CERN/LHCC 96—4LERB Status Report / RD2720 December 1995FIRST-LEVEL TRIGGER SYSTEMS FOR LHC EXPERIMENTSI. Brawn, R.E. Carney, A. Connors, J. Garvey, D. Grant, R. Harris, S. Hillier, P. Jovanovic,I.˚McGill, D. Rees, R.˚Staley, A. Watson, P.WatkinsSchool of Physics and Space Research, University of Birmingham, UKO. Buyanov, A. Corre, N. Ellis*), Ph. Farthouat, C. Jacobs, G. Schuler, H. WendlerCERN, Geneva, SwitzerlandP. Hanke, A. Hoelscher, M. Keller, E.-E. Kluge, A. Mass, K. Meier, B. Rensch, M. WunschInstitut f�r Hochenergiephysik der Universit�t Heidelberg, GermanyP. Bod�, H. Hentzell, R. Sundblad, C. Svensson, J. YuanLink�ping University, SwedenJ. Fent, 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, UKB. Green, J. StrongRoyal Holloway and Bedford New College, University of London, UKE. Gennari, A. Nisati, E. Petrolo, G. Piccinelli, S. Veneziano, L. ZanelloIstituto Nazionale di Fisica Nucleare and Universita La Sapienza, Rome, ItalyR. Cardarelli, A. Di CiaccioIstituto Nazionale di Fisica Nucleare and Universita Tor Vergata, Rome, ItalyJ. Dowdell, J. Edwards, C.N.P. Gee, A. Gillman, R. Hatley, J. Leake, G. Lewis, V. Perera,S.˚Quinton, T. ShahRutherford Appleton Laboratory, UKC. Bohm, M. Engstr�m, S. Hellman, S-O. Holmgren, E. Johansson, K. Prytz, N.˚Yamdagni,X. ZhaoStockholm University, SwedenW.H. Smith, S. Dasu, C. Foudas, M. Jaworski, J. Lackey, D. Panescu, W.˚TempleUniversity of Wisconsin, Madison, Wisconsin, USA(*) Spokesman

— 1 —1. IntroductionThe RD27 project [1] was approved in June 1992 [2] to perform a broad-based study of first-level trigger systems. The progress of the project was reported in Summer 1993 [3] and inJanuary 1995 [4]. Continuation of the project for a further year was approved [5] with thefollowing milestones:¥Beam tests of a second-generation muon-trigger processor incorporating a coincidence-matrix ASIC.¥Beam tests of bunch-crossing identification logic for the calorimeter based on FPGAs,using a new FADC system.¥Evaluation of key components of the central trigger processor in gate arrays.¥Development of demonstrators for key components of calorimeter trigger processorsincluding evaluation of:¥fast optical links and integrated optics;¥fast electrical data transmission between boards and crates;¥fast high-density processing ASICs.¥Submission of a bit-serial demonstrator ASIC to a manufacturer.Members of RD27 are very active in ATLAS [6] and CMS [7]. In particular, design work forthe ATLAS calorimeter, muon and central trigger processors, and for the CMS calorimetertrigger processor, is being performed by RD27 groups. Members of RD27 (N. Ellis andW.˚Smith) are the trigger coordinators for the two proposed LHC experiments.Given that the approval process for ATLAS and CMS is now well advanced, much of thework that was started within RD27 is now organised and funded by the LHC experiments.However, there are a number of areas where we consider that continued collaboration for onemore year within RD27 will be valuable:¥High-speed, synchronous data links for transmitting data to trigger processors.¥High-speed custom backplanes for inter-module communication within triggerprocessors.¥Assessment of FPGAs as components for trigger processors, especially in the centraltrigger processor where the number of processing units required does not justify acustom circuit development.¥Evaluation of alternative ASIC technologies and designs.All of the above are continuations of ongoing work. The results obtained will allow bothATLAS and CMS to benefit from a broader assessment of these items than would otherwisebe possible. The use of resources will be optimised because R&D will not be duplicated inthe two experiments, and some sharing of specialist test facilities may be possible. It ispossible that, as a result of this collaboration, the two experiments will adopt commonsolutions within their trigger systems.In this document we report on the work that has been performed and propose a programme ofR&D for the next 12 months. It is our intention to complete the programme of work of RD27in the coming year, after which we will submit a final status report documenting our work. Inthe longer term, we plan to continue to hold regular meetings between first-level triggerexperts from ATLAS and CMS to promote the exchange of ideas and adoption of common

— 2 —solutions where appropriate. In the following, we discuss in turn the muon, calorimeter andcentral trigger processors, and suggest milestones for the coming year. In each section, weindicate whether any continuation of the work is part of the proposed RD27 R&Dprogramme, or whether it will be pursued within the ATLAS and CMS trigger projects.

