriesin stopped.In the rst
case,the userexplicitly requestshe interruption,via a speci c commandaddressedver the serialinterface. In
the secondcase,the samestateis indirectly induced. The userhasthe possibility to read out the whole content
of ary pipelinememoryvia the serialinterface. While this operationis in progressthewriting of eventdatato the
accessegipelinememoryis pausedNoneof thesewo casess consideredby thecurrentdesignof theReM_FPGAs
rmw are.
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previously loadedto the PPrASICregisters,by restoringthe default values.In consequence,
immediatelyafterthe resetstateis releasedthe ReM_FPGA setsthe lower 32 bits of the entire
MCM Readbaclblock, for corvenienceto zero,andthe correspondingeadbackags to value
4'n0001. When con guration datais read back from a PPrASIClocation and placedin the
SRAM, the ReM_FPGA setsthe readbackags of the correspondingsRAM locationto value
4'n0000,to indicatethattherespectie datawasretrievedfrom the source.

Thereadbaclkof PPrASICcon guration datais initiated from the VME. Two methodsare
provided for the currentpurposeln the rst method,the ReM_FPGA startsautomaticallythe
readbaclprocesswhenthereadbackags associateavith aPPrASIClocationarereadout over
the VME, andif their valueis setto 4'b0001.In the secondmethod,the ReM_FPGA canbe
instructedto ignorethe value of the same ags, andstartthe readbackprocessupona similar
VME readoperationo thesebits.

Conditioned Readback

The upperfour bits of the entire MCM Readbaclkblock are mappedto VME asdescribedn
sectionB.3.2 Whenthe ags arereadoutfrom VME, theReM_FPGAchecksrst theirvalue. If
thisis foundto be setto 4'b0001,thenthe ReM_FPGA proceedsvith verifying if therespectre
ags areassociatedvith a PPrASICregisteror memorylocation. This veri cation is necessary
for coupleof reasonsFirst of all, multiple locationsin the MCM Readbaclblock areallocated
for storingPPrAnin-DAC andPPrPHOS4lata(seetableB.2). Althoughthesedevicescannot
bereadback,the ReM_FPGA placesa copy of therelatedcon guration datain theselocations,
andsetsthe correspondingeadbackags to value4'b0001, dueto the identicalformat of the
MCM ReferenceandReadbaclblocks.Then,a signi cant numberof memorylocationsin the
sameblocksarenotatall used. TheVME addresseselatedio therespectre SRAM locationsdo
notencodea valid PPrASICregisteror memorylocation. Althoughno input con gurationdata
is written to theselocations,the upperfour bits setalsoby the ReM_FPGA to value4'b0001,
whena VME _Resetsignalis receved. In consequencahe ReM_FPGA mustverify that the
read- agsaccessethy the VME arenot associateavith ary of the locationsmentionedabove.
If the veri cation returnsa negative result,thenthe ReM_FPGA only providesthe valueof the
respectie ags to VME, anddoesnot considerinitiating a readbackoperation. In caseof a
positive result,thenthe ReM_FPGA startsreadingbackthe relateddata.

The exactinformationaboutthe PPrASIClocationthathasto be readout is obtainedfrom
theinputVME addressin thesamemannerasdescribedn section6.4.1 Basednthisinforma-
tion, theReM_FPGA builds alsoa 13-bit StartReadbdccommandwvord, which indicatesto the
identi ed PPrASICareadbackequestindthe locationfrom wherethe datahasto beretrieved
(seealso[Hus03). Thenumberof ReadbackDatevords,sentby the PPrASICin responseo the
StartReadbackommanddependn the type of requestediata. If aregisteris readout, then
the PPrASICprovidesthe respectie 11-bit datavia one ReadbackDatavord. If memorydata
is requestedthenthe PPrASICtransferdhewhole memorycontentandnot the datastoredin a
singlememorylocation. Thus,in this casethenumberof ReadbackDatevordsequalghedepth
of theaccessethemory Uponreceving thereadbacldatafrom the PPrASIC the ReM_FPGA
extractsthe 11-bit con guration data,and writes it to a correspondindocationin the MCM
Readbaclblock, in the formatindicatedin table B.2. Simultaneouslythe ReM_FPGA setsthe
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Figure 6.25: Controllogic in the ReM_FPGA managingthe readbackof con guration datafrom the
PPrASICs.

readbackags to value4'b0000, to indicatethat the datastoredin the respectie locationwas
readbackfrom the PPrASIC.

Figure6.25describeschematicallyhelogic implementedn theReM_FPGAs rmw arefor
retrieving thecon gurationdatafrom the PPrASICsandtransferringt to the SRAM. Thevalue
of thereadbackags is checledby the SramManagellf thisis setto 4'b0001,the SramManager
distributesa CollectAsicCfgDataaommando anotherfunctionalmodule,calledAsicReadbdc
which handlesall the readbackoperationsrom the PPrASICs.Uponreceving this signal,the
AsicReadbackatchestheinput VME addressandusesit for threepurposesThe rst oneis to
verify if thereadbackags areassociatedavith a PPrASIClocation. If theveri cation returnsa
negative result,thenthe AsicReadbackancelsary further processingf the readbackequest,
and ags the situationvia the InvalidAsicCfgRdbkRequebtt of the rst ReM_Error register
Thesecondourposes to generate Readbak Address whichis providedto the AsicCon gura-
tion module.Basedon this information,the latter moduleidenti es the PPrASICandthe serial
interfacethathave to beaccessedindbuilds the 13-bit StartReadbackommandThethird pur-
poseis to obtainthe addresf the SRAM locationwherethe PPrASICreadbacldatawill be
stored.

A copy of theinput datastreamfrom theaccessederialinterfaceis routedto the AsicRead-
back. The modulemonitorspermanentiythe two control bits of eachincoming13-bit datato
identify the ReadbackDatavord. Whenthis occurs,the modulediscardsthe control bits and
writes the remaining11-bit con guration datato the SRAM, via the SramManagerAddition-
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ally, the AsicReadbackequestghe SramManageto setthe correspondingeadbackags to
value4'b0000.

The statusof thereadbacloperationis agged by the samemodule.An AsicCfgReadbdc
Activebit is assertedssoonasthereadbackequesis validated andclearedmmediatelyafter
thelastcon gurationdataword is placedin the SRAM. The statusbit is permanentlyprovided
to threefunctionalmodules:VmeManagerCommandRegisterand StatusRgister Whenthebit
is set,the VmeManagerand CommandReister modulesdery ary VME requestthatimplies
the accesdo the SRAM. The StatusRgister providesthe respectie bit to VME, via the rst
ReM_Statusregister

Unrestricted Readback

For detuggingandtestpurposesthe ReM_FPGA canbeinstructedo initiate thereadbackpro-
cessindependenbf the value storedby the readbackags. This operationalmodeis activated
via the ForcedCon gReadbdcbit of the ReM_Controlregister(seetable B.24). Whenthebit is
assertedthe SramManageignoresthevalueof thereadbackags, andgeneratethe CollectAs-
icCfgDatacommanduponreceving thedatafrom the SRAM device. Oncethereadbaclprocess
is startedthe logic administratinghe ReM_Control registerclearsthe ForcedCon gReadback
bit. Which meanghatthebit hasto beassertedgain, if the next readbacloperationis intended
to berealisedunderthe sameconditions.

6.6.3 Readoutof PPrASIC Energy Ratesand Spectra

In the PPrASIC,the monitoringfunctionality is implementedn two modules called RateMe-
tering andHistogramming The RateMeteringevaluategheinput FADC or BCID-LUT values
againsta programmablesnegy threshold,during a speci ed period of time, while the His-
togrammingmapsthe sameinput valuesinto histogrambins. In both casesthe FADC and
the BCID-LUT dataarepermanentlyfed from thereal-timepre-processingath(seeagain g-
ure/6.1). Which meansthatthe dataproducedby the two algorithmsis not biasedby the L1
triggerdecision.

The PPrASIC Rate Metering

Figurel6.26 describesschematicallythe algorithmimplementedn the Rate Meteringmodule.
Theoperationis startedassoonasthe RateEnabldit is assertedA 20-bit DataCounteris then
incrementeatachtimetheinput 10-bit FADC or the8-bit BCID-LUT dataexceedghespeci ed
thresholdvalue(RateEtTheshold. Theselectionof theinput datasource aswell asthe setting
up of theprogrammabl@arameterds doneduringthecon gurationprocedureyia appropriate
PPrASICchannelregisters. The enepgy thresholdis 10 bits wide, in orderto cover the entire
dynamicrangeof the FADC. In casethe BCID-LUT datais selectedas source two bits zero
areappendedo eachincoming8-bit BCID-LUT data,sothatthe obtaineddataword matches
thewidth of thethreshold.The periodof time, within which theinput datais comparedagainst
the threshold,is speci ed in units of 1024 bunch-crossings,e. 25.6 ns. This is achiezed by



6.6 Collectingthe PPrASICReadbak Data 113

RateSource

RateAvailable

FADC [9:0]

10
{BCID-LUT [7:0], 40 ""Hzl
v i 1 20 N 10
2boo} # DataCounter {—#—¢—Read-Dack
Buffer

RateEtThresh , |

7
10 10

|_'>1J

Stop @
Condition g8
16 RateDelTime §§
4 = g
RateEnable 1 £
- L i
8
I 10
sommz T BC Counter i i 7
s TimeBlocks 124 [Read-back
1 Counter Buffer
0

Figure 6.26: Schematigepresentationf the PPRASICRateMeteringoperation.The parametergiven
with italic fontsareuserprogrammabile.

combininga 10-bit BC Countet whichis incrementedvith eachLHC clock event,anda 16-bit
TimeBlokscounterwhichis incrementedachtime the BC Counterover ows.

The Rate Metering operationstopswhen either the DataCounterover ows, or whenthe
value storedin the TimeBlocksregisterequalsthe value speci ed by the user(RateDelTme).
Whenary of theseconditionsis met,thecontentof the DataCounteandTimeBlocksregistersis
copiedinto dedicatedeadbackegisterbuffers. Simultaneouslya RateAvailable ag is asserted,
to indicatethe completionof the operation andthatthe datais availablefor readout.This bit is
mappedy thelogic of the serialinterfacein the ReadbackEmptword, aspreviously shavn in
table6.7, andcleareduponareadoutrequest$or theRateMeteringdata.After thedatais copied
in thereadbaclbuffers,the contentof the DataCounteandTimeBlocksregistersis clearedand
the RateMetering operationrestartsautomatically if the RateEnabléit is still asserted.This
alsomeanghatif thereadbaclbuffersarenotreadoutbeforethestopconditionis metagain, the
new resultswill overwrite the previous ones.Whena readoutis requestedthe 20-bit counting
resultandthe 16-bittime informationareextractedfrom the readbackouffers,andsentover the
serialinterfacein theformatandthe successiomdicatedin gure [6.26][Hus03.

The PPrASIC Histogramming

The algorithmsimplementedn the Histogrammingmoduleare presentecgchematicallyin g-
ure/6.27 Themodulemapstheinput FADC or BCID-LUT values thatexceeda programmable
threshold,into histogrambins, in orderto obtain a distribution of the enegy depositionsin
the giventriggertower. The histogramis realisedby meansof memorylocations,the same8-
bit deepx 11-bitwide memoryusedfor storingthe playbackdatabeingalsousedfor thecurrent
purpose.Thus,the histogramhas256 bins, eachof which allows a maximumof 2047 counts.
Theenepgy rangeandthe resolutionof the histogramdependon the selectednput datasource.
If the BCID-LUT is used,thenthesearesetto 256 GeV and1 GeV respectiely. In casethe
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Figure 6.27: Schematicrepresentatiorof the PPRASIC Histogrammingoperation. The parameters
givenwith italic fontsareuserprogrammable.
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FADC datais selectedthentwo bits of the 10-bitinput dataaredroppedaccordingo thevalue
of a userprogrammablgaramete(HisOpMod¢. Threetruncationmodesare available, each
onedetermininga speci ¢ enegy rangeandresolutionfor the histogramasshavn in table6.8.

As the Histogrammingand the Playbackprocessesharethe samememory the formeris
activatedonly whenthelatteris disabled(ActivateHi3. Additionally, the Histogrammingoper
ationcanberestrictedto a certainrangeof bunch-crossingsThe upperandlower limits of this
rangearede ned by two userprogrammabl@arametergHisUpperB¢ HisLowerBg. TheHis-
togrammingmodulecompareghesevalueswith the outputof the local 12-bit bunch-crossing
counterandenableghehistogrammingf theinputdataif thelattervalueis within thespeci ed
limits (ValidBc)?2.

TheinputBCID dataor thetruncated=ADC dataarepermanentlcomparedgainstan8-bit

21this modeis disabledwhenthe limits of the bunch-crossingangeare setto the samevalues. In consequence,
theValidBcwill be permanenthyasserted.

HisOpMode DroppedBits Range(GeV) Resolution(GeV)

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

Table 6.8: The histogrammingnodesof the 10-bit FADC data. The valuesgivenin bold specifythe
defaultmode.
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enegy threshold.Whenthe Histogrammingoperationis activated,the contentof the memory
locationindicatedby theacceptednputdatais rst readoutandevaluated.If notsaturatedthen
therespectie valueis rst incrementedndthenwrittenbackto its Iocatim{z. If saturatedthen
the Histogrammingoperationstops,andthe situationis agged via the HisAvailable bit. Un-
like the RateMeteringdata,whichis copiedto dedicatedeadbaclkbuffers, the Histogramming
datais keptin the memoryuntil it is readout over the serialinterface. Whenthis is requested,
the PPrASICtransferghe 11-bit contentof eachmemorylocationvia oneReadbackDatevord,
andsimultaneouslhyde-assertthe HisAvailable ag. Whenthereadbacks completedthe His-
togrammingmodule rst clearsthe memorycontentandthenrestartghe operation[Hus03.

ReadoutOperationsin the ReM_FPGA

The ReM_FPGA retrieves the Rate Metering and Histogrammingdata during separateead-
out operationsin both casesthe operationsareinitiated from VME, via correspondingdpits in
the ReM_Commandregister (seetable B.25). Uponreceving sucharequestthe ReM_FPGA
retrievesthe indicatedmonitoring datatype from all 16 PPrASICs,and storesit in dedicated
Readbackblocksin the SRAM. The structureof theseblocks, andthe formatin which each
datatypeis stored,is describedn sectionsB.2.4andB.2.5 Notethatthe RateMeteringdata
is reassembletb its original width, afterit wassplitin the PPrASICsfor serialtransmissiono
theReM_FPGA.

In the ReM_FPGA, the readoutoperationis coordinatedby the sameAsicReadbackThe
modulereceves from CommandReister a strobesignal that indicatesthe readoutoperation
andthetype of datathathasto becollected.In its turn, AsicReadbackjeneratesppropriatead-
dresse$or the AsicCon gurationmodule thatindicatethesamereadoubperationthedatatype
andthe locationfrom wherethe datahasto be retrieved. Basedon this information, the Asic-
Con gurationgeneratesppropriateéStartReadbackommandgor eachPPrASIC.Theretrieval
of monitoringdatais performedchannel-by-channestartingwith the rst channebf the PPrA-
SIClocatedontheupperPPrMCM,andendingwith thelastchannebf the PPrASIClocatedon
thelower PPrMCM. At eachstep,AsicReadbackvrites rst thereceveddatato the SRAM be-
foreissuinga new addresdgor the AsicCon gurationmodule.While thetransferis in progress,
the AsicReadbaclassert@anappropriateag, indicatingthe statusof the operation.The ag is
clearedassoonasthe lastdataword is written to the SRAM. As in the similar caseslescribed
in the previous sectionsthe ag is providedto the samefunctionalmodulesj.e. VmeManager
CommandRegisterandStatusRgister, for thesametwo purposesto dery furtherVME requests
thatimply anaccesso the SRAM, andto provide the statusof the operationto the VME.

The consequencef readingout the Histogrammingdata channel-by-channels that the
previous setsynchronisationof the respectie operationin all 64 PPM channelsjs lost. This
is becauseasmentionedn the previous subsectionthe Histogrammingoperationrestartsonly
after the datais readout from the memory Thus, if the synchronisatioris still wanted,the
Histogrammingoperationhasto be rst disabledandthenre-enabledafter the readoutfrom
all 64 channelds completedThe RateMeteringis not affectedby the readoutimplementation.

22the entire operationrequiresten clock ticks to be completed.During this time no otherinput datacanbe his-
togrammed.
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This is becausdahe Rate Metering operationrestartsimmediatelyafter the datais copiedin
the readbaclkbuffers. As the latter operationis performedindependentlyon the ReM_FPGAs
requestthe synchronisatiomf the RateMeteringoperationsn all 64 channelds consered.

6.7 Readbackof TTCrx Con guration Data

The ReM_FPGA hasalsothetaskof readingbackthe TTCrx registerdata. The concepimple-
mentedor this operationis identicalto theoneimplementedor retrieving the PPrASICregister
andmemorydata.Thereadbackags aresetto value4'b0001,whencon gurationdatais trans-
ferredfrom VME to TTCrx, orwhenaVME _Resesignalis receied®. Then,whenthe ags are
readout overthe VME, thereadbacloperationis initiatedif eithertheir valueis setto 4'b0001
or theForcedCon gReadbachit is asserted.

Thetransferof datafrom the TTCrx to the SRAM is managedy the samethreefunctional
modulesthatrealisethe transferof con guration datafrom VME to TTCrx: Phos4TTCrxData,
I2CDataTansferand I2CMasterCorgseeagnin gure 6.8). The Phos4TTCrxDatanoduleis
theactualcoordinatorof the readbacloperationUponreceving a CollectTTCrxCfgDataom-
mandfrom the SramManagerthe modulelatchesthe input VME addressn orderto validate
the readbackequestto determinethe TTCrx registernumberandgenerateghe corresponding
12C_pointeraddressandto obtainthe SRAM addressvherethe datareadbackfrom the TTCrx
hasto be placed.Whenthe 8-bit registerdatais recevedfrom the TTCrx, the Phos4TTCrxData
modulewritesit to SRAM, via the SramManagerlndrequestshe samemoduleto settheread-
back ags to value4'b0000. Also, the Phos4TTCrxDaté the modulethat ags the progresof
the readbacloperation.The statushit, i.e. TTCrxCfgReadbd®ctive is permanentlyprovided
to the VmeManagerCommandReisterand StatusRgistermodules to dery further VME re-
guestghatimply theacces$o SRAM, andto provide the statusof thedatatransferto the VME.

6.8 Spyingthe PPrASIC Serial Interface Data Over the VME

Whenthe PPMis operatedn standalonanode,on atestplatformthat doesnot include DAQ
facilities,theReM_FPGAcanbeinstructedo storeacopy of thePPrASICeventdatainto VME-
accessibléuffers,to allow thetestingor deluggingof the module.Whenthis is requestedthe
ReM_FPGA extractsfrom the input streamof eachserialinterfacethe rst arriving eventdata
block, andwrites it without ary additionalprocessingo a corresponding®-bit deepx 16-bit
wide internalmemorybuffer. The depthof the bufferswasspeciallychosento allow eventhe
storageof the largestpossiblePPrASICeventblock, i.e. to 127 raw FADC and7 BCID-LUT
sampledor eachPPrASICchannel.

Also for testingor dehugging purposesthe ReM_FPGA can be instructedto storeaddi-
tional datafrom theinput PPrASICdatastream.Two methodsareprovided.In the rst one,the
ReM_FPGA storesin the samememorybuffersthe rst arriving eventblock, andall the 13-bit

233s mentionedin section6.2.7, a VME _Resetis always requiredafter a TTCrx_Reset,in orderto ensurethat
the ReM_FPGAs logic recorersfrom an eventualclock glitch. Thus,for this reasorandin orderto alsominimise
the usageof internalFPGAresourcesthe TTCrx readbackags aresetupona VME _Resetsignal,asthe PPrASIC
readbackags, andnotupona TTCrx_Resefsignal.
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datawordsthat follow the respectie eventblock, until the buffers getfull. This methodgives
thepossibilityto storemultiple eventblocks,of smallandmediumsize,andin the sametime to
analysehe contentof the readbackvordssentin betweertwo consecutie eventblocks. In the
secondnethodthe ReM_FPGA storesall the datawordsreceved over the serialinterface,until
the memorybufferssaturate.

