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1 Introduction

1.1 The Challenges

Theelectronicsfor signal detection,eventselection,anddatarecordingfor an SSC detec

tor will be one of the most sophisticatedelectronicssystemseverbuilt. Signal processing

must beperformedon an astonishing1012 analogsignalsper second.While therequired

performanceand characteristicsof an individual "channel" of electronics,i.e., the elec

tronics for thereadoutof one detectingelement,arevery similar to someof the systems

utilized today, the very large numberof detectors,the high interaction rate, and the

environmentposea numberof severechallenges.Foremostamongtheseare:

1. Densityand Power Dissipation-Forsome of the detectorsystemsvery largereduc

tions in the area and power will be required. For example,if wire drift chambers

are to be utilized effectively the power dissipationper channelmust be reducedby

about a factor of 100, from the approximately1 Watt per channelin existing sys

tems to approximately 10 mW. The speedof silicon microstrip readoutsystems,

which arealreadyimplementedwith integratedcircuit techniques,must be increased

approximatelyten-fold with little increasein power.

2. RadiationHardness-Anumberof the electronicssystemsmust be radiation hard.

For example,the readoutof silicon strips or wire chambersmust operatewithout

significant degradationto dosesof 10 radsand > 1014n/cm2. Preamplifiers,which

are located inside liquid ionization calorimetersto enableoptimumreadoutspeed,

must be resistantto nearly 10 rads.
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3. Level I Buffering-Becauseof the very high interactionrateand theminimum time

requitedto generatean effectivefirst level of eventselectionLevel I trigger, data

must be storedon the front end for 0.5-2 zseconds.

4. Level2 Buffering-Toreducetherateat which datamust bemovedoff the detector

from > 50 Gigabytes/secto c 0.5Gigabytes/see,it is useful to include a secondlevel

of databufferingon thefront endchips. Only theinformation associatedwith events

passingthe secondlevel of eventselectionLevel 2 trigger needsto be readout.

5. Noise Immunityand Crosstalk-Thelikely requirementof simultaneousanalogand

digital activity during the datacollection processimplies greatcaremust be taken

to minimize the generationof noise by the readoutsystem and to minimize the

sensitivity of the input to externalnoisesources.

6. Fault Analysisand Reliability-The size, complexity, and relative inaccessibilityof

the electronicsimply that high standardsfor fault analysisand reliability must be

imposedif installation time and "down-time" is to be kept to a minimum.

Significantprogresshasbeenmadeduring thelast two yearsby groupsworking largely

independentlyon front end systemsfor liquid ionizationcalorimeters,wire drift chambers

both drift time and pad readout,and silicon strip and pixel detectors. Much of this

work hasbeenfundedunderthe SSCGenericR&D programand it will continueat least

through 1990. However,becauseof the largenumberof difficult problemsthat needto

be solved, a numberof which axe systemlevel problems that are not currently being

systematicallyaddressed,a significantly broader,more coordinatedeffort on front end

electronicssystemsis requiredin addition.

1.2 Scopeof the Proposal

We proposeto establisha comprehensiveR&D effort on thefront endelectronicsfor SSC

detectors.The scopeof the proposalincludes:

1. front End Circuits-Detaileddesign and prototypingof the front end circuits for

a liquid ionization calorimeters
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b wire chamberdrifi time measurement

c pad readoutof wire chambers

d analogreadoutof silicon strip detectors.

2. Level1-Level2 Buffering-Studieswill bemadeof the optimal databuffering during

Level 1 and Level 2 trigger processing.While it is very likely that analogstorage

will be usedfor the Level 1 Buffer, both analog and digital data storagewill be

consideredfor the Level 2 buffer. Prototypeswill be built andtestedat leastfor the

analogstorage. The optimal storageand processingwill be determinedfor eachof

the detectorsystems.

3. Optimal readout Architecture-Becauseof the potential crosstalkbetweenthe dr.

cuits generatingand transmitting digital dataand the preamplifierand detector,it

is essentialthat local readoutbe consideredan integralpart of the front end design.

In addition to the minimization of crosstalk,one of the primary goals will be to

determinethe architecturesand readoutprotocol that most simplifies the design

of the front end chips while achievingthe goals for speedand reliability. Emphasis

will be on the assemblyof dataprior to transmissionover an optical fiber or other

digital transmissionmedium. However,it is also plannedthat system-levelsimula

tions will include conceptualdesignsof the entire datacollection systemto ensure

consistencyof the assunedreadoutprotocolat the front end with requirementson

eventbuilding and distribution of data to trigger processorsand the large parallel

arraysof microprocessorsusedfor final eventselection.

4. Interactionof Front Endwith Level1-Level2 Trigger System-Theimpactof different

conceptualdesignsfor a Level 1-Level 2 trigger systemon thefront endchipswill be

investigated.As is thecasefor the readout,the characteristicsof thetrigger system

and the interactionsof the front end chips with the trigger systemcan havea big

impact on the areaand powerrequiredfor thefront end chips.

5. Level I 2hggerand Level2 Trigger inputs-Signalsfor the Level 1 trigger decision

must be generatedas part of the front end circuits. The most evident caseis for

the calorimetersystemwherefast local analogsums of the transverseenergyET
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detectedlocally, followed by digital sumsto obtain global information will form the

basis of SEr, missingErr, jet, and electrontriggers. The fast analogsumsare

in fact themost critical part of thecircuit in termsof shapingand signalto noise. It

may also be practicalto calculateratios,suchasthat of hadronicto electromagnetic

energy,at the local level.

It is not dearat this point whethertrackinginformation will be requiredin thelevel 1 trig

ger;somerecentstudieshaveindicatedthat cutson calorimeterinformation aloneshould

be sufficient. Howeverwe intend to studythis issuefurther and to investigatemethods

for including tracking information at Level 1 should it prove necessaryor desirable.

It is also importantto investigatewhetherthe desiredinputs to the Level 2 triggering

systemimposeany requirementson the front end circuits beyondthoseof Level 1.

1.3 Motivation for a Broad Effort on Front End Electronics

It may be arguedthat the electronicsdevelopmentrightly belongs as part of proposals

for detectordevelopment.While it is clearly essentialthat the electronicsbe optimized

for any given detector,we feel that therearea numberof reasonsthat arguestrongly for

a largecoherenteffort on front end systemsin addition to the numeroussmallerefforts.

1. Completeness-Therearea numberof difficult issuesto be addressedthat rarelyget

sufficient attention largely becauseof lack of manpowerfrom smaller independent

efforts. Suchissuesincludea definition of optimal voltagelevels,risetimes,and bus

structurefor readoutdifferential vs. singleended,b powerdistribution,c system

initialization, d fault analysis,e calibration,andI testing.

2. CommonProblemsand Efficiency-Many of the circuits to be developed,suchas

chargepreamplifiers,operationalamplifiers, fast low powerdifferential receivers,ana

log memoryunits, busdrivers,etc.,arecommonto severalsystems.While theexact

specificationsmayvary from one detectorsystemto another,thereis a largeoverlap

in the knowledgeand designtechniquesrequiredfor optimizationof the circuits and

in themeasurementtechniquesfor evaluation.
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3. RadiationHardness-Abroadprogramthat evaluatesthe radiation hardnessof dif

ferentbipolar,MOS, BiMOS, andJFETtechnologiesmust becarriedout. For analog

circuits in particular, the radiation damageof devicesand subcircuitsneedsto be

evaluatedcomprehensivelyso that the hardnessof new circuits can be largely pre

dicted. Simultaneousinclusion of devicesand subcircuitsfrom many different front

end systems,and a sharingof the burdenof device characterizationand subcircuit

evaluationafter exposure,should significantly decreasethe cost and time scalefor

theseinvestigations.

4. CommonArchitecture-It is importantthat thereadoutarchitectureandthe proto

col for interaction with the trigger systembe as similar aspossiblefor all detector

systems. Thus architecturaldesignsthat appearoptimal for one type of detector

must be evaluatedfor othermajor detectorsystemsto ensurethat the desiredho

mogeneitywill addressthe needsof all detectorcomponents.

1.4 Organization of Proposal

An overviewof the front end architectureand a discussionof manyof the systemsissues

that are common to different detectorsarepresentedin Section 2. Performancegoals,

schematicdiagrams,and a discussionof themost difficult designissuesfor eachdetector

systemarepresentedin Sections3-6. Section7 summarizesthewide variety of subcircuits

that are requiredbasedon the precedingsectionsand discussesothercommon develop

ment issuessuchasthe evaluationof radiationhard processes.Section8 outlinespossible

approachesto the calorimeterLevel 1 trigger and specifiesthoseissuesparticularly rele

vant to the front end circuits. Plansfor the study and simulation of the overall readout

and data acquisition,at the conceptualdesignlevel, are presentedin Section 9. Inter

actionswith industry are discussedin Section 10 and liasonswith other R&D projects

generic and subsystemsare discussedin Section 11. Finally, the requiredmanpower

and resources,aswell asthe division of responsibilitiesand milestonesaresummarizedin

Section 12.
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2 Ftont End Architecture and SystemLevel Design.

During thepast few years,a numberof workshopshavebeenheld on topics relatedto SSC

detectors. The discussionsin theseworkshopshaveresultedin a preliminary definition

of the designof thelarge-scaledetectorsystemsrequiredto do the physicsfor which the

SSC is beingbuilt.

During theseworkshops,the capabilities,characteristicsand architectureof the data

collection electronicsneededfor theselargedetectorshavealsobeendiscussed;any system

satisfyingtherequirementswill bea verysignificantextrapolationfrom thedatacollection

systemsof existing detectors.Although thebasicarchitectureof thedatacollectionsystem

is evolving into a fairly stabledesign, thereremain manydetails to be worked out. To

guaranteethe successof the SSCdetectorsystems,it is essentialto carryout a complete

and carefully plannedprogramof electronicsdevelopment.

The term, "Front End Architecture", is broadly used to describethe topology and

functionality of the systemof electronicsthat is physicallylocatedon the detector.In the

caseof an SSC detector,this includesa major and extremelyvital portion of the total

electronicssystem.The designof this portion includestheimplementation,in integrated

circuit form, of somevery sophisticatedcomponents.It also includesthe implementation

of a complexsystemof dataand control signalsto ‘glue’ thesecomponentsinto a cohesive

system.

The datacollection systemwill be almost completelyimbeddedwithin the structureof

the detector.Many componentsof the systemwill thereforebe relatively inaccessiblefor

monthsat a time, while othersmay be inaccessiblefor years. It is extremelyimportant

that the designof thesystemtakethis factorinto account.Someimplications are:

Reliability and Failure Modes-Thereliability of all datacollection componentsmust

be very high. Many requiredfunctionscanbe implementedin more thanone circuit

technique. The impact on reliability of the various techniquesmust be assessed,

and recommendationsfor designingintegratedcircuit IC functionsdeveloped.The

design of the completeFront End systemmust involve an assessmentof the effect

of failure modes unreliability in all components.The effects of failures must be

localized to a small part of the system. Design techniquesfor accomplishingthis
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must be developed.

* Controllability-A study must be madeto identify the featuresof the systemand

individual integratedcircuits that mustbecontrolledand/ormonitoredfrom outside

the detector. Thesefeaturesmust provide the meansto circumventthe effects of

failure modes;to monitor the vitality of the IC’s; to calibratethe circuit response

wherenecessary;and to anticipatechangingphysicsrequirements.

* Verification-Meansmustbeprovidedto verify theproperoperationof thecomplete

datacollection system.Thereshould be the capability to executea rangeof tests,

* from checksofthevitality of individual FE channelsto verificationof themechanisms

for collecting completesetsof datafrom events.

* Power dissipation-Theremovalofhat from insidethedetectoris a significantprob

lem. The power dissipatedby the IC’s must be limited to valuesthat arecommen

suratewith practical cooling mechanisms.For tracking systems,the requirementsof

low massmay significantly limit the techniquesfor cooling.

* Radiationhardness-Thelevelof radiationexperiencedby a datacollectionelectronic

componentwill dependon its locationwith respectto thecollision center.For a five-

yearperiod, for example,the chargedparticle dosewill be of order 200 Mrad/R2,

where 1? is the distancecm from the beam line. Many of the integratedciruits

to be usedin SSC detçctorsmust be implementedin radiation hard processesto

withstanddosesof this magnitude.

Figure 2.1 shows the basic organizationof the dataflow pathsof the front end elec

tronics. The portion abovethe dashedline-locatedon the detector-receivessignalsfrom

the detectors,filters them with Level 1 and Level 2 triggerstrigger mechanismsare not

shown, and deliverspacketsof digitized data off the detectorto the event processing

facility.

It is expectedthat two basictypesof integratedcircuitswill be required-Frontend IC’s

FE’s and datacollection IC’s DCC’s. The needfor other types of IC’s may become

evidentasthe developmentof the front end systemproceeds.
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Front endIntegratedCircuits FE’s acceptsignalsdirectlyfrom thedetectorelements;

processand store the signals during the time necessaryto processLevel 1 and Level 2

triggers; and output digitized data selectedby the Level 2 triggers. DCC’. interface

to a small databus structurethat interconnectsa small numbereg. 16-128 of FE’s.

They control thecollection of digitized or in somecasesanalogdatafrom theFE’s, and

organizeit for transmissionoff the detectortowardsthe eventbuilder.

2.1 Front End IntegratedCircuits

The high beaminteractionrate oneinteractionper 16 nanosecondsof the SSC imposes

some very stringent requirementson the design of integratedcircuits for the front-end

system.Someof theserequirementsare:

* Zero Deadtime-Analogsignals are continually being receivedby the FE’s; digital

datasignalsare continually beingoutpu

* Time Precision-Collectionof all datafrom a particulareventrequiresthat databe

"tagged" to a precisionof one or a few bunch crossings.

* Data Compaction-Itis impractical if not impossibleto move the datafrom every

channeloff thedetectorfor everyinteraction. It is thereforedesirableto processthe

dataat leasttwo wayswhile it .till resideson theFE: 1 to filter thedatathroughtwo

levels of triggering; and2 to sparsifyseebelow the data- In the disussionthat

follows we assumetwo different levels or stagesof triggering event filtering. The

architecturediscussedcould be utilized as well with a single trigger level if higher

rejectionfactors are achievedwith the Level 1 trigger or higher bandwidthof the

readout is implemented. Similarly, the data could be storedon-chip during three

successivelevelsof triggering. However,two trigger levelsprior to the collection of

all the datafor an interactionappearsto be the most likely scenario.

Figure2.2 is a generalizedblock diagramof a Front End FE integratedcircuit chip.

Actual FE’s will probablycontain structuresthat arequite different from the structure

in the figure; however,the illustratedstructureis usefulin visualizingthefunctionsof the

FE chips, and their interactionswith the "standard"set of dataand control signals.
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Figure 2.2: A designof. ‘clusical’ front end integratedcircaitFE.

Thefigure showsa singlechannel,which would processthesignalsfrom asingle detector

element. A typical FE chip will containseveralchannels;in a completedetector,there

will be tens of thousandsof FE’s processingon the order of a 106 channels.The signal

from the detectorelementis receive4on theleft; digitized dataexits from the right. The

detailsof thecircuit operationaregiven below.

2.1.1 SignalProcessing/Preprocessing

The raw signals from detectorelementsinevitably requiresomeprocessingto derivethe

desiredinformation. Theprocessingrequirementsaredifferent from oneclassof detector

to another;however,somegeneralobservationscanbemade.

* Preampliflcation-Therawsignals aretypically in therangeof a few femtocoulombs

to picocoulombs,andhencerequirepreaxnplificationwith sufficientbandpassto pre

servethe time of arrival of the particlebeingmeasured.
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* Data Extraction-Beforethepreamplifiedsignals are input to the Level 1 pipeline,

they typically must be processedto extract the desired information. There is a

limited numberof typesof signalparametersto be extracted.Theseinclude: signal

over thresholdhit; time-of-arrival; charge;amplitude;andwaveformsamplestime

slices. In addition, some detectorssuch as liquid calorimetersrequire shaping

amplifiers to developsignalsfor the Level 1 trigger.

* Sparsification-Toplacea certainpracticalbound on the dataflow from the detec

tor, FE’s will generallybe requiredto continually determinewhen an input signal

satisfying certaincriteriais present,and to storeor output dataonly if the criteria

are satisfied.

* Calibration-A meansmust be provided to inject signals into the individual inputs

of FE’s to simulate,to somedegreeof accuracy,signalsfrom the detectorelement.

Dependingon thetypeof detector,this canbeusedto verify the vitality of the signal

channeland to calibratethegain or temporalcharacteristicsof the channel.

2.1.2 Level 1 and Level 2 Storage

A horrendousproblemin datatransmissioncould becreatedby demandingthat the data

from everydetectorelementbe movedoff the detectoreverybeamcrossing.This problem

is madetractableby two featuresof the front-endarchitecture:

1. EachFE "sparses"its dataif appropriate-ic.,makesa decisionasto whethersignals

representingdataof significancewere receivedat each beam crossingor at each

Level 1 or 2 trigger. For a calorimetersystem,sparsificationmaybe difficult due to

the long resolution time and the interestin preciseenergymeasurements.

2. Only dataassociatedwith eventspassingthe Level 2 trigger criteriaare transferred.

The latter featurerequiresstoring candidatedatain theFE’s long enoughfor the Level 2

triggerto beprocessed-whichmaytakeseveraltensof microseconds.Thestoragecapacity

requiredfor this is reducedby filtering candidatedatawith the Level 1 trigger,which is

expectedto takeonly I or 2 microsecondsto develop.Thestorageis accomplishedin the

Level 1 pipeline and the Level 2 FIFO in the schemeof Figure 2.2.
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The optimaldesignof the storagein the FE’s for a particular classof detectorrequires

thecareful considerationof a numberof factors. Someof thesefactorsarediscussedbelow.

1. Analog/DigitalStorage-TheFE is expectedto deliver its outputdatain digital form,

sodatafrom mostdetectortypeswill requirea multi-bit analog-to-digitalconversion.

Becauseof the power/speedtradeoffof analog-to-digitalconvertersADCs, it is

advantageousor perhapsnecessaryto placetheADC function wheretheconversion

rateis niinhnized. Thus,in most cases,it appearsthat the datastoredin the Level

1 pipeline will be in analogform. The ADC will thenbe locatedeither betweenthe

Level 1 and Level 2 storagedevicesor betweenthe Level 2 storageand the output

buffer-i.e.,after the Level 2 selection.

