RD27 note 35ATLAS Note DAQ—NO—3117 January 1995A DEMONSTRATOR PROGRAMME FOR THEATLAS LEVEL-1 CALORIMETER TRIGGERI.P. Brawn, R.E. Carney, J. Garvey, D. Rees, R. Staley, P. Watkins, A.T. WatsonSchool of Physics and Space Research, University of Birmingham, Birmingham, UKN. EllisCERN, Geneva, SwitzerlandC. Geweniger, P. Hanke, E.-E. Kluge, A. Putzer, B. Rensch, K. Tittel, M. WunschInstitut f�r Hochenergiephysik der Universit�t Heidelberg, Heidelberg, GermanyE. Eisenhandler, M. Landon, J.M. Pentney, G. ThompsonPhysics Department, Queen Mary & Westfield College, University of London, London, UKJ. Edwards, C.N.P. Gee, A.R. Gillman, R. Hatley, J. Leake, V. Perera, T.P. ShahRutherford Appleton Laboratory, Chilton, Didcot, Oxon., UKAbstractThis document describes work to demonstrate the feasibility of the level-1 triggerdesign presented in the ATLAS Technical Proposal. In the phase-I programmealready completed, a prototype custom integrated circuit to carry out the e.m.cluster-finding algorithm was produced and tested, and work was done on bunch-crossing identification. In 1995 further studies will be made of bunch-crossingidentification, using a new module in conjunction with the phase-I trigger. Thephase-II system, scheduled for 1996, will concentrate on the issues of high-speedoptical and electrical data transmission, and signal fanout on transmission-linebackplanes.Contents1 Overview.............................................................................................................. 22 Phase-I demonstrator programme........................................................................ 22.1 Trigger algorithm..................................................................................... 22.2 Phase-I ASIC............................................................................................ 22.3 Demonstrator system................................................................................ 33 BCID demonstrator programme........................................................................... 44 Phase-II demonstrator programme....................................................................... 54.1 ADC system............................................................................................. 64.2 Transmitter module.................................................................................. 64.3 Trigger module......................................................................................... 74.3.1 Integrated-optics MCM................................................................ 84.3.2 Dual-function demonstrator ASIC............................................. 104.3.3 Transmission-line backplane...................................................... 104.4 Timing module....................................................................................... 10Acknowledgements............................................................................................... 11References............................................................................................................. 11

-2 -1 OverviewWe describe here past, present and future work to demonstrate the feasibility of the level-1trigger design presented in the ATLAS Technical Proposal [1], and described in more detailin a back-up document [2]. An intensive R&D programme has been pursued over the lastthree years with the general aims of exploring the problems of a digital implementation of acalorimeter trigger at level 1. This programme has involved continuing simulation studies ofvarious algorithms for e.m. cluster-finding and bunch-crossing identification, and hardwareimplementation of the chosen algorithms in custom-designed ASICs.Evaluation of these ASICs in a realistic environment was achieved by means of technicaldemonstrator systems, which were thoroughly assessed in a test beam. The first phase of thisprogramme initially studied the operation of a first-generation cluster-processing ASIC at fullLHC speeds, and later studied the performance of a single-channel BCID module. The finalphase of this demonstrator programme, which is now under way, will explore the remainingareas of novel technology inherent in the full ATLAS system design, and a successfulconclusion of this phase will allow a realistic prototype trigger system for ATLAS to beconstructed.A parallel R&D programme is investigating alternative architectures and technologies [3].Techniques that are shown to lead to advantages in terms of performance and/or cost will beadopted for the final system.2 Phase-I demonstrator programmeThe following is only a summary of this work, full details of which may be found inreference [4].2.1 Trigger algorithmThe electron/photon trigger is based on a localised deposit of transverse energy in theelectromagnetic calorimeter. Ideally, this cluster should fully contain the energy of an e.m.shower whilst being small in comparison with a jet core. As discussed in section˚2 ofreference [2], simulation work was carried out to study various possible algorithms, using areduced detector granularity of Dh˚·˚Df˚»˚0.1˚·˚0.1 with one depth sampling in each of theelectromagnetic and hadronic calorimeters. The algorithm used is shown schematically infigure˚1.2.2 Phase-I ASICThe first phase of the demonstrator programme was designed to study the feasibility ofimplementing in a semi-custom ASIC the cluster-finding algorithm shown above. Its aim wasto verify at full LHC speed and using affordable present-day electronics the efficiency andrejection power of the selected e.m. cluster-finding algorithm, using real-time signals fromprototype LHC calorimeters in a test-beam environment.