The operationaimodesdescribedabove areenabledvia dedicatedvits in the ReM_Control
register(seetableB.24). Also, themodalityin whichtheaccumulatediatacanbeaccessettom
the VME is presentedh sectionB.3.1

6.9 Designimplementation

As mentionedn the introductorypart of the chapterthe ReM_FPGA s a Xilinx XCV1000-E
device, andits behaiour was designedusingthe Verilog HDL. The createdsourcecodewas
embeddedh the FPGA usingthe designtool providedby thevendoP4.

Table6.9 lists the mostrelevanttypesof FPGA resourcesisedby the current rmw arede-
sign,andthe correspondingtilisationfactor Thebasicfunctionalblockin theVirtexE FPGAIs
thelogic cell. Eachlogic cell mainly consistsof a 4-inputLUT, usedascombinationafunction
generatqgra ip- op, to optionallyregisterthe LUT output,andcarrylogic, for ef cient arith-
metic operations.Two suchcells arecombinedinto onelogic slice, which representshe basic
programmabl®lock,andtwo slicesform togethela Combined_ogic Block (CLB) [Xil06]. The
currentdesignof theReM_FPGAs rmw areuseshreequartersof theavailableslices.However,
therelevantnumberfor estimatingthe utilisationlevel is the numberof usedslice LUTs, asthe
logic is mostlyimplementedy them. Whenthe designis not hitting the limits of the available
resourcestheimplementatiortool takesthe freedomto useasmary asneededslicesin orderto
minimisetheroutingdelays.In consequencesomeof the slicescountedasoccupiedhave only
oneLUT elementimplemented.The large numberof used ip- ops, approachinghe number
of usedLUTSs, indicatesthatthe designis mostly basedn sequentialogic.

TheVirtexE device alsoincorporate®6 4kb con gurableBlock RAM (BRAM) memories.

24xilinx IntegratedSoftwareEnvironment(ISE), v10.1

Resources Used Available Utilisation
Numberof occupiedSlices 9,416 12,288 76%
Numberof Slice Flip-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 32 BRAMs areusedfor buffering
the PPrASICevent data, while the other 64 BRAMs are usedfor spying the PPrASICserial
interfaces As a consequencef thefull utilisation of BRAMSs, the asynchronou&IFOsof the
RodReadoutManaganodulewere built from the slice LUTs, eachsuchelementactinglike
a 16 x 1-bit RAM. Also listed in table6.9, arethe resourcesisedby the clock management
schemeTwo global clock 1=0 buffers (GCLKIOB) receve the PPM_XTAL andthe TTCdec
clocks,andthreeglobalclock lines (GCLK) distribute with low skew the SysCIk,intGLinkClk
andintSRamClkclocks, outputby the managemenschemeto all the ip- ops andmemory
blocks.
Functionaltestsof the ReadouManagei-PGAarepresentedhroughouthe next chapter



Chapter 7

The Functional Testsof the
PreProcessormModule

Beforethe PPMswereinstalledin theelectronicsavernof the ATLAS experimenttheir proper
operatiorhadbeentestedn thelaboratoryervironment,in Heidelbeg. An extensive testproce-
durewasdevelopedto establistthefunctionsof the PPMsin shortandlong periodsof operation.
Themoduleswveretestedbothindividually aswell asin acratecon gurationsimilarto thatof the
systemin useat CERN. The pre-processingf theinput analoguesignals thereadoutoperation
andthetransmissiorf thereal-timedataoverlong LVDS cablesverechecledwith adedicated
VME-basedsystemwhich emulatesotha ROD moduleandthereceving stageof theL1Calo
processorsAdditionally, a periodic monitoring of the temperaturesnd voltagesacrosseach
boardwasperformedduringthetests to verify the operatingconditionsof the modules.

This chapterpresentsn detailsthe procedureamplementedor testingthe functionality of
thePPMs.

7.1 Overview

A total numberof 160 PPMmainboardsvereproducedijn orderto enablea consistenbatchof
sparemodulesabove thenumberequiredby thefull coverageof theexperiment,.e. 124PPMs.
Eachmanufcturedmainboarchadbeenrst subjectedo aseriesof preliminaryteststo ensure
the basicoperationaktateof theboardsasa preparatiorfor the actualfunctionaltests[ Sch09:

visualinspectionwith a microscopeof the solderstateof the active and passie compo-
nentsandof the connectorsnountedon theboard;

manualveri cation of themainelectricalcircuitswith a digital multimeter to ensurethat
no shortor opencircuit is presenpn the board;

power-up testsbeforeandafterthe mountingof the daughtercards;

uploadingof rmw arebinariesinto the VME _CPLD, FlashCPLD andthe ATmega mi-
crocontrollerdevices. Subsequentlyanautomatederi cation of thevoltagesandtemper
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aturesacrosgheboardwasperformedpy retrieving therespectie valuesviathe ATmega
microcontrollerandthe VME interface(seealsosection?.3);

uploadingof rmw arebinariesfor the ReM_FPGA andfor the FPGAsof the LVDS Ca-
ble Driver (LCD) daughtercardover the VME into the Flashmemory and subsequent
veri cation of thedownloadingprocedurdrom the Flashto the correspondinglevices.

Thefunctionality of eachfully equipped®PMboard,validatedby theinitial testswasthen
veri ed usingatwo-steptestprocedureDuringthe rst step,the PPMboardwasoperatedndi-
vidually on thetestplatform,andanextendedsetof automatedunctionaltestswasperformed.
In caseof misbehaiours, theidenti ed faulty componentsverereplacedandthe entire setof
functionaltestswasrepeateduntil a stablehardware con guration was obtained.During the
secondstepof thetestprocedurethe PPMboardwasoperatedogethemwith otherl5 PPMsin a
cratecon gurationsimilarto theonein useat CERN,andits functionalitywastestedoveralong
periodof operation.In caseof additionalmisbehaiours, the faulty componentsverereplaced
andthe entire two-steptest procedurewas repeatedlUpon a successfutompletionof all the
functionalteststhe modulewaslabelledasopetational, andall thetestsresultswererecorded
in adedicateddatabasé¢Dat].

Thefollowing sectiongdescribethe functionaltestsperformedduring the adoptedwo-step
testprocedure.

7.2 SingleBoard Tests

7.2.1 The TestSetup

The setupusedfor the individual testingof the PPM boardsis schematicallydescribedn g-
urel7.1 It is aVME-basedsetupconsistingof:

onecustom-hiilt 9U VME crate;
the PPMunderinvestigation;
onefunction generatd)i’ andoneDC pONersuppI)? providing theanaloguenput;

two custom-lilt modules the ReadoufTransferCard (RTC) andthe UniversalRecever
Unit (URU), to captureandanalysehe PPMreal-timeandreadoutbutputdata;

onehome-bew SingleBoardComputer(SBC)actingasthe cratecontroller;

The Analoguelnput

Thefunctiongeneratois usedfor testingthe analogugrocessingerformedon the PPM.The
device is operatedn single-shotmode,which meanghat a single analoguepulseis generated
uponthereceiptof anexternaltriggersignal. Thetype of waveformsignalgenerallyusedduring

1Agilent 33250A,80 MHz FunctiomArbitrary Waveform Generator
2|nstekGPS-4303Vulti-Output Pover Supply
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Figure 7.1: Schematicepresentatioof the setupusedfor the singlePPMboardtests.

the testsis shavn in gure 7.2 It represents triangularpulsewith a rising edgeof roughly
50 ns,similar to thatof the calorimeteitriggertower signals,a slightly longerfalling edge and
anamplitudevalueequivalentto about9O0FADC counts.Thisanalogugulseis routedto alto
64 cascadedan-outsystem andtheresultingcopiesarefed asdifferentialsignalsto the input
of the PPM. The externaltrigger signal,which enableghe outputof the function generatqris
createcby theReM_FPGAupona VME requestasdescribedn sectionB.3.18

TheDC power supplyis usedfor generatinganadditionaloffsetto thevalueprovidedby the
PPrAnIn-DACs, in orderto allow afull scanof thedigitisationwindow (seesection7.2.2. The
DC power supplyandthefunctiongeneratoareusedduringseparateests thusthe DC offsetis
notappliedto thewaveformpulseproducedy the functiongeneratar

The Universal Recever Unit and the ReadoutTransfer Card

TheURU is amodularVME systemdesignedo recordthereal-timeLVDS andthereadoutdata
transmittedby the PPM. It consistsof a 6U VME motherboarcandtwo CommonMezzanine
Cards(CMC): CMC LVDS Multiplexer (CMC_Mux) andCMC LVDS Recever (CMC_RXx) (see
gure 7.3). Themainfunctionality of the motherboards to ensurethe transferof dataover the
VMEDbus, betweerthe two daughtercardandthe cratecontroller Its centralcomponent@rea
Xilinx XC4010XL FPGAandtwo 13-bitdeepx 16-bitwide dual-portednemorie$ (DPRAMS).
The FPGAIs connectedo the VME databus throughthe DPRAMSs. Its role is to transfercon-

3|DT7025-S20PFrom IntegratedDevice Technology
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Figure 7.2: Oscilloscopeshotof the pulseusedto testthe analogugrrocessingn the PPM. The pulse
seenin theupperleft cornerof the picturerepresentthe externaltriggersignalthatenables
the outputof thefunctiongeneratofSch09.

guration andcontrol datafrom the VME to thetwo daughtercardsandto collectandprovide
to VME statusandmemorydatafrom the samemodules.

TheCMC_Mux isanFPGA-basethoarddesignedo eithersamplehePPMreal-timeLVDS
dataor to verify on-the- y theintegrity of the datatransmissionThe 10-bit serialLVDS output
from thePPMis transportedo theinput of the CMC_Mux via 22 assembliesf shieldedparallel
cablesgachof whichis 15 m Iond;4 andcarryingfour twin-pair signals.On the CMC_Mux, the
signalsarecorvertedto single-endedorm androutedto theon-boardFPGA®. Thefunctionality
of this device is twofold. First, the FPGA selectsthe four signalsdeliveredby a pre-selected
cableassemblycorvertsthembackto LVDS form, androutesthemto the CMC_Rx cardvia
a 20 cm long cableassemblyof the sametype asdescribedaborve. The selectionof the input
signalsis doneby the FPGA accordingto the value storedby an internal VME-con gurable
register Onthe CMC_RXx, the serialdatastreamsare corvertedto parallelform by four LVDS
deserialisechips,compatiblewith theserialisersof the PPM,andtheresulting40-bitwide real-
time datais routedbackto the FPGA of the CMC_Mux card. Additionally, eachdeserialiser
recoversthe40 MHz transmitclock from theinput streamsandprovidesit aswell to thesame
device. At this stagethe FPGAcanbecon guredto operatan two modes.n the rst mode the
device storesevery 25 nstheinput40-bitdatainto a 14-bitdeepx 40-bitwide VME-accessible
local memorybuffer, until the respectre storagemedium lIs up. Subsequentjthe full occu-

4in comparisonthe LVDS outputcablesusedin the con guration of the L1Calotrigger systemareof the same
typebut only 11 m long. The usageof longercablesduringthe functionaltestswasmeantto enhancehe reliability
of thedatatransmissiorover the distanceusedby thetriggersystem.

5Xilinx Virtex-11 1000(XC2V1000)
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Figure 7.3: TheUniversalRecever Unit (URU).

pang of the buffer is agged to VME via a dedicatedstatusregister In the secondmode,the
FPGA computesan odd-paritybit, separatelyfor eachof the four 10-bit input datawords,and
comparest with the odd-paritybit embeddedn the input dataword, in orderto detecteven-
tualtransmissiorerrors(seealsosection62). A setof four 8-bit VME-accessibleounterspne
perinputdataword, areincrementedvith eachdetectednismatchuntil therespectie counters
over ow.

Apartfrom de-serialisinghereal-timeLVDS data,the CMC_Rx cardhasalsothe function-
ality of capturingthe PPMreadoutata.The 16 readousstreamsthe DAV* signal,andtheserial
frameclocktransmittedoy theReM_FPGAare rst recevedby theRTC card,whichis mounted
ontherearsideof thecratebackplangseeagain gure[7.1). TheRTC consistonly of 24 differ-
entialline drivers,that have the role to transferthe input single-endedaignalsto the CMC_RX,
over six 1 m long LVDS cableassemblie®f the sametype as previously described On the
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CMC_Rx, the readoutstreamsare rst corvertedbackto single-endedandthenroutedto an
on-boardFPGA®. The device monitorsthe stateof the DAV* signal,andstorestheinput 16-bit
paralleldatainto aVME-accessibléocal memorybuffer, upondetectinga high-to-lav transition
of the framesignal,i.e. the beginning of the eventdatastream(see gure [6.23. The decoding
of thereadoutstreamss thenperformedof ine, by thecontrollingsoftware.

7.2.2 The DAC ScanTest

As mentionedn the previouschaptersthe PPrAninboardscornverttheinput differentialsignals
to single-endedandrescalesheobtainedbulsesn orderto matchthe 1.0 V digitisationwindow
of thePPrMCM's FADCs,i.e. 1.9- 2.9 V. Additionally, two 8-bit programmabl®ACsoneach
PPrAnin boardallow to adjustthe baselineof the single-endedsignals,in stepsof 2.4 mV
within thedynamicrangeof 1.65- 2.26 V. Thisadjustments neededn orderto ensurehatthe
amplitudeof the input signalsis entirelyvisible to the FADCs, andthateachsignalis digitised
with the sameoffset.

Thesdattertasksareaccomplishedby performingatypical calibrationprocedurecalledthe
DAC Scantest Thetestdetermines linearrelationshipbetweerthe 8-bit DAC settingandthe
10-bit FADC counts,in orderto computethe DAC offsetvalueneededo setthe samepedestal
in eachPPM channel.The linear dependeng betweenthe two parameterss determinedby
measuringhe noiselevel. Sincethe electronicbaselineandthe noisecontritution arelikely to
vary from channelto channel,the linearity is determinedseparatelyfor eachof the 64 PPM
channelsandan appropriateDAC offsetis computedn eachcase.This operationof settinga
commonpedestalalueattheboardlevel would thenallow furtherfunctionaltestsor delugging
applicationsto achieve comparableaesultsin all PPM channelsThe pedestalalue typically
usedduring the presenttestsis 40 FADC counts,which ensureghat the testanaloguepulse
previously shavnin gure [7.2will neithersaturatenorunder ow the FADCs.

Apartfrom this,the DAC Scanis anusefulapplicationfor testingthe functionality of multi-
ple on-boardcomponentsBy recordingandanalysingthe 10-bitraw FADC datafor each8-bit
DAC settingloadedinto the system,one veri es the transferoperationof con guration data
from theReM_FPGAto the PPrAnIn-DACs,overthe SPIbus,aswell asthe properoperationof
thePPrAnin-DACsandthe PPrMCM-FADCs. Also, sincetheraw FADC datais retrievedfrom
theboardvia areadouperation onecanevaluatethe performancef the respectie processes
in the PPrASICsandtheReM_FPGA.

Thetestproceduras automatedy softwareapplicationgunningonthe SBC,andit is per
formedthreetimes. During the rst run, all the analogueinput cablesare disconnectedrom
the front-panelof the PPM, in orderto avoid noisecontrikutionsfrom third parties.Then,the
softwaregenerateshe 256 possibleDAC valuesin arandomsequenceandtransfergshemse-
quentiallyto thePPrAnIn-DACs,viatheVMEbus,theReM_FPGAandthe SPIbus,asdescribed
in section$.2.5and6.4.2 After loadingeachDAC setting, the softwaregenerates local L1A
signal,andextractstheraw FADC datafrom the eventblocksstoredin the ReM_FPGAs VME
Spy Buffers (seesection6.8). The 8-bit con guration dataandthe correspondindl0-bit raw
FADC dataarethenstoredin channel-wisero le histogramsAdditionally, for deluggingpur-

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

posesthe FADC datais storedin 64 x 256 one-dimensionahistogramseachhistogramstoring

the datarecordedfor a given DAC settingand PPM channel.The readoutmode usedduring

the currenttestswas'5+1', which meansthat ve FADC datawordswerereadout for each
channeland DAC setting.However, in orderto achieve a larger statistics the software canbe

con gured to performsereral consecutie DAC scans After the last DAC scanis completed,
alinear t is appliedto the obtaineddata,andthe DAC valueneededo setthe pedestato 40

FADC countsis thencomputedbasedon the slopeandthe y-interceptparameterseturnedby

thelinear t. Figurel7.4a shaovs anexampleof channelpro le histogram,describingthe mean
of the FADC countsasa function of the DAC value, as obtainedafter ve consecutie DAC

scansFor smallDAC settingsghe FADC is in under ow, andthusthedigitisationreturnsa zero
count. The contentof the respectre binsis setto zero, andtheir rangeis excludedfrom the
linear t. Additionally, in orderto accountfor thosesituationsin which only the largestnoise
amplitudesareseenby the digitisation,resultingin small uctuations of the bin content all the
leadingbins of which contentis non-zerobut smallerthan5 meanFADC countsareexcluded
aswell from therangeof thelinear t.

The secondandthe third runsof the DAC Scantestare exclusively dedicatedo verifying
thelinearity of the PPrMCM-FADCs in the upperpartof thedynamicrange Sincethe dynamic
rangeof the PPrAnIin-DACsoverlapsonly the lower part of therangeof the PPrMCM-FADCs,
i.e.1.9-2.26V, anadditionalDC offsetis neededn orderto shift theelectronidbaselingn each
channeto theupperrangeof thedigitisationwindow. This offsetis providedby theexternalDC
power supply throughtheinputconnectoref the PPM(seeagain gure 7.1). Duringthesecond
run the device is setto provide a0.6 V DC offset, which allows to investigatethe middle part
of thedynamicrange while duringthethird run the power supplyis setto providea1.1V DC
offset,which extendstheinvestigationsup to the saturatiorregion. Figure7.4b shavs theresults
recordedvith anexternalDC offsetof 1.1 V. It shouldbe notedthattheexternalDC offsetalso
enablesacompleteinvestigationof the DAC output,sincein the previouscaseanevaluationwas
possibleonly for the upperrangeof DAC settings(seeagpin gure [7.4a).

Figure7.5 shavs a few examplesof misbehaiours detectedwith the DAC Scantest. The
effect seenin the rst plot (see gure 7.5a) wasidenti ed to be producedby anopenDAC pin,
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Figure 7.5: DAC Scanresultspointing to faulty hardware component@&nderroneousrmw are opera-

tions: openDAC pin (a), stuckandmissingFADC bits (b,c), andimpropertransferof con-

guration dataoverthe SPIbus(d). Thelastplot (e) shavs the DAC Scanresultsachieved
afterarework of theReM_FPGA rmw are.
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andit wascompletelyremoved after re-solderingthe chip. The exampleshowvn in gure [7.5
illustratesa morecommonmisbehaiour obsered duringthe currenttests. For threeDAC set-
tings, the meanof the recordedFADC datashaws a signi cant deviation from the expected
value.By analysinghecontentof therespectie data,it wasobseredthatthe situationis gener
atedby the FADC, which sometimedails to properlyupdatethe digital output,whenthe value
of severalconsecutie bits hasto be changedrom 0 to 1 or in thereverseorder This situationis
illustratedin gure [7.5c, which shavs the FADC datarecordedor the DAC setting196. It can
be seenthat mostof the recordedFADC valuesare 128 (10000000, in binary representation)
and127(1111111),whichis in agreementvith the expectedmeanvaluefor the given DAC
setting. But, the actualmeanFADC valuedeviatesfrom the expectedonedueto two outliers,
63(111111)and192(11000000). In both caseghe FADC fails to assercorrectlythe 7th bit
of thedigital output. In the rst casethebit valueis setto zero,suggestinghatthefailure has
probablyoccurreduponachangen theoutputfrom 128to 127. In theseconcdcasethe samebit
is erroneouslhsetto 1, suggestinghatthebit got stuckupona changen theoutputfrom 127to
128.

