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Executive Summary

This document is a conceptual designreportof the readoutsystem for the strawtubesof the

central SOCtracking system. The proposed systemis based on theTMC (TimeMemory Cell); a

VLSItimedigitizer newly developed in orderto meetthe specific requirements imposed by the SSC

experiments. A prototype 4 channel TMC chip with IjJS deep pipeline memory (TMClOO4) has been

successfully developed at KEK usingNTf O.8J.lm CMOS technology. The prototype has

demonstrated the feasibility of the basicconceptas well as the following performance;

time resolution

powerconsumption

0=0.52ns

7 mW/channel (I % readoutdutyfactor).

AmplShaper and Discriminator chipshave also beendeveloped at KEK usingNTf bipolar

process knownas SuperSelfaligned Transistor(SST).Prototypechips are successfully testedand

used for straw-tube readout.

Thepresent reportdescribes the architecture of the readoutsystemthat can be accommodated
physically withthe currentSOCdetector design. The finalTMCchip withthe memory capability of

4JlS for the level-I trigger is proposed. The proposed readoutsystemfor the case of the 130Kstraw
tracker is

AmplShaper/Discriminator chip

TMCchip

TMClevel2 Bufferchip

HybridIC

DataCollection Chips

Front EndBoard (FEB)

Multi DataBuffer(MOB)

LocalBufferCrate

4chIchip

4ch/chip
·4 ch/chip

8 chlhybrid

256ch/unit

256ch/board

1024 ch/module

8 crates x 2 sides.

The data transfer rate is examined to be reasonably practical withthe present-day technology. An

initialattempt of the cost breakdown showed approximately $8.7Mfor the totalreadoutsystem.
Radiation damage study is underway.The preliminary analysishas indicated promising results.

In conclusion, we havesuccessfully developed the prototypepreamp/shaper, discriminator, and

TMCchips.Theproposed readout systemmeetsalmostall the SDCrequirements withfew critical
paths left.
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Photograph 1. TMCI004 chip
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Photograph 2. CAMAC 32 ch IDC module using the TMC chip
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[abbreviations]

ASIC =Application Specific Ie
CSR : Controland Status Register
nee :Data Collection Chip
DTX : DataTransmission module
FEB : Front-End Board
KEK : Kou Energy Kenkyuusho,National Lab. for IiEP
LBC : Local BufferCrate
1..2B : Level2 Bufferchip
MDB: MultiDataBuffer
NIT : NipponTelephoneand TelegramCo.
P/S/D : Preamp/Shaper/Discriminator chip
P.S. : Power Supply
SCP : SuperlayerControlProcessor
SOC : Solenoidal Detector Collaboration
SST : Super Selfaligned Transistor
TMC : TuneMemory Cell

.....~-_ __ _---------------~.-.-----

1. Introduction

We describehere a conceptual designof the readoutelectronics for the Straw-tube Detector. Our

schemeis basedon the Time MemoryCell (fMC) chip (photograph 1) which is developed at KEK

with collaboration of NIT. The TMC chip is a low-powerand high-density time-to-digital

conversion VLSI whichhas enoughabilityfor the wire chamber readoutat the SSC. The prototype

chip is alreadytestedand a CAMACmodule(photograph2) whichuse 8 TMC chips are used for

straw-tube readout [1,2.3].

In this document. we try to optimizethe readoutscheme to the TMC. but mostof the pans except

the preamp/shaper/discriminator and the TMC chips are very primitivestage. There remain many

places which must be adjusted in a wholedata acquisition system.There are many intensivestudies

for the Straw electronicsby the people in Univ. of Pennsylvania[4].

Most of the electronics described here will be also applicable for the readoutof muon chamber.

We are trying to fulfill the requirements of bothstraw and muon detector to reduce the cost and

development effort.

2. Conceptual Design

2.1 Requirements and Detector parameters

In the SOC. a straw-tube detectoris proposedfor the central trackingdetector. Since the detector

parametersare still not fixed, we assumefollowing parametersfor the Straw-tube detectorpresented
at LBL meeting on Aug. 1991.



Tabl 1 S be dee traw-tu tectorparameters.

Superlaver layers angletdeg) r(em) length (m)

SLI 6 0 70.4 2.8

SL2 6 3 104 3.2

SL3 8 0 134 3.9

SlA 6 -3 148 3.95

SLS 8 0 161 3.95

• Tubediameter:
• No. of Straws/module

• No. of Channels :

4mm

150 - 256 tubes

135k channels

Hit rate of the strawtube at the"radius of 70 em is a few MHz at a nominal luminosityof 1()33

em-2sec-1• The front-end electronics must workwithoutdeadtimeand keep the information for 3 - 4
JlS of the first level triggerdecisiontime. The drift time of the straw tube is around 30 ns with fast

gas of 100~s drift velocity. To get a spatialresolution of 150 um, the timing error of the front

end electronics must be less than 1 ns. Furthermore, the front-endelectronicsmust be low-power

and high-density devices, because it is mountedin a very limitedspace. Finally the front-end
electronics must survive fromthe radiationdamageof"(rays and neutrons.

