Bunch-Crossing Identification for the ATLAS First-LevelCalorimeter TriggerI. Brawn, R. Carney, J. Garvey, D. Rees, R. Staley, A. WatsonSchool of Physics and Space Research, University of Birmingham, United Kingdom.A. H�lscher,Physikalisches Institut, Heidelberg University, Germany.A. Mass, K. Meier,Institut f�r Hochenergiephysik, Heidelberg University, Germany.E. Eisenhandler, M. Landon, M. Pentney,Queen Mary and Westfield College, University of London, London, United Kingdom.J. Edwards, N. Gee, A. Gillman, R. Hatley, J. Leake, V. Perera,Rutherford Appleton Laboratory, Chilton, Didcot, United Kingdom.ABSTRACTAs part of the design studies for the ATLAS first-level calorimeter trigger, we have been investigating the process of bunch-crossing identification (BCID). Various digital BCID algorithms have been investigated using software simulation. Furthermore,a demonstrator system has been constructed which performs BCID on 36 channels of trigger data. The BCID algorithms areimplemented in Field-Programmable Gate Arrays (FPGAs). The field-programmable nature of the system has allowed a numberof BCID algorithms to be tested in a CERN test beam. The initial results show BCID being performed with good efficiency onsignals corresponding to energies of a few GeV. An ASIC which performs BCID has been designed, built and tested in a CERNtest beam.INTRODUCTIONAt the Large Hadron Collider (LHC) the bunch crossing rate is40 MHz (one crossing every 25 ns). With the exception of thetile calorimeter, the calorimeters proposed for ATLAS [1], areintrinsically slow and produce output signals which extendover several 25 ns periods. For the first-level trigger theselong pulses present a problem which has to be solved in realtime. The problem is two-fold. Firstly, the LHC bunchcrossing responsible for the energy deposition that producedthe pulse has to be identified, and secondly a measure of theenergy deposition has to be extracted. This operation isessential to avoid spurious trigger generation or triggersuppression by out-of-time data samples. The work describedin this paper has so far concentrated primarily on techniques toestablish the correct timing of pulses.The first-level calorimeter trigger for ATLAS is based on adigital processor [2]. The pulse heights of the calorimetersignals are measured every 25 ns by a system of FADCs. Thefunction of the bunch-crossing identification logic is todetermine, for each calorimeter pulse, the digitised value whichcorresponds to the pulse peak, pass this on to the digitalprocessor and set all other digitisings to zero. Figure 1illustrates this process.As part of our studies into the ATLAS level-one calorimetertrigger, we have been investigating various ways ofimplementing a digital BCID algorithm [3]. Extensivesoftware simulations have been performed for a number ofalgorithms and a hardware demonstrator has been constructedwhich has allowed BCID logic to be tested in real time in aCERN test beam.Figure 1: Ideal BCID Output

BCID ALGORITHMSAny candidate BCID algorithm must meet two requirements.Firstly, it must be efficient for calorimeter pulses of all sizes:BCID becomes harder to perform with good efficiency forboth small pulses, where the signal-to-noise ratio is decreased,and for large pulses, specifically those which are sufficientlylarge to saturate the FADCs. In this latter case the pulsesobserved will no longer match the characteristic shape expectedfrom the front-end shaping electronics. Secondly, thealgorithm must be simple, so that the contribution which theprocess of BCID makes to the total latency of the level-onecalorimeter trigger is kept to a minimum.A variety of digital algorithms have been studied. Forexample:¥ Peak Finder¥ Deconvolution Filter¥ Zero-Crossing Identifier¥ Constant-Fraction DiscriminatorOf these, the peak-finding algorithm is the simplest: threeconsecutive samples are examined by a pair of comparators,which search for peaks in the data. If a peak is found, that datasample is passed on to the trigger processor. If a sample doesnot correspond to a peak, the datum in that sample is zeroedbefore being passed on to the trigger processor.The other algorithms listed above are all standard methods ofextracting timing information from a pulse and are describedelsewhere [4]. It should be noted however, that whenimplemented as digital algorithms, all of the above can beperformed using two simple processes: a finite impulseresponse (FIR) filter and the peak-finding algorithm describedabove.Figure 2: The Structure of the BCID algorithmFigure 2 shows the structure of such a generic BCIDalgorithm. The 8-bit digitised pulse heights are stored in apipeline memory while the BCID algorithm is performed. TheFIR filter extracts samples from this pipeline memory andconvolves them with a given set of coefficients. The purposeof the FIR filter is to reshape the pulse, producing a peakwhich is less susceptible to corruption due to noise or FADCsaturation than that of the original pulse shape. The filtereddata is written into a second pipeline memory, the contents ofwhich are examined by the peak finder. The decision producedby the peak finder is used to gate the output from the originalpipeline memory to the calorimeter trigger processor.BCID SIMULATION STUDIESExtensive software simulation studies have been used toevaluate the performance of a range of digital BCIDalgorithms. The algorithms were simulated in FORTRAN andtested off-line with real calorimeter data. The data were recordedat a CERN test beam using the ATLAS first-level triggerdemonstrator system [5] connected to the RD3 prototype ofthe ATLAS barrel calorimeter.Data were recorded with a wide variety of beam conditions,including pions and electrons at a range of energies, from 10to 300 GeV. The calibration of the FADCs used to digitise thedata was 1 GeV/count. The pulses sat on a pedestal which hada typical height of 26 counts and an RMS width of0.5_counts.Simulation ResultsThe table below shows some of the results from the BCIDsimulation studies.BCID AlgorithmPulse Height AboveWhich 100% Efficiency IsAchieved

