CERN/DRDC 94—52RD27 Status Report9 January 1994FIRST-LEVEL TRIGGER SYSTEMS FOR LHC EXPERIMENTSI. Brawn, R.E. Carney, Y. Ermoline1, J. Garvey, D. Grant, R. Harris, P. Jovanovic, I.˚McGill,D. Rees, R. Staley, A. Watson, P.WatkinsSchool of Physics and Space Research, University of Birmingham, UKO. Buyanov, N. Ellis*), C. Jacobs, B.G. Taylor, J.—P. Vanuxem, H. WendlerCERN, Geneva, SwitzerlandP. Hanke, M. Keller, E.-E. Kluge, M. WunschInstitut f�r Hochenergiephysik der Universit�t Heidelberg, GermanyP. B�do, H. Hentzell, C. Svensson, J. YuanLink�ping University, SwedenJ. Fent, W. Froechtenicht, C. Kiesling, H. Oberlack, P. SchachtMax-Planck-Institut f�r Physik, Munich, GermanyE. Eisenhandler, M. Landon, J.M. Pentney, G. ThompsonQueen Mary and Westfield College, University of London, UKJ. Dowdell, J. Edwards, C.N.P. Gee, A. Gillman, R. Hatley, J. Leake, V. PereraRutherford Appleton Laboratory, UKB. Green, J. StrongRoyal Holloway and Bedford New College, University of London, UKE. Gennari, A. Nisati, E. Petrolo, G. Piccinelli, S. Veneziano, L. ZanelloIntituto Nazionale di Fisica Nucleare and Universita La Sapienza, Rome, ItalyR. Cardarelli, A. Di CiaccioIntituto Nazionale di Fisica Nucleare and Universita Tor Vergata, Rome, ItalyG. Appelquist, C. Bohm, M. Engstr�m, S. Hellman, S-O. Holmgren, E. Johansson,N.˚Yamdagni, X. ZhaoStockholm University, SwedenW.H. Smith, S. Dasu, C. Foudas, T. Gorski, M. Jaworski, J. Lackey, D. Panescu, W.˚TempleUniversity of Wisconsin, Madison, Wisconsin, USA(*) Spokesman

1 Now at CERN, Geneva, Switzerland.

— 1 —1. IntroductionThe RD27 project [1] was approved in June 1992 [2] to perform a broad-based study oflevel-1 trigger systems. The progress of the project was reported [3] in Summer 1993 andcontinuation of the project for a further year was approved [4] with the following milestones:¥Make a detailed description and simulation of the central trigger processor in a high-level design language.¥Continue study to optimise input to the bit-parallel calorimeter processor.¥Make detailed design studies of a bit-serial calorimeter trigger processor and compareits expected performance to the performance of the bit-parallel processorimplementation.¥Evaluate the performance of the muon trigger prototype in the RD5 test beam.Since the last status report, two new groups have joined the collaboration: the group fromUniversity of Wisconsin led by Wesley Smith and the group from INFN/Rome-2 led byR.˚Cardarelli. The Wisconsin group is studying calorimeter trigger processors, while theRome-2 group is studying muon triggers.Members of RD27 have been very active during the last year in the preparation of thetechnical proposals for both ATLAS [5] and CMS [6]. In particular, the design work for theATLAS calorimeter, muon and central trigger processors, and for the CMS calorimetertrigger processor, was performed by RD27 groups. Members of RD27 (N. Ellis andW.˚Smith) are the trigger coordinators for the two proposed LHC experiments.Members of RD27 have also continued to contribute to the development of the opticalTiming, Trigger and Control (TTC) distribution system [7] which, following a decision in thelast DRDC review of RD27, is now funded only through RD12. Latency stability has beenstudied, encoder jitter and laser transmitter performance have been improved, thefunctionality of the timing receiver ASIC (application-specific integrated circuit) has beenenhanced, and its development by CERN Microelectronics Group is now well advanced.Both ATLAS and CMS Technical Proposals have specified implementation of theRD12/RD27 TTC system, and close contacts will be maintained to ensure efficientintegration of the system with the overall trigger and DAQ systems.RD27 has been found to be a very useful forum for exchanging ideas between ATLAS andCMS, including detailed reviews of the different designs, comparison of algorithms andcross-checking of trigger-rate calculations. In some areas, for example fast, synchronousoptical data-transmission to the calorimeter trigger processors, there is close collaborationwithin RD27 between members of the two LHC experiments. Other areas where members ofATLAS and CMS will collaborate closely are in evaluating high-speed transmission-linebackplanes and high-density connectors, and comparing different ASIC technologies (fullcustom and gate arrays) and manufacturers. We also consider the possibility of using someASICs (or custom cells) in the trigger processors for both the experiments.In this document we report on the work that has been performed and propose a programme ofR&D for the next 12 months. We discuss in turn the calorimeter, muon and central triggerprocessors, and suggest milestones for the coming year.

— 2 —2. Calorimeter TriggerIntroductionThe design work for the calorimeter trigger processors of ATLAS and CMS has beenperformed by members of RD27. These designs are documented in detailed technical notes[8, 9, 10] and are described briefly in appendices A—C of this document. Although theyrepresent a very substantial amount of effort by members of RD27, here we concentrate onlyon the technical R&D that has been done in the last year and that is proposed for the next 12months. Another aspect of the work that is not discussed here is the physics simulationstudies [8, 11] performed to evaluate different algorithms by comparing rates andefficiencies. Simulation studies have been performed with full detector simulation (GEANT);many details are considered in the simulations, such as the effects of pile-up and electronicnoise after pulse shaping, and bremsstrahlung of electrons and conversions of photons.All the design studies are for purpose-built systolic processors, programmable at the level ofparameters, and implemented making extensive use of ASICs. They assume that digitisationis performed on the detector, either using a dedicated digitisation system for the trigger orusing the FERMI system [12]. A large number of high-speed, synchronous optical links isused to bring the data to the trigger processors � with typically ~7000—8000 trigger ADCchannels, 8-bit precision and 40 MHz bunch-crossing rate, the aggregate data rate is~2000˚Gbit/s. This bandwidth is very high compared to typical applications in the computerand telecommunications industries, and the combined requirements of low latency andsynchronous data transfer are specific to the level-1 trigger application. An important part ofour work therefore relates to issues of data movement.All of our processor designs are based on data links with a usable data rate of at least800˚Mbit/s, allowing the transmission of two 10-bit values every 25 ns (e.g. ET data for twotrigger cells). We are evaluating both commercial products (so-called �chip-sets�) and customsolutions for these links; the latter may be cheaper and better suited to the specialrequirements of the level-1 trigger. The possibility of receiving optical fibres on Multi-ChipModules (MCMs) is being investigated as a means to achieve high density, and is assumed inthe designs for ATLAS. The issue of error detection is also being studied � a single-bit errorin the most-significant bit of any of the ~7000—8000 trigger channels would lead to a faketrigger.At the time of our last status report, we were considering using asynchronous datatransmission on lower-bandwidth links. This relied on zero suppression to reduce the averagedata rate. This option was evaluated in detail [13] and would have been feasible. However,the need to buffer the data before transmission increased the latency and led to the possibilityof data loss (in case of buffer overflow). The design was therefore abandoned in favour ofone using high-speed synchronous links (the design described in the ATLAS technicalproposal); the new design incorporates much of the old one for the part of the system thatperforms the actual trigger processing.Another aspect of data movement that we are investigating is high-speed communicationbetween modules within a crate over a backplane. For both ATLAS and CMS, the designsuse custom backplanes with 160 Mbit/s point-to-point links. Different possibilities will beinvestigated for the signal levels (e.g. differential ECL versus single-ended BTL), and forhardware choices such as high-density connectors.For ATLAS, it is not yet decided whether or not the FERMI system will be used for thecalorimeter readout. We are therefore studying dedicated trigger digitisation systems that may

— 3 —be needed in the experiment. In the more immediate future, these are in any case required forperforming beam-test demonstrations of the trigger systems. A new 36-channel trigger ADCsystem is being constructed (see below).The signals from the calorimeters, in particular the liquid-argon calorimeters of ATLAS,extend over many bunch crossings. Bunch-crossing identification (BCID) logic has to beincluded in the system so that energy deposits are only considered by the trigger for a singlebunch crossing. Such logic is included in the FERMI system, but has to be considered also inthe case of independent digitisation for the trigger. As discussed in more detail below, studieswere performed in the last year using a single-channel BCID module using data in real timefrom an ATLAS liquid-argon prototype calorimeter. Next year, a 36-channel system based onfield-programmable gate arrays (FPGAs) will be used for more extensive studies.The ATLAS and CMS triggers are both based on �trigger cells� with a granularity Dh · Df »0.1 · 0.1 in pseudorapidity—azimuth space. The electron/photon and jet algorithms are similar(e.g. the electron/photon energy is measured in an area of 2 · 1 or 1 · 2 trigger cells in bothcases); both ATLAS and CMS include a missing transverse energy trigger. All the designsmake extensive use of ASICs to achieve the required speed (low latency) and density ofprocessing power. We have already reported [3] on a first ASIC (gate array) implementationof a cluster-finding algorithm, which was operated at full LHC speed in tests with calorimeterprototypes [14]. During the last year, we have designed and submitted to the manufacturer avery high speed full-custom GaAs circuit, described below, that contains adder trees �addition of many numbers is required in all the designs, for example for calculating missingtransverse energy. The development of such demonstrator ASICs provides experience ofdifferent technologies from various manufacturers, lets us evaluate different processingarchitectures, and supplies prototypes of key parts of the trigger processors. It also gives usthe practical experience of designing ASICs that will be important for building the finalsystems in which larger (and more expensive) ASICs will be used.The first RD27 trigger demonstrator system showed the feasibility of a pipelined ASIC forfinding e.m. clusters. A phase-2 demonstrator programme will concentrate on getting the datafrom the detector into the trigger. Apart from the need for fast, compact links, the triggeralgorithms demand massive fan-out of signals in order to provide environment informationfor the e.m. and jet cluster-finding logic. The large number of trigger cells to be examineddemands that the data be in serial format in order to keep the pin-count feasible on themodules and ASICs. The following are the key items to study:¥Optical transmission at 800 Mb/s, using laser diodes and/or LEDs.¥Optical receivers and optical-to-electrical converters. Both commercial receivers andcustom-built MCMs will be evaluated.¥Feasibility of operating the optical links at 1.6˚Gbit/s in order to reduce the cost.¥Transmission of serial data at 800˚Mb/s from crate to crate on coaxial cable.¥Fan-out of serial data on backplanes at 160˚Mb/s using single-ended signals.In the following, we describe hardware developments performed over the last year andplanned for the next phase of the project.Bunch-crossing identificationThe analogue pulses from the calorimeters typically extend over many bunch crossings, whilethe level-1 trigger must identify without ambiguity a single bunch crossing that contained an