2.2 Data Flow Diagram

Figure 1 shows a data flow diagramof the proposedstraw-tubedetector readout system. Front

end boards(FEB) are mountedon the detector.and Local BufferCrates (LBC) are placedoutsideof

the barrelcalorimeter. Since each straw modulehas 150 - 256 tubes. each board deals up to 256

channels. Assumingthe data size of 4 byte/channel. 10% occupancy, and 10 kHz level 2 trigger

rate. the requiredtransfer rate at the output of the FEB is -1 Mbyte/sec. Thus a data bus of a 2

MB/secband width is enoughfor this purpose. Outputdata from the FEB are transmittedto a Multi

DataBuffer(MDB)moduleoutsidethe detectorthroughshieldedtwistedpair cables.The MDB

receives data from 4 FEB's. A Data Transmission module(DTX) collects the data from ten MDB's

in a crate and sends it out through an opticalfibercable.The average data size transferred through

the DTX is 6 kB/trigger. For level 2 trigger rate of 10 kHz, the data transfer rate becomes60

MB/sec. Thus the transmission rate of IGbps is requiredhere. Since the straw-tubes are read out at

both ends of the detector, eight local buffercratesare placed at one side.

2.3 Control Path Diagram

Figure2 shows a diagram of the controlpath for the front-end electronics.Each FEB has a serial

networkinterface of 10 Mbps.The serial networksin each superlayerare linked to a Superlayer

Control Processor(SCP) in electronicsroom at the surface. The SCP's are controlled from a host

computer. The FEB includes test pulsecircuits for the preamp and the TMC. All the monitoring,

calibration. diagnosticsare done throughthe serialnetwork.

7



Chamber
Wall

Detector
Wall

LocalBufferCrate( 8 cratesx 2 sides)

•

E
V
E
N
T

B
U
1
L
o
E
R

-1Gbps

1
1

1__ 10

~

Data
~ransmisson

Module
(OTX)

10
Multi
Data
Buffer
(MOB)I

I
I
I I
I 1--------------------

-10 Mbps

FEB

presmplshaper/discri

-600 boards
«256c:hIboard)

\

FrontEnd Board

,---------------\
1 HybridlC r-
1 I 8 bit""'---------------_ bus

- 32 - ----L- Oata
_ _ ---r- Collection

.. - - - -r-=-=-=-- - - - - - - -, Chips

..8:~ TMC .... Level2 ~
II' I~ Buffer 1:"2 MBlaecL-----I

\ --\.. - .::-:-:-:. - ---- -- ..

Straw
Tube

Oetector

135,000 ch

Fig.1 DataFlowDiagram of the StrawTube

at
mputer

Surface
ElecIronics

Room
Serial Network

Chamber
Wall

Tf+ Front End Board I- Superlayer
Control .-.

Processor
(SCP)

I--

"600 boards
«256ch1board) I

Straw
.

5 processors L....+Tube ,---------------\Detector Ho
I HybridIC r- CoI I 8 bit 1 link I super1ayer.. _-------------- bus. (-10 Mbps/link)

'32 --r- Data. - Collection -,'- - - -..=-=-=- -.- - - - --, Chips

I .0 8~ 1-c>.~ TMC ~ Level2 ~
I'" ~ Buffer

\. ~ r
~--~-----------~

13S,OOOch Test Pulse

Fig. 2 Control FlowDiagram of the StrawTube

8



2.4 Trigger Flow Diagram

Signals from the outer one or two superlayers are used to form track trigger signals. These
trigger signalswill be used withcalorimeter,muon, and silicon tracker signals by checking ~

matching. Since the straw-tubes are arrangedin pointingto a beam interaction point and half-cell

staggered,two types of trigger logics, time difference and time sum (mean timer), are possible.

Methodof measuringthe time differencewithincells on a line is shown in Fig.3 -(a). The time

difference is inverselyproportion to the transverse momentumPt.By changing the clippingtime Tc,

Pt threshold value is adjustableover a few GeVIc.
The mean timer circuit for the staggeredcell is shown in Fig.3 -(b). Since the sum of straw signal

timing is constantand equal to the maximumdrift time, the mean timercircuit createsa pulse at fixed

timing after passingthe track. Although the signalhas timing ambiguity depend on the z-position of

the track, the ambiguity is only <± 3 ns, thus the timing from the mean timer can-be used for

identifyingthe bunch crossing.

There are severalschemes to use combination of this infonnation and compose a triggersignal.

