A first-level calorimeter trigger for the ATLAS experimentV. Perera, J. Edwards, N. Gee, A. Gillman, R. Hatley, J. Leake, S. Quinton, T.P. ShahRutherford Appleton Laboratory, Chilton, EnglandE. Eisenhandler, M. LandonQueen Mary and Westfield College, University of London, London, EnglandI. Brawn, R. Carney, J. Garvey, R. Staley, A. WatsonUniversity of Birmingham, Birmingham, EnglandN. EllisCERN, Geneva, SwitzerlandAbstractIn the RD27 collaboration we have carried out systemstudies on the implementation of the first level calorimetertrigger processor system for the ATLAS experiment to bemounted at the Large Hadron Collider (LHC) at CERN. Thesestudies suggest that the full system can be contained in six18SU size crates which will process approximately 4000electromagnetic and 4000 hadronic trigger cells and provide thecentral trigger processor (CTP) with signals from events withhigh-PT electrons/photons, jets and missing-ET.A demonstrator trigger system operated successfully withthe RD3 and RD33 calorimeters at the full 40˚MHz LHCbunch crossing (BC) rate [1]. The prototype application-specificintegrated circuits (ASICs) in this system each processed datafrom only a single trigger cell and its environment, whichwould lead to an extremely large system for ATLAS. Usingeight-bit parallel data even the use of ASICs, processingmultiple trigger cells would demand unacceptably largenumbers of input pins and module connections.Initial studies of this I/O problem produced a solution basedon asynchronous transmission of zero-suppressed and BC-tagged data on 160˚Mbit/s serial links [2]. This approachappeared to be feasible but would have introduced additionallatency of about 20 BCs.Further studies have led to the design of a fully-synchronouscalorimeter trigger processor system using commercial high-speed optical links. The links will terminate in multi-chipmodules (MCMs) incorporating custom-designed integratedoptics, and the trigger algorithms will be implemented inASICs._________________________________________AcknowledgementsThe authors would like to thank our Swedish colleagues in RD27,C. Bohm et al., for their valuable contributions, especially in thearea of high speed links and MCMs.I. INTRODUCTIONThe design luminosity of the LHC is 1034 cm-2s-1. At thisluminosity the interaction rate is about 109 s-1 and with abunch crossing every 25 ns there will be on average 18interactions per crossing. The trigger system will have toanalyse new data every 25 ns, and will have to achieve arejection factor of about 104—105 without introducing any deadtime. This requires a hard-wired processor operating in apipeline mode.The present plan for ATLAS is to have three levels oftrigger (figure 1). Relatively crude decisions made quickly (lessthan 2 ms) at the first level can be refined at the second andthird levels using more detailed information from the detectors.Since the trigger decision takes longer than the intervalbetween bunch crossings, the front end detector electronics hasto incorporate pipeline memories to store the detector datauntil a level-1 trigger decision has been made.

40 MHz10 - 100 kHzFront- EndPipelineMemoryBuffer100 - 1000Hz10 - 100Hz

MassStorageLevel 1ReadoutLevel 3Level 2Figure 1: Multi Level Trigger Architecture

II. TRIGGER SYSTEM DESIGNThe first level calorimeter trigger processor system(figure˚2) requires information from the calorimeter with agranularity of 0.1˚

×

0.1 in pseudo rapidity—azimuth (h- f)space, giving approximately 4000 electromagnetic and 4000hadronic trigger cells to process for |h| < 3.

Calorimeter Signals

Analogue SumElectron TriggerJet TriggerMissing ETTrigger

First-levelTrigger DecisionCentral TriggerRoI Builder

To SecondLevel ProcessorADC System

Muon TriggerFigure 2: Trigger System Block diagramIII. ADC SY S T E M The ADC system could be FERMI [3] or a custom builttrigger ADC system independent of the calorimeter readout. Iflocated on the detector it would transmit the digitised triggeri n f o r m a t i o n t o t h e t r i g g e r p r o c e s s o r s y s t e m o n f i b r e o p t i c cables. The requirements of the trigger ADC system, as shownin figure 3, are as follows.¥Convert the analogue signal to eight bit digital signals at 40 MHz (corresponding to a 25 ns bunch crossing rate).¥ProvideLook-UpTables(LUT)forpedestalsubtractionand calibration.¥Perform bunch crossing identification - see section IV.¥Combine pairs of eight bit trigger channels and convert to serial bit streams using 16 bit, 640 Mbit/s (data) parallelt o s e r i a l c o n v e r t e r s ( t h u s h a l v i n g t h e n u m b e r o f o p t i c a l l i n k s ) . ¥Convert the electrical bit stream to optical signals.IV. BUNCH CROSSING IDENTIFICATIONAs the signals produced by the calorimeters are likely tospan several bunch crossings, energy deposits originating in asingle crossing would enter the trigger algorithms for severalsuccessive crossings. The role of the BCID logic would be toidentify which data sample contains the peak of the calorimeterpulse, to pass on data for this sample only and suppress allother samples to zero.BCID algorithms studied so far consist of a finite impulseresponse (FIR) filter followed by a peak-finding operation, asshown in figure 4. FADC

