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1
Introduction

InthischapterIwilldiscusstheuseoftheCMOStransistorasadigi-

talswitchandasananalogdevice.Iwillmentionsomecircuitsusing

thisanalogtechnique.FinallyIwillshortlydescribetheintentions

ofthiswork,anddescribetherestofthisthesis.

1.1 Digitalsystems

ManyofthecomputersweusetodayhaveamicroprocessorconstructedwiththeCMOS

(ComplementaryMetalOxideSemiconductor)technology.CMOSisatechnologybuild-

ingontheprincipleofasurface�eld-effecttransistor.Thiswas�rstmentionedinthe

earlythirtiesbyLilien�eldandHeil.ShockleyandPearsonmadefurtherstudieson

thesubjecttowardstheendofthefourties.In1960the�rstMOSFET-circuitwaspro-

duced,usingatermicoxidesiliconstructure.Sincetheendofthesixtieswehavehad

arapiddevelopmentregardingbothsizeandspeed.Severaltypesofsemiconductors

havebeenused(Ge,SiandGaAs),andtherearealsodifferentinsulators(SiO2,SiN4

andAl2O3).MostwidelyusedisthecombinationSiandSiO2.

IntraditionaldigitalcircuitstheCMOStransistorhasbeenlookeduponasaswitch.

Thisisofcourseanicewayofusingthetransistorindigitalsystems,werewehavejust

twovaluesofinterest:on/off,0/1,0V/5Vetc.,whichiseasilyrealizedwithswitches.

Asanexample,letuslookatasimpleinverter.Ithasoneinput(Vin)andoneoutput

(Vout). InCMOSwecanconstructaninverterbyusingtwotransistors,thediagram

isshownin�gure1.1.Thesame�gurealsoshowsasimulationofthisinverter. In

thiscircuitboththep-andn-transistorworksasswitches.Weareusuallythinkingin

termsofvoltagesinthesekindsofcircuits,andwecanseethatbothtransistorscan

notbeopenatthesametime.Thustherewillnotbeanycurrent
oatingthroughthe

1
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012345
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Figure1.1:Diagramandsimulationofaninverter

In(a)wehaveatransistordiagramofastandarddigitalinverter,

and(b)showsasimulationofthesamecircuit.Sinceonlyoneofthe

transistorsisopenatatime,thereisnocurrentgoingthroughthe

circuitwhenVin isstableat0V or5V . Theonlytimethereisany

currentiswhenthereisachangeofstateinthecircuit,thatis,when

Vin � 2:5V (thesteeppartofthecurvein(b)). ThisiswhyCMOS

circuitshasaquitelowpowerdissipationcomparedtoforexamplea

TTLcircuit.

transistorsaslongasthecircuitdoesnotchangestate.Brie
ythecircuitworksas

follows:forVin = 0V onlythep-transistorisopen,thusleadingVout toVdd or5V . In

theoppositecase(Vin = 5V ),then-transistoristheopenone,andVout issetto0V (or

Ground).Wesaythatatransistorisopenaslongasthegate-sourcevoltageishigher

thanorequaltosomethreshold-voltage.Otherwisethetransistorisclosed.

Unfortunately,veryfew(ornone)ofthephysicalproblemwearefacingaredigital.We

arelivinginananalogworldwithdigitalinstruments.Oneclearexampleshowing

thisistheCD-player.ItplaysaCD-record(whichhasthesounddigitallystored,after

convertingfromanalogtodigitalduringrecording),andconvertsthedigitalsignalsto

analogsignalsfeedingtheampli�er.Thuswearemakingadoubleconversion,�rst

wegofromanalogtodigital,thenbacktoanalogagain.Thereasonfordoingallthis

isofcoursethequalityofthedigitallystoredsignals.Ithasalmostnonoise,givinga

soundqualitysohighthatwethinkitisperfect.Severalotherexamplescanbefound,

allofthemunderliningthefactthatdigitalsystemshavehelpedussolvingproblems.

1.2WhatisanalogCMOS?

AsmentionedearlierwehavelearnedthattheMOStransistorhasathreshold-voltage,

andaslongasthegatevoltageisbelowthisvoltagethetransistorisclosed.Butthe

MOStransistorhasqualitieswhicharenotusedinpuredigitalcircuits. Itisnota

switch,onthecontraryitletsasmallbutwell-de�nedcurrentthroughitselfwhen
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operatedbelowthethreshold-voltage.(Thiscurrentissosmallthatweusuallytreat

itaszeroindigitalsystems.)Howwede�nethiscurrentintermsofmathematical

equationsisoneofthesubjectstreatedinthenextchapter.Sothisiswhatwemean

bytheconceptofanalogCMOS;tousetheCMOS-transistorinthesub-thresholdre-

gion,orinweakinversion.

Thistechniquecanbeusedtoconstructcircuitswhichhaveremarkablepowerofcom-

putationcomparedtotheirsizesandcomplexity.Anotheradvantagewiththesecir-

cuitsaretheextremelylowpowerdissipation,sincethecurrents
owingaresosmall.

1.3 Humansenses

Inthebook\AnalogVLSIandNeuralSystems"CarverMead[13]givessomeexam-

plesofhowtousetheCMOStransistorinweakinversion.Iwillmentiontwoofthese

circuitshere,the\Siliconretina"andthe\Electroniccochlea".Thesearetwocircuits

tryingtoimitatehumansenses.Thebasicbuildingblocksofthesecircuitsarequite

simple,andhavesomeamazingqualities.

The�rstone,\Siliconretina",isacircuitimitatingourtheretinainoureye.Without

anyuseofopticalequipment,oneletslightstraightontothesiliconchipandgetsa

\seeing"chip.ThecircuitisproducedinastandardCMOSprocess,andusenormal

transistorsandbipolarphoto-transistors.Thewayitworksissoclosetoourretina

thatitcanevenbefooledbyopticaldelusions!

Theothercircuit,\Electroniccochlea"([11],[22]),isanimitationofapartofourear,

thecochlea.Thisisthepartoftheearwherethefrequencydecodingofsoundisdone.

Thisisdonebysomephysicalarrangements,thecircuitdoesitbyusinganelectronic

model,and�ndthedifferentfrequenciesintheinputsignal. Thiscircuittakesthe

analogsignalasadirectinputtothechip.

Whatbothcircuitshaveincommonisthefactthattheyhavequitesmallandsim-

plebuildingblocks,requireno(orlittle)preprocessingofthesignalstobeanalyzed,

andtheybothimitatethehumansensesquitewell.Atpresentthisseemstobevery

dif�culttomanageusingdigitaltechniques.Forexample,digitalimageprocessingis

knowntorequireverymuchcomputationalpower.InadditiontothesetwocircuitsI

havementionedhere,severalotherinterestingcircuitsaredescribedinthesamebook.

1.4 SomeprojectsusinganalogCMOS

AtDept.ofInformaticsweareagroupworkingwithdifferentcircuitsusingthistech-

nique. Someareworkingwithneuralnets,tryingtorealizethosebyusingana-

logCMOS.Netslikethisrequireseveralsmallercircuits,likemultiplicators,UV-

programmedweights,transconductanceampli�ers.Especiallytherealizationofthe

weightsareofgreatinterest.Severaltypesofnetsaretreated.Therearesomeworks

ontheuseofphoto-transistorsandprocessingcircuits,analogmemory(whichweall

canuseinourprojects...),UV-structures,etc.Combinationsofanaloganddigitalcir-

cuitsononechiparealsotriedout.Thisthesisisaboutonetypeofsignalprocessing,

andothersarelookingatothersolutions.
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1.5 Aboutthisreport

1.5.1 Generalinformation

Ananalogsignalcanbesaidtoconsistofseveralfrequencycomponents. Inmany

applicationsitisinterestingto�ndwhatasignalreallylookslike,thatis,whatis

itsmainfrequencyandwhichoftheharmonicsarepresent. (Somethinglikethisis

happeninginthehumanearwhenwerecognizedifferentkindsofsounds.) Inthis

workIhavetriedtoconstructananalogCMOS-circuitwhichlooksatthefrequency

contentsofananalogsignal.

Circuitslikethishavebeenmade,by�rstsamplingthesignalandthenprocessthe

newsignal(FFT).Buttheremightbecaseswherewedonotneedthedigitalsystemlike

wedidinthecaseoftheCDplayer.Wemightjustprocesstheanalogsignaldirectly,

withoutanyconversion,andgetacircuitwhichissmaller,butequallyeffective.Ifwe

canmakeasinglechiptodothiscomplexjob,wecansaythatweusethepropertiesof

theCMOStransistorbetterthanadigitalcircuitdoes.

Anexampleoftheuseofthiscanbeanalysis(andsynthesis)ofsound(speech).We

canforexampleimaginethefrequencyspecterofdifferentsoundsrecordedandstored

(withthenewanalogmemoryelementwenowhave),andcontinuallycomparethese

withtheresultsfromthethecircuitsandtherebyrecognizeforexamplewords.There

isofcoursealotofworktobedonebeforewegetthatfar. Anotherexamplewhere

wecould�nditusefulto�ndthefrequencyspecterisintheexaminationofradiation

fromacomet.Thisradiationcantellusalotaboutthecontentsofthecomet.

Inthisworkthecircuitisnotmadeforuseonaparticulartypeofsignal,butitwill

accepta'normal'analogsignalandprocessit.Thesignalsusedinthetestingofthe

circuitistakenfromasignalgenerator.

1.5.2 Therestofthereport

This�rstchaptergivesashortintroductiontothetermanalogVLSI,comparesitwith

thedigitalVLSItechnique,andgivessomeexamplesofhowwecanuseanalogcir-

cuits.Therestofthisthesisisbuiltuplikethis:

Chapter2.GivesashortintroductiontotheCMOStransistoroperationinweakin-

version,andsomesmallcircuitexamples.

Chapter3.Thisisareviewofthetraditionalspectralanalysis,includingFouriertrans-

form,theFFT-algorithm,andsomeothertechniques.

Chapter4.Herewestartthemainpartofthisthesis.Thecorrelatoristhemaincom-

putingelementonmychip,andcorrelatorcircuitsaretreatedindetail. Thereare

manytypesofcorrelators,sosimulationsandmeasuredresultsfromdifferentcircuits

arepresented.

Chapter5.GivesadetaileddescriptionofthecircuitIhavedesigned.Itreatallthe

differentcircuitsonthechip.AsinthepreviouschapterIincludebothsimulations

andmeasuredresultsfromthedifferentpartsofthecircuit.

Chapter6.Avitalpartofthisworkisthetesting.Thischapterdealswiththetesting

ofthechip(notthesmallcircuits)asasystem.Testingofthiskindisalotmorecom-

plicatedthenthetestinginthetwopreviouschapters,sotheresultsarenotalwaysso

promising.
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Chapter7.Thischaptergivessometest-resultsfromanotherchip.Ashortdescription

ofthislargersystemisalsoincluded.

Chapter8.Thecircuitproducedisfarfromperfect.HereIdescribetheproblemswith

thechip,andgivesuggestionstoimprovementsandchangestogetabetterversion.

Chapter9.Thisisaconclusion,alookbackatwhatwehavedoneandwhatexperi-

enceswegainedfromit.

AppendixA.Givesacompletecircuitdiagram,andsomeadditionalinformationtothe

circuits.

AppendixB.Containssomeinformationaboutthedifferentprogramsandelectronic

equipmentusedduringtheworkwiththisthesis.
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2
Background

InthischapterIwillshortlydescribetheCMOStransistorandits

propertiesinthesub-thresholdmode. Ibrie
ydescribesomebasic

circuits,takenfromthebook\AnalogVLSIandNeuralSystems"by

CarverMead[13].

2.1 TheCMOStransistorinweakinversion

2.1.1 TheCMOS-transistor

TheCMOSprocessusetwotypesoftransistors;thep-andn-type.Then-transistor

haselectronsaschargecarriers,thep-typehasholes.Atransistorhasthreeconnec-

tions,thegatewhichcontrolsthecurrentthroughthetransistor,thesourceanddrain.

Thereare,however,noprincipledifferencebetweenthesourceanddrainonasingle

transistor,itissymmetric.Foratransistorliketheoneshownin�gure2.1wewill

indigitalsystemscallthetransistoropenwhenVgs � Vt. Vt isthethresholdvoltage,

typically0:8V foranormalprocess.ForVgs < Vt thetransistorissaidtobeclosed.In

thiscasewehavenocurrentgoinginthetransistor,exceptfromsomesmallleakage

current,whichweusuallycanneglectindigitalcircuits.

2.1.2 Thesub-thresholdregion

Thereisacurrent
owingthroughthetransistorevenwhenVgs < Vt.Thiscurrentis

awellde�nedfunction,describedbyanexponentialequation.Wewishtoseewhat

reallyhappensinthisregionofoperation.Ifweexaminethe
owofchargesweend

upwiththefollowingequation,takenfrom[13]:

I = I0e

��qVg

kT (e
qVs

kT � e

qV
d

kT ) (2.1)

7
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Vg

Vd

Vs

Figure2.1:Asimplen-transistor

Vg isthegatevoltage, Vd isthedrainvoltageandVs isthesource

voltage.TheequationforthecurrentI isgiveninequation2.1.

Hereweneedanexplanationofthedifferentpartsoftheequation:

� : kappa,compensatingforreducedgateef�ciency,

I : thecurrentthroughthetransistor,

I0 : aconstant,includingthewidthandlengthofthetransistor,

q : electroncharge,positiveforp-andnegativeforn-transistors,

k : Bolzmannsconstant,

T : thetemperature,

Vg : thegatevoltage,

Vs : thesourcevoltage,

Vd : thedrainvoltage.

Thisisthebasicequationforallfurthertreatmentofcircuits.

2.2 Somebasiccircuits

Whenweoperatethetransistorinweakinversiontherearesomecircuitsthatare

morecommonthanothers. ManycircuitsusedinanalogCMOSconstructionsuse

thecurrentmirrorandthedifferentialpairinvariousways.Thereaderofthiswork

shouldbefamiliarwiththesebasiccircuitsandhowtheywork,andIwillonlyshortly

mentionthemhere.

2.2.1 Currentmirroranddifferentialpair

Thereareseveraloccasionswherewewishtomakeacopyofacurrent.Acircuitdoing

thisisshownin�gure2.2(a),andasimulationisshownin(b). Thus,ifwehavea

currentI1 asinputthecircuitwillproduceanoutputcurrentI2 sothatI2 = I1. An

importantfeatureofthiscircuitisthatwecanmakeasmanycopieswewant,thereis

noloadontheinput.
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(a) (b) (c)

Ib

I1 I2

I2

I1

Vb

V1 V2

I1 I2

Figure2.2:Acurrentmirror,simulationandadifferentialpair

In(a)wehavethediagramofacurrentmirror,and(b)showsasim-

ulationofthiscircuit.I2 isdrawnasafunctionofI1.Bothaxeshave

logarithmicscale,goingfrom10�13 to10�6A. In(c)isadiagramof

thedifferentialpair.

Thedifferentialpairisacircuittakingtheinputasthedifferencebetweentwovalues

(voltages).Figure2.2(c)showsthiscircuit.Vb controlthecurrentIb,andIb issplitin

twopartsI1andI2dependingonthevaluesofV1andV2.

2.2.2 Thetransconductanceampli�er

Ifweconnectacurrentmirrorontopofadifferentialpairasshownin�gure2.3,we

getatransconductanceampli�er.TheequationforIout isthengiven[13]:

Iout = I1 � I2 = Ibtanh

�(V1 � V2)

2
(2.2)

InthisequationallvoltagesaregiveninunitsofkT

q
. Thiscircuitisoftenused,but

wecanalsoexpandittogetawiderangeampli�erwithimprovedqualities.Wewill

returntothiscircuitinchapter5,whichdescribesmycircuitsindetail.

2.3 Circuitdeviations

Whenwecalculatethecurrentorsimulatethebehaviorofacircuitweuseanequation

describingthecurrentthroughthetransistor,liketheonegiveninequation2.1.This

equationis,however,onlyasimpli�edandtheoreticaldescriptionoftherealsituation.

Inarealtransistorthereareseveraleffectsthatcanmaketheworldseemabitmore

complicated.
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I1

Vb

V1 V2

I1

I2

Iout

V

Figure2.3:Atransconductanceampli�er

Theoutputfromthecircuitisinthiscaseacurrentandtheequation

forIout isgivenin2.2.