— 4 —interaction of interest. Signal processing is therefore included in the digitisation systems sothat, as far as possible, transverse-energy values are passed to the trigger processors only forthe bunch crossing currently under consideration. Such signal processing is included in theFERMI system [12]. However, the calorimeter readout system for ATLAS has not yet beenchosen. In case FERMI is not selected, a separate trigger ADC system with associated bunch-crossing identification logic will be required. An initial study of this aspect of the problem oftriggering at LHC has already been made, and more extensive studies are planned for thecoming year [15].Various approaches to the problem of BCID can be envisaged, using analogue or digitalsignal processing, or a mixture of the two. We are concentrating on digital solutions withprogrammable parameters. This allows the system to be adapted to calorimeters with variouspulse shapes, and for changes be made �at run time� if necessary. The algorithms under studyuse digital filtering (Finite Impulse Response filters) to modify the pulse shape, followed bypeak finding. This combination (filter + peak finder) allows one to identify the bunchcrossing by constant-fraction discrimination or by the zero-crossing time, as well as by thepeak time of the original pulse, depending on the choice of parameters in the digital filter. Inour studies, we have used the ADC value at the pulse peak to derive the transverse energyvalue for the trigger cell. This gives adequate performance provided the phase of the clock toeach ADC is correctly adjusted to sample at the pulse maximum, although the resolutioncould in principle be improved by digital filtering (e.g. by integrating the pulse). Hence, theBCID logic is used to flag valid transverse-energy data, out-of-time data being set to zerobefore transmission to the trigger processor. For low-energy signals, it may not be possible touniquely identify the bunch crossing. In this case, the data can be passed to the triggerprocessor without BCID validation, at the cost of slightly increased pile-up noise.The latency is a critical parameter for all parts of the level-1 trigger system. This has to betaken into account when designing the BCID logic. For example, algorithms such asconstant-fraction discrimination that use the leading edge of the pulse give an earlier signalthan that from zero-crossing logic. Studies have been carried out [16] to determine whichalgorithms are best to suited to the calorimeter signals that will be encountered in ATLAS.They are based on data collected in beam tests of a trigger-processing module connected to aprototype liquid-argon electromagnetic calorimeter. Work on algorithms for scintillator-tilehadronic calorimeter data, collected recently using relatively slow analogue pulse shaping, isin progress.Single-channel BCID demonstratorA demonstrator BCID module was built to evaluate filtering and peak-finding algorithms,using signals from prototype calorimeters in beam tests in real time. The module wasdesigned to act on a single channel of trigger-cell data and was programmable, allowing awide range of algorithms to be evaluated at the full LHC clock speed of 40 MHz.A schematic overview of the module is shown in Fig. 1a. Successive samples of digitisedeight-bit data from an ADC (ETin) enter the module at 25-ns intervals and are stored in apipeline memory until the BCID decision is available. The FIR digital filter is implementedas pipelined logic (Fig. 1b) � the five coefficients of the filter can be programmed to achievethe desired pulse shaping (in fact the multiplication was performed using look-up tables). Theresults from the digital filter (ETconv) are passed to the peak finder, which is alsoimplemented using programmable pipelined logic (Fig. 1c). The peak finder flags valid data(corresponding to pulse maxima). The multiplexer (MUX) component outputs the appropriatedatum from the pipeline if the BCID flag is set, or zero if the flag is not set. For diagnostic

— 5 —purposes, three data values can be read out for each bunch crossing � the delayed input data(ETout), the output of the filter (ETconv), and the output of the multiplexer (ETzsup). Figure 2shows a block diagram of the complete module with the pipeline, filter logic, and peak-finding logic.

PipelineFilterPeakfinderMUX

ETinEToutETzsupETconva)

y(n)a0a1a4a2a3x(n)x(n-1)x(n-2)x(n-3)x(n-4)LLLLLLL - LATCHb)

y(n)y(n-1)y(n-2)LLLLL - LATCH

R3<R2R2>R1

flagR3R1R2c)

Figure 1: (a) Block diagram of the BCID processor module,(b) Finite Impulse Response (FIR) filter, (c) peak finder.Beam testsThe experimental set-up used to test the single-channel BCID module is shown in Fig. 3. Thedemonstrator test rig, already used in previous beam tests [14], was designed to allow for theinclusion of BCID modules, inserted in the data-flow path between the trigger ADCs and thecluster-finding processor module. One channel of digitised data entered the BCID module,and the three results channels (ETout, ETconv, ETzsup) were output to the processor whichprovided the pipelined readout of the results.Data were collected with a high-energy (200 GeV) electron beam incident on the RD3prototype electromagnetic liquid-argon calorimeter. The trigger processor system wasoperated with a free-running 40 MHz clock, and a beam trigger was provided by scintillatorhodoscopes. Following a beam trigger, a time frame of up to 248 25-ns samplings that

— 6 —contained the full pulse from the calorimeter was read out . A standard CAMAC TDC wasused to record the phase of the free-running clock relative to the arrival time of the beamparticle. Three channels were used to read out ETout, ETconv, and ETzsup; an example of therecorded data is shown in Fig. 4. Note that in this test no low-level threshold was applied tothe input data to the filter. Such thresholding, which is foreseen for the final trigger processor,would eliminate most of the spurious low-ET values seen in the bottom-most plot of Fig. 4.

>>>>

8ETin

88++++EToutETzsupETconva4a3a2a1a0

enableflagfilterpeak findercontrol registerfMUXFigure 2: The single-channel BCID demonstrator module.A total of about 13.5k events, corresponding to more than a million data samples, wereanalysed. The recorded input data were used to compute the expected results, which werethen compared with those from the real-time processing. The value of ETzsup that would beused in the subsequent processing showed no error, although there were a few (less than ahundred out of more than a million samples) cases in which ETconv differed from thecomputed value.An example of the results on the reliability of BCID algorithms is shown in Fig. 5, whichshows the position within the time frame (sampling number) of the pulse peak, as determinedin real time by the BCID module. The TDC system was used to select the subset of events inwhich the phase of the free-running 40 MHz clock sampled the analogue pulse near itsmaximum, which corresponds to the situation in LHC. For the high-energy data obtained inthis beam test, the BCID module reliably identified the correct sampling. We have alsostudied the performance of BCID algorithms for low-energy data [16], where reliableidentification was achieved for measured energies down to 3 GeV.During the beam tests, the programmable nature of the BCID module allowed the study ofseveral filter and peak-finding algorithms. Further details can be found in Ref. [17].The results described above were obtained in November 1993 using signals from the RD3liquid-argon electromagnetic calorimeter, with a pulse peaking time at the input to the ADCsystem of about 50 ns. Recently, during the ATLAS beam test of September/October 1994,data were collected with signals from the RD34 hadronic scintillator-tile calorimeter forwhich relatively slow pulse shaping was used � these data are currently being analysed.

— 7 —

Cryostat + LArCalo. Module

ShaperModules

0.1x0.1h-jCluster-Finding Module(9 ASICs)DAQHit Flags andEnergy SumsFADC Data

798654321

3 FADC Modules(36 Channels)

NIM Linear Fan-InsRD3

3640m.........BCID ModuleFigure 3: Block diagram of the calorimeter and trigger system used in the test beam.

sample vs. fadc input 0 100 200

0 25 50 75 100 125 150 175 200 225 250

sample vs. filter output 0 100 200 300 400

0 25 50 75 100 125 150 175 200 225 250

sample vs. p.f. output 0 100 200

0 25 50 75 100 125 150 175 200 225 250

Figure 4: Results recorded in real-time operation of the BCID demonstrator module:the delayed input data (upper plot), output of the FIR filter (middle plot),final BCID output after a peak-finding algorithm (bottom). 0

100

200

300

400

500

600

188 189 190 191 192 193 194 195 196 197

Sampling Containing Pulse Max.

Figure 5: Sampling number containing the pulse maximum. — 8 —Future work on BCIDA new BCID demonstrator system is currently being built which will consist of three 12-channel modules. This has been designed to process all 36 trigger channels available in thepresent trigger demonstrator system. The BCID logic will be implemented using Xilinx field-programmable gate arrays (FPGAs), which leads to a compact design and can bereconfigured to perform alternative algorithms as required. The initial configuration willinclude filter and peak-finding algorithms optimised for pulses from the ATLAS liquid-argonelectromagnetic calorimeter. However new algorithms, including those needed for slowerpulse processing, can be tested using the same system after a simple software reconfiguration.Trigger ADC system for test-beam studiesA new trigger ADC system is currently being constructed as part of the phase-2 calorimeter-trigger demonstrator programme. It will be used in 1995 to provide input data to the BCIDmodules described above. The ADC system used up to now in tests with calorimeterprototypes is not compatible with the new demonstrator system (signals and connectors), andalso lacks some useful diagnostic facilities. The new ADC system improves on it in a numberof respects. In particular, the monitoring and test facilities will be much more extensive.The new ADC system will provide digital data for various tests of calorimeter triggersystems. It will consist of nine four-channel VME modules covering 36 trigger towers. Thesystem digitises the analogue signals linearly into eight-bit values at the full LHC bunch-crossing frequency (40 MHz). The data are transmitted directly to the trigger logic under test.Data are written simultaneously in a circular manner to 256-sampling deep fast memoriesuntil digitisation is stopped following an external signal (i.e. beam trigger). All digitisationresults produced during the preceding time interval of 6.4 ms (25 ns · 256) can be read outvia VME, e.g. for diagnostic purposes.The ADC modules also allow one to �play back� data into the trigger processor under test.Previously-recorded data (e.g. from a test beam) can be reloaded through VME into thememories. The clock-driven output allows testing of new trigger components with �real� datain the laboratory at the full 40 MHz rate.An additional feature is the £˚100 MHz sampling capability of the new ADC system. Thispermits recording of two digitisation samples per 25 ns interval (i.e. 80 MHz). Shaped signalsfrom the liquid-argon calorimeters span as little as 3—5 bunch crossings. Double samplingallows the study of energy resolution and/or efficiency of BCID as a function of the samplingrate.Adder ASIC design and prototypeWe have designed and contracted with Vitesse to build an adder ASIC, which is conceived asa four-stage pipeline with eight input operands and one output operand. Each operand has 10bits of value, one bit of sign, one bit of input value overflow (tower overflow) and one bit ofarithmetic overflow for a total of 13 bits. There are only three stages of adder tree, but anextra level of storage has been added to ensure that chip I/O times are isolated from the addertree itself. The ASIC has a full implementation of J-Tag/Boundary Scan. We have determinedthat the ASIC must work reliably at a clock frequency of 200˚MHz in order to ensure safeoperation at an in-circuit frequency of 160˚MHz. Evaluation by Vitesse of the designconfirms operation at frequencies of 240 MHz. Delivery of first prototypes should take placein the first half of 1995.