Dh · Df » 0.1 · 0.1

Block ofECAL

Trigger cell< isolation thresholdAND

> clusterthresholdOR

> clusterthreshold(ECAL)

Figure 1: Phase-I cluster algorithm

-3 -The ASIC [5] implemented the operations needed by the algorithm for one e.m. triggerchannel, using 8-bit energy values from 16 trigger cells. Hadronic data were not processed inthis first prototype chip, and the algorithm was slightly simpler than our present choice.Separate energy sums were formed with one horizontal and one vertical neighbour to findpotential e.m. clusters, and the energy in the outer 12 e.m. cells was summed to examineisolation, as shown in figure˚1. Two pairs of programmable thresholds were provided to allowfor two different cluster conditions. The energy sum of all 16 input cells was also formed, asit would be needed for use in jet and missing-ET logic.The ASIC was a 0.8˚mm CMOS gate array from Fujitsu, packaged as a 179-pin ceramic pin-grid array. The algorithm was implemented as a sequence of pipelined arithmetic stages, withthe 12-bit total energy sum emerging after a latency of 6 clock cycles, and the cluster-hit flagsafter 7 clock cycles. Tests at frequencies up to 70˚MHz were successful.2.3 Demonstrator systemThe demonstrator system to test the ASICs (figure˚2) fully processed a 3˚·˚3 area ofcalorimeter trigger cells, thus requiring data from a 6˚·˚6 area. Signals were digitised in 8-bitflash-ADC (FADC) modules and then passed to the cluster-finding module (CFM) containingthe ASICs. High-speed inter-module communication was via a wire-wrapped backplane, witha clock module distributing correctly-phased strobe signals to the FADC modules and to theCFM. During each system clock cycle FADC data were transferred to the CFM, with triggerbits emerging from the ASICs after a latency of 7 clock cycles.High-speed memories on the CFM stored 256 time slices of the incoming FADC information,output trigger hits, and ASIC energy sums. These memories scrolled continuously at thesystem clock frequency. On receipt of an event signal, a stop signal was generated (after aprogrammable delay) to freeze the CFM memories and allow readout of their contents viaVME.Data were recorded in CERN test beams with the prototype liquid-argon calorimeters of RD3[6] and RD33 [7]. For the RD3 configuration trigger cells of the desired granularity wereformed by adding analogue signals from the calorimeter both laterally and in two 9X0 depthsamples (figure˚2). Most data were recorded at the 40˚MHz LHC bunch-crossing rate, withsome data also taken at the original LHC design frequency of 67˚MHz. Using beam positionsnear the centres, edges and corners of trigger cells, data were recorded with differentcombinations of beam energy, particle type, cluster and isolation thresholds.

Cryostat + LArCalo. Module

ShaperModules

0.1 x 0.1h-jCluster-Finding Module (9 ASICs)DAQHit Flags andEnergy SumsFADC Data

798654321

3 FADC Modules(36 Channels)

36NIM Linear Fan-Ins

RD33640m.........Figure 2: Test-beam calorimeter and trigger system block diagram