Finally, the caseillustratedin gure [7.5d describesan erroneousDAC Scanresultdueto
animpropermasteringn the ReM_FPGA of the datatransferover the SPIbus. The plot shavn
in gure 7.5 shaws the resultsachieved afterthe respectre rmw areimplementationvasre-
worked.

7.2.3 The External BCID Test

The ExternalBCID (ExtBCID) signalis the binary outputof the comparatoron the PPrAnin
board,which discriminatesbetweenthe input signaland the programmabléhresholdvoltage
provided by one of the two dedicatedPPrAnin-DACs. The binary outputis setto logic value
"1” aslong asthe input signal is above the given threshold,andto "0” otherwise. The 16
ExtBCID signalsgeneratedby eachPPrAninboardareroutedto four corresponding®PrASICs,
wherethey areregisteredwith the systemclock, synchronisedvith the incoming FADC data,
andfed to theinput of the BCID DecisionLogic. A copy of the synchronisedExtBCID signals
is provided by eachPPrASICin the event datablock, for veri cations of the pre-processing
algorithms(seee.g. gure [6.18).

Thecurrentfunctionaltestis performedn orderto verify the correctassertiorof the ExtB-
CID signal. At rst, the offset valuescomputedduring the DAC Scantestare loadedin the
system,in orderto bring the pedestabf eachchannelto the samevoltagelevel. Subsequently
a prede nedthresholdvalue,commonto all channelsijs loadedto the correspondind®PrAnin-
DACs.The8-bit valuetypically usedduringthe currenttestis 64, which correspond$o approx-
imatively 157 FADC counts.Thisvaluepositionstheanalogudhresholdoelowv themiddlethree
FADC samplesf thefuturedigitisedinput pulse.This meanghatthe ExtBCID dataassociated
with therespectie digital valuesis expectedo be setto 1. Theanalogugulseusedduringthis
testis thetriangularwaveformshavnin gure (7.2

Oncethe PPMis con gured, the externaltriggersignalandthelocal L1A aregeneratedia
the ReM_FPGA, asdescribedn sectionB.3.18 Subsequent|ythe event datais retrieved from
boththe ReM_FPGAandthe CMC_Rx, andthe ExtBCID dataprovided by bothreadoutblocks
is extractedandcomparedvith the expectedresult[Sch09.
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7.2.4 The FADC Test

This functional test representsn extensionof the investigationscarried out during the DAC
Scantest.If atthatsteptheproperoperationof the FADCsis veri ed by studyingtheirresponse
to aconstantnput DC offset, the currenttestapplicationinvesticatestheresponsef the FADCs
to avariableinputvoltage.

Theanaloguenputsignalusedduringthistestis thesameriangularpulsepreviously shovn
in gure[7.2 Upongeneratingan externaltriggersignalandalocal L1A, the pulseis fed to the
input of the PPM, andsubsequently ve FADC samplesiescribingthe digitisedinput pulseare
readout from eachchannel.Sincethe function generatoioutputsan identical pulseeachtime
it is triggeredby the PPM, the FADCs will alwayssampleapproximatvely the sameregionsof
theinput pulse. In orderto increasehe ef ciency of the testingmethod,the PHOS4settingis
steppedrom 0 to 24. This operationdelaysthe digitisationstrobeswith respecto the system
clock,with anumberof nanosecondsorrespondingo thegivenPHOS4setting,anddetermines
the FADCsto sampleat differentpointsalongthe pulsepro le.

During the executionof the test, the controlling software generated.0,000events,i.e. lo-
cal L1As, for eachPHOS4setting. The FADC dataresultingfrom theseeventsis collectedin
64 x 5 x 25 local memorybuffers, eachof which storesdataassociateavith a given FADC and
time-slice.The analysisof the accumulatediatais performedseparatelyffor eachbuffer. The
software determineghe largestandthe smallestrecordedFADC value,and ags an FADC as
problematicf thearithmeticdifferencebetweerthetwo outliersis largerthan50 FADC counts.
This limit wasappliedafterit wasobsened thatin mostof the good casesthe spreadis be-
tween30 and50 FADC counts.This relatively large valueis inducedby a few effects.First, a
changein theinputvoltagevaluewhile the FADC is samplingdetermines lessaccurateligiti-
sationresult. The degreeof accuray is proportionalto the slopeof theinput signal,suchthata
large changdn the input voltagedetermines large deviation of the digital resultfrom thetrue
value.This effect wasobsenredto be dominantin the dataassociateavith samplingpointson
therising andfalling edgesOthereffectscontributing to the large spreadof FADC valuesarea
signi cant jitter of the pulsetiming, which is inducedby the function generatgrandelectronic
noisefrom theanaloguechain.

A spreadargerthan50 FADC countsis mostly generatedby missingor stuck FADC bits,
asin theexamplepreviously shavnin gure 7.5c[Sch09.

7.2.5 Real-Time LVDS Data Tests

As mentionedn section5.3.2 the real-timeoutputfrom the PPrASICconsistsof three10-bit
paralleldatastreamsTwo of thesestreamsprovide triggertower trans\erseenepgy valuesfor

the Cluster ProcessofCP), while the third streamprovides jet sumsfor the JeEEnegy-sum
Processo(JEP).The datastreamsareserialisecat a rate of 400 Mbit=s by thethreePPrMCM-
LVDS transmitterg, andthenroutedto the LVDS CableDriver (LCD) daughtercardTheLCD,

which recevesa total of 48 serialstreamdrom the 16 PPrMCMs,duplicatesthe signalsnear
the f boundarieof the PPM,in orderto provide the overlapneededuy the sliding algorithms

"the actualrate outputby eachLVDS transmitteris 480 Mbit=s, becausé¢he device append®nehigh-statestart
bit andonelow-statestopbit in orderto frameeachinput 10-bitdataword [Nat0g.
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of the L1Calo processorsanddrivesall the signalsover 11 m long cablesto the subsequent
processorsyhile applyinganRC pre-compensatioto minimisethe signaldegradation.

Thefunctionaltestsdescribedn this sectionarecarriedoutin orderto checkthedigital part
of the pre-processinghainandtheintegrity of the 10-bitreal-timedataafteratransmissiorover
long LVDS cablesThetestproceduras mainly basedn the comparisorbetweerthe expected
result,deducedrom a "known input”, andthe recordedoutputfrom the PPM. The input data
andthe expectedresultare provided by the software. The input is representedby several pre-
de ned digital testpatternswhich areloadedindividually in the PPrASICplaybackmemories,
asdescribedn section6.4.1, andtheninjectedin the real-timepre-processingath. The latter
occursonly whenthe PPrASICis con gured to operatein a so called playbak mode Upon
activatingit, the PPrASICselectsthe 11-bit wide contentof the playbackmemoryasinput to
the pre-processingpgic, replacingthe 10-bitraw FADC andthe 1-bit ExtBCID data(seeagain
gure 5.7). The input datais then processedserialisedand transmittedover the 15 m long
LVDS cablegto the URU, whereit is collectedin local memorybuffersby the CMC_Mux card.
Subsequent/ytherecordediatais retrievedby the softwarefrom thebuffers,andcompareavith
the expectedresult.

Becausethe contentof the real-timedataprovided to CP differs from the contentof the
samedataprovidedto JER thetestapplicationgdevelopedfor the two datapathsare presented
separatelyn thefollowing.

The LVDS Output to Cluster Processor

The triggertower datasentto the CP consistsof 8-bit BCID-LUT results.The two PPrASIC
real-timedatastreamdo CP provide togethemre-processingesultsfrom all four triggerchan-
nels.This is realisedby multiplexing the BCID-LUT datafrom two channelsnto one output
stream,andit wasimplementedn orderto halve the numberof cablelinks betweenthe PPr
andthe CP. The multiplexing schemebene ts from a functionalaspectof the BCID Decision
Logic, which blanksout the samplefollowing theidenti ed bunch-crossingslhis aspectllows
theusageof two consecutie bunch-crossingn orderto multiplex overthe sameoutputlink two
non-zercenegy values gachoriginatingfrom adifferentchannel Furthermorein orderto allow
thereceving endto assigntheincomingdatato the correcttrigger channelandbunch-crossing,
one 1-bit Bund-CrossingMultiplexing (BcMux) ag it is attachedo eachBCID-LUT result.
Figurel7.7 illustratesthe multiplexing of the channeldatain two consecutie bunch-crossings,
andthe valuesassignedo the BcMux ag. Whenassociatedo the rst non-zerodata,the Bc-
Mux ag indicatesthe channelto which the respectie enegy value belongs,i.e. "0” - rst
channel;1” - secondchannelwhile whenit is associateavith theseconcconsecutie non-zero
datait indicateshebunch-crossingo whichthesecondenengy valuebelongsj.e.”0” - previous
BC, "1” - currentBC. The multiplexed 8-bit BCID-LUT dataandthe BcMux ag arepacled
togethemwith an odd-paritybit into a 10-bit dataword, andsentin this formatdown to the CP
(seegure|7.6).

Thetestsperformedfor the datalinks to CP focuson verifying the BCID-LUT resultand
its associatedcMux ag, andtheintegrity of the 10-bit real-timedataafter the transmission
to URU. It hasto be mentioneahatin the former casethe goalis to ensurethatthe PPrASICs
areoperationalratherthanto studythe performancef the pre-processinglgorithms.This had
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Figure7.6: Thecontentof the 10-bitreal-timedatasentto the ClusterProcessor

beenrigorouslyinvestigatedduring the productionstageof the PPrASICsandPPrMCMs,and

the achiered resultswere documentedWeb0§. Also, during the currentfunctional teststhe

PPMboardswvereequippednly with PPrMCMsvalidatedby the productiontests.
Thetestapplicationdfor thedatalinks to CParedescribedn thefollowing:

Connectivity test. The 32 PPrMCM serialstreamscontainingpre-processingesultsfor
the CP areequallyreceived by two dedicated=PGAslocatedon the LCD daughtercard.
Thetaskof theseFPGAsis to duplicatethe signalstransmittedoy the PPrMCMslocated
in theuppertwo andthelower two slot positionsontheboard,andto routeall the signals
to the backplaneconnector The fan-outproducesight additionalserial streamswhich
givesatotal of 40datalinks to CP. Thesignalsaretransportedo theCPvia 10LVDS cable
assembliesf thetype describedn section7.2.1 TablesA.1 to|A.3 shav the mappingof
the outputsignalson the LVDS cableconnectorgseethe fth columnin eachtable).The
orderin which the signalsarelisted in the tablescorrespondso the orderin which they
are mappedto the backplaneconnector This is alsothe orderin which the signalsare
routedin the currenttestsetupto theinput of the CMC_Mux board.

Thecurrenttestis performedn orderto verify thefan-outandthe mappingof the output
signals.Additionally, thetestgivesthepossibilityto spot,atanearlystageandin asimple

BC, BC, i BC_BC_ i BC_ BC

Channel A |_| |_|
Channel B |_| |_|

BcMux 0 0 0 1 1 0

Figure 7.7: The PPrASICbunch-crossingnultiplexing scheme.
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manney eventualhardware misbehaiours causedby othercomponentalongthe digital
partof PPM's real-timepath. Lastbut not least,the testsenesasa veri cation tool for
the properrouting of the LVDS signalsfrom the PPMto the CMC_Mukx.

During the testeachplaybackmemoryis loadedwith a at signalof an amplitudethat
indicateghecorrespondinghannehumber Sinceaninput at signalwill alwaysproduce
a constantzero BCID-LUT result, the PPrASICsare con gured in this caseto operate
in a transparenmode, called BypassBcMuwWhenthe modeis activated,the PPrASIC
provideson the real-timeoutputto CP the 10-bit input datato the LUT (see gure 5.7).
Which meansthat the BCID DecisionLogic andthe BcMux algorithmsare bypassed.
Furthermorejf the FIR lter is alsocon gured to operatein a transparenmodé®, then
the PPrASIC provides on the real-time output the 10-bit raw FADC dataor the 10-bit
playbackdata,accordingto the operationaktateof the playbak mode Sinceeachreal-
time outputlink to CP pairsup two channelsandsincetheBcMux logic is bypassedonly
the datafrom onechannelcanbe outputat atime. The selectionof the channelis done
via ausercon gurableparameteri.e. ChannelSelect

This combinationof operationalmodesallows a direct comparisonbetweenthe input
data,i.e. thetestpatternloadedin the playbackmemory andthe outputrecordecby the
CMC_Mux card.

Data integrity tests. Thesetestschecktheintegrity of the 10-bit real-timedataafterthe
transmissiorover thelong LVDS cablelinks. Two methodsvereimplemented.

The rst methodis basedon the evaluationof the odd-paritybit. The bit provided by
the PPrASICindicateswhetherthe total numberof bits setto logic value”1” in the 10-
bit dataword is odd or even In the former casethe odd-paritybit is setto 1, while in
the latter to 0. The FPGA of the CMC_Mux card computesas well an odd-parity bit
basednthereceved 10-bit data,andcomparest with the bit providedby the PPrASIC.
The evaluationof the parity bit is performedon-the-y, for eachincoming 10-bit data
word, andsimultaneouslyor eachof thefour inputdatastreamsTheeventualmismatches
indicatea hardware misbehaiour, andthey arerecordedby four 8-bit VME-accessible
countersThis methodhasa well-known limitation. In casean even numberof bits have
changedheirvalueduringthetransferfrom the PPrASICto the FPGA of the CMC_Mukx,
andnoneof thesebits is the parity bit, thenthe comparisorstill returnsa positive result.
Which meanghattheerrorremainsundetected.

The secondmethodimplementedor the currentfunctionaltestsis complementaryvith
the rst method It is basednthedirectcomparisorbetweerthe 10-bitinput dataandthe
recordedoutput.As previously describedthe PPrASICcanbe con guredto provide on
thereal-timeoutputto CPthe datastoredin the playbackmemoriesFour digital patterns
wereusedasinput dataduringthe currenttests:

— arampsignalwith anincrementatiorstepof onedigital bit perbunch-crossingsee
gure [7.8);

— threeidenticalsetsof non-saturatetriangularpulses eachpulsehaving a different
amplitude(see gure [7.80);

8FIR lter coefcients aresettof0,0,1,0,§
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— asetof saturategpulseswith differentsaturatiorlevels (see gure 7.&c);

— astresspatternconsistingof arepetitive block of 10-bitdatawords,of whichbinary
representatiodescribes specialsuccessionf 1'sand0's (seetable7.1).

In all four casesthe rst locationof the playbackmemoryis loadedwith anumbemwhich
is uniquewith respecto all the other255valuesof thetestpattern.Therole of this num-
beris to unambiguouslymark the beginning of the digital pattern,in orderto facilitate
the comparisorbetweenthe input dataandthe recordedoutput. The usageof a marker
is determinedy thefactthatthe FPGA of the CMC_Mux startswriting the input datato
thelocal buffers only uponthe receiptof anappropriatecommandrom VME. Thus,the
writing operationis not synchronisedvith the beginning of the playbackpattern.

During theteststhe contentof the playbackmemoriess rolled continuouslywhich leads
to multiple patternsaccumulatedh thelocal buffers.Whendatais retrieved,the software
searchegor the rst occurringmarker, andthenit compareghe remainingsetof data
with the input digital pattern.This works aslong asthe marlker itself is not affectedby
transmissiorerrors,e.g.missingbits. Whenthis occurs thewholedatacontentis dumped
in les, andtheanalysisof theerrorsis performedof ine.

Also, it shouldbe mentionecthatall the patternsusedduring thesetestsare only 10-bit
wide. The eleventhbit, which emulateghe ExtBCID signal,is for corvenienceperma-
nentlysetto zero.

Finally, the parity testis performedonly with the digital patternscontainingthe saturated
andthenon-saturategulsesasthey generatenultiple non-zerdBCID-LUT results Also,
sinceduringthe parity testthedatais not storedin the buffers, but analysen-the- y, the
comparisorstopsonly whenrequestedrom the VME, or whenthe four 8-bit counters
over ow.

BCID-LUT test. This testis in principle performedin orderto verify the BCID-LUT
resultandthe BcMux ag, but its resultscansene asreferencan understandingrrors
originatingfrom differentlocationson the board.The threepossiblecombinationf the
BcMux ag, shavn previously in gure [7.7, areeachveri ed during a separatdest. In

Hexadecimal Binary

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

Table 7.1: The10-bitdatawordscomposinghestresgattern.
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Figure 7.8: Digital testpatternsusedfor checkingtheintegrity of thereal-timedatato CP

the rst casethe playbackmodeis enabledsimultaneousiyn all channelswhile in the
othertwo caseghe input FIFOsareusedin addition,in orderto delaythe channeldata
with respecto eachother Thesimultaneousctivationof theplaybackmodeis controlled
from the VME, via the ReM_FPGA,asdescribedn sectionB.3.17
Theinput datausedduringthe currenttestis representedly the digital patternsshavn in
gures 7.8 and7.8c. Theexpectedresultis representeth eachcaseby a 256 datawords
long patterndescribinghe multiplexed BCID-LUT resultfor eachbunch-crossingSince
theBcMux ag indicatesthe channelandthe bunch-crossingo which theincomingdata
belongsijts valueis automaticallyvalidatedby a positive testresult. In caseof errors,the
wholedatasetis dumpedn les, andtheanalysisof the errorsis performedof ine.

The LVDS Output to Jet=Energy-sumProcessor

The trigger datasentto the JEP consistsof 0.2 x 0.2 (DhxDf) jet sums.Thesevaluesarein
principle obtainedby rst summingthe 8-bit BCID-LUT resultsfrom eachtwo PPrASICchan-
nels (JetPreSun), andthenby addingthe two results(JetSun (seee.g. gure [5.7). However,
in orderto presere informationaboutaneventualsaturatiorin onetriggerchannelJetPreSum
is setto the maximumvalue(i.e. 511)if atleastoneof thetwo BCID-LUT resultsis saturated
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Figure 7.9: Thecontentof the 10-bitreal-timedatasentto the JeEEnegy-sumProcessor

(255). CorrespondinglyJetSumis setto themaximumvalue(1023)if atleastoneJetPreSunis
saturatedSinceJetSumis likely to have a valuelargerthan511, thusto be 10 bits wide, three
modesof transferringhis datato the JEPwereimplemented:

TruncateMSB. The mostsigni cant bit (MSB) of the 10-bit JetSumis droppedandthe
remaining9 bits are pacled togetherwith the correspondingpdd-paritybit into a 10-bit
dataword (see gure [7.9). Thiswordis thensentto JEP;

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

NoTruncation. The parity bit is dropped.andthe 10-bit JetSumis transferredntegrally
to JEP This modeis only intendedfor technicaltests,andit is analogoudo the Bypass-
BcMux modeimplementedor thedatalinks to CRP

Thetestsperformedor thedatalinks to JEParesimilarto thosecarriedoutfor thedatalinks
to CR They checkthe mappingof the outputsignalsto JER the JetSumdata,andthe integrity
of the 10-bitreal-timedataafteratransmissiorover the correspondingablelinks:

Connectiity test. The 16 PPrMCM serial streamsproviding jet sumsto the JEPare
equallyrecevedby a secondsetof two FPGAson the LCD daughtercardAs in thecase
of the FPGAshandlingthe outputsto CR, thetaskof thesedevicesis to duplicatesomeof

therecevedsignals andthenrouteall thesignalsto the backplaneonnectorThefan-out
schemas alittle bit morecomplex thanin the previouscase pecaussomeduplicationof

signalsis requiredfor ajet-triggerin the forwardregionsof the calorimeter(seethe sixth

columnin tablesA.1,/A.2 andA.3). The fan-outproducesl7 additionalserial streams,
which givesatotal of 33 datalinks to JERP Thetransportatiorof thesesignalsto theinput

of JEPrequiresl2 LVDS cableassemblies.