— 9 —The present adder ASIC forms part of the CMS trigger design, but similar processing isrequired in ATLAS. Both experiments will benefit from the experience of building high-speed, full-custom ASICs in GaAs.This ASIC uses four-bit adder macro cells to implement twelve-bit-wide adders. Eleven bitsare wired, left justified, to the inputs of the adders. The LSB of each adder will be internallyset to ZERO. So, although the adder tree may be constructed from three four-bit adders, thewidth of the operand data paths is limited to eleven bits.A chip is designated as �master� if it is in the first rank of the adder tree and as �slave�elsewhere. Masters generate �Tower overflow� (Tov), but slaves only propagate Tov. Bothmasters and slaves can generate and propagate arithmetic overflow/underflow (Aov). Thesebits are appended to each input and output operand producing eight 13-bit inputs and one 13-bit output.These bits are ORed with all the other Tov bits on the first rank and propagated forwardthrough the tree. Tov becomes, effectively, the twelfth bit of the output result. When theASIC is used as a slave, Tov is the twelfth bit of each input operand. This effectivelypropagates Tov through to the bottom of the tree regardless of which channel(s) generate thetower overflow. The twelfth bit is Tov and the thirteenth is Aov. The data outputs of the chipare forced to 3FFH when there is either and overflow or underflow.The top of the adder tree is composed of four 12-bit adders and includes the logic required todetect and propagate Tov and Aov. The circuitry to generate Tov is a filter designed to detectthe input code 3FFH. The Aov-generate circuitry examines the sign bits of the input operandsand the results operand, together with the carry out, to determine whether or not an overflowor underflow has occurred. All eight of the Tov bits are ORed together and all four of the Aovbits are ORed together to form two separate overflow bits that are forwarded with the data inthe pipeline. Edge-triggered registers are used to store the results for the next stage of theadder tree.The second stage contains two more 12-bit adders and includes the logic needed to propagateTov and to detect and propagate Aov. From this point on, Tov is forwarded down the pipelinefrom register to register. Aov is generated in the same manner as in the first stage and theresulting two bits are ORed with the Aov from the previous stage. Edge-triggered registersare used to store the results for the next stage of the adder tree.The third stage contains the final adder as well as a continuation of the Tov/Aov circuitry.The register at this level is the last storage element before the ASIC output. If either Tov orAov have been detected, the output operand stored in this register has the value 3FFH. Tovand Aov are stored along with the operand. Adder tree ASICs further down in the tree aredesignated �slaves� and are blocked from using the operand 3FFH to generate Tov. Thus weretain the identity of the tower overflow bits through the entire tree.The last register is presented to one side of a 2:1 multiplexer before leaving the chip throughthe boundary-scan cells and pads. The other side of the multiplexer is fed by an 8:1multiplexer which presents any one of the eight input operands, less the two overflow bits, tothe output of the ASIC. This feature was provided to minimise the external logic needed toread back the values of the look-up tables that feed the first stage of the adder-tree logic in theCMS processor design.The chip also contains boundary-scan support. The ASIC boundary-scan implementation,along with a proper board-level implementation, should provide full testing capability of theASIC while it is in circuit. The boundary cells can also be used to verify circuit integrity

— 10 —(shorts, opens, and stuck at one/zero) at the board level. IEEE standard 1149.1 has beenstrictly adhered to in order to ensure compatibility with other ASICs or board-level boundary-scan controllers. The full J-TAG controller and a major subset of the commands has beenimplemented. All inputs and outputs, with the exception of the five boundary-scan controlsignals, have scan I/O cells.Initial investigations of integrated opticsA novel feature of the trigger-processor designs for ATLAS is the use of integrated optics toachieve a high-density system. In order to investigate the feasibility of mounting multiplehigh-speed optical fibres onto MCM substrates, a first demonstrator MCM was built by IMCcorporation in Link�ping. In this demonstrator, seven banks of eight V-groove fibre mountingpads were placed along each of three sides of an MCM (Figs. 6 and 7). Although the designwas intended for pin-diode arrays, discrete diodes were used to validate the construction. Sofar only two adjacent pin-diodes have been mounted and tested.

Place forLarge ASICFigure 6: High-density integrated-optics MCM.

FibersPIN diodesV-grooves

Mirrors

LidFigure 7: Expanded views of high-density 8-channel integrated-optics demonstrator.The tests proved that it is indeed possible to mount fibres densely, with a pitch of 0.25˚mmwhich would extrapolate to a 30˚·˚30˚mm2 MCM substrate with 168 fibres. Electrical testsshowed that 400˚Mbit/s input rates would be possible when fed via multi-mode fibres. Thischoice was a consequence of using LEDs as a light source. (LEDs were chosen since theyhave better long-term reliability than lasers, especially when exposed to radiation.) Themeasured bandwidth limit was 250˚MHz, mainly due to contact problems. All components

— 11 —were designed for higher rates and we are confident that the bandwidth limit can be increasedafter further work.The V-grooves were fabricated with a pitch of 0.25 mm to fit standard fibre ribbons. Themirror was etched using the 1-1-1 crystal plane with an angle of 54.7�. In the tests, 71% of thelight was recorded in the PIN diodes.Phase-2 demonstrator systemsA phase-2 demonstrator programme [15], which will extend into 1996 including beam tests,has been funded and will investigate key elements of the design described in the ATLAStechnical proposal. Digitised data from the 36-channel ADC system will be transferred tothree 12-channel transmitter modules (Fig.˚8). Each module will process the incoming datathrough look-up tables and BCID logic (using FPGAs as described above). Pairs of channelswill be combined and converted into serial bit-streams each running at 800˚Mbit/s. Thisconversion will initially be performed by a commercial chip-set, but R&D work is underwaywhich may provide a low-cost custom alternative. The serial bit-streams are converted tooptical format, by means of laser diodes or LEDs, and injected into optical fibres. Each fibrewill be at least 65˚m in length to represent the ATLAS data-transmission environment asrealistically as possible, and will carry data from two calorimeter trigger cells.6RESULTS88x1240 MHz40 MHz3 TRANSMITTERMODULES50 mOPTICALFIBRES9 VME FADCMODULESBEAMTRIG40 MHz6688x1288x12‡640 Mbit/sTRANSMISSIONLINEBACKPLANE(160 Mbit/s)160 MHzCLUSTERPROCESSOROPTICALRECEIVERandMODULECLUSTERPROCESSOROPTICALRECEIVERandMODULECLUSTERPROCESSOROPTICALRECEIVERandMODULECLUSTERPROCESSOROPTICALRECEIVERandMODULECLUSTERPROCESSOROPTICALRECEIVERandMODULECLUSTERPROCESSOROPTICALRECEIVERandMODULECLUSTERPROCESSOROPTICALRECEIVERandMODULECLUSTERPROCESSOROPTICALRECEIVERandMODULECLUSTERPROCESSOROPTICALRECEIVERandMODULE

ADCSYSTEM

PAR�SER�OPTBCID

MULTI-PHASE CLOCKING SYSTEM9 TRIGGERMODULES

Figure 8: One configuration of the phase-2 demonstrator system.The trigger modules (Fig. 9) will combine the functions of optical receiver and clusterprocessor. A total of nine modules, each receiving and fanning-out data from a 2˚·˚2 array oftrigger cells, will be required to process a 3˚·˚3 array in a 6˚·˚6 trigger cell window. Inputdata from the transmitter modules will arrive at each trigger module on two fibres. The fibreswill connect to fibre pig-tails on a single 4-channel MCM per module where much of thesignal processing will take place. (Only two of the MCM channels will be used, but we wishto demonstrate the feasibility of 4-channel devices.)Serial data bit-streams will be transmitted from the MCM to the cluster-processing ASICs(via serial/parallel ASICs) and also to a transmission-line backplane for fan-out toneighbouring trigger modules. To execute the cluster-processing algorithm for a maximum offour 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.

— 12 —The front-end MCM, shown in Fig. 10, is a crucial component in the system. It contains fouridentical processing channels, each consisting of an electrical-to-optical converter and twodigital processor dies, and performs 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 will consist of an optical-fibre pig-tail, accurately located in achemically-etched V-groove in the silicon substrate, and viewed from above by a PIN diode.The resulting signal will feed a trans-impedance amplifier/discriminator die to produce alogic-level signal. Four of these daughter MCMs will be mounted on the main MCM, withthe fibre pig-tails emerging via sealing collars through holes in the package.

..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 OUTPUTSVME 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 9: Layout of trigger module.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 to re-generate 16-bit words at 40˚MHz. It should be noted that the only place in thesystem 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.

Embedded-Fibre MCMSerial/parallelprocessing dieMultiplexingASICOpticalFibreInputsElectricalOutputs(640 Mbit/s)(4x160 Mbit/s)Figure 10: Four-channel integrated-optics MCM.