2.3.1 Gateef�ciencyandBodyeffect

Sincethesubstrateofthechipisnotintrinsic(pure),thegatevoltagewillnotbeableto

controlthecurrent100percenteffective.Thisisduetothechargestoredinthechannel

betweensourceanddrain. Inequation2.1theparameter� (kappa)isintroducedto

compensateforthiseffect.This� ismultipliedwiththegatevoltage,thusreducing

thegateef�ciency.Atypicalvaluewouldbe� = 0:6.Thisparameter(�)willalsomodel

theBodyeffect.

2.3.2 Earlyeffect

Thesaturationcurrentinatransistorisdependentofthedrain-sourcevoltageaswell

asthegate-sourcevoltage. Thisisbecausethedepletionregionincreaseswithin-

creasingdrainvoltage. Thuswegetashorterchannelandincreasedcurrent. We

maycorrectbyintroducinganEarlyvoltageV0 inthetransistorequation. (See[13,

AppendixB]).

2.3.3 Transistormismatch

Onasinglechipthedopingwillvaryconsiderably,andthiswillgivedifferentvalues

oftheI0 fordifferenttransistors.So,forexampleacurrentmirrorwillgenerallynot

giveusanexactcopyofacurrentbecauseofthedifferenceinthetwotransistors.
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2.4 Basiccircuitsonmychip

OnthechipIhavemade,thedelaylineisavitalpart. Adelaylineismadeupof

severaltransconductanceampli�ers,Ihaveusedthewiderangevariant,withalarger

ampli�cationthantheoneshownin�gure2.3. Thiswillbedescribedinchapter5

togetherwiththedescriptionoftherestofthechip.
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3
Signalprocessingand
spectralanalysis

InthischapterIwillbrie
ydescribewhatweunderstandwiththe

termspectralanalysis,anddiscusssomeaspectsofthis�eld.There

arewrittenseveralbooksaboutthistopic,Ihaveincludedsomeofit

heretogiveanideaofwhatmycircuitissupposedtodo.

3.1 Signalprocessing

Alltypesofsignals,eitheranalogordigital,forwhichwebuildcircuitsorsystemsto

process,carrysomeinformation.Ingeneralwesaythatsignalprocessingisthework

donetomakethisinformationvisibleandunderstandableforus.Therearenumer-

ousexamplesofthis,takeforexampleTV-andradio-transmissions,radar,sonar,the

treatmentofcosmicradiationetc.

InthisworkItrytoconstructacircuitwhichcantellussomethingaboutthefrequency

spectraofanalogsignals.Thisisavitalpartofthesignalprocessing�eld,andseveral

bookstreatthistopic.Digitalsystemsthatperformthistaskhavebeenmade,butthe

useoftheCMOStransistorinweakinversionandhavingonechipdoingallthework

isanewapproach.

13
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3.2 Spectralanalysis

3.2.1 Ashortreview

Asignalmayberepresentedintwoways.Thewayweusuallyliketoseesignalsisin

thetimedomain(asonanoscilloscope),buttherearealsooccasionswherewewant

thesignaltoberepresentedinthefrequencydomain.Thetransformationfromoneof

theserepresentationstotheotherisknownastheFouriertransform.

Foraperiodicsignal(function)wecanrepresentthefunctionf(t)byanin�nitesum

(takenfrom[3]):

f(t) =

1X
�1

cke
jk!0t (3.1)

where:

ck =
!0

2�

Z �=!0

��=!0

f(t)e�jk!0tdt (3.2)

Theseequationstellsusthateveryfunction(orsignal)canbedescribedbyasumof

sine-wave-functions(sincee�jk� = cosk�+jsink�).Equation3.1isthecomplexFourier

seriesoff(t).

A

(a)

(b)

!0 2!0 3!0 4!0 5!0 6!0 7!0 8!0

T

2A

�

2A

3� 2A

5�
2A

7�

-A

Figure3.1:Theamplitudespectrumofasquarewave

In(a)theinputisasquarewave,withperiodT andamplitudeA.

Part(b)showsthefrequency(amplitude)spectrumofthisfunction.

Wehavethatck = �j2A

�k
,sotheamplitudespectrumisaplotofthe

valuesofjckj =
2A

�k
.

Inequation3.1,!0 isthefundamentalfrequency(inrad/sec).Thenk!0denotesthekth

harmonic.So,theexpansionofafunctioninaFourierseriesisaharmonicanalysisof
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f(t).Itwillresultinatransformationfromthetimedomaintothediscretefrequency

domain. Asanexamplewecanlookatthesquarewaveinputfunction,shownin

�gure3.1(a).Usingequations3.1and3.2we�ndthatck = 0 forkeven,andck =
�j2A

�k

fork odd.Thuswegettheamplitudespectrumasin�gure3.1(b),where!0 =
2�

T
.

Onecanexpandthistheorytonon-periodicfunctions(signals)aswell.Iftheperiodof

thesignalgoestowardsin�nity,thatis!0!0,thesignalwillbecomenon-periodic.We

thengettheFouriertransformpair:

f(t) !F (j!) (3.3)

where:

F (j!) =

Z
1

�1

f(t)e�j!dt (3.4)

f(t) =
1

2�

Z
1

�1

F (j!)ej!d! (3.5)

Thefrequencydomainisnolongerdiscrete,wehaveacontinuousfunctionforthe

spectrumoff(t) (jF (j!)j).

Byapplyingtheseequationswecangetinformationaboutthefrequenciesinalmost

anysignal.Thistechniquecanalsobeusedfordigitalsignals,withsampledvalues

asinput.AchipforperformingtheFFTonasignalhasbeenmadeearlierasaCand.

Scient.thesis[18].

3.2.2 TheFFT-algorithm

Ifwewanttodoadigitalspectrumanalysis,themostcommonusedtechniqueisthe

FFTalgorithm.TounderstandhowitworkswemusttakeacloserlookattheDFT

operation,thediscreteFouriertransformation.Sincethisisanoperationonsignals

representeddigitally,thesignalisdescribedbyasequenceofsampledvalues. The

generalFouriertransformwillstillwork,butaswenolongerhaveacontinuoussig-

nalwecannot�ndtheck'sbyintegrating,thuswemustuseasummationinstead.

Sincewenolongerworkwithcontinuoussignals,butsequencesofsampledvaluesI

useothernamesforthecoef�cients.

Wehaveasequenceofsamplesf(nT ),thisisthesampledoriginalsignalwithN sam-

pleswithtimeintervalT.Wecanexpressthissequenceasasumofsinusodialse-

quenceswithdifferentfrequencies,eachhavingN samples.ForN oddwehavethese

equations:

ff(nT )g = fF (0)g+

N�1

2X
k=1

2jF (k)jcos[2�
k

NT

nT +�(k)] (3.6)

whereF (k) istheFouriercoef�cients:

F (k) =
1

N

N�1X
n=0

f(nT )e�j
2�

NT
knT (3.7)

Inequation3.6wealsogetthephaseofeachfrequencycomponent,�(k),asaseparate

part.ForN evensomedifferencesintheequationswillappear(becauseoftheprop-

ertiesoftheFouriercoef�cients),seeforexample[23]fordetails.

So,forasampledsignalwithsamplingintervalTandNsamples,wegetthefollowing
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fromaDFT:

Lowestfrequency: 1

NT
.

Frequencyresolution: 1

NT
.

Highestfrequency: N�1
N

1

2T
,N odd, 1

2T
,N even.

Ifweapplythismethodonanon-periodicsignalwemustlookatapartofthesignal

byusingawindowfunctionofsomekind.Thistechniquecanalsobeusedtogetbetter

resultsforsomesignals.

TheDFTworksproperly,buthavealargenumberofoperationstoreachtheresult.

Infactwemustperform2N2multiplications.ThisleadstotheuseofFFTalgorithms.

Thereareseveralsuchalgorithms,allofthemcomputingtheDFTinamoreef�cient

waythantheDFTitself.

AsanexamplewecantaketheCooley-Tukeysalgorithm(from[23]).Verybrie
ythis

algorithmsplitsthegivensequenceintwoparts,andtreateachofthesepartsasanew

sequence.ThissplittingisrepeateduntilwehaveN sequenceswithonesample.To

computetheDFTfortheseone-samplesequencesiseasy.Forthisalgorithmtowork,

thenumberofsamplescannotbechosenfree.Itmustbeapoweroftwo,N = 2P.We

splittheoriginalsequenceintoonesequencewithalltheodd-numbereditems,and

onewithalltheeven-numbered.Wethengetthefollowingrelations:

F (k) =
1

2
[F (k)even + F (k)odde

�j
2�

N
k] (3.8)

F (k +
N

2
) =

1

2
[F (k)even � F (k)odde

�j
2�

N
k] (3.9)

UsingtheseformulaswecanwriterecursiveprogramstocomputetheFFTsequence.

Withthisnewapproachthenumberofmultiplicationsisreducedfrom2N2 to2Nlog2N,

thatis,theratiobetweenDFTandFFTis N

log2N
innumberofmultiplications. For

N=8192forexample,theratiowillbeabout630.

3.3 Correlation

Thecorrelationfunctioncanbeusedto�ndsimilaritiesbetweensignals.Allequations

inthissectionaretakenfrom[3].Thefunctionisde�nedby:

�ff(�) =

Z
1

�1

f(t)f(t + �)dt (3.10)

wheref(t) isa�niteenergysignal,and� isatimeshiftingparameter.Thisfunction

givestheauto-correlationoff(t). Inthesamewaywede�nethecross-correlationof

twosignalsf(t)andg(t):

�fg(�) =

Z
1

�1

f(t)g(t + �)dt (3.11)

Ifwewantto�ndoutifthereareanysimilaritiesbetweentwosignalsweusethe

cross-correlationfunctionwith� asascanningparameter.�fgwillreachamaximum

for� = xwhenthetwosignalshavethelargestsimilarity(unless�fg = 0 forall�,then

f(t)andg(t)areuncorrelated).Thiscanbeusefulwhenweanalyzerandomsignals.

Itcanbeshownthatthecorrelationfunctionsandtheenergyspectrumofthesignals

formaFouriertransformpair:

F [�ff ] = E(!) (3.12)
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and:

F [�fg] = E(!) (3.13)

whereE(!) = jF (!)j2.

SincejF (!)jwillshowusthespectrumofthefunctionf(t),theFouriertransformofa

correlationfunctionwillgiveusinformationaboutthespectrumoff(t)aswell.

TheFFTandDFTalgorithmscanbeusedtocalculatethecorrelationfunctionsfor

sampledsignals.TheseareknownasFastCorrelationalgorithms.
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4
Correlationand
correlators

InthischapterIwill�rsttalkaboutcorrelationingeneral,thende-

scribesomedifferenttypesofcorrelationcircuits(correlators).Simu-

lations,measuredresultsandtheoreticalcalculationsareincluded.

ThecorrelatoristhebasiccalculatingelementonthechipIhavede-

signed.

4.1Whatiscorrelation?

Thewordcorrelationcanhavedifferentmeanings,dependingonthecontext. Inan

encyclopediawe�ndthefollowinggeneralde�nition:

correlation: Ifwemeasurethevalueoftwovariables,itcanbeofinterestto�ndif

thetwovariableshaveasimilarbehavior.Thatis,wehavepositivecorrelationwhen

anincreaseinonevariablecorrespondswithanincreaseintheother.Therearefor

examplepositivecorrelationbetweenhumanbody-heightand-weight.Negativecor-

relationoccurswhenanincreaseinonevariablecorrespondswithadecreaseinthe

other.Wehavenegativecorrelationbetweenageandspeedofadulthumans[2].

4.1.1 Whatdoweneed?

Inchapter3,Imentionedthecorrelationfunctionusedinsignalprocessing.Butinthis

workwewillusetransistorcircuitstoperformtheprocessingonthesignals.These

circuitswillusuallynotdoexactlythesameoperationsasidealmathematicalmodels.

Ontheotherhandwecanmakepowerfulcircuitswithonlyafewtransistors,while

19
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moreaccuratemodelswillrequirelargecircuits.Thequestionisthenifwecanusethe

powerwegetfromsmallandsimplecircuits,butstillmanagetohandlequitedif�cult

problems. Inthisworkthiscomputingisdonebyacorrelator. Inourcasethisisa

circuitthattellsusiftwosignalsareinphase(e.g. havesimilarbehavior). Thisis

whywecallitacorrelator,itperformsacomputationliketheonedescribedinthe

de�nitionabove.

4.2 Correlators

4.2.1 Circuitsolutions

Acorrelatorisacircuitwhichgiveusinformationabouthowtwosignalscorresponds

witheachother.Thesecircuitswillnotgiveusthesameoutputasa\perfect"correlator

inthemathematicalsensewilldo,butthecircuitswillgiveusanoutputcurrentthat

changeswiththecorrelationbetweentheinputs.Weshallseethatwecanbuildboth

smallandpowerfulcircuitscontainingonlyafewtransistors.

Thereareseveralvariantsofthecorrelator.Iwillstartwiththesimplestform,then

taketheversionIuseonmychip,and�nallydescribesomeotheralternatives.

4.2.2 Aboutthelayout

Afactorthatisnotconsideredinthefollowingishowtoscalethedifferenttransistors

inthecircuits. IngeneralthereisaW

L
= 1 onalltransistors1.Thismaynotbethe

optimalsolution,butwillbegoodenoughinthisprototype.

Sincethechiphadmorethanenoughareaforthelayoutofmycircuits,Ihavenot

triedtomakethecircuitsassmallaspossible.Generallytheyaredrawnquitestraight

forward,withoutanyoptimization.

4.3 Theasymmetricsimplecorrelator

4.3.1 Description

Thesimplestformofacorrelatorisfourtransistorsconnectedasshownin�gure4.1.

Thiscorrelatorhasn-transistors. ThecorrelatorsIusehavep-transistors,butthis

doesnotin
uencethefunctionofthecorrelator.Alltheequationsinthissectionas-

sumethatweoperateinweakinversion. Ihavenosimplecorrelatoronmychip,so

themeasuredresultsaretakenfromanotherchip.

Letustakealookatthesimplecorrelator,whatwewantistoexpressIoutasafunction

ofI1andI2.Westartwiththebasicequationforacurrentthroughatransistor,(given

inequation2.1):

I = I0e

��qVg

kT (e
qVs

kT � e

qV
d

kT ) (4.1)

1Widthtolengthratio.
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I1 I2Iout

V1

V2

V

T1

T2

Figure4.1:Asymmetricsimplecorrelator

Thisisthesimplestcorrelatorcircuit,containingonlyfourtransis-

tors,butperformsaremarkablepowerfulcomputation.Theequation

forIout isgivenin4.10.

Sincewehaven-transistorsthecharge(q)isnegative,andassumingallvoltagesin

unitsofkt
q
,wecanreduceequation4.1to:

I = I0e
�Vg(e�Vs � e

�Vd) (4.2)

Thetwoinputtransistorsareoperatinginsaturation,sincetheybothareconnected

asdiodes,thatis,Vs = 0andVd = Vg.TheequationsforI1 andI2 asfunctionsofthe

voltagesV1andV2 isthengiven:

I1 = I0e
�V1 (4.3)

I2 = I0e
�V2 (4.4)

Wecannow�ndtwoexpressionsforIout,oneforeachofthetransistorsT1andT2.Ifwe

assumethedrainvoltageofT1 tobehigh,weknowthatT1 issaturated.Theequation

forIout isthengiven:

Iout = I0e
�V1�V (4.5)

Wesolvefore�V :

e
�V =

Iout

I0e
�V1

(4.6)

WecannotassumethattheT2 transistorissaturated,sincethevalueofV canbevery

low.SotheequationforthecurrentthroughT2 thenbecomes:

Iout = I0e
�V2(1� e

�V ) (4.7)

Combiningequations4.6and4.7gives:

Iout = I0e
�V2(1�

Iout

I0e
�V1

) (4.8)
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HerewerecognizetheexpressionsforI1 andI2 giveninequations4.3and4.4.We

inserttheseandsolveforIout:

Iout = I2(1�
Iout

I1

) (4.9)

Iout =
I1I2

I1 + I2

(4.10)

Aswecanseewehaveanequationforourcorrelator,anditwillgiveusinformation

abouthowthetwoinputcurrentscorrespondswitheachother.Wealsonoticethatthe

circuitwillnotnormalizetheinputsignals,thatis,theoutputcurrentwilldependon

theinputsignalsamplitudeaswellasphasedifference.

4.3.2 Simulationsandmeasuredresults

Therearemanyinterestingmeasurementsonthecorrelator.Ihavedividedthemin

twogroups:oneforac-andonefordc-characteristics.

