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chapter 1

Intr oduction

A brief history of television

The word television wascoinedin 1900by ConstantinPerskyi in a paperhe readat the

InternationalElectricityConference.Up to thattimethework thatwasaimedatmakingit pos-

sible to not only hear, but alsosee,what’s goingon at a remoteplacewasreferredto as“dis-

tant vision” or “seeing by electricity”.

After theinventionof thetelegraphandthetelephone“distantvision” wasthenext stepin

thedevelopmentof meansof communication.However, it wasn’t until thediscovery in 1873

of the phenomenonthat the resistanceof seleniumvarieswith the amountof light that falls

uponit, thata physicalmechanismwasavailablethatmadethe instantaneoustransmissionof

moving picturespossible.Fromthat time on, many attemptsweremadeto make a systemfor

“seeingby electricity”. All early systemswere electro-mechanical.The most renowned of

these systems is the one invented by Nipkow in 1884.

Nipkow’s electric telescope

As Nipkow’s inventionis animportantlandmarkin thehistoryof television, it will bedis-

cussed in some detail. Fig. 1 shows the original drawings of the patent.

Nipkow’s system(which hecalledanelectrictelescope)usestwo discswith 24 holesthat

arearrangedonaspiral.Althoughthediscis big, thepictureis rathersmall.Thepicturesizeis

indicatedby thedashedrectanglein Fig. 1. Onediscin thesystemactsasthescanner(Station

I of Fig. 1), the otherasthe display(StationII of Fig. 1). To transmitanundistortedpicture,

both discs must rotate synchronously.

An opticalsystemin front of thescanningdiscthrows thelight of thesceneon thedisc in

suchawaythatthereis alwaysonly oneholeof thediscwithin thepictureframe.Throughthis

hole the light falls on a seleniumphotocell. As a resultthe currentthroughthe photocell is

modulated.This modulatedcurrentis fed to a light modulator(Kerr cell) in the receiver. The

Kerrcell is anopticaldevice thatrotatesits polarisationangle,dependingonthemagneticfield

in which it is placed(Faradayeffect). Thecurrentfrom thephotocell is fed to thecoil that is

wound aroundthe Kerr cell, so the magneticfield in the coil will changeas the current

changes.Light entersthe Kerr cell througha polariseron the left (lower part of Fig. 1). The
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Fig. 1 Drawings in Nipkow’s patent.

picture size
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polarisationangleof thelight is rotatedasit passestheKerr cell, andafterpassingthroughthe

analyser(i.e. a polariserthat is placedin a right anglewith respectto the input polariser),the

light passesthrougha hole in the displaydisc that is in the samepositionasthe hole of the

scanning disc.

from theory to practice

Nipkow never put his ideainto practice.If hehadtried hewould not have beensuccessful.

First, becausethechangein resistivity of seleniumis too slow to generateanacceptablepic-

ture.Secondly, becausethepower neededto drive theKerr cell is sohigh (ca.10W), that in a

time whenpower amplifiershadnot yet beeninvented,therewasno way to turn thesmallsig-

nal generatedby the seleniumcell into a strongmagneticfield. But, despitetheseproblems,

the basicconceptsof Nipkow’s systemwereusedby many others.In fact, the first publicly

demonstrated TV system (by Baird in 1925) was based upon Nipkow’s system.

all-electronic television

In the early 1900sideasfor all-electronictelevision, i.e. television without moving parts,

wereproposedby CampbellSwinton.His systemwasbasedon the thenbrand-new vacuum

tubetechnology. However, it wasn’t until theearly1930sthatanacceptablepicturetube(Zwo-

rykin’s kinescope)was developed.The quality of this picture tube was such, that it soon

became the standard TV display device.

Good cameratubes,on the other hand, weren’t available until the end of the 1930s.

Mechanicaldevices,suchasNipkow’s discsandrotatingmirror devices,remainedin useuntil

that time.Two differenttypesof cameratubecompetedto becomethestandard:Farnsworth’s

imagedissectorandZworykin’s iconoscope.However, in theendthe imagedissectorwasno

matchfor the iconoscope.Themain reasonfor this wasthevery low sensitivity of the image

dissector(somethingit hadin commonwith all mechanicaldevices).This wasdueto thefact

thatonly thelight thatfell onaparticularpictureelementduringthetimethisparticularpicture

elementwasscanned,contributedto theoutputsignal.Theiconoscopewasfar moresensitive,

asall pictureelementsintegratedthe light that fell on thembetweenthe momentsthey were

scanned.The fact that this integratingfeatureis vital for a goodsensitivity (anda goodsig-

nal-to-noiseratio) is somethingthat mostearly workerson television camerasseemto have

overlooked.

Thefirst public demonstrationof anall-electronicTV systemwasgivenby Farnsworth in

1928.

As theearlyTV cameraswereratherinsensitive, for a time even“chemicalsignalamplifi-

cation”wasusedby someexperimenters.In thesesystemsthescenewasrecordedonfilm (the
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sametype asusedfor cinema),andinsteadof winding the film on a pick-up reel, it wasled

into a developing/washing/fixingmachine.After passingthroughthis machine,the film was

scannedwith a TV camera.As the light wasnow concentratedon just thefilm frame,instead

of the whole scene, good sensitivity could be obtained with even an insensitive TV camera.

Anotherway to getroundtheinsensitivity of thecameratubeswasto usenocameraatall.

Somesystemsuseda so-calledflying spotto obtaina picturesignal.In thesesystemthescene

to be televisedwasin a darkenedroom.Througha Nipkow disc the light of a powerful lamp

wasprojectedonthescene.Soonly asmallpartof thescenewaslit atany giventime.Thepic-

ture signalwasgeneratedby a light sensitive cell that wasdirectedat the scene.As the light

wasilluminating just one“picture element”at a time, the light sensitive elementonly needed

to measure the reflected light, without the need for any additional hardware such as lenses.

Thefirst TV systemsthatweredemonstratedin thelate1920susedapproximately30 lines.

This is just enoughfor “headandshoulder”images.In 1933thenumberof lineshadgrown to

about180.Thiswasapproximatelythelimit for thenumberof linesin mechanicalsystemsand

allowedfull-length imagesof personsof reasonablequality to betelevised.Thenumberof pic-

turespersecondgrew from 10 in thefirst systemsto 60 (in theUSA) and50 (in Europe).The

latter frequencieswerechosenequalto themainsfrequencies.Usingotherfrequencieswould

have requiredvery expensive shieldingin TV setsto prevent interferencebetweenthepicture

and the mains frequency.

In 1937the LondonTelevision Station(LTS) startedasthe world’s first, high-definition,

regular, public TV station.The LTS adopteda 405 lines/fieldand50 fields/secondstandard.

This wasthe highestdefinition standardat the time, andit wasusedin the United Kingdom

until 1982.

It is interestingto notethat therapiddevelopmentof low-definition to high-definitionTV

took placeduringtheworld-wideeconomicdepressionof the1930s.Many companiesfelt the

potential revenues of TV justified the high investments, despite the dire economic situation.

The second World War brought the development of TV to a halt. After the war

black-and-white TV broadcasting was gradually introduced in more and more countries.

colour television

The first demonstrationof a colour TV systemwasgiven by (again) Baird in 1928.The

basisof his systemwasidenticalto his black-and-whitesystem.All hedid wasusecoloured

filters in the holes of his Nipkow disc.

Someof the early colour TV systemswerebasedon two coloursonly. The majority of

workers soon concentratedon systemsbasedon the three primary colours.Systemswere

developedin which theframeswerescannedby onecolourata time.Alternative to thesewere

systemsin which thesuccessive lineswerescannedwith differentcolours.Thesetypesof sys-
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tems unfortunately could not be received on a black-and-white TV.

In 1953theNTSC(NationalTelevision SystemCommittee)colourTV systemwasintro-

ducedin theUSA. In this systemthecolour informationis not straightforwardly transmitted.

Insteadit is coded in such a way that the TV signal that is transmittedis the standard

black-and-whitesignalplustwo signalsthatcarrythedifferencebetweentheblack-and-white

informationandthecolour information.The lattersignalsarecalledcolourdifferencesignal.

This meantthat thesignalcouldbeprocessedby bothblack-and-whiteandcolourTVs. This

wasamajoradvantage,astherewasnoneednow to build bothblack-and-whiteandcolourTV

networks.

NTSCis anelegantandcleverway to broadcastcolourTV signals,but it is susceptibleto a

particulartypeof distortionin thetransmissionchannel(differentialphaseerror).New colour

TV systemsweredevelopedto combatthisproblem.Two differentlinesof approachwerecho-

sen.The first way wasto cancelthe error in one line with an equalerror, but with opposite

sign, in thenext line. Theotherway wasto useanothermethodto transmitthecolourdiffer-

encesignals(usingfrequency modulationinsteadof quadratureamplitudemodulation).In the

1950sand1960smany variationsof thesetwo basicsystemsweretried out. In the1960sthe

PAL (PhaseAlternationon Lines)andSECAM (SEQuentielA Memoire)colourTV systems

were introduced in Europe. PAL is based on the first approach, SECAM on the second.

Themostchallengingcomponentthathadto bedesignedfor thecolourTV systems,was

thecolourdisplaydevice.Eventhoughblack-and-whiteTV wasall-electronic,someresearch-

ersoptedfor electro-mechanicalcolourdisplays.Othersusedonepicturetubepercolourand

mergedthe signalsof two or threetubesinto onepicture.The shadow maskCRT (Cathode

Ray Tube)(Fig. 2) becamethe mostcommonlyusedpicturetube.In this tubethe pictureis

built up with the threeprimary colours.For eachcolour thereis an electrongun that sendsa

streamof electronsto the light-emitting islandson the glassfront of the tube.The electrons

Fig. 2 Operating principle of the shadow mask CRT.
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from theelectrongunsof onecolourcanonly reachthelight-emittingislandsof theirown col-

our. A metalscreen(shadow mask)blockstheir way to the light-emitting islandsof theother

colours.

Since their introduction the basic standardsfor analoguecolour TV transmissionhave

remainedlargely unchanged.But, additionssuchas stereosoundand information services,

like teletext and closed captioning, have been made to the original standards.

Many attemptshavebeenmadeto introducenew TV systemswith ahigherresolution(e.g.

MUSE,D2MAC, HDMAC). All theseattemptshave failedto gaina largemarket share.In the

1990sdigital TV systemshave emerged.At thetime of writing it is not yet possibleto assess

the impact of these systems.

AlthoughtheanalogueTV standardshave remainedlargely thesame,thetechnologywith

which they are implementedhave undergonetremendouschanges.Vacuumtechnologyhas

beenreplacedby solid-statetechnologyin nearlythewholechainfrom thecamerathroughthe

signalprocessingto thedisplay. Theonly vacuumcomponentstill in useis theCRT. Numer-

ousalternativesto theCRT have beendeveloped(e.g.liquid crystaldisplaysandplasmadis-

plays),but noneof thesehave beenableto gain a substantialpartof theTV market up to the

time of writing.

The information in this section is a compilation of material from [1]-[7].

The video cassette recorder

Closelylinkedto theTV is themachinethatis mostdreadedby consumersandTV design-

ersalike: thevideocassetterecorder(VCR). Fig. 3 shows a photographof a typical specimen.

Thereasonswhy bothgroupsregardtheVCR with suchawe are,however, completelydiffer-

ent.Many consumersthink thataPh.D.degreeis aprerequisitefor asuccessfulattemptto pro-

gramaVCR. To theTV engineeringcommunity, on theotherhand,theVCR is theepitomeof

Murphy’s Law: if thereis a way in which a VCR signalcandeviatefrom theTV standards,it

will. Due to theconstraintsimposedon it by themechanics,theoutputsignalof ananalogue

VCR oftenbearsonly asuperficialresemblanceto aTV signalasdefinedin thestandards(see

chapter2). Whenplaying backtapeswith a copy-protectionsignalthingsareeven worse,as

the copy-protectionsignalsdo not adhereto the standards(on purpose!)to make recording

impossible.At the sametime a TV is supposedto be completelyinsensitive to theseaberra-

tions.ThereforeturningaVCR signalinto anacceptablepictureis oneof thebig challengesof

TV design.
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Cost reduction as innovation dri ver

EversincecolourTV broadcastingwasfirst introducedin theUSA in 1953,colourTV sets

maturedto a very high level of quality. As a resultof this, themajordriving forcefor innova-

tion todayis no longerhigherperformance,but lowercost.Only in themostexpensiveTV sets

performanceimprovementis still anissuewith innovationslike motionestimation/compensa-

tion, thatprovideasmootherportrayalof movementsonthescreen.However, in by far thebig-

gestpartof themarket (>80%),costis themostimportantissue.Thecostfor thecustomercan

beloweredin two ways:provide morefunctionsfor thesameprice,or provide thesamefunc-

tions for a lower price.

cost and design strategy

In theearlyyearsof black-and-whitetelevision it took up to 20 valvesto make a goodTV

receiver. Consideringthatmosttypesof valve representtwo amplifying functions,it shouldbe

possibleto makeagoodblack-and-whiteTV with 40transistors.As colourTV picturesarethe

Fig. 3 Specimen of the most awe-inspiring machine on earth.
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additionof a red,a greenanda bluepicture,a colourTV shouldbasicallyneedno morethan

120transistors.However, eventhesimplestTV nowadayscontainsmany thousandsof transis-

tors.The reasonfor this lies in the fact that the valveswereexpensive components,whereas

componentslike resistorsand capacitorswere (relatively) cheap.Nowadaystransistorsare

extremelycheap,andcomponentslike inductorsare(relatively) expensive.Sothedesignstrat-

egy which wasfocusedon usingasfew active components(i.e. valves)aspossiblehasshifted

to a strategy in which thenumberof passive components(i.e. inductorsandcapacitors)must

bekeptat anabsoluteminimum.This shift in designstrategy wascausedby the introduction

of integratedcircuits.Thethousandsof transistorsarenot individual components(like ye olde

valves),but they areembeddedin ICs. This makesindividual transistors(andalsointegrated

resistorsand capacitors)very cheapindeed.Thereforethe introductionof ICs was a major

breakthrough in lowering the cost of TVs.

Table 1 gives an rough indication of the relative pricesof componentsin 1962 [8] and

2000.The dramaticreductionof the relative price of an integratedtransistoris alsovalid for

integrated resistors and capacitors (up to several 10pF).

In 19601 thepriceof a 66cmblack-and-whiteTV wasapproximatelyDfl. 1200.In 2000a

66cm stereocolour TV with teletext and remotecontrol hasa price tag of approximately

Dfl. 1200.So despitemany yearsof inflation the nominalprice of a TV hashardly changed.

But, thenumberof features,aswell asthequality of thepictureandsound,hasgoneup tre-

mendously.

component 1962 2000

resistor 1 1

capacitor 2 1.5

inductor 25 15

valve 50 n.a.

transistor 50 2

integrated transistor n.a. 0.01

Table 1 Approximate relative prices of components in 1962 and 2000. The price of a

discrete resistor is chosen as reference for both years. The table gives no information

of the relation of the relative prices between the years.

1. Before 1960 the TV market was not really a mass market. It is not fair to compare prices of a mass
market with prices in an emerging market.
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Fig. 4 Internal organs of a black-and-white TV set, model year 1955.

(a) rear view, (b) bottom view.

(a)

(b)
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TV assembly

Fig. 4 shows a 1955modelblack-and-whiteTV. In this TV 18 valvesandnumerouspas-

sive componentsperformall thesignalprocessingandpower amplificationfunctions.Most of

thepassive componentsareplacedat theundersideof thechassis.All componentsin this TV

weremountedby hand.Fig. 5 shows a 2000modelstereocolourTV, with teletext andremote

control.All signalprocessingandcontrolfunctions,exceptthestereodecoding,areperformed

in the indicatedIC (with the aid of just a few external components).This IC is actually a

multi-chippackagein which two ICs,madein differentprocesses,arecombined.Eventhough

theassemblyof theprintedcircuit boardis completelyautomated,combiningtwo ICs in one

packagereducestheproductioncostof theTV set(lessboardspace,fewercomponentsneeded

on stock).

Fig. 5 Stereo colour TV chassis, with teletext and remote control, model year 2000.

main signal processor
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ways to reduce cost

As all signalprocessingfunctionsof TVs arenowadaysperformedby integratedcircuits,

lowering the costof the signalprocessingpart of a TV receiver is equivalentto lowering the

costof theseICsandtheirperipheralcomponents.A lowercostof theapplicationof anIC can

be accomplished by e.g.

1) using a process with smaller dimensions

2) integrating external components

3) designing smaller circuits

4) designing circuits that do not need external components

5) eliminating adjustments needed for the correct operation of the IC

6) design/layout for manufacturability to maximise the yield

Apart from thesilicon-anddesign-relatedcoststherearealsoothercostfactorsin IC man-

ufacturing,e.g.encapsulationsandtestcosts.To keepthesecostsdown thenumberof pinsof

the IC mustbe kept aslow aspossible.This meansthat externalcomponentsthat only serve

thecorrectoperationof theIC, but aren’t necessaryfor therestof theTV, shouldbeeliminated

by makinganintegratableversionof suchcomponents,or by makinganew circuit thatcando

without theexternalcomponents.Theever-growing complexity of analogueandmixed-signal

ICs,andthedrive to reducethenumberof pinsof theencapsulation,requirenew testmethods.

Thenumberof signalsthatcanbeobservedto seewhethertheIC is goodor notbecomessmall

comparedto thetotalnumberof signalsin theIC. Withoutcountermeasuresthetesttimeof IC

would rise enormously as a result of this.

Outline of this dissertation

This dissertationdescribesintegratedcircuit techniquesfor one-chipTV systemswhich

focuson loweringthetotalcostof theapplication.Threedifferentapproachesto costreduction

are explored.

Chapter3 describesan integratorcircuit with a low unity-gain bandwidth.This circuit is

appliedin a voltagecontrolledcrystaloscillatorto minimisetheoffseton thequadratureout-

puts. The integrator circuit can be regardedas an integratedalternative to a large external

capacitor.

Chapter4 describesa mixed-signalquadraturedemodulatorthatperformsasmuchaspos-

sible of the signalprocessingin the digital domain,without digitising the input signal.This
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demodulatoris an exampleof a subsystemthat hasbeendesignedto usethe signalsthat are

alreadypresentin theIC to suchanextent,thatthissubsystemnolongerneedsits own external

components.

Chapter5 discussesa fast, generic test method for analogueVLSI circuits. This test

methodreducesthe test time of an IC significantly with a only small numberof additional

components.Thetestmethodis non-invasive to thecircuitsundertest.Theadditionalcompo-

nentsonly monitor thesupplycurrentof thecircuits,sothey have no influencewhatsoever on

the operation of the IC.

To give somebackgroundinformationon the systemsfor which the circuits describedin

this dissertationweredeveloped,a brief descriptionof analogueTV broadcastingsystemsand

TV receivers will be given in the following chapter.
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chapter 2

Analogue TV systems

Intr oduction

TherearethreeprincipalcolourTV broadcastingsystemsin usearoundtheworld: NTSC,

PAL andSECAM. Of thesebroadcastingsystemsNTSC is the oldestone.The PAL system

can be regardedas a refinementof NTSC. The colour rendition of the NTSC systemcan

degradequiteheavily dueto distortionin the transmissionchannel(differentialphaseerrors).

PAL wasdesignedto belesssensitive to this.TheSECAMsystemis analternative to PAL that

usesa completelydifferentmodulationschemefor the colour informationto reachthe same

goal.

In thefollowing a virtual TV broadcastingsystemwill bedescribedthatcombinesaspects

of all thesystemsthatarein usearoundtheworld. At theendthemostimportantdifferences

betweenthevariousreal-life systemswill belisted.After thedescriptionof theTV broadcast-

ing systems,thesignalprocessingpartof a TV setwill bedescribed.Theinformationin these

sections was taken from [9]-[11].

A virtual TV br oadcasting system

A TV signaltransmits25 pictures(or frames)persecond.Eachframeis built up with 625

lines.A frameis transmittedin two fieldsof 312.5lines.This approachhastheadvantagethat

althoughonly 25 picturesare transmitted(which is enoughfor the impressionof smooth

movement),thepictureis refreshed50 timespersecond(which, for mostpeople,is enoughto

eliminatethe impressionof flicker). This trick is similar to thesystemusedin film projection

where24 framespersecondareon thefilm andeachframeis projectedtwice in rapidsucces-

sion.Thereis onecrucialdifference,however, betweenfilm andTV. Whereasthefilm projects

the whole picture twice, TV framesareprojectedin two fields. A field containshalf of the

lines of a frame,so two fields combinedmake up a frame.This hasthe advantagethat the

amountof informationthathasto be transmittedis determinedby theamountof information

in thepictureandnotby therepetitionrateof theprojectiondevice.Thetechniqueof transmit-

ting half thenumberof linesperfield is calledinterlacing(Fig. 6). Thebold linesarethevisi-

ble lines.Thethin linesarein thefirst field, theboldonesin thesecondfield. Thedashedlines

are the invisible flyback trajectories of the electron beam.
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In thefirst field all oddlinesof theframearetransmitted.In thesecondfield all evenlines

of theframearetransmitted.Thelimited resolutionof theeyehelpsin giving theimpressionof

a continuousflow of pictures,even thoughthe light of the two fields of eachframedoesnot

originatein thesamepixelsof thepicturetube.Notethat thenumberson theleft in Fig. 6 are

theline numbersin thefield (i.e. theorderin which they aretransmitted).Thenumberson the

right are the line numbers in the frame (i.e. the number in the complete picture).