— 13 —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 numerouscomplications inherent in signal-handling at these very high speeds.The final processing function � to time-multiplex the eight data bits corresponding to eachtrigger cell onto two 160˚Mbit/s serial lines � will be performed by part of a dual-functionsemi-custom ASIC mounted in die form on the main MCM.The cluster-processing ASICs in the ATLAS technical proposal design will process a 4˚·˚4trigger cell array, taking in both electromagnetic and hadronic information. Most of thecomplexity of such a large new ASIC will be in the processing arithmetic for a 16-trigger-cellalgorithm, an operation which has been thoroughly studied in the Phase-1 demonstratorprogramme. To save costs, therefore, the Phase-1 ASICs will again be used for the cluster-processing function in the phase-2 demonstrator. These chips accept only parallel data, so itwill be necessary to provide serial-to-parallel conversion for the 160˚Mbit/s serial bit-streamscoming from the MCMs. By combining this with the time-multiplexing function on a singlechip, a dual-function ASIC can be designed, almost halving the non-recurring engineering(NRE) cost. Four of these ASICs will be mounted on the integrated-optics MCM inunpackaged die form. The serial-to-parallel conversion function, enabling the Phase-1 ASICsto be re-used in the new demonstrator system, will be performed by four more of theconversion ASICs, this time used in a packaged format.To test the multi-layer high-density transmission-line backplane which will provide electricaldata fan-out in the full system, a scaled-down version with restricted capacity will bedesigned for the demonstrator system crate, fanning-out 36 channels of data between ninetrigger modules, but offering a similar high track density. This will enable a study of potentialproblems of cross-talk, signal reflections and timing synchronisation to be made in as realisticway as possible.A number of variations in configuration will also be built and evaluated. These include theuse of separate optical receiver modules. This has a number of advantages, including thepossible use of commercial optical receivers should custom MCMs prove to be tooexpensive. However, this option demands serial transmission of high-speed data to thecluster-processing modules. Therefore, transmission at 800˚Mb/s over short lengths of coaxialcable will be studied. Finally, the feasibility of operating the optical links at 1.6˚Gbit/s inorder to reduce the cost will be tested.Alternative technologiesOther technologies are also being considered for ATLAS, as discussed in Appendix˚C. Thefeasibility of the suggested design depends on some key technical issues, such as thepossibility of bringing a large number of 800˚Mbit/s fibres to an MCM, the reliability of bit-serial operations at high clock rates and the performance of the opto/electric components.At present, a functional demonstrator of these technologies is being designed [9]. A detailedVHDL description down to a Register Transfer Level will serve as a system definition.Simulation results are used for verification. The purpose of this demonstrator project is toprove the feasibility of the system and provide an opportunity to study the system propertiesbefore finalising the system itself. The system components used will be identical to the onesenvisaged for the final system, if the specifications are not changed. The first step is to buildthe processing ASIC and the opto/electric MCM and to test them separately using simulated

— 14 —and test beam data. The second and third steps are to test the ASIC and MCM together and totest a board with several MCMs and processing ASICs operating together.The demonstrator will be built and tested in two steps over a period of two years. The firststep will include the design of a bit-serial processing ASIC and its testing with simulateddata, recorded data and then finally on-line data. The prototype ASIC will be designed inBiCMOS. Board design and specification of the interfaces to the front end are still in an earlystage. Initially the demonstrator will receive electrical signals from the ADC system beingdeveloped within the RD27 collaboration and described above. The demonstrator board willbe designed to be read out via VME in a way compatible with the test-beam environment.In parallel there will be an independent development and test of the opto/electric conversionsystem presented above.The following step will be a combined test of a partial system including several processingASICs and their associated opto/electric circuitry. Whether this stage will also includemanufacturing and tests of the merger ASICs is largely a question of funding.Calorimeter trigger R&D programme for 1995A number of activities in calorimeter trigger R&D are planned for 1995. The design work forATLAS and CMS will continue as will the physics simulation studies.As discussed above, the new trigger ADC system will provide data to FPGA-based BCIDmodules in beam tests with ATLAS prototype calorimeters. The existing first-demonstratorprocessor system will receive the data from the FPGA-based BCID system, identifyingelectrons in real time at the full LHC speed.For both ATLAS and CMS, an important element in the trigger-processor design is electricaldata transmission within a crate using point-to-point links over a 160 MHz high-speedbackplane. The connector density between the modules and the backplane has to be high(~300—500 per module). We will perform a number of backplane design studies of high-volume signal transmission, high-density connectors (possibly on both sides of thebackplane), clock distribution, power distribution, cooling, location of cabling andaccessibility for debugging and maintenance.We will continue to study synchronous trigger data transmission to the calorimeter triggerprocessors using fast optical links. Alternatives, such as sending analogue-summed electricalsignals from the detector to a remote ADC system, will also be investigated.We will continue our work on the ASICs that form the heart of the trigger processors. Theprototype GaAs adder ASICs that will be manufactured by Vitesse will be evaluated in thelaboratory. We will continue design work on the various ASICs that are needed for theATLAS and CMS trigger processors, sharing our experience of different logic architectures(bit-parallel versus bit-serial) and technologies (both gate arrays and full-custom circuits, inCMOS, GaAs, BiCMOS, etc.).We will also continue our board and circuit design work for the ATLAS and CMSprocessors. Design requirements will be developed in order to set up data-flow diagrams andVHDL descriptions. We will study and develop models for the overall calorimeter triggerlatency, which is a critical parameter for the design of the front-end electronics. Finally wewill address the issue of diagnostics in order to develop a global philosophy that can beapplied across trigger systems, involving both ASICs and boards. For example, a study of theJ-Tag/Boundary Scan scheme will be made.

— 15 —3. Muon TriggerMembers of RD27 prepared the level-1 muon trigger design that is described in the ATLAStechnical proposal [5]. Only a very brief description is given here, but details can be found inRef. [18]. The trigger is based on dedicated trigger detectors that have a sufficiently fastresponse time to uniquely determine the bunch crossing that contained the muon. Resistiveplate chambers (RPCs) are used in the barrel, while thin-gap chambers (TGCs) are used in theend-cap. Here the system for the barrel is described as an example, but the same electronicscan be used in the end-cap.The barrel muon spectrometer of ATLAS uses a large air-core toroid magnet. RPC layers arelocated near the middle and at the end of the toroid, as shown in Fig. 11. High-pT muons areidentified by the fact that they penetrate the absorber and are only deflected by small anglesin the toroidal field, and hence �point back� to the interaction region.A low-pT muon trigger is provided, requiring hits in three out of four layers of triggerchambers located near the middle of the toroid. The four chambers are arranged in twogroups of two, separated by about 40 cm, and the hits must lie within a road. The high-pTtrigger requires, in addition, hits in two out of three additional chamber layers located afterthe toroid, at a distance of about 3 m from the other trigger chambers. The chambers givetwo-coordinate readout and the majority conditions are required independently in each of thetwo projections.The trigger has considerable flexibility because the width of the roads can be programmed.By requiring hits in a large number of layers (3/4 ¯ 2/3 in each projection for high-pTmuons), backgrounds from random hits are suppressed. The efficiency of the trigger is notdegraded by the presence of noise hits in the vicinity of muon tracks. The simplicity of thealgorithm allows a low-latency implementation as described below.Our design study [19] is for an implementation using a programmable coincidence-matrixASIC. This will provide three programmable road definitions, corresponding to threedifferent pT thresholds. The design uses two identical ASICs in each projection for eachgroup of �reference� strips, as illustrated in Fig. 12, giving three thresholds for each of thelow- and high-pT triggers. The final ASICs for ATLAS will contain 32˚·˚48 coincidencematrices, corresponding to 32 reference strips and allowing a road width up to 16 strips.About 6000 such circuits will be required to instrument the whole of the barrel and end-capmuon trigger in ATLAS.r zq low pT whigh pT

Figure 11: Conceptual design of the level-1 muon trigger for ATLAS.

— 16 —T2.1+ T2.2

T1.1+ T1.2

T2.1+ T2.2confirmed

+ T3.3T3.1+ T3.2low p triggerThigh p triggerT

T1.1T1.2T2.1T2.2T3.1T3.2T3.3Figure 12. Muon trigger local logic for one projection. The symbols Ti.j refer totrigger chamber layers located at different points in the spectrometer. The inputsto the two axes of the coincidence-matrix circuits are the patterns of hits in thedifferent chamber layers. The matrix is programmed to identify combinationsof hits that correspond to valid tracks for the different pT thresholds.The coincidence matrices are mounted on or near the trigger detectors. This �local logic�determines if there is a muon candidate in a small area of the detector (�trigger tower�,typically Dh˚·˚Df ~ 0.1˚·˚0.25). The trigger system is divided into sectors in f, and fourregions in h (two end-caps plus two half-barrels). So-called �sector logic� combines theinformation from all the local logic within a sector, summarising the information for up totwo muon candidates per sector. The following information is sent to the muon central triggerprocessor (located in the underground counting room close to the central trigger processor):¥Number of muon candidates in the sector.¥ Trigger tower number within the sector.¥Highest pT threshold fired for each trigger tower.The general design concept of this muon trigger has already been validated in ademonstration by RD27 using signals from RPC detectors in RD5, implementing thecoincidence matrix using GaAs cross-bar switches [20]. This showed that the time resolutionwas sufficient to reliably assign the trigger to the correct bunch crossing. In fact, the r.m.s.width of the distribution of the trigger decision time, relative to a timing reference given byscintillation counters, was under 2 ns.A demonstrator coincidence-matrix ASIC [19], similar to that required for ATLAS, hasrecently been submitted to a manufacturer. It provides an 8˚·˚24 coincidence matrix with twothresholds and is field programmable (see Fig. 13). Each cell provides logic to require hits inthree out of four inputs, which allows the full algorithm described above to be implementedusing two ASICs per projection � details of how this is done can be found in Ref. [19].Micro-pipelines are included on the inputs to compensate for different propagation delaysfrom different trigger-chamber planes. The ASICs will be included in a demonstrator triggersystem to be evaluated in test beams in 1995, using signals from RPC and/or TGC detectors.

— 17 —

8 x 24 Co-Incidence Array

XAThreshold Selector88YAYB

YC/XB

24242 x 82 x 8Xi(‡1)Yj(‡1)

Threshold 1

Threshold 2

These signals are ORed for all cellsin the columnYjXi

Xselect

Yselect

22Threshold OutputX position2 x 8

2 x 8Array ResultXinput

YinputC0C1ZselectMultiplexer(to bypass the register)

Shift or Parallel Load Register

Yj(‡2)3 of 4

Xi(‡2)

Pre-Process

2 x 24

Pre-Process2 x 82 x 8

2 x 24YCXB

0101YC248XB

INMUX

24’0’8’0’24Input Pin De-multiplexer

824242424INSELECTINSELECTINSELECT24

Mask 24

MaskMask 824

MaskmPipeline

Figure 13: Block diagram of muon-trigger demonstrator ASIC.4. Central Trigger ProcessorThe level-1 central trigger processor (CTP) [21] combines information from the differentsubtrigger processors and makes the overall level-1 yes/no decision. A block diagram of theCTP system that is being studied in RD27 is shown in Fig. 14. The design described here hasbeen adopted by ATLAS, and some of the components are also of interest to CMS.The logic functions that have to be implemented to combine the different trigger inputs arerelatively simple � trigger signatures can be required in coincidence, veto or �don�t care�.For example, one might require at least one high-pT electron in coincidence with largemissing transverse energy as a trigger for W fi en. The present design uses a mixture oflook-up tables and combinatorial logic to implement the actual CTP algorithm. However, weare also considering the use of FPGAs.An analysis of the system requirements reveals that the CTP is a rather complex system withmany challenging aspects:¥Latency (processing time) is critical since data from millions of detector channels haveto be stored in pipeline memories until the level-1 trigger decision is delivered. In thecase of ATLAS, only 125˚ns is allowed for the CTP processing. This is most easilyachieved in a system that is compact, so that time is not used sending signals betweendifferent modules.