DC-characteristics

0:2 0:3 0:4 0:5 0:6 0:7 0:8 0:9 1:0
V2 (V )

V1 = 0:4V

V1 = 0:5V

V1 = 0:6V

V1 = 0:7V

10�13

10�12

10�11

10�10

10�9

10�8

Iout (A)

Figure4.2:Ioutasafunctionoftheinputvoltagesonasimplecorrelator

Thesolidlinesiscomputedfromtheequations4.10,4.3and4.4,with

I0 = 8 � 10�16,� = 0:545and q

kT
= 39V �1.Thecirclesaremeasured

results.AswecanseetheoutputcurrentbeginstosaturatewhenV2
becomeslargerthanV1.



Correlationandcorrelators 23

Ifbothinputsofthecorrelatorarelarge,wewillalsohavealargeoutputcurrent.As

shownin�gure4.2theoutputcurrentisplottedasafunctionofV1 andV2,withV2
varyingandV1 setat�xedvalues.Aswewouldexpecttheoutputcurrentsaturates

whenthevalueofV2 getshigherthanV1.ThisisofcourseduetothefactthatV1 is

limitingthecurrentthroughtheT1 transistor.Thusthelowestinputcurrentwillal-

wayssetthelimitoftheoutputcurrent.

0.88 0.92 0.96

1.00

1.05

1.10

1.15

1.20

1.25

1.30

Iout (10
�8A)

V1 = 0:75V

V2 = 0:75V

V1 orV2

1.000.840.80

Figure4.3:InterchangingV1andV2onanasymmetriccorrelator

WhenwelookattheequationforIout 4.10thereseemstobenodif-

ferencebetweentheV1andV2 (orI1andI2)inputs.This�gureshows

thattheoutputcurrentisdifferentdependingonwhichoftheinputs

thatlimitsthecurrent.ThetrianglestyledcurveismeasuredwithV1
ata�xedvalueat0:75V .V2 isthensweptfrom0:8V to1:0V ,thisisas

wecanseetheregionwheretheoutputcurrentstartstosaturate.The

circlestyledcurveismeasuredinthesameway,butwithV2 = 0:75V

andV1 swept.Themeasuredresultsinthis�gurearenotfromthe

samechipastheresultsin�gure4.2,sothevaluesofIoutarenotdi-

rectlycomparable.(ThevalueofI0 canvaryalotfromonetransistor

toanother.)

Inequation4.10theinputcurrentsI1andI2aresymmetrical.Accordingtothisequa-

tionthereshouldbenochangeintheoutputcurrentifweinterchangethevaluesofV1
andV2.Butifwelookcloseratthecircuitthisisnotthecase,thatiswhythiscorrela-

toriscalledasymmetrical.WeillustratethisbymeasuringthevalueofIout fora�xed

valueofV1 andvaryingV2,andtheninterchangethetwoinputs.Thisisdonein�g-

ure4.3.Weclearlyseethattheydonotgivethesameoutput.Howcanweexplainthis
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asymmetricalbehavior?Letuslookbackatthecorrelatorcircuitin�gure4.1.The

outputcurrentislimitedbythelowestvalueofthetwoinputsV1andV2.IfV1 < V2 the

T1 transistorgivesthelimitforIout.TheVds forT1willbelarge(asweassumedinthe

derivationofthe�nalequation),infactitwillbemorethan4V .Thisisbecausethe

voltageV willbepulleddowntoonlyafewmVaboveGnd.Sothegate-sourcevoltage

ofthelimitingtransistorwillbenearlythesameasthegatevoltage. Ontheother

hand,ifV1 > V2,T2 limitsthecurrent. InthiscasethevoltageV willincrease.For

normalsubthresholdoperationitwillstillbeunder0.4Vhowever. Thegate-source

voltageisthesameasthegatevoltageonT2,thatis,onlyafewmVlargerthanin

thepreviouscase.Thedrain-sourcevoltagewillbeconsiderablysmallerthaninthe

othercase.Asweknow,notonlythegate-sourcevoltagedecidesthecurrentthrough

atransistor,butthehigherthedrain-sourcevoltagethehighertheoutputcurrentwill

be. Inthiscircuitthelargedifferenceindrain-sourcevoltageshasgreaterin
uence

ontheoutputcurrentthanthesmalldifferenceinthegate-sourcevoltages.Thus,if

thetoptransistorhasthelowestgatevoltage,wegetthehighestoutputcurrent.

AC-characteristics

Iout

Time

Figure4.4:Simulatedresponseonasinewaveinput

Theinputsarebothsinewaves,withadc-levelof0:6V andtheampli-

tude(peaktopeak)is0:6V .ThefrequencyfortheV1 inputis10kHz

andforV2 itis11kHz.V1andV2areplottedatthebottomofthe�gure,

andIout isthetopgraph.Thex-axishasunitsoftime.Weclearlysee

thattheamplitudeofIout increasesasthetwoinputsphasedifference

decrease.
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AsmentionedearlierIhavenosimplecorrelatoronmychip.Unfortunatelythechips

whichcontainthiscorrelatordonotworkastheyshouldanylonger.Sothisac-part

willpresentsimulatedresults,andsinceitisaquitesmallcircuittheresultsfrom

thesimulatorshouldbequiteclosetothevalueswewouldhavegotifwemeasured.

Ihavesimulatedthepreviousmeasurements(dc)andthesimulatedandmeasured

resultsmatcheswell.

Whatwewanttoseeishowtheoutputcurrentofthecorrelatorvarywhenweconnect

twosinewavestotheinputnodes. Thecurvesin�gure4.4showsasimulationof

this. Thecorrelatorgivesthehighestoutputwhenthetwosignalsareinphase. It

wouldinsomecasesbeofinteresttoseehowthecorrelatorworkswhenweincrease

thefrequencyoftheinputsignals.Inmanyapplicationsthisisaproblem,butonmy

chipwewilltypicallyoperatewithfrequencieswithintheaudiorange(<20kHz).

Ihavenounitsonthey-axis,buttypicalvalueswillbeinthenano-amperearea.Exact

valueswilldependontheinputsignalsamplitudeanddc-level.Inasimulationofthis

kindhowever,theinterestingpartistoobservethechangeoftheoutput.Thesimilar

simulationsofothercorrelatorsarepresentedinthesameway.

4.4 Thesymmetriccorrelator

Wehaveshownthatthecorrelatorintheprevioussectionhasaweakness: itisnot

symmetrical.However,itisnotdif�culttomodifythesimplecorrelator,sothatthis

problemiseliminated.Wethengetthesymmetriccorrelator.

4.4.1 Description

Ifwemaketwocorrelators,andlettheinputscontroltheuppertransistorononecor-

relatorandthelowerontheother,wegetsymmetricoperation.Allwehavetodoisto

connecttheoutputs,thussummingthetwocurrentsintooneIout.Ifweexaminethis

circuit,shownin�gure4.5(a),wegetthesameresultaswedidwiththeasymmetric

version,theonlydifferenceisthemagnitudeofIout.Sincewehavetwocorrelators,the

outputcurrentwillbetwiceaslargeasintheasymmetriccorrelator.

Thecorrelatorin�gure4.5(a)isasimpli�edversionoftheoneIhaveusedonmychip.

In�gure4.5(b)isthediagramoftheversionIhaveused.Thisoneisabasicsymmetric

correlatorwithsomeextratransistorsadded.First,wehaveann-transistorforeach

input,thisletuscontrolthesizeoftheinputcurrents.Bychangingthegatevoltage

onthistransistor(Vdc),wecanmovethedc-leveloftheoutputvoltageupanddown.

Secondly,wehaveaninputstage(thetwotransistorsinthecircles),andcapacitivecou-

plingfromtheinputs.Aswesee,wecanhavetwodifferenttypesofinputstages.The

leftversionisanormaldiodeconnectedn-transistor,thesecondoneisamoreunusual

p-version.Iwilldescribethetwosolutionsinthesectionaboutac-characteristics.

4.4.2 Simulationsandmeasuredresults

Asseeninthe�guresthesymmetriccorrelatorhasp-transistors,unliketheasym-

metricalonewhichusesn-transistors.Thiswillnotaffectthebehaviorofthecircuit,
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Iout

Iout

I1 I2

V1 V2

VdcI1 I2

V1 V2

(a) (b)

Figure4.5:Symmetriccorrelator

In(a)wehavethebasicsymmetriccorrelator,containingtwoasym-

metriccorrelators,andin(b)wehavetheversionusedonmychip.

Thecirclesshowsthetwodifferentinputstages,explainedinthetext.

butthereisadifferenceingainbetweenthetwotypes,resultingindifferentcurrents.

Becauseofthecapacitorsontheinputs,thedc-characterizationismadebysimulating

thecircuit.Theac-parthowever,containsmeasuredresults.

DC-characteristics

Asimulationofthesymmetricalcorrelatorisshownin�gure4.6.Aswecanseethe

behaviorofthecircuitissimilartotheasymmetricone,butasexpectedIout isdoubled.

Infact,theoutputcurrentfromthesymmetriccorrelatoristwicetheaveragevalueof

thetwooutputcurrentsfromtheasymmetriccorrelatorwithitsinputsinterchanged.

Thisequalsthesumofthetwoasymmetricalcorrelatorcurrents. Inthe�gurethe

valueofV1 is�xedat4.35V.Bothcorrelatorsaresimulatedwithp-typecorrelator

transistors. Asexpected,interchangingtheinputsonthesymmetriccorrelatorhas

noeffect. Theac-characterizationistheimportantpart,sincewealwayswillhave

ac-signalsasinputstothecorrelatorsonthechip.

AC-characteristics

BeforeIpresentthemeasuredresultsfromthiscircuit,Iwilldescribethetwodifferent

inputstages.The�rstsolution,then-typediodeconnection,isstraight-forward.The
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4.0 4.2 4.4 4.6 4.8

0

1

2

3

4

5

6

Iout (10�9A)

Asymmetric
correlator

Symmetric
correlator

V2 (V )

Figure4.6:DC-simulationofthesymmetriccorrelator

ThetopcurveisIout fromthesymmetriccorrelator,andthetwooth-

ersareoutputsfromtheasymmetriccorrelator,withtheinputsinter-

changed.AllcurvesshowtheoutputcurrentasafunctionofV2with

V1�xedat4:35V .Comparedwiththeresultsin�gure4.2,this�gure

showsthesamebehavior.Sincethisisap-transistorversionthevolt-

agesaredifferentfromtheonein�gure4.2,andwithonlyonevalue

forV1wedonotneedlogarithmicscaleonthey-axis.

inputvoltagewillleadtoacurrentgoingthroughthetransistor.Thedisadvantageis

theextragate-capacitance,resultinginanextradampingoftheinputsignals.Smaller

voltage-amplitudeswillgiveasmalloutputcurrent. Inthep-transistorvariant,we

havenoextragate-capacitance.But,weneedalargervoltageontheinputnodetoget

thep-transistortoleadacurrenttoground.Thisisnotaproblem,ingeneralwecan

choosetheleveloftheinputsignals. Sincewedonothavethegate-capacitancethe

inputvoltagewillhavealargeramplitudethanintheothersolution,thisleadingtoa

largercurrent.Forthen-transistorsolutionthetypicalvalueofthisgatevoltagewill

beVdc = 1:0V ,andforthep-transistorversionVdc = 2:8V .Thecorrelatoronmychip

hasthep-transistorsolution.Withthissolutionthecurrentsfeedingthecorrelator

willbeaninvertedversionoftheinputs(thecorrelatorrespondstothelowerhalf-

periodoftheinputsignals).IntherestofthisworkIcallthesecurrentthe(normal)

inputs,sincethesearetheonesIuseinmycorrelator.

Theinputstothecorrelatorsareconnectedviatwocapacitors.Onthechiptheseare
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Time

In

Out

Figure4.7:Measuredsymmetriccorrelatorresponseonsinewaveinputs

Thetopcurveshowstheoutputvoltage,andthetwoatthebottom

showtheinputs.Wenoticethatthebehaviorissimilartotheonein

�gure4.4.

producedbytwopoly-layersaboveeachother. Inthesimulationsintherestofthis

workIhaveusedvaluesof1pFforthecapacitors.

Evenifthiscorrelatorissymmetric,onlyonehalfperiodoftheinputswillin
uence

ontheoutputcurrent.Thiscanclearlybeseenin�gure4.7.Thisisbecausetheinput

currentswillincreasewithonehalfperiodanddecreaseintheother.IfwewantIout to

respondonbothhalfperiodswemustbuildanewcorrelator.Thecurvesin�gure4.7

aremeasuredvoltagesfromtheoscilloscope.Theoutputvoltageisthevoltageacross

ann-diodetoGnd. Inputsaretwosinewaves,withfrequency10kHzand11kHz,

withanamplitude(peaktopeak)of3Vandadc-levelon2.5V.Togetthecorrelator

torespondcorrectly,theVdc issetto2.75V.Thedc-leveloftheoutputisabout650mV,

andthemaximumamplitudeonlyabout40mV.Togettheoscilloscopetotriggcorrectly

wecannotuseanyoftheinputsinewavesasthetriggersource.Thismadeitvery

dif�culttogetthismeasuredresultlookasniceasitisinthe�gure.Whatweneed

istousetheoutputvoltageasatriggersource,andadjustthetriggerleveltoexactly

thetopofthelargestamplitude. Becausewemeasurethevoltageoveradiodewe

getalogarithmiccompressionofthecurrent. Weseethisifwecompare�gure4.4
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with�gure4.7.Thesimulatedcurvein�gure4.4hasalargerdifferencebetweenits

minimumandmaximumthanthemeasuredcurvein�gure4.7.
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640

650

660

670

680

690

10

20

30

40

50

dc-level amplitude

(mV) (mV)

Vdc (V)

Figure4.8:Changingthedc-leveloftheoutput

Thevoltageonthegate(Vdc)hasvaluesfrom2.73Vto2.83V.The

inputstothecorrelatoristwo10kHzsinewaveswithpeaktopeak

amplitudesof3Vanddc-level2.5V.Theleftaxisshowsthedc-level

valuesandcorrespondswiththedrawnline.Thedashedlineshows

theamplitudesoftheoutput,andthevaluesareshownontheright

axis.

Asmentionedearlierwehaveaddedatransistortoregulatethedc-leveloftheoutput

voltage. ByvaryingtheVdc inputandthenmeasuretheoutputvoltagewegetthe

resultshownin�gure4.8.Aswesee,thedc-levelwillincreasewhenweincreaseVdc.

OnlyasmallrangeforthevariationofVdc,about2.7Vto2.8V,arepossiblehowever.

Ifwegooutsidethisareatheamplitudeoftheoutputcurrentwilldecrease,andthis

isnotwhatwewant.Ifthevoltagebecomessmallerthecurrentistosmalltoproduce

largeroutputcurrent.Ontheotherhand,ifthevoltageincreasetomuchtheinput

nodewillnotbeabletoalternateasmuchasitshould,thisalsoleadstoasmaller

outputcurrent.Dependingontheinputsignalamplitude,theoutputamplitudewill

alsochange,thiswillonlymovethedashedlineupordown.
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4.5 Othercorrelators

InadditiontothetwocorrelatorsIhavediscussedindetail,onecanimagineanumber

ofothervariants.Ihavechosentwocircuits,theimprovedsymmetriccorrelatorand

thecorrelator/anticorrelator,andwillexaminethesenow.However,thesecorrelators

aretreatedquitebrie
ycomparedtothepreviousones. Bothcorrelatorshavethe

input-stagewithn-transistors(anormaldiode),andthesimulationspresentedhave

Vdc = 1:0V .

4.5.1 Theimprovedsymmetriccorrelator

Iout

V1 V2

Vdc

Figure4.9:Improvedsymmetriccorrelator

Thiscorrelatorwillhaveanoutputcurrentwhichrespondsonboth

half-periodsoftheinputsignals.Theoutputwillbethesumoffour

currentsfromdifferentcorrelators.Theextran-transistorsmakecur-

rentsthatareinvertedcomparedtothecurrentsusedinthesymmet-

ricalcorrelator.Inthiswayweachievefull-waveoperation.

Itispossibletoimprovethesymmetricalcorrelator.Thecorrelatordescribedinthe

previoussectionhasoneweakness,theoutputcurrentisvaryingonlywithonehalf-

periodoftheinputsignals.Toavoidthisitisnecessarytodoublethenumbersofcor-

relationtransistors(from4to8).Insomecaseswemightneedafull-waveoperation,
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butinothercasesthesimpleasymmetricalversionwillbesuf�cient.Forexample,if

wewanttointegratetheoutputcurrentfromthecorrelator,full-waveoperationwill

beabettersolution.