— 3 —3. Muon TriggerThe programme of work on the muon trigger processor, proposed in our last status report [4],was successfully carried out. A demonstrator system, incorporating a coincidence-matrixASIC, was tested at the H8 test beam using signals from RPC detectors. More details of thiswork were reported [8] in the recent LERB workshop in Lisbon.Programmable coincidence matrix ASICThe coincidence-matrix ASIC [9] was developed by Rome with help from the RALelectronics group. It consists of 8·24 elements, each of which can be programmed for twoindependent coincidence conditions corresponding to different pT thresholds. The ASIC canoperate in two modes, corresponding to the low and high-pT muon trigger conditions inATLAS (see Figs. 1 and 2). In the first mode it requires a three-out-of-four multiplicity in apair of chamber double layers; in the second mode it requires a two-out-of-three multiplicityin a chamber triplet, in coincidence with the output from the low-pT logic.The ASIC can be operated in fully-combinatorial mode which offers excellent time resolutionfor the trigger condition, with possible application for rejecting background on the basis ofthe time-of-flight between muon chamber layers. It can also be operated in pipelined mode, inwhich case the input signals can be delayed by a programmable number of clock cycles tocompensate for different propagation delays upstream of the trigger logic; the delays for theX and Y inputs are programmable independently.The ASIC was implemented in a 0.5 mm CMOS gate array from Fujitsu (34k gates). Themeasured maximum skew is 1.8 ns, and the device can operate at clock speeds up to130˚MHz giving good time resolution even when operated in pipelined mode. A blockdiagram of the ASIC is shown in Fig. 3. r

z q low p_T

w high p_T

x y

f

BO

BM BM_i^o

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

+ T+ T+ Tconfirmed+ T+ Tlow p triggerhigh p trigger

Figure 2. Muon trigger local logic for one projection. The symbols T 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 thresholds.Co-Array

Threshold Selector

Y/X2 x 82 x 8X(‡1)Y(‡1)

Threshold 1

Threshold 2

These signals are ORed for all cellsin the columnY X

Xselect

Yselect

Threshold OutputX position2 x 8

2 x 8

Xinput

YinputC

CMultiplexer

Shift or Parallel

Y(‡2)(‡2)

2 x 24

2 x 82 x 8

2 x 24 Y

INMUX

’0’’0’

Mask

MaskMask

MaskmPipeline

Figure 3: Block diagram of muon-trigger demonstrator ASIC.Second-generation muon-trigger processor demonstrator

pTpTdiscriminated signals from the muon-trigger chambers.Beam tests at H8 test beampT15˚ns for the highone), as illustrated in Fig. 4.Figure 4: Real-time performance of the muon-trigger demonstrator prototype. The upper plotshows the time distribution of the output of the low-

(dashed curve) and high-pT (solidcurve) logic, for the

-coordinate RPC strips. The lower plot shows the same distributions forthe orthogonal y projection.components when available.

3. Calorimeter Triggeris being carried out following a formalised quality system based on ISO9001 [15].New FADC systemtrigger logic. So far 12 ADC modules have been built, and 11 more will be constructed.can be used in �playback� mode in order to test the subsequent trigger logic.recorded pulse from a prototype liquid-argon calorimeter is shown in the upper plot of Fig. 5.Figure 5: Example of calorimeter pulse recorded with the ADC system.The upper plot shows the pulse as recorded by the FADC system.The lower plot shows the output of the real-time bunch-crossing-identification processing.trigger project.Bunch-crossing identification studies at the test beam

followed by a peak finder, as illustrated in Fig. 6.

PIPELINE MEMORY

FIR FILTER

PIPELINE

Original Pulse

Peak FinderFigure 6: Block diagram of BCID logic.handles BCID processing for four channels. In addition to the work with FPGAs, a first ASICdemonstrator system by using an adapter board.test-beam setup is illustrated in Fig. 7. An example of the output from the BCID demonstrator[11, 14]. This work will be continued as part of the ATLAS first-level trigger project.Studies of fast input data linksusing the HP G-link chipset (HDMP—1012/1014).

36Cryostat + LArCalo. Module

ShaperModules

NIM LinearFan-ins

9 FADCModules

(36 Channels)

Cluster-FindingModule

40m0.1 x 0.1h - jFigure 7: BCID evaluation system used in 1995 test-beam runninglooking at the possible use of serial electrical links as an alternative to optical ones in case thedigitisation system is placed in close proximity to the trigger processor.of two, trigger cells per link, with important implications for the cost of trigger systems.This approach is addressed by the bit-serial test ASIC development discussed below.G-link circuits).During 1996, initial studies of the input data links will be made using a modular demonstratorengineering cost and funding limitations.technology evaluation for a higher-density integrated-optics system.during 1996 within the RD27 project.