Fig. 7 shows the constructionof a basebandTV signal.Fig. 7a shows the time domain

without sound.Thesignalshown in Fig. 7a is calleda CVBS signal(CompositeVideoBase-

bandSignal).Fig. 7b shows the frequency spectrumof a basebandTV signal including the

sound.

As mentionedearlier, eachTV frameis built up of 625lines.Thereare25 framespersec-

ond,sopersecond15625linesaretransmitted.Thismeansthateachline is 64µs long.During

52µs video informationis transmitted.Theother12µs areusedto transmitotherinformation

thattheTV needsto projectagoodpicture.In theTV itself the12µsareusedto movetheelec-

tron beamin thetubebackto thestartof thenext line. Eachline startswith a synchronisation

(or sync)pulse.Thestartof anew field is indicatedby awidesyncpulse(dottedsyncpulseon

theright in Fig. 7a).In thefirst field (with theoddlinesof theframe)thestartof thefield sync
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Fig. 6 Line structure of a TV picture.
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pulsecoincideswith the line syncpulse.In the secondfield (even lines) the field syncpulse

starts between two line sync pulses.

The coloursin a TV picturearemadeby combiningthe threeprimary colours:red (R),

green(G), andblue(B). To maintainbackwardscompatibilitywith black-and-whiteTV broad-

castingsystems,the colour TV signal is not transmittingthe R, G and B information, but

so-calledluminanceand chrominancesignals.Backwards compatibility was an important

boundaryconditionwhencolour TV was introduced.This wasnecessaryto make surethat

viewerscouldwatchthesameTV programmeson bothblack-and-whiteTVs andcolourTVs,

without having to make special channels for colour TV.

The luminancesignalcarriesthe informationthat is alsousedby black-and-whiteTVs. It

1 line (64µs)
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Fig. 7 TV signal in (a) time domain without sound,

(b) frequency domain with sound.
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representsthe amountof light in the scene.The chrominancesignalcarriesthe information

aboutthetint of thecolourandits saturation.Theluminancesignalis designatedby theletter

Y. Thechrominancesignalcarriesthecolour informationin theform of two colourdifference

signals:thedifferenceof theredsignalandtheluminance(R-Y) andthedifferenceof theblue

signalandthe luminance(B-Y). The luminanceis madeat the transmittersideby combining

the R, G and B signals:

(1)

By combiningtheY, R-Y andB-Y signalsin theTV, theoriginalR, G andB signalscanbe

recovered (three equations and three unknowns).

The theory behind luminanceand chrominanceprocessingis beyond the scopeof this

work. A good introduction can be found in [9].

The chrominanceinformationis modulatedon a subcarrierfsc that is placedin the upper

part of the luminancespectrum.The amplitudeof this subcarrieris a measurefor the colour

saturation,its phasedeterminesthecolour tint (alsocalledhue).Thesubcarriercancarry two

differenttypesof information,becausetheinformationis quadraturemodulatedon it (Fig. 8).

To beableto reproducethecorrectcolour tint theTV needsa referenceto know what ‘phase

zero’ is. Theburst,which is transmittedafter thesyncpulse(seeFig. 7a)containsthis infor-

mation.

Y 0.30R 0.59G 0.11B+ +=

subcarrier
oscillator

cos(ωsct)

sin(ωsct)

B-Y

R-Y

CVBS

Y

syncburstkey

Fig. 8 Generation of the CVBS signal in a TV transmitter.
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Fig. 8 shows how thechrominance,burst,luminance,syncareaddedto form a CVBS sig-

nal. This CVBS signal is the signal shown in Fig. 7a.

Wheninspectingthespectrumof Fig. 7b,it is obviousthattheluminanceandchrominance

sharea partof thespectrum.This will inevitably leadto crosstalk.This crosstalkcanbeseen

asthecoloursrunningthrougha stripedshirt (cross-colour),or asa bandof vertically moving

dots between saturated colours (cross-luminance or dot-crawl).

At first glanceit mayseemstrangeto let thespectraof luminanceandchrominanceover-

lap, but this schemewasselectedto keepcolourTV signalscompatiblewith black-and-white

TV signals.Thecoloursubcarrierfrequency waschosensuchthattheartifactsthatarisedueto

the overlapping spectra are as small as possible.

The soundthat accompaniesthe pictureis modulatedon a secondsubcarrier(fsnd in Fig.

7b) with a frequency just above the maximum frequency of the luminance spectrum.

For broadcastingof television signalsvestigialsideband(VSB) modulationis used.This

modulationschemecombinesthe bestelementsof single side band(SSB) and doubleside

band(DSB) modulation.Straightforward amplitudemodulationof a carrierresultsin a DSB

signal.Sucha signalhastwice the bandwidthof the modulatingsignal.By suppressingone

sidebandof theDSBsignalanSSBsignalis obtained.An SSBsignalhasthesamebandwidth

asthe original signal.However, whereasa DSB signal is easilydemodulatedin the receiver,

this is not true for an SSBsignal.A DSB signalcanbe demodulatedby a simpleenvelope

detector. For thedemodulationof anSSBsignalamorecomplex demodulatoris needed(e.g.a

quadraturedemodulator).WhenTV wasfirst introduced,electroniccomponentswereexpen-

sive.To keepthetelevision receiverssimple(andthuscheap)VSB waschosenasthemodula-

tion schemefor TV signals.In aVSB signalonesidebandis broadcastcompletely, theotheris

partially suppressedto save bandwidth.For black-and-whiteTV signalsa simple envelope

detectorcanbeusedfor demodulation.Black-and-whiteTV signalshave mostof their energy

in thelow frequencies,sothat thedistortionthat is theresultof this simpleway of demodula-

tion is not too annoying. ColourTV signalsrequiremoresophisticateddemodulators,asthey

do containmany high-frequency componentsdueto themodulationof thecolour information
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on a subcarrier. Fig. 9 shows the spectrum of a VSB modulated PAL TV signal.

As thelow-frequency componentsof a VSB signalareeffectively broadcastin DSB mode

and the high-frequency componentsin SSBmode,a filter with a so-calledNyquist slopeis

usedin front of thedemodulatorto geta flat amplituderesponseof theoutputsignal(Fig. 10).

Note that the lower side band is broadcast completely, and the upper side band partly.

Fig. 11 shows thewell-known EBU colourbar(EuropeanBroadcastingUnion),a testsig-

nal that is widely usedto get a quick impressionof the performanceof a TV broadcasting

Fig. 9 Broadcast spectrum of a VSB modulated TV signal with respect to

the picture carrier.
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Fig. 10 Idealised transfer of the input filter of the VSB demodulator.
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chain[11]. This signalwill comebackin themeasurementsectionsof thecircuitsthatwill be

discussedin thefollowing chapters.Thecolourdifferencesignalsin this colourbararecalled

U and V, with U = (B-Y)/2.03 and V= (R-Y)/1.14.

Fig. 11 PAL EBU colour bar: (a) CVBS, (b) luminance, (c) V, (d) U.
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Television set

Fig. 12 shows the block diagramof a straightforward analoguecolour TV. Throughthe

antennatheinputsignalentersthetuner. Thetunerconvertstheinputsignalfrom theinput fre-

quency that canbeanywherein the rangefrom 50 to 900MHz to a 39MHz intermediatefre-

quency (IF). Thebandwidthof the incomingTV signalis 6.25MHz,andtheTV channelsare

spaced7MHz apart.Theexactbandwidthandchannelseparationfor terrestrialbroadcastsig-

nals vary from country to country. Cable networks sometimesdeliberatelyuse a different

channelspacingto prevent interferenceproblems.Extremely complicatedfilters would be

neededin thetunerif thechannelseparationweremadewith onetunableband-passfilter. With

thesuperheterodyneapproachtheband-passfilter in thetunercanbewider: theinput signalis

convertedto 39MHz andherethe selectivity is madeby onefixed band-passfilter with the

response shown in Fig. 10.

TheIF circuit convertsthesignalcomingfrom thetunerto a basebandCVBS signal.The

outputsignalof the IF circuit is thesignalshown in Fig. 7. TheCVBS signalis split into its

componentpartsin thefilter block.Thesoundsignalis fedto asounddemodulator, whoseout-

put signaldrivesthe loudspeaker after power amplification.The chrominancesignalgoesto

the colour demodulatorthat outputsthe colour differencesignals.The luminanceandcolour

differencesignalarecombinedin theRGBstages.Thesestagesdrive theRed,GreenandBlue

gunsof thepicturetube.Thesynchronisationsignalis fed to thesynccircuit thatcomprisesa

PLL to recover the startingpointsof the lines. The vertical syncsignal is usually recovered

Fig. 12 Block diagram of a basic TV.
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with theaid of a digital countingcircuit. Thesyncpulsesthemselvesarenot useddirectly, to

increasenoiseimmunity of theTV. Without thesecircuits thepictureswill show jaggedverti-

cal edges and roll vertically, even with relatively low levels of noise.

Thepowersupplyunit is aswitchedmodecircuit. Sometimestheline frequency of theTV

is usedastheswitchingfrequency. This hastheadvantagethat thereis no risk of interference

of thepower supplyandthedeflection.Anotherpossibility is to usea free-runningfrequency.

This hastheadvantagethatit is easierto make thecircuit insensitive to mains-andloadvaria-

tions.

Theaccelerationvoltage(EHT: ExtremelyHigh Tension,about30kV) thatis neededin the

picture tube is usuallygeneratedby a circuit that usesthe flyback voltageof the horizontal

deflection coil.

A signalthathasnotbeenmentionedin theforegoingis the(digital) teletext signal(TXT).

This signalis transmittedin the linesdirectly after thevertical syncpulse.Theseline arenot

carryingvideoinformation,becauseit takessometime to move theelectronbeambackto the

startingpointof thenext field. So,althoughthe625linesperfield asshown in Fig. 6 aretrans-

mitted,thefirst 25 lines in eachfield arenot displayed.TheTXT signalis alsofilteredout of

theoutputsignalof theIF circuit andfed to amicroprocessorfor processing.Thisprocessoris

also used to control all internal functions of the TV.

As mentionedearlier, a transmittedTV picture is built up of 50 fields per second.Some

peopledon't experiencethis as a stable,but as a flickering picture. In so-called100Hz (or

scan-conversion)TVs eachfield is storedin a memoryanddisplayedtwice in rapid succes-

sion.By increasingtherepetitionrateof thepictureby a factorof two like this, theflickering

effect can be made invisible.

Differ ences between the TV broadcasting systems

The systemdescribedabove is not an actualTV broadcastingsystem.PAL, NTSC and

SECAM have a numberof differences,themostimportantof which arelistedin Table2. The

list only summarises the most important differences.

TheSECAMcolourinformationis frequency modulatedontwo differentsubcarriers.Each

line thesubcarrierswitchesto theotherfrequency. Thereferencephaseof thecolourburstof

PAL switchesbetweentwo values:-45o and+45o. Eachline the phasechangesto the other

value.Therealsotwo variantsof PAL with coloursubcarrierfrequenciesof 3.575611MHzand

3.582056MHz.

All broadcastingsystemsalsohave small differencesfrom countryto country. Especially

the IF modulation has a lot of variants [10].
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Differ ential phase errors

As mentionedearlier, NTSCsignalsaresensitive to differentialphaseerrorsof the trans-

missionchannel.This meansthatthephaseof thesignalschangesslightly asa functionof the

signalamplitude.As thecolour tint is codedin thephaseof themodulatedcoloursubcarrier,

this resultsin a wrongcolouron thescreen.ThereforeNTSCtelevision have a so-calledhue

control button that allows the viewer to adjustthe colours.As the viewer doesnot normally

have measurementequipmentat handto find theoptimumsetting,settingthehueamountsto

adjustingthecoloursto his/hertaste.Adjustingthehueis donein theTV setby demodulating

thequadraturemodulatedcoloursubcarrierwith sin(ωsct+φhue) andcos(ωsct+φhue), insteadof

sin(ωsct) and cos(ωsct).

PAL andSECAMTVs donothaveahuecontrolbuttonastheseweredesignedto beinsen-

sitive to differentialphaseerrors.PAL accomplishesthisby aslightmodificationof themodu-

lation scheme(with respectto NTSC),SECAM by usingfrequency modulation(FM) instead

of quadrature amplitude modulation for the chrominance signal [9].

Television ICs

The market of TV ICs is divided in threesegments:low-end,mid-range,andhigh-end.

Thelow-endandmid-rangeICs areusedin 50/60HzTVs, thehigh-endICs areusedin 100Hz

TVs only.

For thelowestendof themarket two ICs,ananaloguesignalprocessorandamicrocontrol-

NTSC PAL SECAM

field frequency 60Hz 50Hz 50Hz

number of lines/frame 525 625 625

colour subcarrier
(burst) frequency

3.579545MHz 4.433619MHz 4.25 MHz
4.406MHz

burst reference phase 0o +/-45o n.a.

sound subcarrier fre-
quency

4.5MHz 5.5MHz 6.0MHz

IF frequency 45.75MHz 38.9MHz 38.9MHz

Table 2 Differences between the most commonly used versions of NTSC, PAL and

SECAM.
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ler areput in onepackage,a so-calledmulti-chip package(MCP).Fig. 13 shows sucha pack-

age.This constructionhasthe advantagethat both the (analogue)signal processorand the

(digital) microcontrollercan be madein a processthat is optimal for thesefunctions.This

bringsconsiderablecostsavings to the manufacturerof theseICs. For the TV setmaker it is

advantageous,becausehehasto handleonly onecomponent.On top of thattheprintedcircuit

board will be smaller and simpler.

Fig. 14showsamid-endanaloguesignalprocessingIC for 50HzTV. As thereis noneedto

digitisethevideosignalin a50HzTV, all signalprocessingin suchaTV is usuallydonein the

analoguedomain.In a 100Hz TV the signal doeshave to be digitised,becauseit must be

storedin a memory. Dependingon the architectureof the TV the signal is digitised for the

memory only, or (a part of) the signal processing is done digitally as well.

Fig. 13 MCP with analogue TV processor and digital microcontroller

for low-end applications.
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Theprocessorshown in Fig. 14containsall functionsthataredrawn within thedashedrec-

tangle in Fig. 12. So this IC containsall signal processingfunctions(except the tuner, the

microcontrollerandthepower stages)which areneededin a TV. TheIC canbecharacterised

as a system-on-silicon,with an analoguedata path and a digital control path. All signal

processingfunctionsareperformedby analoguecircuits,whereaseverythingaroundthesignal

path is digital if possible.Oneof the reasonsfor that is that the IC has25 adjustmentsand

some70 switches.If eachof theseadjustmentsandswitcheshadto controlledvia its own pin

on the IC, that would requirenearly100 pins.That'swhy the IC is controlledby an I2C bus

[12]. This two-wirebusfeedsall theadjustmentandswitchingcommandsto theIC. Thissaves

Fig. 14 TV processor IC for mid-range applications.
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a lot of hardwareandmakestheIC easilysoftwarecontrollable.Insteadof 25 potentiometers

theIC has256-bit DACsto controlall adjustments.Theadjustmentsarefor theadjustmentsof

externalcomponents,like thepicturetube,andto adjustusersettings,like soundvolume.All

circuits in the IC arekept within their specifiedrangeby internal,automaticcalibrationcir-

cuits.

TheIC of Fig. 14 is madein a BiCMOS processwith a minimumline width of 0.6µm. It

containsover 60,000componentson 27mm2. The analoguecircuits are madeup of 18,000

components.The supply voltageis 8V and the total currentconsumptionis about140mA.

More than95%of this currentis drawn by theanaloguecircuits.Thedigital circuitsarepre-

dominantly low-frequency control circuits and consequently don't draw a lot of current.

In [13] one of this IC's forebears is described.
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chapter 3

Integrator with a low unity-gain fr equency

Intr oduction

In many IC applicationsthereis a needfor circuits with a low bandwidth.Thesecircuits

areneededfor e.g.stabilisationof control loopsand/orsuppressionof high-frequency signal

components. This chapter describes a technique for making continuous-time

low-unity-gain-frequency integrators.Thelong time-constantsthatareneededin suchintegra-

torsarechallengingto make in anIC, asthemaximumsizeof integratedcapacitorsis in thepF

range.

Integratorswith low unity-gain frequencieshave beendescribedin e.g. [14]-[16]. How-

ever, thesecircuitsoperateatextremelylow currents.Thecircuit in [16] operatesatabiascur-

rentof only 300pA.Very smallbiascurrentsmake circuitssusceptibleto leakagecurrentsthat

mayarisewhenprocessingproblemsoccurin a foundry. Leakageis not normallya problem,

but if an IC is susceptibleto it, this can lead to low yield, or worse,scrappingof complete

batches.But, asleakageincreaseswith temperature,the leakagemaywell not bedetectedby

the test programin the test factory. If an IC with a relatively high leakagecurrentescapes

detectionby thetestprogram,it maycauseafailureof thesystemin which it is used.A way to

preventICswith ahigh leakagecurrentfrom escapingdetectionis to testatahigh temperature

insteadof at roomtemperature.This is possiblebut costly, soif thereis noabsoluteneedfor it,

it should be avoided.

As leakagecurrentscanleadto highcosts,a researchtopicwasdefinedto makeanintegra-

tor with a low unity-gain frequency thathasavery low sensitivity to leakagecurrents.To make

thecircuit insensitive to leakagecurrents,thebiascurrentswerechosenwell abovetheleakage

current level. As this researchwas not aimedat a particularapplication,the outcomewas

going to be a solution in search of a problem.

Theboundaryconditionsfor the integratorweresetasfollows: total capacitanceequalto

20pF(i.e. two anti-parallelconnectedcapacitorsof 10pF)andminimum biascurrentsin the

transistorsof theorderof 1µA. With this lower limit onthebiascurrent,thecurrentlevel in the

circuit is far above thelevel of theleakagecurrentsin theprocess.A numberof circuitswith a

low unity-gain frequency areproposedin which theeffectsof parasiticsareaddressedoneby

one to increase the DC gain of the integrator.
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Thedesigntechniquefor the integratorcircuit wasverified in a voltage-controlledcrystal

quadratureoscillator, whereinit must keepthe offset of two series-connectedintegratorsat

bay. From the proposed circuits one is adapted to fit the requirements of the oscillator.

Scope of this work

This work concentrateson continuous-timeintegratorsfor systemsin which a clock is not

availableor undesirable(e.g.to preventcrosstalkof theclock frequency to therestof thesys-

tem).Discrete-timetechniqueslike switched-capacitors[17] andswitched-currents[18] have

not been considered.

Continuous-time integrators

ideal integrator

Fig. 15 shows anidealcontinuous-timeintegrator. Theunity-gain cornerfrequency of this

ideal circuit is:

(2)

The DC gain of this ideal circuit is infinite.

practical integrator

Practicalcontinuous-timeintegratorscanneverhaveaninfinite DC gain.Therewill always

be(parasitic)impedancesin thecircuit that limit theDC gain. This canbee.g.a finite output

resistanceof thecurrentssource,or a leakagein thecapacitor. Fig. 16showstheequivalentcir-

cuit of a practicalintegrator. Theunity-gain cornerfrequency of this circuit is ωGB = gm/C (so

ωGB

gm

C
------=

gmvin

vout

Fig. 15 Ideal integrator.
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equal to that of an ideal integrator), the DC gain is:

(3)

Fig. 17 shows the amplitude transfer characteristic of a practical integrator.

Cir cuits for continuous-time integrators

From the above it follows that in orderto obtaina lower unity-gain frequency, eithergm

mustbe decreasedor the capacitancemustbe increased.In the following somecircuit tech-

niques that can be used for integrators with a low unity-gain frequency are discussed.

Miller effect

A practicalupperlimit to thevalueof a capacitorin anIC is about100pF. Oneway to get

ADC gmR=

gmvin

vout

Fig. 16 Integrator with finite DC gain.
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Fig. 17 Amplitude transfer characteristic of a practical integrator.
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roundthis is to electronicallyboostthevalueof acapacitor. A techniquethatis widely usedto

electronicallyboostthevalueof a capacitoris theMiller effect [19]. Fig. 18ashows a circuit

that makesuseof the Miller effect. The valueof the capacitoris electronicallyenlargedby

placingit in thefeedbackloopof anamplifier. This techniqueis widely usedto stabiliseampli-

fiers.Theamplifierin Fig. 18 is thenoneof thestagesof theamplifierthathasto bestabilised.

In Fig. 18btheeffectivevalueof thecapacitorseenfrom theinput is Ceff = (1+AM)C. By mak-

ing thegain AM of theamplifierhigh it is easyto make extremelyhigh effective valuesof the

capacitor.