Jay Chapman(Michigan)is studying9 cell and 8 cell track trigger circuitsby using above circuit.
Muon chamber and shower maximumdetectorwill have 1024 ~ bins, whereas the outermost

superlayerhas about 2600 ~ bins.Thus it is better to combine several track trigger signals at the

FEB to reduce the number of cables.We need funher study to optimizethe logic to be effective,

reliableand flexible.

Figure4 shows the trigger-information flow of the straw-tubedetector. A key element in the

abovecircuits is a delay line.'The TMC itself is a combination of delay lines and memories,and has

precise delay elements. It is natural to includethe trigger circuitsin the TMC, but it is also possible

to implementthe circuits in a separatechip. Severalstiff track triggersignals which have differentPt

thresholdscan be used. To reduce the number of cables while keeping the several Pt thresholds,

multi-value logic which has two or three different levels may be used.

More detailedPt and track positioninformation can be available for the level 2 trigger if
necessary. We can send 500 bit informationto the Global Level 2 Processor in 5 usee by using a

100 Mbps serial line .

2.5 Functions of Each Block
2.5.1 Front End Board

Figure5 shows a block diagram of the front-end board. The FEB includes HV decoupling

capacitor,hybrid IC's, and Data Collection Chips (DCC). The Hybrid IC has 8 input channels and

consists of two preamp/shaper/discri (PIS/D) chips, two TMC chips, and two Level 2 buffer chips

(L2B).Those chips will be mountedon a ceramicsubstrate or printed circuit board by using TAB

bonding,wire bonding or flip chip technique. These hybrids are connectedto a simple 8 bit bus

throughwhich the DCC reads out data from the L2B and controls various functions in the front-end

electronics.
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2.5.1.1 Preamp/ShaperlDiscri chip
Prototype preamplshaper chips and discriminator chips are now beingdeveloped at KEK.The

bipolarprocessused is NlT's Super Self-alignedTransistor (SST) with fT= 20 GHz.

The preamplshaper chip has 16channel inputs. As shown in Fig.6, each channelhas 4

integration stages, 1 differential stage, and a pole zero cancellation circuit.Two types of chip which

havedifferent time constants of 2.3 ns and 4.5 ns are designed.The gain is more than 300 mVIIOS
electron. One of the prototype preamp/shaper was tested with straw tubes by the DukeUniversity

group. Figure7 shows the pulse shape for FeSS 'Y-ray source.

The discriminator chip also has 16 channelinputs whichcontains inputhysterisis circuit. The

circuitdiagram is shown in Fig. 8. In final chip, the preamp/shaper and the discriminator will be

implemented in one chip, and will have 4 or 8 channels.

2.5.1.2 Time Memory Cell
TimeMemory Cell (TMC) chip is a low-power time-to-digital converter chip which includes the

first levelbufferinsidethe chip.TMCrecordsthe historyof the input signalto memory array in a

digital method The input signalis fed to the data line of CMOS memory cell, and each "write..
signal to the memory cell is delayed with a variable delayelement whichis controlled by a feedback

circuit. Table2 summarizes the specifications of the presentchip (TMCI004).The detailed

explanation of thechip is given in appendix A.

Table2.TMClOO4 andTMC·SSC Soecificadons

TMClOO4 TMC-SSC

No. of Channels 4 channel 4 channel

LeastTimeCount 1 ns fbit 2 ns fbit

TimeRange 1.024 J.LS (4 ch), 2.048 J.lS (2 ch) 4J.LS
or 4.096 J.lS (l ch)

Clock Prequencv 31.25 MHz 31.25 MHz

TimeResolution 0' = 0.52 ns 0' = 0.75 ns

Data Encoding 32 bit to 5+1 bit 16 bit to 4+1 bit

No. of Pins I/Opins=54 I/Opins-50

Power / Gnd nins = 34

SupplyVoltasre 3.0 V 3.0V

PowerConsumption 7mW/ch -8mW/ch

Chipsize 5.0 x 5.6 = 28 mm2 6 x 7 =42 mm2

Timeresolution of the presentchip is 0' = 0.52 ns. This can be explainedwith a combination of

the digitizationerror (Odig =0.29 ns) and the TMC error (O'I'MC = 0.43 ns). To increase the buffer

length whilekeepingthe Si area within the acceptable level,we proposeto increase the least count to
2 nslbit insteadof Inslbit of the presentchip. If the O'I'MC of new chip is the same as the present

11.



Fig.7Output pulse shapeof the prototype PreamplShaper for FeSS'Y rays.

(20ns1div andSOmV/div)

«

•-=- J.I V

:t
II. 1I.SIe

. I Ie

til o

1-=- 5 V

,......--'v""""----Ic .

I J(

22 IC

•.::. .1'- .v+ .
8211

Fig. 8 Schematics of theprototype discriminator chip.