2. Storage Element Topology-Shiftregisters can be designedto accomodateeither

analog or digital signals, and representa simple solutionto the Level 1 storage

problem.Thenumberof cells storageelementsrequiredis theLevel 1 Trigger delay

time divided by 16 nsec-125cells for a delayof two microseconds.A "classical" shift

register,in which the datain eachcell is shifted to the next at each60 MHz dock

cylce is wastefulin power. An alternateimplementationthat consumesless power

movessimple, digital addresspointersinsteadof the analogdata.

Other,moresophisticatedand morepowerefficient,schemesareunderdevelopment.

In one suchscheme,discussedin detail in Section 5, the data sparsingoperation

occurs aheadof the storage. The numberof Level 1 storagecells can thereforebe

reducedsignificantly. A determinationof therequirednumberof cellsdependson: 1

theability to reliably predict therateat which the sparsingcriteria aresatisfied-i.e.,

the occupancyof the detectorelement;and2 knowledgeof the "time smearing"of

thesignal-ic., thenumberof 16 nsecbucketsthat eachdatummustoccupybecauseof

uncertaintyin correlatingthedatumwith a bucket.Eachdatumacceptedfor storage

is "tagged" with the time of storageto permit correlationwith Level 1 Triggers.

Similar considerationscanbe exercisedfor the Level 2 storage.Herethe numberof

Level 2 storagecells requireddependsboth on theoccupancyof thedetectorelement,

and the Level 1 Trigger rateLevel 1 eventrejection.
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3. StorageElementTechnology-Otherconsiderationsaffect the detaileddesignof the

Level 1/2 storagefor an FE and/or the choiceof technologyusedfor its implemen

tation.

Analog storagedevicestypically store signals on individual, small C 1 pF or less

capacitors. It is essentialthat the stored signals do not drift in value during the

storagetime. Studiesmustbemadeof capacitorelementsin variousintegratedcircuit

technologiesto learn how to design small-valuecapacitorshaving the requireddrift

characteristicsunderthe full rangeof operatingconditions- temperature,operating

lifetime, radiation-expectedfor SSCfront-endsystems.

The issues of accuracyand dynamic range must also be considered. Studies are

requiredof thedesignof analogstoragesystemscapableof storing signals with suffi

cientlylow noiselevel to achievean adequatedynamicrange,yet capableof providing

the requiredlinearity of response.

2.1.3 Other Front End DesignIssues

1. Cross-coupling-Whenthe datacollection systemis in full operation, the FE’s will

be processinglow-amplitude few mY signals at their inputs, and simultaneously

delivering digital datasignals at their outputs. Sincethe input andoutput signals

are uncorrelated,thereexiststhe possibility of introducing significant measurement

errorsif the digital output signals are allowed to cross-couplewith the analoginput

signals. This cross-couplingcould occur from effectson the IC, or from effects on

the wiring externalto the IC.

The cross-couplingcan be minimized, but not eliminated, by using only balanced

signal modes for the digital signals. Further studiesare necessaryto identify the

sourcesof cross-couplingand to developdesignrules that keepthe cross-couplingto

acceptablelevels.

2. Power-Theremoval of heat from the front-end electronicsis a difficult problem.

It is thereforeessentialto developa library of circuit techniques,including analog

storagesystems,that operateefficiently with the minimumof powerdissipation.
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3. Radiation Resistance-Thedevelopmentof radiation hardenedFE’s requiresthe

study of the effectsof radiation doseon the analogperformanceof the IC’s. The

accuracyof theanalogdatamust not be significantly alteredby radiation dose.

2.1.4 InteractionWith Level 1 Triggers

Thecorrelationbetweenaneventandthe correspondingLevel lTrigger canbeestablished

by maintaining a constantdelay in the Level 1 Trigger processing,and maintsinhig a

matchingdelaywithin eachFE chip. It is expectedthat this delaywill be in the range

of one to two microseconds.The actual valuewill be determinedby how soon the Level

1 triggerdecisionis availableto the FE chip.

It is conceivablethat the value of this delay maynot be firmly establisheduntil after

certainFE designshave beenstabilized. It may thereforebe necessaryto accomodatea

small numberof predetermineddelays,with the actual delaychosenby control signals.

When a Level 1 Trigger is receivedby an FE, any valid datathat correspondsto

the crossing that the trigger refers to is transferredinto the Level 2 storageelement.

For certain types of detectors,the amount of datatransferredmay be only one time

sample.For detectorswith resolvingtimes that exceedthe bunchcrossingtime, the data

transferredmayconsist of information recordedby the FE severalbunchcrossingsbefore

or after the bunchcrossing tssociatedwith the Level 1 trigger and so severalpiecesof

datamay be transferredto Level 2 storage. It must be determinedwhetherthe number

of samplesso transferredmustbe dynamicallycontrolled,and if so, by what mechanism.

2.1.5 InteractionWith Level 2 Triggers

Level 2 Triggersareexpectedto havean accept/rejectprotocoland be asynchronousie.

the delaybetweena particular Level 1 Trigger andits correspondingLevel 2 Triggermay

vary from event to event. The accept/rejectprotocol meansthat therewill always be

a Level 2 signal for every previous Level 1 trigger. If it is an acceptsignal, then any

non- sparsedatastored in anticipation of this trigger are output by the FE; if it is a

rejectsignal thenthedataareerased.An importantissueis whetherthe Level 2 triggers

aregeneratedmonotonicaiJy,le., whetherthe Level 2 triggers always occur in the same
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order in eventnumberastheLevel 1 triggers. Such a schemegreatly simplifies thedata

collection process,but may requirea longer Level 2 storagetime.

Onceacceptedby a Level 2 Trigger, valid dataaredigitized, if not alreadyin digital

form, and are storedtemporarily in the Output FIFO Buffer. The Output Buffer holds

the datauntil it is read out via the output bus structurethis processis describedin

moredetail below. The size of the FIFO must be chosencarefully to ensurethat there

is alwaysroom to hold the datafor the next Level 2 trigger. One issueto be studied is

how to best "throttle" the datacollection systemto avoid overrunningthis buffer and the

Level 1 and 2 storagebuffers in theFE’s.

An important issuethat must be resolvedis how to handleeventsin which thereare

two Level 1 triggers within the resolving time of the detector. The correspondingdata

must somehowbe sharedwith eachof thetriggered "events."

2.1.6 Outputting Data

The processof moving datafrom the FE’s OutputFIFO toward thedownstreamentities-

optical fibers, eventbuilders,etc.-is controlledby a handshakingprotocolbetweentheFE

and the DataCollection Chip DCC. This is describedin moredetail below, but some

aspectsthat affect the FE design arediscussedbriefly here.

Datathat areto bemovedoff theFE must bedigital andorganizedinto "packets."The

packetwill probablyinclude additional information regardingthe time eventor trigger

numberand location channelnumberand FE chip ID from which thedataoriginated.

Whether the packetcontainsa single measuredvalue from a single channelor several

valuesfrom severalchannelsremainsto be determined.

It is essentialthat all FE’s agreeon eventnumbers-je., the dataassociatedwith a

given eventfrom eachFEmust havethesameeventnumber.In thepresentplan, all FE’s

have an Event NumberCounter,which counts pulses in a common signal, suchas the

Level I Triggeror the Level 2 Acceptsignal. A meansmust be provided to synchronize

the countersthe Zero Countersignal in fignre 2.2 so that they all havethe samecount

for the sameevent.Other schemesfor making this correspondencewill be considered.

Each FE must be provided with a number,the chip ID, which provides a meansfor
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identifying datafrom that chip. The chip ID is stored in anon-chip register,previously

loadedby thehost computer.

The FE raisesa DataReadyflag whenevertheOutput FIFO Buffer containsdatathat

is ready to be transferredoutsidethe FE. When the FE receivesa Send Data signal, it

mustpreparea datapacketandoutput it.

2.2 Local DataNetwork

As shown in Fig. 2.1, thereadoutof datafrom FE’s is organizedby connectinga group

of FE’s and a single DataCollection Chip DCC via a local datanetwork. This network

provides:

1. A byte-serialpath for moving eventdatapacketsoff the FE toward the downstream

system;

2. A bit-serial pathby which the downstreamsystemcansendcontrol datato the FE’s,

and can also extractstatusdatafrom the FE’s.

3. Transmissionof fast trigger and timing signalsto eachFE chip.

Groupsof DCC’s may beorganizedin a treestructure,assuggestedin the figure. The

result is that the eventdatapacketsfrom a groupof FE’s arefunneledonto a single data

path that connectsto the off-detectorelectronics-theevent builders, event processors,

datastorage,etc.

A proposal for thedetailed designof the local datanetwork- signaldefinitions, func

tions, etc.-isgiven in a reportbeingpreparedby anad hoc working group. The following

brief discussionconcentrateson functionality, particularly as it indicates the needfor

further study and development.

2.2.1 Network Structure

Figure 2.3 showsschematicallyone possiblelocal datanetwork; it has two components

that are respectivelycalled the "parallel bus" and the "serial bus".

The parallel bus includes a 9-bit wide eight databits plus a parity bit byte-serial

path for moving eventdatapackets.
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Figure 2.3: The busstructuresthat are usedto control and readout the FE..

Theserialbusprovidesabit serialpaththat threadsall chips of thelocal datanetwork.

This pathcarriescontrolinformationsuchasChip ID to the FE’s,andalsocarriesstatus

information from the FE’s back to the control computer.

3.3.2 ReadoutProtocol

The designof the algorithm for transferringdatapacketsfrom the Output FIFO of each

individual FE onto the parallel bus requirescareful study. Two possiblechoicescan be

briefly describedasfollows:

1. ReadCompleteEvent-h this protocol,all datapacketsassociatedwith a particular

eventare readfrom all FE’s in the local datanetwork beforeany datapacketsfor

the next eventare read.

2. lbansfer WhenReady-Inthis protocol,datapacketsare movedfrom any FE that

is readyaccordingto alocal priority or token.passingscheme.

______

* PARAIta BUS STRIJCTLPE

‘DATA Alt PARITY 9 BITS
* HANOSHAXE CONTROL SIGNALS
* TRIGGER/TIMING SIGNALS
* DIFFERENTIAL SIGNAL STAi’CARDS
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Protocol 1 results in a flow of packetsoff the detectorthat has a more convenient

organizationfor the Event Builder than 2, but may result in a lower datathroughput.

Protocol 2 results in a flow of packetsoff the detectorthat are misorderedboth in FE

serialnumberandeventnumber.

Other protocol variations canbe defined. The evaluationof theseprotocols can only

bedoneby simulation. It is importantthat simulationtools beacquiredat an earlystage,

and that the work of simulatingthe dataflow undervarious protocolsbestartedassoon

aspossibleseesection9.

2.3 Distribution of Put Signals

Therearea numberof fast digital timing signalsthat mustbe deliveredto eachFE on the

detectorwith a timing precisionof a few nsec. This precisionis necessaryto synchronize

all of the FE’s throughout the detectorto the samebeamcrossing. This set of timing

signalsincludes:

1. 60 MHz Clock;

2. Level 1 Trigger;

3. Level 2 Trigger two signals-e.g.,Strobeand Accept;

4. Calibration Strobe.

In addition, someFE’s must generatetrigger datasignals that areto be transmittedoff-

detectorto the Level 1 and/or Level 2 trigger processors;the timing precision of these

signalsmust also be a fraction of the bunchcrossingtime.

The distribution of the timing signals must include adjustmentof propagationdelays

to accountfor:

1. The propagation delay of particles coming from the beam collision point to the

detector element;

2. Delays inherentin the detector-drifttimes, propagationdelaysalongwires,etc.;

3. Delays in extractinginformation from thesignal deliveredby thedetectorelement.
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This may require a distribution systemhaving remotely controlled propagation times.

A studyof this problemmust be made.

2.4 Digital Signal Standards

As mentionedabove,an SSCdetectorwill requirea deadtime-lessfront-endsystem.This

meansthat digital dataandfast timing signalswill be flowing on the local data networks

at the sametimes that the FE’s arereceivinglow-level analog signals from the detector

elements. There is therefore a serious potential for cross-talk betweenthese two setsof

signals. This cross-talk canoccur both on and off the FE chip. The on-chip cross-talk

must be controlled by proper IC designtechniques.Off-chip cross-talkcan be reduced by

properchoiceof signal standardsandproper wiring practice.

The following are somepossiblechoicesfor digital signalsthat will minimize crosstalk

to the analogfront ends:

1. differential signal modes;

2. low voltage e.g., 200 mV swings; and

3. controlled rise times.

Studiesmust bemadeto choosea practical set of thesesignal standards,and to develop

designsfor the wiring techniquesfor the local datanetworks.

2.5 Power Up, Resetand Initialization

Proceduresfor putting the entire front-end system into a stateof readinessmust be

developed.To illustrate the problem,the following is suggestedasa tentativeprocedure

for doing this:

1. Power Up-Power is appliedto the front-end system.

2. Reset-A Resetsignal is sent to all elementsof the system. In response,all FE’s

and DCC’s dearall internal registersand databuffers. Theserialbusesfor all local

datanetworksare readto verify that all FE’s and DCC’s and other elementshave

respondedto Reset.
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3. Initialization-Via the serialbusesof all local datanetworks,control dataaxedown

loadedinto all FE’s and DCC’s. This includeschip ID numbers,for example. The

serialbusesarethen readagainto verify that the datawere properly received.

4. Start Clock-The60 MHz clock is now started.

5. Test System-Viathe serial buses,test dataaredownloadedinto the DCC’s. The

DCC’s are then commandedto output this test dataover the normal eventdata

route. The resultsare checked.

6. Enable Trigger Processors

2.6 Fiber Optic Signal Transmission

It appearsthat thetransmissionof digital signalsvia fiberopticsmayplay aimportantrole

in SSCdetectors.The transufissionof acquiredeventdatafrom the front end systemto

therest of the datacollection systemwill probablybevia fiber optics. Other applications

within the front end systemare possible,but further study is neededto determinetheir

feasibility.

Collaborationswith appropriatesegmentsof industry are neededto investigatethe

following topics:

1. Integrated Optoelectronics-It would be highly desireabjeto integratethe optical

transmittersand receiversdirectly on the front end IC’s that aregeneratingor re

ceiving data.

2. Fiber Optics in Local Data Networks-The possibility of using fiber optic signal

transmissionwithin the local datanetworksthat interconnectthe FE’s and DCC’s

is intriguing. Conceivably,theanalog/digitalcrosstalkproblemcould be rBmnated

if clock, trigger,anddatasignals could be movedfrom the FE’s over fibers. Many

problemsneedto be solvedto makethis feasible,but someeffort should be expended

to follow the developingtechnology.

3. Analog Transmissionover Optical Fibers-Thetechniquesfor improving thelinearity

in transmitting analogdataover fibers shouldbe investigated.
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2.7 Other SystemLevel Issues

Therearea numberof othersystemlevel issuesthat mustbe considered.

2.7.1 Substratesfbr Chip Mounting

Collectionsof IC chips, suchastheFE’s andtheDCC’s constitutingalocal datanetwork,

will be physically mountedon a substratethat also providesthe wiring interconnections.

Some designrules for suchsubstrateswill needto be formulated. Factorsto be consid

eredinclude: chip packaging;methodsfor mounting chips to the substrate,eg. surface

mounting;heatremoval; and conductorconfigurationsto minimise cross-talk.

2.7.2 Interconnectionof Substrates

The datacollection treestructuresandthe distribution of control signalsand powerwill

require the considerationof practical methodsfor interconnectingthe substrates.This

will requireinvestigationof miniaturemulti-wire connectorsand cables.

2.7.3 tank Analysis andReliability

A majorpart if not all of the front end systemwill beburied within the detectorstruc

ture, and will be inaccessiblefor monthsor yearsat a time. Inevitably, somecomponents

will fail during this time. It is thereforeessentialthat the componentsbe designedso

that the effectsof thesefailures are isolatedto a small part of the system-in particular,

a small enoughpart that its loss doesnot compromisethe quality of the physics data.

This issue should bepursuedin the severalways:

* SystemTest Facilities-The systemarchitecturedesign must include consideration

of facilities for completelytesting and verifying the performanceof the system.For

example,thereshould be a mechanismfor realistically simulatingdatafrom detector

deinentsin a way that canbe followed throughthe entireelectronicssystem,includ

ing the rest of the data collection system. Thereshould also be ways of injecting

datapatternsat various intermediatepoints in the system the study of the DCC

chip referredto aboveincludessucha capability.
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* Failure Effectson PhyaksData-The architectureshould be designedto minimize

theeffect on physicsdataof any singlefailure. This considerationmayeffect thecom

bination of detector channelsthat arereadout via a particular local datacollection

network.

* Failure Effects Within Local Data Networks-Theeffectsof failureswithin theinflu

enceof a local datanetworkshouldbeanalyzed.Mechanismsfor reducingtheeffects

shouldbe formulated.For example,a mechanismfor powering-downa specified FE

chip, underremotecontrol,shouldbe investigated.

2.7.4 Chip Design

Generalrecommendationsfor the designof integratedcircuits for the front end should

be developed.Theseshouldaddressthe methodsof assessinginherentreliability of chip

designs,and the methodsof assessingfailure effects.

Certain circuit featureswill needparticularattention.For example,thereis a needto

developa library of outputdrivers that do not hangthelocal datanetwork when thechip

is powereddown.

2.7.5 Testing of Integrated Circuits

Theintegratedcircuits requiredfor the SSC may haveoperatingcharacteristicsthat are

not amenableto the teststandsat typical silicon foundries. Theremay thereforebe the

needfor test standswith specializedequipmentto perform adequatetestsof the IC’s

beforethey are installed.

2.7.6 Error Detection/Correction Practices

A study should be madeof the practical level of error detectionand/orerror correction

featuresthat should be requiredin the transmissionand receptionof datapackets.For

example,one must decideat what level activeerror detectionsuch asthe useof check

sumsshould be employedto ensuretheintegrity of the data.
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3 Calorimeter Front End

3.1 Scopeand Requirements

The goal of this part of the project is to developreadoutelectronicsfor calorimetry. The

effort will beconcentratedon ionizationcalorimeters,andin particularon liquid ionization

calorimeterswith liquid argon and with "warm" liquids. However, we emphasizethat

someof the circuits maybe identicalor very similar for silicon ionization calorimetersand

for scintillator calorimeters. Liquid ionization chambercalorimetershave the potential

to be the best calorimetertechnologywith respectto uniformity of response,accuracy

of intercalibration, stability of responseand radiation resistance.This developmentof

electronicswill thus be orientedtoward high precisioncalorimetry.