In orderto verify thefan-outandthe mappingof the outputsignalseachplaybackmemory
is loadedwith a specialpattern,which consistof only onenon-zerovalue. This number
waschosenin sucha way, thatthe obtained10-bit JetSumfor eachPPrMCM is unique
with respecto the othersums.Then,the PPrASICsarecon guredto usethe NoTrunca-
tion mode,for aneasierndenti cation of eachchannel.

Data integrity tests. As for the caseof the datalinks to CP, two methodswereimple-
mentedn orderto checktheintegrity of the 10-bitreal-timedata.The rst methodchecks
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the odd-paritybit, for both TruncateMSBand TruncateLSBmodes.The secondmethod
usesthe NoTruncationmode,in orderto comparehe 10-bitinput datawith therecorded
output.Both methodsuseasinput datathedigital patternsshavnin gures|7.8 and7.8c.

JetSumtest. Thistestis carriedoutin orderto verify theformationof thejet elementpy
usingthe TruncateMSBandTruncateLSBmodes andthe two digital patternamentioned
aborve. Also, in orderto increasethe numberof truncatedJetSumvaluesin the output
streamtheinput FIFOsareusedfor delayingthe channeldata.

Finally, the expectedresult,to which the recordeddatais compared,s representedn
eachcaseby a 256 datawordslong pattern,which describeghe JetSumfor eachbunch-
crossing.

Results

The mostfrequenttype of errorobsened duringthe presenfunctionaltestswasgiven by a bit
systematicallynissingin therecordedLO-bitdata.This meanghatthebit waspermanenthgetto
zero,thusdeterminingamismatchoetweertheexpectedesultandtherecordeddata.ln thelarge
majority of the casesthis type of errorwasfoundto originatefrom the PPrMCMs. Typically,
theidenti cation of aPPrMCMaserrorsources donein successie stepsFirst, upondetecting
a systematicmismatchin the dataprovided by a certain CP or JEPlink, the corresponding
PPrMCMis movedto adifferentslotontheboard wherepreviously no errorwasobsenred,and
thenthetestsarerepeatedlf the samemismatchis now detectedn the datalink corresponding
to the new slot position,the PPrMCMis consideredisbeingthedevice generatinghe obsened
error. In mostof the casesthe causeor this type of errorseemdo be a brokenwire bond.The
parity bit appeargo be setcorrectly but dueto the missingbit in the remaining9-bit data,the
reconstructegbarity value disagreesvith the recordedvalue. This suggestshat the odd-parity
bit is correctlyassignedn the PPrASIC,andthat the missingbit is probablygeneratedy an
openconnectiongitherattheoutputof the PPrASICor attheinputto the LVDStransmitteé. In
othercasesthereconstructedndtherecordedarity valuesmatcheachothet which apartfrom
abrokenwire bond,pointsaswell to a misbehaing PPrASIC.

Anothertype of error obsened during the testswas given by bits shiftedin the recorded
10-bit dataword. This error wasfound to originateaswell from the PPrMCM, but dueto its
nature,t is believedto beinducedby afaulty serialisatiorin the LVDS transmitter

Also, othererrorswere identi ed to originatefrom the LCD card, andto be causedby
animpropersolderingof the pre-compensationircuit. The partial or total absencef the pre-
compensationvasresultingin weaksignalsat the endof the 15 m long cables.Subsequently
the deserialiser®n the CMC_Rx card were falsely interpretingthe input data, generatingoit
errorsor beingunableto lock ontheinputsignal.

9the devices mountedon the PPrMCM and their wire bondsare sealedby glob-top, in orderto prevent their
oxidation.Several attemptsto remove the coatingmaterial,without damaginghe wire bondsor the chips,have so
farfailed. Thus,the currenthypothesiscannotbeveri ed in practice.
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7.2.6 Additional Testsfor the ReM_FPGA

A signi cant part of the ReM_FPGAs 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 regularinterfaceto DAQ, are someof
the operationsntensvely exercisedduringthetests.

Theonly functionthatcannotbechecledatthis stages the communicatiorwith the TTCrx,
becausehe currenttestsetupdoesnotinclude TTC facilities. As mentionedn section6.2.6 in
the absencef the input bunch-crossinglock, the TTCrx staysin a resetstate,andit cannot
be accessedver the 12C bus interface. This becomegossibleduring the full-crate tests(see
section7.3).

Thefollowing testapplicationsveredevelopedandperformedn orderto enlagetheinves-
tigationson thefunctionality of the ReM_FPGA,aswell asto allow a moresystematioveri ca-
tion of someof the algorithmsimplementedn the device. Additionally, the sameapplications
provide agoodindicationaboutthe operationabktateof theaccessedevices.

PPrASIC ReadbackTest

As mentionedin section6.6.2 the ReM_FPGA initiates a readbackof PPrASIC register or
memorydataonly if the correspondingupperfour bits, called readback ags, in the MCM
Readbaclblock aresetto value4'b0001,or if the ForcedCon gReadbackodeis enabledThe
ReM_FPGAsetghereadbackags to value4'b0001in two situations:eitherafteraVME _Reset,
or whencon gurationdatais transferredrom VME to therespectie locations.

Two methodswereimplementedor testingthe readbacloperation.The rst methodgen-
eratesa VME _Resetandthenreadsbackthe default valuesstoredin the PPrASICregisterand
memorylocations.TheReM_FPGAplacegshisdatain theSRAM, in theMCM Readbacllock,
andsetsthe correspondingags to value4'b00000.Subsequent|ythe datais readout from the
SRAM and comparedwith the expectedvalues.Then, the default valuesare readback once
again from the PPrASIC,this time by enablingthe ForcedCon gReadbacknode,andchecled
agpin agpinstthe expectedvalues.

Thesecondnethodoads rst apre-de nedsetof registerandmemorydatato the PPrASICs,
andthenreadsouttherespectie locationsandcompareshetwo setsof data.As in theprevious
methodthe ForcedCon gReadbackodeis enabledandthe datais readbackonceagain from
the PPrASICandcomparedvith theinputvalues.

Several PPrASICswith an internal faulty operationwere identi ed with thesemethods.
Someof theregisteror memorydataprovidedby thesePPrASICswvascorrupteddueto missing
or shiftedbit values.

Rate Metering and Histogramming Test

Theaimof thistestis to ensurdghattheReM_FPGAhandlesorrectlythetransferof enegy rates
andhistogramdgrom the PPrASICgo the SRAM, andthatthedatarecevedfrom the PPrASICs
doesnot containbit errors. The testis usuallyperformedaftera DAC Scantest,by measuring
thenoiselevel.
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Thereadoutof the PPrASICratesis veri ed in threesteps.First, the 10-bit enegy thresh-
old is setwell above the pedestalandthe 16-bit timing parameteis setat maximumin each
PPrASICchannel.This con guration determineghe RateMetering procesgo stoponly upon
the over ow of theinternal 16-bit time counter(seeagain gure [6.26). The datareadout from
the PPrASICconsistof the 20-bitdatacountervalueandthe 16-bittiming countervalue,which
in this caseareexpectedo be setto 0 and65535(FFFF in hexadecimalyespectiely. Oncethe
ReM_FPGA hasplacedthe datain the SRAM, the integrity of thetiming valueis checled. At
the secondstep, the enepgy thresholdis setbelov the pedestalwhile the time settingis kept
unchangedThis determineghe Rate Meteringto stop uponthe over ow of the internal data
counter Similar to the previous case theintegrity of thedatacounteris veri ed oncethedatais
availablein the SRAM. Duringthelaststep,theenepgy thresholds placedagain well abore the
pedestalandadistincttiming parametewalueis appliedfor eachchannelThis distinctvalueis
meantto actasa channelidenti er. After the datais readout, the timing valuesreceved from
the PPrASICarechecledin orderto ensureghatthe ReM_FPGAhasplacedthe channeldatain
theexpectedorderin the SRAM.

Thereadoubf the PPrASIChistogramss veri ed in only onestep.The 8-bit enegy thresh-
old is setwell belown the pedestaljn orderto determinea histogrambin to saturatein a short
periodof time. After readingoutthecontentof thememoriestheintegrity of thel1-bitsaturated
valueis checled.

Event ReadoutTests

Thesetestsare performedin orderto checkthe processingf the PPrASICevent datain the
speci ed ATLAS format. The investigationsare carriedout usingthe analoguegoulsefrom the
functiongeneratgrandthey aremainly basedn the comparisorbetweerthereadoutdatacap-
turedby the CMC_Rx testcardandthe unformatteccopy storedby theReM_FPGAIin theVME
Spy buffers.

The FADC and BCID-LUT datawords, aswell the three”"BC Marks”, i.e. PeakFinding
BCID, SaturatedBCID and ExternalBCID, areveri ed via a direct comparisorbetweenthe
relateddatastoredin thetwo buffers. Also, sincethe rst veerrorbits,i.e.thefour CD bitsand
the MA bit, aresetfrom VME, their value canbe directly checled. The 12-bit bunch-crossing
numbelis evaluatedoy comparingheincrementedialueof its four leastsigni cant bitswith the
4-bit bunch-crossingountervalueavailablein the EventHeaderSubsequent|ytheresultof this
comparisons usedto evaluatethe BNM bit. The AFF errorbit is veri ed by checkingthevalue
of theHeadersOnlyandDatalossags from the EventHeadeyrwhile the ENM bit is checledby
comparingthe 4-bit eventcountervaluefrom the samekEventHeadewith areferenceeomputed
by the software.

The properveri cation of the time-out(TO) bit requiresspecialtestingconditions.When
setto logic valuel, the bit indicatesthatthe correspondind®PrASICdid not sendeventdatain
responseo anL1A. This situationcanbearti cially induced.The PPrASICcanbecon gured
to stopsendingdataover oneor both of its serialinterfaces.Subsequentiythe ReM_FPGAwiill
settheTO bit to 1 uponreceiiing eventdatafrom theotherPPrASICs.This allowsthento verify
themechanisnihatsetsthe TO bit.

Also, the mechanisnbehindthe RFC bit canbe properlyveri ed only by inducinga faulty
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state. Whensetto logic value 1, the bit indicatesthat the dual-portedmemoriesof the Ro-
dReadoutManagarefull, andthatno further eventswill be buffereduntil the datastoredby
the memoriess readout andtransferred.To inducethis situation,oneneedsto generatevery
highL1A frequenciesThe presentestapplicationgenerates 1As with afrequeng in theorder
of afew Hz. Thisis because new L1A is generatednly after the dataof the currentevent
is analysedandthe eventualerrorsarelogged.For this reasonthe functionality of the RFC bit
wasveri ed duringaseparatéest. The LLAs weregeneratedvith afrequeng in the orderof a
few MHz, andthe assertiorof the RFC andthe DAV* signalswasmonitoredwith the help of
anoscilloscope.

Accesso SRAM

Thistestis performedin orderto verify the 32-bitaccesgo the SRAM from the VME, aswell

asthe storagefunctionality of the device. For this, 32-bit checleredpatterns® are rst loaded
from VME to eachSRAM location,andthenthe SRAM contentis readbackoverthe VME and
comparedvith theinputdata.

7.3 Full-crate Tests

The PPMsthat have passedhe single boardtestsareinstalledand operatedn a cratecon g-
urationsimilar to that of the systemin useat CERN, andtheir functionalityis testedin along
periodof operation Figureg7.10describeschematicallythe testsetup.This consistsof:

1 standardPPrcrate(21 slot VME backplane);

16 PreProcessdviodules(PPMs);

1 Timing ControlModule (TCM);

1 ReadoufTransferCard(RTC) and1 UniversalRecever Unit (URU);
1 standardsingleBoardComputer(SBC);

Additionally, a TTC EncoderTransmitter(TTCex) module,operatingin a standardTTC
crate,generatesnd providesto the TCM a 40.08 MHz pulsetrain via an optical link [Tay].
TheTCM corvertsthesignalto electricalform, andthendistributesit overthebackplaneo the
TTCdecof eachPPM.Thepresencef theexternalbunch-crossinglock bringsthe TTCrx back
in anoperationaktate andthusenableghe acces®ver the |2C busto this device.

Thefunctionalityof thePPMsis veri ed by repeatingnostof thetestsperformedduringthe
previoustestingstage.Thesupervisingoftwareis adaptedo considetthe presencef 16 PPMs
in the crate,andto transfersamecon guration and control datato all modulesduring a given
functionaltest. However, sincethe setupcontainsonly one RTC andone URU, the real-time
LVDS andthereadoutestscanbe performedor only onePPMatatime. The stratgy adopted

1032-pit datawords consistingof alternating0's and 1's. A 32-bit dataword in which all the bits are setto 1
(FFFFFFFFin hexadecimal)s in generalvoided,asthis valuealsoindicatesa dataclashon the VME bus.



7.3 Full-crate Tests 139

LVDS &
Readout Data (viaRTC)
v
Computer
termina [ S|U P(P|P|P|P|P|P|P|P|P|P|P|P|P|P|P
BIR|: | |p|P|P|P|P|P|P|P|P|P|P|P|P|P|P|P|T
ClUlx 2 M[MM[MIMMIMIMIM|MIMIM{M[M|M|M|C
M
ylvy
A 112|3|4|5|64718]9(10(11|12|13|14{15|16
Standard PPr crate f L
(SU VME) slot 11 BC Clock from TTCex

(6U TTC crate)

Figure 7.10: Schematiaepresentatioof thefull-cratetestsetup.

in thesecasesvasto de ne the eleventhslot of the crateasthe permanenpositionfor testing,
becaus¢his slotcorrespondso the hottestpositionin thecrate. Thus,in thisway onecanverify
the properoperationof the PPMsunderthe hardestconditions.

During the executionof the functional tests,the software readsout periodically from the
ATmega microcontrollerdigital valuesof voltagesacrossemperatureneasuring-diodesn the
16 PPrMCMs,in orderto verify the operatingconditionsof the 16 PPMsin the very denseas-
sembly Figure7.11shaws a two-dimensionahistogramdescribingaveragetemperatureralues
for eachPPM andPPrMCM, asrecordedduring a real-timeLVDS test. It canbe seenthat, as
previously mentionedthe hottestregion in the crateis centeredaroundthe eleventhslot.This,
aswell asthegeneratemperaturero le, is dueto thecon gurationof thecoolingsystemTwo
setsof fans,locatedatthebottomsideof thecrate distributeahigh- ux coldair streamupwards
throughthe crate,to force the removal of the heat.Thus,the temperaturezaluesincreaserom
the bottomto the top of the modules. Also, the hot region correspondso the spacebetween
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Figure7.11: PPrMCMtemperaturenap(slotnumberis givenonthetop).
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thetwo setsof fans,wheretheair ux is lessintense However, thetemperaturearein general
belowv 60 C, whichde nesasafeoperatingstate.

Apart from temperatureghe softwarealsomonitorsdifferentoperatingvoltages.As in the
previous case the correspondingligital valuesare obtainedfrom the ATmega microcontrolley
which recevescopiesof the operatingvoltagesfrom the powver managenf theboard.Also, the
ATmega providesthe sametemperatur@ndvoltagevaluesto the Fujitsumicrocontrolleywhich
thentransferghemvia the CAN-businterfaceto the DCS. This functionality of the PPM was
ver ed aswell, but ata latertime thanthe currentfunctionaltests{Kho09.

7.4 Summary

No majormismanuécturingof thePPMboardsvasobseredduringthetests.Thevisualinspec-
tions or the automatedestshave detectednly minor solderproblemswhich were x edin the
locallaboratoryAlso, all theidenti ed functionalproblemswerelocalisedonthedaughtercards,
andthesewerereplacedwith sparecomponents.

Thetestprocedurgresentedh this chapteris anongoingprocedurelt senesfor maintain-
ing a consistennumberof valid sparePPMs,for the operationof the systemat CERN, aswell
asfor dehuggingandunderstandinghe natureof the errorsreportedrom CERN.



Chapter 8

The PreProcessorOperation in the
ATLAS Experiment

Theinstallationof the PPrsystemin the electroniccavernof the ATLAS experimentwascom-
pletedat the end of 2007. Sincethen, the PPrhasbeeninvolved in variousintegration and
commissioningactivities with the interfacingsystems.In the summerof 2008,the whole AT-
LAS detectorwentthrougha commissioningohasewith cosmicmuons,to preparefor the rst
LHC beam.After a a shortsingle-beantun in the autumnof 2008,ATLAS continuedto col-
lectcosmicmuoneventsfor detectoralignmentandcalibrationpurposesin November2009the
LHC wasrestartedandthe rst pp collision candidatesvereobseredby ATLAS. Thischapter
presentdrief overviewn of the resultsobtainedduringtheintegrationandcommissioningf the
PPrsystemwith the interfacingsystem aswell asduringthe cosmicmuonandthe LHC beam
runs.

8.1 Integration and CommissioningTests

The 124 PPMsareinstalledin eight PPrcrates,which in their turn are housedin four racks.
Figurel8.1 shavs two photographgresentinghe PPrsystemasinstalledin the undeground
USA15electronicscavern. Theleftmostpicture( gure 8.1a) shavs in theforegroundfour fully
equippedPPr crates,housedin two racks,with analogueinput cablesconnectedo the front
panelof the PPMs.ThesePPMsreceve and procesdriggertower signalsfrom the A-side of
the calorimeters.The two racksseenin the backgroundhold the electronicsof the Recever
system.The secondpicture ( gure 8.1b) shavs a view from the rearof a PPrcrate.Oncecan
obsenethemassie LVDS outputcabling,whichtransportshereal-timedatafrom thePPrto the
L1Caloprocessorsaswell astheRGTM cards(identi able by thegreenLEDs) andthe G-Link
bers, which areusedfor transmittingthe PPrreadoutdatato correspondindgROD modules.
During and after the installationof the systemin situ, the main actiities were focusedon
integratingthe PPrwith all theinterfacingsystemsOneof the rst testsdonewasto verify the
connectvity andmappingof the analoguenput anddigital outputcables An impropersolder
ing of the cableson the connectoror awrong mappingof the signalsupstreanor downstream
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(b)

Figure 8.1: Views of the PPrsystemin USA15: four fully equippedPPrcratesandfront panelcabling
(a,foreground), andoutputcablingattherearof a PPrrack (b) [L1CO074.

of the PPrcanleadto an erroneoudrigger decision.The veri cation of the analogueinputs
wasperformedusingdetectorcalibrationsystemgAch07. TheTile andLAr calorimeterhave
very precisechage-injectionand pulsersystemswhich allow themto insertsignal patternsof
con gurableamplitudesn their front-endelectronic§ ATL084|. Thedigital links to theL1Calo
processorsvereveri ed by loadingadistinctpatternin the playbackmemoryof eachPPrchan-
nel. Only a few minor problemswere found during the connectvity and mappingtests,e.g.
interchangeaablesdueto swappedabelsor faulty LVDS cablesor connectorsandthey were
x ed.

Thecalorimetercalibrationsystemaverealsousedto performinitial timing andenegy cal-
ibrationstudies!n the rst casegoarseand ne timing settingsverederived,to compensatéor
thedifferentanaloguecablelengthsfrom the calorimetergo theinput of thetriggersystemThe
coarsetiming settingsalign all the input trigger signalsto the samebunch-crossingTheseval-
uesaresetin stepsof 25 ns andthey areloadedin the systemascon guration parametergor
thesynchronisatiofrIFOsof thePPrASICsThe ne timing settingsprovide afurtheralignment
of theanalogudriggersignalsto ensurghateachpulseis sampledatits peak.Thesevaluesare
setin stepsof 1 ns,andthey representhe con guration delay parameter$or the PPrPHOS4s.
In orderto determinethe ne timing settings,the PPrPHOS4ettingis steppedup within the
25 ns bunch-crossingnterval, while the calorimetercalibrationsystemsre periodically the
samepattern. This methodallows to reconstrucivith a resolutionof 1 nsthe pulsesreceved
from thecalorimetersThe maximumamplitudeof eachpulseis thenobtainedof ine, by tting
the resultingsignalshapegMor09]. Figure8.2 illustratesthe caseof a signalpatternfrom the
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Figure 8.2: Reconstructedile calibrationpulse[Chi09.