— 18 —¥The CTP must accommodate a large number of inputs from different subtriggerprocessors, and allow for test and calibration triggers; it must also allow a large numberof trigger combinations to be required in disjunction (OR). Following experience fromhadron-collider experiments, and on the basis of work performed in ATLAS and CMS,it will probably be necessary to allow for ~100 trigger combinations of ~100 triggerinputs. Our design study suggests that, using gate arrays, this can be achieved in asingle 9U crate. The system we have designed is scalable so that, within the limits of asingle crate, the available number of trigger inputs or combinations can be increased byadding extra modules.¥The inputs from the different subtrigger processors will not initially be aligned in time.Phase-adjust circuits (PA) and variable-length pipelines (VPL) are therefore required.¥The ability to prescale individual high-rate triggers has to be built into the system.¥The CTP has to include so-called �dead-time logic�. This must limit the number oftriggers arriving in a short period of time to avoid the overflow of buffers in the front-end systems. Given the short (25 ns) bunch-crossing interval, it is not feasible toimplement this using feedback from the front-end systems. A system withprogrammable parameters is envisaged that will generate a veto signal before problemscan occur in the front end.¥Information about which triggers fired must be read out with all events selected by thelevel-1 trigger. This will be needed in the subsequent trigger levels and in the off-lineanalysis, e.g. for trigger acceptance studies. The readout has to be pipelined and mustintroduce only negligible deadtime. It will be necessary to be able to read out the datafrom a few bunch crossings before and after the triggered one. Experience fromexperiments at HERA has shown that this is an essential feature when �timing-in� thetrigger system.¥All the input signals and the trigger combinations have to be scaled to measure the ratesof the different triggers. This information is essential to monitor the correct functioningof the trigger and detectors, as well as beam conditions.¥The need to monitor the luminosity also has to be considered � the trigger ratesprovide information on the (relative) luminosity of the LHC. The luminosity may varyfrom bunch-to-bunch. Precision analyses will have to correct for pile-up effects thatdepend on the number of events in the bunch crossing that triggered (possibly a fewbunch crossings before and after the one that triggered). We are therefore going toinvestigate the possibility of monitoring the rates of triggers for each of the ~3000 pairsof bunches in the LHC.¥In addition to measuring rates, extensive test and diagnostic facilities must be includedin the system. This has already been considered in the design, which, for example,includes circuits to generate test data.¥Of course, a control system has to be provided for setting programmable parameters.We consider it important for design of the CTP to progress in parallel with that of thesubtrigger processors to arrive at a coherent overall level-1 trigger system. This will make iteasier to arrive at common standards, for example for control, readout and crate mechanics.Furthermore, a reliable estimate of the overall level-1 trigger latency (a critical parameter forthe design of the detector front-end electronics) can only be arrived at once all parts of thesystem have been designed in detail.

— 19 —_{OR}

L1_ACC

                                                             MON.

                                                             MON.

                                                   SCA

BC

                                                     GEN_VETO

                                                             READOUT

BC

BC

                                                             MON.

                                                              READOUT

                                                      PL

                                                              MON.

                                                     SCA
BC

BC

BC PA REG

                          TRIGGER WORD

                    ALIGNMENT REGISTER

                             DEADTIME

                SUBTRIGGER DATA PATTERNs

                         FINAL DECISION

         LUT

                                       PRE

                       PRE

                       REG

              REG

                                                    SCA

                                                     PL

                                                   SCA

                       VLP

              VLP VLP

                               AND

Figure 14: Block diagram of the central trigger processor.During the last year, much progress has been made in simulating the central trigger processorin a high-level design language. A complete model of the central trigger processor data pathhas been written in VHDL. There are three levels in the simulation � system level, interfacelevel and functional model. An important feature of the model is that component-level VHDLdescriptions can be imported; from the same component-level descriptions, FPGA designscan be synthesised. This feature of the VHDL model has already been used to import acomponent-level description of an array of scalers into the system-level model of the CTP,and it is planned to extend this to all critical components.Work has started to implement the critical components in FPGAs. This has already been donefor the prescaler circuit and results are expected soon for the variable-length pipeline andscaler array. It is planned to extend this work during the coming year to cover all criticalcomponents in the CTP system. Different solutions for some of the components will beinvestigated and compared. Although the initial hardware work is being done with FPGAs,there are advantages in terms of speed and density of logic in using gate-array ASICs. FPGAimplementations provide important information for future ASIC developments. The higherdensity of gate-array ASICs could reduce the number of physical components andinterconnections on modules, thus leading to better system reliability.While a complete design has been made of the data path of the CTP, much more work isrequired on the control, monitoring and readout parts of the system. The interface to the

— 20 —subtrigger processors also has to be defined in more detail. Finally, the physicalimplementation of the system has to be explored in more detail since signal-path lengthscannot be ignored in the latency calculations.5. Suggested milestonesWe propose the following milestones for the next year of the project:¥Beam tests of a second-generation muon trigger processor incorporating a coincidence-matrix ASIC.¥Beam tests of bunch-crossing identification logic for the calorimeter trigger based onFPGAs, using a new FADC system.¥Development of demonstrators for key components of calorimeter trigger processors,including evaluation of the following: fast optical links and integrated optics; fastelectrical data transmission between boards and crates; fast, high-density processingASICs.¥Evaluation of key components of the central trigger processor in gate arrays.6. Request to CERNWe request funding from CERN at the level of 100 kCHF in 1995. We also request continuedelectronic-engineering support from ECP division at the same level as in 1994; this isrequired for the work on the central trigger processor.7. Division of workThe areas of responsibility of the participating groups are summarised in the following table:PhysicsSimulationTiming &ControlCentralTriggerCalorimeterTriggerMuonTriggerLevel-1 /Level-2

Birmingham¥¥

CERN¥¥¥¥¥

Heidelberg¥¥¥

Link�ping¥

Munich-MPI¥¥

QMW, London¥¥

RAL¥¥¥

RHBNC, London¥¥

Rome 1 and 2¥¥

Stockholm¥¥¥

Wisconsin¥¥

AcknowledgementsWe express our thanks to ATLAS and CMS, and to other R&D groups with whom we haveheld useful discussions. We are particularly grateful to RD3, RD5, RD33, RD34 and to theATLAS calorimeter groups for their help and cooperation during joint beam tests.

— 21 —References[1]RD27 proposal, CERN/DRDC/92-17.[2]Minutes of Research Board 30 June 1992. Minutes of DRDC meeting 4 June 1992.[3]RD27 status report, CERN/DRDC/93-32.[4]Minutes of Research Board 30 September 1993. Minutes of DRDC meeting2˚September 1993.[5]ATLAS Technical Proposal, CERN/LHCC/94—43.[6]CMS Technical Proposal, CERN/LHCC/94—38.[7]B.G. Taylor, �Timing, trigger and control distribution for LHC detectors�, workingreference document, CERN/ECP-RA.[8]I.P. Brawn et al., �The level-1 calorimeter trigger system for ATLAS�, RD27 note 34and ATLAS-DAQ-NO-30.[9]G. Appelquist et al., �An R&D programme for alternative technologies for the ATLASlevel-1 calorimeter trigger�, RD27 note 36 and ATLAS-DAQ-NO-32.[10]J. Lackey et al., �CMS calorimeter level-1 trigger conceptual design�, RD27 note 37and CMS TN/94-284.[11]S. Dasu et al., �CMS level-1 calorimeter trigger performance studies�, RD27 note 38and CMS TN/94-285.[12]FERMI Status Report, CERN/DRDC/94—17.[13]V. Perera, �A first-level calorimeter trigger processor for the LHC�, RD27 note 8.[14]I.P. Brawn et al., �Beam Tests of a Prototype Level-1 Calorimeter Trigger Processor forLHC experiments�, Nuclear Instruments and Methods A349 (1994) 356—366.[15]I.P. Brawn, �A demonstrator programme for the ATLAS level-1 calorimeter trigger�,RD27 note 35 and ATLAS-DAQ-NO-31.[16]I.P. Brawn, �Preliminary Investigations into Bunch-Crossing Identification for theLevel-1 Trigger�, RD27 note 11.[17]I.P. Brawn et al., �Beam Tests of a Single-Channel Bunch-Crossing IdentificationModule for the Level-1 Trigger�, RD27 note 31.[18]E. Barberio et al., �Implementation of the first-level muon trigger�, ATLAS-DAQ-NO-39.[19]J. Dowdell et al., �A coincidence array demonstrator ASIC for the RD27 muon trigger�,RD27 note 30.[20]E. Petrolo and S. Veneziano, �Use of GaAs circuits for first-level muon triggering atLHC�, Nuclear Instruments and Methods A344 (1994) 194—198.RD5 Status Report, CERN/DRDC/93—49.[21]C. Jacobs et al., �First-level central trigger processor for LHC experiments�, RD27note˚39.