Therequirementson theelectronicswill be derivedfrom therequirementson calorime

try. As theserequirementsevolve from the physicsof interest,simulations,and assess

mentsof the detectorstate-of-the-art,the requirementson electronicswill be further re

fined. Somecalorimetryrequirementscompiled from the CalorimetryWorkshop,March

1989, University of Alabama,are given in Table 3.1. Theserequirementsserveas a guide

to the electronicsperformancein the areasof radiation resistance,calibration,dynamic

range,noise and speed.

The basic componentsof the signal processingchain are illustrated in Fig. 3.1. Its

functional elementsare:

1. Preamplifierwith capacitancematchingand chargecalibration.

2. Datarecordingchain,with additionalgain xl andx64, 1st and 2nd level buffer and

multiplexedreadout.

3. Thggerforming chain,with additionalgain, summingamplifiers, fast pulse shaping,

and timing andpileup inspectioncircuits.

4. Control circuits for calibration, sampling,memoryand multiplexing

Eachcalorimetersegmenthascircuits 1 and2 andtheremay be2-3x iJ suchchannels

for the entire calorimeter. Varioustrigger sumsresult in a much smallernumberof fast

outputs,of the order of 3 x iO-iO4, asexplainedin Section8.
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* Radiation Resistanc&
- 10’ reds/year; a IO ns hone/cm’ year

* Energy Resolution:
* EM , a O.15/E’, constant term a 1%

low PT electrons
* Iladronlc, <1 .0/E" sufficient, s 0.5/F" very good

* Systematic.,Calibration, Uniformity, Stabllltr 1% If sw
2% If hard

* Electron/hadronResponse: s 1.1 dIrect respOnse, or
quark composlten.essignal! by w&ghtlng

* Dynamic Rang.:
EM, 5 TeV lepton a 2.5 T.V In one channel 2.5 z 10’

Upton Isolation test - 100 MeV/chann.l -10’
Hadronlcj QCD jets - 5-6 ThY In one jet cone

* Noise electronic., uranium-:
e Lipton Isolation E c 4GeV In sR - 0.4
* Missing PT c 20GeV

* Speed and Pileup:
* Timing associate events and-bunch crossings, g a 1-2 nan

* Integration time hadron response t,1- 100-150 nsn

* Pileup time, Impact of overlap of n e.g., 10 bunch crossings

bk 3.1: CalorimetryRequirements

27



I -
‘cNn

Figure 3.1: The componentsof the calorimeterfront end electronics.

The pulse shapingin the datarecordingchainmay best be performedby an appro

priately weightedsum of severalconsecutivesamplestakenat bunch crossingintervals,

Ic. 16 nsec. This allows programmableshapingaccordingto the counting rateand the

requirementon noise.

Thepulseshapingof triggersignalsmaybe"hard wired" with severalintegrationtunes

e.g., 50, 100, 150 nsec,so that pileup andelectronicnoisecanbe minimizedfor different

experimentconditions. An exampleof someof the requirementson electronicsand on

particular circuits is given in Table3.2.

We discussin the following the outline of the proposedwork on variouspartsof the

signalprocessingchain. Our approachis to explorevariousfundamentalandtechnological

limits and thetradeoffs amongthoselimits, suchas speed,noiseandpower. Thevalues

of someof the parametersmay haveto be chosenonly at the time when the experiment

requirementsarebetterknown.
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GENERAL REQUIREMENTS:

* SPEED: 50 NSEC INTEGRATION TIME FOR OVERALL SYSTEM

- DYNAMIC RANGE: 2.5 TEY/IDO Nfl - 2.5 X 1O fIN.

* NONLINEARITY: . 0-251

MONOLITHIC CIRCUITS:

* SIGNAL AMPLIFIERS NIGH GAIN, LOW GAIN, ‘ * 10 NSEC

* SUMMING AMPLiFIERS FOR TRIGGER SIGNALS, ?j * S NSEC

* ANALOG MEMORY 64 x 16 NSEC, DYN- RANGE * 3 x io3

* CONTROL CIRCUITS FOR SAMPLING, MEMORY AND MULTIPLEXING

SIGNAL AND SUMMING AMPLIFIERS - SIPOLAR

ANALOG MEMORY MO CONTROL CI RCUITS - CMOS

SIGNA SHAPING FILTERING BY WEIGHTING OF 16 EEC SAMPLES.

THIS PART OF THE SYSTEM IDENTICAL FOR LIQUID ARGON, WARM LIQUID,
SCINTILLATOR AND SILICON CALORIMETRY

ble 3.2: Requirementsfor CalothneterElectronics
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3.2 Preamplifiers

Chargepreamplifiersfor ionization chambercalorimetersmust have low noise, a short

responsetime and low power dissipation. In addition, their apparentinput resistance

createdby the feedbackcircuit should be within a certainrange to providean aperiodic

transferof chargein the presenceof inductancein the connectionsbetweentheionization

chamberand the preamplifier. One of the most difficult requirementsis a very large

dynamicrange. In the electromagneticEM part of the calorimeterthe dynamicrange

will beat least2 x i04 and maybe ashigh as io. A linear responseover alargedynamic

rangerequirescurrentsand voltagesthat result in high powerdissipation. Matchingofthe

detectorcapacitancefor noiseoptimizationby increasingthesize of theinput transistor

ratherthan by a transformeralso resultsin higher power dissipation. It appearsthat a

power dissipationin the rangebetween75 and 200 mW is necessarydependingon the

type of capacitancematching.

The preamplifierswill haveto be locatedat the detectorelectrodesfor optimal speed

and noise levels Any remote location of the preamplifierswould result in significant

increasesin thenoise and the chargetransfer time. Location at the electrodesrequiresa

minimum powerdissipationand a high resistanceto the radiationin the calorimeter.For

liquid argon, the preamplifiersshould be able to operateimmersedin theliquid.

Theinput amplifying deviceshould havethe devicetime constantCFET/9VThasshort as

possiblec 5 nsec,theequivalentseriesnoiseresistanceshouldbe closeto thetheoretical

valueof 2/3g.,,,andtheparallelshotnoiseshouldbe negligible. Presentlyjunction field-

effect transistorsaxethe only type of devicethat satisfy all theserequirements.However,

their optimum operatingtemperaturerangewith respectto the noise is 120°K < T <

300°. Developmentof deviceswhich could operateat 90°K directly in liquid argon

will bepursuedin collaborationwith industry INTERFET, Corp..

Preamplifiercircuitswill beexploredanddevelopedwith a particulargoal to minimize

powerdissipation. Thequestionof monolithic versushybrid technologywill be thoroughly

explored. A processwith dielectrically insulatedtransistorswill be exploredfirst.

Preamplifierhybrid circuits, with JFETsdevelopedfor the HELlOS uranium-liquid

argoncalorimeter,havebeenirradiatedwith 60Co gammarays both at room temperature
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and at 77°K. At a total doseof 5 Mrads,no increasein the noise of JFETsmadeby

INTERFET hasbeenobserved.This study will be continuedas it constitutesa crucial

part of the programon calorimeterelectronics.

Preamplifiercircuit and JFET studiesarealreadya subjectof a genericR&D project,

and they should remain so. However,funding is requestedas a part of this subsystem’s

project for the work performedby industry on the developmentof JFETsand monolithic

amplifiers with .JFETs.

3.3 Transformersand SeriesCoupling of Electrodes

For ionization chamberelectrodeswith a capacitance>1 nF, ferrite core transformers

havebeenthe bestsolutionfor the capacitancematchingprovidingminimum noise,mini

mumpowerdissipationandprotectionof thepreamplifierfrom dischargesin thechamber.

Ferritecoretransformerssaturatein a magneticfield strengths> 0.03 T. Foroperationof

the calorimeterin a strongmagneticfield 0.5 to 2 T, two potential solutionshaveto be

investigated;a magneticshielding; and b the seriesconnectionof electrodesknown as

the "electrostatictransformer." Thetotal electrodecapacitancein the barrelcalorimeter

maybe 500-700aF. With 2 x I0 readoutchannelsthis gives an averagecapacitanceper

channelof 2.5 to 3.5 nF. In the EM calorimeter,the sectionswill be smaller s 0.5 nF

and in the hadronicHAD calorimeter they will be larger. Series connectionof elec

trodes may provide a solutioi for the EM calorimeter,but it would leaveHAD sections

mismatchedbecauseof the limit of how many electrodescan be connectedin series.

In any case,preamplifierswill have to be placed at the electrodesto minimize the noise

and the chargetransfertime. The seriesconnectionof electrodesprecludesinterleaving

of absorber-readoutcells into separatereadoutchannelsfor redundancy.

The technologyof transformersand their shieldingwill be investigatedin this project

and in the SubsystemsProposalon Liquid Argon Calorimetry. The seriesconnectionof

electrodeswill be investigatedin the subsystemsproposalson Liquid Argon Calorimetry

and on Warm Liquids.
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3.4 Calibration, Gain Control and Testing

In order to realizethepotentialof liquid ionization chambersfor very high uniformity and

accuracyof intercalibration in the rangeof a few tenthsof a percentaccuratecharge

injection into the electrode-preamplifiercircuit is mandatory.This is possibleto achieve

with eitherprecisionresistors0.1% or capacitors,with pulsewaveformscorrespondingto

ionization chambersignals. A more seriousproblem is the generationof sufficiently large

amplitudesto coverthe dynamicrange. A realchallengeis to developa pulserdistribution

systemwhereindividual channelsand arbitrary groupsof channelscan be pulsedunder

computercontrol. Intercalibrationof all channelscanbe achieved by a relatively simple

system.However,to test thefunctioning of the datastorageand recordingchannelsand

to test the trigger electronicsa moreelaboratepulser distribution systemis essential.

Switching circuits and some buffer amplifiers for this systemwill have to be near the

chamberelectrodesin order to minimize the numberof cablesrequired.

Thegainof eachsignalchannelwill haveto be equalizedprior to forming trigger sums.

The linear and weightedtrigger sumswill be formed by precisionresistornetworkswith

their outputsdirectedinto summingamplifiers. The gain equalizationcanbe performed

by either thecontrol of tolerancesof the gainelementsfeedbackcapacitorsand resistors,

or by microprocessorcontrol of thegain of the amplifier prior to the summingnetworks.

Developmentof pulserdistribution andgainequalizationcircuitswill requirea substan

tial effort in this projectand a doseinteractionwith all projectsdealingwith simulations,

trigger systemand dataacquisition.

3.5 Post Amplifiers, Shaping and Level 1 Analog Memory

The datarecordingchain containsmemoryunits requiredto store dataduring Level 1

and Level 2 trigger decisions. The dataare initally storedfor eachsampletakenat 16

nsecintervals. Noneof the known techniquesfor analogstorageandfast analog-to-digital

conversioncan coverthe largedynamicrangerequired15 to 17 bits. Thus at leasttwo

datastoragechannelsper signal channelwith partly overlapping scalesare needed,each

covering11-12 bits. Preamplifiersare followed by two fast amplifiers with different gains,

indicatedasxl and x64 in Fig. 3.1, which drive the memoryunits.
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The impulse responsefrom the detector electrodesto the preamplifier output may have

a rise time of no less than about 40-50 nsec,due to the chargetransfer time from the

electrodesto the preamplifiet In order not to further increasethe responsetime of the

system,the fast amplifiers should havea rise time of less than about 15 nsec. The fast

amplifier response,togetherwith the chargingtime constantof thememoryunit, provide

sufficient banAlivnting at high frequenciesto satisfr theNyquist criterion. Low frequency

cutoffmaybeprovidedin thepreamplifierand additionally in the fast amplifier, to provide

a shortenoughdecaytime in the responsethat thepileup in any single channeldoesnot

restrict the dynamicrange. Thus no elaborate pulseshapingwould beperformedprior to

the memory. The actual optimal shaping for a given counting rate will be realizedas a

weightedsumof a numberof consecutivesamples.This shapingshouldbeprogrammable

so that the pileup andtheelectronicnoisecouldbeminimized for a particularexperiment.

This type of signalprocessingis equivalentto pulseshapingby conventionaltime invariant

circuits. A wide rangeof weightingfunctionscan be realized.

As discussedin Section 7.1.6, analogmemoriesappearat presentto be preferableto

ADCs and digital memoriesfrom power considerations.The Level 1 memory would be

a seriesof 16 nsec samples1-2pseclong, the exact length to be establishedlater on the

basis of the overall trigger system. The developmenteffort on analogmemorieswill be

concentratedon the speed,dynamic range, and control of various imperfections. Those

of paramountconcernincludethe gain and pedestalvariations from cell to cell, stability,

dielectric absorption and charge retention. The monolithic circuits to be developed are

fast amplifiers,probablyin bipolar technology,andthe analogmemoryin CMOS switched

capacitancetechnology. A challengein the stateof the art is a 6-fold increasein the

sampling ratecomparedto a recentlydevelopedmemorywith an equally large dynamic

rangeZEUS collaboration.

3.6 Level 2 Buffer and Readout

The Level 2 Buffer will have to store the dataselectedby the Level I trigger for 20-

50 /Lsec. The dataflow into the Level 1 memory is simple and the choice of an analog

memoryappearsto be obvious. In the caseof the Level 2 Buffer therearemanyoptions

33



for thetransferof datafrom the Level 1 Buffer and also someproblems,and the choice

of the analogor digital storageis less obvious. All the questionsof the datatransferand

readoutinvolve thedataacquisitionarchitectureand theconceptanddesignof thetrigger

system. Someof thesequestionsarediscussedin Sections2 and 5.

We proposeto concentratehereon the study of technologyoptions and the necessary

circuit developmentfor the Level 2 memory. If thechoiceof thememoryis an analogone,

it will haveto be developedwithin this project. If the choice is for ADC and a digital

memory,we expectto rely on industry for ADC developmentand availability.

3.7 Fast SummingAmplifiers for Level 1 Trigger

Trigger sums will be formed of larger and smaller groups of channelsthat will make

possiblea measurementof the total transverseenergyS Er, missingtransverseenergy

?r, jets,andelectronswithin a short time from theevent100-150nsec,asdiscussedin

Section8. Thesesumscanbe formedin thetrigger channelof thesignalprocessingchain

as indicatedin Fig. 3.1. Each signal channelcontributesa current to severalsumming

amplifiers. The current for various linear and weighted sums are defined by precision

0.1%resistors.The signalfrom thepreamplifieris first amplified shownas x5 in order

to makethe noise from the summingresistorsand amplifiers negligible comparedto the

preamplifiernoise. The groupingfor thesumsmay beassmall as8 channelsfor theHAD

towersand48 channelsfor theEM towers.Onealsoneedsa linear S Er and a weighted

sum .?r for the whole calorimeter. The numberof inputs to one summingamplifier is

limited mainly by thespeedof responseandthenoise allowed. If weassumethat 16 inputs

is anacceptablenumber,thena cascadeof threesummingamplifierswould providea sum

of 4096 signal channels. The upperlimit to this numberis determinedentirely by the

locationof circuits andnecessaryinterconnections.Wherelongerconnectionsmore than

5 metersto the final sumsbecomenecessary,partial sumsmay be digitized alter final

pulse shapingwith very fast ADCs, and the datatransmittedby optoelectroniclinks.

The numberof suchpartial sumswill be small - 3 - 10 x io comparedto the number

of signal channels.

Thesummingamplifiersmust not increasetheresponsetime andthey should be linear.
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To satisfy this, their rise time should be less than about 5 nsec. They should also have

a low input impedancesincetheir input is a currentsummingpoint. Such amplifiers will

requireadvancedf > 7 GHz bipolartechnology.Thepulseshapingwill beperformedon

the sum signals. Sincethenumberof suchshapingamplifiers will be small severaltimes

10, some degreeof sophisticationmaybe allowed in the designand implementationof

the circuits. Severalvaluesof theeffectiveintegrationtime e.g.,50, 100, 150 nsecshould

be providedin order that thepileup effectsand the electronicnoiseareminimized. The

pulseshaping,which formsa short pulsefrom along electrondrift time in liquid ionization

chambers,is shownin Fig. 3.2. Thesepulseshapingcircuitscanbestbe realizedin bipolar

transistortechnologyasa combinationof monolithic andhybrid circuits.

3.8 Time Measurementand Pileup Inspection

Time measurementwill beperformedon all trigger sumsignalsto associatethe signalwith

a particularbunch crossing. The signals in ionization chambercalorimetersare formed

from very largenumbersof ion pairs typically i0 electronsfor 100 GeV of deposited

energy so that statistical fluctuationsin the inducedcurrent waveform arevery small.

Thus thetiming canbe performedby centroid finding ratherthan by leading edgeas in

gasandscintillatordetectors.Bipolar pulseshapingprovidescentroidtiming information

which is energyindependentwalk-free at zerocrossing.Timing resolutionis dependent

on the signal to noise ratio, and thus on the depositedenergy and the trigger tower

size. For jet-sizedtowersa resolution of a few nanosecondsat 100 0eV is expected.For

individual towers, time resolution of a few nanosecondscanbe obtainedfor Er> 5 - 10

GeV. The timing measurementcan be performedby a zero crossingdiscriminatoron a

bipolar waveform,or by severalsampleson a unipolar waveform. Theseare equivalent

operations,but with different circuits.

Pileup inspectioncanbest be performedby looking for some characteristicwaveform

distortion on trigger sum signals. For example,a simple indication of pileup is a discrep

ancyin the time betweenthe peakandthezerocrossingof thebipolar outputsignalfrom

a standardsingle eventsignal.

Themostseveredesignrequirementfor the sum signal circuits in any typeof calorime
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Figure 4.1: The mechanicaldesignof a- chamberdetector.

ter will be to equalizethe time delayof all signal channelsandtheresponseof all calorime

ter sectionsto a few nanosecondsa fraction of the bunch crossinginterval.