13



one, the tirneresolution will be0.75 ns (=...J(2ns/..J12)2 + (0.43 n5)2 ). This resolution is

expectedto be withinthe requirement of the wirechamberreadout.
The increasein Si area is only50% even if we doubledthe bufferlength,becausethe control

logic andpad occupyabout 70% of areain the presentchip. Table 2 also showsthe specification of

the proposedTMC-SSCchip.
Figure9 shows a block diagram of the TMC-SSC. In theTMC-SSC, we propose to encode 16

bit data to 4 data bits plus one cany bit, and use the system clock of 31.25 MHz (32 ns period). As

described in the next section.it is still possibleto extractdata synchronized with 16 ns triggersignal.

The encoding schemereducesrequiredoutputpins and data size, and the lower clock frequency ease

the chip design and reduce the powerconsumption.

2.5.1.3 Level 1 Buffer
Figure 10 shows a blockdiagramof the Level 2 Buffer (UB). The L2B consists of an encoder

logicand a buffermemory.a buffercontroller. a bus interface. a TMC control logic. and a trigger

control1ogic. The buffer controllerhas two pointers and the bufferworks like a ring buffer.This

chip is a fully digital chipusing ASIC'ssuch as gate arrays or standard cells.

In the L2B. the data fromthe TMC is reconstructed to drift time as shown in Fig.11.Since the

maximumdrift time of a strawis around30 ns, several rows of data have to be read out from the

TMC for a trigger takinginto accountof the uncertainty in beamcrossing. The L2B reconstructs the

drift time from thosedata. Referring to the phase synchronization of the level 1 triggersignal, the

L2B recognizes startingpoint of the data then calculatethe drift time. Althoughthefigure shows

only one hit data, but it is possibleto process multi hit data.

1.5.1.4 Data Collection Chip

Data CollectionChip consistsof severalIC's as shown in FigureS. The CPU moves the data

from the L2B to the internalmemory,and send it out throughthe serialI/Fby addinginfonnationof

a triggernumber and straw address. The CPU also communicates through the serial network

interfacefor monitoring, calibration, and diagnosticpurpose. One of candidatesfor the CPU is a

transputerwhichhas 4 link interfaces and a high-speed externalbus interface.

2.5.1.5 Power Consumption of Front-end Electronics
We estimatepowerconsumption for the front-end electronics as shown in Table 3.

front-end electronicsa e anon 0 powerconsumption for the

P/S/D 8mW/ch

TMC 8mW/ch

L2B 8mW/ch

DCC 6mW/ch

Total· 30mW/ch

T bl 3 Estimati f

14-
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The power consumption for the PIS/Das well as for the TMC is basedon the workingprototype

chips. In total, we have a 2 kW heat source at one end. We think this magnitudeof power

consumption is manageable with a conventional coolingtechnique.

2.5.1.6 Higher density option
The proposedscheme of the front-end chips shown above is assuming4 channelsper chip and 8

channelsin a hybrid.There is no difficultyin increasing numberof input channelsto 8 for the

PIS/D. For the UB, it seemspossible to include 8 channel bufferin a chip. though the number of .

connections becomessomewhathigh.

For the TMC. we have new idea which may possiblyshrink the cell size by more than 30 %. and

reducepower consumption. This enables us to make a 8 channelschip cost effective.

We continueto work on this option. becausethis reduces the cost per channels and eases the

implementation of the front-end board.

2.5.2 Local Buffer Crate
The Local BufferCrate (LBC)are placed at outsideof the barrelcalorimeter as described in the

sectionof packaging. The crate contains 10 MOB modules and one DTX module. Four data cables

from the FEB'sare connected to one MDB module.The DTX transfers the collected data through

optical fiber link with 1Gbps transfer rate.

In this crate, another modulesuch as a clock driver, trigger driver/receiver. etc. may also be

insetted.

2.6 Radiation Hardness
The radiationlevel inducedby charged particlesis about 10 kradlyear at the inner most straw

layer,while the neutron flux is an order of 1012 neutron/cm2/year with almostno dependence on

location. Thus the front-endelectronicsmust survive for more than 100 k:rad and 1013 neutron/cm2

radiation. Radiation damagetests are being done for both the bipolarprocessused in the

preamp/shaper/discriminator and the CMOS processused in the TMe chip. The results of radiation
damagetest of the bipolarprocessfor neutronsand y-rays are reported in reference5 and 6. It is

shown that the process has radiation hardnessup to 1 Mrad and 1013 neutronlcm2.

A radiationdamage test for the eo60 '}'-ray has been done for the CMOS process. We have

preliminary results. In power off condition. both PMOS and NMOS transistorsshow very little

changeup to 1 Mrad. In power on condition.PMOS shows little differencewith power off

condition, whereasNMOS transistorsshowed some degradation at the level of 100 krad.

We need funher studyabout the radiationdamage of the CMOS process.