-4 -A full description of the results obtained from this programme may be found in references [4]and [8], so only a brief summary of the most significant conclusions is presented here.Recording both the FADC data and the ASIC outputs enabled the energy sum calculation ofthe ASIC-embedded algorithm to be compared with its software counterpart. Over 80% ofevents showed perfect correlation, and exact agreement was still found in the remainder, but atrivial memory timing error had produced a small timing slip. Figure˚3 shows the correlation,having corrected for this readout problem in the analysis.To study the two types of thresholding operations separately, the isolation requirement wasdisabled in some data-taking runs. Figure˚4 shows the effect of the cluster threshold set justabove the pedestal sum for two channels.The results of this demonstrator programme showed that pipelined electromagnetic cluster-finding algorithms could be implemented in semi-custom ASICs and operated efficiently atfull LHC rates in realistic accelerator environments.Figure 3: ASIC energy-sum output vs.Figure 4: Energy in cluster window withexpected value.(solid line) and without (dashed line) atrigger hit.3 BCID demonstrator programmeA one-channel BCID demonstrator module has been constructed, which can be used toimplement all the BCID algorithms previously evaluated off-line. The BCID module wassuccessfully tested with the RD3 liquid argon calorimeter in a CERN test beam, as describedin detail in reference [9].Building on this work, a second demonstrator system is now being designed to perform BCIDon the 36˚calorimeter channels which are currently instrumented for the phase-I demonstratorprogramme. This system will consist of three wire-wrap modules, designed to be compatiblewith the phase-I crate infrastructure. Each module accepts 12˚channels of data digitised at40˚MHz by new VME-based FADC modules. On each module, the BCID logic will beimplemented in three Xilinx field-programmable gate arrays (FPGAs) [10], with each FPGAprocessing four channels of data. The FPGAs will allow a range of BCID algorithms to betested, with the devices being re-configured to implement different algorithms as required.Data will enter the BCID modules via front-panel sockets, and the results will be transmittedto the phase-I cluster processor module via the existing wire-wrapped backplane. Extensivediagnostic and test memory will be provided on all channels.The full BCID demonstrator programme has four main objectives:

- 5 -¥To commission and test the Xilinx BCID implementation.¥To commission and test the new flash ADC system (see section 4.1).¥To establish in a realistic accelerator environment that the BCID algorithms operatecorrectly when feeding several channels simultaneously to the cluster-finding algorithmsin the phase-I ASICs.¥To record signals from other prototype calorimeters with different pulse shapes, and toattempt BCID.This test programme will be carried out in the ATLAS test beam at CERN during 1995.4 Phase-II demonstrator programmeUsing relatively mature technologies coupled with some novel techniques, as described insection 3 of reference [2], we propose to design a fully-synchronous level-1 calorimetertrigger processor for ATLAS using only six crates. The viability of such a system dependscrucially on several key areas, which will be studied in the final phase of the triggerdemonstrator programme. We plan to test this system in the ATLAS test beam at CERNduring 1996. . 6RESULTS88x1240 MHz40 MHz3 TRANSMITTERMODULES50 mOPTICALFIBRES9 VME FADCMODULESBEAMTRIG40 MHz6688x1288x12‡640 Mbit/sTRANSMISSIONLINEBACKPLANE(160 Mbit/s)160 MHz

CLUSTERPROCESSOROPTICALRECEIVERandMODULECLUSTERPROCESSOROPTICALRECEIVERandMODULECLUSTERPROCESSOROPTICALRECEIVERandMODULECLUSTERPROCESSOROPTICALRECEIVERandMODULECLUSTERPROCESSOROPTICALRECEIVERandMODULECLUSTERPROCESSOROPTICALRECEIVERandMODULECLUSTERPROCESSOROPTICALRECEIVERandMODULECLUSTERPROCESSOROPTICALRECEIVERandMODULECLUSTERPROCESSOROPTICALRECEIVERandMODULE

ADCSYSTEM

PAR�SER�OPTBCID

MULTI-PHASE CLOCKING SYSTEM9 TRIGGERMODULES

36 ANALOGUE EM CALORIMETER SIGNALS

Figure 5: PhaseII demonstrator system block diagramThe first phase of the programme successfully demonstrated the operation of the pipelinedcluster processing and BCID algorithms, so this final phase will concentrate on understandingthe problems of high-speed optical data communication, integrated optics with embeddedfibres, and data fan-out using transmission-line backplanes.As shown in figure˚5, the phase-II demonstrator system will fully process a 3˚·˚3 array ofelectromagnetic calorimeter trigger cells (as in the phase-I programme), requiring signals