Iout

Time

Figure4.10:Simulationoftheimprovedsymmetriccorrelator

ThetopcurveisIout,thebottomcurvesaretheinputs.Wenowhave

correlationonbothhalfperiodsoftheinputs. (Comparewith�g-

ure4.4.) Asweseetheinputcurvesarenotexactsine-waves,the

curvesactuallyshowsthesignalsonthegateoftheinputtransistor,

afterthecapacitivecoupling,see�gure4.9.Asearliertheinputsto

thecapacitorsaretwosinewaves,10kHzand11kHz,peaktopeak

amplitude3Vanddc-level2.5V.

Theimprovedversionisshownin�gure4.9.Theoperationissimilartotheotherver-

sions,butanextratransistormakecurrentsthatrespondstotheupperhalf-periodof

theinputsignal.Icallthesecurrentsinvertedcurrents,sincetheyareinvertedcom-

paredtothenormalinputcurrentsdescribedearlier. (Comparedtotheinputsignal

however,thenamesofthesecurrentsshouldbeinterchanged.)Wecannowbuilda

newsymmetriccorrelatorwiththesetwonewcurrentsasinputs,andintheendwe

canaddallfouroutputcurrentsintoonenewIout.Asimulationofthiscircuit,similar

tothesimulationin�gure4.4,isshownin�gure4.10.Wecanclearlyseethediffer-
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enceintheresult.

Anotherinterestingobservationinthissimulationisthefactthattheoutputcurrent

isdifferentforthetwohalf-periods.Wecanseethisbylookingatthepeaksnearthe

maximumatthemiddleof�gure4.10.Thetwopeaksoneachsideofthemaximum

peakisonlyalittlelargerthanthenextpeaks.In�gure4.12weseethisevenclearer.

Herethepeaksnexttothemiddlepeakaresmallerthanthepeaksonestepfurther

out.ThereasonforthisistheVdc-voltage.Thisvoltagewillhavein
uenceonthecur-

rentforthelowhalf-period.OnmychipthiswillhavenoeffectsinceIuseonlythe

lowhalf-period.

4.5.2 Correlator/anti-correlator

V1 V2

Vdc

Icorr

Ianti

Figure4.11:Acorrelatorandanti-correlator

Thiscircuithastwooutputcurrents. The�rst(Icorr)isthenormal

outputcurrentliketheonesfromprevioussections.Thesecond(Ianti)

istheoppositecurrent,whenthetwosignalshaveaoppositephases

thiscurrentwillbelarge.

Anothertaskthatwemightwantisacircuittoperformtheoppositeofacorrelation.

Wecallthis(asexpected)anti-correlation,andthisisalsodonebyasmallchangeofthe

originalcircuit.Figure4.11showsadiagramofacircuitwithboththecorrelation-and

anti-correlation-currentasoutputs.Toachievethiswesimplyusethesamecurrents

asintheimprovedsymmetriccorrelator,butcombineoneinvertedcurrentwithone

normalcurrent.Thenwecanmakeone,two,orfourstages,dependingonhowaccurate
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wewanttheoutputcurrenttobe.

Inputs

Icorr

Ianti

Time

Figure4.12:Simulationofthecorrelator/anticorrelatorcircuit

Thetwocurvesatthebottomaretheinputs.Thetopcurveistheanti-

correlationoutput,andthemiddlecurveisthecorrelationoutput.We

canseethatthetwocurrentsIcorr andIanti aretheoppositeofeach

other. Inputsare10kHzand11kHzsinewaves,withpeaktopeak

amplitude3Vanddc-level2.5V.

Inthiscorrelatorwehavecombinedasfollows:twonormalcurrentsandtwoinverted

currentsasinputstotwocorrelators.TheseareaddedtoformIcorr.ToformIantiwe

alsohavetwo(anti-)correlators,combiningonenormalandoneinvertedcurrenteach.

In�gure4.12weclearlyseehowthetwooutputcurrentsbehave.Bycombiningthe

currentinthiswaywegetcorrelation(andanti-correlation)onbothhalf-periodsofthe

inputsignals.Wenoticethein
uenceofthevoltageVdc,thepeakscorrespondingtothe

lowhalf-periodissmallerthanthepeakcorrespondingtotheupperhalf-period.Wesee

thisbestinthecurveforIcorr sinceoneoftheinternalcorrelatorshasbothitsinputs

fromthenormalcurrent.ThustheVdc voltagereducesthecurrentscorrespondingto

thelowhalf-period(thenormalcurrent).



34 Chapter4

4.6 Amajordrawback

Thereisonemajorproblemwiththesecorrelators.Asweknow,theoutputcurrentis

de�nedbyIout =
I1I2

I1+I2
.Whenweputanac-signalontheinputs,theoutputcurrentwill

belargestwhenthetwoinputsignalshavethesamephase.But,themagnitudeofIout
willofcoursealsodependonthesizesoftheinputsignals.Wecansaythatthecircuits

donotnormalize,ortheydonothavetheabilitytoscaletheinputssothatonlythe

phasedifferencedecidetheoutput.Aslongaswecancontrolthesizeofbothinputs

itisnotaproblem.However,onmychiponeoftheinputsignalswillbeadelayed

versionoftheotherinput.Andwhenwedelayasignalitwillalsobedamped,thus

theoutputcurrentfromthecorrelatorwilldecrease.Thisproblem,andothers,willbe

discussedinchapter8.

4.7 Theuseofcorrelatorsonmychip

Thecorrelatoristhemaincomputationalelementonmychip.Itisapowerfulcircuit,

withveryfewtransistors.Ihaveusedthesymmetricversionfrom�gure4.5(b).The

detaileddescriptionoftheotherpartsofthechip,andhowthecorrelatorcooperate

withthese,isthesubjectofthenextchapter.

Correlatorcircuitsareusedinmanyothersystems.Inforexample[1],[5],[9]and[12]

thecorrelatorcircuitisused.
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Thedevelopmentofa
chip:PASUC

Thischapterdescribesalltheothercircuitsneededtomakethechip

work. FirstIwillgiveashortandgeneraldescriptionofthechip,

thenItakeacloselookatallthecircuitsindetail. Simulatedand

measuredresultsareincluded.

5.1WhatisPASUC?

Everythingmusthaveaname,andthischipisofcoursenoexception.Icallmychip

PASUC,whichisshortfor:

Processing

Analog

Signals

Using

Correlators

Asthenametellsus,wewanttoprocessanalogsignals,andourmaincomputingele-

mentisthecorrelatortreatedinthepreviouschapter.Wewantedtomakethischipto

seehowthecorrelatorcouldbeusedtogiveusinformationaboutthefrequencyspec-

trumofananalogsignal.Thishasbeendonedigitally,byusinganFFTalgorithm.Itis

thennecessarytodoasamplingoftheoriginalsignalandthenusedigitaltechniques

toprocessit.Inourcircuitthesignalshouldbeadirectinputtothechip,withoutany

pre-processing.

Weknowthatthecorrelatorgivesinformationabouthowtwosignalscorrespondswith

35
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eachother.Thiscircuitusesauto-correlation,thatis,weseehowtheinputsignalcor-

relatewithadelayedversionofitself.Thiscorrelationwillvarywhenthefrequency

oftheinputsignalischanged,andthisisthemainideabehindthecircuit.

5.2 ThePASUCchip

5.2.1 Asketchofthecircuit

Asketchofthecircuitisshownin�gure5.1.Ithas24stagesconnectedinarow.Every

stageconsistsofthefollowingelements:

adelayelement,

acorrelator,

alocal-winner-take-all,

aselectcircuit,

ashift-register.

Delay

Corr

Lwta

Select

Shift

S
ta
g
e
1

S
ta
g
e
2

S
ta
g
e
2
3

S
ta
g
e
2
4

Onestagecontaining:

Adelay-element

Acorrelator

Aselect

Ashiftregister

Anlwta

Figure5.1:Asketchofthecircuit

Thecorrelatorsperformanauto-correlationontheinputsignal,this

isthekeytothefunctionofthechip.Theothercircuitsaretheretoget

thecorrectinputstothecorrelatorandtomaketheoutputsavailable

tous.
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Brie
ywecandescribehowthecircuitworksasfollows:thedelay-element(afollower

withcapacitiveload),makesdelayedversionsoftheinputsignal.Thefurtheroutin

thelineweget,thelargerthedelaywillbe.Thesedelayedversionsistakenasoneof

theinputstothecorrelators,theotherinputsbeingtheoriginalinput-signal.Thuswe

doanauto-correlation.Theoutputsofthesecorrelatorswillthenchangeaswehave

differentfrequenciesontheinputsignal.Tomakethischangemorevisible,wetake

thecorrelationoutputsasinputstoawinner-take-allcircuit.Thisservesasa\�lter",

inalocalareathesmallersignalswillbecanceledoutbythelargerones.Aschematic

viewofthisoperationisshownin�gure5.2.

Withoutlwta

Withlwta

Figure5.2:Thefunctionofthelwta

Thisisaschematicdiagram,itshowsthatwinnerscanbeofdifferent

sizes,awinneroneplacecanbealooseranotherplace.Theimportant

thingisthatthewinnershavelocalmaximumvalues.

Withthiscon�gurationweget24outputsthatwewanttoobserve.Theseoutputsare

time-multiplexed,welookatoneoutputforashorttime,andthenswitchtothenext

outputetc.Tochooseonesingleoutputatatimeweneedtwothings:ashift-register

totelluswhichelementwewishtoobserve,andacircuittoroutethisspeci�edoutput

toaglobaloutputpin.Wecallthiscircuitaselect-circuit.Wenowlettheshift-register

shiftasinglebitfromlefttoright,andstartfromleftagainwhenithasreachedthe

end.Theelementwiththeshift-registerbitsetistheoneweobserveattheoutput

pin.
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5.2.2 Somegeneralinformation

Oneofthethingswemustconsiderwhenmakingachiplikethisisthesizesofthe

transistors.Aswiththecorrelators,thetransistorsintherestofthecircuitgenerally

hasawidthtolengthratioof1,otherwisetheratiowillbenoted.

Thiswasjustaveryshortandgeneraldescriptionofhowthechipissupposedtowork.

Evenifthisisnotaverycomplexcircuit,therearealotofthingsthatmustbecon-

sideredwhenweconstructthecircuit.Manyofthecircuitsonthechipareinternal

circuits,itisnotpossibletomeasuretheoutputsfromthemdirectly.Aseparatetest-

copyofeachcircuit-elementsothatitwouldbepossibletomakemeasurementson

eachofthemisoftenconvenienttohave.Theonlyseparatetest-circuitIhaveonmy

chipisthecorrelator.ThereforeIwillpresentbothsimulatedandmeasuredresults.

Thedetaileddescriptionandanalysesofthedifferentcircuitsisthemaintopicofthe

restofthischapter.

5.3 Thedelayelement

5.3.1 Description

V2

Vb

V1

Vout

(a) (b)

Vin

Vb

Vout

C

Figure5.3:Thedelayelement

In(a)wehavethewide-rangetransconductanceampli�er,andin(b)

thefollower/delayelement.Inthesymbolforthewide-rangeampli-

�erin(b)V2 isthe{markedterminalandV1 the+marked.

Thetaskofthedelayelementisasthenameimpliestogiveusdelayedcopiesofthe

inputsignal.Tobuildafollowerwecanuseasimpletransconductanceampli�erlike

theoneshownin�gure2.3(page10). Theampli�cation(gain)ofanampli�erlike

thisistypicallyabout200.Bymodifyingthiscircuitalittlewecangetanampli�ca-
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tionfactorofabout2000.Thiscircuit,shownin�gure5.3(a)iscalledawide-range

transconductanceampli�er.Twocurrentmirrorshavebeenadded,andwereducethe

lowerlimitforVout comparedtothesimpletransconductanceampli�erlimit(theVmin

problem).Whenconnectedasafollowerhowever,wedonothavethisVmin problem

anyway,sothemainreasonforchoosingthewide-rangeversionishighergain. An

effectwehavetolivewithistheoffsetintheampli�er.But,asweshallseelater,this

isnotthemainproblemwiththefollowersonmychip.

TobuildafollowerwesimplyconnecttheoutputvoltagetotheV2 input,likeitisdone

inthecircuitin�gure5.3(b).We�rstconsidertheampli�erconnectedasafollower

(withoutthedashedcapacitorconnected).Weknowthattheoutputvoltageisthedif-

ferenceininputvoltagesmultipliedwiththevoltagegainA,sowehavethefollowing

equationforVout (from[13]):

Vout = A(Vin � Vout) (5.1)

Fromequation5.1wethengetthetransferfunctionofthecircuit:

Vout

Vin

=
A

1 +A

= 1�
1

1 +A

(5.2)

Consideringthefactthatweuseawide-rangeampli�erwithagainA � 2000,we

observefromequation5.2thatVout isveryclosetoacopyofVin.Hencewenowhavea

voltagefollower.

Thefollowergivesusacopyoftheinputvoltage,butwewanttheoutputtobeadelayed

versionoftheinput.IfweaddacapacitorbetweenGndandtheoutputoftheampli�er

(thedashedpartofthecircuitin�gure5.3(b)),wegetanewcircuittoexamine.The

outputcurrent(Iout)fromthetransconductanceampli�erisgiveninequation2.2,and

wehavethefollowingequationforthechargingofthecapacitor(givenin[13]):

C

dVout

dt

= Iout (5.3)

Ifweassumethatwestayinthelineararea(thatis,wehavesmallstepsintheinput

changes),thetanhfunctioncanbeapproximatedbyitsargument,sofromequation5.3

wethenget:

C

dVout

dt

= G(Vin � Vout) (5.4)

Ins-notationthisbecomes:

Vout

Vin

=
1

�s+ 1
; � =

C

G

(5.5)

Thisisthesolutionofa�rstorderdifferentialequation,thesamesolutionappears

fortheRC-integrator. (Asimplelowpass�lter.)Therearehoweverbigadvantages

withthetransconductanceversion.Ifwemakeadelayline,consistingofseveraldelay

elementsinseries,thestageswillinfactbeisolatedfromeachother.Thus,everystage

hasitsowncurrentsupply,andtherisetimewillbeheldatreasonablevaluesevenfor

longlines.ThisisnotthecaseforanRC-line,whereonecurrentmustchargeallthe

capacitors,thusgivinglargerisetimesafteronlyafewstages.

Anequationthatgivesustherelationshipbetweentheoutputvoltageandtheprevious
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inputvoltagesisgivenin[13]:

Vout(t) =

Z
1

0

Vin(t��)e�
�

� d� (5.6)

Heret isthetimeoftheobservation,and� isthetimepriortotheobservation.This

meansthatVout(t) isdependingonthepreviousvaluesofVin,theoldertheygetthe

lessin
uence.Wehaveanexponentialdecreaseofthein
uence.

Wenowhaveacircuittogiveusdelayedversionsofaninputsignal.Howlargethis

delayiswilldependontwofactors:

Thesizeofthecapacitor.Thisisdecidedbeforewemakethelayoutofthecircuit,the

capacitoronthischipismadebytwooverlappingpolylayers.

Thebiasofthetransconductanceampli�er,thatis,theamountofcurrentitcan

supply. IntheequationsthisistheG. WecanchangethevalueofG byadjusting

theVb voltage.Theoutputcurrentalsodependsonthesizesofthetransistorsinthe

ampli�er.

Myampli�erhasalayoutsimilartotheonein[13]1.

5.3.2 Delaylines

-

++

-

+

-

Vin

V1 V2 Vn

Vb

Figure5.4:Ann-stagedelaylinewithtransconductanceampli�ers

Onmychipn=24,andthecapacitorsarenotgroundedbutconnected

asinputstothecorrelators.Thisdoesnotaffectthebehaviorofthe

circuit.Allcapacitorshavethesamesize.

AsImentionedearlieritispossibletoconnectmanyfollowersincascadeandgetwhat

wecalladelayline. In�gure5.4suchadelaylineisshown.OnmychipIhavea

delaylinewith24stages.Inthe�gurethebiasvoltageisequalforeverystage.This

makesthedelayequalforallstages,sincethecapacitorsareequallysized.Wecanget

differentdelaysonthedifferentstagesbymakingatippedpolyline.Thatis,wemake

Vbasapolyline,withbothendsasinputpins.Settingdifferentvoltagesonthesepins

will(duetotheresistivepolylayer)giveusdifferentVbvaluesoneverystage.Thisis

avoltagedivider,thepolyisservingasseveralresistorsinseries.