4 Readout Electronics of Proportional Chambers with Inter

polating Cathode Pads

4.1 Scopeof Detector

The gas wire proportional chamberwith interpolatingpad readout"pad chamber"is

intendedas a low-mass c 0.1% of a radiation length detectorwith unambiguous2-

dimensionalreadout. A few pad chamberplanesmay be locatedin the central tracking

regionto easethetaskof trackreconstructionof otherone-dimensionaltracking detectors

suchasstraw tubesin a high densityof trackenvironment.Interpolatingpad chambers

may be moreappropriatefor trackingin the forward direction.

A "pad chamber"detectorFig. 4.1 [1 consistsof a wire planein betweena pad plane
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Figure 4.2: A chevroncathodepadgeometry.

and a secondcathodeplane.The padplaneconsistsof pixel- like elements.Adjacentpad

rows areseparatedby guard strips to reducethe "crosstalk" chargeinduced.

A resistivelayer is silk-screenedon top of eachpad row to achieve resistivecharge

division. Dependingon the desiredresolution one out of everyN padswhere N 10

is readout.

A differentmethodfor achievingchargedivision useschevronshapedelectrodesFig. 4.2.

This type of chamberhas a coarserresolution, and may be usedfor tracking at luger

radii from theinteractionpoint. However,its manufacturingis greatly simplified sinceno

resistivelayersareinvolved.

4.2 hont end electronics

Assuminga cell sizeof 4mmx 10mmthereadoutdensitywill be 25000 channels/m2.The

solutionof bringing sucha largenumberof channelsoutsidethe activeareaby meansof

printedwires is not practical.

The amount of electronicsto be placedon the cathodeplane is dictatedby the re

quirementof achievinga substantialdegreeof multiplexing and yet avoiding excessive
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Figure4.3: A possibleconfigurationfor the front end electronicsfor a- chamberdetector.Figure a

showsthe electronicsthat could be mounteddirectly on the- chambercathode.Figure b shows the

electronicsthat would be mountedon the peripheryof thechamber.

powerdissipation in a region whereheatremoval is difficult. It is conceivableto locate

the preamplifier,the shaperand the first level of storageon the cathodeplaneFig. 4.3.

Only thosechannelsshowingsome activity and selectedby the Level 1 trigger are to be

read out, thus allowing a substantialdegreeof multiplexing. The driver locatedon the

front end circuit will drive only a short line - I rn to the peripheryof a plane. The

secondlevel of analogstorage,additionalmultiplexinganda driverfor thelong line which

will sendthe signalto the AbC, will be locatedon theperipheryof the chamber.If more

efficient methodsof cooling the backplaneregion areconceivedor morepowerefficient

front end circuits canbe designed,it could be possibleto locateeventhe secondlevel of

analogstorageon the chamberitself. In this casea largerdemultiplexingis allowedand

the ADC could be locatedon the peripheryof the chamber. Only digital-signalswould

be transmittedover a long distance,thus easingstray signal pickup problems.

Eachcomponentof the analogprocessingchainin thefront-endcircuit will beconsid

-n
-Ma
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eredin more detail in thenext paragraphs.

4.3 Preamplifier

Placiugthe front-end electronicsright on the cathodeplanewill virtually eliminate all

stray capacitancesat the input.

Given the small detectorcapacitanceC 2pF/10 padsrow, the noiseresultsmay be

quite good despitethe poor noisepropertiesof MOS integrateddevices.

Operationof the chamberin a moderateregimeof gasgain, thus allowing operation

at high countingrateswith respectto spacechargeeffectsand thechamberlifetime, will

still yield spaceresolutionswith a - 100 microns. CMOS technologyfor the front-end

circuit will allow sophisticatedcontrol logic and analogstorageto also be integratedinto

the circuit.

Sinceadjacentpreamplifiersareconnecteaby a resistorof - io Ohm, theinput offset

must be controlled within to ‘-‘ 10 mV in order to avoid stray currents,or AC coupling

mustbeemployed.An importantpoint to studywill be theDC biasingof thepreamplifier:

a - 1 MOhm resistorin feedbackis the most desirablesolution circuit-wise, but may be

difficult to integratefor a large dynamic range. The impact of activeDC restoration

techniqueswhich imply some deadtimeon the performanceof the detectormust be

evaluated.

4.4 ShapingAmplifier

Somerudimentaryshaping‘-. 50-100us peakingtime, unipolar is usedfor noisefiltering

and bandwidth limitation. Further shaping is provided by a combination of weighted

samples.

4.5 Level 1 Analog Storage

To resolve multiple tracks and achievegood position resolution, the readout cell size

is chosenso only a small percentageC 1% of the channelshave a signal. Sparsing

techniquescan thus be employedto reducethe amount of information being stored.For

exampleFig. 4.4, the information may be stored only when a signal exceedsa given
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threshold.Memorycapacitorsmay be continuouslyoverwrittenuntil a signalis detected,

which would preserveone or two samplesbefore the thresholddetection. The time of

the first sampleabovethresholdor someother time referencemust be storedin a digital

register. The control logic must also be ableto recognizethe presenceof a secondevent

partially superimposedon a previous one and recordit too. For centroid reconstruction,

it is necessaryto storesub-thresholdsignalsin adjacentchannels.

4.6 Multiplexing and Driver

Only activechannelsfor thoseeventsselectedby the Level 1 trigger will be transmitted

to the second level of analogstorage. This allows a substantialmultiplexing of signals

from different channelsto a single output line. The driver will drive only a short line in

order to avoid excessivepowerdissipationin a regionwhereheatremoval is a problem.

4.7 GeneralIssuesConcerningthe Designof Front End Circuitry

Radiation levels are substantialin the central tracking region, given the proximity to

the interaction point. The choice of a radiation-resistantprocessis essential,and the

failure mechanismsmust be firmly established,including theeffect of radiation on noise.

Once the effect of radiation is understood,radiation-resistantcircuit topology must be

evaluated.Reliability of prototypesand test circuits in a radiation field must bestudied.

Another worrisome point is the resistanceto electrostaticdischargesESD, which

are an unfortunatereality for gas proportional detectors. The thin gate oxides used

to increasethe radiation resistanceare particularly prone to ESD damage. Active and

passiveprotectionschemesmust bestudiedandevaluatedin order to achievethe desired

reliability.

Packagingof the circuit must be addressedin order not to compromisethe low den

sity of the detectorand yet protect the electronicsand the delicateconnectionsto the

integratedcircuits.

REFERENCES:

[1] Debbeet al. Multiwire ProportionalChamberwith Highly SegmentedCathodePad

Readout;Proceedingsof 1989 Wire ChamberConference,Vienna, 13-17 February1989.
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Figure 5.1: The functionalelementsofthe readoutelectronicsfor adrift chamber.

5 A Complete Systemof Drift Chamber Electronics

We now discuss a prototypedesign for a completesystemof drift chamberelectronics

seeFig. 5.1. The goals of the systemarea time resolution of c 0.5nsec,a doublepulse

resolution of 20-30nsec, full Level 1-Level 2 buffering and nearly deadtime-lessdata

acquisition. The guiding principle of the designis the desireto minirn..e the powercon

sumptionwhereverpossiblewithout sacrificing the ratherambitiousperformancegoals.

Since drift chamberscomein a wide variety of shapesand sizes,it is necessaryto make

someassumptionaboutthedetectorcharacteristics.For thepurposeof the signalto noise

discussionpresentedhere,wewill assumethat eachdrift chamberwire may be represented

a sourcecapacitanceof lOpF. For chambersin which the wires aresignificantly longer

than2m, it is probablydesirableto terminatethewire at thefar end in its characteristic

impedance.In this case,the detectoris perhapsbetter representedas a resistiveload.

Calculationsof signal to noisemadewith this detectormodel yield very similar resultsto

thosepresentedbelow, though longerwires imply higher noise.
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Becauseof the short measurementtimes and relatively largecapacitanceof the detec

tor, bipolar transistorsare superior to MOS for the preamplifier and shaping amplifier.

We also chooseto implement the comparatorin bipolar becauseof the better matching

obtainedwith bipolar transistors. For the analog memory and associatedcontrol logic,

CMOS is dearly the technologyof choice. The currentswitching for the time-to-voltage

converterTVC could probably be implementedequally well in bipolar or CMOS; we

have chosento indudeit on the CMOS chip becauseof the close associationwith the

analogmemory. It is anticipatedthat the entire system may be implementedin two

chips, one bipolar and one CMOS, thoughit remainsto be seenwhetherthe high speed

comparatormaybe includedon the samepieceof silicon asthelow noisepreamplifier. It

maybe necessaryto packageit separately.

We proceedto discussthe designissuesof eachof basiccircuit elementsand comment

in somedetailon the architecturalissues,asthis systemprovidesa good specificexample

of someof the generalissuesraisedin Section2. A numberof conclusionsreachedin this

design are relevant to the electronicsfor other detectorsystems;in particularaspectsof

the overall architecturethat minimize power dissipation,suchas a "datadriven" analog

memoryand "virtual" Level 2 storage,are likely to be relevant to the readoutof wire

chamberpad and silicon strip detectors.

5.1 Signal Processing

5.1.1 Preamplifier

For a bipolar preamplifier, the most common choicesfor the configuration of the input

transistorarecommonbaseor commonemitterwith resistiveand/orcapacitivefeedback.

Since the noise sourcesof the transistoritself are identical, differencesin the noise per

formancewill arise primarily from the biasing network. It is sometimesarguedthat a

common baseis a poor choicesince thereis no currentgain betweenthe input and the

collectorwhereboth the collectorresistorandtheemitterresistorcontributenoise. On the

otherhand it may also be arguedthat commonemitterwith resistivefeedbackis a poor

choicesincethefeedbackresistorcontributessignificant noise. While theexactchoicewill

dependon the details of the application,it may be said that for detectorcapacitanceof
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order 5-10 pF and shapingtimes of less than 10 nsec,one may chooseR and l or B1

to to be sufficiently largethat thecontribution to the noiseis less than 10%. In this case

the signalto noiseratioobtainedwith either the commonemitteror commonbaseconfig

uration is nearly identical. However,for the commonbaseconfigurationthe combination

of relatively largeI of order 0.5mA and R, R> lSkOhm implies ratherlarge power

supply voltagesand hencesignificantly higher power consumption. The common base

doesprovide a greaterdegreeof stability whenit is desiredto use the preamplifier with

a wide rangeof detectorcapacitancesand with detectorsthat may introducesignificant

phaseshift into the fedbacksignal. We chooseat least initially the common emitter

configurationfor thelower power dissipation.

5J.2 ShapingAmplifier

Theshapingamplifiermust provideadditional gain and determinethe overall bandwidth

and pulse shapingthat is requiredfor the desiredsignal to noise ratio and double pulse

resolution. Typically pole-zerocancellationis used to cancel the dominant pole of the

preamplifier and additional stagesof integration axe used to provide a transferfunction

of the form
k

1 + sp"

For very advancedtechologies,it may not be necessaryto include the pole zero cancel

lation. This correspondsin the time domain to an impulse responseof the form

hi =

The outputwaveform is shown for severalvaluesof n in Fig. 5.2. For the purposeof the

following discussionwe definethe "peakingtime", t,,, to be the time from the application

of an impulse chargeat the input to the time of maximum voltage at the output. We

definethe"measurementtime", tm, to be the time delayfor theoutputvoltageto go from

10% of the maximumvalueto the maximumvalue.

For applicationsin which the averagetime betweendetectorsignals is much larger

thanthe desired measurementtime eg. pad chambersor silicon strip detectorssimple

RC-CR shaping, which correspondsto n = 2, is usually adequate. However, in cases

where the counting rates per detectorelement are sufficiently high that double pulse
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Figure 5.2: Impulse responsesfor a preamplifier/shapingamplifier with a pole transferfunctions.

resolution is critical, such as is true for wire readoutof drift chambersfor which the

occupancyis anticipatedto be 5-1O%, it is advantageousto useshaping with it = 3-4.

The improvementin the double pulse resolution due to larger numberof integrations

is illustrated in Figure 5.3. Here the double pulse resolution is definedto be the time

durationbetweenthe leading and trailing edgeof the pulseattaining an amplitude that

is 2.5% of the peak amplitude. The lines of constanti,, correspondto nearly constant

noise,thoughthereis some improvementas it increases.

To achievea given doublepulseresolution,onemay ofcoursechooseto useit = with

a smallervalueof t, thanwould be the casefor it = 4; this howeverwill leadto somewhat

larger noise.

An exampleof asimpleshapingcircuit that yieldsit = is shownin Figure5.4. Thefour

integrationsarisefrom the pole-zeroof the first differential stage,and from integrations

due to the parasiticcapacitanceat the collectors for eachof the threedifferential stages.

The circuit is similar in functionality to a single endedversiondevelopedby Radekaet al.

Thedifferential versionwas developedfor integratedcircuits for biasstability, to minimize
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Figure 5.5: The measuredimpulseresponseof the preamplifier/shaperfabricatedwith an AT&T process

to a 1 fC input.

feedbackand crosstalkon chip, and to increasetheradiationhardnessof the circuit. This

circuit hasbeenimplementedin an AT&T process;the measuredimpulse responseof

the preamplifier and shaperto a 1 fC input is shownin Fig. 5.5. A comparisonof the

calculatedand measurednoise is presentedin Fig. 5.6.

In thelast stageof theamplifier an additionalpole-zerostagewill be includedin future

versionsto approximatelycancel the 1/i tail on the pulsedue to the motion of positive

ions in the drift chamber.

5.1.3 Comparator

For leadingedge timing applications,a fast comparatoris required.While this could in

principle be implementedin either CMOS or bipolar, thelatter hasbeenchosenprimarily

becauseof the lower offsets that can be obtainedwith bipolar. One can readily obtain

matchingof bipolar transistorsto approximately1 mV while matchingfor simple CMOS

comparatorsis more typically 5-10 mV. In addition, a comparatorwith output risetime
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of 2-3 nanosecondsis likely to consumeless powerwhen implementedin bipolar rather

than in CMOS.

5.1.4 Interconnectionbetween Comparator andTime to Voltage Converter

Becausethe preamplifier,shapingamplifier, andcomparatorareimplementedin bipolar,

and the time to voltage converter,Level 1-Level 2 analog memory, and readoutare

implementedin CMOS, the minimum system consistsof two chips. It is desirableto

locate the two chips rather dosetogetherboth to increasethe packingdensity and to

reducethe power in the output driver of the comparatorby reducingthe capacitanceof

the interconnects.At the sametime, one of the most significant challengesis to prevent

the comparatoroutput and the signals on the CMOS chip from coupling back to the

preamplifierwith sufficient amplitudeto causeoscillationsor spurioussignals. That this

is a nontrivial problemis seenby thefollowing simple calculation. If one assumesa 1 cm

trace going from the wire to the preamplifier, 1 cm trace leading from the comparator

output to the TVC, and an averagespacingof order 1 cm, the capacitivecoupling from

the comparatoroutput to theinput is of order 10ff. If theoutputof the comparatorwere

single ended,the risetime 1 nsec,and the voltage swing 3 volts to drive the CMOS

chip, the inducedchargeat the input of the preamplifier, solely due to the capacitive

coupling, would be 30 fC, more than 20 times larger than that requiredto trigger the

comparator.A far morereasonableapproachis to usea comparatorwith fully differential

outputs,arisetimeof 2-3nanoseconds,and avoltageswingof200mV.This shouldreduce

the crosstalkfrom comparatoroutput to preamplifierinput by afactorof severalthousand

comparedto the single ended,largevoltageswing.

5.1.5 Time-to-VoltageConvener

We now considera systemfor measuringthe time of pulses. If the resolution requiredis

not smallerthan 1 nsec,it is possibleto usefully digital systems,asrecentlydemonstrated

by the developmentof a fully digital time memorysystemin an advancedCMOS process.

We have chosen to develop a mixed analog-digitalsystem both becausesuperior time

resolution may be obtained,andbecausewe believethat suchan approachmay providea
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Figure 5.7: Schematicdiagramof the time-to-voltageconverter.

lower powersolution. This beliefhasbeensubstantiatedby thefactthat thedigital system

recentlydevelopeddissipatesapproximately100 mW for time resolutionof 1 asecand a

Level 1 storagetime of 1 zsec. By contrast,we anticipatethat thetotal powerdissipation

for the system we are proposing will be less than 5-10mW. In this systemthe time of

a signalpulserelativeto a referencedock system,suchasthe bunch crossingfrequency,

is measuredwith a TVC and the time of the pulseon longer time scalesis provided by

counting the numberof clock pulsesor simply identifying the crossingnumber.

A schematicof the time to voltage converteris shown in Fig. 5.7. In the quiescent

state, all of the current4 flows throughMO. A pulsefrom the comparatorsetstheflip-flop

thereby turning MO off and Ml on. The current4 then flows through Ml and begins

to dischargethe capacitor. The trailing edgeof the next dock puke resetsthe flip-flop

switching the currentback to MO. The result is a voltagestored on the capacitorwhich

is proportional to the time differencebetweenthe time of the signal of interestand the

trailing edgeof the dock pulse. This prototype TVC circuit hasbeenimplementedin a

1.6 micron CMOS process;the measuredresponseshowing the changein voltage on the

CI
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Figure 5.8: Measuredresponseof the time-to-voltageconverter. The responseis superimposedfor all

eight capacitorsusedin the analogmemory.

capacitor versus the time difference is shown in Fig. &8.

5.2 System Architecture

We now considereachof theotherelementsrequiredfor a completesystem;theseinclude:

1.Levell-Level2 Buffering

2. Interactionwith trigger system

3. Event identification

4. Calibration

5. Event readout -analogor digital

INPUT NS
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5.2.1 Level 1 Buffering

Given the very high interactionrateand the fact that a time interval of approximately

1 psec is likely to be requiredfor the Level 1 decision as to whethera given event is

interestingor not, it will be necessaryto storedatatemporarilyon chip.

A numberof techniquesexist for storing analogdata, the most notablebeing that

of charge-coupleddevicesCCD’s and the useof switchedcapacitortechniques.CCD’s

possessa numberof attractivefeatures,in particular thefact that the time of the event

is directly correlatedat any given instant with the location of the datain the CCD. In

a systemwherethe CCD is dockedat the crossingrate, thecrossingwith which datais

associatedmay be readily identified. CCD’s also have the advantagethat all signals are

propagatedalongthesamepath thus greatlyreducingthe problemof different offsetsand

gains for different measurements.However,CCD’s arevery inefficient in termsof power

sincethey areclocked continuously,whetherdata is presentat a given time or not, and

all storageelementsareclockedeachcrossing.