If the capacitorof an integratoris replacedby a capacitorthat is boostedwith the Miller

effect, the unity-gain frequency will not change:both the apparentcapacitanceand the DC

gain areincreasedby the sameamount,so the gain-bandwidthproduct(which is identicalto

theunity-gain frequency) will remainthesame.WhentheMiller effect is usedto stabilisean

amplifier, thecapacitoris placedacrossoneof theamplifyingstagesthatis alreadypresent.So

in suchan applicationthe capacitorvalue is boosted,but the total gain of the systemis not

increased.

active RC integrators

If thecapacitorof anideal integratoris replacedby a capacitorin thefeedbackloop of an

amplifier thecurrentsourcecanbereplacedby a resistor(Fig. 19). The input voltageis con-

vertedinto a currentastheresistoris connectedto virtual ground.Sothetransconductancein

this circuit is simply gm = 1/Rint [20].

AM

C

gmvin

vout

Fig. 18 Basic configuration of a circuit using the Miller effect (a) and its

equivalent circuit (b).

AM

(1+AM)C

gmvin
vout

(a) (b)
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A low unity-gain frequency canbeobtainedwith thecircuit of Fig. 19by increasingRint to

a very high value(for a given capacitanceC). Like capacitors,resistorsalsohave a practical

upperlimit. In a 0.6µm BiCMOS process[21] a resistorof morethan1MΩ is impractically

large.Insteadof resistors,MOS transistorscanbeusedin thecircuit of Fig. 19 [22]. A circuit

with MOStransistorsinsteadof resistorsis shown in Fig. 20.Thiscircuit is balancedto getrid

of thenon-linearityof theMOS transistors.A controlvoltageVc is appliedto thegatesof the

transistors to tune the circuit to the desired unity-gain frequency.

A disadvantageof the circuit of Fig. 20 is that the MOS transistorsmust be very long

and/orhavea low gate-sourcevoltageto obtaina low transconductancevalue.Thismeansthat

themaximuminputvoltageis ratherlimited. A wayto getroundthis is to usetheconfiguration

of Fig. 21 [23]. Due to the crosscoupling,the differenceof the conductanceof M1 andM3

A

C

vin

vout

Fig. 19 Active RC integrator.

Rint
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vin vout

Fig. 20 Balanced integrator circuit with MOS transistors used in their linear region.
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(and their counterparts)determinesthe unity-gain frequency. Two different control voltages

areusedto control theconductancesof theMOS transistors.Sotheresultingconductancecan

below evenwith amoderateconductancein theMOStransistors.In [23] thiscircuit is usedto

improve the linearity with respect to that of the circuit of Fig. 20.

transconductance-capacitance integrators

Fig. 22 shows a circuit in which the transconductor is a bipolar transistor.

The transconductance of the transistor is

(4)

In this equation,IE is thebiascurrentthatflows throughthetransistor. So,to obtaina low

A

C

vin vout

Fig. 21 Balanced integrator circuit with cross-coupled MOS transistors

to reduce the transconductance.
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Fig. 22 Integrator with bipolar transistor as transconductor.
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transconductance the bias current must be low.

Emitter degenerationcanbe usedto make the transconductanceof the circuit of Fig. 22

lower. Fig. 23 shows a balancedcircuit in which emitterdegenerationis applied.Although a

low transconductancecan now be obtainedwith a (relatively) high bias current,the circuit

doeshave somedrawbacks.A largeresistor(or anequivalentcircuit) is needed,andif thecir-

cuit is biasedwith a current that is far bigger than the maximumsignal current that flows

throughthe resistor, themodulationdepthis very low. This is generallynot goodfor thesig-

nal-to-noise ratio.

A differentialpair of MOS transistorshaslimitationssimilar to thatof a bipolartransistor.

But, with the same bias current the transconductance of a MOS transistor is always lower.

Making a low unity-gain fr equency

With all thecircuitsdescribedabove it is challengingto make a really low unity-gain fre-

quency. The circuit with the cross-coupledMOS transistors(Fig. 21) is limited by the mis-

matchof the MOS transistors.Circuits with transconductorsare limited by the lowest bias

current that can be used, without running into trouble with leakage currents.

In the following a circuit technique will be explored to alleviate the latter problem.

Low unity-gain fr equencies and leakage currents

Transconductor-C integratorsfor very low frequenciesusuallyoperateatanextremelylow

currentlevel. Examplesof thesearethecircuitsdescribedin [14]-[16]. In [14] and[15] aMOS

currentmirror with a largeattenuationis usedto chargea capacitor. In [16] a bipolarcurrent

mirror with a very largeattenuationdrivesa Miller integrator. Thecollectorcurrentin theout-

put transistorof thecurrentmirror in thelattercircuit is just300pA.Thereasonwhy thesecir-

gmvin

+vin -vin

IE IE

Fig. 23 Emitter degenerated transconductance amplifier.

RE
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cuits operateat such low bias currentslies in the fact that the maximum value that an

integratedcapacitorcanhave is of theorderof 100pF. Thevery low currentis neededto make

the low transconductance,which is neededto make an integratorwith a low unity-gain fre-

quency.

Theabsoluteminimumcurrentlevel atwhichacircuit with bipolartransistorscanoperate,

in an IC with only perfect p-n junctions, is determinedby the saturation1 current of the

(reversebiased)base-substratediodeof thelateralPNPtransistors.Thesaturationcurrent(due

to minority carriers)dependsonthedopingprofileof thebase-substratejunction,thetransistor

dimensionsandthetemperature[24]. Typically this currentwill bebelow 1nA (at 125oC) in a

0.6µm BiCMOS process[25]. However, dueto imperfectionsin thep-n junctions(e.g.dislo-

cationsin themonocrystallinesilicon)extracurrentmayflow in thebase-substratediode.This

currentis dueto so-calledShockley-Hall-Read(SHR) recombination[26]. This extra current

with respect to the saturation current is called leakage current or ISHR in this chapter.

If the impedanceof thesourcethatdrivesthe transistoris very high IS andISHRflow into

thebaseandareamplifiedby thecurrentgain factorαe of thetransistor(Fig. 24). If thereare

processingproblemsin the foundry (e.g. impuritiesat the surfacethat causemany dangling

bonds:theshadedareasat the top-rightandtop-left of theNWELL in Fig. 24a),thevalueof

ISHR canbe significantlyhigherthanIS. However, experienceshows that if processingprob-

lemsoccur, in the majority of casesthey causecollectorcurrentsbelow 10nA (at 125oC) in

minimum-size transistors in a 0.6µm BiCMOS process [25].

Theleakagecurrentof NPNsis generallymuchsmallerthantheleakagecurrentof PNPs.

1. The term saturation current refers to the current in a reverse biased diode in this section. It doesnot
referto thecurrentin abipolartransistorthatis driveninto saturation.It alsodoesnot referto thecurrent
in an MOS transistor driven with a very high gate-source voltage.

αe(IS+ISHR)

Fig. 24 (a) IS and ISHR flow from the base to the substrate. (b) Is and ISHR are

amplified just like any other input current.
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The IS+ISHR of anNPN originatesin thecollector-basejunctionandis amplifiedby thecur-

rentgainof theNPN,just like in thecaseof thePNPshown in Fig. 24.If thebiascurrentof the

NPNsis deliveredby PNPs,thePNPs’leakagecurrentdeterminestheminimumbiascurrent

of the whole circuit.

The minimum operating current of MOS transistorsis mainly determinedby their

sub-thresholdcharacteristic[27]. For minimum-sizetransistorsin processeswith very short

channellength(<1µm) theleakagecurrentcanbewell within thenA range(at 125oC) [28]. If

thechannelis madelong enoughthesaturationcurrentof thedrain-to-welldiodewill become

dominantin an ideal MOS transistor. Unfortunatelyprocessingwafers in a foundry is not

alwaysideal.Oneof themany critical processstepsis thefield VT implant(shadedareain Fig.

25). If somethinggoeswrong with this implant the thresholdvoltageof the parasiticMOS

transistorbetweenthee.g.thedrainandthesubstratemaybecomeso low thata leakagecur-

rentflows(I lkg in Fig. 25).Therearemoreeffectsthatcancauseleakagein anMOStransistor,

but experienceshows that in the majority of casesthe total leakagecurrentis below 5nA (at

125oC) for minimum-size transistors in a 0.6µm BiCMOS process [29].

Integrator with g m reduction

A compactandsimpleway to reducethe transconductanceof anarbitrarytransconductor

is shown in Fig. 26.Thecurrentis attenuatedby thecurrentgain factor, αe, of abipolartransis-

tor [30]1. For clarity Fig. 26 only shows the signal diagram.The bias componentswill be

added at a later stage of the design process.

Thereare two ways in which the operationof the circuit canbe understood.Seenfrom

1. In thelatesixties/earlyseventiesthebasicideaof Fig.26,to usethebaseof thetransistorastheoutput
node, was used in some circuit designs. Despite an extensive search of the literature no references from
that (or any other) period could be found.

n+ n+

PWELL

gate sourcedrain

Ilkg

LOCOS

n-substrate
VT implant

Fig. 25 Leakage current from the drain of an NMOS transistor to the

substrate due to a wrong VT implant.
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capacitorthe transconductanceis reducedby thecurrentgain of the transistor. Seenfrom the

source the capacitor is increased by the current attenuation factor of the transistor.

The unity-gain corner frequency of the circuit is:

(5)

Assumingthe currentsourceoutput impedanceis infinite, the DC gain is determinedby

the transconductanceand the (parasitic)collector-emitter resistanceof the transistor. This

resistanceis calledtheoutputresistanceof the transistorin thedesignof currentsources.As

thecollectoris not theoutputin this circuit, thetermcollector-emitterresistancewill beused

to avoid confusion.The collector-emitter resistancerce of a transistoris dependentupon its

Early voltage VEA and its bias current IC:

(6)

So the DC gain of the circuit is:

(7)

This equationsuggeststhat the DC gain of this circuit is higher when the bias current

decreases.However, this dependson thetypeof transconductorthatis used.E.g.anon-degen-

erateddifferentialpair of bipolar transistorshasa gm that is proportionalto the biascurrent.

With such a transconductor the DC gain is independent of the bias current.

TheDC gain of thecircuit of Fig. 26 is equalto theDC gain of a circuit in which thecol-

lector of a bipolar transistordrives the capacitance(Fig. 22). However, the unity-gain fre-
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Fig. 26 Reducing the transconductance by current attenuation.
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quency of the circuit of Fig. 22 is a factorof αe lower thanthe unity-gain frequency of the

circuit of Fig. 26.Anotherway of puttingthis is to saythatthecircuit of Fig. 26 canbebiased

at anαe higher current level to obtain the same unity-gain frequency.

Comparison with the Miller-effect circuit

Oneway of looking at thecircuit of Fig. 26 is to seeit asa capacitancebooster. This is a

functionthattheMiller-effect circuit of Fig. 18 alsoperforms.As a consequencebothcircuits

sharemany characteristics.Thereis, however, onebig differencebetweenthe circuits. If the

Miller-effect circuit is addedto a system,theunity-gain frequency is determinedby thephysi-

cal valueof thecapacitor, notby theboostedvalue.This is dueto thefactthatall inputcurrent

flows throughthe capacitor. If the circuit of Fig. 26 is addedto a system,the unity-gain fre-

quency is determinedby theboostedcapacitorvalue,not its physicalvalue.This is dueto the

fact that only a part of the input current flows through the capacitor.

After thework presentedin this chapterwasfinished,a circuit wasproposedthatusesthe

Miller effect,but in which theunity-gain frequency is determinedby theboostedvalueinstead

of thephysicalvalue[31]. This is achievedby measuringthecurrentto thecapacitorandthen

feeding a part of this current to ground instead of through the capacitor.

Cir cuit implementation

Thefirst stepin moving from theprototypeto a realcircuit is to changetheprototypeinto

a balancedcircuit (Fig. 27).Balancedcircuitshave a numberof well-known advantages:sup-

pressionof even orderharmonicdistortion,robustnessagainstsubstratecrosstalk.Also, it is

easier to bias the circuit if it is balanced instead of single-ended.

gmvin

-vout+vout

Fig. 27 Balancing the circuit.
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In the following, all componentsof thecircuit will bedrawn, but only thecomponentsof

onehalf of the circuit will be described.The analysesfor thesecomponentsarealsotrue for

theircounterpartsin theotherhalf of thecircuit. Theonly thing to remember, whencalculating

e.g.animpedancelevel or a time-constant,is to multiply (or divide) theresultby two to getthe

correctanswerfor thebalancedcircuit. Theequationsbelow all have this factorof two already

taken into account.

Up to now thesignalpathof thecircuit hasbeendescribed.Thebiascomponentswill now

beadded.For thebiasingpartof thecircuit thesamecriteriawith respectto leakagehold true

asfor thesignalprocessingpart.Thereforethebiascurrentthatis fed to thebaseof thecurrent

attenuatingtransistorsshouldalsobe flowing from a base.For a correctbiasingthis current

mustflow from thebaseof a transistorthat is thecomplementarytypeof thetransistorthat is

usedfor thesignalattenuation.In thecircuit diagramsshown so far NPN transistorsareused

in the signalpath.This meansPNPtransistorshave to be usedin the biascircuitry1. Fig. 28

shows the basicbiasingscheme.In the following circuit diagramsthe componentsthat have

beenaddedor changedwith respectto thepreviousdiagramwill beshaded.Fig. 29showshow

thecommon-modecurrentsof thecircuit of Fig. 28 aregenerated.A PMOStransistorpair T4

1. In this circuit, as in all electronic circuits, the N-components (i.e. NPN and NMOS) and P-compo-
nents (i.e. PNP and PMOS) can be interchanged at will in the signal path. This will not affect the func-
tion of the circuit (though the specification will be affected due to the difference in parameters of both
types of components), but only the bias conditions.

gmvin

-vout+vout

Fig. 28 Basic bias circuitry.
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sensesthe voltageacrossthe capacitor. The gate terminalsof MOS componentsareusedto

sensethe capacitorvoltageasthey have an extremelyhigh-ohmicinput resistanceanddon’t

suffer from leakagecurrents.The voltageon the commonsourcenodeis the (level-shifted)

common-modevoltageof thecapacitor. This voltageis usedto generatetheinput currentof a

currentmirror thatoutputsthecommon-modecurrentsto thePNPs(T3) thatfeedthebiascur-

rents to the signal attenuating transistors.

influence of the bias components on the DC gain

Theadditionof thebiascomponentsdoesnotaffect theunity-gain frequency. TheDC gain

of thecircuit, on theotherhand,is reduceddueto thebiascomponents.Thecircuit hasthree

parasiticresistivecomponentsthatlimit theDC gain.Theseparasiticsarethecollector-emitter

resistancesof T1, T2 andT3. TheDC gain of thecompletecircuit aftertheadditionof thebias

components has become:

(8)

WhereαeN andαeP arethe currentgain factorsof the NPN andPNP, respectively. If the

NPNs are identical and the PNPs as well, an alternative way of writing equation 8 is:

gmvin
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Fig. 29 The common-mode control circuit added.
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(9)

where VEAN and VEAP are the Early voltage of the NPN and PNP, respectively.

An observationthatcanbemadein equation9 is that thecurrentgain of neithertheNPN

nor the PNP is a determining factor for the DC gain.

Supposetheinput currentis deliveredby a non-degenerateddifferentialpair of idealbipo-

lar transistorswith a tail currentof 2µA, so gm = 20µS (i.e. 1/(50kΩ)). Then,with a circuit

madein a 0.6µm BiCMOS process[21] (Table3) andusinga 20pFcapacitor, theunity-gain

frequency fGB = 1.2kHz and the DC gain ADC = 54dB.

Simulation results

To checkthecalculationasimulationwasrunonthecircuit of Fig. 29.Thecapacitorin the

circuit hasa valueof 20pF, but is in fact an anti-parallelconnectionof two poly-poly 10pF

capacitors.This is to keepthecircuit well-balanced:bothterminalsof thetotal capacitorhave

the samebottom-plate-to-substratecapacitance.In the simulation the transconductoris an

idealdifferentialpair of bipolartransistors.Thetail currentof this pair wasvariedto checkits

influence on the unity-gain frequency and the DC gain. Fig. 30 shows the results.

αeN 130 (10nA<IC<100µA)

αeP 35 (10nA<IC<10µA)

VEAN 60V (VCB=0V)

VEAP 30V (VCB=0V)

poly-poly capacitance 1600pF/mm2

Table 3 Parameters of the 0.6µm BiCMOS process [21] (room temperature).
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As expectedFig. 30showsthattheinfluenceof thebiascurrenton theDC gain is very low,

while the unity-gain frequency varies nearly linearly with the tail current.

Common-mode loop

Thecircuit hasthedesiredlow unity-gain frequency anda high DC gain,but this canonly

be exploited if the whole circuit is stable.As the circuit containsa common-modecontrol

loop, it is importantto make surethat this loop is alwaysstable.Whenanalysingthecircuit it

is easyto seethat thecommon-modeloop hasonedominantpole locatedon thegatenodeof

T4. On thegatenodetheimpedanceis veryhighasonly basesandthegateareconnectedto it.

The other nodesin the loop are connectedto emittersand will thereforehave a far lower

impedance.On the gateof T4 thereis alsoa (relatively) large capacitanceto ground,mainly

dueto thebottom-plateparasiticof capacitorC. As thecapacitoris connectedacrossthedif-

ferential output nodeof the circuit, it will not influencethe stability of the common-mode

loop.Only its parasiticsto ground,whichareof theorderof 10percentof thecapacitoritself,

will influencethestability. In casethecircuit would prove to have stability problemswith the

common-modeloop,capacitorC might be(partly) split up in two seriescapacitors(insteadof

two parallelcapacitors),with thecentralnodeconnectedto ground.Fig. 31shows thatthesta-

bility of thecommon-modeloopof Fig. 29 is goodenoughwith thetwo parallelcapacitorsfor

both high and low bias currents.
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Noise performance

The basicoperatingprinciple of the presentedcircuit is attenuationof the input signal.

Becauseof this it is to beexpectedthatits signal-to-noiseratio is not its strongestfeature.In a

worstcasescenarioonemight feara deteriorationof thesignal-to-noiseratio of a factorequal

to thecurrentattenuationfactor. Thecircuit of Fig. 29 (without thecapacitor)canberegarded

asanactive loadresistorof thetransconductor. In appendixA it is simulatedthatthecircuit of

Fig. 29 generates29dB morenoisethanan equivalentpassive load resistor. Although this is

substantiallylower than the currentattenuationfactor (i.e. 130, or 42dB), it is certainly too

high to call the circuit low-noise.

Incr easing the DC gain of the integrator

To increasetheDC gain of theintegratorto a valuewhich is ashigh aspossible,theinflu-

ence of the three collector-emitter resistances in equation 8 must be eliminated.

elimination of the influence of the collector-emitter resistance of T3

Startingwith theeasiestone:T3. This currentsource'soutputimpedancecanbeincreased

by eitheremitterdegenerationor cascoding.Cascodingis preferred,asthecurrentin T3 is very

small.This implies thatvery high resistorvaluesareneededfor emitterdegenerationto have

Fig. 31 Simulated Bode plot of the open-loop behaviour of the common-mode loop.
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any effect. Fig. 32 shows the circuit diagram.

elimination of the influence of the collector-emitter resistance of T2

Next the influenceof T2 will be addressed.Eliminating the influenceof the Early effect

alwaysimpliesthatsomeway mustbefoundto keepthecollector-emittervoltageof thetran-

sistor, thatis suffering from it, constant.LookingatFig. 32anelegantsolutionfor theelimina-

tion of the influenceof the Early effect of T2 is to seeT1 asanemitterfollower betweenthe

outputandthe input of thecircuit. By connectingthecollectorof T2 to theemitterof T1, the

collector-emittervoltageof T2 is keptconstant(Fig. 33).As thecollectorcurrentof T2 is now

deliveredby thebiascurrentsourcethatalsobiasesT1, thebiascurrentin T1 will be lowered

somewhat. If thebiascurrentIbias,Nremainsthesame,the lower biascurrentthroughT1 will

lead to an extra increase of the DC gain.
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T3
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Fig. 32 Cascoding the current sources.
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elimination of the influence of the collector-emitter resistance of T1

It mayseemattractive to eliminatetheinfluenceof theEarlyeffectof T1 in a fashionsimi-

lar to thatof T2 asshown in Fig. 34a.However, herethetrick doesn'twork. Thereasonfor that

is that the input currenthasno closedpathin which it canflow, exceptthroughthecapacitor.

Neither the loop with T1 and T2, nor the DC current sources can take up the signal current.

An effective way to eliminatethe influenceof theEarly effect of T1 is shown in Fig. 34b.