3. Packaging and Layout

As mentioned before. front-end IC's are packaged in a hybrid as shown in Fig. 12-(a). One

hybrid takes care of8 channels.This hybrid is mountedon the FEB. Figure 12-(b) shows an
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Fig. 13 Physical placement of the Front-End Boards and the Local Buffer Crates.
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exampleof arrange aroundstraw-robe end. Only surface copper lines from straw tube are shown.

Anotherhalf lines are drawn in the real side. Since the minimumdistancebetweensuperlayers is 13

em with the current design of straw tubes. the maximumlength used in the FEBis about 9 em. As a

hybridtakes 8 inputs. the pitch of the hybrid is 4 rnmif it is implemented in one side.Space after the

hybridis used for the DeC's. Cables are connected with or withoutconnectorto the FEB.

Figure 13 showsthe mountingscheme of the FEB to the straw superlayerstructures. Since the

spaces between SLI and SL2. SL2 and SL3 are more than 30 em. the front-endboards to the SLI
and SL2 can be mountedupsidedown to minimize the radiation effectsand utilize maximum lever

arm for tracker. The Local BufferCrate is placedat outsideof the barrelcalorimeter. and module

cables areconnected between the MOB and the FEB.

4. Cost Estimate
Table4 shows our cost estimatefor the main parts. Cost for the FEB does not include IC's and

BV capacitorlisted in the table.Cost for other boards (MDB, DTX. etc.) includesall the part's cost

used in the board. No R&D money is included in the table but it containscontingency. Total cost for

135kchannels is about $8.7 M, or $65lchannel.

Table 4 Cost estimatefor the straw-tube electronics

Item ChanneJlparts Cost/parts ($) Cost/ch ($) Total Cost (k$)

HVCapacitor 1 3 3 405

P/S/D 4 20 5 675

TMC 4 60 15 2.025

L2B 4 40 10 1.350

HybridPackaW.2 8 60 15 2,025

nee IC's 256 1.000 4 540

FEB* 256 1,000 4 540

Cables 256 1,000 4 S40

MOB 1.024 3.000 3 405

DTX 10.240 4,000 .0.4 S4

LBC with P.S. 10.240 4.000 0.4 54

opticalfibers 10.240 2,000 0.2 27

SCP 25.000 10.000 0.4 54

Total 64.4 8,694

(*) exclude cost of parts listed above..

s. Crucial R&D
MostcrucialR&D is a radiation damagetest for the front-end electronics. There is no problem for

bipolarprocessused in the preamp, etc.The CMOSprocess used is relativelyradiationhard

comparedwith commercial ones, but still need further studies.

).0



AnothercrucialR&D is high densityreadout. Although the packagingseems to benot so difficult

withpresent technology, the system deals withsmall analog signal and high-speeddigital signal in a

very limitedspace.Cross-talks and oscillations must becarefullyminimizedor eliminated.

Most of the parts used in our scheme is based on veryconservativedesign. Althoughit will take

long time to developand debugging each module, we think there is no crucial item in implementing

data acquisition modules.

6. Schedule
Table 5 shows possible developmentschedule.Each front-endIe requires two prototype

productions beforethe final mass production.The most of the mass productionwill be done in

1996. Final assemblytest with straw-tubedetector will be done in 1998.
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Abstract - A 4-channel 1024-bit Time-to-Digital Converter chip, which records

input signals to memory cells at one nano second intervals, has been developed.

To achieve one nano second precision, the chip incorporates a feedback stabilized

delay element. The chip was fabricated on a 5.0 mm by 5.6. mm die using 0.8 um

CMOS technology. It dissipates only 7 mW/channel under typical operating

conditions.
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I. Introduction

Particle detectors for future highenergyaccelerators have demanding requirements for time-to

digital conversion. A VLSIcircuitdesigned specifically for this application is an efficient way to

meetthe requirements. The circuit mustachieve 1 ns resolution, and it mustmaintain the historyof

the input for morethan 1 J.lS pending receiptof a readouttrigger. The readoutmustnot createdead

time.As morethan 100,000 channels of the time-to-digital electronics will be mounted in the very

limitedspaceof a detector, the chip mustbe highdensityand lowpower.Furthermore the device

mustnotdeteriorate in the ambient fluxof particles and"( rays thatis present in the vicinity of the

detector.

The idea of TimeMemory Cell ('fMC) wasproposed by us and testedby making a TEO chip [1].

The cellutilizes low-power andhigh-density characteristics of a CMOS memory cell andgatedelay

time. Figure 1 showsthe basicoperation of the TMC. As the writesignal(WL) timing in eachTMC

cell is delayed by 1 ns, timing information of the input lines (TIN and TIN·) is recordedto memory

cellssequentially. To keep the delaytimeconstant, the delay timeof the delayelementis controlled

through the Vg line by a feedback circuit which refers to an external systemclock period.