- 6 -from a 6˚·˚6 trigger-cell array. The demonstrator will consist of an ADC system feedingdigitised signals to a set of transmitter modules. The resultant optical data will be received bya series of trigger modules communicating with each other via a transmission-line backplaneand also performing the cluster processing function. Central timing will be provided by amulti-phase clocking system, controlled in the test-beam environment by a beam trigger.An important part of the demonstrator programme is that data monitoring facilities � usuallyin the form of memories � be provided at all possible points throughout the data-processingchain.4.1 ADC systemSignals from a total of 36 trigger cells, formed by analogue summation (laterally and indepth) of signals from the RD3 liquid argon electromagnetic calorimeter, will be digitised bya series of 4-channel flash-ADC modules. Constructed in VME format, these modules willperform 8-bit linear digitisation at ‡˚40˚MHz and output the data in real-time as balancedECL signals.For diagnostic purposes, each channel will be provided with a ‡˚256-word read/writescrolling memory accessible from VME, which may be used to monitor the incoming data.By writing to these memories they will also act as data emulators for off-line playback of pre-recorded data.By appropriate re-configuration of the input signals, it is planned that the ADC system willalso be used for recording data from hadron calorimeter prototypes in the ATLAS test-beam,to study the efficiency of the BCID algorithms with differently-shaped signals.

DataI/F

LUTRAM(256*8)

InputDataRAM(256*8)

ParalleltoSerialConverter

ElectricaltoOpticalConverter

Optical

Output

VME-bus

40 Mbyte/s parallel

FADCData

8BCIDLogic(Xilinx)

‡640 Mbit/s serial

ClockDistribution

40 MHz

BoardControlLogic

Pre-BCIDDataRAM(256*8)

816From adjacentchannel

Post-BCIDDataRAM(256*8) 8

Load/Verify LUT

Load/Verify

Configuration MemoryFigure 6: Transmitter module block diagram (single channel).4.2 Transmitter moduleDigitised data from the 36-channel ADC system will be transferred by twisted-pair cables tothree 12-channel transmitter modules (figure˚6) residing in the single 9U trigger crate. Each

- 7 -module will process the incoming data and transmit high-speed optical data down six multi-mode fibres. VME interfacing will be used to access all on-board memories and registers.The first stage of processing will be to perform pedestal subtraction and apply calibrationconstants by means of RAM-based look-up tables. The data will then pass to the BCID logic,which will be implemented in 4-channel Xilinx FPGAs. For each calorimeter pulse, only asingle data sample (corresponding to the peak of the pulse for the appropriate bunch-crossingif operating in ATLAS) will be passed to the subsequent serialisation logic, all othersamplings being set to zero.The serialisation logic will combine pairs of channels and convert the six resultant 16-bit datafields into six serial bit-streams each running at ‡˚640˚Mbit/s. This conversion will initiallybe performed by a commercial chip-set, but R&D work is underway which may provide alow-cost custom alternative.The final stage will convert the high-speed serial bit-streams to optical format, by means oflaser diodes (or possibly LEDs), and inject the resultant signals into six multi-mode opticalfibres. Carrying data from two calorimeter trigger cells, each fibre will be at least 65˚m inlength to represent the ATLAS data transmission environment as realistically as possible.Following the general monitoring philosophy noted above, the transmitter modules will beprovided with diagnostic memories at several points along the data processing pipelines, andit will thus be possible to compare the raw input data with the output of the calibration LUTsand the results from the BCID processors.4.3 Trigger moduleThe trigger modules, residing in the same crate as the transmitter modules, will combine thefunctions of optical receiver and cluster processor. A total of nine modules, each receivingand fanning-out data from a 2˚·˚2 array of trigger cells, will be required to process a 3˚·˚3array in a 6˚·˚6 trigger cell window, as shown in figure˚7.

129345678Single trigger cell

One of nineTrigger modulesreceiving datafrom a 2x2trigger cell array

3x3 triggercell arrayfully processedby algorithm

Data from a6x6 trigger cellarray requiredby algorithmFigure 7: Mapping of trigger modules to calorimeter trigger cell array.In figure˚8 we show how input data from the transmitter modules will arrive at each triggermodule on two fibres, with two trigger cells sharing each fibre. The fibres will connect tofibre pig-tails on a single 4-channel MCM per module, where much of the signal processingwill take place (see section 4.3.1). This MCM will be designed to resemble the MCM for thefinal system, as described in section 3 of reference [2], as closely as possible.Serial data bit-streams will be transmitted from the MCM to the cluster-processing ASICs(via the serial/parallel ASICs) and also to the transmission-line backplane for fan-out toneighbouring trigger modules. To execute the cluster-processing algorithm for a maximum of

- 8 -four trigger cells, each trigger module will require data from up to 25 trigger cells, four ofwhich are fed directly from the MCM and the remaining 21 coming from the backplane.Diagnostic monitoring memories, accessible via VME, will be liberally provided at strategicpoints in the data flow.