Tile calorimeterwhichwasreconstructegvith themethoddescribedabore. In this example the
PPrwascon guredto readout 15 FADC samplesthereforethe reconstructedhapespansover
375ns

For the enepy calibrationstudy the calorimetercalibrationsystemsvereemplo/edto de-
liver pulsesof differentamplitudesfor eachchannel.The enegy valuesextractedfrom these
pulsesby the PPrwerethencomparedagainstthe enegy given by the calorimetersijn orderto
derive appropriatecalibration constantsor eachtrigger tower. Theseinitial resultswere later
checled during the cosmicmuonrunsandatfterthe rst LHC protonbeamdatawasrecorded.
Also, new coarseand ne timing settingshadto berecalculatedto take into accounthetime-of-

ight of the particlesthroughthe detector Themaindif culty for thetiming calibration,during

the cosmicmuonor the LHC beamruns,is thatthe PPrPHOS4lelaysettingcannotbe varied,

because re-con gurationof the PPrreal-timedatapath during the data-takingis forbidden.
Apart from this, the calorimetersdeliver only physicspulses,at a large variety of amplitudes,
andthePPrcanbecon guredtoreadupto ve FADC slices,to copewith themaximumL1 out-

putrate(i.e. 100kHz). Therefore,n thesecasegherecordedoulsesare tted with a dedicated
function,which combineghe Landauandthe Gaussiarfdunctions(seee.g.[L1C080).

The accurag of the enegy resultsdependsalso on the ef cient suppressiorof the noise
componentn eachtrigger channel. The measuremendf the noiselevel is usually performed
whenthe electronicsupstreamof the PPris in operation. The procedureinvolvestwo steps.
At rst, appropriaterecever gain settingsanda commonpedestalvalue are setfor all trigger
channelsThepedestals typically setto 32 FADC counts.This valueis obtainedoy performing
aDAC scan,in asimilar mannerasdescribedn section7.2.2 Subsequent)yPPrFADC event
datais accumulate@hannel-wis@ver asigni cant periodof time, andthennoisethresholdsare
derivedof ine for eachtriggerchannelpasedntheresultingRMS pedestaValues.Figure8.3a
shawvstheresultof aDAC scanfor onePPrchannelwhile gure [8.30 presentsheresultobtained
after a pedestaimeasurementfor the samePPrchannel.An overvien of the RMS pedestal
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Figure 8.3: DAC scanandpedestameasuremerfor onePPrchannela, b) [Chi09, andRMS pedestal
valuesfor the electomagneticsectionof the PPr[Mor09].

valuesobtainedin the electromagnetigart of the system,during the samemeasurements
shovn in gures[8.%. The resultsare given in FADC counts,andthey are plottedin a two-
dimensionahistogramwith h alongthe x-axis,andf up they-axis. It canbe noticedthatthe
noisecontritutionis upto 2 FADC counts( 0.5 GeV) in mostof thetrigger channelsandit
decreaseat large pseudorapiditwalues.Thelatteris dueto theE'! Et corversionappliedin
theelectronicchainupstreanof the PPt

Thepedestaimeasurementllow alsoto identify channelsvith alargenoisecontentor with
afaulty operation. Thesechannelhaveto bedisabledrom thereal-timepathof L1Calo,asthey
can negatively in uence the trigger performance.Their maskingis typically doneby setting
the contentof the correspondind®PrASIC-LUTsto zero,sothatthe BCID-LUT datasentby
the PPrto the L1Calo processorss permanentlyzero on thesechannels Another possibility
to identify noisy, hot or deadchannelss by monitoring the Rate Metering dataprovided by
the PPrASICs. A dedicatedprocedurewas implementedin the ATLAS Online Software to
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readout every 2 s the RateMeteringdataover the VME interface,anddisplayit into a GUI
panel.This methodoffers two main advantages:rstly , a problematicchannelcanbe detected
alsoduringadata-takingun, notonly duringa calibrationrun, andsecondlythe monitoringof
thetriggerchannelss performedndependentlyf theL1 decision.The GUI is madeavailable
to the shift crew, which cantake immediateactionuponidentifying a problematicchannel The
samesoftwaretool archiveschannel-wisehe RateMeteringdata,to facilitateto a systemexpert
the delhugging of the obsened problem[MI084. Figurel8.4 illustratesan exampleof noisy
trigger tower identi ed with the RateMeteringtool. The panelseenin the backgrounds the
GUI usedfor displayingthe Rate Metering data. The fact that only coupleof channelsseem
to have datais dueto additionalcutsimposedin software,to facilitatethe identi cation of the
eventualproblematicchannelsThe histogramseenin the foregroundof the same gure shows
the Rate Metering history for one of the channelghat have producedratesabore the applied
cuts.

Lastly, the PPrhasbeenalsointegratedandcommissionedvith the DetectorControl System
(DCS).On eachPPM, the Fujitsu microcontrollercollectsinformationabouttemperaturesand
voltagesacrosghe board,andsendst to DCS over the CANbusinterface.The microcontroller
sendsalsowarningor errormessaget DCS, if the PPrMCMtemperaturesr the supplyvolt-
agesexceedpre-de nedthresholdsin the currentcon guration,anwarning ag is raisedupon
detectingatemperatureralueabore 70 C or a uctuation of a supplyvoltagefrom its nominal
valuelargerthan 5%. An error ag is thenraisedwhena temperaturevalue exceeds80 C
or whena supplyvoltage uctuateswith morethan 10% [Khol(Q. Uponreceving an error

ag, the DCS switchesoff the correpondingcrate. Figure 8.5 shaws the formatin which the
PPrMCM temperaturesneasuredn a PPrcratearedisplayedin the DCS control panel.Also,
the DCSmonitorsthetemperaturén theracksandthe cratepower supplyvoltages.

8.2 CosmicMuon Runs

The commissioningdf the ATLAS detectorwith cosmicmuonswasstartedin 2005,in parallel
to the detectorinstallation.In summer2008, whenall subsystemsverereadyfor datataking,
ATLAS wentthroughan intenseperiod of commissioningwith cosmicmuons,to preparethe
detectorfor the rst LHC beam.

Cosmicmuonsoccurwhena primary cosmicparticleundegoesnuclearcollisionswith at-
mosphericnuclei. Thesecollisions producea large numberof chaged p-mesonsand kaons,
which quickly decayinto muons.Sincemuonshave a relatively long lifetime anddo not un-
demo stronginteractions put only lose part of their enegy via electromagnetiprocesseshe
mostenegetic cosmicmuonsare ableto passthroughthe 75 m thick rock overburden,which
roofs the experimentalcavernt, andthroughthe ATLAS detector At the passagehroughthe
ATLAS calorimetersthe cosmicmuonsmainly behae asminimumionising particles but they
alsoradiatebrehmsstrahlunghotons.In mostof the obsened casesthe enegy depositedvas
in the orderof several GeV in the Tile hadroniccalorimeterthe outerlayer of the calorimetry
andafactorl0lowerin theLAr electromagneticalorimeter§Hoel(.

Lin fact, basedon the angleof the tracksreconstructedy the RPCsof the Muon Spectrometeiit wasobsered
thatmostof thecosmicmuonsdetectedy ATLAS entertheexperimentatavernfrom thetwo accesshaftq Wen09.
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Most of the triggertower pulsesproducedby theseeventsaretypically only a few counts
abovethepedestalThechallengevasto discriminatehesepulsesrom noise andthusto trigger
on genuinephysicsevents.To accomplistthis, L1Calowasseededvith anelectrorphotonEr
thresholdof 3 GeV, andwith ¢ -like andjet-like threshold®f 5 GeV[L1C08Y. Figure8.6shovs
the exampleof a cosmiceventtriggeredby L1Calo,usingthet andjet thresholdsAdditionally,

gure [8.7 shavs a comparisonbetweenthe trans\erseenegy measurecy L1Calo, and the
trans\erseenegy detectedn the cells of the electromagneticalorimeters.The plot takesinto
accountonly the triggertower enegies above the appliedthreshold,i.e. 5 GeV in this case,
andthe enegy sumof the correspondingalorimetercells. A goodcorrelationbetweerthetwo
setsof enegy valuescanbe obsenred, althoughthe calibrationof the two systemswvasstill in a
preliminaryphase.

Besidetheparticipationin thetrigger, thecosmicrunsrepresenteébr the PPragoodoppor
tunity to performmeasurementsf the noiselevel, identify hot anddeadchannelsandmonitor
the functionality of the PPMsin long periodsof operation,aswell asto tuneits timing and
enegy calibrationmethods.

8.3 LHC BeamRuns

The First LHC Proton Beam

In SeptembeR008,the rst single-beam®f protonswere successfullycirculatedaroundthe
LHC acceleratoring. During several days,a single protonbunch, lled with 2 x 10° protons,
was circulatedwithout acceleratiorat the injection enegy of 450 GeV. Gaining experience
from the commissioningunswith cosmicmuons,ATLAS wasreadyto recordandanalyseall
theeventsgeneratedby the passagef thesinglebeam.

In the beginning of thesecommissioningactiities, the tertiary collimators,placedon each
side of the four main experimenﬂg, were being closedfor safety This wasdonein orderto
protectthe LHC machineandthe detectordrom aneventualmisalignmenbf the beam,andto
allow correctionsto be made,if necessaryAlso for safetyreasonssomeof the sub-detectors
proneto radiationdamageavereturnedoff or operatedvith reducemighvoltag§\. Eachcollision
betweerthe protonbeamandthe closedcollimatorproduceda sprayof particles mostlymuons,
thatreachedheexperimentaktaverns.in caseof ATLAS, mostof theseparticleshit thedetector
generatinga so-calledbeam-splastevent. Figure 8.8 shaws the rst beam-splaskevent seen
by the ATLAS, andwhich wastriggeredby L1Calo. In this examplethe beamwascirculated
clockwise aroundthe acceleratgrhencethe collision occurredupstreamof the A-side of the
detector(i.e. right-handsidein thelower left plot). The particlesreachingthe ATLAS detector
generatednorethan 100,000hits in the muonchambersandleft a hugeenegy depositionin
the calorimetersj.e. morethan1000 TeV in the hadroniccalorimeterand several TeV in the
electromagneticalorimetef Cos09.

Thebeam-splaskbventsprovedto bevery usefulin determiningthetiming alignmentof the

2in ATLAS: 140 m from theinteractionpoint.
3in ATLAS: Pixel detector barrel SCT (off), End-CapSCT, Muon Systemand Forward Calorimetergreduced
voltage) [Cos09
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Figure 8.7: Comparisorbetweerthe Et reconstructedby L1Calo (x-axis) andthe Er measuredn the
full readoutof the LAr electromagneticalorimeters.The resultsare basedon the 2008
cosmicrunning[L1C084.
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L1Calo trigger with respectto the LHC bunch-crossingslock. Suchan analysisis basedon
the assumptiorthat the particlesresultedfrom the collision with the collimatorstravel almost
parallelto the beamline andenterthe detectoralmostin the sametime, within a few nanosec-
onds. Figure/8.9 shavs anexampleof a beam-splaskvent,asseenin the L1Calotrigger. It is
atwo-dimensionah-f plot, with h alongthe x-axisandf upthey-axis,describingtherelative
trans\erseenegy depositedn eachelectromagnetitrigger tower. Theseenegy valuesrepre-
sentthe middle 10-bit FADC sampleprovided by eachPPMin the readoutstreamto DAQ. A
differencebetweerthe A- andC-sideof the electromagnetitayercanbe noticed.This wasde-
terminedto be dueto onebunch-crossingick misalignmenif the PPMsthat procesghe data
from the C-sideof the electromagneticalorimeterandit wascorrectedasa resultof theseob-
senations[Tri09]. Also in the sameplot, two structuresin f canbe obsered: an eight-fold
structurewhichis dueto the eightcoils of the A-side end-captoroid magnetandalow enegy
responseaegion aroundf = 3p=2, which is believed to be dueto the supportstructureof the
ATLAS detector

The First Collisions

After a breakof oneyear causedby anincidentin one of the sectorsof the acceleratorring
[Bajog, the LHC hasresumedits operationin November2009. In the beginning, the LHC
repeatedhe commissioningprocedureperformedin 2008, by circulatingonly one beamat a
timein theacceleratorDuring this period,ATLAS recordednorethan100beamsplashevents,
producedon both sidesof the detectorwhich weremainly usedto synchronisehe varioussub-
detectorgHoel(. At the end of November2009, the LHC circulatedfor the rst time two
beamssimultaBeoustn the acceleratgrat theinjectionenegy of 450 GeV, andsteeredhem
to collidewith ™ s= 900 GeV. Figure8.10shavs athree-dimensionaliew of the rst collision
candidateobseredby ATLAS.

After stable-beanconditionswere reached,the LHC increasedthe numberof proton
bunchesn eachbeam,from oneto four, aswell astheintensityof protonbunchesreachingto

1.5x 10'° protonsperbunchatthestartof the lls. Thestability of thebeamshasdetermined

ATLAS to switchonthePixel andthe SCT detectorswhich hadnotbeenpreviously useddueto
s%etyreasonsWith thefull detectoractive, ATLAS hasrecordedabouthalf a million collision
at s= 900 GeV[ATL09]. After afew daysof operationn thiscon guration,theLHC ramped
forr}he rst timeto 1.18 TeV=beam.This hasled to pp collisionswith a centre-of-massnegy
of =~ s= 2:36 TeV, andit hasmadethe LHC the highestenegy particlecollider in the world,
supersedinghe s %Tev achievedby Tevatron,at Fermilab,Chicago Figure8.11shavsthe
rst collisioneventat’ s= 2:36 TeV obsenedby ATLAS. It represents 2-jet candidatewith
uncalibratedrans\erseenegiesof approximately6 GeVand16 GeV.

In March 2010,ti}§ LHC seta new record,by acceleratinghe protonsto 3.5 TeV=beam
andcolliding themat™ s= 7 TeV. Figure/8.12 shaws a three-dimensionaliew of oneof the
rst collisionsat obsenedby ATLAS at this centre-of-masgnegy. This run modeis planned
to be maintainedor about18 months,to allow a safecommissioningdf the acceleratoandof
the detectorsAfgr that,the LHC will startincreasinghe enegy andtheluminosity up to the
designvaluesof = s= 14 TeVandL = 10**cm ?s ! respectiely.
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Figure8.10: The rst ppcoIIisiorbcandidatefecordecbyATLAS. Thecentre-of-massnegy
of thecollisionwas™ s= 900 GeV[CERO09H.
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Figure8.11: The rst ppcollisionwith thecentre-of-massnegy of =~ s= 2:36 TeV recorded

by ATLAS. [CER094
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DOATLAS 2-Jet Collision Event at 7 TeV
A EXPERIMENT
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Figure8.12: Oneof the rst pp collisionswith thecentre-of-masenegy of = s= 2:36 TeV

obseredby ATLAS. [CER10H.



Chapter 9

Summary and Conclusions

The rst part of this thesishasdescribedthe algorithmsdevelopedto meetthe functionality
of the ReadoutManagerFPGA (ReM_FPGA). The tasksassignedo the ReM_FPGA canbe
summarisedsdataroutinganddataformatting The device interfacesto severaldistinctcom-
municationsystemgo transferdatato andfrom variouson-boardandexternallocations,in the
formatrequestedy the eachcommunicatiorsystemanddestinatiordevice. The majortaskof
the ReM_FPGA is to transferPPM event datato the DAQ system.The ReM_FPGA collects
the eventdatafrom the 16 PPrASICsandsendst to DAQ in a prede nedATLAS format.The
properoperationof the eventreadoutaskin the ReM_FPGA:is of a specialimportance Of ine
calibrationstudiesor online software applicationsthat monitor and verify the performanceof
the Level-1 trigger during the data-takingphysicsrunsare basedalsoon the datadeliveredby
the PPMsto DAQ. Thereadoutoperationwastestedintensiely bothin Heidelbeg, in the lab-
oratoryervironment,andat CERN, andit is currentlyrunningstablyanderrorfree. Therare
casesn which amisbehaiour wasreportedweredueto eitheranimpropercon gurationof the
systemor a defectve hardware.

Anotherimportanttaskof the ReM_FPGA s to retrieve the RateMeteringand Histogram-
ming datafrom the PPrASICsandto storeit in memorylocationsaccessiblever the VME
interface. Therespectre datais usedby online softwareapplicationgo monitorthe actwity in
the calorimetersor to identify problematicchannelsupstreanof andin the PPrsystem. This
operationis aswell stable,no misbehaiour beingreported.The samestability is alsoobsered
for otherimportantoperationgperformedby the ReM_FPGA, e.g.the transferof con guration
datafrom the VME to variouson-boardprogrammabldocations,or the readbackof con gu-
ration datafrom the PPrASICsandthe TTCrx devices. For the casesn which functionalmis-
behaiours are detectedthe ReM_FPGA provides extendedsetsof VME registersthat gather
bitwise statusand error data,receved from the interfaceddevicesor generatedy its internal
algorithms to helpinvesticatetheseproblems.

The secondpartof this thesishaspresentedhe functionalteststhathadbeencarriedout to
ensurgheproperoperatiornf thePPMs beforethey wereinstalledat CERN.For this,atwo-step
testproceduravasdeveloped.Duringthe rst step,the PPMswereoperatedndividually, andan
extendedsetof automatedunctionaltestswasperformed.The conditioninganddigitisationof
theanaloguénputwasveri ed by employing a waveformgeneratoto provide analoguepulses
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with apeakingtime similarto thatof thegenuinecalorimetersignals.Thedigital processingnd
the transmissiorof real-timedataover long LVDS cableswas checled with digital playback
data,consistingof eithercalorimeteflike pulsesor variousstresspatternsThe PPM real-time
datawas capturedand analysedby an UniversalRecever Unit (URU), a custom-hiilt VME

module,which emulateshe receving stageof the L1Calo processorsThe readoutoperation
waschecledwith bothanaloguénputsanddigital patterns A seconccustom-lilt modulewas
usedin this caseto transferthe eventdatafrom the backplaneconnectorsgo the sameURU. For
more consisteng of the readouttests,the formattedevent datareceved by the URU wasalso
comparedwith an unformattedcopy, storedby the ReM_FPGA in VME-accessiblenemory
buffers.

During the secondstepof the implementedest procedure the PPMswere operatedn a
cratecon gurationsimilarto theoneusedin theexperimentandtheir functionalitywasveri ed
over a long period of operationby repeatingmostof the testsperformedduring the rst step.
Additionally, the operatingconditionsof the PPMsin the densecrateassemblywere checled
by monitoring periodically PPrMCM temperatureand variouson-boardsupply voltages.All
the functionalmisbehaioursidenti ed during thesetestswerelocalisedon the daughtercards,
andthesewerereplacedby sparemodules.Other problemsreferredto mis-solderingof pas-
sive component®n the main boardor on the daughtercardsandthesewere x edin thelocal
laboratory

Theinstallationof the PPrsystemat CERNwascompletedoy the endof 2007.Sincethen,
the PPrhasparticipatedn variousintegrationand commissioningunswith the othercompo-
nentsof the trigger systemandwith the whole ATLAS detectoy which helpedtuneits opera-
tion. At thetime this thesisis completedthe PPrsystemis operatedsuccessfullyin data-taking
physicsrunswith LHC protonbeamdata.