FADCLUT16 Bit Parallel ToSerial ConverterElectrical To Optical ConverterTwo Trigger CellsLUTBCIDBCID

640 Mbit/sData

(Total 8000)(Total 4000)Figure 3: ADC System Block DiagramFIR FilterPeak FinderPipeline Memory MUX 0DataOut

Data In

Pipeline MemoryFigure 4: BCID Block diagramV. ELECTRON PHOTON TRIGGER LOGICThe most complex part of the trigger processor is theelectron/photon trigger logic system (figure 5) which willreceive 4000 optical signals from the ADC system.In conjunction with industrial partners, a Multi ChipModule (MCM) containing integrated optical devices will bedeveloped to receive the optical signals from the ADC systemat an effective rate of 640 Mbit/s (800 Mbit/s includingcoding) from two trigger cells.A single channel of the MCM (figure 6) will contain:¥An optical to electrical converter with a fibre pigtail(integrated optical device).¥A serial to parallel converter to translate the incoming serial bit-stream to a 16-bit word every 25 ns.¥A 4—bit˚

×

˚4 serialiser, which will transmit the 16-bitword on four serial links operating at 160 Mbit/s, as required by the trigger algorithm ASICs.

¥Readout memory to capture the input data.The bare dies performing the above functions will be bondedand packaged as a single MCM, with the fibres passingthrough the side of a metal package. Each MCM will handledata from eight trigger channels.4000 optical signals@ 800 Mbit/s from the ADC systemCluster Processing LogicTo RoI Builder

To Jet TriggerTo Missing ET Trigger

Optical To Electrical ConverterSerial To Parallel Converter160 Mbit/s SerialiserMulti Chip Module

Figure 5: Electron/photon Trigger Block Diagram

640Mbit/s Serial toParallel Converter

Optical to ElectricalConverter

160 Mbit/s Electrical SignalsFibre

Read-out Memory ROC Serialising ASIC

16 bitsDPRAM

Figure 6: MCM Single ChannelThe cluster-processing logic will form the heart of thecalorimeter trigger. It will receive data from the above MCMsand compute the cluster hit pattern for de-clustering (sectionVIII), data for jet processing, data for missing-ET calculationsand Region of Interest information.A. Electromagnetic Cluster Trigger AlgorithmUsing 4˚·˚4 sliding windows within the calorimeter, thealgorithm will search for isolated electromagnetic (em)energy clusters (figure 7).The isolation requirement is based upon two ET sums,one formed by the outer ring of 12 em cells and the other byall 16 hadronic cells.The clusters are formed by considering a reference cell (2.2)within the 4˚·˚4 area and forming the four vertical andhorizontal sums (2.2˚+˚3.2), (2.3˚+˚3.3), (2.2˚+˚2.3) and(3.2˚+˚3.3).The trigger requirement is for at least one of these clustersums to exceed a programmable cluster threshold and for bothisolation sums to be below separate programmable isolationthresholds. Outer SumReference Cell2.2

EM CalorimeterHadron Calorimeter

2.21.11.21.31.42.12.32.43.13.23.33.44.14.24.34.4

2.2Vertical SumHorizontal Sum Figure 7: Area used for the algorithmB. Cluster Finding ASICThe most complex part of the logic required for the triggerprocessor will be implemented in the cluster finding ASIC,which will have the following features:¥Receive digitised information from the em and hadronictrigger cells using two serial links per trigger cell, eachoperating at 160 Mbit/s.¥Synchronise and perform serial/parallel conversion of theinput data.¥Provide 16 processing elements per ASIC, which willrequire data from a 7˚

×

˚7 area of the calorimeters.¥Provide eight sets of threshold values (cluster and isolationthresholds) for the isolated em cluster trigger.¥Number of trigger cell input signals to the ASIC:[(4+3)˚

×

˚(4+3)˚

×

˚2] {˚

×

˚2 links/cell} = 196 inputsignals @ 160 Mbit/s.¥Results:¥Eight-bit region-of-interest (RoI), which is the 4

×

4 �RoI pixel array� for one threshold value locally de-clustered.¥Eight-bit hit pattern, one bit per threshold, giving anOR over a 4˚

×

˚4 area for de-clustering (section VIII).¥13-bit transverse energy sum over a 4˚

×

˚4 area formissing-ET calculations.¥The 12 LSBs of the above sum serialised on to 3 linksa t 1 6 0 M b i t / s t o b e s e n t o n t o t h e j e t t r i g g e r l o g i c (sectionVII).¥Memory to capture the results (29 bits˚

×

˚80 deep).¥Following a positive first-level trigger decision, the datacorresponding to the appropriate bunch-crossing number should be transferred out from the dual port RAMs.