In this circuit T6 keepsthe collector-emittervoltageof T1 constantby bootstrappingit. T6 is

notacascodingtransistor, becauseits baseis notconnectedto (signal)ground,but to theemit-

ter of T2, which carriesthe output signal itself. There is still somesignal currentflowing

throughT2 in this circuit, but becauseit is now only thebasecurrentof T6 its influenceon the

DC gain is negligible compared to the elimination of the influence of rce1.

gmvin
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Fig. 33 Eliminating the influence of the collector-emitter resistance of T2.
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gmvin
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Fig. 34 Incorrect way (a) and correct way (b) to eliminate the influence of the

collector-emitter resistance of T1.
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Simulation results

Table4 lists theDC gainof thecircuitsdiscussedabove.Thetransconductoris thesameas

in the previous simulation. The tail current was set to 2µA.

Verification of the integrator design

Thedesigntechniquefor the integratordescribedabove wasverified in a one-pinvoltage

controlledcrystal oscillator (VCXO). This oscillator is an existing design[32], whoseper-

formanceis good,but which would needanexternalcapacitor(or animpracticallylarge inte-

grated capacitor and/or resistor) to stabilise an internal DC control loop. The offset

cancellationcircuit hasto canceltheoffsetof two series-connected(high-frequency) integra-

tors.To makesuretheoverall loopwill notoscillate,theoffsetcancellationcircuit musthavea

very low unity-gain frequency.

In thefollowing sectiontheoscillatordesignwill bebriefly discussed.Theoscillatoris part

of the colour demodulator (see chapter 2). It oscillates at the colour subcarrier frequency.

The oscillator design

Fig. 35 shows theblock diagramof theoscillator. Theoscillatoris a one-pinvoltagecon-

trolled crystaloscillator. This meansonly onepin of thecrystalis connectedto theoscillator,

the other pin is connected to ground.

Many one-pincrystaloscillatorsdesignse.g.[33] producesquarewave outputsignalsof a

fixedfrequency. An exampleof anapplicationof suchoscillatorsis thegenerationof a stable

systemclock in VLSI systems.The applicationin which this oscillator is used,however,

requiressinusoidaloutputsignalsanda slightly variablefrequency. Thereasonwhy thereis a

needfor frequency control is that theoscillatoris partof a PLL, so it mustbeableto tuneto

the incomingfrequency (seealsothedescriptionof theanaloguePAL/NTSC colourdemodu-

lator in chapter4). Thereasonwhy theoscillatormustproducea sineanda cosineis that the

circuit DC gain

Fig. 29 55dB

Fig. 32 61dB

Fig. 33 72dB

Fig. 34b 86dB

Table 4 Simulated DC gain of the circuits described above.
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systemin which it is usedneedsquadraturesignalswhosephasecanbevariedwith respectto

the input signal. By adding the sine and cosinewith different weight factorsit is easyto

changethephase.Thephaseshiftingcircuit is notpartof theoscillator. Thephaseshiftingcir-

cuit performs the hue control in case of NTSC reception (see chapter 2).

Internallyall oscillatorsignalsaredifferential.As only onepin of thecrystalis connected

to theoscillator, thesignalis fed to thecrystalby a differential-to-singleconverterandtaken

from thecrystalby a single-to-differentialconverter. Theoutputsignalof thesingle-to-differ-

entialconverteris fed to two integrators(1 and3). Integrator1 is connectedto anotherintegra-

tor (2), integrator3 to a multiplier. Theoutputof integrator2 andthemultiplier areaddedand

fed back to the crystal throughthe differential-to-singleconverter. If the signal on the fre-

quency controlinput is changed,theamountof theoutputsignalof integrator3 thatis addedto

theoutputsignalof integrator2 changes.Thiscausesachangeof thephaseof theoutputsignal

of theadder. As a resultof this, theoscillatorwill move to a slightly differentoscillationfre-

single
to

differential

single
to

differential

frequency
control

offset
control

Fig. 35 Block diagram of the voltage controlled crystal oscillator.
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quency, as the conditions for oscillation must be maintained.

All threeintegratorshavea twofold job: phaseshifting to allow detuningof thecrystaland

suppressionof harmonicsof thecrystalto guaranteeoscillationat thecorrectfrequency. The

two series-connectedintegratorsprovide thequadratureoutputsignalsof theoscillator. These

connectto the multipliers that performthe quadraturedemodulationof PAL andNTSC sig-

nals.

Theoscillatorhasthreecontrol inputs.One(differential)input controlstheoscillationfre-

quency (terminal“frequency control” in Fig. 35).Thetwo otherinputscontrolthegainsof the

two series-connectedintegrators(terminals“gain 1” and“gain 2” in Fig. 35).As thereis only

one frequency presentin the oscillator (the crystal frequency), the gain control circuits to

which integrators1 and2 areconnected,will automaticallyadjustthemto haveagainof oneat

this frequency.

The oscillator generatesboth a sine and a cosineoutput signal. The differential output

amplitudes are 500mVpp.

Offset in the oscillator

Fig. 36 illustrateswhy theoutputsignalsof theoscillatormusthave a very low offset.The

outputsof theVCXO areconnectedto two multipliers.Theoutputsignalsof thesetwo multi-

pliers are the demodulatedPAL/NTSC colour differencesignals.Offset on the input of the

multiplierscausesa direct feedthroughof thecolourcarrierfrequency (ωsc) to theoutputs.In

Fig. 36 thesineoutputsignalof theoscillatoris assumedoffset-free,while thecosineoutput

signalhasanoffsetuos. In theoffset-freesinepath,theoutputof themultiplier only contains

thelow-frequency demodulatedsignalanda signalat two timesthecolourcarrier, thatcanbe

eliminatedby a low-passfilter at theoutputof themultiplier (notdrawn in Fig. 36).Dueto the

offset, theoutputsignalof thecosinepathalsocontainsa termwith the incomingmodulated

signal itself.

maximum allowable offset on the output signals of the oscillator

Themaximumoffsetthatis allowedin thesystemis determinedby themaximallyallowa-

ble amountof residualcarrierin the outputsignal.Accordingto the systemspecificationthe

residualcarrieron theoutputmustbesmallerthan5mVpp [34]. Thecarrieris attenuatedby a

factorof ten (worst case)in the third orderlow-passfilter andbuffer amplifier which follow

themultiplier (thesearenot shown in Fig. 36). The residualcarriermight beeliminatedby a

higherorderlow-passfilter, but this would costextra areaandincreasethegroupdelayof the

filter. Extragroupdelayin thecolourdifferencepathsmustbecompensatedin the luminance

path(by yetanotherfilter) to makesurethattheluminanceandcolourdifferencesignalsarrive
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synchronously at the stage where they are converted to RGB signals.

Offseton both the input signalandtheoscillatorsignalareallowedanequalcontribution

to theresidualcarrieron theoutput.This impliesthattheamplitudeof theterm2Buoscos(ωt),

which is causedby offseton theoscillatorsignal,mustbelower than2.5mVpp (i.e. maximum

residualcarrieramplitudedividedby two) for themaximuminput signal.Themaximuminput

signal is 660mVpp, so the peakamplitude2B = 0.33.From this it follows that the maximum

allowable offset on the oscillator outputs is uos < 7.5mV.

The single-to-differential converter

Crystal oscillatorscan be madeto oscillateat either the parallel or seriesresonantfre-

quency of thecrystal.A full explanationof theseoscillationmodesis beyondthescopeof this

work. Pleaserefer to [35]. Thespecificationof theoscillatordemandsthat it oscillatesat the

series resonant frequency of the crystal [32].

Thefactthattheoscillatormustoscillateat theseriesresonantfrequency of thecrystalhas

a major implicationfor thedesign.Dueto it, it is not possibleto keeptheoffset in theoscilla-

tor below the specifiedvalueby gooddesignof the oscillation loop, becausethe oscillation

loop hasno DC transferpath.The main oscillation loop in the oscillator, which is formed

aroundthe two series-connectedintegrators,is not closeddifferentially. It is closedthrougha

differential-to-singleanda single-to-differentialconverter. This is a consequenceof the fact

that the oscillator must be a one-pin oscillator.

sin(ωsct)

uos+cos(ωsct)

2Asin(ωsct) A-Acos(2ωsct)

2Bcos(ωsct) B+Bcos(2ωsct)+2Buoscos(ωsct)

Fig. 36 Effect of offset in the oscillator output signals in a simplified

colour demodulator.

VCXO
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Fig. 37 shows thecircuit diagramof single-to-differentialconverter. Theinput signalvin is

thesinusoidalsignalfrom theoutputof thedifferential-to-singleconverter. T1 passesthe full

input signalamplitudeon to thebaseof T2. However, thesignalamplitudeat thebaseof T3 is

very low, astheimpedanceof thecrystalis very low at its seriesresonantfrequency. Thiscon-

figuration forces the crystal to oscillate at its series resonant frequency.

As the baseof both T2 andT3 aredriven from the emitterof T1, thereis no DC transfer

from vin to iout. If thebaseof T2 wereconnectedto a signalground,insteadof theemitterof

T1, therewould be a DC transfer, but thenthe crystalwould resonateat its parallelresonant

frequency (the frequency at which the impedance of the crystal is very high).

Eliminating the offset in the oscillator

As thereis no DC transferthroughthedifferential-to-singleandsingle-to-differentialcon-

verters,it is not possibleto keeptheDC offset in themainoscillationloop small throughthe

feedbackof the loop itself. It is necessaryto have someform of offset cancellation,because

theintegratorshaveaDC gainof about30,sothetwo integratorsis serieshaveagainof nearly

1000.Soeventhesmallestoffsetin thesingle-to-differentialconverteror integrator1 (Fig. 35)

would causea very big offsetat theoutputof integrator3. Thereforetheoutputof integrator3

is sensedby anoffsetcancellingcircuit. This circuit mustcomprisea low-passfilter, to getrid

of theoscillationfrequency (3.6MHz or 4.4MHz).TheremainingDC componentis fed back

to theinputof thefirst integrator. Thisway theloopwill havea low offsetonall integratorout-

puts.But, thelow-passfilter addsa third polein theloopwith thetwo integrators.Theoscilla-

iout

Ibias Ibias

external
crystal

Fig. 37 Single-to-differential converter.

T1

T2 T3

vin
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tion loop mustfollow theoscillationproducedby thecrystalandnot oscillateon its own. So,

to safeguardstability, the unity-gain frequency of the offset cancellingcircuit must be very

low. Its unity-gain frequency must be well below:

(10)

If this conditionis met,thesystemwill have 6dB/octave slopeat thefrequency wherethe

gain is one.The two-integrator-plus-offset-cancellation-circuitloop thenbehaves like a first

order system, so it is inherently stable.

Thetime-constantof thetwo integratorsin theoffsetcancellingloop is controlledby acir-

cuit thatkeepsthegain of theseintegratorsexactly oneat theoscillationfrequency. If thecon-

trol circuit is startingup the unity-gain frequency canbe a factorof two lower thanduring

normaloperation,which is 2MHz worstcase[32]. Theoffsetcontrolloopmust,of course,also

be stablein this situation.The above meansthat the cut-off frequency of the low-passfilter

mustbewell below 2kHz.If theoffsetcontrolcircuit itself hasaDC gainof morethanone,its

gain-bandwidth product must be less than 2kHz.

The oscillator is embeddedin a family of analoguesignalprocessingICs that do not all

have a clock. Becauseof fear of interferencefrom a clock to the analoguecircuits, it was

decidedto use a continuous-time(i.e. clockless)offset cancellationcircuit. Without this

boundaryconditione.g.a switched-capacitorcircuit might have beenused.Theoscillatorfre-

quency itself could be the clock frequency for such a circuit.

The IC family is madein a 1µm BiCMOS process[36]. The most important process

parameters, for the minimum-size transistors, are listed in Table 5.

Making a cut-off frequency of 2kHz with a 10pFcapacitorrequiresan8MΩ resistor. This

is a very high valuefor an IC. Thereforeit wasdecidedto usethe circuit describedabove to

make the offset control. The circuit of Fig. 29 will be used as a starting point.

αeN 150 (10nA<IC<300µA)

αeP 60 (10nA<IC<1µA)

VEAN 40V (VCB=0V)

VEAP 25V (VCB=0V)

poly-metal capacitance 1100pF/mm2

Table 5 Parameters of the 1µm BiCMOS process [36] (room temperature).

f GB

f osc

loopgain
-----------------------<
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The offset cancellation circuit

Fig. 38 shows the offset cancellationcircuit that wasderived from the circuit in Fig. 29.

The part that is identical to Fig. 29 is within the shaded rectangle.

the input stage of the offset cancellation circuit

Theoutputvoltageof integrator2 (Fig. 35) is convertedto a currentby a differentialpair

(T6). Accordingthespecderivedabove, theoffsetmustbelower than7.5mV. With bothbipo-

lar andMOS transistorsthis is attainable.However, astheoffsetof bipolartransistorscaneas-

ily bemuchlower thanthis value,while with MOS transistorsthis valuecanonly beattained

Ibias,N

Ibias,P

-vin+vin

-iout +iout

Fig. 38 Offset cancellation circuit.

T1 T2

T3

T4T5

T6

T8 T7

C
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with a careful design/layout, bipolar transistors were selected for the input stage.

The linear input rangeof the input amplifier is lower than the maximuminput voltage

(500mVpp). This is not a problemfor thefunctionof this circuit asonly theDC contentof the

input signalis important.To make surethesystemis alwaysstable,thefollowing calculations

use the worst case value of the transconductance.

the unity-gain frequency of the offset cancellation circuit

The oscillatorhasan NPN biasrail to which a numberof currentsourcesof 200µA are

connected.Using a tail currentof 200µA in the input stage(i.e. gm = 2mS)a unity-gain fre-

quency of fGB = 2kHzrequiresacapacitorof 1061pFin thecircuit of Fig. 29.Thisvalueis too

largefor practicalpurposes.However, if aDarlingtonconfigurationis used,acapacitorof only

7pF is needed.The biascurrentin T1 is 0.7µA in this circuit, so it is still very muchhigher

than the leakage current level.

In thelayoutthecapacitoris split up in two anti-parallelcapacitors,sothatthecircuit stays

well-balanced.Whenthelayoutwasmadebothcapacitorswereenlargedto 6pF(giving a total

of 12pF)astherewassomeroomleft in the layout.This way thestability of the loop will be

extra robust against process spreads.

DC gain of the offset cancellation circuit

With theinput amplifierandthedarlingtonpair connectedto thecapacitortheDC gain of

the circuit becomes:

(11)

Thisequationcanbesimplifiedby realisingthatthecurrentthroughT5 andT6 is thesame,

sotheir collector-emitterresistancesarethesame.On topof thatthecurrentin T1 is αeN times

lower thanthecurrentin T5. Soits collector-emitterresistancewill beαeN timeshigher. With

this input equation 11 can be rewritten as:

(12)

Or alternatively in large signal quantities:

(13)

ADC
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Or:

(14)

So the DC gain of the offset cancellation circuit is ADC = 345 (51dB).

the output stage of the offset cancellation circuit

Thevoltageon thecapacitormustbeconvertedto a differentialcurrentthatcanbeadded

to thecurrentof thedifferentialamplifierthatactsasthesingle-to-differentialconverter. As the

common-modeDC voltageon thecapacitorcanvary quitea lot with temperatureandprocess

spreads,thecurrentis fed to theoutputof thesingle-to-differentialconverterby a currentmir-

ror (T7 andT8) thatis connectedto thegroundrail. ThiswaytheDC voltagesin theoffsetcon-

trol circuit andtheoscillatorcannever causesaturationof thebipolar transistors.Thevoltage

on thecapacitoris sensedby a PMOSdifferentialpair (T4). This differentialpair alsoactsas

theinputstageof thecommon-modefeedbackloop.Bipolar transistorscannotbeusedfor this

function, because they would lower the impedance on the time-constant-making nodes.

Thesingle-to-differentialconverterof thecrystaloscillatoris a differentialpair of bipolar

transistorswith a tail currentof 100µA. Thetail biascurrentin thePMOSdifferentialpair (T4)

waschosen10µA. With thiscurrentvaluetheDC biasat theoutputof thesingle-to-differential

converteris only marginally upset.But, astheloadresistanceof thesingle-to-differentialcon-

verteris 4kΩ, theoffsetcontrolcircuit cancompensatefor an input offsetvoltageon thefirst

integrator up to +/-40mV (Itail,PMOS*R load). Offset on the input of the differential pair that

makesup thesingle-to-differentialconverterwould have to amountto 5mV, beforethecurrent

in thePMOStransistorsis too small to compensatefor it. A differentialpair of identicalbipo-

lar transistorswill seldomshow more than 2mV offset [36]. The single-to-differential con-

verter has no circuit connected to its inputs that can aggravate its own offset (Fig. 37).

ThePMOSdifferentialpair (T4) thatsensesthevoltageon thecapacitor, is thesamepair

that is usedfor the common-modecontrol circuit. But, as the common-modecontrol circuit

generatesonly a smallcurrentin thePMOStransistors(lessthan1µA), anextra 10µA current

source(Ibias,P) connectsto theirsources.Thegain in theoffsetcompensatingloop is morethan

100dB. This is more than sufficient to get a small offset.

Thecapacitorvaluecalculatedbeforewascalculatedwith nominalprocessparametersand

for onetemperature.Processandtemperaturevariationscausea lot of spreadon theparame-

tersin thecircuit. Thegain of thetransistorscanspreadby a factorof 1.5, thecapacitorvalue

by a factorof 1.3, thecurrentsby a factorof 1.3.To createmorethanenoughphaseandgain

ADC

VEAP

VEAN

3
--------------||

kT
q

------
----------------------------------=
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margin for eventheveryworstcasescenario,thegainof thebuffer with T4, T7, andT8 andthe

load resistors of the single-to-differential converter was set to 0.1.

Simulation results

Fig. 39 shows thesimulatedtransferof theoffsetcontrolcircuit from theinput of thevol-

tage-to-currentconverter(T6) to theoutputof thecurrentmirrors(T7 andT8), with a4kΩ load.

Fig. 40 shows the openloop responseof the two-integrators-plus-offset-control-circuitin the

completeoscillator. Fig. 40 shows thatthephasemargin of theoffsetcontrol loop is 65o. This

is morethanenoughto ensurestability underall circumstances.It canalsobe seenthat the

gain margin of thecircuit is 92dB.This staggeringgain margin is causedby the fact that the

offsetcontrolcircuit hasan(unintentional)zeronearthefrequency wheretheintegratorshave

their pole. This zero is causedby the fact that for high frequenciesthe current will flow

through the base-emittercapacitanceof T1, so the attenuationof the intrinsic transistoris

bypassed.But, evenif thiszerowerenotpresentthegainmargin wouldbeveryhigh.Thebold

dashedline drawn in Fig. 40 is thephaseresponsein absenceof thezero.Evenwith thisphase

response the gain margin is in excess of 20dB.
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Fig. 39 Simulated open loop transfer of the offset cancellation circuit.
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Theabove simulationsshow that thecircuit is alwaysstable,but give no indicationabout

thecircuit’sprimaryfunction:keeptheoffsetat theoutputsof theoscillatorlow. To checkthis,

astatisticalsimulationwasrun.In thissimulationall parametersarevariedstatisticallyaccord-

ing to theactualspreadthatis foundin thewaferfabthatrunsthisprocess[36]. Thisstatistical

data includesmismatchperformanceof the process.Without this it would, of course,be

impossibleto find theexpectedoffset in thecircuit. Fig. 41 shows theoffsetvoltagedistribu-

tion for both (90o phaseshifted) outputsof the oscillator. For both outputsthe offset stays

below 5mV, even for worst case ICs. This well below the specified value of 7.5mV.
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Fig. 40 Bode plots of loop with two integrators and offset control circuit.
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To checkwhetherthe circuit caneasilyeliminatethe offset,or whetherin someICs it is

only just capableof feedingenoughoffsetcorrectioncurrentto theoutputof thesingle-to-dif-

ferential converter, the modulationdepthof the currentthroughT8 and its counterpartwas

observed.Themodulationdepthis 1 whenall currentflows throughT8. Themodulationdepth

is -1 when all current is flowing is through T8’s counterpart.If the modulation depth
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Fig. 41 Monte Carlo simulation (1000 runs) of the offset voltage distribution of

(a) first integrator, (b) second integrator.
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approaches1 or -1, thecircuit clipsandcanno longercanceltheoffsetvoltage.As canbeseen

in Fig. 42, even in the very worst ICs the modulation depth stays below 0.7.

The oscillator including offset cancellation circuit

Fig. 43 andFig. 44 show thecircuit diagramof thecrystaloscillator, including theoffset

controlcircuit. Thecircuit partsasshown in theblock diagramareindicated.Thebiascircuit

on theleft-handsideof Fig. 43generatesbothDC currentsandDC voltages.TheDC biasvol-

tages are generated to make the oscillator robust against supply voltage variations.
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output current mirror of offset control circuit.
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Measurement results

To testthe performanceof the oscillatorwith the offset cancellingcircuit, it wasentered

into aone-chipTV processorIC [34]. This IC is madein a1µm BiCMOSprocess[36]. Fig. 45

shows a photographof thecrystaloscillator, includingtheoffsetcancellationcircuit. Thearea

indicated in Fig. 45 is approximately 0.02mm2.