Peak-Finder (Sn-1<Sn‡Sn+1)4 Counts

Zero-Crossing Identification.7 Counts

Constant FractionDiscriminator.4 Counts

Peak-Sharpening algorithm(FIR coeffs.= —1, 0, 4, 0,—1)3 Counts

These results were obtained from a study of around 300 eventsper pulse height. For pulses which had a height of greater than7 counts (7 GeV) all of the algorithms performed with 100%efficiency. Below this it can be noted that the peak finder — thesimplest of all the algorithms tested — gave results comparableto the best of the more complex algorithms. From theseresults it was concluded that BCID could be performed withgood efficiency using relatively simple algorithms.

THE BCID DEMONSTRATOR SYSTEMTests of a single-channel BCID prototype were made at CERNin 1992 [6]. For the present studies, a more compactdemonstrator system has been constructed which performsBCID on 36 channels of calorimeter trigger data. The BCIDlogic is implemented in Xilinx Field-Programmable GateArrays (FPGAs). The re-programmable nature of these devicesallows the system to perform a variety of BCID algorithms. Ithas been tested in a CERN test beam as part of the ATLASfirst-level trigger demonstrator system [5]. Figure 3 shows thecomplete system.

RD336Cryostat + LArCalo. Module

ShaperModules

NIM LinearFan-ins

9 FADCModules

3 BCID Boards(36 Channels)

Cluster-ProcessingModule

40mDAQ0.05 x 0.05h - jFigure 3: The First-Level Calorimeter TriggerDemonstrator System.The demonstrator system processes a 6_·_6 area of triggercells. A trigger cell granularity equivalent toDh_·_Df_=_0.05_·_0.05 in the ATLAS barrel is acheivedby the use of commercial linear fan-in modules to sum theanalogue signals from the calorimeter shaping modules. Thesummed signals are then transmitted down 40_m long BNCcoaxial cables to the first-level trigger demonstrator system.They are digitised by FADCs [7] using a free-running 40 MHzclock and a TDC is used to record the phase of this clockrelative to the time of arrival of the test beam particle. Duringoff-line data analysis the TDC measurement is used to vetoany data where the calorimeter pulse is sampled more than3_ns away from its peak. This off-line cut replicates thesituation that will be present at the LHC, where the samplingprocess is phase-locked to the bunch-crossings.After digitisation, the resultant 36 channels of 8-bit data arepassed to the BCID system. The BCID system consists ofthree boards, each processing 12 channels of data. The firsttask which is performed by each BCID board is pedestalsubtraction — the pedestals upon which the calorimeter pulsessit are removed by means of a look-up table. The BCIDalgorithms themselves are implemented inside FPGAs(XC4008 devices), each of which process four channels ofcalorimeter data in parallel. Which BCID algorithm theFPGAs implement is determined by the design file with whichthey are configured. The design files are downloaded into theFPGAs from the VME-based data acquisition (DAQ) system.Based on the results of the previous software simulations,design files have been created for eleven different BCIDalgorithms.After BCID has been performed, the 36 channels of data aretransferred via the crate backplane to the Cluster ProcessingModule (CPM). This module implements the e/g cluster-finding algorithm which will be employed by the ATLASfirst-level calorimeter trigger [5]. The effect of BCID on thiscluster-finding process can therefore be studied in real-time.The data appearing at various points in the trigger system areread out and recorded using an Exabyte storage system. Dataare read out from memories positioned at the output of theFADC board, the input and output of the BCID board, and theinput and output of the CPM.TEST BEAM RESULTSThe 36-channel BCID system was first tested in CERN testbeam in June 1995. The calorimeter used was the RD3prototype of the liquid argon accordion barrel calorimeter. Datawere taken with electron and pion beams, with beam energiesfrom 20 GeV to 300 GeV. Data were recorded with a range ofdifferent front-end electronics, which produced analogue pulseswith a variety of different shapesSo far, most of the analysis performed on the data recorded atthis test beam has been conducted to search for faults in thehardware. Only minor faults have been discovered and ingeneral the system behaves as expected. Analysis is currentlybeing conducted to evaluate the performance of the BCIDsystem.Figure 4 shows the system performing BCID on a realcalorimeter pulse, produced by a 50 GeV electron. The pulsewas recorded at the input and at the output of the BCID board.It can be seen that the pedestal of 30 counts height has beenremoved, and BCID has been performed: only the peak of thepulse has been gated through the system. The BCID algorithmused here is the peak finder. It can be seen from the relativeposition of the peak in the two plots that, when implementedinside the FPGA, the algorithm has a latency of eight clockcycles.Figure 4: BCID on a Real Pulse.BCID Algorithm =_Peak Finder (Sn-1<Sn‡Sn+1).Figure 5 shows the efficiency of the peak finder algorithm as afunction of pulse height. The horizontal axis shows the peak