— 22 —Publications from RD27¥N. Ellis et al, �A calorimeter-based level-one electromagnetic cluster trigger for LHC�.Proc. CHEP92, CERN 92-07, pp. 210—213.¥B.G. Taylor, �Multichannel Optical Fiber Distribution System for LHC DetectorTiming and Control Signals�. Proc. CHEP92, CERN 92-07, pp. 689—692.¥B.G. Taylor, �Multichannel Optical Fiber Distribution System for LHC DetectorTiming and Control Signals�. Conf. Record IEEE Nuclear Science Symposium,Orlando, USA, 25—31 October 1992, pp. 492—494.¥E. Eisenhandler et al, �First level calorimeter trigger system for the LHC�. Presented byV. Perera at IEEE Nuclear Science Symposium, Orlando, Florida, USA, 25—31 October1992.¥E. Petrolo and S. Veneziano, Nucl. Instr. and Meth. A344 (1994) 194.¥I.P. Brawn et al., Nucl. Instr. and Meth. A349 (1994) 356.¥C. Bohm et al, �A bit-serial first-level calorimeter trigger for detectors at LHC�.Presented by C. Bohm at 4th Int. Conf. on Calorimetry in HEP, Elba, 19-25 September1993.¥I.P. Brawn et al., �First results from a prototype level-1 calorimeter trigger system forLHC�. Presented by A. Gillman at 4th Int. Conf. on Calorimetry in HEP, Elba, 19—25September 1993.¥B.G. Taylor, �Optical timing, trigger and control distribution for LHC�, presented atIEEE Nucl. Science Symposium, San Francisco, 31 Oct — 6 Nov 1993.¥I.P. Brawn et al., �Implementation of a first-level calorimeter trigger for use at theLarge Hadron Collider at CERN�. Presented by R. Staley at IEEE Nucl. ScienceSymposium, San Francisco, 31 Oct — 6 Nov 1993.¥C. Bohm et al, �A bit-serial first-level calorimeter trigger for detectors at LHC�.Presented by X. Zhao at CHEP94, San Francisco, 21—27 April 1994.¥S. Dasu et al., �The level-1 calorimeter trigger for the CMS detector�. Presented by S.Dasu at CHEP94, San Francisco, 21—27 April 1994.¥I.P. Brawn et al., �A first-level calorimeter trigger for LHC experiments — designstudies and beam tests of a first prototype trigger system�. Presented by A.T. Watson atCHEP94, San Francisco, 21—27 April 1994.¥W. H. Smith et al., �Level-1 Calorimeter Trigger for the CMS Detector�, Proceedingsof DPF ’94, Albuquerque, NM, August, 1994, U. Wisconsin Preprint WISC-EX-94-340.¥S. Dasu et al., �Level-1 Calorimeter Trigger for the CMS Detector at the LHC�,Proceedings of the International Conference on Calorimetry in High Energy Physics,Brookhaven, NY, September, 1994, U. Wisconsin Preprint WISC-EX-94-342.¥C. Bohm et al., Presented by C. Bohm at RTD�94, Dubna, Russia, 27 June — 1 July1994.¥I.P.Brawn et al., �Bunch Crossing Identification in a Level-one Calorimeter Trigger forLHC�. Presented by Y.Ermoline at RTD�94, Dubna, Russia, 27 June — 1 July 1994.¥V. Perera et al., �A first-level calorimeter trigger for the ATLAS experiment�.Presented by V. Perera at IEEE 1994 Nuclear Science Symposium, Norfolk, Virginia,USA, Oct 30 — Nov 5, 1994.

— 23 —RD27 notes1. N. Ellis, Level-1 and level-2 triggering at LHC.2. J. Garvey et al., A calorimeter-based level-1 em cluster trigger for LHC.3. BG.Taylor, Multichannel optical fibre distribution system for LHC detector timing andcontrol signals.4. N. Ellis, Level-1 and level-2 triggering at LHC.5. V. Perera et al., First level calorimeter trigger system for the LHC.6. C. Bohm et al., A bit-serial first-level calorimeter trigger for an LHC detector.7. N. Ellis, Ideas for a local/global level-2 trigger system.8. V. Perera, A first-level calorimeter trigger processor for the LHC.9. J.P. Vanuxem and H. Wendler, Central trigger processor for the first-level trigger forLHC experiments.10. V. Perera, Crate readout controller (ROC).11. I. Brawn, Preliminary investigations into bunch-crossing identification for the level-1trigger.12. R.E. Carney, The level-1 bit-parallel em trigger processor - CERN beam testsNovember 1992.13. A. Watson, Physics simulation studies of the first-level electron/photon trigger.14. E. Petrolo, S. Veneziano, Use of GaAs circuits for first-level muon triggering at LHC.15. A. Nisati, Accidental trigger rates in the ATLAS muon system.16. S. Navas Concha, Data analysis for first-level trigger in ATLAS calorimeters.17. R. Staley et al., Implementation of a first-level calorimeter trigger for use at the LHC atCERN.18. B.G. Taylor, Optical timing, trigger and control distribution for LHC detectors.19. A. Gillman, First results from a prototype level-1 calorimeter trigger system for LHC.20. N. Ellis, Forward calorimetry and the level-1 trigger.21. E. Eisenhandler, Level-1 triggers for LHC experiments.22. I.P. Brawn et al., Beam tests of a prototype level-1 calorimeter trigger for LHCexperiments.23. U. Dickow, An analysis of the RD27 level-1 prototype calorimeter trigger processor testbeam data.24. N. Ellis, Distributed processing for fast triggering of DAQ.25. P. Hanke, M. Keller, ROI Building, Results from a first demonstrator.26. C. Bohm et al., A bit-serial first-level calorimeter trigger for detectors at LHC.27. C. Bohm et al., A bit-serial first-level calorimeter trigger for detectors at LHC.28. S. Dasu et al., The level-1 calorimeter trigger for the CMS detector.29. A. Watson et al., A first-level calorimeter trigger for LHC experiments — Design studiesand beam tests of a first prototype trigger system.30. J. Dowdell et al., A coincidence array demonstrator ASIC for the RD27 muon trigger.31. I.P. Brawn et al., Beam tests of a single-channel bunch-crossing identification modulefor the level-1 trigger — November 1993.32. S. Dasu et al, The level-1 calorimeter trigger for the CMS detector at LHC.33. V. Perera et al., A first-level calorimeter trigger for the ATLAS experiment.34.I.P. Brawn et al., The level-1 calorimeter trigger system for ATLAS.35.I.P. Brawn, A demonstrator programme for the ATLAS level-1 calorimeter trigger.36.G. Appelquist et al., An R&D programme for alternative technologies for the ATLASlevel-1 calorimeter trigger.37. J. Lackey et al., CMS calorimeter level-1 trigger conceptual design.38. S. Dasu et al., CMS level-1 calorimeter trigger performance studies.39.C. Jacobs et al., First-level central trigger processor for LHC experiments.

— A1 —Appendix A: The calorimeter trigger design for the ATLAS technical proposalWe briefly describe here the design of a bit-parallel first-level calorimeter trigger processorwhich has been adopted as the ATLAS baseline system. Full details of the design are given inRef.˚[8]. This design is still evolving as our studies and prototype work progress and as newtechnology becomes available. However, it should be noted that the design has been studiedin considerable detail, is based on technology available now or in the near future, and appearsfeasible both on cost and performance grounds.

CalorimeterAnalogue SumFADCMissing-ETModule

Fibre LinkLevel-1 Central Trigger Logic

MuonTrigger

RoIRoI

OnDetectorInTriggerControl RoomJet ModuleDeclusterModuleDeclusterModuleTransmit ModuleBCIDLook-up table

ElectromagneticCluster Module

orFERMIFigure A1: Block diagram of the level-1 trigger system for ATLAS.The trigger architecture is shown in Fig. A1. The main components are the front-enddigitisation and bunch-crossing identification (BCID) logic, a high speed transmissionsystem, and processors for e.m. clusters, jets and missing-ET. The data reception and e.m.cluster processing is the most demanding part of the system, and this will be housed in fourcrates. The subsequent processing will require two further crates. The trigger will use sixdifferent ASIC designs and seven different circuit-board designs. Figure A2 shows a blockdiagram of the trigger processor system. The latency of the entire system has been evaluatedin some detail, and it can be made to be well under the ATLAS requirement of 2˚ms. . 1-4 ClusterProcessorCrates

ROI Builder

To Level-2

Central TriggerProcessor

Level-1ACCEPT

MuonTriggerElectronDe-clusterCrateJet ProcessorCrate

From theFront-endSystem

123Note:1 = Jet Trigger2 = Electron Trigger3 = Missing-ET TriggerOpticalFan-out(4000)Optical Splitters &Distribution Box

1000

1000

1000

1000

Figure A2: First-level calorimeter trigger system. — A2 —Front-end processingAnalogue signals from the calorimeters are summed on the detector to form trigger cells ofDh · Df = 0.1 · 0.1 and digitised by an 8-bit FADC with a nominal resolution of ET = 1 GeVper count. The options under consideration include both the FERMI system and anindependent trigger ADC system. In the non-FERMI option, the digital data pass through alook-up table where pedestal subtraction and final calibration are applied, yielding an 8-bitET measurement for the trigger cell. The data then pass through a BCID stage where thedigitisation corresponding to the pulse peak is selected, and other samples are set to zero.Following BCID, two trigger cells are combined for transmission as a 16-bit word from thedetector on a fibre-optic link carrying data at 640 Mbit/s. Approximately 65 m of fibre isneeded to carry the signals to the underground counting room where the trigger processor issituated.Cluster-processing ASICThe design calls for a cluster-finding ASIC to fully process 16 trigger channels. Thisoperation requires ET from a total of 98 channels (7 · 7 trigger cells for each of the e.m. andhadronic calorimeters). Each cluster-processing module houses four ASICs and uses ET from242 channels. A total of 64 modules are required. Transfer of data into the modules andASICs at the required rate has proved to be the single most demanding aspect of the triggerdesign.At the time of the previous RD27 status report, a preliminary design had been developed inwhich information was to be sent asynchronously as a single, zero-suppressed 160˚Mbit/sserial stream for each channel, requiring derandomizing buffers at each end of the link.Further study showed that the latency associated with the derandomizing buffers wasunacceptably high.In the revised design, data enter the cluster-processing ASIC synchronously as two serial160˚Mbit/s streams per channel, using two I/O pins. Optical signals from 64 fibres arebrought directly onto each moduleThe ASICs produce results for eight sets of threshold values (cluster threshold, e.m. andhadronic isolation thresholds) as hits and as a �region-of-interest� array for the level-2 trigger.A 160˚MHz clock is needed for the serial input and output links, but the internal logic willprobably run at 40˚MHz. We anticipate using a 0.5˚mm CMOS gate array with up to 820kgates. ECL pads required to receive the 160 Mbit signals are under development.Approximately 256 cluster-processing ASICs will be needed to process the entirecalorimeter.As the first prototype ASIC runs at more than 67˚MHz, the trigger latency will be minimisedby reducing the number of pipeline stages and doing more processing per stage.Integrated-optics multi-chip moduleThe optical fibres will be received in four-channel integrated-optics multi-chip modules(MCMs) which will generate the 160˚Mbit/s electrical signals used in the trigger crates. EachMCM will include four types of unpackaged dies:¥An integrated optical-to-electrical converter with a fibre pig-tail. This device willoperate at up to 1˚Gbit/s.¥A serial-to-parallel converter to translate the incoming serial bit-streams to 16-bit words(data from two trigger cells) every 25˚ns. The parallel-to-serial and serial-to-parallel

— A3 —converters at the two ends of the transmission chain form a chip-set using the sameserial protocol.¥A 4-bit˚·˚4 serialising ASIC, which will transmit the 16-bit word on four serial linksoperating at 160˚Mbit/s, as required by the cluster ASIC. This ASIC will also provideprogrammable delays to compensate for variations in fibre delays and different detectorresponse times, and will record the incoming data for readout following a level-1trigger-accept decision.¥Diagnostic and readout memory. .