Fig. 46 shows anoscillogramof thesubcarrieroutput.It is not a perfectsineasthereis a

soft clipping differential-to-singleconverterbetweenthe sineoutputof the oscillatorandthe

pin on which this signalis measured.Theoscillogramdoesshow, however, that theoscillator

produces a stable oscillation.

Fig. 47 shows the -(R-Y) and-(B-Y) outputsignalswith an EBU colour bar input signal

Fig. 45 Photograph of the crystal oscillator with offset cancellation.

offset cancellation circuit

100µm
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(seechapter2): the outputsignalsof the quadraturedemodulatorfor the chrominancesignal

after thesehave passedthrougha third order low-passfilter. The photographshows that the

tracesof the -(R-Y) and-(B-Y) signalsarethin andnot coveredwith “grass”.This indicates

that there is not much subcarrier breakthrough to these outputs.

Fig. 46 Subcarrier on the reference output.

200ns/div

100mV/div

Fig. 47 Colour difference outputs with an EBU colour bar input.

CVBS

-(R-Y)
output

input

-(B-Y)
output
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500mV/div
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In 20 samplesfrom four differentbatchestheresidualsubcarrieramplitudewasmeasured

on thecolourdifferenceoutputs.Theaverageresidualsubcarrieramplitudeon the-(R-Y) out-

put is 1.4mVpp with a spread(1σ) of 0.5mVpp. Theaverageresidualsubcarrieron the-(B-Y)

outputis 1.3mVpp with aspreadof 0.8mVpp. So,thespecof 5mVpp is metfor ICswithin a4σ
spread.

The subcarrierbreakthroughmeasurementgivesa clear indication that the offset on the

oscillatoroutputis well within spec.As therearea numberof othereffectsthat influencethe

subcarrierbreakthrough,the offset is most certainly within spec.However, the subcarrier

breakthroughis an indirect measurement.Thereforethe offset wasmeasureddirectly at the

outputsof theoscillatorin four samples.As theoscillatoroutputis not availableasa differen-

tial signal, this requiredprobing in the IC. The averageoffset for thesefour sampleswas

0.5mV on thesineoutputandon the1.5mV on thecosineoutput.For bothoutputstheworst

case offset that was measured differed less than 1mV from the average offset.

Thefact thatthelow-unity-gain-frequency integratorcircuit is partof theoscillatormeans

that it is hardto measureits propertiesdirectly. Thereforea measurementwasdoneto show

that thedesignobjective of thecircuit wasmet.Thedesignobjective wasto give a first order

responseto the two-integrator-plus-offset-control-circuitloop. Fig. 48 shows the responseof

theoscillatorwhenthecrystalis takenout anda stepinput signalis appliedto theinput of the

single-to-differentialconverter. Theoutputsignalis theoutputsignalof thedifferential-to-sin-

gle converter. For this experimentthe gain control of the integratorswassetsuch,that their

unity-gain frequency wasminimum(Fig. 35). As statedearlier, this representstheworstcase

conditionthat canoccurwhenthe circuit is startingup. The frequency control input wasset

such,that the multiplier at the outputof integratornumber2 wassetto zerogain. By setting

thecontrolslike this themeasurementpathis limited to thetwo-integrator-plus-offset-control

circuit part of the oscillator.

FromFig. 48 it canbeconcludedthatthedesignobjective is met.Theresponseto thestep

shows a small overshoot,but thereis no sign of ringing or oscillation,which would indicate

that circuit is near the limit of stability.

Theoverall systemof which theoscillatoris a parthasa signal-to-noiseratio of morethan

52dB.It is not theoscillator, but anactivefilter, thatis thelimiting factorof thesignal-to-noise

ratio.
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Fig. 48 Step response of the two-integrator-plus-offset-control-circuit loop.

(a) simulation, (b) measurement.
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Conclusions

A line of low-unity-gain-frequency integratorcircuitshasbeenproposed.Thecurrentlevel

in theseintegratorsis chosensuchthat the level is far above the leakagecurrentlevel. As the

unity-gain frequency is dependenton the bias current,a lower unity-gain frequency can be

madein processeswith lower leakagecurrentlevels, by lowering the biascurrent.The pro-

posedcircuitshaveanumberof propertieswhicharesimilar to circuitsusingtheMiller effect.

Thereare,however, two markeddifferences.First, theunity-gain frequency of thenew circuits

is relatedto thesimulatedvalueof thecapacitorinsteadof its physicalvalue.Secondly, asthe

new circuits are based on current attenuation, their noise behaviour is relatively poor.

Theproposedcircuit techniquehasbeensuccessfullyappliedin a voltagecontrolledcrys-

tal oscillator to stabilise a DC control loop.
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chapter 4

Mixed-signal narrow-band quadrature PLL-demodulator
with pr ogrammable centre frequency

Intr oduction

Thesignalprocessingcircuit thatsetsa colourTV apartfrom a black-and-whiteoneis the

colourdemodulator(alsocalledcolourdecoder).This circuit demodulatesthecolourinforma-

tion that is modulatedon a subcarrierto the baseband(seechapter2). A colour decoder

regarded as a system in its own right, can be describedas a narrow-band quadrature

PLL-demodulator with programmable centre frequency.

To obtain the very high accuracy of the free-runningfrequency that is neededfor the

demodulationof PAL andNTSCsignals,theoscillatorin thePLL is usuallyacrystaloscillator

[38]. For a TV thatcanbeusedall over theworld, four differentcrystalsarenecessary. Apart

from thecrystalsof thecolourdecoder, mostTVs alsohave onecrystalto generatetheclock

for the microcontrollerand the teletext decoder. Crystalsare expensive components,so the

number of crystals in a TV should be as low as possible to keep the cost down.

Thischapterdescribesamixed-signalcolourdemodulatorcircuit thatis built aroundaPLL

thatdoesnot needcrystalsto generatethecoloursubcarrierfrequencies.The topologyof the

mixed-signaldemodulatoris baseduponthetopologyof theanaloguesystem.Thedesiredcol-

our subcarriersaregeneratedby a digital frequency synthesiserthat usesthe sameclock fre-

quency (24MHz) as the microcontrollerthat is alsopresentin the overall system[39]. This

means that four of the five crystals can be eliminated from the system.

Theexternalloopfilter of thetraditionalcolourdecoder’sPLL is replacedby anintegrated

digital loop filter. Despitethefactthata largepartof thePLL is madewith digital circuits,the

input signal is not digitised.The link betweenthe analogueandthe digital domainis a 1-bit

sigma-deltaconverterthatonly hasto convert thephaseerrorsignal,which is aquasi-DC sig-

nal. Thesignalpathof thedemodulatoris completelyanalogue.As thecolourdecoderis part

of a biggersystemwhich alsohasa completelyanaloguesignalpath,this approachhasthe

advantagethat thereis no needfor a high-performanceADC in thesignalpath.Sucha circuit

would require a considerable amount of silicon area.
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The colour decoder part of a TV

Thecolourdemodulatorin theblock diagramof thebasicTV receiver in chapter2, actu-

ally consistsof two separatecolourdemodulators.Oneis usedto demodulatePAL andNTSC

signals,while the otherdemodulatesSECAM signals.Two separatecolour demodulatorsare

usedbecauseof thevery differentrequirementsof thetransmissionstandards.Fig. 49 shows a

high-level block diagramof thesystemaroundthesetwo demodulators.First theCVBS input

signalis split into the luminancesignalY andthechrominancesignalC in a filter block. The

chrominancesignalis subsequentlydemodulatedto obtainthecolourdifferencesignals(R-Y

andB-Y). After postprocessingthe resultingU andV signalsarecombinedwith the lumi-

nance signal to obtain the RGB signals for the output stages of the TV.

Differ ences between the PAL/NTSC and the SECAM colour decoder

Thecolourdecodersfor bothPAL/NTSC andSECAM arebuilt aroundPLLs.Thecharac-

teristics of the two PLLs, however, are very different due to the differencesbetween

PAL/NTSC and SECAM.

The chrominancesignalof the SECAM systemis frequency modulatedon two different

carriers.In thissystemthePLL locksto theincomingsignalnotonly duringthebursttime,but

alsoduring theactive partof thevideo line. Consequently, thePLL for SECAM musthave a

wide bandwidth(ca. 1MHz) becauseit must follow the modulatedcarrierduring the whole

line time.ThePLL for PAL andNTSCmusthave a narrow bandwidth(ca.700Hz)becauseit
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mustlock to astablereferencefrequency duringthebursttime.During therestof theline time

thePLL for thePAL andNTSC systemsis not closed,so its oscillatorproducesa stablefre-

quency for the QAM demodulation process.

If the bandwidthof the PAL/NTSC PLL werewide, therewould be a significantrisk of

false-lockingdueto the fact that thePLL is a closedloop duringonly a partof the line-time.

ThiscancausethePLL to lock to amultipleof theline frequency insteadof thecoloursubcar-

rier. If therewereonly this requirement,a bandwidthof half the line frequency (i.e. 7.8kHz)

would bethemaximumallowablebandwidth.However, therearefour differentsubcarrierfre-

quenciesin usearoundtheworld. Theharmonicsof the line frequency of onesystemcanbe

just a few hundredHertz away from the colour subcarrierfrequency of another. With a large

lock-in rangethePLL maylock to a multiple of theline frequency of onesystem,makingthe

PLL’s lock detector(which is usually called colour killer in TV applications)think it has

lockedto thecolourcarrierof another. This is a highly undesirablesituationasit makesauto-

maticdetectionof thecoloursystembeingreceivedimpossible.Thereforethelock-in rangeof

the PLL must be limited to about 700Hz.

Traditional analogue PAL/NTSC colour demodulator

Thetraditionalway of makinga PAL/NTSC colourdemodulatoris shown in Fig. 50. The

Fig. 50 Traditional analogue PAL/NTSC colour demodulator.
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core of the demodulatoris a PLL with a quadraturevoltage-controlledcrystal oscillator

(VCXO) [40]. A VCXO is usedbecausethen,thanksto the very low frequency toleranceof

crystals,theabsolutefrequency accuracy of thePLL is veryhigh,sothattherisk of falselock-

ing is minimal.Thecosineoutputof theVCXO is connectedto amultiplier thatmultipliesthe

cosinesignalwith theincomingsignal.Theoutputof this multiplier (or phasedetector, PD) is

connectedto the(external)loopfilter duringthebursttime (controlledby theburstkey signal).

Theoutputof thephasedetectoris low-passfilteredandfed to thefrequency control input of

theVCXO. Thequadratureoutputsof theVCXO alsodrive two multipliers(M1 andM2) that

demodulatethechrominancesignal.After low-passfiltering theoutputsof themultipliers,the

colour difference signals are available for further processing.

Fig. 51 shows thewaveformsof a numberof signalsin thePAL/NTSC demodulator. The

VCXO producesa sinewave. This sinewave is connectedto oneinput of the demodulating

multipliers.Thegain from this input to theoutputof themultiplier is sohigh thatit effectively

multiplies the signalon the otherinput with a squarewave. In otherwords:the chrominance

signalis rectifiedin thedemodulator, not linearly multiplied.This impliesthatonly thephase

accuracy of the oscillator signal is important, its amplitude accuracy is irrelevant.

The transfercharacteristicof the analoguecolour decoderPLL is derived in appendixB.

VCXO

“limiter”

input

multiplier low-pass filter

Fig. 51 Signals in the analogue demodulator (time domain).
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The PLL has two modes of operation:

1) Tracking mode.

In this mode the PLL is locked to the input frequency and follows it. The band-

width of theloop is lower in thismodethanin theacquisitionmodeto increase

noiseimmunity. It maynotbetoolow becausethatwouldcauseproblemswhen

the phase input signal changes quickly. This is a phenomenon that is important

when the signal is supplied by a video recorder, as will be explained later.

2) Acquisition mode.

In this mode the PLL tries to lock to the incoming signal. The phase detector

gain is increasedin thismodeto increasetheacquisitionrange.A PLL locksto

a signal within the acquisition range with a phase transient. As the acquisition

range is always smaller than the tracking range for a second- or higher-order

loop [40], thegainof theloopmustbeincreasedto guaranteethePLL canlock

to all frequencies in its tracking range with just a phase transient. This will

reducethetime thePLL needsto lock to anincomingsignal,especiallyif there

is a lot of noise on the input signal.

PAL H/2 ripple

The loop filter of the colour decodershown in Fig. 50 hasonecomponentmorethanthe

loop filter of the standarddesignof [40]. CapacitorC2 is an extra componentthat mustsup-

pressthe so-calledH/2 ripple of PAL signals.The phaseof the PAL burst signal changes

between-45o and+45o from line to line. ThePLL will try to follow thephasechangefrom line

to line. This causesa phaseerror which hasthe samevaluein successive lines,but opposite

signs.PAL wasdesignedto reducethe effect of staticphaseerrors,i.e. errorswith the same

valueandthesamesignin successive lines.Thephasechangefrom line to line cannotbecom-

pensatedby thePAL system.As a resultof thephasejump from line to line a (small) colour

faultwill arise.As themaximumphasechangefrom line to line is rathersmallin aPAL demo-

dulatorwithout C2 (no morethana few degrees),thecolourfault is hardlynoticeable.If C2 is

addedto theloopfilter thephasechangefrom line to line is stronglyreduced,therebyvirtually

eliminating the colour fault.

Another reasonfor addingC2 to the loop filter is the fact that TV test picturescontain

so-calledanti-PAL signals.PAL wasdesignedto beinsensitive to differentialphaseshift. If the

codingof thePAL signalis deliberatelyinverted,a normalPAL receiver will increase,instead

of eliminate,thephaseerror. Originally thesesignalswereusedto adjustPAL decoders.Now-

adayscolourdecodersdonotneedadjustmentany more.But theanti-PAL signalis still partof

TV testpictures.If C2 is not presentin the loop filter theseanti-PAL signalswill show up as
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colouredinsteadof grey patches.Peoplewho do not know thebackgroundof this colouration

tend to think that a TV that shows these colours is inferior [41].

Fig. 52 shows theoutputsignalof thetraditionalanaloguecolourdemodulatorwith a PAL

input signal.The shapeof the colour differencesignalsin two successive lines is nearly, but

not quite, identical. The difference is so small that it is hardly visible in Fig. 52.

dynamic behaviour of the PLL in the colour decoder

Thesimulationof thestepreponseto a 90o phasejump of thesystemis shown in Fig. 53.

TV signalsfrom a transmitterwill not normally have phasejumpson the colour carrier, but

video cassetterecorders(VCRs) can have a phasejump just beforethe start of the vertical

blankingperiod,dueto theway theTV signalsarewritten to andreadfrom thetape.A video

recorderhastwo headsthatwrite thevideosignalon thetapeduringrecordingandreadit back

duringplayback.Theheadsareactiveduringalternatefields.Thephasejumpoccursdueto the

so-calledheadtake-over [42]. This takesplacejust beforethestartof a new field. In thetrack-

ing modethephaseerrormustbe lessthan5o at thestartof theactive video linesof thenext

field to make sureit is not noticeable.This impliesthephaseerrorshouldbelessthan5o after

2ms.In theacquisitionmodethephaseerror is not relevant,astheoutputsignalof thePLL is

not displayedthen.Only the stability of the PLL is importantin this case.As canbe seenin

Fig. 53 (andFig. 54) thePLL is stable.But, thestepresponsedoesshow ringing in theacqui-

sition mode.This ringing (whichdoesnot occurin a truesecond-orderPLL [40]) is a resultof

Fig. 52 Colour difference output signals of the traditional analogue

colour decoder with a PAL input signal.
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the addition of C2 to the loop filter.

simulation of the open-loop response

Theopen-looptransfercharacteristicsof theanaloguePLL for thetwo modesof operation

areshown in Fig. 54.In theacquisitionmodethephasedetectorgain is increasedby afactorof

five.Fromthesecharacteristicsit canbeconcludedthatC2 hasa negative influenceon thesta-

bility of thePLL, especiallyin theacquisitionmode.In theacquisitionmodethe influenceof

capacitor C2 reduces the phase margin of the PLL to 37o.

Fig. 53 Step response to a 90o phase jump of the analogue colour decoder PLL.
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specification of the PLL in the analogue colour decoder

The mostimportantspecificationpointsof the analoguecolourdecoderPLL aresumma-

risedin Table6 [43]. Thenamesbehindthecentrefrequenciesarethenamesof thestandards

that use these frequencies.

Fig. 54 Open-loop transfer characteristics of the analogue colour decoder PLL.
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Requirements on the new colour decoder

The colour decoderPLL describedabove is a very reliableandrobust system,but hasa

severenon-technicaldrawback:totalsystemcost.In theworld four differentfrequenciesarein

usefor thecoloursubcarrier. Eachof thesefrequenciesrequiresits own crystal.As thesecrys-

talsmustbecut suchthatit is possibleto detunethemslightly from their nominalfrequencies,

they aremoreexpensive than‘normal’ crystals.Thereforea colour decoderbasedon a PLL

with only onecrystal,preferablyanon-tunableone,wouldbringsignificantcostsavings.If the

new decodercan run on a fixed-frequency crystal this also meansit can run on the system

clock, if it is part of a larger system.In the latter casethe colour decoderPLL turns into a

no-crystalPLL. If the external loop filter canalsobe integratedthe costsaving will be even

higher.

The requirements can be listed as follows, ordered by importance.

1) Circuit behaviour identical to the analogue decoder (or better).

The analogue system performs well enough, only its cost is too high.

2) Eliminate the need for tunable crystals.

Thetunablecrystalsarethemostimportantcostfactorsof theanaloguesystem.

Thesystemto whichthecolourdecodermustbeaddedhasaclockfrequency of

24MHz available. If possible, this frequency should be used. For the new sys-

tem to be economically viable the extra silicon cost of the new colour decoder

must be below the cost of the external crystals.

3) Do not digitise the input signal.

Thecolourdecoderis partof ananaloguesignalprocessingsystem.If only one

centre frequency 3.579545MHz (NTSC-M)
3.575611MHz (PAL-M)
3.582056MHz (PAL-N)
4.433619MHz (PAL-B,G)

acquisition/tracking range +/-700Hz

natural frequency 550rad/s (tracking mode)
1128rad/s (acquisition mode)

damping 2.25 (tracking mode)
5.0 (acquisition mode)

Table 6 Important specification points of the analogue colour demodulator.
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circuit in thesignalprocessingchainis digital thismeansananti-aliasingfilter,

ADC, DAC and reconstruction filter will be necessary to connect the colour

decoder to the rest of the system. This overhead is important as it increases the

cost of the new colour decoder, making it harder to compete with the analogue

decoder.

4) Integrate the external loop filter.

The cost of the external components is not high, but eliminating the loop filter

does release a pin of the IC. In signal processing ICs pins tend to be very pre-

cious, as on the one hand many pins are required to provide maximum flexibil-

ity, whereas on the other hand the number of pins must be kept to a minimum

for cost reasons.

5) Avoid critical analogue components and subcircuits.

This is a “nice-to-have” requirement, that will make the integration of the new

circuit in a bigger system easier.

Towards a new design

As themostimportantrequirementon thenew systemis that the loop transfermustbeas

closeaspossibleto the transferof the analoguesystem,no circuit topologieshave beenpur-

suedthatarevery muchdeviating from thetopologyof theanaloguesystem.This meansthat

all kinds of frequency synthesisers,basedon harmonicmixing [44], or basedon techniques

suchas pulse rate multipliers, swallow countingor sidestepprogramming[45], [46] were

rejected without further consideration.

Alter native PLL configurations for the colour decoder

In this sectiona numberof alternative PLL configurations,thatmight beusedasthecore

of the colour decoder, are evaluated.

PLL with matched oscillators

A PLL with a transferfunctionthatis exactly identicalto thatof thePLL in thetraditional

demodulatorandthatkeepstheoutputfrequency within apredeterminedwindow, with theuse

of a fixed referencefrequency, is shown in Fig. 55. The oscillatorin this PLL is a fully inte-

gratedrelaxationoscillator. This systemhasbeensuccessfullyapplied[47]. In this systema

masteroscillatorlocksto thereferencefrequency generatedby thereferenceoscillator. A slave

oscillatoris connectedto thesamefrequency controlvoltageasthemasteroscillator. However,
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thisvoltageis multipliedby a factorof α (with -αmax≤ α ≤ αmax). Thisallows theslaveoscil-

lator to freely move in a range (1-αmax)*f master < fslave < (1+αmax)*f master.

Although this is a reliablesystem,it cannotbeusedfor our purpose:the frequency accu-

racy of this systemis limited by thematchingpropertiesof theoscillators.This accuracy is of

theorderof onepercentof thecentrefrequency. Thismeansthattheacquisitionrangemustbe

at leasta few percentof thecentrefrequency to make surethePLL canlock, evenin thecase

of maximummismatch.As anacquisitionrangeof aboutonehundredthof onepercentof the

centre frequency is required (see Table 6), it is obvious this solution is not viable.

analogue PLL with digital frequency watch-dog

Fig. 56 shows ananaloguePLL in which the free-runningfrequency is guardedby a fre-

quency watch-dog [48]. This system has been successfully applied in radio ICs [49].