We thereforeconsidera capacitorarray, suchas hasalready been utilized in analog

memoryunits developedfor otherexperiments.In the simplest modeof operation,which

would be applicableto voltage "waveform sampling" aswell, a new capacitoris selected

at regularintervals, for exampleat the 60 MHz crossingfrequency. This scheme,which

might be referredto asan "analogring buffer", is essentiallythe sameasthat employed

in the SLAC analogmemoryunit, in a voltage sampling circuit developedfor the ZEUS

calorimeterat HERA, and in a recentanalog memory unit developedat LBL. For the

caseof 60 MHz and a 1 psecdelay,64 storagelocationswould be required.Theregularly

dockedsampling preservesthe correlationbetweencrossingnumberand the location of

the dataaswas true for CCD’s. However,sinceonly one switch is dockedat a time, the

power consumptionwill be much less than that for a CCD. The primary disadvantage

comparedto CCD‘s is that eachstoragelocation will havea different offset, sincedifferent

switchesare usedfor each,and possibly a different gain if the capacitorsare not well

matched.The first problem, that of variableoffsets due to different chargefeedthrough

from different switches,can beminimized by using very small switcheswhich arelaid out

in a way to be as identical as possible;of coursethe useof nearly minimum size devices
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memoryis to cycle throughthe storageelementsat regularintervals, either samplingthe

voltagefrom a chargeintegratingcircuit for chargemeasurementor selectinga new ca

pacitor for a time-to-voltageconversion.This approachis not without its costs however.

If one sampleseach16 nanoseconds,then64 storagelocationsarerequiredto achievea

total memorytime of 1 p5cc. While the areaoccupiedby this manylocationsis not inor

dinate,it becomesdifficult to usetechniquessuchas common centroidlayout to achieve

optimal matchingof the capacitors. In addition, the total capacitiveload presentedby

the drain-substratecapacitanceof all the switchesis not small. For example,in the 1.6

z CMOS processreferredto above,the total drain substratecapacitancefor 64 switches

of size tL8p x l.6p is O.4pF. For the TVC application sucha large capacitancewould

result in 5-10 nsecbeing requiredbeforethe circuit comesto equilibrium. Finally, if the

actual signal rate on a given detectorelementis of order 3-5 MHz the maximum for

most systemsan&if the pulses are relatively short, e.g. 20-3Onsec,then one might ask

why it is necessaryto sampleat sucha high averagerate.

An alternateapproach,which one might call a "data-driven" architecture,is to only

store a voltage if useful information is present. This approachhas beenapplied to the

time-to-voltageto voltageconvertersystemasshownschematicallyin Figure5.10. Assume

that initially one of thecapacitors,e.g. that with anaddressof 0, is selected.Uponreceipt

of a signal from the discriminator,a time to voltageconversionis initiated measuringthe

time interval betweenthis pulseand he trailing edge of the next dock pulse. A four bit

counter,the Level 1 Input Address,is incrementedtherebyselectinga new capacitorto

beusedfor the next pulsefrom the discriminator.Sincethis counteris incrementedat an

averagerateof 3-5 MHz, only 8-16 capacitorsallowing for fluctuationsin theinput rate

are required. This drasticallyreducesthe total capacitancepresentedto either the TVC

or to the output stageof the shapingamplifier for a chargemeasurementapplication.

To identify thetime of an input pulseover a time interval of severalmicroseconds,it is

necessaryto identify the clock pulsewith respectto which thetime to voltageconversion

was made. A straightforwardschemefor doing this is to include a counter which is

incrementedby the referenceclock and a digital memory with one word corresponding

to eachanalogstorageelementFig. 5.10. Eachtime measurementthen consistsof an
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Figure 5.9: Schematicdiagramof the time-to-voltageconverterandanalogmemory.

limits the bandwidthobtainable. The secondeffect, gain variations,can be minimized

by matchingthe capacitorsasclosely as possible,or for some applications,by the useof

"charge-pumping" techniquesin which only the chargeon the capacitoris relevantand

the absolutevalueof C doesn’t enterto first order.

Application of the above ideas to the TVC is shown in Fig. 5.9. The right hand

side of the source-coupledpair is replicated as many times as the numberof storage

locationsdesired.At any given time only one of thetransistor-capacitorpairs is selected

sothat the circuit behavesessentiallythe sameasdescribedabove. Switchesof dimension

L8p x 1.6p were chosennearly the minimum sizepossibleand the capacitorswerelaid

out in a commoncentroidgeometryto optimize the matching.The transfercurvefor all

eight capacitorsare shownsuperimposedin Fig. £8. Themaximumvariation is typically

11 mV which correspondsto an accuracyof O.2nsec It is believedthat muchof this

variation is due to variationsin the large sourcefollowers usedon the test chip and that

thefundamentalreproducibility is likely to be significantly better.

As notedabove,the moststraightforwardapplicationof the switchedcapacitoranalog
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Figure 5.10: An implementationofthe logic fin the "data.driven" Level 1.

analogpart and a digital part.

5.2.2 Level 2 Buffering

If the datacorrespondingto a giveneventpassestheLevel I criteria, it mustthenbestored

for a substantiallylongerperiod,for exampleoforder30-5Opsec,while moresophisticated

processingis carriedout. The argumentfor analogstoragein Level 2 is less dearthanfor

the Level 1 storagesincethe averagerateof datainto Level 2 will be the Level 1 trigger

rate io-i0 times the averageoccupancyfor the channelin questionc 0.1; hence

the averagewriting rate into Level 2 will be 1O’-l0 Hz. However, if we require that

the systembe deadtime-less,that the Level 1 triggersystembe synchronouslikely since

informationfrom different partsof the detectormustbe combinedtogetherat the 60MHz

rate, and if one assumesa simple real time transfer from Level 1 to Level 2 once it is

establishedthat the information correspondingto a given interactionhaspassedLevel I,

thenthe datatransferto theLevel 2 storagemusttakeplaceat a very high instantaneous

rate in principle at 60 MHz. Said anotherway, if there is "interesting" dataon chip

1111k
LEVEL 2 DIGITAL MEMORY
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from two subsequentcrossings,thenthe systemmust be ableto transferthis datafrom

Level 1 storageto Level 2 storageat the full crossingfrequency. "Intercsting" datain

subsequentcrossingsmayoccureitherfrom different interactions,eachof which generated

a Level 1 trigger,or from a single interactionpassingLevel 1 if the responsetime of the

detectorsystemin questionis sufficiently long that it is desiredto recordthe datafor

severalsubsequentcrossings.It is of coursepossibleto buffer the Level 1 Accepts,either

on chip or in the trigger system,so that fluctuationsin the instantaneoustransferrate

from Level 1 to Level 2 areaveragedout. In this casethe powerrequiredfor the transfer

of information from Level 1 to Level 2 would be determinedby the averageraterather

than by the instantaneousrate. Implementationof this buffering on chip would require

considerableadditionalcontrol circuitry; implementationin thetrigger systemis probably

trivial in terms of the amount of circuitry, but might yield additional complicationsin

termsof the overall trigger design. We plan to considerthis alternateapproachfurther.

However,for thepresentdiscussion,we shallassumethat suchbufferingof Level 1 Accepts

is not performedand that the Level 1-Level 2 transfermust be capableof taking place

at instantaneousratesof 60 MHz.

It remainsto be decided whether the Level 2 storageshould be digital or analog.

Commercially available six bit flash ADC’s FADC’s capableof operating at 60 MHz

typically consumeseveralhundredmilliwatts which far exceedsthe goal for the power

dissipationfor the entiresystem. In addition, if we arestriving for mimimal power,there

seemsto be little point in performinganalog-to-digitalconversionon data99% of which

is to be discarded.We shall thereforeassumethat the Level 2 storageis also analog.

One must now answerthe questionof whetherit is possibleto transferthe voltage

or chargefrom Level 1 to Level 2 in 16 nsec, to the desired level of accuracy,and

at a reasonablepower consumption. To answerthis question we have designedseveral

operationalamplifiers in a 1.6 micron CMOS processwith the goal of obtaining 150-

200 MHz unity gain frequencyfor a load capacitanceof 0.5pF and with minimal power

consumption.Of two circuit configurationsstudiedin detail,thedifferential foldedcascade

configuration gives slightly better performance. Severaldifferent optimizationsof this

design yield the performanceand powersummarizedin Table 5.1. While it is possibleto
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Table 5.1: Chagetransfertimes for variousoperationalamplifiers simulated.

obtainsettling to 1% ofthe final valuein 20 nsecwith a rathermodestpowerconsumption

of4.8mW, onemustalsomakeallowancefor theswitching timesof thesamplingand reset

switches. It is thendifficult at this power level to accomplishchargetransferin less than

40 nsec. It is of coursepossibleto speedup the samplingconsiderablyby increasingthe

sizeof the switchesand thecurrentin theoperationalamplifier. However,largerswitches

would lead to proportionatelylarger chargefeedthroughand the resulting offsets and

larger currentin the operationalamplifier would lead to higherpowerdissipation.

5.2.3 An AlternateApproachto Level 2 Storage

An alternatesolution to the problemof rapid transferfrom Level 1 to Level 2 storageis to

decidenot to movethe charge,but to changethestatusof the storagelocation instead.In

this casea given capacitorstoragelocationcanbe in one of five statesasshownin Fig.

5.11: 1 Available for datastorage,2 Datastored,waiting for Level 1 trigger decision,

3 Datastored,waiting for Level 2 triggerdecision4 Waiting for readout,and5 Being

Reset. Control logic must be provided which providesthe following functionality: a list

58



CAPACITORSTATES

Figure 5.11: The capacitorstatesfor "virtual" Level 2 storage; the chargeis not moved until readout.

of the next available storagelocations for data acqusition,a list of storagelocations

waiting for a Level I trigger decision,and a list of storagelocations waiting for Level 2

trigger decision. A detaileddiscussionof a circuit to accomplishthis is not appropriate

here, but it may be stated that it is possible to provide this functionality with only

moderatecomplexity. The goal of changingthe status from Level 1 to Level 2 in less

than 15 nsec is easilymet with a much lower power consumptionthan is required for

actual chargetransfer. Fom a power point of view, the simultaneousrequirementsof a

high instantaneoustransferratebut a low averageratearemuchbetter suited to digital

operationsthan analogsinceno standingcurrentis required.

5.2.4 Interaction with Trigger System andEventIdentification

It is interestingto explorein a little more detail possibleinteractionsof the front end

circuitry with the Level 1 and Level 2 trigger systems,as assumptionsmadeconcerning

this interactioncan havesignificant impacton the front end circuit design.

At any given instant therewill exist datastoredin the Level 1 memoryfor a numberof
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eventsduring thepreceding1 isec. Eachtime a Level 1 Accept is receivedat thechip it is

necessaryto determinewhetherthereexistsanydataon chip correspondingto thecrossing

with which that Level 1 Accept is associated.For the casein which clockedsampling at

regularintervals is utilized, one readily can determinethe appropriatecapacitoras was

noted above. However, for the "data driven" architecturethis approachis lost and a

different techniquemust be used. A simple solution is shown in Fig. 5.10. Each time a

discriminatorpulseoccurs,andatimeto voltageconversionis initiated, a 1 is enteredinto

a 1 psecdelayelementsuchasa shift register.This information, togetherwith bits set by

any otherhits during the precedingmicrosecondpropagatesdown the delayelementand

emergesfrom the output at the precisetime that the correspondingLevel 1 Accept for

that eventwould occur. If theLevel 1 Acceptis Trueandtherewasdatain theparticular

channelcorrespondingto that eventa condition which wewill refer to as Level 1 OK,

the information is transferredto Level 2 storage. As the dataemergesfrom the delay

elementit incrementsa 4 bit counter,the Level 1 Output Address,which always points

to thenext addressto be readout.if the Level 1 Acceptsignal correspondingto a given

eventis False,or thereis no datapresent,thenno transferis initiated. Thus this approach

automaticallyincorporates"sparsification" or "zero suppression".

Whendatais written into Level 2, it is necessaryto give it somekind of eventnumber

or identification. In principle the bunch counterassociatedwith the analoginformation

could be utilized; however, if the total storagetime through Level 2 is to be 30-50jzsec,

this would requirean 11 or 12 bit counter.Eventhis would probablynot providesufficient

identificationduring the readoutchain. Another approachis to include a counteron chip

which countsthe Level 1 Accepts.For any giveneventof interest,this Level 1 ID identifies

the datawith a given trigger. A six bit counterwould then be sufficient to distinguish

eventsover a 64 sec interval.

The Level 2 Input Address counteris simply incrementedeach time chargeis trans

ferred from Level 1 to Level 2. Howeverdeterminationof the output addresscan be

considerablymorecomplicateddependingon theassumptionsmadeconcerningoperation

of the trigger system. First, it will surely be true that decisionsof the Level 2 Trigger

Systemwiil be asynchronous.However,if thesedecisionsaremonotonicin time, thenthe
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Level 2 Output Address canbe simply determinedby a counterwhich incrementswith

eachLevel 2 strobe receivedat the chip. To implementthis approacha signal indicating

a Level 2 decisionmust be presenteachtime a decision is madeindependentof whether

the decision is True or False. This may be implementedby a Level 2 Strobe and an

Level 2 Acceptwherethe latter is either Trueor Falsedependingon whethertheeventis

to be kept or not. This contrastswith the Level 1 systemwherea single level is sufficient

becauseit is a synchronoussystem.

5.2.5 Calibration

As anyone who has worked with large experimentsis well aware, it is very desirable

to reducethe numberof calibration constantsrequired to a minimum. This will be

especiallytrue in a systemwhich has in excessof 100,000channelsand for which each

channel will haveof order 16-64 separatestoragelocations. It was alreadynoted that

for the combinedanalog-digitalsystemdiscussedaboveit hasbeenprovento be possible

to match the switchesand capacitorssufficiently well for a given channelthat timing

resolution of order 0.5 nsecmay be obtained without calibrating eachstoragelocations.

However,onemust still addressthequestionof how theTVC responsevariesfrom channel

to channel.

Each channelhas a separatecurrentsourceand a set a capacitors.One might well

believe that on a given chip thesemay be matchedsufficiently well that the iesponse

of all channelswould be identical within the desiredresolution. This would alreadybe

a considerableaccomplishmentsince out of the total of 1.6 to 6.4 million independent

measurementlocations,only 6000 setsof gain and offset would be required.Nonetheless

waler to waler and lot to lot variations in the currentsourceor capacitancemight be

sufficiently large to causeuncomfortablevariations in the response.It is thereforeuseful

to inquire whetherthe circuit can be designedin sucha way asto minimize the effect of

thesevariations.

An approachwhich makesthemeasurementindependentat leastto first order of the

currenti0 usedfor the initial time to voltageconversion,andindependentof theindividual

capacitances,is to perform an analogto digital conversionon chip using a currentwhich
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is a fixed ratio of Assumethat a chargei x t, correspondingto measurementof

time interval 1, is stored on oneof the capacitors.The time for this capacitorto be fully

dischargedby a currenti./256 is theni = t x 256. This time may be measuredsimply

by incrementinga counterwith the 60 MHz dock during the conversiontime. The result

is an 8 bit measurementof t that is independentof i0 or any of the capacitances;the

accuracyis determinedby the accuracyof the currentratio. The maximum conversion

time for an 8 bit result is 4 ps. Therate of conversionsis the rateof eventspassingLevel

2 times the averageoccupancyor 10k - 10 x 0.1 1O2-io Hz. Hencethe conversion

rateis comfortablyfast and thepower consumptionvery small.

5.2.6 Event Readout

We shall not discussin detail the readoutother than to noteapproximatelythe rateof

information transfer. If one assumesthe nominal rejectionfactorsof io for Level 1, 102

for Level 2, and a 5% occupancy,then the initial signal input rateof 5MHz is reduced

to 50 Hz per channel. If we assumeeight channelsper chip and, to be conservative,16

bits for the time measurementand 16 bits for eventID and address,the total output rate

per chip would be 1.6 kbyteper second.Evena readoutrate 10 times this is sufficiently

small to allow theuseof slow risetimeson the output signals which will be important to

preventthe readoutfrom generatingtoo much noise on the inputs of preamplifiers.

5.3 Summary

The systemdescribedis a nearly completeprototypesystemfor drift time measurements

at high interactionratecolliding beammachines.Bipolar technologyis most appropriate

for thepreamplifier,shapingamplifier and comparator,while CMOS is utilized for a time

to voltage converter, analog storage,and control logic. Measurementsof the time to

voltage converterand simulationsof the bipolar circuits indicate that it is possibleto

achievethe designgoals of c 0.5 nsectime resolution,20-30jzsecdoublepulseresolution,

Level 1 storagefor 1 psec,and Level 2 storageexceeding50 jisec. In addition, inclusion

of on chip analogto digital conversionshould enablea systemin which no calibration is

requiredto meet the accuracyof 0.5nsec.The total powerdissipationis less than20 mW;
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this representsa reductionof approximately50 comparedto existing systems.

6 Silicon detector Front end electronics

6.1 Background

The use of microelectronicsto readout silicon vertex detectorsis enteringthe second

generationof development.The first generationinitially usedNMOS and subsequently

CMOS microelectronicsto readout strip detectorsusing an architecturedevelopedat

SLAC. In its latest form this type of readout is implementedin Sp CMOS, eachchip

typically contains128 low noise #.s 800 electronsfor detectorcapacitancesC4 ‘- 15 pF

chargeamplifiers multiplexedto a single output. The powerdissipatedby the chips vary

from 0.4- 2 mW per channel.Severalbig systemsarecurrently beingcommissionedusing

this generationof design and the characteristicsof the electronicsand detectorsystems

are well understood.All designshavebeenimplementedin bullc CMOS and theradiation

hardnessrequiredfor the presentgenerationof acceleratorscan just be obtainedwithout

specialprocessing.

Thesecondgenerationof architecturealso usesCMOS technology,but introduceddata

sparsificationon the readoutchip. A large vertex detectorsystemusing this design of

electronicsis being installed on CDF at Fermilab and during the next year this system

will be commissionedand will take data.