In an alternative approach described by Stevens et al. [2] the timinginformation is storedin a

switched capacitor arrayand digitized much later.Our approach depends much lesson smallsignal

analog electronics and is therefore preferable in the detectorenvironment wherelevelsof radiation

and electrical noisemay be high.

A newTMC LSI chip (TMClOO4) has beendeveloped usingan 0.8 J.1m CMOS process. It

contains 4 channels andeach channel has 1024TMC cells (32 rows and 32 columns). The chip

achieves morethan 10 timesthe densityof a 10Hz GaAsshift register [3] whiledissipating less

than 1 % of the power.

II. TimeMemory CellTechnique

A. Concept

A OaAsshift registerclockedat 10Hz wouldprovidethe 1 ns precisionthat we require,but the

powerdissipation of this technology is unacceptably. large. Therefore we soughtto accomplish our

objectives in CMOStechnology for whichthe powerdissipation is intrinsically low.
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In CMOS circuitry the objective of low power is furtherservedby use of a low clock frequency

andminimization of data transfers from gate to gate. The difficulty with CMOSwheretiming is

critical is that thepropagation delayof a gate may varyby morethan 20 % because of fluctuations in

chipprocessing, supplyvoltage,and temperature.However, the delay time of a gate whichhas a

samephysical layoutis fairlyuniform withina chip.We make a feedbackcircuitwhichcontrols

delaytimeof the series of gates,andeliminate the process, voltage and temperature variability.

In onechannelof a TMClOO4 chip, 1024TMe cells are configured as 32 rows of32 cells.

Within a row the input is written to successive cells at intervals of approximately 1 ns. The rows are

successively enabled for writing by an external clock with period 32 ns.

B. Feedback circuit

The principle of our feedback circuit is analogous to the principle of a phase lockedloop (PLL).

Whereas a PLL stabilizes an oscillatorfrequency by referencing to the phaseof an externalclock,

the TMC feedback stabilizes a variable delayelementbyreferencing to the periodof an external

clock.

Figure2 showsthe schematicof the feedbackcircuit.When an external clock (~1) sets the flip-

flops Fl and F2 at its fallingedge, capacitors Cl and C2 begin to charge.The chargingof Cl stops

at the fallingedge of the pulse fromthe end of the reference row.The chargingof C2 stopsat the

next fallingedge of the clockpulse (+V. Hence, the voltagedifference between CI and C2 is

proportional to the timedifference between the delay line and clockperiod. Comparator Al checks

the voltage difference and adjuststhe feedback. voltage(Vg). If the delaytime is less than the clock

period.C3 chargesduringa store period increasing thedelay of the delay line.If the delaytime is

longerthan the one clockperiod,C3 discharges reducingthe delay.

C. Timing Accuracy

We givehere a roughestimateof the timingaccuracy attainable by theTMC circuit. Thereare

three mainsources of error;the input andclocksignals, the feedback circuit.and the non-unitormity

of the delay element. In the followingdiscussion. we assumethe error distribution has the Gaussian

shape.and use the word "error" as the standarddeviationof the distribution.
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Timejitter of the input and the clock (write) signalsarisewhenthose signals pass through

buffers (seeFig. 3·(a) ). We assumetimejitter of SO ps for the signalpassinga buffer. Sincewe are

usingabout 20 buffers between inputpad to a TMe cell, the total timejitter is summed in

quadrature, and will be ...}20 x SO ps =0.2 ns,

Thesignaljittersin the write line (WL) is accumulated fromthe first cell to the lastcell in a row.

In the lastcell this jitter becomes '1/32 x 50 ps =0.3ns. By averaging the jitter in a row, it becomes

0.2 nslbit.

Although thosebuffers havevariation of delaytime causedby the changeof supplyvoltage and

temperature, thedelayvariation for input andclock.line is cancelled each otherby designing the

numberof buffers frominputto the TMC cell to be the same.

The errors in feedback circuit come from sensitivity of the comparator andcontrollability of the

feedback voltage (see Fig. 3-(b) ). Since the input voltage of the comparator changes l.5V for 32 ns

period(= 50 mV/ns), and the comparator detects ±25mV voltagedifference fromthe reference

voltage, the sensitivity of the comparator is ±D.S ns /32 ns ( =±1.5 %), so the effect of this error to

each bit can beneglected. Since the adjustment of the feedback voltage is < 20mVper feedback

cycle,the corresponding delaytime changeis less than 30 ps / cycle.Thus this error can also be

neglected.

Non-uniformity of the delayelementmaycausedifference of delaytime between reference row

and actual row, and causesdiscontinuity in data between row. If there is 5% non-uniformity in

delaytimeof eachdelayelement, the discontinuity will be ...J32 x 0.05ns =0.3 ns. Also the non

uniformity appears as differential linearity error.