As in thePLL with matchedoscillators,theoscillatorin this PLL is a relaxationoscillator.

The absolutefrequency accuracy of the oscillator is maintainedby the digital frequency

watch-dog.Eachtime theoscillatorfrequency movesoutsidetheacquisition/trackingwindow

the watch-dog forces it back to this window.

Fig. 55 PLL with matched oscillators.
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Experimentswith this type of systemshowed a high susceptibilityto crosstalkfrom the

digital to theanaloguecircuits.This waspartly dueto the fact that thesensitivity of the inte-

gratedVCO is of the orderof 1MHz/V, insteadof 1kHz/V asfor the VCXO in the analogue

system.Also the fact that the PLL is closedonly during the burst time playeda role. In the

radio application the PLL is permanently closed.

Due to the susceptibilityto crosstalkencounteredin the experiments,this systemwas

abandonedin favour of thesystemthatwill bedescribedin therestof this chapter. However,

thereis no doubt in the author’s mind that this kind of systemcanalsomake a goodcolour

decoder PLL.

replacing analogue by digital circuitry

Themostimportanttarget for thenew colourdecoderPLL is that it musthave a response

ascloseaspossibleto the analoguesystem.Combiningthis with the ‘nice-to-have’ require-

ment(to have asmuchof thePLL digital asis possiblewhile keepingthenumberof sensitive

analoguecircuitsdown to aminimum),leadsto atopologythatreplacesasmuchaspossibleof

theanaloguecircuitry by digital equivalents.But, whendoingthis,noADC for theinputsignal

should be introduced (requirement 3). Fig. 57 shows the resulting topology.

TheVCO hasbeenreplacedby adiscrete-timeoscillator(DTO) [50]. Hereabrief descrip-

tion of theDTO is given,a full explanationof theDTO andits propertiesis givenon page94.

A DTO is an oscillatorthat is composedof a registerandan adder(Fig. 68). On eachactive

clock edgethe numberin the registerof the DTO is incrementedby a certainamount.This

reference
oscillator

frequency

VCOloop filterIN OUT

watch-dog

Fig. 56 Analogue PLL with digital frequency watch-dog.

digital
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incrementcanbe regardedasa phaseincrement.When the phasehasbeenincrementedby

360o (i.e.whentheregisteroverflows)anew cycleof theoutputsignalstarts.By varyingeither

theclock frequency of theregister, or theinput word of theadder, theoutputfrequency of the

DTO can be varied.

The outputsignalof the DTO is DA convertedandfed to the phasedetector. The output

signalof thephasedetectoris digitisedbeforeit entersthedigital loop filter. This ADC canbe

far simplerthananADC thathasto convert the input signal:it only hasto convert thephase

error signal, which is a quasi-DC signal.

Although the PLL of Fig. 57 fulfils a numberof the requirements,it doesnot producea

responsewhich is closeto theanaloguePLL's response.A comparisonof Fig. 51 andFig. 58

showswhy. Theanaloguesystemreliesonanaccuratetiming of thezero-crossingof theoscil-

lator to demodulatethe input signalby meansof rectification(Fig. 51). As a DTO canonly

changeits outputlevel atanactiveclockedge,andastheclockhasnorelationto theinputsig-

nal, thezero-crossingsof theoutputof theDTO have a very high timing jitter with respectto

the zero-crossingsof the input signal.This resultsin a heavily distortedoutputsignalof the

demodulator.

In principle therearetwo waysto curethe problemsof the straightforward mixed-signal

PLL of Fig. 57:eitherin thetime-or in thefrequency-domain.In thetime-domainsolutionthe

zerocrossingof the DTO is shifted to the desiredtime-point. In the frequency solution the

spectraof thesignalsin thesystemareshapedsuchthat thesystemperformsits desiredfunc-

tion. Both ways will explored in the following.

ADC loop filter DTO DAC

IN

OUT

reference

oscillator

Fig. 57 Straightforward mixed-signal PLL.

digital
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time-domain solution to the DTO jitter

In thetime-domainsolution(Fig. 59) thecorrectpositionof thezero-crossingis retrieved

by looking at thevalueof theDTO just beforeandjust afterthezero-crossing.As thevaluein

theDTO riseslinearly with time, it is easyto calculatehow muchtime theidealzero-crossing

occursafterthelastclock edgebeforethezero-crossingof theDTO. Theexactpositionof the

zero-crossing with respect to the last active clock edge is (Fig. 60):

(15)

In this equation∆t is the time betweenthe last active clock edgeand time at which the

DTO would have its zero-crossing,if it werea continuous-timecircuit. TheDTO countsfrom

-2N-1 to 2N-1-1. The numberin the registerof the DTO just beforethe zero-crossingis Mt-1.

Thenumberwith which theDTO is incrementedeachclockcycle is K, andtheclockperiodis

Tclk. By usingtheabsolutevalueof thefactorwith which Tclk is multiplied,∆t will begreater

than zero for both positive and negative going zero-crossings.

DTO

“limiter”

(MSB)

input
multiplier low-pass filter

Fig. 58 Signals in mixed-signal demodulator (time domain).
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Fig. 59 Mixed-signal PLL with exact timing of the zero-crossing of the output signal.

digital

Fig. 60 Difference in timing of the zero-crossing of the DTO output

and the desired sine for correct demodulation.
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Thepeakvalueof ∆t is equalto oneclock period.Soby choosingTclk low enough(i.e. by

choosingtheclock frequency high enough),the jitter on thezero-crossingscanbemadearbi-

trarily small. For the maximally allowable jitter a clock frequency of several GHz would be

required.As this is far beyondthecapabilitiesof theprocessin which thecolourdecoderhas

to be made, the jitter must removed in another way.

A zero-crossinginterpolatorcircuit canbe usedto shift the zero-crossingfrom the clock

edgeof theDTO to thedesiredzero-crossingpoint.Fig. 61 shows aninterpolatorasproposed

in [51]. Thecircuit is basicallyadelaylockedloop(DLL), with adecoderto selecttheinverter

in thechainwhoseoutputhasthecorrecttiming to make therising or falling edgeof thetotal

circuit. Theinvertersareusedasvariabledelayelementsin thiscircuit, notaslogic gates.Each

edgeis determinedby anotherinverterof thechain.So,if thedesiredzero-crossingis 20%of

oneclockcycle laterthantheactiveclockedgeof theDTO, andthereare30delayinvertersin

the interpolator, then the outputof inverternumber6 is the one that is closestto the actual

zero-crossing.

In [52] a variationof the above circuit is described.This solutionusesa fixed delay, an

integrator and a comparator to obtain correctly placed zero-transitions.

In [53] a systemis describedwhich alsoplacesthe zero-crossingat the correcttime but

which,despitetheepithet“all-digital” in thetitle, actuallyusesananaloguecurrent-controlled

phase

detector

charge
pump

DTO phase selector

clock delay
locked
loop

output
selector

OUT

Fig. 61 Block diagram of the zero-crossing interpolator plus the DTO.
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oscillator in the loop. The analoguecontrol current is generatedby a number of binary

weighted current sources, which are switched on or off by a digital control word.

frequency-domain solution to the DTO jitter

Fig. 62 shows a frequency-domainalternative to thetime-domainsolution.Thetime-jitter

problemof theDTO signalcanalsobeconsideredaproblemof its outputspectrum.Therefore

two band-passfilters have beenintroducedin the PLL to cleanup the spectrum.The digital

band-passfilter reducesall the spuriousfrequenciesthat are accompanying the desiredfre-

quency in the DTO's outputspectrum.The analogueband-passfilter eliminatesall the clock

harmonics and frequencies that may arise due to non-linearity of the DAC.

Fig. 63 shows a circuit thathasbeenpresentedin [54]. To a largeextent the ideasbehind

thecircuit of Fig. 63 areidenticalto the ideasbehindthecircuit of Fig. 62, but therearetwo

differences.First, the crystalof the circuit hasto be tunable,asthe frequency of the DTO is

controlledthroughits clock frequency. This meansthat the incrementof the register in the

DTO is always the samevalueKnom. Secondly, insteadof the analogueband-passfilter, an

internalPLL is usedto cleanup theDTO spectrum.ThisPLL is thekind of sensitiveanalogue

circuit that should be avoided according to requirement 5.

ADC loop filter DTO
digital

band-pass
filter

DAC
analogue
band-pass

filter

IN OUT

reference

oscillator

Fig. 62 DTO-based mixed-signal PLL with clean output spectrum.

digital
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Thesystempresentedin Fig. 62 is agenericsystem.If it is straightforwardly implemented,

therearea few practicalproblems.For a start,the digital band-passfilter is a very large and

complex circuit becausethereare very many frequency componentsin the DTO spectrum.

Many of thesecomponentsare very close to the carrier frequency, which implies that a

very-high-Qfilter is neededto cleanup the spectrum.A very-high-Qdigital filter is not a

straightforwarddesignasthereis no integer ratio betweentheclock frequency andthecentre

frequency of thefilter. Theaddersandmultipliersneededin suchadigital filter costa lot of sil-

iconarea[55]. Thereforeit is betterto look at thefunctionof theband-passfilter in adifferent

way. Whattheband-passfilter shoulddo is to outputapuresinewavewhentheinput signalis

asawtooth.A waveformtranslator, insteadof aband-passfilter, canalsoperformthis function.

A waveformtranslatorcanbemadequiteeasilyby meansof a look-uptable(LUT). A LUT is

nothingmorethana ROM, soit is far simplerandfar morecompactthana high-Qband-pass

filter.

If the LUT outputsa sine with a cleanspectrum,and the DAC is linear, the analogue

band-passfilter really only needsto eliminatetheclock frequency andits harmonicsfrom the

output signal of the DAC. This meansthat a low-passfilter can be used insteadof the

band-passfilter. As a low-passfilter is lesscomplicatedthana band-passfilter, this is thepre-

ferred solution.

In [56] asystemis describedthatdoesn’t useaLUT, but convertsthesawtoothof theDTO

into a triangleandconvertsthe triangleinto a sineandcosineby meansof non-linearDACs.

Accordingto [56] this approachoffers power anddie areaadvantagesfor systemswith high

VCXOloop filter

DTO DAC
PLL
inner

IN

OUT

Knom

Fig. 63 Mixed-signal PLL [54].
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phaseandamplitudeaccuracy. Theaccuraciesneededin thecolourdecodersystem(discussed

later in this chapter) are not high enough to exploit these advantages.

Takingall theseconsiderationsinto accountthemixed-signalPLL of Fig. 62 turnsinto the

PLL shown in Fig. 64.

Comparison of the time- and frequency-domain solutions

When comparing the above solutions it can be concluded that the circuits with a

zero-crossinginterpolatorcan undoubtedlymake a good PLL for this application,but the

interpolatoris in facta sensitive analoguecircuit; its invertersarenot functioningasinverters,

but asvariabledelaycells.Thismeansthatsubstrateinterferencemayadverselyaffect theper-

formanceof the circuit. Thereforethe moredigital frequency-domainsolutionof Fig. 64 is

preferred. This solution will be worked out in the following.

The complete colour demodulator

Taking thePLL of Fig. 64, a completemixed-signalcolourdemodulatorasshown in Fig.

65 canbe made.In Fig. 65 the combinationof DTO andsaw-to-sineconverteris drawn asa

directdigital synthesiser(DDS)[57]. For theADC a1-bit sigma-deltaconverteris chosen.The

phaseerroris aDC signalwhenthePLL is locked.WhenthePLL is not in lock themaximum

frequency of the phaseerror signal is two timesthe lock-in range(i.e. 1400Hz).This occurs

whentheinput signalis at the low endof theacquisitionrangeandtheDTO at theupperend

ADC loop filter DTO saw->sine
converter DAC

analogue
low-pass

filter

IN OUT

reference

oscillator

Fig. 64 Cleaning up the DTO spectrum with a waveform translator.

digital
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of theacquisitionrange(or viceversa).In PAL modetherewill alsobeafrequency component

at fH/2 (i.e. 7800Hz).As the clock frequency is 24MHz the oversamplingratio is morethan

1500.Thesignal-to-noiseratio of a 1-bit first-ordersigma-deltaconverterwith anoversamp-

ling ratio of 1000is morethan80dB [58]. The colour decoderis only onecomponentin the

signalprocessingchain.Thesignal-to-noiseratio of the total chainmustbebetterthan46dB

[59]. The colour decodershouldnot be the limiting factorof the signal-to-noiseratio of the

total chain.Thereforea signal-to-noiseratio of thecolourdifferencesignalshigherthan52dB

(peak-to-peaksignalto rmsnoise)is aimedfor. A 1-bit first-ordersigma-deltaconverterwith

an oversampling ratio of 1500 easily surpasses this requirement.

In appendixB a variationof the systemof Fig. 65 is described[60]-[62]. In this system

(Fig. 66) thelow-passfiltersat theoutputsof theDACshavebeeneliminated,astheir function

(removal of theclock harmonics)is alsoperformedby thelow-passfilters at theoutputof the

multipliers.The combinationof DAC andmultiplier is thenreplacedby a multiplying DAC.

These changes are only allowable if the linearity of the multiplying DACs is very good.

Fig. 65 Colour demodulator comprising the PLL of Fig. 64.
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Comparison of the DAC and MULDAC based systems

Althoughtheperformanceof thesystemof Fig. 66 is goodenoughfor standardvideosig-

nals,thesensitivity to crosstalkof frequenciesaroundtheclock frequency (andits harmonics)

to the analogueinputs of the multiplying DACs, is a major drawback when integrating the

demodulatorof Fig. 66 into a largersystem.Thesecrosstalkcomponentsfold backto thebase-

bandat theanalogueoutputsof themultiplying DACs,asthedigital inputsof themultiplying

DACschangetheir valueonly at anactive clock edge.Thelinearmultipliersin thedemodula-

tor of Fig. 65 do not fold crosstalkcomponentsof the clock frequency (and its harmonics)

backto thebaseband.Thereforethedemodulatorshown in Fig. 65 is thepreferredchoicefor

further investigation (see also appendix B).

The component parts of the mixed-signal colour decoder

In the following sectionsthecomponentpartsof themixed-signalcolourdecoderwill be

described one by one.

Fig. 66 Simplified colour demodulator.
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the direct digital synthesiser

With thedirectdigital synthesisereachdesiredsubcarrierfrequency canbedigitally gener-

atedfrom a crystal-stablesystemclock. The DDS consistsof four stages:an input stage,a

DTO (or sawtoothgenerator),a huecontrolstageanda quadratureoutputstage.A block dia-

gramis given in Fig. 67. Thedifferentstageswill bediscussedin thefollowing sections.The

DTO will be discussed first, as it forms the heart of the new colour decoder.

the DTO

A DTO (Fig. 68) generatesa digital sawtooth [50]. The DTO’s outputsignalis shown in

Fig. 69. At eachrising edgeof the clock clk the contentsof the N-bits-wide register is

increasedby a numberK. This goeson until the resultingvaluebecomesgreaterthan2N-1.

Whenthis happensthe mostsignificantbit (MSB) of the result is simply discardedandonly

the remainderis clocked into the register. Startingfrom this remainingvalue the processof

addinganddiscardingthe MSB if the sumis greaterthan2N-1 is repeatedover andover. In

this way the circuit of Fig. 68 generatesa discrete-timedigital sawtooth whoseaveragefre-

quency is:

(16)

When regarding the frequency spectrumof this discrete-timesawtooth many spurious

componentscan be observed besidesthe main frequency componentof equation16. These

spuriouscomponentsarestronglysuppressedby converting thediscrete-timesawtooth into a

sine(andcosine)waveform.This is doneby thequadratureoutputstage.Whatremainsthenis

a digital sine (and cosine) with a frequency given by equation 16.

input

stage
DTO

hue

control
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output
stagestage
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Fig. 67 Block diagram of the direct digital synthesiser.
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Fromequation16 two conclusionscanbedrawn; asN is a fixednumberandK is a digital

valuethe frequency stability of fout is directly relatedto fclk. So whenclk is a crystal-stable

clock fout alsohascrystalstability. Anotherimportantpropertythatcanbeseenin equation16

is the linear relationship between the digital number K and the output frequency fout.

The output frequency of an analogue voltage-controlled oscillator is defined as

fout = Kovin. In this equationKo is the oscillatorsensitivity andvin the (analogue)input vol-

tage. Analogous to this the oscillator sensitivity Ko of the circuit of Fig. 68 is defined as:

(17)

Fig. 68 Discrete Time Oscillator (DTO).
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Fig. 69 The number in the DTO’s register in successive clock cycles.
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with Ko in [rad/s�⋅LSB]. As the DTO is digitally controlledits sensitivity is expressedin

rad/sper LSB (LeastSignificantBit) insteadof per volt. So, the frequency resolutionof this

type of the DTO is fclk/2
N Hertz per LSB. This meansthat only discretefrequenciescanbe

produced with intervals of fclk/2
N.

phase jitter on the subcarrier

WhenusingtheDTO in a colourdecoderits limited frequency resolutionwill causea sys-

tematicfrequency deviation in the PLL, as the generatoris adjustedonly onceper TV line

(TH=64µs). It is unlikely that the frequency of the received chrominancesignal (the colour

bursts)is alwaysexactlyequalto oneof thediscretefrequenciesof theDTO. Fig. 70showsthe

situationthatthereceivedsubcarrierfrequency fsc is betweenthefrequenciesfk andfk+1 of the

grid of theDTO. In this situationthePLL will causetheDTO to togglebetweenthetwo dis-

crete frequencies fk and fk+1 on either side of the colour subcarrier frequency.

At theendof oneline interval TH = 64µs thefrequency difference∆f betweenfscandfk (or

fk+1) results in a phase difference∆θ (in radians):

(18)

In a worstcasesituationthevaluefor ∆f approximatesfclk/2
N: thefrequency resolutionof

the DTO. In this case the peak-to-peak phase deviation is:

(19)

frequency [Hz]

fsc

fk-2 fk-1 fk fk+1 fk+2

Fig. 70 Frequency grid of the DTO and the colour subcarrier frequency.
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word width of the DTO

With equation19 a relationis obtainedbetweenthe internalword width N andtheresult-

ing phasedeviation. Using this equationthe requiredword width of the DTO canbe deter-

mined.

ThePLL will try to keeptheaveragephasedeviationzero.Themomentary∆θ is a function

of time: ∆θ(t). The resultingspurioussignal in the colour differenceoutputsignalsmustbe

more than 55dB down with respect to the video signal to be unnoticeable [63].

Usingtrigonometryit canbecalculatedhow aphasedeviationbetweenthesineandcosine

outputsignalsof theDTO andtheincomingchrominancesignalresultsin a spurioussignalin

thedemodulatedcolourdifferencesignalsR-Y andB-Y. If theincomingchrominancesignalis

sin(ωsct), the R-Y output signal is:

(20)

The term with sin(2ωsct) is eliminatedby the low-passfilter at the outputof the colour

decoder(Fig. 65). So thespurioussignalin theR-Y signalis sin(∆θ(t)). TheB-Y signalwill

alsocontainaspurioussignalof thisvalue.However, thisdoesnotaffect thesignal-to-spurious

ratio that is visible on theTV screen:boththesignalandthespuriousof R-Y andB-Y will be

added, so the ratio remains the same.

Table7 shows thepeak-to-peakphasedeviation andsignal-to-spuriousratio asa function

of the DTO word width.

From Table7 it canbe concludedthat a word width of 23 bits is enoughfor a 55dB sig-

nal-to-spuriousratio. However, as therearemore factorscontributing to the spurioussignal

(e.g.roundingerrorsin thewaveformtranslatorandclock jitter), it wasdecidedto use24 bits

in theDTO. ThisguaranteesthattheDTO wordwidth will notbethelimiting factorin keeping

the spurious signal below the level of visibility.

DTO word width
peak-to-peak

phase deviation
signal-to-spurious

ratio

22 0.13o 52.7dB

23 0.07o 58.7dB

24 0.03o 64.8dB

Table 7 Phase deviation and signal-to-spurious ratio as a function of DTO word width.

ωsct( )sin ωsct ∆θ t( )+( )cos 0.5 2ωsct ∆θ t( )+( )sin ∆θ t( )( )sin+( )=
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number of bits in the quadrature output stage

TheDTO usesa24-bitwordwidth. If thesaw-to-sineconverterwereaddressedwith all 24

bits, and would output 24-bit-wide words for the sine and cosine,a giant LUT would be

needed.This would also requirea very challengingDAC: 24-bit performanceat a 24MHz

clock frequency. Fortunately the word width of the sine and cosine can be less than 24 bits.

Thesignal-to-noiseratio (peak-peakfor bothsignalandnoise)of a quantisedvideosignal

is [50]:

(21)

In thisequationM is thenumberof bits,fs is thesamplingfrequency (24MHz)andfv is the

bandwidthof thevideosignal.Thebandwidthof thecolourdifferencesignalsis 1.5MHz.As

the colour differencesignalsare quadraturemodulatedon a subcarrier, fv = 3MHz. If M is

chosenM = 8, the resultingSNR= 54.2dB.This is somewhat lower than the spec,but the

55dB visibility criterion is basedon a singlespuriousfrequency. As the jitter energy is not

concentratedin onesinglespuriousfrequency, thespurious-freedynamicrange(SFDR,which

is the parameter of real interest) is better than 55dB (Fig. 73).