1Plate7(b).
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5.3.3 Simulationsandmeasuredresults

SinceIdonothaveasingledelayelementonmychipImustsimulatethebehaviorof

thiscircuit. Itwillbeshownhowever,thatthecircuitdoesreallyworkasitshould,

whenItestthedelayline.Onecanalsotreatthelineasoneelement,bysettingthe

biasvoltagesohighthattheelementsactveryclosetoafollower.

Time

25mV

0mV

�Vout

Figure5.5:Simulateddelayelementresponsetoasmallinputchange

Thecurveshowstheresponsetoainputchange(ramp)of25mV.The

x-axishasunittime,andthevalueswilldependonthebias-voltage

onthetransconductanceampli�erandthesizeofthecapacitor.The

inputvoltagepriortotherampis2.5V.Weclearlyseethattheoutput

followstheinput,butduetothechargingofthecapacitor,itwilltake

sometimetoreachthe�nalvalue.

In�gure5.5Ihavesimulatedonesingledelayelement.Theresponsetoa25mVramp

isatypicaldelayelement(orlow-pass�lter)response,Vout followsanexponentialfunc-

tion(likey = K(1 � e
�

t

� )). Forlargerinputchanges(steps)thetransconductance

ampli�ernolongerstaylinear(thetanh-functioncannotbeapproximatedbyitsar-

gument).Theresponsewillthenbemorelikeastraightline,andtheoutputforasine

waveinputwillbecomeatriangleshapedcurve.Inthatcasethecircuitislimitedby

itsslew-rate,thatis,theampli�ercannotsupplytheamountofcurrentneededto

chargethecapacitorfastenoughsothattheoutputcanfollowtheinputreasonably

good.Onthischipwewillconcentratethetestingonsmoothsignals,thuswewillstay

inthelinearregion.

The24-stagedelaylineonthechipmaybeviewedasasingledelayelement.With

thebiasvoltageat1.3V,andVin asasinewavesignal,theresponseisasshownin

�gure5.6.Withabiasvoltageat1.3Vweareoutsidetheweakinversionregion.But

thetransconductanceampli�erwillworkasafollowerevenwithbiasvoltagesoverthe

threshold-voltage.Withthedelayassmallasinthiscase,theoutputvoltagewould
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Figure5.6:Measureddelaylineresponse

Thesolidcurveshowstheinputsignal,f=10kHz.Theoutputafter24

stagesofthedelaylineisshownwiththedashedcurve.Noticethe

offset,inthiscaseabout+200mV.

beaverygooddelayedcopyoftheinput. Butwedohaveonedeviation,theoffset

voltage.Asseeninthe�gure,Vout israisedbyabout200mV.Theoffsetproblemisa

wellknowneffect,whichcannotbeeliminated.Wecanreduceithowever,byusing

aBensondiode2. Forlargedelaylinesthiscanbeofgreatimportance.Onmyline

however,theoffsetproblemseemtomoreorlessvanishduetothedampingproblem,

sincea24-stagelineisaquitesmallline.

Bydecreasingthebiasvoltage,thecurrentchargingthecapacitorwilldecreaseas

well.Thuswegetlargerdelay,andwhenthisdelayislargeenoughthedelayedsignal

willbedampedsigni�cantly(seechapter8).Thismightbeaproblemforthecircuit.

Togetthecorrelatorstodistinguishbetweenfrequencieswemusthavesomedelay,

butthentheinputstothecorrelatorswillbeweakertowardstheendoftheline.This

againleadstotheproblemof�ndingthecorrectwinnersfromtheoutputcurrents.

Moreaboutthisinsection5.4.

2TheBensondiodecanbeeitheran-orp-type,placedononeofthesidesoftheampli�erbetween

thecurrentmirrors.Thechipdescribedinchapter7useasimpleampli�erwithaBensondiode,anda
transistordiagramofasimpleampli�erwithBensondiodeisshownin�gureA.5.
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5.3.4 Offsetinthedelayline

Onecouldwritealotaboutoffsetproblemsintransconductanceampli�ers.Theam-

pli�ersIusehaveoffsetaswell,butextralongtransistorsareusedattheoutputto

reducetheEarlyeffect.Butasweseein�gure5.6wehaveaconsiderablyoffset.Ihave

testedthisonseveralchips.Thedifferentchipshavedifferentoffsets(asexpected),

buttheoffsetononechipisnearlyconstantforvoltagesbetween0.5Vand4.5V(typi-

cal+200mV).Thisisnotwhatweexpected.Becauseoftheextracurrentmirrorinthe

negativecurrent,anegativeoffsetseemsnatural.Thisoffsetshouldalsodependon

theinputvoltage.Simulationsinanaloggivestheexpectedresults.OnthePASUC

chipwedidnothavethenecessarynodesavailableasoutputstoinvestigatethisin

detail.ButasIhavementioned,wedonothaveanoffsetproblemherebecauseofthe

dampingofthesignals.ThereforeIhavenottreatedthisissueindetail.

5.4 Thecorrelator

5.4.1 Connections

SincethecorrelatoristhemostimportantelementonmychipIhavediscusseddif-

ferenttypesandtheirfunctioninchapter4. InthissectionIwilldescribehowthe

correlatorworkstogetherwiththeotherelementsonthechip.

Thecorrelatorhastwoinputs.The�rstoneiscommonforeverycorrelator,thesec-

ondoneistheoutputfromeachstageofthedelayline.Bothinputshavecapacitive

coupling,thuswecanonlyworkwithac-signals.Thecapacitorsonthesecondinput

isthesameasweusetogetadelayedsignal,describedintheprevioussection.

Theoutputofthecorrelatoristhesumoftwocurrents(asweusethesymmetric

correlator,shownin�gure4.5),andthiscurrentistakenasaninputtoalocal-winner-

take-allcircuit.Thatis,wedonotwanttoobserveallthecurrents,onlytheoneswith

thelargestvalues.

DuetothefactthatthecorrelatorsIout dependsontheamplitudeoftheinputs,we

haveaproblemwhenweshall�ndthelocalwinnersdescribedabove.

Theequationfortheoutputcurrentfromthecorrelatorisderivedassumingthatthe

transistorsoperateinweakinversion.Asinputtothedelaylineweuselargersignals

however,andwemustaskifthisleadstostronginversionoperationofthecorrelator

transistors. Theansweristhatbecauseofthecapacitivecouplingtothecorrelator

inputsthevoltageswillbeconsiderablydamped,andtheoutputcurrentswillbevery

small,sowestilloperateinweakinversion.

5.4.2 Auto-correlation

Byauto-correlationwemeanthecorrelationbetweenasignalandadelayedversionof

itself.Ifwetrytomeasuretheoutputofacorrelatorasacurrentwewillhaveproblems

�ndingtheamplitude.Sinceweuseanoscilloscopewemustconvertthecurrentinto

avoltage,thiscaneasilybedonebyadiode-connectedn-transistortogroundonthe

outputfromthecorrelator.Wecanmeasurethisvoltageoverthisdiodeonthescope.

Itisnowinterestingtoseehowthisvoltagevarywhenwechangethedelaywiththe
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Figure5.7:Theauto-correlationwithvaryingdelay

Thecurveshowsthemeasuredvoltageoveradiodeconnectedtothe

outputofthecorrelator. Thecirclesaremeasuredpoints,linesare

drawnbetweenthem. Oneinputtothecorrelatorisa10kHzsine

wavesignalwithpeaktopeakamplitude3Vanddc-level2.5V,the

otheradelayedversion. Thesizeofthedelaydependsonthebias

voltage(Vb),hereitisvariedfrom0.7Vto1.25V.Forlowervaluesthe

signalwillbetomuchdamped,forhighervoltagesthesignalwillbe

anearlyperfectfollower(ForlargerVbvaluestheoutputwillstayat

about32mV).

biascontrolofthefollowers. In�gure5.7thisisdone.Asexpectedthevoltagewill

behighestwhenwehavenodelay(therightendofthecurve).Theoutputreachesa

minimumwhenthedelayedsignalisdelayedbyonehalfperiod,occurringwhenVb is

about1V.Whenthedelayisgreaterthanthistheoutputwillagainincrease,thisis

actuallyacorrelationwiththepreviousperiodoftheinputsignal.Weobservethatthe

correlationoutputissmallerwhentheresultcomesfromacorrelationwiththeprevi-

ousperiod.Thisisbecauseofthedampingofthesignalwhenthedelayincreases.

Sothebehaviorofthecorrelatorislikeexpected,butstillthereisaproblemwiththese

measuredresults.Thesizeoftheoutputsignalisverysmall,andweshouldexpect

greatervalues.Simulatingthesamecircuitgivesusconsiderablylargeroutputvolt-

ages.Thereasonforthissmalloutputchangeisprobablythesizesofthecapacitors.
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5.4.3 Correlationandfrequency

0.2 0.6 1.0 1.4 1.8
1.0

1.5
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4.0
Vout

(10mV)

f(10kHz)

Figure5.8:Thefrequencyresponseoftheauto-correlator

Asinputtothecircuitweuseasinewavewiththefrequencyswept

from1kHzto20kHz.Peaktopeakamplitudeis3Vandthedc-level

is2.5V.Thefourcurvesshowstheoutputwithfourdifferentdelays

(Vb),onthecircuitthiswouldcorrespondtodifferentstagesalongthe

line.Weseethattheyhaveoneortwolocalmaximumoutputvalues.

Thetopcircle-styledcurvehasVb = 1:5V ,thebox-styledcurvehas

Vb = 1:04V ,thetrianglestyledcurvehasVb = 0:97V andthebottom

circle-styledcurvehasVb = 0:95V .

Wehaveseenthattheauto-correlationwillgiveusanoutputthatchangeswiththe

delayofthesignal.Sincethedelaywillvaryfromnearzeroatthebeginningofthe

linetoaconsiderablydelayattheend,itisobviousthatthecorrelatorswillgiveus

differentoutputcurrents.Whatthenifwetrytochangethefrequencyoftheinput

signal,andhaveaconstantdelay?Althoughifwechangethefrequencyandnotthe

delay,theratiobetweenthedelayandtheperiodofthesignalwillchange. Thus,

oneshouldexpectthattheoutputfromthe(auto-)correlatorhasamaximumatsome

frequency,dependingonthedelay. Andthisisexactlywhatweget. Alookatthe

curvesin�gure5.8showsthis.

This�gurealsoshowsthemostsevereproblemwiththiscircuit.Themaximumvalues
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arenotequal.Thatis,evenifonestagehasalocalmaximum,oneoftheneighbors

mighthaveagreateroutputvaluewithoutbeingamaximum.Thismakesitimpossible

tobesurethatwe�ndthecorrectwinnersallthetime. Thereasonforthisisas

mentionedearlierthedampingofthesignalinthedelaylineasthedelayincreases.

Therearetwowaystoeliminatethisproblem:

Makeadelaylinewithnodamping,thatis,perfectcopiesaremade.Unfortunately

veryfewthingsinthisworldareperfect,sothissolutionisnotarealisticone.

Getthecorrelatortoscaletheinputsignals,sothatwegetaformofnormalized

signalsontheoutput. Howthiscouldbedoneisnotastraightforwardtask,Iwill

discussimprovedcircuitoperationsinchapter8.

Evenifthisisaproblemwecancertainlyseethatthecorrelatorshavetheproperties

weneed.Theoutputvarywithbothdelayandfrequency,andthecorrelatorturnsout

tobequitepowerfulcomparedtoitssize.

5.5 TheWinnerTakeAllcircuit(WTA)

Ic Ic

X1 X2 Xn

V1 V2 Vn
R R

Ic

I1 I2 In

Figure5.9:Thewinnertakeallcircuit

The�gureshowsboththeWTAandLWTAcircuit.WithR=0andthe

dottedlinesnotconnectedwehaveaWTA,andwithRsettosome

�xedvalueandthedottedlinesconnectedwehavetheLWTAcircuit.

Asmentionedinthegeneraldescriptionofthecircuitwewanttodoaselectionamong

theoutputcurrentsfromthecorrelators.Whatwewantisonlythelargestcurrents,

andneglecttheothers.TodothisrequireacircuitcalledtheLocalWinnerTakeAll,

fromnowoncalledtheLWTA.Firstwewillexamineavariantofthiscircuit,theGlobal

WinnerTakeAll,thewordGlobalisoftenomitted,soitiscalledtheWTAcircuit.This
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circuitisdescribedin[10].

In�gure5.9thecircuitforthisoperationisshown.Theinputcurrents(I1,I2,� � �,In),

areoutputsfromthecorrelators.ConsiderthecasewhereR=0andthedottedcurrent

sinksnotconnected.ThisistheWTAcircuit.Wenowlookatthecasewhereweonly

havetwoinputcurrents. ForI1 = I2 thevoltagesX1 andX2 willbeequalaswell.

Thesearetheoutputvoltagesofthecircuit.Ifoneoftheinputs,sayI1,islargerthan

theotherwegetanewsituation.LetI1 = I2 + �.Forsmallvaluesof� thevoltageX2

willdecreaselinearlywith�. Largervaluesof�willleadtoX2 � 0,thusX1 asthe

largerinputwillbethewinner.Theoutputcurrentwillapproximatelybethecurrent

throughthetransistorcontrolledbytheX1 voltageatitsgate.Theoperationwillbe

similarforcircuitswithmorethantwoinputs.

TheWTAgivesusonewinner,theoutputvoltageXk isalogarithmiccompressionof

theinputIk thatisthelargestinput(fork = 1 � � � n).Butwewantlocalwinners,that

is,inputcurrentslargerthantheirneighborsshouldbewinners.Whatwewantis

illustratedin�gure5.2.Togetthisbehaviorwemusthaveonecurrentsinkforeach

input. Sowemustincludethedottedsinksinthecircuit. Inadditionthevoltages

V1, V2, � � �, Vn mustnolongerbeforcedtoonecommonV . Thisisdonebysetting

theresistors(R)tosome�xedvalue.Withthisnewcircuitthedifferentinputswill

in
uenceontheirneighbors,thuswenolongerhaveonlyonewinner. Howmany

winnerswehavewilldependonthesizeoftheresistorsR.WithR =1allinputsare

winners.Thenextsectiondescribeshowtheseresistorsaremade.

5.6 ResistorsinCMOS

Thelayersinaprocessformakingachiphavedifferentresistance.Onewayofmaking

aresistoristohavearesistivelineofforexamplepoly,buttogetlargevaluesonemust

haveverylonglines,andthiswillofcourseoccupytomuchofthechiparea.Because

ofthisweneedanotherwayofmakingresistors,byusingtransistorsandcontrolling

thecurrentthroughthem.Thiscircuitisdescribedin[13].

5.6.1 Hrespart

In�gure5.10(a)theHrescircuitisshown.Twotransistorsareconnectedinseries,

sincewewanttheresistortobebidirectional.TheboxeslabeledBarethebiascircuits,

theysetthegatevoltageofthetransistors.LetsassumeallvoltagesinunitsofkT
q
,and

that�Vg1 � V1 = �Vg2 � V2 = Vq.ThusthecurrentthroughthetransistorsQ1andQ2

is:

I = I0e
Vq(eV1�Vn � 1) = I0e

Vq(1� e
V2�Vn) (5.7)

WesolvethisforeVn:

2eVn = e
V1 + e

V2 (5.8)

Furtherwehave:
I

Isat

=
e
V1 � e

V2

e
V1 + e

V2
(5.9)
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(a) (b)

B B Vb

V1 V2Vn

Vg1 Vg2

V2

Vg2

Figure5.10:ACMOSresistor

Part(a)showstheHrescircuit,andpart(b)thebiascircuit.Thebias

circuitsetsthegatevoltageofthetransistortothedesiredvalueabove

theV1-andV2-nodes.

HereIsat = I0e
Vq.Wethengetthefollowingexpressionforthecurrentthroughthe

transistors:

I = Isattanh

V1 � V2

2
(5.10)

UsingOhmslawwecan�ndthevalueoftheresistor:

R =
2kT=q

Isat

(5.11)

Thuswehaveacircuitgivingusaresistorwithtwotransistors,workingwellifthe

biascircuitgivesusgatevoltagessothatweoperateinthesub-thresholdregion.

5.6.2 Biaspart

SincetheVg voltagesmustdependonthevoltagesV1andV2,wecannotsetthesegate

voltagesbyforinstanceaseparateinputpin. Figure5.10(b)showsacircuittoset

thevoltageaboutonediodeoffsetovertheV1 orV2 voltage.Thisisdonebyasimple

transconductanceampli�er,connectedasafollower,withanextran-diodeconnected

transistorbetweentheoutputandthecurrentmirror.BychangingthevalueofVbwe

canchangethevalueofVg,thisagainwillchangethevalueofR.