height of the pulse in GeV, whilst the vertical axis shows thepercentage of pulses at that height for which BCID wasperformed correctly. This plot is based upon around 500events, distributed evenly over the energy range, so theseresults should be regarded as preliminary.Figure 5: Efficiency of BCID as a Function ofPulse Height.BCID_algorithm_=_peak finder (Sn-1<Sn‡Sn+1).Initial results show BCID being performed with goodefficiency for pulses down to a few GeV. Analysis of the testbeam data is continuing. The demonstrator system is currentlyback in a CERN test beam, collecting more data.THE BCID ASIC PROGRAMMEThere are several disadvantages in using FPGAs to performBCID for the ATLAS first-level calorimeter trigger. FPGAsare large and expensive and, when implemented in FPGAs, theBCID algorithms have a greater latency than is desired for thefinal system. It is therefore planned to use ASICs in the finalBCID system.As a move towards this, one of the algorithms tested has beenconverted into an ASIC design. To develop this, Verilog HDLwas used for the behavioural description of the BCID design.The chip layout was synthesised using the ES2 Standard CellLibrary and the chip was manufactured by ES2 in 1.0 mmtechnology [8].An adapter board has been designed and built which maps thepinout of the BCID ASIC on to the FPGA sockets in theBCID demonstrator system. Data have been taken in thecurrent CERN test beam with the BCID ASICs installed inthe demonstrator system. Detailed analysis of the data recordedis underway, but preliminary results indicate that the ASICperforms correctly and with lower latency than the FPGA.CONCLUSIONBunch-crossing identification is an essential part of the first-level calorimeter trigger. Software simulation has shown thatBCID can be performed with good efficiency using relativelysimple algorithms. In our hardware demonstrator programmewe have shown that these algorithms can be implemented inFPGA or ASIC technology, running at the required frequency.ACKNOWLEDGEMENTSThroughout this project we have relied upon the RD3collaboration to supply us with data from their prototypeliquid argon accordion calorimeters. We would like to expressour gratitude towards them for their co-operation in thismatter.This work has been supported in the UK by the ParticlePhysics and Astronomy Research Council, and in Germany bythe BMBF �Bundesministerium fuer Bildung, Wissenschaft,Forschung und Technologie� and the EuroChip Organisation.REFERENCES[1] ATLAS Technical Proposal, CERN-LHCC/94-43.[2] I. P. Brawn et al., The Level-1 Calorimeter Trigger System forATLAS, ATLAS DAQ note 30 (1995).[3] I. P. Brawn et al., Bunch-Crossing Identification in a Level-1Calorimeter Trigger for LHC, RD27 note 40 (1995).[4] I. Brawn, Preliminary Investigations into Bunch-CrossingIdentification for the level-1 trigger, RD27 note 11 (1993).[5] I. P. Brawn et al., Beam Tests of a Prototype Level-1Calorimeter Trigger for LHC Experiments, NuclearInstruments and Methods A349 (1994) 356.[6] I. P. Brawn et al., Beam Tests of a Single-Channel Bunch-Crossing Identification Module for the Level-1 Trigger,RD27_note 31 (1993).[7] P. Hanke et al., A flash ADC for Trigger Tests with ATLASCalorimetry, RD27 Note 41 (1995).[8] A. Mass et al., Design and Test of an ASIC for Bunch CrossingIdentification in the ATLAS Level-1 Trigger, Proceedings ofthe First Workshop on Electronics for LHC Experiments(1995).