Appendix A

PreProcessolSystem: Channel
Mappings

A.1 The Mapping of the PPM Channelsto Detector Coordinates

The PPrrecevesthe 7168 analoguerigger sumsas differential signals,via 496 twisted-pair
cablesAll theinput cablesareidentical,containingl6 differentialanaloguesignalpairs. Most
of the cablestransportl6 analogudriggertower signals.Exceptionmake the cablesthatcarry
trigger sumsfrom the end-capregions2:4 < jhj < 3:2. In thesecasespnly 8 differentialpairs
arepopulatedwith triggersignals.

ThePPrconsistof 124 hardware-identicaPPMs,eachPPMbeingdesignedo receve and
process64 differential analoguesignalsfrom four input cables.The input signalsentereach
PPMboardthroughfour SUB D 37cconnectorsFigureA.1 illustratesthe pinningon oneinput
connectorandthe adoptechumberingcorventionfor the 16 signalpairs.

Eachtriggertoweris identi ed by asetof h-f coordlnate@andacorrespondlngalorlmeter
layer type, i.e. electromagnetior hadronic.Therefore,basedon this informationand on the
labelsde ned ontheinputconnectorsacorrelationbetweertheeachPPMchannebndthecor-
respondingletectoregionis obtained Thisis illustratedin gures/A.3 andA.4, whichshawv the
triggertower granularityin the rst f -quadranof the electromagnetiandhadroniccalorimeter

le.g.in the ATLAS Online software,the coordinate®f a triggertower areconsideredhe centralvaluesof the h
andf bins.

Global shield F’aﬁr Number
Pair shield 16 15 14 13 12 11 10 9 8 7 6 5§ 4 3 2 1 Pa" shield
9to1 19 18 17 16 15 14 13 12 11 10 9 8 7 & 5 4 3 2 1 1to 4
%‘-‘h’b’b’.‘h‘»?d’d’.’.’d’d’.’ o
Pair shiel 73 35 34 3 s2 I N 2 2 A 2 2B 24 W 2 2 B Pa" ShIEId
13to 16 ,
SUB D 37c connector ~Piniumber

Figure A.1: Pinusageandassignmenof differentialpairsontheinput PPMconnectorgL1CO7H.
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layers,asseenby the PPrsystem.in eachplot the h coordinatesaredisplayedat thetop, while
the f coordinatesare shovn on the left side. Note that, for simplicity, the f coordinatesare
givenin unitsof p=32. In the same gures, the four input connectorareeachrepresentethy a
distinctcolour, while the numberattachedo eachtriggertower representshe label of the cor
respondingnput signalpair on the givenconnectarThe granularityin the electromagnetiand
hadronidayersis in generaidentical. Exceptionmakesthe FCAL region, wherethegranularity
of theelectromagneti€CALL triggertowersis , while thetowersin thehadronicFCAL2 and
FCAL3 layersare 0:8x 0:4 wide,andthey areidenti ed by thesamesetof h-f coordinates.

Thetriggertower granularityin the otherthreef quadrantss identicalwith the oneof the
rst quadrantThis is illustratedin gure /A.5, which describesn the samediagramboth the
electromagnetiandhadronidayers.In orderto simplify the gure, thelabelsof theinputsignal
pairsareomitted,but the mappingdescribedn gures/A.3 andA.4 holdsfor the otherthreef
quadrantstoo. FigureA.5 shavs alsothe crateorganisationof the PPrsystem.The 124 PPMs
are housedin eight VME crates.The fat blue boxesindicatethe h-f spacecoveredby each
PPM. The numbergiven within eachbox indicatesthe slot position of the given PPMin the
correspondingrate. The red boxesshavn at the bottom of the schematicsndicatethe eight
PPrcrates. The boxes arearrangedn sucha way to point to the PPMsthey hold, andthus
to h-f spacethey cover. Note thattwo crates,i.e. 2 and 3, are equippedwith only 14 PPMs,
while the othersix crateshold 16 PPMs. Also, the cratesareorganisedin suchaway thatfour
of them processelectromagnetid¢riggertower signals,while the otherfour processhadronic
triggertower signals. However, an exceptionoccursfor the cratesnumber4 and5, wherethe
PPMin slot 5 in eachof thesecratesreceves and processedriggertower signalsfrom the
electromagneti€CALL 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.The 64 analaguechannelsarelabelledfrom 1 to 64, countingfrom thetop to
thebottomof themodule.Theconnectity betweerthesignalpairsontheinputconnectorand
theanaloguechannelonthe PPMis shavnin the rst two columnsof tablesA.1}/A.2 andA.3.
In the rst column,the connectorsareindicatedby the letter C, followed by a corresponding
numberfrom 1 to 4. As for theanaloguechannelsa similar top-bottomnumberingcorvention
is adoptedor the front-panelconnectorsThe numberingof the signalpairson eachconnector
correspondso theassignmenshavn previouslyin gure A.1.

After conditioningon the PPrAninboards the resultingsingle-endedignalsarereordered
attheinput of the PPrMCMs,to allow the bunch-crossingnultiplexing algorithmon the PPrA-
SICsto combineinto pairsdatafrom triggertowerswith thesamef coordinateasexpectedby
the CPMs. This reorderingof signalsis illustratedschematicallyin gure for the caseof
onePPrMCM. The sameschemeholdsfor the other15 PPrMCMs. Four triggertower signals,
labelled1-4, arereceived onthe PPMthroughfour pin pairs(16-13)of afront-panelconnector
andconditionedin the rst four channelsof a corresponding®PrAninboard. The single-ended
signalsarethenreorderedat the input of a correspondind®PrMCM, so that the datafrom the
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Trigger-cell ordering in the PPrMCM
Trigger FP- Anin | MCM
Towers Conn. board FADC| ASIC
PPM
Signal
Number:
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|—> 16 (> 1 P D
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Figure A.2: Triggercell orderingin the PPrMCM[Han091.

digital datafrom thetriggertowers1 and4 is multiplexedin the PPrASICinto onestreamo CP
(CP-a),andthe datafrom the othertwo triggertowers(2,3) is multiplexedinto anotherstream
(CP-b).

On eachPPrMCM, the four input analoguesignalsare digitised by four single-channel
FADCs, andthe resultingdigital signalsareroutedto the input of the 4-channelPPrASICfor
furtherprocessingThereare16 PPrMCMson the board ,which givesatotal of 64 digital chan-
nels.Thesearelabelledalso1-64, again countingfrom the top to the bottomof the PPM. The
fourth andthe fth columnsin tablesA.14A.3| describethe correlationbetweenthe analogue
channelsafterreorderingattheinput of the PPrMCMs,andthedigital channels.

EachPPrASICprovidesthreeoutputparalleldatastream®nthereal-timepath. Two of these
streamgontainbunch-crossingnultiplexed Dh x Df = 0:1 x 0:1 enegy depositiongor the CR,
while the third streamprovides0.2 x 0.2 enegy depositionsumsfor the JERP The streamsare
serialisecandcorvertedto LVDS form onthe PPrMCM,andthensentby the LCD daughtercard
to the L1Calo processorwvia cableassembliesvhich carry four LVDS signals.EachPPMis
designedo provide real-timedatavia 10 cableassemblieso CP and 12 cableassembliego
JEP Thelasttwo columnsin tablesA.1#A.3 describethe mappingof the outputLVDS signals
on the cableconnectorsThe signalsarelisted in the tablesin conformity with their mapping
to the backplaneconnectarNote alsothat the signalsnearthe f edgesof the PPM arefanned
out, to allow the algorithmsof the L1Calo processordo investicate the boundariesof the f
guadrantsThesesignalsare indicatedin the upperpart of table A.1] andin the lower part of
tabléA.3l A moredetaileddescriptionaboutthe pin usageon the backplaneconnectoandthe
LVDS cableconnectorss givenhere[Mah0§. Also, theconnectvity betweerthe PPrandthe
L1Caloprocessorss describedn greatdetailhere[L1LCO7H.
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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 56
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 2 3 4
1/2/5/6]|1|2|5|6f1/2]|5/6|2]|2|5/6]1]2|5]6]1|2|5 61 2 5 1]2
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Connector 3
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Hadr. trigger towers, 1st phi quadrant, negative eta

PPM Analogue Input Mapping

-4.9 -4.0 -3.2/-4.9 -4.0 -3.2 -2.9 -2.4 -2.0 -16 1.2 -0.8 -0.4 0.0
[ PPM 9 [ ppPM8 [ PPM7 PPM 6 PPM 5 PPM4 | PPM3 [ pPPM2 [ pPPM1 |
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
13| 14| 13|  9|10[13|14| 9 [10[13|14| 9 |10|1314| 9 |10|13|14| 9 |10[13|14| 9 |10|13|14| 9 |10
13 15 14 16 7(4|3|8|7[4|3|8|7|4|3|8|7|4|3|8|7[4]3|8|7|4|3|8 7
9| 10 1 5/6[/1|/2|5/6|1/2|5|6[1]|2|5]|6[1]2|5|6|1|2/56 2|5|6
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
5 6 13| 910|13|14| 9|10[13|14| 9 [10[13|14| 9 |10|13|14] 9 |10|13|14| 9 |10[13|14| 9 |10
9 11 10 12 7|4|3|8|7|4|3|8|7|4|3|8|7[4]3|8|7|4|3/8/7]|4/3|8|7
1 2 1 5/6[/1]/2|5/6|1/2|5|6[1]|2|5|6[1]2|5|6|/1|2/56 2|5|6
11|16/15/1211|16|15|12|11[16|15|12|11[16|15|12| 11| 16|15 12| 11| 16|15|12|11
13| 14| 13]  910|13|14| 9|10[13|14| 9 [10[13|14| 9 |10|13|14] 9 |10|13|14| 9 |10[13|14| 9 |10
5 7 6 8 7|4|3|8|7|4|3|8|7|4|3|8|7[4]3|8|7|4|3/8/7|4/3|8|7
9| 10 1 5/6[/1/2|/5/6|1/2|5|6[1]|2|5/6[1]/2|5/6|/1|2/5 6 2|5|6
11|16/ 15/1211|16|15|12|11[16|15|12|11[16|15|12| 11| 16|15 12| 11| 16|15|12|11
5 6 13| 910|13|14| 9|10[13|14| 9 [10[13|14| 9 |10|13|14] 9 |10|13|14| 9 |10[13|14| 9 |10
1 3 2 4 7|4|3|8|7|4|3|8|7|4|3|8|7[4]3|8|7|4|3/8/7|4/3|8
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
FCAL_2 FCAL_3
Hadr. trigger towers, 1st phi quadrant, positive eta
0.0 0.4 0.8 12 16 2.0 2.4 2.9 3.2 4.0 4.9/32 4.0 4.9
[ ppPm1 [ pPpm2 [ pPPmM3 | pPPM4 [ PPM5 [ PPM6 PPM 7 PPM 8 | PPM 9
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
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
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
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 5 910
16/15/1211|16/15 12| 11|16|15|12|11(16|15|12|11| 16/ 15|12 | 11| 16| 15| 12| 11[16
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
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 1 10 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 1|2
16/15/1211|16/15/ 12| 11|16|15|12|11[16|15|12|11| 16/ 15|12 | 11| 16| 15| 12| 11[16
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
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
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
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
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
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
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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EM Layer:

HAD. Layer:

PPr coverage of the Electromagnetic and Hadronic Layers

D PPM

D Connector 1

I:I Connector 2

[I Connector 3

D Connector 4

-49 -44 -40 -36 -32 -29 -24 -20 -16 -12 -08 -04 0.0 04 08 12 16 20 24 29 32 36 40 44 49
-49 -40 -32/-49 -40 -32 -29 -24 -20 16 -12 -08 -04 0.0 04 0.8 12 16 2.0 2.4 29 32 40 49132 4.0 4.9
PPM 9 PPM & PPM 7 PPM 6 PPMS PPM 4 PPM 3 PPM 2 PPM L PPM L PPM 2 PPM 3 PPM4 PPM 5 PPM 6 PPM 7 PPM B PPM O
63
48
2
16
0
Crate 5 (HEC/FCAL -2) Crate 3 (EM Endcap -2) Crate 1 (EM Barrel -Z) Crate 0 (EM Barrel +Z) Crate 2 (EM Endcap +2) Crate 4 (HEC/FCAL +2)
Crate 5 (HEC/FCAL -Z) Crate 7 (Had Barrel -2) Crate 6 (Had Barrel +2) Crate 4 (HEC/FCAL +2)
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Table A.1: Analogueanddigital channeimappingonthe PPM (1) (modi ed from [MahO0§).

Conn. | Analogue | MCM MCM Dig. PPM to CPM PPM to JEM
Pair ch# slot# | chmap | ch# | LVDS Connector | LVDS Connector
MCM #5 MCM # 16
MCM #9 MCM # 4
MCM #8
D3 & D4 D1 & D2 MCM #3 MCM #4
D7 & D8 D5 & D6 MCM #2 MCM # 1
C116 Al Al D1
C115 A2 1 A4 D2
Cl114 A3 A2 D3
Cc113 Ad A3 D4 p3&D4 | D1&D2
CL12 A5 A5 D5 D7 & D8 D5 & D6
C111 A6 2 A8 D6
C110 A7 A6 D7
C19 A8 A7 D8
Cc18 A9 A9 D9 mMcM#3 | mcm#4
C]_? A]_O 3 A12 DlO MCM #2 MCM # 1
C16 All A10 D11
C15 Al12 All D12 D15 & D16 | D13 & D14
CL4 A13 A13 D13 D11& D12 | D9 & D10
Cl3 Al4 4 A16 D14
C12 Al15 Al4 D15
Cl1 Al6 Al15 D16
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Table A.2: Analogueanddigital channelmappingonthe PPM(2) (modi ed from [Mah04).

Conn. | Analogue | MCM | MCM Dig. | PPMto CPM PPM to JEM
Pair ch# slot# | chmap | ch# | LVDS Connector | LVDS Connector
C2.16 Al7 Al17 D17
C2.15 Al18 5 A20 D18
C214 A19 Al18 | | D19
Cc213 A20 A19 D20 D19 & D20 | D17 & D18
(:2_12 A21 A21 D21 D23 & D24 | D21 & D22
c211 A22 6 A24 D22
C210 A23 A22 D23
c29 A24 A23 D24
c28 A25 A25 D25 mMcm#7 | McM#s
c27 A26 7 A28 D26 McM#6 | McM#s
C26 A27 A26 D27
C25 A28 A27 D28 | | ps1&paz| p29 3o
CZ4 A29 A29 D29 D27 & D28 | D25 & D26
c23 A30 8 A32 D30
c22 A31 A30 D31
Cc21 A32 A31 D32
C3.16 A33 A33 D33
C3.15 A34 9 A36 D34
C3.14 A35 A34 D35
C3.13 A36 A35 D36 D35 & D36 | D33 & D34
(:3_12 A37 A37 D37 D39 & D40 | D37 & D38
C3.11 A38 10 A40 D38
C3.10 A39 A38 D39
C3.9 A40 A39 | | D40
C38 A4l A4l D41 mMcm#11 | mMcm# 12
C37 A42 11 Ad4 D42 mMcM#10 | Mcm#9
C36 A43 Ad2 || D43
C35 Ad4 A43 D44 | | p47&pss| pesanss
C3_4 A45 A45 D45 D43 & D44 | D41 & D42
C33 A46 12 A48 D46
C32 A4T A46 | | D47
C31 A48 A47 | | D48
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Table A.3: Analogueanddigital channelmappingonthe PPM(3) (modi ed from [Mah0§).

Conn. | Analogue | MCM MCM Dig. PPM to CPM PPM to JEM
Pair ch# slot# | chmap | 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 D51 & D52 | D49 & D50
Cc4.12 A53 A53 D53 D55 & D56 | D53 & D54
C4.11 A54 14 A56 D54
C4.10 A55 A54 D55
C4.9 A56 A55 D56
A57 A7 A57 D57 McM#15 | MCM # 16
A58 A58 15 A60 D58 mcm# 14 | Mcm# 13
A59 A59 A58 D59
A60 A60 A59 D60 D63 & D64 | D61 & D62
A61 A61 A61 D61 D59 & D60 | D57 & D58
AG2 A62 16 Ab64 D62
A63 A63 ABG2 D63
Ab64 A64 AB3 D64

D63 & D64 | D61 & D62

MCM # 15

D59 & D60 | D57 & D58

MCM # 16

MCM # 13

MCM # 8

MCM #1

MCM #12







Appendix B

ReadoutManager FPGA: Registers
and Memory Locations

B.1 The VME AddressSpacefor the ReadoutManager

Thefollowing tablegivesan overview of the VME addresspaceallocatedto the ReM_FPGA.
It shouldbe mentionedhatall the VME addressegivenin this appendixreferonly to the rst
23 bits of the A32 addresdus, i.e. they do notincludethe geographicabndthe crateaddress
bits. Also, thedatawidth is 32 bits, asde ned by the VME.

Thecontentof eachdatablock or singleregisteris detailedin the next sections A reference
to the correspondingectionis indicated,for eachentry of the following table,in the column
Refeence

TableB.1: Overview of theVME addresspacdor 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 FREESRAMSFACE Ox1FEOQOO

0x260000 Referencd’laybackPatterns 0x40000 B.2.3

0x2A0000 FREESRAMSFACE 0x60000

0x300000 Referencd’PrASICRates 0x200 B.2.4

0x300200 ReadbaclPPrASICRates 0x200

0x300400 FREESRAMSRACE 0xFCO00

0x310000 Referencd’PrASICHistograms| 0x8000 B.2.5

0x318000 ReadbaclPPrASICHistograms| 0x8000

Continuedon next page
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Table B.1 - continuedfrom previouspage

VME Address Block=RegisterName Size Reference
0x320000 FREESRAMSRACE 0x2E0000

ReM CommandControl, StatusandError Registers
0x600000 VME Syy Buffers 0x100 B.3.1
0x600100 NOT ALLOCATED Ox1FFO00
0x620000 SRAM-MCM Readbaclklags | 0x20000 B.3.2
0x640000 NOT ALLOCATED 0x100
0x640100 SRAM-TTCrx ReadbaclFlags 0x100 B.3.3
0x640200 NOT ALLOCATED OXFEOO
0x650000 RateMeteringEnable 0x4
0x650004 RateMeteringDisable 0x4
0x650008 Histogrammingenable 0x4
0x65000C HistogrammingDisable 0x4
0x650010 NOT ALLOCATED Ox1AFEEC
OX7FFEF8 PHOS4Acknowledge 0x4 B.3.5
OX7FFEFC PHOS4-DLLStatus 0x4 B.3.6
Ox7FFFO0 Anin_1 Low 0x4 B.3.7
Ox7FFF04 Anin_1 High 0x4
Ox7FFFO08 Anin_2 Low 0x4
Ox7FFFOC Anin_2 High 0x4
Ox7FFF10 Anin_3 Low 0x4
Ox7FFF14 Anin_3 High 0x4
Ox7FFF18 Anin_4 Low 0x4
OX7FFF1C Anin_4 High 0x4
OX7FFF20 NOT ALLOCATED 0x18
Ox7FFF38 RateMeter Statug(1) 0x4 B.3.8
Ox7FFF3C RateMeter Statug(2) 0x4
Ox7FFF40 HistogrammingStatus(1) 0x4 B.3.9
Ox7FFF44 HistogrammingStatug(2) 0x4
Ox7FFF48 Raw PipelineStatus(1) 0x4 B.3.10
OX7FFF4C Raw PipelineStatus(2) 0x4
Ox7FFF50 BCID PipelineStatug(1) 0x4 B.3.11
OX7FFF54 BCID PipelineStatus(2) 0x4
OX7FFF58 PlaybackStatus 0x4 B.3.12
OX7FFF5C PHOSA4SerIntf Status 0x4 B.3.13
Ox7FFF60 ROD ReadoutSamples 0x4 B.3.14
Ox7FFF64 G-Link DAV Gap Ox4 B.3.15
Ox7FFF68 DisabledASIC Channelq1) 0x4 B.3.16
OX7FFF6C DisabledASIC Channelg2) 0x4
OX7FFF70 MCM _Control Register 0x4 B.3.17

Continuedon next page
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Table B.1 - continuedfrom previouspage

VME Address Block=RegisterName Size Reference
OX7FFF74 NOT ALLOCATED oxC

Ox7FFF80 Local TriggerDelay 0x4 B.3.18
Ox7FFF84 Local Trigger Con guration 0x4 B.3.18
Ox7FFF8C Local CounterReset 0x4 B.3.19
OX7FFF90 NOT ALLOCATED 0x40

Ox7FFFDO ReM FirmwareVersion 0x4 B.3.20
Ox7FFFDA4 ReM _StatusRegister(1) 0x4 B.3.21
Ox7FFFD8 ReM _ControlRegister(1) 0x4 B.3.22
OX7FFFDC ReM_Control Register(2) 0x4 B.3.22
Ox7FFFEO ReM_CommandRegister 0x4 B.3.23
Ox7FFFE4 ReM_Error Register(1) 0x4 B.3.24
OX7FFFES8 ReM _StatusRegister(2) 0x4 B.3.21
OX7FFFEC ReM_Error Register(2) 0x4 B.3.24
OX7FFFFO NOT ALLOCATED 0x10

B.2 Data Storagein SRAM

B.2.1 MCM Referenceand ReadbackBlocks

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

Theway thedatais organisedn eachsub-blockis shavn in table B.3. Notethatapartfrom
PPrPHOSANnd PPrASICdata,eachsub-blockholdsaswell the correspondindg®PrAnin-DAC
settingdor thegivenPPMchannelsin orderto ef ciently usethe SRAM spaceThelastcolumn
of the sametable describeghe formatin which the ReM_FPGA writes both the con guration
andthereadbaclkdatato SRAM. Thisis alsothe formatin which the ReM_FPGA expectsand
deliversthedataonthe VME interface.Theformatof the PPrASICPlaybackandLUT memory
datarepresentaspecialcase In orderto reducethetime neededo con gurethesememoriesas
well asto ef ciently usethe SRAM spacethe dataof multiple consecutie memoriedocations
arepacledinto one32-bit VME dataword andstoredin this form in the SRAM (seetablesB.4
andB.5).