The presentdesigns haveobtaineda signal to noiseration of -‘ 15 1 which provides

good spatial resolution by measuringthe centroidof thechargedistribution of 50 micron

wide silicon strips. Charge integration times of severalhundred nanosecondsare not

uncommon.

6.2 The Needsof SSC

Initial designs of silicon vertexdetectorfor SSC experimentshave concentratedon fast

chargeintegration times to resolvebeamcrossinginformation and have designedpream

plifiers using bipolar technology. Analogue readouthas been discardedin favour of a

comparatoron eachchanneland detectorstrip widths have decreasedto 25 ji to restore
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spatial resolutionto 7 microns. Howeverwith io channelsof readoutelectronicsit is

clear that powerdissipationis a major issue,not only in removingthe heat,but also in

supplyingthe currentand maintainingmechanicalstability. Hencetheissuesfor silicon

detectorfront end electronicsare not dissimilar form other sub systems: power, speed,

noise,packagingradiationhardnessand systemdesign.

This proposalwill work closelywith the groupsworking on the designof silicon vertex

detectorsfor SSC and will ensurethat complementaryactivities arepursued.

CMOS solutions to thefast amplifier and comparatorarchitecturewill be reviewedin

an attempt to reducethe power consumption to less that 1mW/channel.With anaverage

occupancyfor eachstrip of es 1O it is clear that datadriven storagesystemsat level

1 have much to offer. Methodsof achievinga powerefficient solution will be analysed

and prototypehardwareproduced.Both analogueand digital schemeswill be reviewed.

A low power analoguepipeline hasbeendesignedat RAL which incrementsan address

pointer rather than moving the charge. This approachwill be generalizedto meet the

requirementsof S.S.C.

The problems associatedwith design of the frontend electronicssystem, including

testing, calibration, and engineeringsystem reliably, are similar to that described for

both calorimetersand drift chambers.Likewiseradiation hard electronicsis crucial dose

to the interactionregion, and developmentsfor the silicon vertexdetectorwill be shared

with theotherfront end systems.Silicon Vertexdetectorsdo haveuniqueinterconnection

problemswhich althoughnot part of this proposalwill havean impact on both reliability

andsystemperformance.

7 Common Electronics Issues

7.1 Circuits

As is apparentfrom the precedingsections,therearemanycircuit designissueswhich are

commonto different detectorsystems.In some casesdesignswhich havebeendeveloped

for a subcircuitin one systemwill be readily applicableto anothersystem. In othercases,

the specificationsfor the subcircuit may be different but the circuit topology and the
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techniquesfor optimizing the design for a given set of specificationsmay be applicable.

We list below a numberof the commonsubcircuits and the systemsin which they are

likely to be utilized.

7.1.1 Low NoiseTransistorsand ChargePreamplifiers

Liquid ionization calorimeters,drift time and pad readoutof chambers,and silicon strip

detectorswill all require low noise transistorsfor optimal performanceof chargepram

plifiers. For thecalorimeter,WET transistorscurrentlypromisetheoptimal performance

both in termsof S/N andin termsof radiationhardness.For the drift time readoutbipo

lar providesthe optimalperformancebecauseof the fast risetimes1 nsecrequired.For

silicon strip and wire chamberpadreadoutsystems,it is not yet completelyclear whether

bipolar or CMOS will beoptimal. If a shapingtime of 15-20 nsecis used,which readily

providestiming with a resolution of a few nanoseconds,bipolar transistorswill probably

prove superior. However,to meet powergoals of approximately1-2 mW per channelit

may be necessaryto utilize shaping times of order 50-70 nsec; in this case CMOS may

be superior. Theselonger shaping times should still provide time resolutionsless than

the bunch crossingseparation16 nsecand shouldprove adequatein termsof pileup for

systemsof very low occupancy.

7.1.2 Fast Comparators

Fast comparatorswill beutilized in eachof the systems.For thewire chamberdrift time

systema bipolar comparatorwith time resolution of 0.5-1 nsec will be used. For the

calorimetertrigger, it is likely that bipolar comparatorsof the zero-crossingvariety will

be usedand time resolutionsof 2-3 nanosecondswill be required. For the silicon strip

detectors,wire chamberpad readout,and for the ADC in the TVC, the time resolution

needonly be sufficient to resolvethebunchcrossingsand CMOS comparatorswill proba

bly be usedin eachof thesecases. A prototypeCMOS comparatorhasbeendesignedfor

the ADC in the TVC, and it is possiblethat with minor variationsit may be suitablefor

the othersystems.Given their widespreaduse,and the priority for low power,it will be

important to makea thoroughstudy of comparatorsto determinethe optimum design.
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7.1.3 OperationalAmplifiers

Operationalamplifiers will be usedfor gain, buffering, summing, and analog memory

units. Hencethey will be utilized in one form or anotherin the wire chambers,silicon

strip, and calorimetersystems.Preliminary designs andprototypeshavebeenproduced

for low power 5 mW CMOS operationalamplifiers of 230 MHz unity gain frequency

C1 = 0.5 pF and for a 300 MHZ amplifier capableof driving 10 pF 80 mW. These

designs,with minor modifications,may well be suitable for systemsof limited dynamic

range8 bits. However,considerableeffort will be requiredto determinethe optimal

designfor thelargedynamicrange,smalloffset, andhigh speedCMOS amplifiersrequired

for the calorimetersystem. In addition it will be necessaryto developthe fast summing

amplifiers usedfor deriving the calorimetertrigger; thesewill probably be implemented

in a bipolar technology.

7.1.4 High SpeedReceivers

Each of the systems will derive timing information from the 60 MHz clock or from other

referencetiming signals, and one of the important tasks is to determinethe optimal

method for distributing thesesignals. It is likely that thesesignals will be distributed

locally asdifferential signals of voltage swing ±200-300mV. Each chip must then have

a receiverfor translatingthis signal into on-chip voltage levels. For some applications,

suchas drift time measurementthe risetimesmust be sufficiently fast to preservetiming

accuraciesof 1 nsec.For manyotherapplications,suchasdriving on chip bunchcounters

or the switching speedof low accuracyanalogmemoriesthe timing accuracycanbe less.

However,it is worth noting that for high precisionvoltage sampling timing reproducibil

ities as small as 0.05-0.1 nsec may be requiredto preventdistortion. Thesehigh speed

receiverstypically consumesignificant amountsof powerand in applicationswherepower

dissipation is very importantthe receiversmustbe carefully optimized for minimal power

dissipation and adequatespeed. A prototypehigh speedCMOS receiverfor the TVC

system hasbeen designedand fabricated; modifications of this design,as well as new

designs,will beevaluatedfor eachof the CMOS chips requiringtiming information in the

othersystems.
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7.1.5 Bus Drivers

For eachof the systemsincorporatingon-chip ADC’s, or which producedirectly digital

information,busdrivers arerequiredto transmit this information during readout.While

the design of such bus drivers is not particularly critical for many conventionalappli

cations,the requirementsof minimal power dissipationand minimal generationof noise

imply that thesedrivers mustbe carefullydesignedfor theSSCenvironment.Low voltage

levels ±200-300mV will probablybe utilized and the signal risetimesshould be con

trolled to be theminimum requiredfor thedesignedreadoutspeed.For someapplications

seriousconsiderationmay needto be given to the possibility of differential buses.

7.1.6 Analog Memories

As notedabovethe datafor any system must be storedduring the 0.5-2ps cc required

for the first level trigger decision. While flash ADC systemsoperatingat this speedwill

probably exist with at least 10 bit accuracy,the high powerrequiredboth for the ADC

and for the subsequentstorageimply that useof FADC’s will be impossible for systems

where very low power dissipationis requiredand uneconomicevenin thoseapplications

where high power dissipationis allowed. Since the Level 1 storageis of relatively short

duration,analogmemoryunits shouldbe well suited to this application. For silicon strip

detectorsandfor padreadoutof wire chambers,radiation hard 1 MRad AMU’s of 8-9 bit

accuracywill benecessary.For the calorimeter,dynamicrangeof 11-12 bit accuracywill

be requiredassuminga "split-scale"or "high-low" readoutsystemis utilized; fortunately

it is likely that the circuits will not needto be radiationhardened.

For the Level 2 buffering, storagetimes will be much longer,of order 10 - -50 zsec.

It is quite possiblethat digital storagemight be utilized at this level sincethe analogto

conversionraterequiredwhentransferringdatafrom Level 1 to Level 2 buffersshould not

exceed1 MHz. However,in applicationswherepowerdissipationis extremelycritical and

only 8-9 bit accuracyis required,analogstoragemay beutilized for the Level 2 buffering

as well.
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7.1.7 Additional Circuits of GeneralUutility

Thereare a considerablenumberof additionalcircuits, or circuit techniques,which will

be required. Theseinclude:

1. RAM’s

2. FIFO’s

3. Logic for eventselectionfrom Level 2 Buffers

4. Low power fast ADC’s

Implementationsof thesein one systemwill often find applicationin the other sytems.

7.2 Radiation Effects

A numberof the electronicsystems,in particularthose for the readoutof wire chambers

and silicon track detectorslocatednear the vertex,and preamplifiersfor the calorimeter

if they arelocatedinside the calorimeter,must be radiationhard.

The requiredtotal dosehardnessdue to ionizing radiation for silicon or wire chamber

detectorsvariesfrom less than 100 krad at radii greaterthan 1 m to theorder of 1 MRad

for systemswithin 15-20 cm. It should be noted that considerableconservatismshould

be allowed both becauseof uncertaintiesin the estimatesof the radiation level and also

becauseof the high reliability requiredfor the total system.Neutrondosesareestimated

to be relatively uniform over the entire volumeinside the calorimeterexceptperhapsfor

very nearthe forward calorimeterwhere they may be higher and approachio’ n/cm2

over tenyearsof running.

The front end electronicsfor drift time measurementwill certainly be implemented

in a bipolar technology. For the pad readoutof wire chambersand for silicon strip

detectors,the front end may be bipolar or CMOS dependingon whetherthe shaping

time usedis closer to 15-30 nsecor 50-70 nsec. Initial measurementson severalbipolar

technologieshaveindicatedthat thereare relatively advancedbipolar technologieswhich

are hard to total dosesof 1 MRad and neutron dosesof 1013_1014n/cm2. For example,

Fig. 7.1 showsthe degradationin betafor an NTT process.Preliminarymeasurements
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for an AT&T processshow little changein betafor n fluxes of 1014/cm2. While more

measurementsmust be made,it appearsquite possible that one of theseprocesseswill

provide sufficient radiation resistancefor wire chamberand silicon readout systemsat

distancesfrom the beamgreaterthan15-20 cm. However,it remainsto bedemonstrated

that one has sufficient radiationresistancefor the most advancedtechnologies,i.e., those

which provide f > 5 GHz at collectorcurrentsof 50-200jtA. It is with thesetechnologies

that thelowest powerdissipationcan be achieved.We thereforeintend to systematically

study the radiationresistanceof a numberof advancedbipolar technologies.

As far as CMOS is concerned,thereexist severalfoundrieswith radiationhard pro

cesses.The processof United TechnologiesMicroelectronicsCenterUTMC is particu

larly encouragingwith thresholdvoltage shifts of only a few hundredmilliVolts after 1

Mrad dosesof 60Co gammarays, and almost no voltageshifts c 20 mV after neutron

exposuresof 9 x 1014 n/cm2. Thus the UTMC processshould provide sufficient radiation

resistancefor thedigital portion of anyof the circuits beingconsideredand showspromise

of beingsuitablefor analogcircuits that do not requiretwo layersof polysilicon. However

this process,and most of the other rad-hardCMOS processes,are in general intended

only for digital circuits and it is not yet dear whetherthey are really suitable for analog

circuits. In particular,the utility of the processfor analogmemorycircuits and thebehav.

ior of thetransistornoiseasa function of radiationis unknownat this time. We therefore

plan to perform a systematicand completeevaluationof this and other rad.hardCMOS

processes.Theperformanceof transistorsof varying w/l ratioswill be characterizedasa

function of radiation. In addition to the usual measurementsof thresholdvoltage shift,

particularattention will be paid to characteristicsimportant for analogdesignsuch as

transistor noise, thresholdmatchingfor identical devices,degradationof transconduc

tance,increasein outputconductance,leakagecurrents,etc. It is particularly important

to thoroughlyunderstandthe sourcesof all leakagecurrentsbecauseof the interest in

analogstorage.

The characteristicsof the capacitorsand resistorswill also be measuredand special

devicessuchasgateddiodeswill be includedsothat one mayunderstandthe buildupof

oxidechargeandtheinterfacestatedensity. Importantsubcircuitssuchascurrentsources,
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chargepreamplifiers,operationalamplifiers, and simple switchedcapacitorcircuits will

be evaluatedso that one may more readily predict the performanceof morecomplicated

circuits. Finally, it is intendedthat full prototypesof readoutsystemsfor wire chambers

and silicon strip detectorswill be fabricatedand testedfor radiationresistance.

Thepreamplifiersfor liquid ionizationcalorimetersmustwithstandtotal dosesof nearly

10 Mrad if they arelocatedinternalto the calorimeter,which is quite likely if the optimal

speedand noise is to beobtained.For this application,JFET’sareparticularly appropri

ateboth becauseof their low noiseand also becausethey are intrinsically very resistant

to radiation.

Givena technologywhich is relatively radiationresistant,onemust still exploit circuit

design techniqueswhich further increasethe hardnessof the final design. This will be

true both for analog circuit functions and for digital functions. Again we note that

techniquesthat work for one systemwill often providesolutions in othersystemsaswell.

It is particularly important to investigatesingle event upset SEU since the spurious

modification of information in countersand addresspointers can compromisethe data

for manyevents.Thus different conceptualdesignsfor thefront end readoutarchitecture

must be evaluatedin termsof their overall functional resistanceto radiation.

7.3 Other CommonDevelopmentIssues

Thereareanumberof otherareasof developmentthat arecommonto eachof thesystems.

We simply list them herewithout commentingin detail on eachof them. They include:

1. Design Techniquesfor minimizing power and crosstalk

2. Fault Analysis and Reliability

3. Packaging

4. Substratesfor chip mounting

5. New InterconnectTechnologies

6. ComputerAided Engineering:compatibility, inclusion of new technologyfiles, etc.
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8 LEVEL 1 TRIGGER.

An integralpartof thefront endelectronicsis thegenerationof the Level 1 trigger; by this

we mean the first level of decision-makingon the basis of which a significant numberof

eventsarerejected.While considerablework needsto be doneto fully defineand optimize

the Level 1 trigger system,a reasonableconsensushasdevelopedconcerninga number

of its basiccharacteristics.We outline thoseassumptionsthat we believeare reasonably

weil foundedat the presenttime.

1. Goal: to provide in a time of 1-2 pseca decisionas to whethera given event is

interestingor not. The acceptanceratewill be 0.001-0.01.

2. It will be a synchronized,pipeinedsystemoperatingat the crossingfrequencyof 60

MHz.

3. The delay betweenthe time of an interactionand the decisiontime for that event

will be fixed during operation. However,the capability may exist in the front end

chips to select one of severaldifferent delay times. We anticipatethat the trigger

time would be changedonly infrequently,e.g. if a major upgradeor modification of

thetrigger systemtook place.

4. As currently envisioned,the primary information input to the Level 1 trigger will

concernthe possibleexistencein an eventof -

a Sum Er

b Missing E2

c Jets dusters of energy

d Electrons

e Muons

5. The Level I trigger should be as simple and unbiasedas possible, subject to the

constraintthat sufficient rejectionof uninterestingeventstakesplace. We note that

portions of the Level 1 system,particularly regardingthe generationsof signals,will

be ratherunaccessible.
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6. Eachsystemdelivering inputs to Level 1 e.g. calorimeter,tracksegments,preradi

atorsor TB] for electronidentification,segmentsin muon chambers,or scintillation

countersin muon systemsmust either possesstiming information accurateto I

crossingor possessa very strong correlationwith anothersystemthat hasaccurate

timing information.

7. The minimal systemof inputs would consist of information from the calorimeter

sufficient for including objectsa.-d in 4 aboveplus information from the muon

system.

In this proposalwe will concentrateon the minimal Level 1 triggers requiredto keep

objectsa-d while achievingsufficient rejection. Thatis, we do not proposeto investi

gateat this time amuontrigger system.Theemphasisthen is on thecalorimetertriggers,

plus the developmentof segmentsor other track-finding information if it is requiredfor

the Level 1 trigger. However,it may also be that certain typesof information should be

generatedin thefront end chipsfor theLevel 2 trigger,eventhoughthis information is not

usedin Level 1. We will considerthe generationof this information. We do not propose

to considerin any detail the natureof Level 2 processorsor the typesof algorithms that

might be usedin Level 2 triggers.

8.1 Calorimeter Triggers -

The calorimeterwill provide thebasisfor most of the Level 1 triggers,in particularthose

basedon the Sum Er in the calorimeter,the missingE7 as measuredin the calorimeter,

jet clusters,and electroncandidates.For the purposesof discussionwe will assumea

segmentationin theEM calorimeterof q x A = 0.03 x 0.03 andin the HAD calorimeter

of 0.06 x 0.06; a segmentationof this order,while by no meansfinal, hasbeensupportedby

a numberof studies.We also assumethreelongitudinal segmentsin the EM calorimeter

and two in the HAD calorimeter. For a calorimeterthat spansII < 5.0, this results in

a total of 195 510 channels.Given theseinputs, a wide variety of triggering schemesis

possible.We outline hereone of the simplest configurations.

We assumeinitially that a granularityof 0.12 x 0.12 in Aq x A# and one longitudinal

segmentfor the hadronicand electromagneticis sufficient for triggering. Thus therewill
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be a Level 1 sum over 48 of the EM towersand 8 of the HAD towers; this yields 3491

trigger towersfor both the EM and HAD calorimeters.The primary electtontrigger will

consistof demandinga minimum energyin a single tower coupledwith the requirement

that the ratio of energyin the hadronicand electromagneticcompartments,H/EM, is

less thana certainfraction, e.g. 0.125. Preliminary,but reasonablydetailedstudies,have

indicatedthat thesesimple criteriashouldbe sufficient for the Level 1 electrontrigger. It

is nonethelessinterestingto seewhat additional gain would be obtained from including

sometracking information, e.g. the existenceof a high Pt track segmentpointing to the

calorimeterclusterin the centralrapidity region II .c 1.5 and the existenceof a track

segmentor a minimal numberof hits in a "road" from the calorimeterduster to the

interactionregion for largerrapidities 1.5 < J, < 3. The primary function of any track

requirementat Level 1 is to eliminate triggersfrom pi-zeros.