640 Mbit/sSerial to ParallelConverterASIC

Optical signal in

160 Mbit/s electrical signals

Optical toElectricalConverter

Fibre

Fibre

FibreRead-out memory ROC Slow controls

Data[15:0]

4 · 4 serialising

16 bitsDPRAM

ASIC

ASIC

4 · 4 serialising

16 bitsDPRAM

ASIC

4 · 4 serialising

16 bitsDPRAM

Optical toElectricalConverter

Optical toElectricalConverter

640 Mbit/sSerial to ParallelConverter

640 Mbit/sSerial to ParallelConverter

640 Mbit/sSerial to ParallelConverterFigure A3: Integrated-optics MCM block diagram.Sufficient dies for four input fibres will be bonded and packaged as a single MCM, with thefibres entering through the side of the package as shown in Fig. A3. The MCM will thushandle data from eight trigger cells.E.M. cluster-processor moduleThe cluster-processor module will contain 16 four-fibre MCMs to receive 64 optic fibres,four cluster-finding ASICs, and one adder ASIC to combine the ET sums, as well as look-uptables to convert ET to its components, Ex and Ey. A total of 64 such modules will be requiredfor the full ATLAS calorimeter trigger processor.Results moduleThe results module will receive Ex or Ey values from 16 cluster-processor modules and carryout addition using adder ASICs. The twos-complement results of this adding process will besent to the missing-ET module. A total of eight such results modules would be required.Missing-ET moduleThe function of the missing-ET module is to receive the partial Ex and Ey sums from the eightresults modules and carry out further addition using the adder ASICs before finally testing the — A4 —missing transverse energy ET = (Ex2 + Ey2)1/2 against four thresholds using look-up tables.Only one such missing-ET module will be required.Jet processor moduleThe jet algorithm will be performed using the 13-bit ET sums calculated over 4˚·˚4 trigger-channel areas of the calorimeter that are available from the cluster processor modules (i.e.Dh˚·˚Df˚=˚0.4˚·˚0.4 supertowers). These supertowers will be further summed into 2˚·˚2sliding windows, each of which will be compared to eight threshold values. A jet ASIC willbe designed to perform this algorithm using data from 4˚·˚4 supertowers, i.e. a total of ninejet windows. Approximately 30 jet ASICs are needed in the system, mounted on about eightjet-processor modules.Cluster-counting moduleSimply counting e.m. or jet hits would result in an overestimate due to double-counting ofcontiguous hits. Therefore a �veto� procedure to look for �corners� will be used. The cluster-counting electronics for jets and e.m. clusters will be identical. The module will examine a256-pixel array of hits from either the e.m. cluster-processor modules1 or the jet-processormodules and count non-vetoed pixels. It will then compare the multiplicity with eightmultiplicity-threshold values. Part of the vetoing and counting logic will be implemented on aveto ASIC, and to complete the counting an adder ASIC will be used. Each veto ASIC willprocess 16 pixels, so each module will have 16 ASICs. A total of eight e.m. and eight jetcluster-counting modules would be required.Readout and crate-controller moduleEach crate will be organised by a readout and crate-controller module, to allowcommunication with the trigger modules and to provide an interface to the level-2 trigger. Abuilt-in CPU might be used to control and format the data and to provide test facilities.System cratesThe four e.m. cluster-processor crates will each process 1024 e.m. and 1024 hadronic triggercells. In each crate there will be 16 cluster processor modules with 64 fibre optic connectors.There will also be two results modules.The jet processor crate will include eight jet-processor modules and the eight cluster-countingmodules needed for jets.The e.m. cluster-counting crate will include eight cluster-counting modules and the missing-ET module.The crates will be 450˚mm high (18 SU) with 20 slots.

1 For the e.m. cluster counting, the declustering logic acts on a granularity of 4 · 4 trigger cells, correspondingto the OR of hits from an ASIC for a given threshold. Simulation has shown that this gives satisfactoryperformance, at least for high-luminosity physics.

— B1 —Appendix B: The calorimeter trigger design for the CMS technical proposal.Electron/photon triggerWe have designed an electron/photon trigger based on the recognition of a large and isolatedenergy deposit in the electromagnetic calorimeter. The algorithm implemented in thehardware design involves two separate cuts on the longitudinal and transverse isolation of theECAL energy deposit. The first cut involves the hit tower HCAL to ECAL energy ratio, H/E< 0.05. A second cut requires transverse isolation, i.e. a cut on a sum of HCAL transverseenergies in the nearest eight towers surrounding the hit tower, H1 < 2.0 GeV. In order toreduce the number of bits of information exchanged between electronics cards we limit thedynamic range of neighbouring tower HCAL information to 2 bits.Jet and isolated-hadron triggersWe have designed a jet trigger based on sums of 0.35˚·˚0.35 h—f regions using a dynamicrange that covers energies up to about 200 GeV. A second category of jets that exhibit thepresence of isolated hadrons can be found by testing the high-ET 0.35˚·˚0.35 regions todetermine if a high fraction of the total observed energy is contained in a single trigger tower.Such regions are candidates for isolated hadrons. These isolated hadron jet triggers are usedin detecting taus.Missing transverse energy triggerWe have designed a neutrino trigger that consists of calculating the event missing-ET vectorand testing it against a threshold. The calorimeter trigger calculates both sums of ET andmissing ET. The transverse energy vector components are calculated from the 8-bitcompressed-scale digitised HCAL and ECAL pulse heights converted to a linear scale with a10-bit dynamic range, and multiplied by entries in look-up tables containing the towerangular coordinates. The HCAL and ECAL sums are then combined into single-tower sums.The tower sums over threshold are routed through the digital summing networks.Conceptual design for the CMS level-1 calorimeter triggerWe have produced a conceptual design for the CMS level-1 calorimeter trigger. A blockdiagram of this design with the detail of one calorimeter trigger processor crate is shown inFig. B1. This crate consists of receiver cards, electron isolation cards, and jet/summary cards,along with support/service cards. Each crate is designed to fully process 256 trigger towers.This density of packaging is achieved by eight pairs of receiver and electron isolation cards.The jet/summary card summarises the data processed in the crate and drives the outputsignals to the global level-1 trigger processor.The majority of cards in the trigger processor crates are dedicated to receiving and processingdata from the calorimeter, however they require only three different designs. There are eightreceiver cards, eight electron isolation cards, and one jet summary card for a total of 17principal cards per crate, along with DAQ processor, trigger timing and control interface, anda crate monitor card. The backplane is a monolithic, custom, 9U-high printed-circuit board.Receiver card & synchronisation ASIC conceptual designThe receiver card is 9U by 400 mm. Its basic function is to receive the calorimeter data fromfibre, convert to electrical, synchronise with the local clock, and check for data transmissionerrors. There are also look-up tables on the card to translate the incoming information totransverse energy on several scales. The energy summation tree is also started on these cards.

— B2 —

CalorimeterRegionalTriggerFiber receiverElectron isolationJet/Summaryfiber links1 Gb/s serialerror detectionEM and HadEt 8 bit dataquadlinear scale72f x 54h towersCalorimeter Front End ElectronicsGlobal Trigger Processor

Muon Global Triggeriso muon tagCal Global Triggersorting, EtMiss, SEtcopper80 MHz parallelquiet map each 4f x 4hregion4 isolated e/g4 highest jetsEx, Ey, iso hadfrom each crate

Electron Isolation Card

160 MHz Point-to-point BackplaneFiber Receiver Card

VMEProcessorMONITOREIEIEIEIEIEIEIEIJSCCSPARE

Figure B1. Level-1 calorimeter trigger overview and details of one crate.Each receiver card is designed to handle up to 32 fibres. Each fibre will have either twotowers of hadronic or of electromagnetic information, transmitted in a compressed eight-bitformat with 5 bits of error code. The present design uses transmitter and receiver linkscapable of handling 21 bits of information in 25 ns at a rate of 960 Mbaud.The outputs of the serial-to-parallel receivers are not only unsynchronised with the localclock but are also not aligned to the same bunch crossing. We have produced a conceptualdesign for a synchronisation ASIC to receive and synchronise/align four channels of paralleldata (84 bits) from the serial/parallel converters.In order to achieve maximum utilisation of board space, all the logic following thesynchronisation ASIC is run at 160 MHz. A significant saving is realised by placing the

— B3 —multiplexing circuitry, necessary to convert the 40 MHz data flow into 160 MHz, at theoutput stage of the ASIC. Four input channels, containing eight pieces of 8-bit information,are placed on two output channels of 8 bits. This 4:1 compression requires a correspondingincrease in frequency to keep up with the incoming data flow.Adder ASIC design and prototypeWe have designed and contracted with Vitesse to build an adder ASIC, which is conceived asa 4-stage pipeline with eight input operands and 1 output operand. Each operand has 10 bitsof value, one bit of sign, one bit of input value overflow (tower overflow) and one bit ofarithmetic overflow for a total of 13 bits. There are only three stages of adder tree, but anextra level of storage has been added to ensure chip I/O times are isolated from the adder treeitself. The ASIC has a full implementation of J-Tag/Boundary Scan. We have determined thatthe ASIC must work reliably at a clock period of 5.0 ns in order to ensure safe operation at anin circuit period of 6.25 ns. Evaluation by Vitesse of the design confirms operation atfrequencies of 240 MHz. Delivery of first prototypes should take place in the first half of1995.Electron isolation board conceptual designWe have produced a conceptual design for a board that implements the electron isolationtrigger described above. Thirty-two towers are processed on each electron isolation board.Data from twenty-eight neighbouring towers is required to determine isolation for towers onthe edge of the 4˚·˚8 region. All data is transferred between the receiver card and the electronisolation card at 160 MHz. The electron isolation card receives data at 160 MHz in a stagedfashion from at most five neighbouring receiver cards and performs the isolated electronalgorithm described in the introduction. Some of the data originates in neighbouring crates,but is transmitted through the local receiver cards. The electron isolation card is9U˚·˚280˚mm and resides in the front of the crate. The electron isolation algorithm isperformed on this card and the final results sorted to identify the four largest isolationcandidates.The electron isolation algorithm will be implemented in a custom ASIC. The results from theelectron identification ASIC are sorted in a second ASIC (sort ASIC) and the top fourcandidates region are transferred to the jet/summary card. The jet/summary card does afurther sort using another sort ASIC to output the top four electron, jet, and isolated hadroncandidates in addition to the total ET, Ex and Ey information in the crate region.The algorithm used to determine isolation compares the two tower sums of any given towerwith its four nearest neighbours. The maximum sum is chosen, and two cuts are applied to thelongitudinal and transverse isolation of the ECAL energy deposit. The first cut requires thecentral tower HCAL to ECAL energy ratio to be < 0.05. The cut on transverse isolationrequires the sum of HCAL transverse energy in the eight nearest neighbours to be < 2.0 GeV.Isolation & sort ASIC conceptual designsWe have produced conceptual designs for the two ASICs to be used on the electron isolationboard. The isolation ASIC is designed to shift in the data for 16 towers, 4 towers at a time,over a single bunch-crossing time. The data for 20 neighbouring towers must also be enteredin the same time period. The entire 4˚·˚8 region can be processed by two ASICs in four160-MHz cycles. The output of the ASIC is four two-tower sums each 160˚MHz cycle andfour 1-bit results indicating whether the eight nearest hadronic sums are less than 2.0˚GeV.