In addition to theseerrors, digital conversion devicehas digitization error inlrinsically. For 1 ns

digitization stepthe digitization errorO'dig is 1 / ill= 0.29 ns. From these considerations. it may be

possible to makethe devicewhichhas the timing error of (1- 0.5 ns.

IlL CircuitDescription

A. Circuit Block

A Blockdiagramof the TMClOO4 is shownin Fig. 4. The chip has fourTMC arrays,each with

32 rows by 32 columnsof TMC cells.Eacharray has a feedback circuit.For accessing the four



arrays. thereare twopointers Write and Readeach of which consists of a 7-bit counterand decoder.

The Write Pointer is incremented in eachclock(eLK) cyclewhich initiates a pulse in the write line

of the designated row.TheRead Pointer selectsa row forreadoutand is incremented by the same

clock(eLK). Thisscheme with twopointers and dual pancells enables read and writeoperations to

proceed simultaneously. The four TMC arrays can be configured as 4.2, or 1channels bysetting

external pins.The 4, 2, and 1 channelmodesutilizerespectively the lower 5. 6 or 7 bits of the

counters andretainthe inputhistoryfor I, 2 and 4 usee.

The32 bits of row infonnation are encoded to 6 bitsat readout timeso as to reduce the data size

and the required number of leadsto the chip.

The chipmaintains various parameters in three controlandstatus registers (CSR) which canbe

read as well as written.

B. TimeMemory Cell

Theschematic of the TMCcell is shown in Fig.5. Eachcellhas one timing-information write

port (fIN and TIN·) and onedata-read/write pan (BL and BL"'). We used staticmemory in the

TMC cell,because it maybemorestable for radiations thanthe dynamic one.TwoPMOS

transistors (M! andM2)are added to the previous design [1]. Theymake the write operation

insensitive to the previous contents of the cell by interrupting the feedback pathsduring the write

pulse. Transistor parameters of the delayelement wereselected to obtain a gatedelaytimecloseto 1

nslbil.

Thedelaytimeof the delayelementis controlled by the PMOS transistor M3. Sincethe input

signal is latched in memory cell at the falling edgeof the signalonWL'. only the falling edge is

controlled via the feedback voltage Vg. The transistor M3 changes the rise timeof the signal at node

A. At the inputto the second inverter the pulsewidthchanges andat itSoutputthe regenerated signal

edge is againsharp.

C. Feedback Circuit

The operation of the feedback circuit was described in previous section. Figure6 showsthe

resultofsimulation of the delayelement. With Vg fixed the delayvaries by morethan±20%with

changes in powersupplyvoltage (2.7 V - 3.3 V). temperature ( 27 ·C - 70 ·C). and transistor



chreshold voltage (-10% .... +10%). WithVg controlled by the feedback circuit (1.2V - 2.3 V), the

delay timeis keptat 1 ns,

D. Encoder

The 32-bitrow datais encoded to 6 bits.Sincetransition timesare spaced by at least32 ns in our

application, the encoder logic accommodates onlyone "0" to "I" transition in a row of memory.

Thusthe encoding reduces the output pin requirement andthe amount of data without sacrificing

dataquality. Table 1 shows the encoding scheme. The mostsignificant bit shows the value of the

first bitof a row.and the remaining 5 bitsshow theposition of the first "0" to "1".cransition.

E. Readout Pipeline

Simultaneous reading and writing require thatthe operations proceed in phaseso thatthe memory

operates as a ring buffer. Onerowmustbe readoutduringeach32 ns intervalin which a row is

written. The readout cycle(memory read andencoding) is pipelined to two stagesand the cycle

continues while the triggersignalDS· is asserted. The dataare presented on the DOUTlines.

F. Control registers

There are three CSRregisters which set I showthe operating modeand the settings of the

pointers. Two bits of CSR#O encode the operating mode.and four bitsprovideserialaccess to the

cellsof the TMCarrays. This access path is usedfor testingeachTMC cell. The ReadPointer can

be written andread via CSR#l and the WritePointervia CSR#2. The CSRregisteris accessed

through the CS· and the CIOlines.

m. Measured Performance

The specifications for the TMClOO4 are summarized in Table2. Eachitem is discussed below.

A. Linearity

Figure 7-(a) shows the linearity curveof the TMC1004. As the chip is referencing an external

quartzoscillator (31.25 MHz). the slopeof the linearfit to the data(time-to-digital conversion
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factor) is verystableand has the value of 1.000± OJ)Ol bitlns without any tuning. The integral

linearity error(Fig.7- (b» is the deviation from the idealresponse function. A Gaussian fit to the

integral linearity error distribution showsa = 0.31 ns, and the maximum deviation is less than 1.5

ns.