In [64] it is demonstratedthatfor agoodperformancetheresolutionat theinputof adigital

saw-to-sineconverterhasto befour timeshigherthantheresolutionthat is requiredat its out-

put.This meansthat two bits moreareneededat theinput of thequadratureoutputstagethan

at its output.So, the saw-to-sineconverter is addressedwith the ten MSBs of the DTO and

delivers 8-bit-wide sine and cosine words at its output.

saw-to-sine conversion

The digital sawtooth is convertedinto a digital sineandcosinewaveform using look-up

tables(LUT) in whichoneperiodof asineandacosinehavebeenstored.Thesawtoothactsas

an addresspointerfor both tables.Anotherway of looking at this is to seethe valueof saw-

tooth as the phase information of the (co)sine.

Using the propertiesof sineandcosine,the LUTs canbe simplified to reducethe circuit

area.As thefunctiony = sin(x) is symmetricalin bothx andy directionit shouldbesufficient

to storeonly one quadrantof this function in the look-up table. Moreover as the function

y = cos(x) is simply a 90o phaseshiftedversionof the sinefunction, the samelook-up table

canbeused.However, asbothfunctionshave to beavailableat thesametime this is notpossi-

ble without someextra measures.The sineandcosinecanbe retrieved at the sametime by

SNR 6.02M 10
f s

2 f v
---------

 
 
 

log+=
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dividing the storedquadrantinto two sectors.The first sectorstoresthe first 45o of the sine

wave, thesecondsectorthesecond45o [65]. Becausethereis a 90o phaseshift betweensine

andcosineoneof themwill take its samplefrom thefirst sector, while theothertakesits sam-

ple from thesecondsector, andvice versa.They will never needa samplefrom thesamesec-

tor. This meansthat sineandcosineoutputsareconstantlyswappingbetweenthe two LUTs

that both storeoneeighthof a full sinewave. Fig. 71 shows the proceduregraphically. For

eachsectorit is indicatedfrom which LUT thesineandcosineoutputmustbetaken.It is also

indicatedwhetherthe addressthat goesto the LUT andthe datathat comesout of the LUT

must be inverted or not to get the correct sine and cosine waveforms.

Fig. 72showstheblockdiagramof thequadratureoutputstage.TheLUTs areprecededby

aninvertercircuit thatinvertstheaddressdatadependingon thetwo MSBsof theaddress.The

outputof theLUTs arefed to a switchoperatedby MSB-1 andMSB-2. This way eitherLUT

Fig. 71 Breaking the sine and cosine up in quadrants and sectors.
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canbeconnectedto thesineor cosineoutput.Thecorrectoutputdatais obtainedby inverting

theLUT dataunderthecontrolof theMSB andMSB-1.For thesineoutputtheMSB suffices

to do this, for the cosine output the MSB and MSB-1 are combined.

The contents of the look-up tables were calculated according to:

(22)

As only onequadrantis storedin thecombinedLUTs, disturbingeffectsat theedgesof the

quadranthave to be avoided. Thereforeas an operand((1+2x)/2048) is used insteadof

(x/1024),with x = 0,1,...,255.Thisgivesseamlesstransitionsbetweenthedifferentquadrants.

In the actualimplementationof this circuit combinationallogic insteadof a “real” ROM

appearedto bemoreefficient in siliconarea.This is dueto thehighaddressdecodingoverhead

in the ROM compared to the small memory size.
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Fig. 72 Quadrature output stage.
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phase alternation for PAL

When receiving a chrominancesignal accordingto the PAL standard,the phaseof the

cosineoutputof thequadratureoutputstagehasto bealternatedbetween0o and180o with half

the line frequency. To control this the signalRBP is fed to the inverting circuit of the cosine

stage(Fig. 72). However, the cosineoutputonly hasto be alternatedduring the active video

interval of each line. Therefore RBP is only active outside the burstkey time.

simulation of the spectra of the DTO and quadrature output stage

To verify thecalculations,a simulationof a DDS with a 24 bits DTO anda 1024x 8 bits

sineROM tablewasrun. Theoutputspectraof theDTO andthesineoutputof thecomplete

DDS are shown in Fig. 73. From thesefigures it can be concludedthat the spurious-free

dynamic range (SFDR) is more than the required 55dB.

Table 8 summarises the specification of the direct digital synthesiser:

the HUE control stage

The huecontrol stageis placedbetweenthe DTO andquadratureoutputstage(Fig. 67).

With thehuecontrola phaseoffsetcanbeforcedbetweentheinternallygeneratedquadrature

signalsandtheincomingcolourburst.In this mannercolourphaseerrorscausedduringtrans-

mission of an NTSC chrominance signal can be compensated (see chapter 2).

Huecontrol in theDDS is obtainedby addingthedigital huecontrolword to theoutputof

theDTO. Thesawtoothsignalrepresentsthephaseof thequadraturesignalssineandcosine.

Thehuecontrolword is a variablephaseoffsetthat is addedto thesawtoothduringthecolour

bursts.During theactive videopartof eachTV line, thehuecontrolword is not addedto the

sawtooth.As the PLL locks to burst with the offset,while demodulationtakesplacewithout

clock frequency 24MHz

DTO word width 24 bits

frequency resolution 1.43Hz/LSB

oscillator sensitivity Ko 9.0rad/LSB

sine/cosine word width 8 bits

SFDR >55dB

Table 8 Specification of the direct digital synthesiser.
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this offset, the demodulation angle can be varied by adjusting the hue control word.

With thehuecontrolword thephaseoffsetmustbecontrolledbetween-45o and+45o [43].

As the output signal of the DTO is ten bits wide, one period (360o) of the sawtooth corre-

spondswith 1024differentvalues.The requiredhuecontrol rangeof 90o correspondsto one

quarter of a period. The maximum weight of the hue control word should thereforebe

1024/4= 256, so the hue control word must be eight bits wide.
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Fig. 74 shows the block diagram of the hue control stage.

the input stage of the DDS

TheDDS is adjustedto thedesiredsubcarrierfrequency by settingtheinputvalueKnomof

theDTO. This is donein theinputstageof theDDS.Thefour valuesfor Knom for thefour dif-

ferent colour carrier frequencies are listed in Table 9.

In theinput stagetheselected22-bit input valueof Knom is selectedby a four-input multi-

plexer andaddedto theoutputsignalof thedigital loop filter (Fig. 75). The loop filter output

fine-tunesthe DDS for synchronisationto the received colour bursts.The specifiedtuning

rangeof the DDS is +/-700Hzaroundthe nominalsubcarrierfrequency. As the resolutionof

theDTO is 1.43Hz/LSBthiscorrespondsto +/-490LSB.Theoutputwordwidth of theloopfil-

ter is therefore limited to ten bits.

TV system subcarrier Knom

NTSC-M 3.579545MHz 2502283

PAL-M 3.575611MHz 2499534

PAL-N 3.582056MHz 2504039

PAL-B,G,I 4.433619MHz 3099324

Table 9 Knom values for the various TV systems.

Fig. 74 Hue control stage.
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The digital loop filter r equirements

After theoutputsignalof thephasedetectorhasbeendigitisedby asigma-deltamodulator,

thebitstreamis processedby thedigital loop filter (Fig. 65). Startingfrom theopen-loopfre-

quency characteristicof theanaloguecolourdecoderPLL, six functionscanbedistinguished

for the digital loop filter:

1) act as integrator for a (theoretically) infinite open-loop gain at DC to obtain a

zero steady-state phase error (equivalent to C1 of the analogue loop filter).

2) introduceazeroin thephasecharacteristic(equivalentto R of theanalogueloop

filter).

3) suppress the burst swing in the PAL mode (equivalent to C2 of the analogue

loop filter).

4) act as decimation filter for the conversion of the 24MHz bitstream from the

sigma-delta modulator into low-pass filtered two’s complement digital words

with the required resolution and a lower sampling frequency.

5) provide the colour decoder PLL with enhanced loop gain in the acquisition

mode. In the analogue colour decoder the acquisition mode is switched on by

increasing the gain of the phase detector. In this mixed-signal PLL the gain is

increased in the loop filter.

from to

X1 X0

10

22MUX

“3099324”

“2502283”

“2499534”

“2504039”

Fig. 75 Input stage of the DDS.

22

DTO
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6) limit thetuningrangeof thedirectdigital synthesiserto about+/-700Hzby lim-

iting the output signal of the digital loop filter.

The loop filter configuration

Theblock diagramof theloop filter for thecolourdecoderPLL is shown in Fig. 76. In the

first block theintegratorandthedecimationfilter arecombinedto fulfil requirements1 and4.

ThePAL averagertakescareof suppressionof thePAL fH/2 burstswing(requirement3). The

differentiatorintroducesa zeroin thetransfercharacteristic(requirement2). Thetuningrange

of the DDS is restrictedby the frequency limiter (requirement6). Requirement5 is met by

switching the gain of the integrator/decimation filter under control of the colour killer.

Thecombinationof integratoranddecimationfilter is implementedby anup/down counter

followed by a down-sample register (Fig. 77).

Thefirst functionof theup/down counteris to integratethephaseerror. Thebitstreamcon-

trols the direction of the countingprocess;a digital ‘1’ increasesthe countercontentswith

1LSB anda ‘0’ decreasesthe counterwith 1LSB. As the counteris never reset,the low-fre-

quency phase error coded in the bitstream is integrated in the counter.

A finite statemachine(FSM) derives the encnt(enablecounter)signal for the up/down

counterfrom theburstkey pulse.Theburstkey is a pulsethat is high whentheburst is present

on theinput signal.Thereasonwhy burstkey itself cannotbeusedwill bediscussedlater. The

finite statemachinealsogeneratestherdcnt (readcounter)signal.This signalbecomesactive

at theendof theencntpulse.On this pulseall registersin theloop filter readthedataon their

inputs.

Fig. 76 Block diagram of the digital loop filter.
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The kill control signalswitchesthe stepsizeof the counterbetweena low value(Nt) for

the trackingmodeanda high value (Na) for the acquisitionmode.In the test IC Nt canbe

either2 or 4 andNa canbeeither8 or 16. This is for testpurposesonly, astheparametersof

theanalogueanddigital systemscanonly beexactly identicalbechoosingawkwardstepsizes

(seeappendixD). In a final IC implementationthe valuesfor Na andNt will be chosenthat

give the most optimal overall system performance.

Apart from theintegratingfunction,theup/down counterhasa secondfunctionasa prefil-

ter for the down-samplingprocess.The 24MHz single-bitbitstreamis convertedinto digital

wordsby theup/down counterandthequantisationnoisein thebitstreamis thuslow-passfil-

tered.Fig. 78 shows how the bitstreamof a first-order1-bit sigma-deltamodulatoris inte-

gratedandlow-passfilteredby theup/down counter. Fig. 78ais thespectrumat theinputof the

up/down counter. This is thespectrumof thebitstreamcomingfrom thesigma-deltaconverter.

Theanalogueinputsignalof theconverteris a1kHzsinewave.Fig. 78bshowsthatthequanti-

sationnoisein the bitstream(which is mostly locatedat higher frequenciesdueto the noise

shapingeffect of thesigma-deltaconverter)is stronglysuppressedby theup/down counter. A

dynamicrangewell above 52dB(peak-to-peaksignalto rmsnoise)is achievedwith this con-

figuration.

Thesignalat doublethesubcarrierfrequency (2fsc) that is alsopresentat theoutputof the

phasedetectorneednot befilteredbeforedigitisationby thesigma-deltaconverter. It will be

codedinto thebitstreamandwill besuppressedby theintegratingactionof theup/down coun-

ter.

Whenchoosinga lower samplingfrequency for theremainingpartof thedigital loop filter

themaximumoutputfrequency of theusefulsignalof thephasedetector(andthesigma-delta

clock
(24MHz)

rdcnt
(15.6kHz)

U/D

Na/Nt

counter

encnt

IN

kill

Fig. 77 Construction of integrator/decimation filter.
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converter)hasto beconsidered.This maximumis determinedby the fH/2 burstswingduring

PAL reception,which is 7.8kHz.As therearenosignalcomponentsabove7.8kHz,theline fre-

quency fH = 15.6kHz was chosen as the sampling frequency of the digital loop filter.

avoiding quantisation noise due to the burstkeying process

The up/down counteris only activatedduring the burstkey interval. If the phaseerror is

zero(steady-statesituation)thenettresultof thecountingprocesscanonly bezeroif theburst-

key interval lastsan even numberof clock periods.As the burstkey is generatedby a circuit

that is not using the sameclock as the colour decoder, the burstkey itself cannotbe usedto

control thedown-samplingprocessof theup/down counteroutput.Thereforetwo timing sig-

300.0 1.0k 10.0k 100.0k 1.0M 10.0M
-140.0

-120.0

-100.0

-80.0

-60.0

-40.0

-20.0

0.0

300.0 1.0k 10.0k 100.0k 1.0M 10.0M
-100.0

-80.0

-60.0

-40.0

-20.0

0.0

20.0

40.0

60.0

80.0

Frequency

Frequency

[Hz]

[Hz]

[dB]

[dB]

Unfiltered
bitstream

bitstream
Filtered

Fig. 78 Simulation of the filtering of the bitstream by the up/down counter:
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nalsaregeneratedfrom the burstkey (Fig. 76 andFig. 79). The signalencntdeterminesthe

time during which the counteris integrating the incomingpulsesfrom the sigma-deltacon-

verter. The signalrdcnt is usedto down-samplethe up/down counteroutputandasthe sam-

pling frequency for therestof thedigital loop filter. Both encntandrdcntarederivedfrom the

burstkey pulseby a finite statemachine.The encntpulse,usedto control the count enable

input of the counter, is an internally synchronisedversionof the burstkey pulsethat always

containsan even numberof periodsof the 24MHz clock. Thereforethe lengthof the encnt

pulseis prolongedwith oneclock periodif thenumberis odd(thesituationshown in Fig. 79)

The finite statemachinealsogeneratesthe rdcnt pulsethat actsasa clock for the restof the

digital loop filter. The rdcnt pulseis high for oneclock perioddirectly after the endof the

encnt pulse (Fig. 79).

line averaging for PAL

In the analoguecolour decoderPLL suppressionof the PAL burst swing is obtainedby

low-passfiltering with an extra capacitorparallel to the loop filter. However, this capacitor

givesa low phasemargin in the acquisitionmode(seeFig. 54). By usinga line-to-line aver-

ager(Fig. 80) insteadof acapacitor-equivalentin thelow-passfilter, abetterphasemargin and

a bettersuppressionof the burst swing canbe obtained(seeappendixD). As two successive

samples,with atimeseparationof oneline time,areaddedin theaverager, thegain for DC sig-

nals is two andthe gain for signalshaving half the line frequency is zero.So the PAL burst

swing, which has a frequency of fH/2, is fully suppressed.

burstkey

encnt

rdcnt

clock cycles

Fig. 79 Timing of the burstkey, encnt and rdcnt signal.
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the differentiator

The differentiator(Fig. 31) generatesthe requiredzeroin the frequency characteristicof

thePLL. Thegainαdf of thedelayedpath,is oneof theparametersthatcanbevariedto obtain

thedesiredtransfercharacteristicof thePLL. Thelimiter of Fig. 75 is implementedby sending

only the ten leastsignificantbits of the outputof the differentiatorto the input stageof the

DDS.
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Fig. 80 Line-to-line averager.

D

16 17

rdcnt

αdf

OUTIN

multiplier

Fig. 81 Differentiator.

D

-

+
17 10

19

(only LSBs)



110

The sigma-delta converter

A sigma-deltaconverter (Fig. 82) converts the analogueinput signal into a train of ones

and zeros.If this train of onesand zeros is passedthrough an analoguecontinuous-time

low-pass filter, the original analogue signal is retrieved.

The sigma-deltamodulatorwhich is usedin this designis a simplified version of the

sigma-delta modulator described in [66].

The subtractorin the configurationof Fig. 83 is implementedin the currentdomain.The

original designhasa voltageinput anda voltage-to-currentconverter. As the input signalof

the sigma-deltamodulatoris the output currentof the phasedetector, no voltage-to-current

converter is neededin the colour decoder. The 1-bit DA converter is realisedas a current

sourcewith a two-wayswitch.Thefourth-orderloopfilter of theoriginaldesignis replacedby

a first-order loop filter (integrator). The loop filter is realisedby connectingcapacitorC

between the current outputs of the subtraction point.

analogue
cont.-time
loop filter

comparator
+

latch

1-bit

DAC

bitstream

clk

analogue
in

-

+ 1

Fig. 82  Block diagram of a1-bit first-order sigma-delta modulator.
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The DAC for the sine and cosine signals

As theDAC hasonly eightbits of resolutionit canbemadewith emitter-scalingof fairly

smallbipolar transistors.Thebasicdiagramof theDAC is shown in Fig. 84. Thebiascurrent

is dividedovera totalof 255emitters.Theemitterof thetransistorof theMSB consistsof 128

unit-emitters. So T7 will draw 128 times more current than the transistor of the LSB (T0).

The INL andDNL of theDAC have to be lessthan0.5LSB,i.e. themaximumallowable

full-scale error is 0.2%. The weight of the LSB is MSB/128.As mismatchhasa Gaussian

nature,themismatchin theLSB maybe√128timeshigherthantheoverall mismatch.So,the

allowablemismatchfor theLSB is approximately2.2%.Themaximumallowablemismatchof

theLSB determinesthesizeof theemittersof thetransistorsin theDAC. Takingthemaximum

allowablemismatchto be a 4σ spread,it follows that σ=0.55%.Applying the generalmis-

match rule for the collector currents [67], [68]

(23)

and filling in the process data (AIc=1.6%µm) [68] it follows that W=L=3µm.

As the emitter sizeof the transistorscannotbe chosenarbitrarily in the process(due to

restrictionson the contactholes),andto keepthe layout assmall aspossible,the sizeof the

integrator
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Fig. 83 1-Bit first-order sigma-delta modulator.
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LSB transistor (T0) was chosen1.95*3.9µm, and all other transistorswere made with

unit-emittersof 3.9*3.9µm. In otherwords,T0 hashalf a unit-emitter, T1 hasoneunit-emitter,

T2 hastwo unit-emitters,etc..Although the emittersizeof T0 is smallerthanthe calculated

minimumemittersize,theoverall inaccuracy of theDAC is lessthan0.5LSB(seesimulation

resultin Fig. 85). This is dueto the fact that theunit-emittersizeusedin T1 to T7 is slightly

bigger than the calculated value. The total emitter area in the DAC, however, is

(27-2)*3.9*3.9µm2 + 1*1.95*3.9µm2 insteadof (28-1)*3.9*3.9µm2. Sotheareais only half of

what it would be if T0 had the same unit-emitter size as all other transistors.

Themismatchof theDAC wassimulatedby settingall bits,excepttheMSB, in a low state.

TheMSB wassetin a high state.Thespreadof thedifferentialoutputcurrentof theDAC is

shown in Fig. 85.Thefigureshows thatoneLSB stepof theDAC is 3.9*10-3 (i.e. 1/255).The

worst case spread is about 1.5*10-3. So, the spread is less than 0.5LSB.

Ibias

iout -iout

1264128

D7 D6 D1 D0

Vref

Fig. 84 Basic block diagram of the DA converter.

T7 T6 T1 T0
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At low frequenciestheDAC caneasilyachieve 8-bit accuracy, but at high frequenciesthe

situationis completelydifferent.The switchesare madeof two NMOS transistors(Fig. 86

shows theconstructionof onebit in theDAC), whosegatesaredrivenwith invertedsignals,as

only one of them hasto be conductingat any one time. At 24MHz the delay time of one

inverter(ca.0.5ns)hasa major influenceon the glitchesin the outputcurrentsasduring the

transitionof theinput databothNMOS transistorscanbeconductingor in theoff-statesimul-

taneously. Theseglitcheswill producemany unwantedfrequency componentsin the output

spectrum.Thereforethe NMOS transistorsaredriven from the outputsof two flip-flops with

inverted input signals.
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The analogue low-pass filter

TheDAC outputsignalsarefed to low-passfilters.Thesefiltershave to eliminatetheclock

andits harmonics.This is important,becauseif therearespurioussignals(e.g.crosstalkfrom

thesubstrate)on the input signal,theclock andits harmonicswill fold thesespurioussignals

and noise back to the baseband, where they will pollute the colour difference output signals.

The output signal of the DACs is a current.So the low-passfilters must have a current

input.Theinfluenceof thefilter ontheamplitudeof a4.4MHzsinewavemustbenegligible. A

maximum attenuationof 0.5dB is allowable. The clock and its harmonicsshould be sup-

pressedmorethan55dB.This ensuresthat if thereis crosstalkfrom thedigital circuits to the

input the colour decoderthis will not result in visible disturbanceson the TV screen.A

ninth-order filter would fulfil both requirements.