Also, notethatthe rst columnof tablesB.2 andB.3 providesonly anaddresoffset. This
offset hasto be addedto the correspondingphaseaddressespeci ed in table B.1 in orderto
locatethe givendatain the VME addresspace.
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TableB.2: Internaldivision of the MCM ReferenceindReadback

blocks.
AddresOffset | Sub-BlockName | Size
0x0 PPrMCM.01 0x2000
0x2000 PPrMCM.02 0x2000
0x4000 PPrMCM.03 0x2000
0x1CO000 PPrMCM_15 0x2000
Ox1E000 PPrMCM_16 0x2000

TableB.3: Organisationof datain oneMCM datasub-block.

AddressOffset | Field Name Size | DataFormat(32-bit)
0x0 PPrAnIn-DAC dataCh#1-4 | 0x10 | Ox00YY00zZ
YY =ZZ = 8-bit threshol&offset
0x10 PPrPHOS4lataCh#1-4 0x10 | Ox000000VY
YY = 5-bit PHOS4delay
0x20 PPrASICGlobalRegs#1-5 | 0x14 | 0x00000/YY
(PPrASICCh#1-2) YYY =11-bitPPrASICdata
0x34 FREESRAMSFACE oxC
0x40 PPrASICGlobalRegs#1-5 | 0x14 | Ox00000¥YY
(PPrASICCh#3-4) YYY =11-bitPPrASICdata
0x54 FREESRAMSRACE 0xC
PPrASICChannel#1
0x60 PPrASICPlaybackMemory | 0x200 | seetableB.4
0x260 FREESRAMSRACE 0x20
0x280 PPrASICLUT Memory 0x400 | seetableB.5
0x680 PPrASICChanRegs#1-34 0x88 | Ox0000(YYY
(PPrASICCh#1) YYY =11-bitPPrASICdata
0x708 FREESRAMSRACE 0x158
PPrASICChannel42
0x860 PlaybackLUT 0x800 | sameformatasfor channel#l
& channefegisterdata
PPrASICChannel#3
0x1060 Playback LUT 0x800 | sameformatasfor channel#l
& channelegisterdata
PPrASICChannel#4
0x1860 PlaybackLUT 0x7A0 | sameformatasfor channel#l
& channelegisterdata
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Table B.4: The formatin which the PPrASIC Playbackdatais
transferedhroughthe VME andstoredin SRAM. Datarelatedto
eachtwo consecutie playbackmemorylocationsis pacledin one
32-bitdataword (YYY andZzZZ areeachl1 bits wide).

AddressOffset oxoYYY 0zzz

0x0 PlaybackMenioc #2 | PlaybackMenioc #1
Ox1 #4 #3

0x2 #6 #5

0x126 #254 #253

0x127 #256 #255

TableB.5: Theformatin which the PPrASICLUT datais trans-
feredthroughthe VME andstoredin SRAM. Datarelatedto each
four consecutie LUT memorylocationsis pacled in one 32-bit
dataword (YY,ZZ,WW andUU areeach8 bitswide).

AddresOffset oxYY Y4 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 Referenceand ReadbackBlocks have an
identicalstructure sothattherelatedregisterdatain thetwo blocksareseparatedhy a constant
memoryaddres®ffset. TableB.6 showvs theway the datais storedin bothblocks. Notethatthe
addres®ffsetgivenin the rst columnhasto beaddedo the correspondiny ME baseaddress
of eachblock (seetableB.1), in orderto reconstructheactualVME addressllocatedfor each
register Also, the TTCrx registerdatais storedin the lower 8-bits of the correspondinggRAM

locations.
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TableB.6: TheTTCrxregistersasstoredn thecorrespondindref-
erenceandReadbaclblocks.

Addr. Offset | Reg.Nr. | RegisterName
Timing Registers
0x0 0 FineDelay 1
0x4 1 FineDelay 1
0x8 2 CoarseDelay
ControlRegister
0xC 3 Control
0x10 FREESRAMSFACE
Error CounterRegisters
0x20 8 SingleError Counk 7:0>
0x24 9 SingleError Counk 15:8>
0x28 10 DoubleError Counk 7:0>
0x2C 11 DoubleError Counk 15:8>
0x30 FREESRAMSFACE
ID Registers
0x40 16 ID<7:0>
0x44 17 MasterModeA 1:0>, ID<13:8>
0x48 18 MasterModeR 1:0>, 12C_ID< 13:8>
Con guration Registers
0x4C 19 Cong1l
0x50 20 Cong 2
0x54 21 Cong 3
StatusRegister
0x58 22 Status
0x5C FREESRAMSFACE
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 ReferencePlayback Patterns

This SRAM spacestoresreferencepatternsfor the PPrASICPlaybackmemory The spaceis
divided into 8 compactand equally sizeddatablocks, so that eachblock stores64 patterns,
i.e. oneperPPMchannel.Therepartitionof theseeightblocksis shavn in tableB.7. Also, the
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orderin which the playbackpatternshave to be depositedn eachof the eightblocksis shavn
in tableB.8. Thisis alsotheorderin whichthe ReM_FPGA s readingandtransferringthe data
to thePPrASICs.

Lastbut not least,the formatin which the ReM_FPGA expectsthe patterngo be storedin
SRAM is identicalto theformatpreviously presentedn 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 thereferenceplaybackpatternsn one
SRAM blockaccordingo thePPrASICchannehumberandto the
PPMdigital channelhumber

PPrASICNr. PPrASICChanneNr. | PPMDigital ChanneNr.
1 1 1
(theupperPPrASIC 2 2
ontheboard) 3 3
4 4
16 1 61
(thelowestPPrASIC 2 62
ontheboard) 3 63
4 64
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B.2.4 Referenceand ReadbackRates

Thesetwo blocksstorePPrASICRateMeteringdataandhave anidenticalsize. The Readback
Ratesblock storesthe RateMeteringdatareadout from the PPrASICs jn theformatshovn in
tableB.9. Theorderingof dataaccordingto the PPMdigital channehumberandthe PPrASIC
numbetis identicalto theorderingpreviously presentedh tableB.8. TheReferencdratesblock
is meantasa storageplacefor RateMeteringdatathatre ects "good conditions”. This datais
loadedfrom VME, in aformatleft freeto the choiceof theuser

TableB.9: Theformatin which the PPrASICRateMeteringdata
is storedin SRAM, in the ReadbaclRatesblock.

VME Address| 32-bit SRAM 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 blocksstorePPrASICHistogrammingdataandhave anidenticalsize. The Readback
Histogramsblock holds the Histogrammingdataread out from all the 16 PPrASICs. Each
channel-histograns storedin the sameformatin which the playbackdatais storedin other
blocks(seetableB.4), while their orderingwith respecto the PPMdigital channehumberand
thePPrASICnumbeiis realisedasshonvnin tableB.8. TheReferencadistogramslockis meant
asastorageplacefor histogramghatre ects "good conditions”. This datais loadedfrom VME,
in aformatleft freeto the choiceof theuser

B.3 Control, Command, Statusand Err or Registers

B.3.1 The"VME SpyBuffers” Registers

A numberof 64 read-onlyregistersareprovidedfor accessinghe PPrASICserialinterfacedata
accumulatedn the VME Spy Buffers. Thereare 32 suchmemorybuffers, eachone storing
datafrom a correspondingerialinterface.This meanghattwo VME registersareallocatedfor
eachbuffer. The rst registerprovidesstatusnformationaboutthe datastorageoperationin the
respectte buffer, in the formatindicatedin tableB.11 The secondegisterprovidesthe actual
PPrASICdata,via thelower 13 bits of the 32-bit VME dataword.

No local addresseedsto be deliveredfrom VME. The ReM_FPGA incrementghe local
readpointeraftereachVME readoperationto the secondregister andsimultaneouslyupdates
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the datacontentof the rst register The successionn which the 64 registersare mappedto

VME, is shavn in tableB.10.

TableB.10: Themappingof the VME Spy Buffers.

VME Address| Accessedata | PPrASICNrs.
0x600000 Mem. Status PPrASIC1, 1stSerintf.
0x600004 Mem. Data PPrASIC1, 2nd SetIntf.
Ox6000F8 | Mem.Status | PPrASIC16, 1stSerIntf.
Ox6000FC | Mem.Data PPrASIC16, 2nd SerIntf.

TableB.11: Thecontentof the rst VME Sypy Buffersregister

Bit Nr. | Bit Name Description
0-8 | DataCounter| numberof 13-bitdatawordsavailablein the buffer
9-11 NOT USED
12 Over ow "1" = themaximumbuffering capacityhasbeenexceeded
13 Under ow "1" = VME attemptdo readdata,althoughthe buffer is empty
14 Full "1" = themaximumbuffering capacityhasbeenreached
15 Empty "1" = nodatais storedin the buffers
16-31 NOT USED

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

EachVME addresf this block mapsthe readbackags of a correspondingnemorylocation
from the MCM Readbaclblock. Only a readaccesgo the readbackags is provided, their
valuebeingexclusively setby the ReM_FPGA.Uponareadrequestthe ReM_FPGAwill pack
thereadbackags in thelower four bits of the 32-bit VME data,andsettheremaining28 bitsto

Zero.

B.3.3 The”SRAM-TTCrx ReadbackFlags” AddressBlock

EachVME addresf this block mapsthe readbackags of a correspondingnemorylocation
from the TTCrx Readbaclkblock. Only a readaccesdo the readbackags is provided, their
valuebeingexclusively setby the ReM_FPGA.Uponareadrequestthe ReM_FPGAwill pack

lthe”’NOT USED” bits arepermanentlysetto zero.
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thereadbackags in thelowerfour bits of the 32-bit VME data,andsettheremaining28 bits to
zero.

B.3.4 The Rate Metering & Histogramming Enable=Disable Registers

Theseregistersallow to simultaneouslgnableor disablethe RateMeteringandHistogramming
operationsn all 64 PPMchannelsTheregistersareimplementecascommandsthustheinput
VME datais notused.Whenread,the dataloadedto the VMEbus contains32 bits zero.

B.3.5 The"PHOS4_Acknowledge” StatusRegister

Thisregisterindicatesvhethertheaccesse®@PrPHOS4kave acknavledgedthedatatransferred
by the ReM_LFPGA over the 12C bus.As describedn section6.4.3 duringthe con guration of
aPPrPHOS4the ReM_FPGAtransfersrst the correspondin@-bit slaveaddress andthenthe
8-bit con guration data.After eachtransferredbyte, the addressed®PrPHOS4espondswith
a low-active bit, if the input was acknavledged,or with a high-actie bit if otherwise.These
bits are mappedby the ReM_FPGA in the PHOS4Acknowledge statusregister in the order
indicatedin tableB.12 Thedefaultvalueof thebitsis zero.

TableB.12: The PHOS4AcknowledgeStatusRegister

Bit Nr. | Bit Name Description
0 Addr_Ackn_1 | "0” =1?C addressicknavledged(PHOS4#1)
1 DataAckn.l | ”0” = I°C dataacknavledged(PHOS4#1)

30 Addr_Ackn_16 | "0” = 1°C addressicknavledged(PHOS4#16)
31 DataAckn_16 | "0” = I°C dataacknavledged(PHOS4#16)

B.3.6 The”"PHOS4-DLL Status” Register

This registergathersthe FrequengLost signals,which indicatethe operationaktatusof the 16
PPrPHOS4sandthe LOCKED outputfrom theinternalDLLs of the ReM_FPGA. The proper
operationof the PPrPHOS4$s agged by alogic "0”, while thelock stateof theinternalDLLs

is agged by alogic"1".

TableB.13: The PHOS4-DLL StatusRegister

Bit Nr. | Bit Name Description
0 MCM1_Phos4Err FrequencyLossignalfor the PPrPHOS4n MCM#1
1 MCM2_Phos4Err - — MCM#2
Continuedon next page
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Table B.13- continuedfrom previouspage

Bit Nr. | Bit Name Description

2 MCM3_Phos4Err —"— MCM#3
3 MCM4_Phos4Err - — MCM#4
4 MCM5_Phos4Err - — MCM#5
5 MCM®6_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 SysCIkDLL _Lock The LOCKED outputof thecorrespondindLL

17 GLinkClk_DLL _Lock —"—

18 McmClk_DLL _Lock —" —

19 McmSerCIkDLL _Lock —"—

20 SRamCIkDLL _Lock —"—

21-31 NOT USED

B.3.7 The "D AC Full-Buffer ed Mode” Registers

Eight 32-bit write-only registersareprovidedfor the activation of thefull-bufferedmodeon the
PPrAnIn-DACs. Eachregistersenestwo DACslocatedonthesamePPrAninboard. Thegroup
of two DACsandthe PPrAninboardareindicatedin the namesof the registers.Theformeris
indicatedby a sufx, i.e. _High or _Low, while the latter is indicatedby a numbey from 1 to
4, wherel refersto the PPrAninlocatedin the upperslot on the PPM, while 4 refersto the
PPrAninlocatedin thelower slot.

In orderto enablethe full-buffered modesimultaneouslyn both DACs, the following 32-
bit dataword hasto be deliveredfrom VME: 32'b00fO0ff. The upperl6-bitsprovide the 8-bit
addressindthe 8-bit datafor the rst DAC, while thelower 16-bitsdescribehe similar datafor
thesecondDAC. In casethe operationamodeis intendedo be enabledn only oneDAC, then
thecorrespondind 6 bits shouldall be zeroed.

The64 databits, whichtheReM_FPGAtransfersluringonewrite operatiorto the PPrAnin-
DACs, areobtainedby meiging the 32-bit dataprovided by the High andthe Low registersre-
latedto the samePPrAnIn.Thetransferof the 64 databits from theReM_FPGAto theindicated
PPrAninboardis initiated only by a VME write operationto the High register Which means
thatthe relatedLow registerhasto be written in advance. If this latterinformationis not pro-
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vided, thenthe ReM_FPGA will send32 bits zeroto the Low DACSs, which indicatethat the
inputdatashouldbeignored.

B.3.8 The "Rate Metering Status” Registers

Thesetwo registersgatherthe "Rate Available” bits provided by the PPrASICsvia the Read-
bakEmptydatawords. Theformatin which the bits aregroupedin theseregistersis shovn in

tableB.14. Also, the relationshipbetweerthe PPMdigital channelnumbersandthe PPrASIC
channehumberis identicalwith the onepreviously presentedh table B.8. Thedefault valueof

thesebitsis 0, i.e. "ratesarenot available”.

Table B.14: The grouping of the "Rate Available” bits in the
two "Rate Metering Status”registersaccordingto the PPM dig-
ital channehumber

BitNr First Register SecondRegister
0 PPMdigital channel¢l | PPMdigital channel#33

31 | PPMdigital channe#32 | PPMdigital channel#64

B.3.9 The "Histogramming Status” Registers

Thesetwo registersgatherthe "Histogram Available” bits provided by the PPrASICsvia the
ReadbakEmptydatawords. Theformatin whichthe"HistogramAuvailable” bits aregroupedn
thetwo VME statugegistersis identicalwith theformatshowvn in tableB.14. Thedefaultvalue
of thesebitsis 0, i.e. "histogramsarenot available”.

B.3.10 The”Raw Pipeline Status” Registers

Thesetwo registersgatherthe”’FADC PipelineStopped™its provided by the PPrASICsvia the

ReadbakEmptydatawords. The formatin which thesebits aregroupedn thetwo VME status
registersis identicalwith the formatshown in table B.14. The default value of thesebits is 0,

i.e.”the raw pipelinememoriesareactive”.

B.3.11 The”BCID-LUT Pipeline Status” Registers

Thesetwo registersgatherthe "BCID-LUT PipelineStopped”bits provided by the PPrASICs
viathe ReadbakEmptydatawords. Theformatin which thesebits aregroupedn thetwo VME
statusregistersis identicalwith theformatshown in table B.14. The default value of thesebits
is 0,i.e.”"the BCID-LUT pipelinememaoriesareactive”.
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B.3.12 The "Playback Status” Register

This registergathersthe "PlaybackMode Active” bits provided by the PPrASICsvia the Read-
bakEmptydatawords. Theformatin which thesebits aregroupeds shovn in tableB.15. The
default valueof thesebitsis 0, i.e. "playbackmodeis disabled”.

TableB.15: The groupingof the "PlaybackMode Active” bitsin
the”PlaybackStatus’register

BitNr | PPrASICChanneNr. | SerIntf Nr.
0 1 1
1 1 2
30 16 1
31 16 2

B.3.13 The"PHOS4 _Serintf Status” Register

This register gathersthe "Frequeng Lost” bits provided by the PPrASICsvia the Readbak-
Emptydatawords. Thesebits representopiesof the statusbits that bearthe samename,and
which are deliveredby the PPrASICsvia singlelines (seealso sectionB.3.6). The formatin
which the"Frequeng Lost” bits aregroupedn the currentregisteris identicalwith the format
previously presentedh tableB.15. Thedefaultvalueof thesebitsis 0,i.e.”"no PPrPHOS&rror”.

B.3.14 The”ROD ReadoutSamples”’Register

Via this registerthe ReM_FPGA is indicatedthe numberof FADC and BCID-LUT samples
which the PPrASICsare con gured to readout. Currently the ReM_FPGA offers supportfor
six combination®f readoutsamplesaslistedin tableB.17. Thechoicefor oneof thesereadout
settingds madevia theleastthreesigni cant bits of theregister(seetableB.16). Notethat'5+1'
is the default operationaimode.Also, if theinput con guration datais invalid the ReM_FPGA
will considetthesamemode.

Theregisteris alsoreadable Apart from the con guration data,the ReM_FPGA provides
to VME the numbersof FADC andBCID-LUT samplesselectedoy a previous con guration
operationIf noselectionwaspreviously done thentheReM_FPGA providesthecorresponding
defaultvalues.