To determinethe SEr and missingEr triggers, it is necessaryto sum over theentire

calorimeter. We intend to investigatea numberof different techniquesfor performing

thesesums. As an examplethreedifferent options are:

1. "Shift registersum"-In this schemethe quantity of interest for eachtrigger tower,

e.g. E, E sin 8, E sin 8 cos is passedto the neighboringtower,which in turn passes

the partial sum to thenext tower. Thesystemwould be clockedat the60 MHz clock

rateand one could sum initially over slices of constantj or

2. "Star" sumat the detector-Inthis scheme,one might sum four neighboringtowers,

thensum thoseresults,four at a time, andrepeatthis until thetotal sumis derived.

3. Sum at central Level 1 location-In this approach,which may well be the simplest

and most flexible, all information of the minimal trigger granularity would be sent

directly to acentralLevel 1 triggersystemand all further sumsandprocessingwould

takeplacethere. For the abovesimple example,this would requirethe transmission

of the EM and HAD Er sumsfrom eachof the 3491 towers. This approachhas the

advantagethat all of thesecondarysum andadditionalprocessinglogic is locatedin a

relatively accessiblelocation. This providesthemaximumflexibility for modifications

to theLevel I trigger.
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For eachof theseconfigurationsaswell asotherpossiblities,one can readily evaluate

the total time for generationof the Level 1 trigger, total capacitanceat each stageof

summation,requirementson intermediateanalogand digital sums,cables,etc.

9 Interaction with the Data Acqusition System

9.1 Introduction

The Font End FE Electronicsdesign discussedabovecannotbe consideredseparately

from the Data Aquisition DAQ System,which after a Level 2 trigger decision moves

the digitized datafrom the detectorfront end to any higher Level trigger systemsand

the eventualstoragemedia. The scopeof this proposalfocuseson the design and pro

totyping of the FE electronicsand excludesa detailedstudy of DAQ architecturesand

implementation.However,considerableattentionhasto be paid to the interfacebetween

the FE electronicsand the DAQ systemso that the resulting readout systemperforms

in anoptimal manner.

Different conceptualdesigns of DAQ systemsfor SSC detectorshave beendiscussed

at severalrecentworkshops. Most of the designs assumethat the datafor an event is

availablein digitized form alter the eventhaspasseda Level 2 trigger. Furthermore,it is

assumedthat thedatais storedin componentsthat are distributedover thedetectorand

that thesedatamust be collected into a coherentevent record by the DAQ system. A

conceptualdesignfor a DAQ systemhas to addressthe detailsof theinteractionof these

componentswith the trigger and the other devicesin the datacollection architecture.

This interaction impacts the complexity of the resulting system,as well as its overall

bandwidthand flexibility.

As has beenpointed out earlier, the design options for the FE systeminfluence the

design of the DAQ system. It is imperativethat the constrainsimplied by the FE dec.

tronicsdesignon different DAQ architecturesbe understood,anddesignoptionsthat have

undesirableimplications on the DAQ systembe avoided. It will almost certainlynot be

possibleto designa FE electronicssystemwithout alsomakingdesignchoicesfor the DAQ

systemaswell. However,the evaluationof the implications of the FE electronicsdesign
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on the DAQ architecturewill ensurethat a completereadoutsystemwith the desired

capabilitiescan be constructedusing the FE technology resulting from this work. We

proposeto maketheseevaluationsby developinga detailed simulationmodel of theFE

systemdesign,along with higher-levelmodels for thoseDAQ architecturesthat appear

most promising.

9.2 Models for DAQ Systems

Thereare various system-wideissuesthat affect both the FE and the DAQ systems,

primary amongthem being thedefinition of thecontrol signalsthat areexchangedamong

the componentsof thereadoutsystem,andthemannerin which thesystemis controlled,

initialized, and diagnosed.Experiencewith theCDF andotherlargereadoutsystemshas

shown that it is difficult to reliably estimatehow the performanceof the datacollection

systemis effectedwhenthespecificationsof the systemcomponentsare modified. This

is particularly true in an SSCDAQ system, which is a complex, multi-stage pipeline.

The behavior of such systems,however, can be accurately characterizedby stochastic

simulationsthat embodytheperformancecharacteristicsofeachcomponentin thesystem.

The DAQ systemsthat havebeenconsideredfor SSCdetectorshavemanyfeaturesin

common:

1. they employa high degreeof parallelismin thereadgutof aneventin orderto achieve

the necessarydatabandwidths;

2. they separatethe datapathwaysfrom thoseusedfor control; and

3. they embodysomelevel of data-drivencontrol, ie control signals are minimized by

having the existenceof datareadyfor transferbe thecondition usedto control the

transferof datafrom one componentin thesystemto the next.

However,thereare still many possibleconceptualDAQ architecturesand implementa

tions. This arisesfrom the uncertaintiesin manyof the crucial performanceparameters

of the readoutsystem,and becausetherelevanttechnologyis rapidly evolving. Examples

of theseuncertaintiesare:

76



1. the rateof eventsthat haveto be movedthroughthe DAQ system,which is defined

by the rejectionusedat the Level 2 trigger system;

2. the amountof dataassociatedwith eachevent,which is determinedby detailsof the

detectorand the amountof dataprocessingthat takesplacein theFE electronics;

3. the technologyavailable for data transmission,which is rapidly evolving with the

adventof low cost optical fiber devices;and

4. the cost of real-timeinformation processing,which is falling rapidly with theintro

duction of special processorsfor datamanipulationDigital Signal Processors,or

DSP’s and generalpurposemicroprocessors.

However,despitetheseuncertainties,the design of the FE electronicsmust beplaced

in the contextof a designfor theentire readoutsystem,including a conceptualdesignfor

the DAQ system. This will ensurethat the interactionof the FE and DAQ systemsis

well understoodandthe performanceof the readoutsystemis reliably characterized.The

intent is not to design the "optimal" DAQ system,but to developa referencedesignfor

the DAQ systemthat clearly specifiesthe interfacebetweenthe FE electronicsand the

rest of the datacollection system,and indicateshow the interaction betweenthe these

systemstakesplace.

9.3 Simulation of DAQ and FE Architectures

Advancementsin thefield of simulation andbehavioralmodellingnow providethe ability

to take a specification for a complex system and model it at various levels of detail.

Commercialprograms such as Verilog can be employed to model the behavior and

performanceof different conceptualdesignsfor a DAQ systemwith a given set of design

parametersfor the FE electronics. The FE systemitself is alreadysufficiently complex

that it requiressimulationstudiesofa similar nature.Sinceit is possibleto modeldifferent

partsof a systemwith different levels of detail, sucha simulationnaturally would evolve

from a very high-level "black-box" specification of the basic componentsto a detailed

specification of the FE electronicsleaving the DAQ systemspecification as general as

possible.
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As an exampleof this sort of approach,Fig. 2.1 and Fig. 2.3 show schematicsof a

conceptualdesign for a readoutsystem that incorporatesthe basic philosophy for the

FE electronicsdiscussedearlierand a data-drivenarchitecturefor the DAQ systemthat

employsan EventBuilder, which collectsthedatafrom theDCC’s andpassesit to a Level

3 trigger systemconsistingof a farm of processors.The figures also show a subsetof the

basic control signals that haveto be exchangedbetweenthe components.The digitized

dataassembledin the DDC’s is divided into packetsthat containvarious book-keeping

featuressuch as event numberand detectorID. As soon as a datapacket is ready to

be sent from the DCC’s, it is shippedup to the Event Builder wherethe entire event

recordis assembledand thenwritten into one of the Level 3 processors.An exampleof a

ratherdifferent architectureis shownin Fig. 9.1, which is a schematicof the CDF readout

system.

Various schemesfor implementingthe control logic anddataflow in the FE system

will be evaluatedusing severaldifferent conceptualDAQ architectures.The behavorial

modelsof thesesystemswill quantify the performanceof each systemand allow one to

exploreother issuessuchasfault-toleranceand complexity. In this way, it will be possible

to makereasonablechoicesfor the FE electronicsdesign andunderstandthe implication

of thesechoiceson the DAQ architecture.From the simulation of the initial conceptual

design,more detailsof the FE electronicswould be incorporatedinto the simulation as

the designdevelops,leading to ascompletea simulationof the FE electronicsasdesired.

At this stage,more details of the different DAQ systemscould be included as specific

designsfor suchsystemsemerge.

We intend to form liasonswith the othergroupsthat havealreadystarteddeveloping

simulationmodels,aswell asthosegroupsthat aredevelofñngLevel 1 and Level 2 trigger

systems.In particular,we planto work closelywith the groupat the Universityof illinois

that hasalreadybegunthetaskof developinghigh-level simulationsof SSCdatacollection

systems.
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Pigure 9.1: The CDF data.zqnisitionsystem
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10 Collaboration with Industry

Developmentof the electronicsoutlined will requirea broad ndustry

in a numberof areas.

10.1 Foundry Access

The most importantinitial interactionwith industry, which is essei*ri & iccessfu1

realization of thegoals outlined above,is accessto a wide vaxiet:i 1 ‘ ‘.tc: emicon

ductorprocesses.Fortunatelyindustryhasprovenquite receptive1o tie i ment of

the electronicsoutlined above,and manyof the importantconnect a Lavealreadybeen

established.The participantsin this proposalcurrentlyhavedirect c 1lowing

technologies:

1. AT&T 2 micron,complementarybipolar: 4 CHz npn and 2.5 01t7 pup

2. AT&T 0.9 micron CMOS, double poiy, doublemetal

3. Plessey1 micron bipolar: 18 0Hz ft npn

4. UTMC 1.2 micron r&d-hard CMOS

5. INTERFET, diffusedjunction JFETs,dielectrically isolateddevicr.

6. Bipolarics

7. MOSIS

In addition, through cooperationwith Chuck Britton at Oak Ridge Nationd Laboratory

and H. Ikeda.at KEK we havesome accessto prototypecircuits manufa with the

following processes:

8. Harris tad hard CMOS

9. NTT SSTBipolar

The aboveprocessesaresufficient for design and prototypingof non tad 1 versions

of eachof the circuits outlined aboveand may in fact be suitable for pi tion in a

numberof cases. In particular the AT&T CMOS processis designedto an analog
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processand should be an excellent choice for operationalamplifiersand analogmemory

units for the calorimetersystem.The AT&T bipolar process,with the capability of high

f upu and pnp transistors,should be excellent for the designof the summingamplifiers

for thecalorimetry. A newAT&T processpromisesevenhigherperformance,12 0Hz npn

and 5 CHz pup transistors;however this higher performanceis probably not necessary

for the calorimetershapingtimes.

It was notedabovethat at leastone of thesebipolar processesmay evenbe sufficiently

radiationresistantfor use in applicationsfor drift chambersand silicon detectorsdown

to radii of 15-20 cm. However,as it is not yet known whetherthe most advancedbipolar

processesaxe sufficiently hard, we intend to pursuecontactswith a number of other

foundries, in particularonesmall company,Bipolarics,hasavery fast processandis quite

willing given support to cover the costs to tune the processto achievethe maximum

radiationhardness,aswell asthe optimal transistorparametersfor the applicationsof high

energyphysics. BICMOS may be the most advantageousi.e. lowest power dissipation

technology for readoutof pad chambersand silicon strips; we thereforeplan to contact

a numberof companiesthat have advancedBICMOS processes.Leading candidatesare

AT&T, National, TexasInstruments,and Signetics.

A dosecollaboratonwith INTERFET is underwayto developintegrateddeviceswith

noiseperformanceapproachingthat of discretedevicesand to producea fully monolithic

JFET preamplifier. -

10.2 Circuit Design and Testing

To.datemuchof the designof SSC relatedcircuitshasbeenperformedby scientistswithin

the high energyphysics community.Howevertherehavealsobeena numberof successful

collaborationsin which companieshaveparticipatedclosely in the design. We feel that

it is importantfor this form of collaborationto increaseduring the next 1-2 yearsfor a

numberof reasons:

1. Understandingwithin the particle physics community of the performancerequired

for the front end electronics,and of the capabilities of the leading semiconductor

technologies,hasincreasedvery significantly in the last 2 years. Thus one is much
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closer to being able to write a set of specificationsfor circuits or systemsthat is

both sufficient in termsof performanceandrealistic in termsof what technologycan

deliver. One of our goals is to developat an early stagea set of specificationsfor

manyof thesubcircuits;this greatlyfacilitatescommunicationwith industry andthe

letting of subcontracts.

2. Emphasison front end circuit designwill shift more and more during the next one

or two years from particular subciicuits, suchas preamplifiersor analog memory

units, to the systemlevel design. For systemssuchas the wire chamberor silicon

strip readout,which requireintegrationof the full systemon one or two chips, the

circuits becomerelatively complex. More sophisticatedsoftware is requiredfor the

simulation of mixed analog-digitalcircuits; design verification, documentation,and

testingbecomemore difficult; and layout becomesmore tedious. While most of the

instititions in the collaborationwill haveadequateaccessto the softwareand hard

ware necessary,collaborationwith companieswhich havea high level of expertisein

this areacould significantly speedup someof the development.It also providesa

good opportunity to begin the "industrialization" processand to learn which corn

panicsare the best candidatesto ultimately deliver productionquantitiesof circuits

of systemsfor experiments.

3. Circuit designsmust ultimately be etaluatednot only in terms of performancefor

a. prototype,but also in terms of reliability, testability how easy it is to fully test

all aspectsof the design , and manufacturabilityyield, insensitivity to process

variations,suitability for secondsourcecontracts,etc. This is an areathat few of

themanycustomcircuit projectsin high energyphysics hasseriouslyaddressed.

4. Systemsultimately consist not just of chips, but of substrateson which chips are

mountedand interconnected.Most of the detectorsystemswill benefit from, if not

require,relatively advancedtechnologiesfor packaging,bonding, and interconnects.

Examplesof technologiesthat will be particularly important are"flip-chip" bonding,

othervery low capacitancebondingtechniques,andnewmaterialswith low dielectric

constantfor minimal capacitanceinterconnects.
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It is our intent, once reasonablyaccuratespecificationsan developed,to solicit pro

posalsfrom a numberof companiesfor the developmentof both subeircuitsand system

designs. Examplesof subcircuitsfor which it might be particularly appropriateto solicit

industry designsarevery low power,high unity-gain-fiequency,operationalamplifiers in

submicronprocessesboth bipolar and CMOS, tad hard and not, large dynamicrange

analogmemoryunits, low power, 11-12 bit, pipelined,1-2 MHz conversionrate ADC’s

for thecasethat Level 2 buffering is digital, and10-ilbit, 60 MHz, flash ADO’s for the

calorimeterLevel 1 trigger system.

11 Interaction with other R&D Projects Generic & Subsys

tems

This project will dependon closeinteractionwith otherR&D efforts both in the program

on GenericDetectorsR&D and on DetectorSubsystemsR&D.

Closely relatedGenericDetectorR&D projectsare:

1. SSCDetectorResearchand Development

BrookhavenNational LaboratoryBNL

*Readoutfor Fast Calorimetry

S. Rescia,V. Radeka,and L. Rogers

*Wire Chamberswith InterpolatingPad Readout

B. Yu, et 31.

*Cylindrical SemiconductorDrift Chambers,ResistiveStrip Detectors

with ChargeDivision

H. Kraner,Z. Li, and P. Rehak

‘Silicon Drift Detectorswith IntegratedElectronics,SparseWrite-In Readout

P. Rehak,S. Rescia,and V. Radeka

‘Basic Propertiesof DetectionMedia

H. Kraner and Z. Li

*SSC EventSimulation

F. Paigc and S. Protopopescu
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2. ElectronicsR&D for Detectorsat High Luminosity,High EnergyCollidets

H. H. Williams, Universityof Pennsylvania

V. Radekaand S. Rescia,BrookhavenNational Laboratory

W. Sansen,KatholiekeUniv., Leuven

3. A Studyof ThggeringElectronicsRequirementsfor a Liquid Ionization Calorimeter

W. Clelaud and 3. Thompson,University of Pittsburgh

4. Proposal for a ComparativeEngineeringStudy of Cryostat Systemsfor

Generic Hermeticliquid Argon Calorimeters

M. Marx, et al., SUNY, StonyBrook

5. SSCDetectorR&D Proposal

LawrenceBerkeleyLaboratoryLBL

*SemiconductorDetectorand IntegratedElcctrothcsDevelopment

L. Bosisio, D. Nygren,and H. Spicier

‘Study of Fiber Optics for Application to SSC DetectorSystems

A. Clark, et al.

*Fast HermeticCalorimetryUsingWarm Liquids

C. Klopfensteinet al.

6. Proposal to InvestigateFurRyin Warm Liquid Ionization Media

It. 3. Hollebeek,University of Pennsylvania

7. Proposal to StudyReadoutand Triggering Architecturefor SSCCalorimeters

F. Sciulli, et aL, Columbia University

Resultsfrom thesestudieswill beessentialto definethe requirementsandspecffications

on electronicreadoutcircuits and to determinesomebasiclimits noise,speed,powerand

radiationresistance.

We expect that a numberof proposalsfor Detector SubsystemsR&D presentlyin

preparationwill be closely related to readoutelectronicsdevelopmentin this project.

The most importantonesknown to us at thewriting of this proposalare:

1. Researchand Developmentof a Liquid Argon Calorimeterfor the SSC

H. A. Cordon, C. S. Abramsand collaborators,BNL, LBL and 10 other insti

tutions.
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2. ResearchandDevelopmentof a Warm Liquid Calorimeterfor the SSC

M. Pripstein,et at, LBL and collaboratinginstitutions.

3. SSC Detector SubsystemProposalfor Silicon Calorimetry

3. Russ,et a, CarnegieMellon University and collaboratinginstitutions.

4. SubsystemProposalon Scintillator Calorimetry

5. SubsystemProposalon Triggering and DataAcquisition

6. SubsystemProposalon Transition RadiationDetectorB

S. Whitaker, et aL, BostonUniv. and collaboratinginstitutions.

Close interactionwill be maintainedwith theseprojects.Somemembersof our collab

orationwill participateeither directly or on a consultativebasis in theseprojects.Design

decisionsin somecaseswill haveto be madejointly betweenour project andone or more

of the otherprojects.