..^{INPUT DATAFROM FADCs(4 channelson 2 fibres)CLUSTER PROCESSORASICS}

TTL/ECLECL/TTL

4-FIBRE OPTICALRECEIVER MCMWITH DUAL-FUNCTIONASIC DIES(par/ser + mux mode)

CLUSTERPROCESSOROUTPUTMEMORYREAL-TIMEHIT OUTPUTS

VME PROTOCOLandSLOW CONTROLS

DUAL-FUNCTIONASICs(ser/parmode)

VME J1

CONNECTOR

VME J2

CONNECTOR

HIGH-DENSITY

BACKPLANE CONNECTOR

To Backplane:

4 CHANNELS

@ 160 Mbit/s

From Backplane:

21 CHANNELS

@ 160 Mbit/sFigure 8: Layout of trigger module4.3.1 Integrated-optics MCMThis front-end MCM, shown in figure˚9, is a crucial component in the system. It consists offour identical processing channels, each consisting of a electrical-to-optical converter and twodigital processor dies, and performing three main functions:¥Optical-to-electrical conversion of the four incoming serial bit-streams.¥Serial-to-parallel conversion to 16-bit words (two trigger cells).¥Time-multiplexing each trigger channel byte into two serial lines, each running at160˚Mbit/s.The first function � optical to electrical conversion �˚will be achieved by a novel type ofembedded-fibre MCM, which is the subject of a current R&D project with an industrialpartner. This daughter-MCM, described in section 3 of reference [2], will consist of an opticalfibre pigtail, accurately located in a chemically-etched V-groove in the silicon substrate, andviewed from above by a PIN diode. Light from the fibre will then reach the diode byreflection from another etched planar silicon surface at 54.7ß, and the resulting PIN diodesignal will feed a trans-impedance amplifier/discriminator die to produce a logic-level signal.A parallel R&D approach aims at handling many more fibres per MCM.After testing, the four daughter-MCMs will be mounted on the main MCM with the four fibrepig-tails emerging via sealing collars through holes in the package.

- 9 -

Embedded-Fibre MCMSerial/parallelprocessing dieMultiplexingASICOpticalFibreInputsElectricalOutputs(640 Mbit/s)(4x160 Mbit/s)Figure 9: Four-channel integrated-optics MCM . From otherMCMs 164160 MHz

4444 Parallel DataRdWrADD [6:0]MUXCounter

RdADDWrADD

MUX160MHz clock

TestReset

40 MHz clock6.25nsstepdelays6.25nsstepdelays6.25nsstepdelays

Data [15:0]CDRCS

Tri-StateMUXStrobe (40 MHz)

0�90�40 MHzclockgenerator

Top half � Interface to the Serial-to-Parallel converterBottom half � Front-end to the Cluster-Processing ASICParallel/SerialParallel/SerialParallel/SerialParallel/Serial

80-DeepDual-PortMemory

6.25nsstepdelays

Latch

Delays

0 - 75ns

Slow Controls

and Registers

Latch

Latch

Latch

2 trigger cells to

Cluster-Processing ASIC

MUX

MUX

MUX

Serial/

Parallel

Serial/

Parallel

2 pairs of 2x160 Mbit/s

serial outputs

8(2 trigger cells) 2

2 pairs of 2x160 Mbit/s

serial inputs 2

MUX

Figure 10: Dual-function demonstrator ASIC.