Finally, it is recommendetb resetthe ReM_FPGA beforeselectinga differentcombination
of readoutsamplesAs mentionedn section6.5.3 the storageof the PPrASICin the internal
memorybuffersis organisedaccordingto the choserreadoutsettings.A changefor example,
from the'5+1' modeto the'11+5" modewill alsochangethe numberof memoryblocksallo-
catedfor storingthe eventdatain eachbuffer. If the systemwas previously in use,the write
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andreadpointersof the memorybuffersmaybe setto valuesthatcon ict with the new internal
organisationof thememory This canbe avoidedby settingthe write andreadpointersbackto
zerovia aVME reset.

TableB.16: Thebit elds of theROD ReadoutSamplesegister

Bit Nr. | Field Name Access
0-2 | Con gurationData | read-write
3 NOT USED

4-6 Necip LuT read—only
7 NOT USED
8-11 | Nranc read-only

12-31 | NOT USED

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

Con gurationData | (Nrapc + Nacip LuT)
3'b000 3+1
3'h001 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 processingssuescurrentlytheReM_FPGAneedssix clockticks beforetransmittingthe
next eventdatato theRGTM-O, if thisis alreadyavailablein thelocal memorybuffers. Via the
"G-Link Dav Gap”registerthistiming canbeadditionallyincreasedby upto 15clockticks. The
delayappliesto all serialframes.Also, thedefault valueof theregisteris zero,i.e. no additional
delay
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B.3.16 The "Disabled ASIC Channels” Registers

Two 32-bit VME registersareprovidedfor agging thedisabledPPrASICchannelsn theread-
outstreanto RGTM-O.Eachbit of eachregistercorrespondso onedigital PPMchannelj.e. 64

bits covering64 PPMchannelsThe rst registeris dedicatedo the rst 32 channelsThe map-
ping of therespectre channelss realisedn theincreasingprderof thechannebndbit numbers,
suchthattheleastsigni cant bit mapsthe PPMdigital channell, while the mostsigni cant bit

mapsthe PPMdigital channel32. Correspondinglythe secondegisteris dedicatedo the other
32 channelstheleastandthe mostsigni cant bits mappingthedigital channels33 and64. The
default valueof all 64 bitsis zero,indicatingthatthe channeis available.

B.3.17 The MCM _Control Register

This registeris usedfor generatingylobalcommanddgor the PPrASICsandthe LVDS transmit-
ters. All bits arereadabldrom VME, but only thelower threebits arewritable. The othertwo
bits arepermanenthsetto constanwalues.Also, thedefault valueof the rst threebitsis zero.

Table B.18: The MCM _Control Register The numbersgivenin
parenthesemdicatethe valuethathasto be loadedto initiate the
respectre command.

Bit Nr. | Bit Name Description

0 VMESyncPlayback] Start(1) synchronouslyhe playbackdatain all 64 channels
VMELvdsSync Start(1) or Stop(0) sendingLVDS synchronisatiompatterns
2 MCMLvdsTCIKRF | Selecttherising (1) or falling (0) edgefor strobing
theinputdatato LVDS transmitters
3 MCMLvdsDEn Enablethe outputof the LVDS transmittersThebit is
permanenthsetto 1 (true)
4 MCMSyncReadout| Thefeatureis notused thereforethebit is permanentlyset
to O (false)
5-31 NOT USED

[EEN

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 generatdocal trigger signals[Sch09. Two modesare pro-
videdfor generatinga local trigger, bothbeingcon gurablevia two R=W VME registers,Local
Trigger Con guration andLocal Trigger Delay (seetablesB.20andB.19).

In the rst mode theReM_FPGAgeneratetocal L1As accordingto a preloadedcon gura-
tion. Theusercanchoosehe numberof L1As to be generatedseelL 1A Pulse$ andthe delay
betweereachtwo consecutie L1As (Delay Next_L1A). Additionally, theuserhasthe possibility
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to generatenetriggerpulsefor anexternalwaveformgeneratgrandsynchronisehe rst L1A
(Delay First L1A) with thearrival onthe PPM of the signalproducedoy the externaldevice.

In thesecondnode theReM_FPGAgeneratealocaltriggeraccordingo thelogic valueof
thefour ExtBCID signalsrecevedfrom the PPrAninboards(seeTheExternalBCID Signalsin
section6.2.7). Theusercanselectwhich of the four signalsshouldbe usedby the ReM_FPGA
(ExtBCID_.MasK. A local L1A will thenbegenerate@achtime oneof theselectedsignalhasa
logic valueof "1”. SincetheL1A pulsemustbeoneclockperiodwide,theReM_FPGAimposes
adeadtimeonthefollowing clockevent,independenbnthelogic valueof the ExtBCID signals.

Whenthe generatiornof local triggersis enabled(EnableL1A), the ReM_FPGA assertsa
LocalTrigger_Busy Statusbit in the rst VME statusregisterto indicatethe progressof the
operation(seesectionB.3.21). This bit shouldbe polled by the controlling software before
sendinga similar requestto the ReM_FPGA. Also, aslong asthe ReM_FPGA is con gured
to operatedn DAQ_Mode ary write requestto the local trigger registersis denied(seesec-
tions6.4.6andB.3.22. Thisrefusalis agged by correspondindpitsin oneVME errorregister
(seesectionB.3.29.

TableB.19: TheLocal TriggerCon guration Register

Bit Nr. | Bit Name Description

0-7 | L1A_Pulses numberof L1As to begenerated
(defaultis 1, whenall bits aresetto zero)
8-11 | ExtPulseWidth | width (in clockticks) of the externaltriggerpulse
12-15 | ExtBCID_Mask | selectghe ExtBCID signalsthatwill be usedfor
generatingalocaltriggersignal
(triggermodeis disabledf all bits aresetto zero)
16-31 | Delay.Next_L1A | delay(in clockticks)for thefollowing L1A
(default: 1 clocktick)

TableB.20: TheLocal TriggerDelay Registet

Bit Nr. | Bit Name Description
0-14 | DelayFirst L1A delay(in clockticks) for the rst L1A
15 EnableL1A startgenerating-1As

(1- enablep - disable)

16-30 | Delay. ExtTrigger | delay(in clockticks)for the externaltriggerpulse
31 EnableExtTrigger | startgeneratingxternaltrigger

(1 - enable - disable)
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B.3.19 The”Local Counter Reset” Register

TheReM_FPGA canalsobeinstructedto generatdocal bunch-crossingindeventcounterreset
signals. For this purposeone 2-bit wide VME registeris provided (seetable B.21). The soft-
ware canrequesthe ReM_FPGA to generateeitherone of the two signalsat a time, or both
signalssimultaneouslyby writing a logic "1” in the correspondingpit elds. After the signals
aregeneratedhe ReM_FPGA setsbackthebit elds to alogic "0”.

TableB.21: The Local CounterResetRegister

Bit Nr. | Bit Name Description
0 Local BcCntRst| generateesetsignalfor the bunch-crossingounters
1 LocalLEvCntRst| generatgesetsignalfor theeventcounters

B.3.20 The"Firmwar e Version” Register

This 32-bit registeris read-only It providesa mainversionnumber via theupperl6 bits,anda
sub-vesionnumber via thelower 16 bits.

B.3.21 The ReM _StatusRegisters

The ReM_FPGA providestwo read-onlyWME statusregisters,which gathercorrespondingn-
formationfrom differentinternalfunctionalmodulesor from externaldevices. Thebit elds of
theseregistersarepresentedn 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 SRamlnitBusy "1” = busyinitialising the SRAM Readbaclblocks
3 VmeSRamReasdbtatus "1" = busytransferringdatafrom SRAM to VME
4 VmeSRamWriteStatus "1" = busywriting datafrom VME to SRAM
5 RdbkSRamWriteStatus "1" = busywriting readbacldatato SRAM
6 Asic_RIP "1" = busysendingeadbaclcommanddo PPrASIC
7 Asic WIP "1” = busywriting con gurationdatato PPrASIC
8 GlobalReadbackAote "1" = global’readbackin progress’indicator
9 AsicCfgReadbackActe "1" = busyreadingbackthe PPrASICregisters
Continuedon next page
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Table B.22 - continuedfrom previouspage

Bit Nr. | Bit Name Description

10 TTCrxCfgReadbackActe | "1" = busyreadingbackthe TTCrx registers

11 RateReadbackAate "1” = busycollectingthe PPrASICrates

12 HistoReadbackActe "1” = busycollectingthe PPrASIChistograms

13 RateMeterlsEnabled "1" = RateMeteringhasbeenenabledrom VME
in all PPrASICs
"0” = operatiorhasbeendisabledor notatall
enabled

14 HistogramminglsEnabled| "1 = Histogramminghasbeenenabledrom VME
in all PPrASICs
"0" = operatiorhasbeendisabledor notatall
enabled

15 LocalTrigger Busy._Status | "1" = LocalTriggermoduleis busygeneratingrigger
pulses

16 MCMLvdsSync "1” = LVDS syncpatternis enabled

17 MCMTcIkRF LVDS transmitterdatchtheinput PPrASICdataon
therising (1) or thefalling (0) edge

18 LINKRDY "1" = RGTM-O transmitterchip is readyto senddata

19 Tx_Fault "1" = faulty operationof the RGTM-O's optical
transmitteror the RGTM-O device is not mounted

20 Empty_InputRoFifos "1” =thelocal readoutbuffersareempty

21 Full_InputRoFifos "1” =thelocal readoutbuffersarefull

22 RodEentsNotBufered "1" =thelocalreadoutbuffersarein over ow and
furtherwriting is denieduntil the buffersare
emptyagain

23 | Aninl_SpiWIP "1” = busywriting datato the 1stPPrAnIinboard

24 AnIn2_Spi WIP 2ndPPrAninboard

25 AnIn3_Spi WIP 3rd PPrAninboard

26 AnIn4_Spi. WIP 4th PPrAninboard

27 PHOS4AWIP "1” = busywriting datato a PPrPHOS4

28 TTCrx WIP "1” = busywriting datato the TTCrx

29 TTCrx_ClockStatusl Sisignal(TTCReady)rom TTCdec
"1" = TTCrx' PLL haslocked

30 TTCrx_ClockStatus? S2signalfrom TTCdec
"1" = TTCrx selectedasclock source
"0" = XTAL selectedhsclock source

31 TTCrx_PorD ProtecteshDelbug mode(TTCdecclock selection)
alwayssetto "0” (= Delug)
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TableB.23: ThesecondReM_StatusRegister

Bit Nr. | Bit Name Description
0 PlaybackSRamRea8tatus | "1" = AsicPlaybackLoadereadsthe playbackdata
storedin SRAM
1 PlaybackSRamWrit&tatus| "1” = AsicPlaybackLoadewritesthe playbackdata
backto SRAM
2 PlaybackLoadingActe "1" = busytransferringplaybackdatafrom SRAM
tothePPrASICs
3 TTCrx_LockLost "1" = TTCrx haslostthelock atleastonce
"0” = otherwise
4 TTCrx 12C_ptrWR_Ackn | "0” = TTCrx hasacknavledgedthe I2C_pointer
addresgWRITE)
5 TTCrx_RegNr_Ackn "0 = —— theregisternumber
6 TTCrx_12C_dataAckn "0 = —"— thel2C_dataaddress
7 TTCrx_DataAckn "0 = —"— the8-bitcon g. data
8 TTCrx_12C_ptr_RD_Ackn "0” = TTCrx hasacknavledgedthe12C_pointer
addresgREAD)
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
generataresetfor the TTCrx chip. All bits have adefaultvalueof "0”, i.e.disabled

A patrticularityof thisregisteris theway it is mappedo VME. Asit canbeseenin tableB.1,
theregisteris mappedwice, at two consecutie VME addressesThe rst addresss usedonly
for settingthe DAQ_Modebit, while thesecondneis usedfor settingthe otherbits. Thereason
for thisimplementatiornis to preventthe DAQ_Modeto beenabledy accidentAlso, theregister
is readablevia bothVME addresses.

TableB.24: The ReM_Control Registet

Bit Nr. | Bit Name Description

0 DAQ_Mode deniesVME con gurationrequestdor ReM_FPGA
andon-boarddevices

1 ForcedCon gReadback overwritesthereadbackags of the datastored
in the MCM Readbaclblock

2 RoBuffReset resetehe VME Spy buffers(datais lost)

3 RoBuffEnable enableghe datastoragen the VME Spy buffers

4 SingleEent only the rst arriving eventdatablock s buffered

Continuedon next page
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Table B.24— continuedfrom previouspage

Bit Nr. | Bit Name Description
5 SpyBehindEent buffer the rst arriving eventdatablock, andthenall the
following datawords,until memorybecomedull
6 SpySeriallnterace buffer eachdataword received overtheserial
interfaceuntil the memorybecomesull
7 TTCrxResetBar resetsignalfor the TTCrx
(it is invertedatthe outputstage)
7-31 NOT USED

B.3.23 The ReM_Command Register

Theregisterprovidesa setof tenVME commanddor the ReM_FPGA,asshavn in table B.25.

The rst two commandsleterminethe ReM_FPGAto collectthe PPrASICRateMeteringand
Histogrammingdatafrom all 64 PPMchannelsandplaceit in the SRAM. The othereightcom-
mandsarededicatedo theloadingof referenceplaybackpatterndrom SRAM to the PPrASICs,
sothateachcommandndicateshe ReM_FPGAthe playbackblock thathasto beread(seealso
sectionB.2.3).

Thecommandganonly beaddressethdividually. Thelastcolumnof table B.25indicates
theexpectedvVME datafor eachcommandNotethatin casetheinputVME datahasa different
content,no commandwill be executed.The situationwill thenbe agged via the InvalidRem-
Commandit, in thesecondvVME errorregister(seetableB.27), until the next valid command.
Additionally, theexecutionof acommands refusedvhenaprocessnitiatedby a previouscom-
mandis still in progresspr whenthe ReM_FPGA is readingback con guration datafrom the
PPrASICsor the TTCrx. Thisis becausehe SRAM is a single-portednemory andthusonly
oneprocescanaccesst atatime. Finally, the executionof the playbackcommandss refused
if the DAQ_Modeis activated(seesection6.4.6. All thesesituationsare agged by dedicated
bitsin bothVME errorregisters(seesectionB.3.24).

Thecommandegisteris alsoreadableThedatawhichis provideduponaVME readrequest
is eitherthe previous dataloadedto this registeror 10 bits zero,if nocommandwvasaddressed
afteraVME resetor a startup of the system.

TableB.25: TheReM_CommandRegister

Bit Nr. | Bit Name VME data
0 CollectAsicRates 0x1
1 CollectAsicHistos 0x2
2 LoadPlaybackBlockL 0x4
3 LoadPlaybackBlock 0x8
4 LoadPlaybackBlock3 0x10
Continuedon next page
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B.3.24 The”ReM _Error” Registers

Table B.25- continuedfrom previouspage

Bit Nr. | Bit Name VME data
5 LoadPlaybackBloclkd 0x20
6 LoadPlaybackBlocls 0x40
7 LoadPlaybackBloclé 0x80
8 LoadPlaybackBlock/ 0x100
9 LoadPlaybackBlocl8 0x200
10-31 | NOT ALLOCATED

Theseregistersgatherserrorbits generatedby variousfunctionalblocksof theReM_FPGA.The
vastmajority of thesebits aregeneratedy the VmeManagerwhich deniesthe VME requests
in four cases:

whenthe DAQ_Mode is enabledall con guration requestdor the real-timeandreadout
pathsare denied. The error bits relatedto theserefusalsare labelledin with the sufx
” _Daqli;

whenareadbacloperations in progresstheaccesso thedevicesthatarereadbackand
to theSRAM is denied.Thecorrespondingrrorbits arelabelledwith thesufx ” _Rdbk”;

whenReM_FPGAIs loadingplaybackpatterndrom SRAM to the PPrASICs ary reador
write accesgo thesedevicesis denied.Thecorrespondingrror bits arelabelledwith the
sufx "_LdPb”;

whenawrite accesgor a non-useraccessibld TCrx registeris receved. Only oneerror
bit is producedn this case Denied TTCrx_UnRey;

The othererror bits are generatedy the logic of the ReM_Commandregisterandby the
logic thathandleghereadbacloperationgrom PPrASICandTTCrx. In eithercasethebits ag

aninvalid requestaddresseffom VME.

Thedefaultlogic valueof all bitsin bothregisteris "0".

TableB.26: The rst ReM_Error Register

Bit Nr. | Bit Name Description
0 Denied AsicWrite_.Daq write accesso PPrASICregistersis denied
1 DeniedAsicWrite_Rdbk
2 DeniedRateEnableRdbk "enable”the RateMeteringoperations denied
3 DeniedRateDisableRdbk "disable” the RateMeteringoperationis denied

Continuedon next page
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Table B.26— continuedfrom previouspage
Bit Nr. | Bit Name Description
4 DeniedCollectRatesRdbk readbaclof ratesfrom PPrASICss denied
5 DeniedHistoEnableRdbk "enable”the Histogrammingpperationis denied
6 DeniedHistoDisableRdbk "disable” the Histogrammingoperations denied
7 DeniedCollectHistosRdbk readbaclof histogramgrom PPrASICss denied
8 DeniedSRamDataRea®dbk | readaccesdso SRAM is denied
9 DeniedSRamDataWritedDaq | write acces$o SRAM is denied
10 DeniedLocalTrigDelay Daq | write accesso LocalTriggerDelayregisteris
denied
11 DeniedLocalTrigCfg_Daq write accesgo LocalTriggerCon guration
registeris denied
12 DeniedLocalCtrRstDaq write accesdo LocalCounterResetgisteris
denied
13 DeniedRodRoSample®aq con guration of thereadoutsampless denied
14 DeniedGLinkDavGapDaq con gurationof the DAV gapis denied
15 DeniedAsicChansDis1Daq con guration of thedisabledPPrASICchannels
is denied
16 DeniedAsicChansDis2Daq
17 DeniedAnin_Daq write accesdo PPrAnIinDACsis denied
18 DeniedAnin_Rdbk
19 DeniedPhos4Daq write accesso PPrPHOS4ss denied
20 Denied Phos4Rdbk
21 DeniedMcmCtrl_Daq write accesso MCM _Controlregisteris denied
22 Denied TTCrx_Daq write accesgo TTCrx registersis denied
23 Denied TTCrx_Rdbk
24 DeniedTTCrx_UnRey write requesfor non-uselaccessibld TCrx
register
25 InvalidAsicCfgRdbkRequest | readbackequesto aninvalid PPrASIC
address
26 InvalidTTCrxCfgRdbkRequest readbackequesfor anon-useiaccessible
register
27-31 NOT USED
TableB.27: ThesecondReM_Error Reyistet
Bit Nr. | Bit Name Description
0 DeniedSRamDataReatldPb | readaccesso SRAM is denied
1 DeniedSRamDataWriteRdbk | write accesso SRAM is denied

Continuedon next page
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Table B.27 - continuedfrom previouspage

Bit Nr. | Bit Name Description
2 DeniedSRamDataWritd.dPb
3 DeniedAsicWrite_LdPb write accesgo PPrASICregistersis denied
4 DeniedRateEnabld_dPb "enable”the RateMeteringoperations denied
5 DeniedRateDisabld_dPb "disable” the RateMeteringoperations denied
6 DeniedCollectRated dPb readbaclof ratesfrom PPrASICss denied
7 DeniedHistoEnableLdPb "enable”the Histogrammingpperationis denied
8 DeniedHistoDisableLdPb "disable” the Histogrammingpperationis denied
9 DeniedCollectHistosLdPb readbaclof histogramdgrom PPrASICsis denied
10 DeniedLoadPBDaq loadingof playbackpatterndrom SRAM to

PPrASICsds denied

11 DeniedLoadPBRdbk
12 DeniedLoadPBLdPb
13 InvalidRemCommand invalid commandeceiedfrom VME
14 DeniedAnin_LdPb write accesdo PPrAnIinDACsis denied
15 DeniedPhos4LdPb write accesgo PPrPHOS4ss denied
16 DeniedTTCrx_LdPb write accesgo TTCrx registersis denied

17-31

NOT USED
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