¥The data I/O logic will use a 160 MHz clock and thecore logic will run at 40 MHz. The ASIC will be implemented in 0.5 micron CMOStechnology. A total of 256 such ASICs will be required toprocess the entire em and hadronic calorimeters.C. Cluster Processor BoardThe Cluster Processor board will fully process an 8˚

×

˚8area of the em and hadronic calorimeters. Each board willcontain 16 MCMs receiving optical data at 640˚Mbit/s on 64optical fibres, four Cluster ASICs, LUTs to convert theenergy to its Ex and E y components, two Adder ASICs forforming the energy sums, and other control and interfacefunctions to communicate with the read out controller.Fan-in and fan-out of data between neighbouring boardswill be carried out using a high speed transmission linebackplane at 160 Mbit/s.A total of 64 Cluster Processor boards will be required forthe complete trigger system (16 boards/crate˚

×

˚4 crates).VI. MISSING ET LOGICT h e m i s s i n g - E T c a l c u l a t i o n w i l l s t a r t o n t h e C l u s t e r Processor boards, where E x and E y components of the totalenergy in the fully processed 8˚

×

˚8 area of the calorimeterwill be calculated. Further calculations will be carried out ontwo other boards, namely the Results board and the Missing-ETboard.There will be 16 Cluster Processor boards in a crate, eachcalculating Ex and E y components. A Results board in eachcrate will carry out further summing using an Adder ASIC.Each Cluster Processing crate will require two Results boardsto sum the Ex and Ey values respectively. These sums will betransmitted to the Missing-ET board.The function of the Missing-E T board will be to receivet h e p a r t i a l E x and E y sums from the eight Results boards( 2 ˚ R e s u l t s b o a r d s / c r a t e ˚

×

˚4 crates), carry out furtheradditions using the Adder ASICs and then testET˚ = ˚ � ( E x 2 ˚ + ˚ E y 2 ) a g a i n s t f o u r t h r e s h o l d s t o p r o v i d e a 4 - b i t E T h i t f l a g t o t h e c e n t r a l t r i g g e r l o g i c . A s i n g l e M i s s i n g - ET board will be required in the system to carry outthe above functions.VII. JET TRIGGER LOGICThe jet algorithm will be performed using the energy sumsover the 4˚·˚4 areas of the calorimeters calculated in theCluster Processing boards. These sums will define jet triggercells of granularity Dh˚·˚Df˚=˚0.4˚· ˚ 0 . 4 . T h e a l g o r i t h m will then calculate the total energy in a 2˚· ˚2 sliding windowo f s u c h j e t t r i g g e r c e l l s a n d c o m p a r e t h e s u m w i t h e i g h t threshold values.To implement the algorithm a Jet ASIC will be designed in0 . 7 o r 0 . 5 m i c r o n C M O S t e c h n o l o g y t o f u l l y p r o c e s s e i g h t such sliding windows. With four Jet ASICs per Jet Processingboard, each board will then process 32 jet windows, receivingthe necessary information from the Cluster Processing boardson balanced ECL serial links operating at 160 Mbit/s. The fulls y s t e m w i l l r e q u i r e a t o t a l o f 3 2 J e t A S I C s a n d e i g h t J e t Processing boards.As in the case of the em cluster processing, the effect ofo v e r l a p p i n g s l i d i n g w i n d o w s i m p l i e s t h a t s o m e i n f o r m a t i o n must be shared over the crate backplane between Jet Processingboards.VIII. DE-CLUSTERING LOGICThe electromagnetic cluster finding algorithm and the jetalgorithm described above are based upon a sliding trigger cellwindow. Since the windows overlap, double counting couldoccur when counting the hits. The function of the de-clustering electronics is to count thehits once by applying a ’veto pattern’ to the hit patterns and tocount only the non-vetoed hits.The de-clustering electronics for jets and em clusters willbe identical, and will provide the following functions:¥Receive the 256 pixel array (hits) from either the ClusterProcessor boards or the Jet Processor boards.¥Apply vetoing and count non-vetoed pixels.¥Compare multiplicity with eight threshold values.Part of the vetoing and counting logic will be implementedon a Veto ASIC which will veto and count the emclusters/jets from a 4˚