- 10 -The second function will utilise commercial serial-to-parallel dies (part of the chip-set to beused in the transmitter modules), one of which will be mounted on each channel of the mainMCM (figure˚9) to re-generate 16-bit words at 40˚MHz. It should be noted that the only placein the system where high-speed (‡˚640˚Mbit/s) signals will be found is in the extremely shortconnections between the embedded-fibre MCMs and these serial-to-parallel dies, which areall internal to the main MCM. No fast clocks will therefore appear at module level.An important advantage of using such a commercial chip-set is that the fast clock(‡˚640˚MHz) is recovered from the data stream via a phase-locked loop, independently onevery channel, and therefore does not need to be distributed. This neatly eliminates thenumerous complications inherent in signal-handling at these very high speeds.As noted in section 4.2, it is hoped that current R&D work may result in a replacement low-cost custom chip-set that also consumes less power.The final processing function � to time-multiplex the eight data bits corresponding to eachtrigger cell onto two 160˚Mbit/s serial lines as described in section 3 of reference [2] � willbe performed by part of a dual-function semi-custom ASIC (figure˚10) mounted in die formon the main MCM.4.3.2 Dual-function demonstrator ASICAs described in references [1] and [2], the cluster-processing ASICs for the final system willprocess a 4˚·˚4 trigger cell array, taking in both electromagnetic and hadronic information.Most of the complexity of such a large new ASIC will be in the processing arithmetic for a16-trigger cell algorithm, an operation which has been thoroughly studied in the phase-Idemonstrator programme. To save costs, therefore, the phase-I ASICs will again be used forthe cluster-processing function in the phaseII demonstrator.These chips accept only parallel data, so it will be necessary to provide serial-to-parallelconversion for the 160˚Mbit/s serial bit-streams coming from the MCMs. By combining thiswith the time-multiplexing function on a single chip, a dual-function ASIC can be designed,almost halving the non-recurring engineering (NRE) cost.The upper section of the chip schematic in figure˚10 shows the operation of the time-multiplexing function, for which four of the ASICs will be mounted on the integrated-opticsMCM in un-packaged die form. The serial-to-parallel conversion function, enabling thephase-I ASICs to be re-used in the new demonstrator system, will be performed in the lowersection, but in this mode the chips will be used in a packaged format.4.3.3 Transmission-line backplaneTo test the multi-layer high-density transmission-line backplane which will provide electricaldata fan-out in the final system (see section 3 of reference [2]), a scaled-down version withrestricted capacity will be designed for the demonstrator system crate, fanning-out 36channels of data between nine trigger modules, but offering a similar high track density. Thiswill enable a study of potential problems of cross-talk, signal reflections and timingsynchronisation to be made in as realistic way as possible.4.4 Timing moduleLocated in the cluster-processing crate will be a VME-accessible central timing module,whose function will be to distribute the multi-phase clocks required by all parts of the system.As can be seen from figures˚7.5 and 7.6 all parts of the system � the FADC, transmitter andtrigger modules � will require a 40˚MHz clock to advance the processing pipelines, and inaddition the trigger modules will need a 160˚MHz clock to operate the serial datatransmission links between the MCMs and the cluster-processing ASICs.

- 11 -A flexible system of fine-resolution programmable delays will be provided to allow precisesynchronisation of data passing between different stages of the system, e.g. between theFADC and transmitter modules.The timing module will also take in a trigger signal from the test-beam logic which, afterprocessing, will be used to freeze the system for data readout.A range of test and calibration facilities will also be provided in the module.AcknowledgementsThe authors wish to acknowledge the valuable contributions made by Yuri Ermolin in workrelated to the phase-I BCID tests.References[1]ATLAS Technical Proposal. CERN/LHCC/94-43 (1994).[2]The Level-1 Calorimeter Trigger System for ATLAS. I.P. Brawn et al., ATLAS internalnote DAQ-NO-30.[3]An R&D Programme for Alternative Technologies for the ATLAS Level-1 CalorimeterTrigger. G. Appelquist et al., ATLAS internal note DAQ-NO-32.[4]Beam Tests of a Prototype Level-1 Calorimeter Trigger for LHC Experiments. I.P.Brawn et al., Nuclear Instruments and Methods A349 (1994) 356—366.[5]Data on the LHC Electromagnetic Cluster-Finding ASIC. V. Perera, RutherfordAppleton Laboratory Technical Documentation RAL 114 (1992).[6]RD3 proposal, CERN/DRDC/90—31 (1990).[7]RD33 proposal, CERN/DRDC/93—2 (1993).[8An Analysis of the RD27 Level-1 Prototype Calorimeter Trigger Processor Test BeamData � April/May 1993. U. Dickow, RD27 Note 23 (1994).[9]Beam Tests of a Single-Channel Bunch-Crossing Identification Module for the Level-1Trigger � November 1993. I.P. Brawn et al., RD27 Note 31 (1994).[10]The Programmable Logic Data Book. Xilinx Corp., San Jose, USA, part number0401096-01 (1993).