5.7 Theselectcircuit

Sincethenumberofcorrelatorsisconsiderablylarge,atleastsolargethatwecan

notuseoneoutput-pinforeachcorrelator,wemust�ndsomewayofobservingallthe

outputs,butonlyuseonepin.Todothiswemustusesomekindofmultiplexersuited
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foranalogsignals.Thecircuitisshownin�gure5.11(a).Weassumethatwehavea

signalQanditscomplementQ fromadigitalshiftregistertocontrolthemultiplexer,

orselectcircuit.Theoperationisquitesimple(foroncewethinkdigital):IfQ = 0 the

leftmostandrightmosttransistorswillbeopen,thiswillroutethevoltageXi toVout.

ForQ = 1 thetwomiddletransistorswillbeopen,andthereisaconnectionbetween

Vref andXi.Whatwedothenistolettheshiftregistergenerateasinglezero,walking

throughtheregister.Thus,onlyoneselectcircuitwillrouteXi toVout,alltheothers

settheXi toa�xedpotentialVref.ThisisdonetoavoidtomuchvariationontheXi

nodes,soafasteroperationispossible.

Asimulationofthiscircuitisshownin�gure5.11(b).WeseethattheXi voltageis

routedtoVoutwhenQ = 0.ThissimulationdoesnotshowhowtheVref works,butas

weseein�gure5.11(a),thereisnodifferenceinthewayVoutandVref isconnectedto

Xi.Whenoneoftheconnectionsisactive,theothermustbepassiveandviceversa.

SoVref willberoutedtoXiwhenQ = 1.

Xi fromlwta

Q Q

Vref
Vout

Time

Q

Xi

Vout

(a)

(b)

Figure5.11:Theselectcircuitandasimulation

In(a)weseetheselectcircuit.TheXi istheoutputvoltagefromthe

LWTA,QandQ isoutputfromtheshiftregisterdescribedinthenext

section.Vout istheoutputline,thisistheoneconnectedtoapin.Vref
isainputtothechip,tosettheXi'swedonotwanttoobserve.Part(b)

showsasimulationofthecircuit.Thesinewavesignalisthevoltage

onnodeXi.AsweseethecircuitwillroutetheXivoltagetoVoutwhen

Q = 0.
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5.8 Theshift-register

Pdown

Pup
Nbit

VPd

Qn�1

Qn�1

Qn

Qn

Clk

Figure5.12:Asinglebitintheshiftregister

Thecircuitinsidetheboxisinfrontofthe�rstbitoftheregister

only.TheinvertergeneratestheQ,andthePdown transistorgenerates

thenextbitNbit togetherwiththePup transistorsineachbitofthe

register. Togetthisregisterworking,thetransistorintheinternal

fourinvertersmusthaveaW

L
ratioatleastfourtimeslargerthan

theclockedpasstransistors.TheQandQ isusedtorouteoneofthe

outputvoltagestotheVout line.TheselectedoutputhasQ = 0.

AsmentionedintheprevioussectionweneedashiftregistertogenerateQ (andQ)

usedintheselectcircuit.Digitalregistersofthistypearewellknown,andthereare

severalwaystoimplementthem. Itiscommontousetwoclocks,buttheoneIuse

haveonlyoneclocktocontrolit.Thismakesthetheshiftregisterveryeasytocontrol.

Asinglebitofthisregisterisshownin�gure5.12.Itisdescribedin[14].Infrontof

theregisterweneedsomeextratransistors,�rstweneedaninvertertogetQ,and

secondapulldowntransistortogeneratethenextinputbittogetherwiththepullup

transistorsineverybitoftheregister.Theregisterworksasfollows:Whentheclock

startstorun,eitherthePdown orPup transistorwillsetthelineNbit to0or1.Thenew

valuedependsonwhatthestateofthebitsare. Itdoesnotreallymatter,afteronly

ashorttimewewillbeinnormaloperationmodeanyhow.Ifonebitoftheregisteris

0,thePup transistorwillgeneratethenextinputbit,Nbit = 1. Togetthisoperation

correctweneedtocontrolthegateofthePdown transistor(VPd)sothatitdoesnotpull

downasmuchasPup pullsup.Whenthelastbitoftheregistershiftsouta0,there

willbenoPup transistorson,soPdownwillgenerateanewinputbit,Nbit = 0.Thuswe

haveaself-startingshiftregisterrunningaslongastheclockpulsesarepresent.

In�gure5.13isameasuredtestofthisregister.WithVPd = 0:9V itgeneratesnew
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Figure5.13:Measuredoutputfromtheshiftregister

Theoutputfromtheshiftregisteristhelastbitshiftedout.Thisisan

outputfortestingonly.Weseethatevery25thperiodwegetazero

shiftedout.

inputbitscorrectly.Thefrequencyoftheclockpulsesis600Hz.Whentheclockstarts

theregisterwillbehavelikeexpected. Atthetopofthe�gureistheclockpulses,

alternatingbetween0Vand5V.Theoutputisthegeneratednextbit(Nbit),andstays

at5Vmostofthetime,butasweseethereisapulse(0V)forevery25thclockperiod.
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6
Testingthechip

Aftertheworkwiththedesignwas�nished,thechipwasfabricated.

ThiswasdoneinUSA,andwegot12chipsfortesting.Thistesting

isanimportantpartofthework,althoughitmaybedif�culttotest

largersystems.InthischapterIwillpresentresultsofmytesting.

6.1 Testingingeneral

Tomakethetestingeasierwecantakeinterestingnodesdirectlyoutonseparatepads,

thisisalsodoneinsomeoccasionsonmychip.Todothiswemustusesomeextrapins,

whichwecertainlydonothaveoneverychip.

Theequipmentrequiredtodothesekindofmeasurementsisastoryonitsown.Since

weoperatethetransistorsinweakinversion,thecurrentswewanttomeasurecanbe

extremelysmall.Thusweneedveryaccurateequipment.Onthelaboratoryweare

wellequipped,andthismakesalotoftheworkmucheasier.

6.2 Beforetesting

Alotofthetestingisdescribedinthepreviouschapters(4and5).Inadditionmany

simulationsofthecircuitswerepresented.Thosewheretestsandsimulationsonsin-

gleelementsofthechip.Itisimportanttoseethateachpartofthecircuitworksasit

shouldbeforewetrytotestthesystem.
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Name

The rest of the pads are to the 
main circuit.
NC = no connection

The delayline with 
correlator, LWTA, 
shiftregister, etc.

For n-transistor

For p-transistor For extra-circuit

Extra 
circuit:
correlator

Wide

In

Bumpout

Bumpbias

Figure6.1:Inputsandoutputsofthechip

Thereareasweseedifferenttypesofpads,forbothinputandoutput.

Ashortdescriptionofeachpinisgivenin�gure6.2.
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Pinno. Name Type Description

1 Vout Wide Theselectedoutputvoltage

2 Clk In Theclock-pulsestotheshiftregister

3 PD In Gate-voltageofthepulldowntransistor

4 Vsn Bare Sourcevoltageoftheextran-transistor

5 PadGnd Corner Groundforpads

6 Vdn Bare Drainvoltageoftheextran-transistor

7 Vgn In Gatevoltageoftheextran-transistor

8 Vcorr17 Wide Outputvoltageofcorrelatorno.17

9 Sync Wide Thenextshiftregisterinputbit(Nbit)

10 Clkout Wide Theclockattheendoftheregister

11 Iout Bare Theselectedoutputcurrent

12 Shiftout Wide Thebitshiftedoutoftheregister

13 Vlwta2 In 2nd.LWTAbiasvoltage

14 NC Bare Noconnection

15 PadVdd Corner Powersupplyforpads(+5V)

16 NC Bare Noconnection

17 Vbhres2 In 2nd.Hresbiasvoltage

18 Vcorr2 In 2nd.correlatordc-levelbiasvoltage

19 Signalout Wide Signalattheendofthedelayline

20 Vbfollow2 In 2nd.followerbiasvoltage

21 Padbias Bias Biasvoltagetothepadfollowers

22 Bumpbias In Tobumpcircuit:Outoffunction

23 Bumpout Wide Tobumpcircuit:Outoffunction

24 NC Bare Noconnection

25 Vdd Corner Powersupply(+5V)

26 Ioutcorr Bare Outputcurrentfromextracorrelator

27 Vcorr In Extracorrelatordc-levelvoltage

28 Vin2 In 2nd.inputtoextracorrelator

29 Vin1 In 1st.inputtoextracorrelator

30 Voutcorr Wide Outputvoltagefromextracorrelator

31 Vgp In Gatevoltageoftheextrap-transistor

32 Signalin In Inputsignaltothecircuit

33 Vcorr1 In 1st.correlatordc-levelbiasvoltage

34 Vdp Bare Drainvoltageoftheextrap-transistor

35 Gnd Corner Ground

36 Vsp Bare Sourcevoltagetotheextrap-transistor

37 Vbfollow1 In 1st.followerbiasvoltage

38 Vbhres1 In 1st.Hresbiasvoltage

39 Vlwta1 In 1st.LWTAbiasvoltage

40 Vref In Referencevoltagetosettheunselectedoutput

Figure6.2:Descriptionofthepins

This�gureshowsallinputsandoutputstothePASUCchip.Every

pinno.hasaname,typeandshortdescription.
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Thechiphas40pins,andaschematiclayoutofthechipandtheinputs/outputsis

shownin�gure6.1.ThefourcornerstakefourpinstoVdd andGnd,andthepadson

eachsideofthecornersareBarepads.Sowehave28pinswecanusewithalltypes

ofpads,and8Barepadpins. Onmychipthereweresomefreepinswhenallthe

plannedinputsandoutputswhereconnected.Someofthesefreepinsareconnected

tointerestinginternalnodes,butsomeareleftunused.Inadditiontothecorrelator,

theextracircuitalsocontainsabumpcircuit.Pinsno.22and23areconnectedtothis

circuit.However,duetoalayouterrorthiscircuitdoesnotwork,sotheyarenotused.

Thebumpcircuitisdescribedin[5].

Therearetwotypesofinputpadsonmychip:

InThenormalinputpad,witha200
resistorinpoly.

BiasThisistheinputtobiasallthefolloweroutputpads.

Similar,thereareonetypeofoutputpad:

WideAwiderangefollower,formeasuringvoltages.

Inadditionapadforbothinputandoutputareused:

BareThisisadirectconnectioninmetal.Wecaneithersetavoltageormeasurea

current.

In�gure6.2isadescriptionofeachpinofmycircuit.Inadditionthecornersarespecial

padsforGndandVdd forthecircuitandthepads. PadGndandGndareconnected

together,andsoarePadVddandVdd.

PadslikeVbfollow1andVbfollow2isconnectedtothesamenode,butthisnodeisa

tippedpolyline. Thisenablesustosetthedelaydifferentforeachstageoftheline.

Thefollowinginputvoltageshavetippedpolylines:LWTAbias,followerbias,hres

bias,correlatordc-levelbias. InthetestsmadeonPASUC,thepolylineshavenot

beentipped(thesamevoltageisconnectedtobothendsoftheline).

6.3 Testingthechip

TotestthefunctionofPASUCasasystemisamuchhardertaskthantestingthe

smallercircuitsonebyone.Thereareseveralthingswemusthaveinmindwhenwe

doatestofthesystem.Herearesomeaspectsweshouldconsider:

Whatisthefrequencyrangeoftheinputsignal?

Howshouldthedifferentbiasvoltagesbesettogetagoodoperation?

Whatfrequencyshouldtheclockhave?

Onthischipwewilltrytouseinputsignalsintheaudioarea(<20kHz).Itispossible

however,thatwecouldhaveusedhigherfrequencies.Butforourpurposesthiswill

notbenecessary,Themaintaskistocheckthefunctionofthechip. Also,wewill

usetheoscilloscopetomeasuretheoutputs,sinceweneedtheamplitudes.Wehavea

possibilityofobservingtheoutputcurrentsaswell,butourequipmentisbest�ttedto

usethe�rstsolution.Andearliermeasurementsshowusthatthevoltageswillvary

enoughtogetreasonablegoodresults.

Theotherparameters,settingthebiasvoltagesandtheclockfrequency,aremorea

matteroftryingdifferentvaluesuntilweeventuallygetgoodresults. Wecan�nd

somevoltagesbyanalyzingthecircuitsandlookattheothertests,butsmallchanges

intheinputvoltagesmighthavegreatin
uenceonthechipperformance.Inaddition
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wehavethedampingproblem,thatis,theLWTAmight�ndanincorrectwinner.All

inallthisleadsuptothefactthatthechipisdif�culttotest,andthetuningofthe

biasvoltagesisveryimportant.

6.3.1 Measuredresults

Asweknowthecorrelatorgivesanoutputvoltagewiththesamefrequencyastheinput

signal. Theamplitudeofthisoutputsignalcarriesthemostimportantinformation.

ButtheLWTAwillnotlookatthisamplitudetoselectawinner,soanypossibleresults

mustmoreorlessbereadoutmanuallyonthescopebyobservingeachoutputviathe

selectcircuitcontrolledbytheshiftregister.Thismeansthatweunfortunatelynotwill

getanykindofanbar-diagram(FFT-look)aswehoped.Infact,goodmeasuredresults

thatclearlydifferentiatebetweendifferentfrequenciesareprobablyimpossibletoget.

Clk

f=3kHz

f=2kHz

100mV

Time

Figure6.3:Correlatoroutputvoltages

Thesquarewaveistheclockfortheshiftregister.Thetwoac-curves

arethecorrelatoroutputsafterstage8,9and10withinputfrequen-

cies2kHzand3kHz,amplitudes(peaktopeak)3Vanddc-level2.5V.

Weseehattheyhavedifferentamplitudesforthedifferentstagesand

frequencies. Thetwocurveshavethesameyaxisunits,indicated

withthe100mVarrow.Thedc-levelofbothcurvesisabout530mV.

Wecanmakeatestthatindicatesthattheideabehindthecircuitiscorrect.Ifwelet

theclock-frequencybelowcomparedtotheinputsignalfrequencywecanobservethe

ac-componentsineachclockperiod.In�gure6.3Ihavemeasuredthevoltageonthe
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Vout line.Thetwoac-curvesaretheresponsefortwoinputsinewaveswithfrequencies

2kHzand3kHz.Fromthis�gurewecanseethatthecorrelationoutputsfromdifferent

stagesareshiftedouttotheVout line.InthisexampleIhavelookedatthesignalafter

stage8,9and10,fromlefttoright.Theclocksignalhasafrequencyof250Hz.The

followingbiasvoltagesareused:

Vdc:2.8V

VPD:0.9V

VLWTA:1.6V

Vbhres:0.35V

Vref:2.05V

ThecontrolvoltagestotheLWTAcircuitwillworkonlytosetthedifferentcurrents

fromthecorrelator,thusgivingustheopportunitytogetthecurvesinthelast�gure.

TheLWTAfunctionseemsnottoworkaswewanted,butasIhavealreadymentioned

tworeasonforthis,itisnotunexpected.TheVref voltagewillin
uenceonboththeac-

anddc-leveloftheoutput,sincethisvoltageisroutedthroughtothecorrelatoroutputs

notselected.

Themeasuredcurvesin�gure6.3showstheoutputfromonlythreedifferentstages

withtwodifferentinputfrequencies.DuringthetestingIlookedattheoutputsfrom

allthestages,andthethreestagespresentedinthe�gurewereselectedbecauseof

thecleardifferenceintheamplitudesoftheoutputs.Theotherstagesshowedsimilar

behavior,butwithsmallerchangesfromonestagetothenext.Wealsoseethatthe

dc-levelsaredifferentinthedifferentstages,buttheLWTAwillstillnotwork.The

LWTAisimportantifwewantnicecurves,andtheoutputfromthecorrelatorshould

probablybeintegrated.
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Anothersystem:FREDD

Althoughthemainpartofthisworkisthedesignandtestingofthe

PASUCchip,Ihavedonesomerelatedtestingonanothersystem.

Resultsfromthesetestsandadescriptionofthechipispresentedin

thischapter.ThechipisdesignedbyTorSverreLande.

7.1 Anoverview

ThePASUCchipisquitesmall,thedelaylinehasonly24elements.Thissecondsystem

hasadelaylinewith240elements.ItiscalledFREDD,whichisshortfor:

FREquency

Dependent

Delay

Manyofthevoltagesinthelinearedirectoutputs(forexamplethedelayedsignal

after56stages).Onestagecontainsthreedelayelementsasdescribedinchapter5.