×

˚4 pixel array. The vetoed patternwill be saved in a dual port memory to be used for jet RoIs.Using 16 Veto ASICs and five Adder ASICs per board tocomplete the adder tree, the system will require a total ofsixteen De-clustering boards to process the em clusters andjets.IX. READOUT CONTROLLEREach crate will require a Readout Controller (ROC) toenable the host computer to communicate with the boards andalso to provide an interface to the second-level trigger fortransferring the RoI information.The ROC will have a processor to control and format thedata which may also provide test facilities. For example, whenidle it may perform a software cluster algorithm on the datareceived from the boards. The test results could be recorded in astatus register to be read out by the host computer.X. TESTING AND MONITORINGThe system will provide test and monitoring facilities byincorporating FIFO �spy� buffers at the input and output of aboard, allowing the data to be read out for analysis. Theprocessor in each ROC may also perform data analysis on allthe boards in the crate and set a flag to enable the hostcomputer to identify faulty boards. Since all the crates willhave a ROC, the complete system can be monitored in thismanner.

XI. SYSTEM CRATESEach Cluster Processor crate will process 1000 em and1000 hadronic trigger cells and will include: 16 ClusterProcessor boards, two Results boards and a ReadoutController. Four crates will be required for the clusterprocessor logic.The Jet Processor crate will include eight Jet Processorboards, eight De-clustering boards and one Readout Controllerboard.The em De-clustering crate will include eight De-clusteringboards and one Readout Controller board. The Missing-ETboard will be housed in one of the spare slots in this crate.The system will make use of 18 SU size crates(1˚SU˚=˚25˚mm) with 21 slots per crate.XII. DEMONSTRATOR PROGRAMMEAn intensive R&D programme has been pursued over thelast three years with the general aim of exploring the problemsof a digital implementation of a calorimeter trigger at level-1.A. Cluster Finding LogicIn phase one of this programme we designed an ASICusing 0.8 micron CMOS gate array technology [4] toimplement a cluster finding algorithm. A demonstrator systemincorporating this ASIC was successfully tested in CERN testbeams with the RD3 and RD33 calorimeters [1].B. BCID LogicTo implement all the BCID algorithms previously studiedin simulation a single-channel BCID demonstrator module wasconstructed and successfully tested with the RD3 liquid argoncalorimeter in a test beam at CERN [5].Building on this work, a second demonstrator system isnow being designed with the BCID algorithms implemented inXilinx field-programmable gate arrays (FPGAs). With fourchannels per FPGA, BCID will be performed on36˚calorimeter channels in a CERN test beam in 1995.C. Integrated Optics, MCM and BackplaneA fully synchronous level-1 calorimeter trigger system asdescribed above can be realised using only six crates ofelectronics. The viability of a such a system depends cruciallyon three areas: the MCM, the integrated optical device and thehigh density high speed backplane providing data fan-out at160 Mbit/s.All these areas will be studied in phase two of thedemonstrator programme, with beam tests at CERN in 1996.XIII. SUMMARY AND CONCLUSIONSThe first-level calorimeter trigger system will process 4000electromagnetic and 4000 hadronic trigger cells, and willprovide the following sub-triggers to the central trigger logic:¥EM cluster (electron/photon) trigger with eight sets ofprogrammable cluster and isolation threshold values, eachwith several programmable multiplicity thresholds.¥Jet trigger with eight programmable threshold values, eachwith several programmable multiplicity thresholds.¥Missing transverse energy trigger with four thresholdvalues.¥Apart from providing the above sub-triggers to the central trigger logic, the system will provide Region-of-Interestinformation to the second-level trigger, and allowintermediate results to be read out for off-line evaluation and monitoring.With a total of 103 modules, the system will require six18 SU crates, and involve six circuit board designs and fiveASIC designs. The system can be implemented usingtechnology which is either already available or which will beavailable in the very near future.A demonstrator programme is planned to prove the crucialelements in the design, at the conclusion of which a fullsystem design will be undertaken, followed by a prototypingphase and the production of the final system modules.XIV. REFERENCES[1] I. P Brawn et al., Tests of a Prototype Level-1 CalorimeterTrigger for LHC Experiments, Nuclear Instruments andMethods A349 (1994) 356-366[2] V. Perera et al., A First-Level Calorimeter Trigger Processorfor The Large Hadron Collider, RD 27 Note 8, April 1993.[3] FERMI Collaboration, A Digital Front-end and ReadoutMicrosystems for Calorimetry at LHC, IEEE Nuclear ScienceSymposium, Orlando, USA, October 1992[4] V. Perera et al., A First-Level Calorimeter Trigger Processorfor The Large Hadron Collider, IEEE Transactions On NuclearScience, Vol. 40, No.4, August 1993.[5] I. P Brawn et al., Beam Test of a Single Channel BunchCrossing Identification Module for the Level-1 Trigger,RD27 note 31, October 1994.