Figure 8 showsthe fine structure of the linearity curve. Thefirstpan of the row has a nearlyideal

response to input.but in the latterpan of the row the response is rather broad. This trendreflects the

accumulation ofjitter alonga row and theresynchronization at the start of the next row. Making the

rowsshorter couldreduce the integral linearity errorbut at the costof increasedpowerdissipation.

Figure 9 showsthedifferential linearity error. We get (1 = 4% from Gaussian fit to the dataand

maximum deviation is lessthan20 %.This indicates the non-uniformity of the delayelement is

around 4%.

We observed discontinuity in data is less than 0.5ns for row-to-row, and less than 1 ns for TMe

array-to array.

B. Stability

Whilethechiphas non-negligible amount of integral. anddifferential errors. its overall

characteristic is verystable. Figures 10-(a) and (b) show the variation in slopewithvoltage and

temperature for a channel.The variation is ploned as a deviationfrom the data pointof3.0V and 25

·C. Due to the feedback circuit, the slope is stablewithin 0.1%for voltage variation of 2.6 - 3.4 V

and temperature variation of 15- 55 "C,

C. PowerConsumption

The mostpowerconsuming part of the chip is a senseamplifier circuit. Thereare 128 senseamps

on a chip,onefor eachcolumn of each channel. To minimize powerdissipation. the DC current to

the sense amps is normally heldoff and is raisedonlywhena readouttriggerarrives. Withthe

feedback circuit operating, thepowerdissipation is about3 mWfeb in 4 channel mode.When

continuous write operation starts, the powerdissipation increases to about6.5 rnWleh. Finally.

duringreadout the powerdissipation increases by 24 mWleh. Witha readoutduty factor of 1 % as

expected in a typical operating environment, theaverage power dissipation is 6.7 rnW/ch
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D.Time Resolution

Figure 11 shows results of time resolution measurement. In this measurement, the deviation

from idealresponse line is measured and plotted. Gaussfit to the data shows atotal =0.52 ns.

Assuming the O'total is the quadrature sum of digitizarion error (O'dig ::: 0.29ns ) andthe TMe error

(O'TMC), we get O'TMC - 0.46 ns. This value is in goodagreement with the our roughestimatein

section n.

E. Layout

Figure 12showsthe photograph of a TMC1OO4 chip. FourTMC arraysare arranged in 

quadrants. Control logicis placed in the cross shaped area separating the arrays. The chip was

designed by full-custom layout.and the size is 5.0 mm by 5.6 mm.

IV. Summary

A new time-to-digital convenerchip, the TMC1004, has beendesigned. It has 1 nslbit leastcount

andcanrecordfor up to 4 J.1S. A novelvariable delayelementand a feedback circuitare employed to

get 1ns accuracy. Power consumption is very lowdue to the CMOS staticmemory-like structure.

Tests showthat overa11linearity and stability are verygood.This chipis designed for time-to-digital

conversion chip,but the methods used to get 1ns timingandto record to memory can be adapted to

otherapplications such as a memory for recording high-speed signals.
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Table 1 Data Encoding scheme

BitPanem
3322222222221111111111
10987654321098765432109876543210

00000000000000000000000000000000

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxl0

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxl00

10000000000000000000000000000000

1 1 1 1 1 1 1 1 1 1 1 111 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 111

(not appear)

xxxxxxxxxxxxxxxxxxxxxxxxxx~xxI01

xxxxxxxxxxxxxxxxxxxxxxxxxxxxl0xl

10xxxxxxxxxxxxxxxxxxxxxxxxxxxxxl

x..xx..x = 0..01..1

EncodedData

543 2 1 0

000000

00000 1

o 0 001 0

o 1 1 1 1 1

10000 0

10000 1

1 000 1 0

10001 1

1 1 1 1 1 1

Table 2.TMClOO4 Specifications

No. of Channels 4 channel

Least Time Count 1 ns fbit

Time Range 1.024 J.LS (4 ch), 2.048 ~s (2 ch) or

4.096 J.I.S (l ch)

Clock Frequency 31.25 MHz

Time Resolution (7 =0.52 ns

IntegralLinearityError (7 =0.3 ns « 1.5 bit)

Differential LinearityError in a row (7 =0.04 ns « 0.2 bit)

row-to-rowDiscontinuity < 0.5 bit

TMC arrav-to-arrav Discontinuity < 1 bit

Variation of Slope < 0.1 % (2.6 - 3.4 V)

(time-to-digital conversion factor) < 0.1 % (15 - 55 ·C)

< 0.1 % (chip to chip)

Data Output 32 ns cycle 2 stage pipeline.

6 bit encoded output.

No. of Pins 54 I/O pins and 34 Power I Gnd pins

Supply Voltaee 3.0V

Power Consumption 7 mWfeh for 1 % readout duty factor.

Chip size 5.0 mm x 5.6 rnm
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