Studies of high-speed backplanescontext of conventional 9U crate mechanics.retain this work in the RD27 programme for 1996.Development of fast, high-density processing ASICsduring the last year.High-speed adder ASICA very high-speed adder ASIC, designed by the Wisconsin group and illustrated in Fig. 8, hasbeen manufactured using a 0.6 mm GaAs process from Vitesse. This ASIC has eight operands25˚ns period. In fact it has been tested to 200 MHz (limited by the available test facilities) andRefs. [4, 10].Dual-function multiplexer/demultiplexer ASICm Heidelberg.

Eight Operand Adder Tree ASIC

Add_1Add_2A d d _ 3 Add_4A d d _ 5 Add_6Add_7REGINPUT CELLS w/Boundary Scan OUTPUT CELLS w/Boundary Scan

Gen/PropTov/AovGen/PropTov/Aov

Gen/PropTov/Aov

Boundary ScanControllerFigure 8: Block diagram of high-speed adder ASIC.

4 x 160 Mbit/s serial outputs

From otherMCMs 16

Serial/

Parallel

Parallel/Serial

Dual Port Memory(80 deep x 17)

Latch

4 x 160 Mbit/s serial inputs

4GLDIN[15:0]

Mux Slow Controls

& Registers

RDWRSTROBE

ADD[6:0] MUX Counter

Rd ADD

Wr ADD

CLK160

6.25nsstepdelays

RESET*

Delays

(0 - 75ns)

CLKLHC40

To Cluster ASIC or Real Time Read-out

Data[15:0]

CS*TriState

STRBIN

40 MHzClock

Top half - Interface to G-Link

Bottom half - Front-end to the cluster processing ASIC

WrRd*

BIST_TEST

BIST-RESULTS

ECLRef

160 MHz clock

ErrorIn

LINKRDY*

OutEN

ClockSelect

Error-Bit

Test-StrbIn

BIST-CLOCK

(Top)

Error

OutA0

OutA1

OutB0

OutB1

DOUT[3:0]

DOUT[7:4]

DOUT[11:8]

DOUT[15:12]

ErrorOut

InA0

InA1

InB0

InB1

(160 MHz)

Dual-function MUX/DeMUX ASIC

Figure 9: Dual-function ASIC block diagram. — 11 —Bit-serial test ASICA test ASIC for the 800 MHz input part of the bit-serial processor development [13] has beendesigned by the Stockholm and Link�ping groups, and submitted for manufacture. This willreceive 16 serial inputs at 800 MHz, and perform serial-to-parallel conversion. As shown inFig. 10, the input data are received differentially. The logic delays the signal with a suitableprogrammable delay of up to one bit in duration; this analog delay will be chosen such thatthe subsequent sampling unit will sense the signal at an optimal position for proper bitalignment. The sampling is controlled by five phase-delayed local 160 MHz clocks,generated from the 40 MHz master clock. The ASIC is being manufactured in a 0.6 mmBiCMOS process by Ericsson, and delivery is scheduled for February 1996. Testing of thisASIC will be performed in Stockholm and in Heidelberg. .

5x160 MHzclock40 MHzclock

Start pulse

280 MHzclockBanksel.differentialinput160 MHzclock

800 Mb/s160 Mb/s280 Mb/sTo Proc.matrix 0Local clock generatorProgrammableparts

Bi-polarCMOSBarrelshift

ProgramabledelayRegister

Sample

&

hold

Register

Register

PLL*70-1.25 ns

40 Mb/s

Reciever

PLL*4DLL*5

RegisterRegisterr/w ControlMux Control

DisableDisableDisableDisable

To Proc.matrix 1Diagn.mem.Figure 10: Block diagram of the input stage for one channel in the bit-serial development.Bunch-crossing identification ASICThe BCID ASIC discussed above and in Ref. [14] should also be mentioned here. This wasdesigned in Heidelberg and manufactured in a 1 mm process by ES2. It was tested in thelaboratory and then successfully integrated in the demonstrator system at the test beam. It isplanned to develop and manufacture a second-generation BCID ASIC that will includeadditional functions: look-up tables for calibrating the input data, pipelined readout with aderandomising buffer for deadtime-less operation, and a test facility consisting of �playbackmemory�.

— 12 —The ASICs described here, developed and evaluated in the context of the RD27 collaboration,will be included in demonstrator prototype systems for the first-level triggers of ATLAS andCMS.