12 Manpower, Milestones, and Budget

12.1 Manpower

The requestedsupport for manpower,circuit processing,subcontracts,materials , and

equipmentis summarizedby task and by institution in Table12.1. Herewe discussbriefly

the responsibilitiesof each institution and note the total manpoweito be dedicatedto

eachtask,including that for which no supportis requested.It is importantto realizethat

one of the primary purposesof this collaborativeeffort is realizethe benefitsof numerous

expertscontributing ideas and solutions to various problems. Thus many peoplewill

contributeto nearly all of the tasks. Nonethelesscertain individuals and institutions

will have primary responsibility for particular tasks and we note that in the following

discussion.

Front End Architecture and SystemLevel Design

Design and studiesof the systemlevel architecturewill be caxriedout by a numberof

individuals from severalof the institutions. At the logic level, the primary contribution

will be from F. Kirsten plus possibly anadditionalpersonat LBL, R. Van Bergat Penn,
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and engineersfrom Rutherfordand Oxford. A numberof physicists will undoubtedly

contributeideasconcerningtheoverall dataflow, particularly P. Sinervoaitd K. Raganat

Pennwho will performsimulationsof thefront enddatacollectionincluding representation

of eventbuilding at the conceptualdesign level; it is anticipatedthat a new physicist

joining LBL will contributesignificantly to this effort. Therewill be doseinteraction

with Bill Sippachat Columbia, who with support from the GenericR&D programis

thinking about possiblearchitecturesand with Andy Lanklord at SLAC.

Calorimeter Front End

The primary responsibilityfor the preamplifiers,in particular for the developmentof

radiationhard,monolithic, JFETpreamplifiers,will be at BNL. As notedbelow this de

velopmentis being funded via the Generic SSCR&D program,except for the essential

item of funds for a subcontractwith INTERFET which axe requestedin this proposal.

Therewill be someconsiderationof alternativedesignsat LBL and particularly at Har

vard where J. Oliver will evaluatewhether bipolar transistorsoffer comparablenoise

performanceat significantly lower power if one wereunableto usetransformermatching.

Approximately 2.5 full time engineersat LBL S. Kielnielder plus additional persons

will work on the CMOS amplifiers and analogmemory for readoutof the calorimeters.

Someinput will alsobemadeby V. Budihartonoat Penna studentsupportedby Generic

R&D who hasbeenworking on operationalamplifiers in short channel CMOS. We will

considerletting a small subcontractwith industry for paralleldesign efforts in high speed

operationalamplifiers in very short channelprocessesless than 1 micron.

Thedesign,prototyping,andtestingofthefast bipolar summingand shapingamplifiers

will be undertakenby BNL L. Rogersas 0.5 FTE plus 0.5 FTE from new positions.

V. Radeka.and S. Resciawill participatesignificantly in the conceptualdesign. Studies

of the calibrationand gain control will also be undertakenat BNL 1 FTE.

Prior to detaileddesign of the individual circuits, the desiredcharacteristics for the

calorimetersystem,in termsof shapingtime, dynamic range,relevanttrigger sums,etc.

must be specified. This requiresrather detailedsimulation of events,both signal and

background,with carefui attentionpaid to accuraterepresentationof thermal noise and

pileup. J. Siegrist and M. Levy at LBL will contribute significantly to this work, with
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help from otherphysicistsat Penn, LBL, Harvard,and Oxford. Close interactionwill be

maintainedwith W. Clelandet al. at Pittsburghwhere a study of precisely theseissues

is beingundertakenwith supportfrom the GenericR&D program.We will alsopay close

attentionto similar studiesthat may be carriedout by otherphysidstsin thecommunity.

Readoutof ProportionalChamberswith CathodePads

The designof the readoutcircuitry for cathodepadswill be executedby Anip Bhat

tac]iaiya 0.75 FTE and an ad&tiouai engineer0.25 FTE at BNL. It is anticipated

that this circuit will be implementedin CMOS since the low occupancyallows the use

of relatively long shapingtimes > 50 nsec and the detectorcapacitanceis small 2-4

pF. This circuit will requirethe useof a radiationhard CMOS process;effort concern

ing identification of a suitable processand radiation tests of the circuitry is discussed

below. A numberof the ideasdevelopedfor the drift time measurementsystemfor wire

chambersarelikely to be relevantto this project andpersonnelfrom Pennwill contribute

suggestionsfor the overall architecturaldesign. Personnelfrom RutherfordLab axe also

interestedin pad chamberreadoutand are likely to contributeideas.

Drift ChamberElectronics

The developmentof a completeradiationhard systemfor drift time measurementwill

be carried out primarily at the University of Pennsylvania;a new fuJi time engineerwill

be requiredfor this task which requiresadvancedradiationhard circuits in two different

technologies,bipolar andCMOS. This systemwill includethe first implementationof the

full Level 1 storage,Level 2 storage,and readoutcontrol andthereforeinvolves extensive

digital and analogdesign. The initial developmentof non radiationhard versionsof the

preamplifier, shaping amplifier and discriminator is supportedby existing HEP funds

underredirectionof effort 0.3 FTE for F. M. Newcomerandby GenericR&D S. Tedja,

EE stuckntplus 0.75 month for 3. Van der Spiegel,EE faculty. The initial development

of a non m.d hard TVC plus Level 1 storageand AID is supportedby redirection of

effort 0.25 FTE for It. Van Berg and GenericR&D V. Budihartono,EE studentat

Pennsylvania,W. Eykmans,EE studentat Catholic Universityof Leuven,and 0.75 month

for J. Van der Spiegel. Developmentof the full rad hard systemrequiresre-evaluation

of the design of each of the pieces,both analog and digital, a completelynew layout,
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and considerableamountof new digital designfor implementationof the Level 2 storage

and readoutcontrol. Effort requiredfor the evaluationof rad hard CMOS and bipolar

processesis discussedbelow.

Silicon Strip Readout

Design of a completesystemfor readoutof silicon strips will be carriedout at Ruther

ford Laboratoryby P. Sellerand M. French. It should benotedthat P. Sellerdesignedthe

silicon strip readoutfor oneof the LEP experiments.Emphasiswill be on analogreadout

of the strips and on very low power, of order 1 mW per channelfor the entire system.

A recentpreamplifier design by P. Jarrouachievesnearlythe desiredperformance-1000

electronsnoise,shapingtime of 20 usec,detectorcapacitance5 pF- with only 1 mW power

consumption. The low occupancyof a silicon strip systemshould allow longer shaping

times e.g. approximately50-70nsecand hencestill lower power. With signal to noise

of 10:1, the time resolution should still be adequateto uniquely identify signals with a

given bunchcrossing.To accomplishvery low power for theLevel 1 and Level 2 buffering

it will be necessaryto use techthquese.g. not moving chargeuntil readoutdeveloped

for the drift chambersystem;thus therewill be dosecollaborationbetweenRutherford

Lab and the Universityof Pennsylvania.

For shapingtimesin thevicinity of 40-70nsec,it is not clear whetherCMOS or bipolar

will besuperiorfor the preamplifier. A studentfrom PennsylvaniawiB considerBICMOS

designs to see whether they offer superior performanceto all CMOS. This will include

comparisonsof bipolar versusCMOS for very low powercomparatorsandfor theamplifiers

requiredto drive the analogmemory.

Common ElectronicsIssues

Circuit8

Much of the interaction betweenthe various participantshas already beenreferred

to above. Briefly summarizing,we note that S. Kicinfelder, V. Radeka,S. Rescia, M.

Newcomer,S. Tedja,and P. Sellerall haveconsiderableexperiencein the designof charge

preamplifiers. Studentsat the University of Leuven have performeda caieful analysis

of fast comparatorsand high speedreceiversin CMOS, optimizing them for minimum

powergiven thedesiredperformanceand evaluatingthesensitivity to processvariation.
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S. Kleinfelder andpersonnelat Rutherfordhave someexperiencewith analogmemories,

and V. Budihartono and studentsat Leuven have experiencewith CMOS operational

amplifiers. Thesestudentsat Leuvenarenot working on any of the projects on this

proposal,but are available for consultation. V. Budiliartonowill continueto work on

limited dynamic rangetad hard operationalamplifiers. A new engineerat LBL will con

centrateon thelarge dynamicrange,non rad hard amplifiers requiredfor the calorimeter

system.

Evaluationof Radiation Hard Processesand Circuits

Extensiveeffort will be requiredfor the evaluationof the radiationresistanceof de

vices and circuits for JFET, CMOS, bipolar, and BiCMOS processes.At BNL, 1 FTE

will be requiredfor the testing and evaluationof JFETs,low noise transistorsin all of

the technologies,and for the specific subcircuitsrelatedto the pad chamberreadout.At

Penn1 FTE either a PhD or a Master’sin EE plus 1 studentwill be dedicatedto the

systematicevaluationof bipolar, CMOS, and BICMOS processes.It should benotedthat

particularly for ther&d hardCMOS processesvery extensiveinvestigationwill be required

to evaluatethe suitability of theseprocessesfor analogdesignas they axe invariably in

tendedprimarily for digital. This includes evaluationof the basic transistorsincluding

spicemodel parametrization,leakagecurrents,thresholdmatching,noise,etc. and char

acterizationof capacitorsfor severalprocesses.It will also be necessaryto determinethe

stability of theseparametersfrom run to run.

Level 1 Triggers

As alluded to briefly in the discussionaboveon parametersof the calorimetersystem,

extensivestudieswill be carriedout on the Level 1 calorimetertrigger-whichsums,ratios,

etc of theenergydeposition in the electromagneticand hadroniccalorimetersectionswill

yield the simplest,yet most effectivetrigger. J. Siegrist, M. Levy, P. Sinervoand other

physicistsat theinstitutionswill contributesignificantly to this work. We will alsointeract

closely with W. Clelandet al at Pittsburghandwith M. Campbellet a! at Michigan and

with physicists at the University of Chicagowho are interestedin carrying out similar

studies.
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Data Acquisition Simulation

The simulation of the front end dataacquisitionsystemwill be done primarily by P.

Sinervoand K. Raganat the Universityof Pennsylvaniawith probableparticipationfrom

LEL. We will also collaborateclosely with Andy Lankford SLAC and otherswho are

interestedin similar stu&es.

Interaction betweenGenericR&D and SubsystemR&D at BNL

Support for 4 engineersis requestedin this subsystemproposal. From the existing

staff Amp Bhattachaxyawill participateas0.75 FTE and Lee Rogersas 0.5 FTE. The

remaining2.75 FTE will have to come from new positions. This is appropriateand

necessaryto strengthenthe capabilitiesfor monolithic circuit designfor theSSCprogram.

Thesepositions axe neededfor technicalwork, suchasmonolithic circuit design,layout,

simulation,electricaltesting,and radiationeffectstesting.

The conceptualdesign,design studiesand researchinto new componentsand drcuits

will be conductedmostly in the generic R&D program. The overall effort will be guided

by V. Radeka0.5 FTE and S. Rescia0.8 FTE. Othersparticipatingin this part of the

programconcernedwith electronicsare D. Stephani0.5 FTE and Z. Li 0.25 FTE. The

total BNL genericR&D programinvolves a. scientific and engineeringeffort of 11.2 FTE,

partially funded at a level of 600K$. ReadoutMethods in Fast Calorimetry and wire

chamberswith Interpolating Pad Readoutrepresentabout one third of this total effort.

A strong and well equippedsupport infrastructureof BNL is indispensablefor both the

generic and the subsystemsR&D programs,and it will makea substantialcontribution

to both programs.

12.2 Milestones

We list a numberof the important milestones. The times shown aic the elapsedtime

from the startof the programi.e., from the time of initial funding.
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1. GeneralArchitecturalDesignof the Front-EndSystem

Protocolsfor synchronizingand controlling the datacollection 6 months-iyr

functionsof front-end ICs

Protocolsfor collecting digital datafrom front-end ICs 1-2 yrs

2. Calorimetry: Preamplifier,Triggering, and Calibration

2.1 JFET and preamplifier development

Testsof prototypeJFETSfor operationin liquid argon 1 yr

Testprototypecircuits of dielectricafly isolatedJFET monoliti- 1 yr

hic preamplifier for operationin liquid Argon;

improveddesignprototypes 2 yrs

2.2 Fast summingamplifiers and shapers

Summingamplifiers, first prototypes 1 yr

Improveddesign prototypes 2 yrs

Shapingamplifiers 2 yrs

2.3 Calibration systemand gain control

Chargeinjection and pulse distribution circuits 1 yr

Pulse; control and gain control circuits 2 yrs
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3. Calorimetry: DataStorageand Readout

Definition of performancerequirementsdynamicrange,linear- 6 months

ity, speed,etc. asdictatedby liquid caiorhnetry

Studiesof IC circuit technologiesfor analog datastorageand 6-9 months

processing

Specificationsfor datastorage/processingelectronics 6-9 months

Integratedcircuit implementationsdesign,prototype,and test

Initial prototypesof subcircuits 12-15 months

Improvedintegratedsystem 18-24 months

4. InterpolatingPad ChamberReadout

Prototypesof preamplifier, shaperand multiplexing circuits 1 yr

Prototypesof Storageand Sparsingcircuits 3 yrs

92



5. Drift Time MeasurementSystem

Studiesof the azcliitecturefor Interactionwith Level 2 trigger 6 months

andfor readout;designof individual digital subcircuits;studies

of digital cells available in r&d hard processes;reevaluationof

analogsubcircuitsbasedon preliminaryinformationon behavior

of devicesunder radiation.

Implementationof digital logic appropriateto chosentad hard 12 months

process; implementationof refined analog circuits based on

device characterization;productionof nearly completesystem

severalchannelsper chip.

Measurementsof first chip; radiation tests;characterizationof 18 months

performancedegradation.Refinementof digital and analogde

signs; manufactureof refinedcircuit; possibleimplementationin

a secondrad hard process.

Measurementof second version of complete chip. Complete 24 months

characterizationas function of radiation. Inclusion of refine

mentsin overall architecture.Productionof "final" version for

R&D purposes.

93



6. Silicon Strip Readout

Optimization of shapingtime for minimum power, subject to 6 months

5 usectime resolution,adequateS/N. Study of architecturefor

Level 1-Level 2 storagewhich providesminimum power.

Optimization of designs for tad hard process; Fabricationof 12 months

preamplifier and Level 1 storage.

Evaluation of radiation resistanceof prototype amplifier and 18 months

analogstorage. Detailed design and layout of Level 2 storage.

Refinementof analogdesignsfor improvedradiationresistance.

Fabricationof secondchip.

Evaluationof 2nd chip for analogperformance,radiationhard- 24 months

nest;refinementsto Level 2 storage,inclusion of digital logic for

interactionwith trigger systemand readout.

7. RadiationResistanceTestingof Devicesand Circuits

In 2, 4, 5, 6 will be completedin 6 monthsafter the electrical

testson prototypeshavebeendone.

12.3 Budget

The table on the following pages summarizesthe required resourcesfor the program

outlined.
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Budget for Front End Subsystdflfl Per Year

Manpower Materials & Purchases Travel Instit.
Erg Tech Stud, Cost Sit. Proc. Suppi. Equip

Facul

1. Front End Electronics
for Calorimetry

1.1 JFET and preamplifier 75 BNL
Development sub-contracts
with industry only

1.2 Fast summingamplifiers 1 125 25 BNL
and shapers

1.3 CalIbration system 1 125 25 RNL
and gain control

1.4 Development of Amplifiers 1 1 40 LBL
for Readout Branch; 0.25 25 LBL
Subcontract with Industvy 5 0

1.5 Development of 60 MHz, Large 1 .5 21 0 LBL
Dynamic Range, Analog Memory 0.25 25 LBL

1.8 Alternative Preampi. Designs 0.5 60 Harvard

2. Interpolating Pad Chamber 1 1 25 25 BNL
r Readout

3. Drift Time Readout

3.1 Rad Hard TVCAMU mcI 1 1 25 1 0 Penn
Level 2 & Readout

4. SIlicon Strip Readout

4.1 CMOS Analog Readout 1 100 1 0 Rutherfo’

4.2 BIOMOS Analog Readout 1 40 Penn

5. Radiation Hard Evaluation,
Testing,and Development

C

5.1 Testing of Devices and 1 125 BNL
Circuits in 1.1 & 2

5.2 Systematic Testof Devices 1 80 Penn
for CMOS & Bipolar;
Subcircuitsfor NC 1 40 Penn

5.3 Subcontract w Bipolarics
for Dev. of Rad Hard BIpolar 50

6.0 General Architectural 0.5 70 LBL



Budget for Front End Subsy

Studies

I. Equipment andSoftware

7.1 Ic Design Workstation LBL LBL
hardware and software

7.2 IC Design Software Penn a Penn

7.4 Verilog Simulator for 7 Penn
Front End Daq Simulation

7.3 Test Equipment LBL 0 LBL

7.4 Test Equipment Penn 0 Penn

7.5 Workstation: IC Design 5 Penn
& Daq. Simulation Penn

7.6 MIsc. Equlp.Harvard 0 Harvard

3. Processing

8.1 Bipolar for calorimeter summing and
shaping amps, Drift chamber preamps, etc.

8.2 Shortchannel, double poly. analog CMOS
for calorimeter readoutand other applications
non-md hard

8.3 Rad Hard CMOS for Wire chamber drift time readout,
padchamber readout, silicon strip readout

9. Travel-
Penn 1 0 penn
LBL . IOLBL
BNL 1OBNL
RALJOxford 5 RAL/Oxf
Harvard 5 Harvard

Subtotals $1,415 $175 $Z . $40

Maripowe Subcont Proc Tray.

Total Budget $2,367

Notes:

1 The column JabelledFac/Student includes the
graduate student stipend, tuition, and0.5



Budget for Front End Subsystem - Per Year

month faculty salary for supervision.

2 All amounts include overhead at the relevant
institution except for the Subcontract,

Processing, and Equipment charges which
are assumedto be overheadfree.

3 The budget is per year for two years.
Successful conclusion of some of the

projects may requirefunding for a third year.