— B4 —The four two-tower sums from each of the isolation ASICs are presented in parallel to asingle sort ASIC.The sort ASIC receives all 32 results from the isolation ASIC in one crossing and appends5˚bits of location information to each input. The 5-bit location follows each datum throughthe sort ASIC and uniquely identifies the four largest. The result from the ASIC is the fourlargest two-tower sums. There is a four-crossing latency for the result, but the pipelinearchitecture ensures that once filled with data, a new result will appear every crossing.

— C1 —Appendix C: An R&D programme for alternative technologies for the ATLAS level-1calorimeter triggerIntroductionWe briefly describe the design of an alternative first-level calorimeter trigger processor whichtakes advantage of new possibilities that arise as a consequence of modern design techniquesand components, such as optical interconnections, application-specific integrated circuits(ASICs) and multi-chip modules (MCMs). Full details are given in Ref.˚[9].This design is homogeneous down to the trigger-cell level. This means that no boundaryeffects occur due to the system partitioning. The construction presented relies mainly on twodifferent types of highly complex ASIC for processing, and an MCM for opto-electricalconversion of input data.The trigger processor performs electron/photon identification, jet detection and missing-ETcalculations for the central first-level trigger and region of interest (RoI) selection for thesecond-level trigger. Exploring the possibilities given by advanced technologies leads to afirst-level trigger architecture with advantages over more traditional designs, allowing, forexample, higher precision calculations. They may also allow a future implementation of moreadvanced algorithms. The compact design will contain few connectors and a comparativelysmall number of parts (ASICs and MCMs), a fact which promotes reliability.A demonstrator programme intended to verify the system performance has been funded and isunder development with the aim to manufacture modules and start tests of these during 1995.Depending on the outcome of these tests, the trigger design presented in the ATLAStechnical proposal may be modified, wherever it can be shown to bring advantages in termsof cost or performance.Trigger implementationThe compact calorimeter trigger operates on merged electromagnetic and hadroniccalorimeter data from a mesh of 64˚·˚64 trigger towers each represented by 8-bit data words.The electron/photon identification is based on a fully-symmetric algorithm with a local-maximum requirement to obtain declustering. The magnitude of the cluster-pair sum, theisolation environment and the leakage environment is divided into 8, 4 and 4 programmableranges, respectively, allowing a compressed representation of 3, 2 and 2 bits. For each triggercell the value of these codes, together with a flag signalling whether the trigger cell ET islarger than its immediate neighbours, is fed into a programmable look-up table to derive afeature code containing a physics classification of the state of that cell. Eight independentclasses are foreseen. The global occupancy of these classes is counted and reported to thecentral trigger processor. Certain of these features will also generate RoIs that will bereported to the second-level trigger. The report will contain the centre position and the featurecode. The total energy is in principle available but storing it would greatly increase thememory requirements.Two types of jet identification algorithms are used, one for the central trigger processor andone for RoIs. The first step in both processes is a smoothing of the combined calorimeter datawith a 4˚·˚4 kernel to reduce statistical effects, followed by conversion to a 3-bit code usingprogrammable levels. The RoI algorithm reports 3-bit code maxima as RoI centres. Thecentral trigger processor algorithm, on the other hand, uses cluster counting algorithms onbinary images obtained by applying seven different thresholds to the data.

— C2 —The missing-energy calculations are made with 10-bit precision in sine and cosine butwithout further approximations. The result is translated into one of eight programmableranges, i.e. compressed into a 3-bit code for transfer to the central trigger processor. Thesecond-level trigger will obtain uncompressed data representing the square of the totaltransverse energy as well as its x and y components.The trigger processor design is equipped with programmable classification levels andprogrammable look-up tables to specify feature definitions and RoI selections.The first-level calorimeter trigger operates on digital data where each trigger tower isrepresented by two 8-bit words, one for each calorimeter type. This implementation assumesthat data is received from the FERMI digital read-out system, or a system with similarfunctionality.The fact that the first-level trigger operations can be expressed as mostly local followed byglobal merging of results suggests partitioning the system as in Fig. C1 below. The main partof the processing is here performed in weakly interacting local units, which preferably shouldbe entirely located inside ASICs or MCMs.

Fan-outLocal ProcessorGlobal mergingFigure C1: A possible partitioning of the trigger system.The different 4˚·˚4 environment kernels used in the electron/photon identification requireaccess to two extra rows and columns of data above and to the left of the region to beprocessed, and two rows and two columns below and to the right. Such information sharingmay be implemented using intermediate or source fan-out of input data. Fast bit-serialoperations will lead to a compact design since the majority of the operations performed areadditions.System layoutThe trigger system proposed is based on 128 large processing ASICs, each performing triggercalculations on 4˚·˚8 blocks of trigger cells out of the total 64˚·˚64 matrix. To allow for 5˚·˚5environment operations around each trigger cell within the block, each ASIC will needinformation from (4+4)˚·˚(8+4) (i.e. 8˚·˚12) cells. This means that 8˚·˚12˚·˚2˚=˚192 inputchannels are needed, where the factor two has been included to account for the twocalorimeters. Each such channel would need to carry 400˚Mbit/s to allow for eight serial databits/trigger cell, plus two flag bits each 25˚ns (one flag to signal pulse detection and one forparity).The transmission-channel implementation is assumed to be based on optical fibres, connectedto multi-chip modules (MCMs) which provide the opto/electrical conversions necessary toserve the processor ASICs.

— C3 —If each processor board can support eight ASICs, these boards may be organised to serve anentire ring around the calorimeter with a width of four trigger cells. In order to give eachASIC access to the extended 8˚·˚12 environment, this ring must be able to access two rows oftrigger cells to the left and two to the right. This means that each ring will be divided into tworegions of width two, one of which will be shared with the ring (board) to the left and onewith the ring to the right. A convenient way to solve the information sharing problem is touse passive optical fan-out in the shape of fibre splitters. The additional fan-out that will berequired on the boards will occur after the opto/electric conversion.Data sent via fibres are thus initially grouped into mutually-exclusive 4˚·˚8 blocks. These arethen expanded to overlapping 8˚·˚12 blocks by information sharing and converted intoelectrical signals.

electrical fan-outon board

Calorimeter cylinderAn 8x12block16x256 fibers16x512 fibersFiber splittingoverlap by 416 boards8 ASICs/boardoptical fan-outFigure C2. Physical partitioning of the trigger and the corresponding input data fan-outThe major part of the compact first-level trigger is implemented on 16 processor boards.These may be located in one or several crates. All inputs are entered via fibre-opticconnectors on the front panel and most outputs are point-to-point links from the processorboards to the supervisor board. This means that the system can be spread out over a numberof crates without seriously endangering the signal quality if this is preferred for practicalreasons.The processor boardThe processor board will consist of three parts: an opto/electric part, a processing part and aresult merger part (Fig. C3). The opto/electric part will be responsible for converting800˚Mbit/s optical information on 512 input fibres to differential electrical signals. Theoptical signals will be derived from an external fan-out box which provides a duplication offibres as required to supply the boards with sufficient environment information via passivefibre splitting. The electrical signals are then fanned out to eight large processing ASICs oneach board. Results from the processor ASICs are merged in specially-designed mergerASICs to be transferred to the supervisor board via point-to-point links.The opto/electric conversion is designed on a silicon MCM substrate (Fig. C4) whichcontains V-grooves for retaining 8 fibres. The light from each fibre is reflected in a 54.7�mirror and projected onto a PIN diode. The signal from the diode is fed to an amplifierbonded to the same substrate and then propagated to the output. The current design assumesthat each 8-fibre substrate is contained in a thin SIL package (mounted on the edge) and that64 of these MCMs will be located immediately behind the 64 8-fibre MT connectors mountedon the front edge of the board. The large processor ASICs will be located behind the MCMs(Fig. C3) and the eight merger ASICs behind these. With a 17-layer 9U standard size PCB (8signal and 9 power + ground planes) it will be possible to allocate one signal layer to each — C4 —differential signal pair from the opto/electric MCM. Signals without fan-out will pass directlyfrom the MCM output to terminated inputs on the processor ASIC. The fanned-out signalswill first connect to unterminated inputs on one ASIC and then to terminated inputs onanother. The processing ASICs will probably be mounted in 500—600 pin BGA (ball gridarray) packages.

ProcessorASICMergeASICProcessorASICMergeASIC

ProcessorASICMergeASIC

64 8-fiber MT connectors

64 o/e SIL moduleseach converting8 fibers

Fan-out region

8 3.5x3.5 modules

8 2.5x2.5 modules

AMP connectorFigure C3. Processing board.

PIN diodesAmplifierV-grooves

Amplifier

Mirrors

FibersFigure C4. Opto/electric conversion unit with V-groove mounting of fibres.The supervisor boardThe supervisor board contains eight merger ASICs for merging serial feature-count data andtwo for combining total-energy components. The result is reported to the central triggerprocessor.The board also contains logic for driving the daisy-chain read-out of RoI data and for post-processing RoI information (the RoI filter). This part will be implemented using a

— C5 —programmable gate array. The RoI filter will remove multiple versions of the same jet RoIsfrom the borderline cases. It will also be able to remove RoIs not required by the second-leveltrigger processor for a given class of central first-level decisions.Other essential parts are the memory management unit and the diagnostic supervisor. Theformer provides insert addresses for each bunch crossing. It will also report the addresscorresponding to each trigger accepted by the central trigger processor (the extract address).Since a memory position is consumed every bunch crossing, locations corresponding to first-level accepts must be rapidly returned to the memory management unit.