Totallywehave80elementsonthischip.Inadditiontothedelayelementseachstage

containsacorrelator,aWTAandafeedbacktothedelayelements. Theideaofthe

circuitistocontrolthedelayofeachelementthroughthefeedback,sothatwefor

examplehaveoneperiodinthedelayline,independentofthefrequency.Howthisis

doneisthesubjectthenextsection.
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Corr WTA

In

Tippedpolyline

in

Delayline

�

in out

Figure7.1:AschematicdiagramofFREDD

Severalcorrelatorsareconnectedtothedelaylineandtheoutputs

fromtheWTA-circuitcontrolsthetransistorthatsets� tothedelay-

line.

7.2 Thechip

Adescriptionandexplanationofthechipisnecessary,butFREDDisnottreatedin

detailasPASUC.Therearetwomainreasonsforthis: (1)FREDDisnotdesigned

byme,and(2)manyofthecircuitsareverysimilartotheonesinPASUC.Figures

showingthecircuitsofFREDDarenotincludedinthischapter,butcanbefoundin

appendixA(�guresA.4andA.5).Aschematicdiagramofonestageishoweverdrawn

in�gure7.1.

7.2.1 Thedelayline

ThelineisbuiltupinnearlythesamewayasonthePASUCchip.Thetransconduc-

tanceampli�ersonthePASUClineisthewiderangetype,butonFREDDthenormal

typeisused.InadditionaBensondiodeisusedtoimprovetheperformance.See�g-

ureA.5foratransistordiagram.FigureA.4showsasinglestage.Thisisactuallya

thirdordersection,butwewillnowuseitasanormaldelayline,thusturningthefeed-

backampli�eroffbysettingQ = 0V .Theoutputsfromthelinearetakenafterevery

thirdampli�er.Wesetthedelaybychangingthevalueof�.The�-lineisconnected

toapadthatweeithercanobserveorset. Ifwewantanormaldelaylineoperation

wesetthisvalueasdonepreviouslyonthePASUCchip. Inthetestsdescribedhere

however,�willbesetviasomefeedbacktransistorscontrolledbyaWTAcircuit.The

outputfromeachstageofthelineisconnected(capacitively)toacorrelator.
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7.2.2 ThecorrelatorandWTA

Correlatorsofdifferentkindsaretreatedinchapter4.Herewehaveusedthecorrela-

tor/anticorrelatorcircuitfrom�gure4.11.Butonlythecorrelatorcurrentisused.The

inputstothecorrelatoristheoriginalsignalanddelayedversions,thusweperforman

auto-correlation.Theleveloftheoutputcurrentcanbebiasedwiththespontvoltage,

orVdc asitiscalledinchapter4.TheoutputcurrentisconnectedtoaWinnerTake

Allcircuit.(See�gure5.9foradiagramofaWTAcircuit).Inadditionacapacitoris

connectedbetweenGndandtheinputoftheWTAtointegratethesignal.Anextra

transistorisaddedtocontroltheWTAfunction.Ann-transistorbetweenthecommon

winner-lineandGndcanbeusedtoadjustthecurrentthroughthecircuit.Thegate

iscontrolledbythevoltageWTAbias.

7.2.3 Thefeedback

AWTAproducesonewinningvoltage,theotherswillbenearly0V . Thisvoltageis

takenasagate-voltageforthefeedbacktransistors.The�-lineisconnectedviathese

feedbacktransistorstoatippedpolyline.Tostabilizethe�-lineweintegratethesignal

byaddingacapacitortoGnd.Bysettingtheendsofthispolylinetodifferentvoltages,

�willbesettodifferentvaluesdependingonwherethewinnerislocated.Thisisagain

decidedbythetheWTA-circuit.So,dependingonwherewehavethelargestoutput

currentfromthecorrelator,thedelaywillchange.Asweknow,thecorrelatorcurrent

dependsonboththedelayandthefrequencyoftheinputsignal,andbysetting�xed

valuesattheendsofthepolylinewecangetthedelaytochangeasthefrequencyof

theinputsignalchanges.Inthiswaywecanhaveanearlyconstantnumberoftaps

ina�xedpartofaperiod,independentofthefrequencyoftheinputsignal.

7.3 HowdoesFREDDwork?

Theideabehindthechipisquitesimple:letthefrequencyoftheinputsignaldecide

thevoltagethatcontrolsthedelay.Byusingthiswecangettheoperationwewant:

thedelaylineshouldholda�xedpartoftheperiodoftheinputsignal,independentof

itsfrequency.

Thekeytothisoperationisthefeedbacktransistor.Thistransistorcontrolsthe�-line,

andtherebythedelay.Toexplainhowwegetthecorrecttransistortowin,wemust

lookbacktotheoperationofthecorrelator.Weknowthattheoutputcurrentisnot

onlydependedofthephasedelaybetweenthetwoinputs,butalsooftheamplitudes.

AsonthePASUCchip,thesignalisdampedasitgetsdelayed.OnthischiptheCor-

relatorsearlyinthelinewillalwayswin,evenifoneoftheinputsisalittledelayed

comparedwiththeother.Thisisaresultofthedampingofthesignal,soevenifthe

signalisdelayedexactlyoneperiodsomeplacealongthe,linetheearlycorrelatorwill

win.Whenweincreasethefrequencyweneedalarger� toreducethedelay.

Whenthecircuitwasdesigned,theideawasthatwhenthefrequencyoftheinputsig-

nalincreased,thewinningcorrelationbetweentheinputsignalandthesignaldelayed

exactlyoneperiodshouldmovetowardsthebeginningoftheline.Thisishowevernot

whathappens.Themeasuredresultsshowthatthewinningcorrelatormovesaway

fromthebeginningoftheline.Withthestartofthepolylineatalowerpotentialthan
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theendoftheline,thecircuitworkquitewell.Buttheproblemisto�ndwherewe

correlateto�ndthewinners.Measuredresultsindicatethatthewinnersarelocated

earlyintheline,thuswedonothavecorrelationbetweentheoriginalsignalandthe

previousperiod.Unfortunatelywedonothaveenoughnodesavailableasoutputsto

investigatethisproblemasdetailedaswewant.

7.4 Testingofthechip

Time
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Figure7.2:Measuredtapsinthedelayline

The�rstcurveshowstheoriginalinputsignal.Theothercurvesare

tapsintheline.Thenumberreferstothestagenumber,thatis,ifwe

multiplyitbythreewegetthenumberofampli�ersbeforethetap.As

inthePASUC-line,thesignalbecomesdampedforlargedelays.

ThedelaylineinFREDDislongerthantheoneinPASUC.Thelinehasseveraltaps

tooutputpads,thusgivingustheopportunitytoobservethecontentsoftheline.In

�gure7.2wecanseethecontentsofthelinefora�xeddelayperelement.Weobserve



Anothersystem:FREDD 63

thatthedelaybetweenequallyspacedtapsisconstant(thedashedline).
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Figure7.3:Measuredvariationof�

Theinputfrequencyis�rstsweptfrom1kHzto5kHz(solidcurve),

thenfrom1kHzto10kHz(dashedcurve).� isameasureofthesizeof

thedelayineachelement.

Moreinterestingisittoseehowthe� linevoltagechangeswhentheinputsignal

changesfrequency.Thismightseemtobestraightforwardtomeasure,butunfortu-

natelyitisnot.Thereareseveralvoltagesthatmustbesetcorrectlytogetthecorrect

operation.Figure7.3showsthisbehavior.Forthe1kHzto5kHzsweepthefollowing

voltagesareused:

Startofpolyline:0.7V

Endofpolyline:1.25V

WTAbias:0.85V

Spont:1.5V

Forthe1kHzto10kHzsweepthevoltagesarechangedto:

Startofpolyline:0.6V

Endofpolyline:2.0V

WTAbias:0.86V

Spont:1.6

Forbothcurvestheinputsignalisasinewavewithdc-level2.5Vandanamplitude

(peaktopeak)of4V.Thebiasvoltagetothefollowersintheoutputpadsissetto1.3V.

Whatweobserveisthatifwewantthecircuittooperateforalargerfrequencyrange,
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itisdif�culttomaintainthecorrectsteepnessofthe�-curve. Thismeansthatthe

tippedpolylinehavetosmallvoltagedifferencesbetweenthedifferenttapstothe�-

line.
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Figure7.4:MeasuredDelay

Period

Inthis�gurewehaveplottedtheratioDelay

Period
againsttheinputfre-

quency.Whatwewantistheratiotobeconstant,butasweseethisis

notthecase.Ifwewantexactlyoneperiodinthedelaylinetheratio

shouldbeequalto1.Thesolidlineshowstheresultforthe1kHzto

5kHzsweep,andthedashedlinethe1kHzto10kHzsweep.

Bysettingtheendsofthetippedpolylinetodifferentvalueswecandecidehow� should

change.Thischipwillworkforonlyaquitesmallfrequencyrange,sowehavetested

itforafewquitelowfrequenciesonly.Asmentionedwewanttohavea�xednumber

oftapsperperiodoftheinputsignal.Thisnumbershouldnotdependonthefrequency

oftheinputsignal.Whatweneedthenistoadjustthedelay,alowfrequencymeans

alargedelay,andahighfrequencymeansasmalldelay.Thevoltage� setsthedelay,

anincreasing� impliesadecreasingdelay.Withthefeedbacksystemdescribedearlier

wecangetthisadjustmentof�.Figure7.4showsaplotoftheratioDelay

Period
.Thebias

voltagesarethesameasfor�gure7.3.The1kHzto5kHzsweepgivesaratiofrom

about1.2to1.4,thevalueincreaseswithincreasingfrequency.Thisimpliesthatthe

changesinthe�-voltagearetosmall.Thecurveforthe1kHzto10kHzsweepshows

thesamebehavior.This�gurealsoillustratesthatonlysmallchangesinbiasvoltages

canhavegreatin
uenceontheperformance.In�gure7.3weseethatthetwocurves
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haveasmalldifferenceupto5kHz(at1kHztheyarealmostequal),butin�gure7.4

thecurvesclearlyshowsdifferentratios.
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8
Problemsand
improvements

Thechipwhichisconstructedinthisworkhasnotallthebestsolu-

tions. Anumberofthingscouldhavebeendoneinbetterways. In

thischapterIsuggestsomeimprovementsandpossiblewaystoex-

pandthechipforbetterperformance.

8.1 ProblemswiththePASUCchip

Thechipdescribedinthisthesisisaprototype.Wewantedtoseehowthecorrelator-

circuitcouldbeusedtoprocessanalogsignals.ButasIhavebrie
ymentionedpre-

viouslyinthetext,therearesomeproblemsthatwediscoveredduringtestingofthe

chip.Iwillnowdescribetheseproblems,andlatersuggestsomealternativesolutions

thatcouldbebetter.

Thechipwasdesignedto�nddifferentfrequencycomponentsinananalogsignal.The

testresultsfromchapter6showthatthecircuithassomeproblemswiththeLWTA.

BecauseofthisIhaveusedpuresinewavesasinputs,andthefunctionofthechipis

reducedto�ndthemainfrequencyoftheinputsignal.

8.1.1 Theunscaleablecorrelator

Thecorrelatorcircuitisbothsimpleandpowerful.Werecallthefunction(fromequa-

tion4.10)fortheoutputcurrentforthecircuitgivenin�gure4.1:

Iout =
I1I2

I1 + I2

(8.1)
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Asthesimulationsandmeasuredresultsshows,thiscircuitwillgiveusinformation

abouttwosignalsbeinginphaseornot.However,theamplitudeoftheoutputisindeed

dependentoftheamplitudesoftheinputsignalsaswell.Thisisalsoclearlyseenfrom

equation8.1.ThisiswhatImeanwiththetermunscaleable.Sothisbehaviorisnot

atallsurprising.Ifwewanttheoutputofthecircuitstogiveusinformationaboutthe

phaseoftheinputsignalsonly,wehavetomakesurethatbothinputstothecorrelators

arescaledequally.Thetwoinputstoonesinglecorrelatordonothavetobeequal,but

thecorrespondinginputsthroughoutthe24stagesinthecircuitmustbethesameas

onthe�rstone.Thisishowevernotsostraightforwardtodoaswemightbelieve,we

donothaveacorrelatorthatnormalizetheinputs.Thereexistscircuitsthatperform

akindofdivision,sofurtherinvestigationsshouldbedoneto�ndabettercorrelator.

8.1.2 Thedampingproblem

0 20 40 60 80 100 120

0.5

1.0

1.5

2.0

2.5

3.0

Delay(�s)

Amplitude

(V)

Figure8.1:Dampingthroughthedelayline

The�gureshowstheamplitudeofthesignalplottedagainstthedelay

attheendofthedelayline.Theinputsignalisa10kHzsinewavewith

amplitude3V(peaktopeak),anddc-level2.5V.Whenthesignalisone

perioddelayed(thatis100�s),weseethattheamplitudeisonly0.5V.

Thedelaylinemakesdelayedversionoftheoriginalinputsignal. Thefurtheraway

fromthestartoftheline,thelargerarethedelay. Inaperfectworldthisdelayed
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versionswouldbeexactcopiesoftheinput,butthisisnotthecasehere.Ifwewant

thedelaytobeconsiderablylarge,thedelayedversionsbecomedampedcomparedto

theoriginalsignal.In�gure8.1weclearlyseethisforanincreasingdelay.Weobserve

thatwhenthedelayincreases,theamplitudeoftheoutputsignaldecrease.Wealso

knowthattheoutputsignalnotonlygetsmalleramplitudes,butalsowillbemisshaped

comparedtotheinputsinewave.(See�gure7.2.)

8.1.3 Whoisthewinner?

Becauseofthedampingandtheunscaleablecorrelatortheoutputcurrentsfromthe

correlatorwilldependonwhereweareinthedelayline.In�gure5.8weseethatlarger

delaysmakesmallersignals.Sowhenawinnershouldbeanoutputreferringtotwo

signalsinphase,thiswillcertainlynotalwaysbethecase.Inadditionthecorrelator

producesac-voltages,andtheoutputswiththelargestamplitudesareofinterest.The

measuredcurvesin�gure6.3areinputstotheLWTAcircuit. Thecorrectwinners

shouldbetheoneshavingthelargestamplitude,buttheLWTAwillonlylookatthe

dc-level.SotheLWTApartofthecircuitisnotworkingasintended.

8.2 Improvingandexpandingthechip

Theproblemsdescribedintheprevioussectionarecloselyrelatedtoeachother.For

exampleiftherewerenodamping,wewouldnotneedthenormalizedcorrelator.

Toavoidthedampingproblemwecoulduseanalternativesignalrepresentation.One

techniqueistousepulse-codingofthesignals.Thismethodisusedin[9].Onmychip

thiswouldprobablybepossibleaswell,buttheamountofinformationpertimestep

wouldbereduced. Ifweusepulsesasinputstothecorrelators,theresultwouldbe

morelikeadigitalsignal,sincethepulse-codingonlyusetwovoltages:0Vand5V.Thus

wecouldnotgetaresultlikethediagramin�gure5.2,whichiswhatwewanted.

OnmychipIuseawide-rangeampli�er.Thisampli�erhaslargergainthanthesim-

pleversion,thisiswhyIchosethewide-rangesolution.Measurements(fromFREDD)

showthatanormalampli�erwithaBensondiodecanbeusedtogivedelaylinesthat

havegoodcharacteristics,sothislastsolutionisprobablythebestone.(See�gures7.2

andA.5).ThecorrelatorIuseisthesymmetricalversion.Thisisprobablynotthebest

solution.Theasymmetricalcorrelatorwouldbegood,sinceallthecorrelatorsarecon-

nectedtotherestofthecircuitinthesameway.Buttheoutputfromthecorrelator

isusedasinputtotheLWTA.TheLWTAshouldhavedc-voltagesasinputs. Thus

weshouldintegratetheoutputfromthecorrelator,andthisleadstoanewselection.

Wewantacorrelatorthatrespondstobothhalf-periodsoftheinputsignal.Thusthe

improvedsymmetriccorrelatormighthavebeenthebestsolution,togetherwithanin-

tegratingcapacitorbetweentheinputtotheLWTAandGnd.(FREDDhasasolution

likethis).

Mydelaylineconsistsof1st. orderlow-pass�ltersections. Thesesectionscannot

amplifytheinputsignal. Todothisweneedhigherordersections,2nd. orderand

3rd. order.Thesetypesofcircuitshavetheabilitytoamplifythefrequenciesbelow

thecutoff-frequency,thuswecanmaintainthesignalvaluelongerthanwith1storder
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sections.

Allthediscussioninthisthesishastreatedprocessingofonesignalonly.Itcouldbe

interestinghowever,forexampletocomparetwosignalsandmeasurethecorrelation

betweenthesetwosignals(crosscorrelation). Thesolutionisnottolettwoexternal

signalsbeconnectedtocorrelators.Thiswillnotworkbecausewehavenoinforma-

tionaboutthetimedependencebetweenthetwosignals.Whatweperhapscoulddo

istomaketwodelaylines,eachcomputingtheauto-correlationofonesignal,andthen

correlatetheseresults.Beforethiscanbedonefurthertestingandimprovementon

mychipmustbedone.

8.3 FREDD{problemsandpossibleimprovements

ThesecondsystemIhavetestedshowsbettertestresultsthantheonesfromPASUC.

ButFREDDisnotperfecteither,sosomecommentsonthiscircuitarenecessaryas

well.

8.3.1 Somesuggestions

ThefeedbackisthecluetoFREDD'soperation.Ifwewantexactlyoneperiodinthe

delaylinethecurvesin�gure7.4mustbeconstant(atone). Butthiswouldnotbe

possible,sincethesystemwouldnotbestable.Thisisbecausethesignalwouldhave

thesamewinnersforallfrequencies(sinceexactlyoneperiodshouldbeintheline),

thusthevalueof� couldnotbechanged.Ifwewantthelinetoholdexactlyonepe-

riodwemustchangethecircuit,andIgiveasuggestionin8.3.2.Thusthefollowing

suggestionswillnotmakeaperfectcircuit,butperhapsimprovetheperformance.

Thecontentsofthedelaylineisdecidedbythevalueof�. Since� issetbytransis-

torsconnectedtoatippedpolyline,theresistanceofpolyisimportant.Ifwewantto

improvetheresults,wemusthavelargerpotentialdifferencebetweenthetapsthat

control�. Thisshouldbepossible(atleastforalimitedfrequencyrange),bygiving

thepolylinesomeextralengthbetweenthetaps.Thiscannotgetthecircuittohold

exactlyoneperiodinthedelayline,butmightmakethecircuitworkalittlebetter.

Themeasuredresultssofarindicatesthatthewinnersarelocatedinthe�rstpartof

theline.Thereforewemightnotneedcorrelators/WTA-circuitsconnectedtoallofthe

delayline.Thiswouldsaveareaandfreeextraspacetomakelongerpolylines.

Asthemeasuredresultsshows,thecircuitperformancewillbebestoverasmallfre-

quencyrange.Forfrequencyrangesextending10kHztheperformancewilldrop.To

getthecircuittoworkitisnecessarytoadjustthebias-voltagesveryprecisely,and

foroptimalperformancethebiasvoltagesforonefrequencyrangeisnotthesameas

foranother.InadditiontothevoltagesIhavecontrolled,thereareoneextrainputto

FREDD.Asmentionedthedelaylineisbuiltbyusing3rd.ordersections,andthisim-

pliesafeedbackampli�ercontrolledbyavoltageQ.Allthemeasuredresultspresented

haveQ=0V,thatis,thefeedbackturnedoff.TeststhatincludeQshouldhoweverbe

made. TherightvalueofQmightreducethedampingproblem(byamplifyingthe

signalalittle).Inthiswaywecouldperhapsgetwinnersfromalargerpartoftheline.
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8.3.2 Anewversion

Corr WTA

In

Tippedpolyline

in

in

out

Delayline1

Delayline2

�1

�2

Figure8.2:AnewversionofFREDD

Thiscircuithastwodelaylines,oneforholdingthesignalandone

forcomputingthecorrectvalueof�.Wenolongerhavethefeedback

transistortocontrol�.

AsImentioned,FREDDwillnotbeabletoholdexactlyoneperiodofthesignalwithin

thelineduetothewayitisdesigned.AsapossiblesolutiontothisproblemIsuggest

anewversion,shownin�gure8.2.Theideaisquitesimple: Insteadofhavingone

delaylinetoholdthesignalandcompute�,weusetwodelaylines.Onedelaylineholds

thesignalandanotherlinecomputesthevalueof�.Inthiswaywehavenofeedback-

transistorstocontrolthedelay,thusitshouldbeeasiertogetthecorrectvaluesfor�.

Thiscircuitisnotdesignedorsimulatedyet,soIhavenoresultstopresent.Itisonly

asuggestionofaprinciplethatmightgoodperformance.

8.4 Futurework

Ifeelthatalotoftheissuesmentionedinthischaptershouldhavebeeninvesti-

gated,simulatedandtestedmore. Thisisparticularlythecaseforthediscussion
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aboutFREDD.Butasweallknowwedonothaveanunlimitedamountoftime,so

furtherworkwillhavetobedonelater.



9
Conclusion

Theworkwiththedevelopment,constructionandtestingofananalog

CMOScircuithasgivenmealotofexperiences.Manythingscould

probablyhavebeendoneinotherandbetterways,anditiseasytofor-

getobviousthingsinfrontofthescreen(Forinstancethepadbias....).

InthischapterIwillgiveasummaryofthiswork.

9.1 Thechip

Ihavetriedtodesignananalogcontinuoustimesignalprocessingchip.Thechiptries

to�ndthedifferentfrequencycomponentsoftheinputsignal. Therearedifferent

waystodothis,andindigitalsystemstheuseofvariousFFTalgorithmsarecommon.

Onthischiphowever,wetakeadifferentapproach. Insteadofusinglargedigital

circuitsthatcanbemade,westartwithanalogcircuitsthatarequitesimple,and

usetheirbuilt-inproperties. Thecorrelatorisagoodexampleofthis. Itdoesnot

giveusthetraditionalcorrelationfunction,butweuseitanyway. Itisverysimple,

onlyfourtransistorsarerequiredtocomputetheoutputcurrent.Thiswayofbuilding

circuitsgivesusbothadvantagesanddisadvantages. Weareinawaystuckwith

somegivenfunctions,andthesemaynotbe\perfect".Whatwetrytodoistobuild

thesysteminsuchawaythatitbehavescorrectlyevenifthecircuitsarenotoptimal.

Ontheotherhand,whenweusethesesmallcircuitswecanhavealotofthem,so

parallelcomputationsarepossible.Thecomputingpartofmycircuitisnotcontrolled

byexternalcircuitryorclocked.Ihaveaclockinputtothecircuit,butthisisusedonly

tomultiplexalltheoutputsintoonesingleoutputpad.

InadditiontothedesignandtestofPASUC,testingofalargersystemisincluded

asapartofthisthesis.TheFREDDchipisrelatedtoPASUC,manyoftheinternal
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circuitsarethesame.Butasweknowitperformsatotallydifferenttask.Thisshows

howpowerfulcorrelator-basedcircuitscanbe.

9.2 Experiences

Thesolutionswemadeonthischipdidnotalwaysprovetobethebest. Inspiteof

this,wegotalotofmeasuredresultsfromthechip,andcameupwithnewideasof

howthingscouldhavebeendone.Inallofthephasesofthiswork,fromdesigningthe

chiptotestingit,Ihavelearnedthatwenevershouldsaythatthisistheultimate

solution.ItseemstobeacorollarytoMurphy'slaw:Thedayafteryousentthechip

forprocessing,youcomeupwithabetteridea....Themeasuredresultspresentedin

thisthesisarealltakenfromthesecondversionofthischip.The�rstchipthatwas

sentforprocessingdidnotworkatall,duetoalayouterror.

TheanalogCMOStechniquemakesitpossibletodesigncircuitswithlargecomputa-

tionalpowercomparedtothesizeofthecircuits. Thesmallcurrents
owinginthe

circuitsleadtosmallpowerdissipation. Thedigitalsystemsareandwillbeuseful,

buttheremightbecaseswheretheanalogsystemscanbebettersolutions.Thechips

describedinthisthesisshowthatevensmallsystems/circuitscanperformquitecom-

plexjobs.FinallyacoupleofnumbersthatIthinktellusalot:Analogcomputational

systemscanhaveupto100timesthecomputationalpowerperareaunitcomparedto

digitalsystems,andaslittleas1/10000ofthepowerdissipation.
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A
Completecircuitdiagrams

Thecircuitdiagramspresentedearlierinthisthesisareshowingone

singleelementatatime.InthisappendixIwillgivecompletecircuit

diagramsforPASUC,andsomediagramsoftheFREDDchip.

A.1 PASUC:Theelementsinonestage

Thechipcontains24stagesconnectedtogether. In�gureA.1and�gureA.2wesee

howonestageisconstructed.Crossinglinesinthe�guresareconnectedifthereisa

dotatthecrossingpoint.

A.1.1 Commentstotheupperpartofastage

Atthetopwehavethewide-rangetransconductanceampli�erconnectedasadelay-

element.ThedelayissetwiththesizeofthecapacitorC2andtheVbfollowvoltage.Vout
fromonestageisVin tothenextstageintheline. Inthe�rststagetheglobalinput

signal(aninputpin)isconnectedtoVin.

Atthebottomofthe�gurethecorrelatorisdrawn.Theglobalsignalinputandthe

delayedoutputhavecapacitivecouplingviaC1 andC2 toV1 andV2. Vdccorr setsthe

dc-levelforthecorrelatoroutput. Iout isconnectedtotheLWTA,thusproducingan

outputvoltagefromthecorrelator.

A.1.2 Commentstothelowerpartofastage

FromthecorrelatorwegettheIin totheLWTA.TotherightoftheLWTAcircuitisthe

hresandbiascircuits.Thetwohrestransistorsgetstheirgate-voltagesfromthebias

circuitsonthisandthenextstage.Vbhres setstheresistanceforthehres.
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TheoutputvoltageaftertheLWTAoperationisconnectedtotheselectcircuitinthe

middleofthe�gure.Thiscircuitwillrouteavoltagethroughtotheoutputofthechip.

ThecorrectvoltageVisselectedwiththeshiftregisteratthebottom.Thecircuitinside

thedottedboxisinthe�rststageonly.Itproducestherightinputstotheshiftregister.

VPd willgenerateazerowhenthereareonly\ones"(5V)intheregister,otherwisea

\one"willbegeneratedbythepulluptransistors.TheregisterisclockedwithClk,

andshiftsazerothroughitselftoselectalltheLWTAoutputvoltagesinturn.
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Vin

Vout = Vinnextstage

Firststageonly

Vbfollow

Signalin

Vdccorr

C1 C2

V1 V2

Icorrout

ToLWTA

FigureA.1:PASUC:Asinglestage,upperpart
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Iin fromcorrelator

Gatevoltagefrom

previousstage

Tonextstage

Vref

Vout

Firststageonly

Clk

VPd

V

Q Q

VLWTA

Vbhres

Pullup

FigureA.2:PASUC:Asinglestage,lowerpart
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A.2 FREDD:Thechip

Ihavenotincludedany�guresofthecircuitsinFREDDinchapter7.Inthissection

adiagramshowingtheinputs/outputsandatransistordiagramofonestageisdrawn.
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FigureA.3:FREDD:InputsandOutputs

A.2.1 CommentstotheInputs/Outputs

Thefollowingisashortdescriptionoftheinputsandoutputstothechip.

Inputs:

Q:Thefeedbackcontrolinthe3rd.ordersection.WhenQ=0thecircuitworksasa

normaldelayline.

winner:Inputoroutput.Wecanobservethewinningvoltageorbiasthisnodeinthe



84 AppendixA

circuit.

WTAbias:ControlstheWTAoperation.

spont:Setsthedcleveloftheoutputcurrentfromthecorrelator.

corrin:The�rstinputtothecorrelator.

dlyin:Inputtothedelayline.Shouldbeexternallyconnectedtocorrin.

� :Inputoroutput.Weeitherobservethe� computedinthecircuit(fromthetipped

polyline),orwecansetthevaluetogetaccuratedelaylinecharacteristics.

S/HstartandS/Hend: Thestartandendofthetippedpolyline. S/Hisshortfor

SampleandHold,thecircuitwillopenonlyonefeedbacktransistoratatime,and

selectavaluefor� dependingonthefrequencyofthesignal.

padbias:Biasvoltageforthefollowerpads.

Outputs:

tapnn :Thedelaylinevoltageafterstagenn.

dlyout:Thevoltageafterthelastampli�erinthedelayline.Becauseofalayouterror

thispadsisnotconnected. Thisdoesnotcauseanyproblemssincewecanobserve

tap79whichisveryclosetotheendoftheline.

Thepadsusedforbothinputsandoutputsaredescribedunderinputs.

A.2.2 Commentstoasinglestage

Thecorrinisthe�rstinputtoallthecorrelators.Theotherinputisatapfromthe

delayline. Onthe�rststage(orexternallyaswehavedonehere)dlyinandcorrin

shouldbeconnectedtogether.Thefollowingaregloballinesconnectedtoallstages:

winner

spont

WTAbias

Q

�

Thevoltageontheoutputofthethirdampli�erisconnectedtotheinputofthe�rst

ampli�eronthenextstage.Wehaveacorrelator/anticorrelator,butonlyoneoutput

currentisused(corr).Theother(anti)isnotconnected.Wecangetathirdorderlow-

pass�lterbyusingthefeedbackampli�er.InallthetestspresentedthisthesisQis

settozero,thuswehaveanormaldelayline.

FigureA.5showsasimpletransconductanceampli�erwiththeBensondiodeincluded.

Thisistheampli�erusedinthedelaylineonFREDD,withVb = �.
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FigureA.4:AsinglestageonFREDD
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Benson
diode

Vb

Vout
Vin

FigureA.5:Asimpletransconductanceampli�erwithBensondiode



B
Toolsandinstruments

Alotoftheworkinthisthesisrequireddifferenttoolsandequipment.

Duringthe�rstperiodtheneedwasmainlysoftwaretoolssuchas

layoutandsimulationprograms.LaterIneededalotofinstruments

forthetestingofthechips.

B.1 Tools

TomakethelayoutofthischipIusedtheprogramxwol.Itisaprogramthatiseasyto

use,butnotofthemostadvancedlayoutprograms.Itishowevereasytogetanetlist

whichonecancomparewithnetlistsfromthesimulatoranalog.Doingthismakesit

easierto�nderrorsinthelayout,andIhavecomparedallthecircuitswithtransistor

diagramsfromanalog.Noerrorswherefound.Thisisdoneonsingleelements,likethe

followerorcorrelator.Toputtheseelements(cells)togetherIhaveusedthewolcomp

system.Thissystemmakesitpossibletoplaceseveralcellstogether,torotateormirror

cells,etc.Thusitisquiteeasytocomposenewcellsthatareseveralsmallcircuits(for

exampletomakeonestageasacell).Thenwecanmakeanarrayof8cellstoforma

8-stageline,andthenputtogether3oftheselinestomakethe�nal24-stageline.The

routingisthelastthingwedo,Ihavedonethismanually.Thecircuithasalsobeen

checkedforlayouterrorsaccordingtothetechnologyusedbyxwol.Simulationisdone

bythesimulatoranalog,whichseemstogivegoodresultscomparedtomeasureddata

(atleastwhereIhavehadthepossibilitytocompare). Theprogramxviewmakesit

easytomakenicePostScript�guresofthemeasuredresults(takenviatheGPIBbus).

Thedrawingprogramuntilisusedtoeditthe�gures,e.g.removeuninterestingtext,

andaddothertext(inLaTEX-codeifwewant).

IhavewrittenthisthesisusingtheemacseditorandtheLaTEXprocessingsystem.I
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amsurethatspellingerrorsoccurs,butIhavetriedtocorrectthetextbothmanually

andwiththeprogramispell.

B.2 Instruments

ThetestingofthechipsaredoneinourVLSI-lab.Hereisalistoftheinstruments

used:

Keithley230Programmablevoltagesource.

Keithley617Programmableelectrometer.

HP54503ADigital500MHzoscilloscope.

Fluke8050ADigitalmultimeter.

HP8116AFunctiongenerator.

HP3324AFunctiongenerator.

Mascot719Voltagesupplier.

OltronixB603DVoltagesupplier.

InadditionIhaveusedamicroscopeforacheckofthechipplacementinthe40pin

package.Alsoanicetestboxforthechipismadehere.Inputsandoutputstothechip

areeasilyavailable,soarethepossibilitytosetuptotenvoltagesasinputs.TheHP-

andKeithley-instrumentsareconnectedtoaGPIBbusandaSUN3/60.
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