If themultipliers in thedemodulatorsarelinearenough,andif thecrosstalkfrom thesub-

strateis kept low enough,the demandson the clock eliminationneedn’t be so strong.As a

compromisebetweencostandperformanceathird-orderSallenandKey filter waschosen.The

filter doesnot have a controlof thecut-off frequency, which meansthat thecut-off frequency

mustbechosensuch,thatevenwith theworstcasespread,the4.4MHzsinewave is attenuated

by less than 0.5dB.

Fig. 87 shows thediagramof thelow-passfilter. TheDACshave a differentialoutputcur-

rent,but the low-passfilter is not a truly differentialfilter. Both outputterminalsof oneDAC

arefed to two identical low-passfilters, so that the combinationof the outputsignalsof the

iout -iout

Vref

D

DDi

clk

Fig. 86 Switch arrangement of one bit to minimise glitches.

Ti
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low-passfilters is quasi-differential. The current from the DACs is fed to the actual filter

througha cascodingtransistor(T1). This transistormustbepartof thefilter andnot theDAC,

asotherwisetheparasiticcollector-substrateandcollector-basecapacitancesof theDAC tran-

sistorsandthewiring would influencethe transfercharacteristicof thefilter. As themodula-

tion depthof theDAC outputcurrentis 100%,therearepointsin time wherethecurrentfrom

oneof theoutputterminalsof theDAC is zero.If thereis no currentflowing throughthecas-

codingtransistorT1, it will bevery slow. This will degradetheinput signalof theactualfilter.

Thereforea DC current(Ibias) is addedto theoutputsof theDACsto keepthecascodingtran-

sistor fast.

Theoutputof the low-passfilter is takenfrom thebase,not theemitter, of theemitterfol-

lower (T3) that is in thefeedbackloop of thefilter. A secondemitterfollower (T4) makessure

theoutputimpedanceis still low. This constructionhastheadvantagethat thesuppressionof

very high frequenciesis far betterthanif theemitterof T3 is takenastheoutput.The reason

for thebadsuppressionof very high frequenciesis thatthesuppressionis limited by theemit-

ter impedanceof T3. At veryhigh frequenciesthetransferis determinedby theratioof R2 and

the emitter resistance of T3.

As theoffseton theinputsof themultipliersmustbevery low to preventsubcarrierbreak-

throughto the output of the demodulator, the outputsof the Sallenand Key filters are AC

coupledto them.After theAC couplingcapacitorthereis anemitterfollower. Oneemitterfol-

lower producesonly little offset,andif thefollower weren’t there,theparasiticcapacitanceof

Fig. 87 Low-pass filter.
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theinputsof themultiplierswould causeanattenuationof thecolourcarrier. This is unaccept-

able,asit would causea lot of spreadon theamplitudeof thedemodulatedchrominancesig-

nal.

The multipliers

As Fig. 65 shows, threemultipliersareneededin themixed-signalcolourdecoder. Two of

theseproducetheoutputcolourdifferencesignals.The third multiplier closesthe loop of the

PLL.

the demodulating multipliers

Thetwo multipliersin thecolourdemodulator, thatproducethecolourdifferencesignalsat

their output,usethetopologyof theGilbert gain cell [69]. Fig. 88 shows thebasicconfigura-

tion.

In theanaloguedemodulatorthemultipliers thatproducetheR-Y andB-Y outputsignals

areeffectively rectifiers.Thismeansthatoutputsignalsof theoscillatorareconnecteddirectly

to thebasesof thefour uppertransistorsof theright-handstageof Fig. 88. In thenew system

theoutputsof thelow-passfiltersat theoutputof theDDSdonothavehighenoughasuppres-

sion of the clock frequency to use rectification insteadof linear multiplication. Using a

IbiasIbias IbiasIbias

Fig. 88 Multiplier.
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higher-orderfilter is possible,but this would requireconsiderablymoresilicon areathanthe

linearisationof themultiplier. With a linearmultiplier (crosstalk)frequencieson theinput sig-

nal, that are around the clock frequency, are not folded back to the baseband.

the multiplier in the phase detector

In theanalogueaswell asthenew system,themultiplier thatactsasthephasedetectoris a

multiplier with a high gain on both inputs.So the multiplier is in effect a switching phase

detectorand not a linear phasedetector[40]. Comparedto the topology of the multipliers

describedabove, this meansthat the left-handamplifier is omitted.The input signal is fed

directly to the basesof the upper four transistorsof the right-handamplifier. The resistor

between the emitters of the lower transistors is replaced by a wire.

Simulation results of the complete PLL

The transferof the mixed-signalPLL of the colour decoderis calculatedis appendixD.

Fig. 89 shows the simulatedopen-looptransfercharacteristicsof the mixed-signalcolour

decoder. The transferis given for four differentgain values:Acnt = 2, Acnt = 4, Acnt = 8, and

Acnt = 16. Comparingthis transferwith that of the analoguesystem(Fig. 54), it canbe seen

that for an identical transferin the tracking rangethe optimum value of Acnt lies between

Acnt = 2 and Acnt = 4. For the acquisition range the optimum value of Acnt lies between

Acnt = 8 and Acnt = 16. This is in agreement with the calculation of appendix D.

For Acnt = 16 thephasemargin is 45o. This is slightly betterthanthe37o phasemargin of

the analogue system.
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Fig. 90 shows the reponseon a 90o phasestep.The conclusionsof the simulationof the

open-loop transfer characteristics are also true for this simulation.

Fig. 89 Simulated open-loop transfer characteristics of the mixed-signal colour

decoder for Acnt = 2, Acnt = 4, Acnt = 8, and Acnt = 16.
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Cir cuit realisation

A testIC with the mixed-signalcolour decoderhasbeenfabricatedin a 0.6µm BiCMOS

process[68]. ThetestIC alsocontainsa numberof additionalcircuits like lock detectors.Fig.

91 shows a photographof thetestIC. Theareaof theanaloguecircuits(without theadditional

circuits)is 0.5mm2. Theareaof thedigital circuit is 1.1mm2. Theareaof thedigital circuit was

not optimisedto shortenthe layout time. An optimisedlayout of the digital circuit would

occupy an area of 0.5mm2.
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Fig. 90 Simulated transient response for a 90o phase step on

the input signal for Acnt = 2, Acnt = 4, Acnt = 8, and Acnt = 16.

Acnt=2

Acnt=16

time (s)

ph
as

e 
er

ro
r 

(d
eg

re
es

)

Acnt=4

Acnt=8



120

Fig. 91 Test IC of the mixed-signal colour demodulator.
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Measurement results

All measurementsdescribedin this sectionwereperformedwith a4.43MHzcolourcarrier

frequency. Changing the frequency does not change the results significantly.

spectrum of the sine wave at the output of the low-pass filter

Fig. 92 shows the measuredspectrumof the sineoutputof the DSSafter digital-to-ana-

logueconversionandlow-passfiltering. The highestspuriousis morethan55dB down with

respectto thecolourcarrierfrequency. This is in goodagreementwith thesimulation(Fig.73).

response on EBU colour bar input signal

Fig. 93showsaPAL CVBSinputsignalandthecolourdifferenceoutputsignals.Theaver-

agerof themixed-signalsystemcompletelyeliminatestheH/2 ripple dueto theburst swing:

the shapeof the colour differencesignalsof two consecutive lines is exactly identical.The

analoguesystem(Fig. 52) doesshow someH/2 ripple, despitethe additionof C2 to the PLL

loop filter.

Fig. 92 Measured spectrum of the sine output of the DDS

after digital-to-analogue conversion.
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output spectrum with a continuous 4.43MHz input signal

Fig. 94 shows the spectrumof the -(B-Y) outputsignalof the testIC whena continuous

4.43MHzsinewave is fed to the input of the colour decoder. With suchan input signal,the

-(B-Y) outputsignalis aDC signalandasignalat8.86MHzwith anamplitudeequalto theDC

component(2sin2(ωsct) = 1 + sin(2ωsct)). Thespectrumanalyserdoesnot give a correctread-

ing for DC signals,sothe8.86MHzsignalmustbeusedasthereferenceto seehow muchthe

spurioussignalsin the passbandaredown with respectto the signal. In this experimentthe

-(B-Y) signal is passedthrougha 1.5MHz first-order low-passfilter, insteadof the normal

third-orderfilter, beforeit is fed to thespectrumanalyser. As a resultthemeasured8.86MHz

component is suppressed by 11dB.

Fromthis spectrumit canbeconcludedthat thefrequency componentsin thepassband(0

to 1.5MHz)of thecolourdifferencesignalsaremorethan55dBdown with respectto theunat-

tenuated-(B-Y) signal.The spuriousfrequenciesoutsidethe passbandarealsobelow -55dB

with respectto the unattenuated-(B-Y) signal.The latter spuriousfrequencieswill be sup-

pressedto an even lower level by the third order1.5MHz low-passfilter at the outputof the

colour decoder.

Fig. 93 CVBS input signal and colour difference output signals.
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dynamic behaviour of the colour demodulator PLL

Fig. 95 shows theresponseto a 90o phasestepon theinput burstsignal.Thevalueof Acnt

hasbeensetto Acnt = 4 in this measurement.This responseis measuredon the-(B-Y) output.

Thehorizontallinesthatarealsovisible in thephotographaretheburstandblankinglevelsof

the -(B-Y) signal.Theselevels arenot relevant in this measurement.The measurementis in

closeagreementwith thesimulationof Fig. 90.Themeasurementsfor theothervaluesof Acnt

are also close to the simulated response.

Fig. 94 Measured spectrum of the -(B-Y) output for a continuous sine input signal.
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other measurements

Table 10 summarises the measurement results.

supply voltage 5V

supply current 5.0mA (analogue)
2.1mA (digital)

circuit area 0.5mm2 (analogue)
1.1mm2 (digital)
0.5mm2 (digital, after optimising layout)

centre frequency 3.579545MHz (NTSC-M)
3.575611MHz (PAL-M)
3.582056MHz (PAL-N)
4.433619MHz (PAL-B,G)

acquisition/tracking range +/-720Hz (all standards)

static phase error 0.5o

signal-to-noise ratio
(Vpp to rms noise, 1.5MHz bandwidth)

54dB (B-Y output)
55dB (R-Y output)

Table 10 Measurement results of the mixed-signal colour demodulator.

Fig. 95 Response to a 90o phase step on the burst.
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From the above measurementsit can be concludedthat the new mixed-signalcolour

decoderhasa performancewhich is nearlyidenticalto theperformanceof thetraditionalana-

logue system [43].

The colour decoder in a one-chip TV processor

ThetestIC describedabovewasmadeasthismakesit easyto measuretheperformanceof

the colour decoderandits componentparts.The mixed-signalPLL hasalsobeenintroduced

(with somemodificationsto comply with customers’demands)in a family of one-chipTV

processors[71]. Fig. 96 shows a die photograph.The measuredperformanceof the test IC

describedabove andthe colour decoderin the one-chipTV processoris identical.The other

circuits in theone-chipTV processorhave no measurableinfluence(e.g.dueto crosstalk)on

the performance of the colour decoder circuit.

Fig. 96 Die photograph of a one-chip TV processor with the

mixed-signal colour decoder.

analogue
part
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Conclusions

A mixed-signalcolourdemodulatorsystemwith a topologybaseduponananaloguesys-

temhasbeenpresented.Theperformanceof thenew systemis nearlyidenticalto thatof the

traditional analoguesystem.The mixed-signaldemodulatorsystemcombinesthe bestele-

mentsof the analogueand digital worlds. The signal path is completelyanalogue,so no

high-performanceADCsareneeded.Thelink from theanalogueto thedigital domainis asim-

ple one-bitsigma-deltaconverterthatonly hasto convert a quasi-DCsignal.Thetotal system

costis reducedconsiderablythanksto theeliminationof a numberof expensive externalcom-

ponents.
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chapter 5

Analogue VLSI testing

Intr oduction

Oneof theaspectsof analogueIC designthat is very oftenneglectedis testability. During

theproductionprocesseachIC is testedtwice: Thefirst time on thewafer to selectgoodICs

for encapsulation(wafertesting).After encapsulationtheICs aretestedagain (final testing)to

make sure that no fault has been introduced during the encapsulation process.

Testingof theICsbeforeencapsulationis necessary, asthemanufacturingprocessof anIC

consistsof many hundredsof steps.All thesesteps(e.g. implanting,cleaning,lithography)

have to executedwithout any inhomogeneityor impurity in the chemicalsubstancesand

equipmentthatareusedin theseprocesssteps.Small inhomogeneitiesor impuritiescancause

defectsin thecomponentsin the ICs on thewafer (or in theconnectionsbetweenthecompo-

nents). Encapsulating an IC is rather costly, so only good ICs should be encapsulated.

TestinganIC doesnotaddvalueto it. Customerspayfor thefunction(s)in theIC andsim-

ply expectonly goodICs to bedeliveredto them.Thereforetestingshouldbeascheapaspos-

sible.This impliesthattheequipmentusedfor testingshouldbeassimpleaspossible.And the

time it takes to test one IC should also be as short as possible.

In thedigital IC designworld formalisedtestapproachesexist (e.g.scantesting[72] and

IDDQ testing[73]). Thesetestsdo not checkthefunctionof theIC, but they checkwhetherthe

network of thecomponentsin the IC is correct.No suchformalisedtechniquesexist for ana-

logueICs.Analoguetestingis usuallyfunctionaltesting:realtime testingwith signalsasthey

are applied in a standard application.

Table 11 gives an overview of the differences between analogue and digital testing.



128

Thesedifferenceslead to a substantialdifferenceis the IC-specific hardware that is

requiredto testan IC. For digital ICs a simpletestboardwith few componentscanbe used

(Fig. 97a).For analoguecircuits the testboardis effectively an applicationboard,with extra

facilities(e.g.switches)to allow injectionof testsignalsandobservationof outputsignals.As

Fig. 97bshows,suchananaloguetestboardis far morecomplicated(andhencemoredifficult

to designandbuild) thanadigital testboard.Oneof thereasonswhy it is hardto designagood

wafertestboard,is thattheleadsfrom thebondpadsto theboardarefar longerthanthebond-

wiresin anIC encapsulation.This makesdecouplingof supplypinsandhigh-frequency oper-

ation difficult.

Theaimof theresearchdescribedin thischapterwasto cometo a fast,generictestmethod

for analogueVLSI ICs thatfindsasmany faulty ICsaspossible.Theultimategoalwouldbeto

completelyeliminate the needfor functional testing.The test methodfor analogueVLSI

describedin this chapteris genericanddoesnot requirechangesto thecircuits insidethe IC.

This testmethoddetermineswhetheran IC is goodor not by measuringthecurrentsflowing

throughits constituentcircuits.ThetestmethodwaschristenedICCQ
1 asit bearssomeresem-

blance to IDDQ testing.

Functional and non-functional IC test methods

In this sectiona numberof (non)-functionaltest techniquesis described.All thesetest

methodshave their prosandcons.After thedescriptionof theICCQ methodtheprosandcons

of the techniques described in this section will be compared with those of ICCQ.

In digital CMOS circuits IDDQ testingis usedasa global test to seeif unwantedcurrent

Digital Analogue

Scan, IDDQ
-- short test time
-- simple test board

Functional test
-- real time test
-- “application” test board

Generic structural test Application-like test

When specified faults are absent,
IC is very likely to begood

When function is performed well,
IC is not likely to bebad

Table 11 Comparison of digital and analogue testing.

1. The abbreviation IDDQ stands for “test of the Quiescent IDD”. The abbreviation ICCQ stands for “test
of the Quality of ICC”, ICC being the designation of analogue supply current. ICCQ is not limited to qui-
escent ICC testing. It can also cope with a dynamic ICC.
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Fig. 97 Comparison of typical wafer test boards: (a) digital, (b) mixed-signal.

(a)

(b)



130

flowssomewherein theIC, whentheclocksareswitchedoff. If thatturnsout to bethecasethe

IC is rejected.This testis globalandnot specoriented,but doesprovide a quick andeffective

sieve to detect faulty circuits [73].

In somedigital circuits Built-in Current(BIC) testingis usedto checkthe quiescentcur-

rents[74]. This technique,whichcanberegardedasa refinementof IDDQ testing,usesa resis-

tor in thegroundrail to convert thegroundcurrentto a voltage.In thenormaloperatingmode

this resistoris short-circuited.In testmodethe voltageacrossthe measuringresistoris com-

paredwith somereferencevoltage.If thequiescentcurrentis greaterthanthereferencetheIC

is rejected.

Macro-basedtesting[75] is a formalisedway to testblocksin ananalogueIC by feeding

signalsto theinputof eachblockandobservingtheiroutputsignals.If all blocksaregood,the

IC is considered good.

In [76] ananaloguescantesttechniqueis proposed.In this techniquethe outputsof ana-

loguecircuits insidethe IC aresampledat regular intervals.Thesesamplesaresubsequently

shiftedto a testpadthroughananalogueshift register. In thetestequipmenttheactualvalues

of thesamplesarecomparedwith theexpectedvalues,andbaseduponthat the IC undertest

either passes the test or is rejected.

Macro-basedtestingandanaloguescantestingarein factcloselyrelatedto functionaltest-

ing. Thesetestmethodsalleviatesomeof theproblemscausedby theever-growing complexity

of analogueICs. Researchon true non-functionaltestsfor analoguecircuits hasalso been

reported.

Oscillation-basedtesting[77] is a testtechniquethat,duringtesting,connectstheanalogue

circuitsin anoscillatorstructurein suchaway thattheoscillationfrequency indicateswhether

the circuit is good or not. This method is proposed as a Built In Self Test (BIST).

Most of the researchon non-functionaltestingcentreson supplycurrenttesting.A good

overview of thesemethodsis given in [78]. The conclusionof this paperis that with current

testingasignificantpartof thedefective ICscanbedetected.However, with currenttestingnot

all faulty ICs canbe found,aschangesin the supplycurrentaremostly causedby shortsor

opensin the routing layers.This kind of defectoften causesa so-calledcatastrophicfailure,

i.e. asa resultof thedefectthe IC no longerperformsthedesiredfunction.Parametricfaults

(i.e.a fault thatcausese.g.thegainof anamplifierto be10dBinsteadof 20dB)arenotalways

detectableby a variationof thesupplycurrent.Theshortsandopensin the routing layers,as

well asotherdefectsthatcausethesupplycurrentto deviatefrom its nominalvalue,cansome-

timesbe detectedmoreeasilyby not testingwith the nominalsupplyvoltage,but by usinga

supply voltage outside the normal operating region [79].
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Curr ent testing in analogue ICs

In analoguecircuits the IDDQ techniqueas usedin digital CMOS ICs is not applicable.

Analoguecircuits rely on thepresenceof a biascurrentfor a correctoperation.Whentesting

analogueICs thesupplycurrentis measuredto geta roughindicationwhetherthe IC is good

or not [78]-[79]. However, with this techniquethesupplycurrentof thewholeIC is measured.

So if a circuit that draws 1% of the supplycurrentis 50% off target dueto e.g.a processing

defect,thesupplycurrentof thewholeIC will changeby only 0.5%.As thespreadof thecur-

rentdueto processvariationswithin onewaferis of theorderof 1%,avariationof 0.5%is too

small to justify rejection of such an IC.

Fig. 98 shows theeffect of a defecton thecurrentof anIC. In thefigurethecurrentdistri-

butionsasa resultof processspreadof threecircuitsin goodICsareshown, aswell asthedis-

Fig. 98 Distribution of the supply current in an IC and the distribution of the total cur-

rent. The supply current of three individual circuits with a defect is also indicated.
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tribution of the sum of thesecurrents.In the currentdistribution curve of eachcircuit, the

currentof acircuit with adefectin it is indicated.Thecurrentasaresultof thedefectin circuit

1 hasa largedeviation from its nominalvalue(solid triangle).In circuit 2 thedefectcausesthe

currentto bejust outsidetherangeof thenominalcurrent(solid circle).Thecurrentof circuit

3 is within its normaldistribution despitethe fact that it hasa defect(solid rectangle).If the

sumof thecurrentsof thesethreecircuits is measuredon thesupplypin, only thelargedefect

of circuit 1 canbedetected.Thedefectsof circuit 2 and3 causeadeviationof thetotal IC cur-

rent that is still within the normal distribution of the total device current.

The most ideal form of currentmeasuringtechniquewould be to monitor eachcurrent

branchseparately. This is usually impossibledueto the large amountof currentbranches.It

wouldbehelpful thoughif asmany currentscouldbemonitoredasis still practical.Usingsev-

eral bondpadsto connectto eachsupplyor groundpin is a way to increasethe numberof

observablecurrentsat pretesting.However, the numberof bondpadsis limited to aboutfive

padsperground/supplypin. More thanfive bondwiressimply do not fit on the leadfingerof

theencapsulation.So,if morecurrentsensingpointsareneeded,somethingextra will have to

done inside the IC.

Simulations

In order to seewhethermeasuringcurrentsis an effective methodto detectfaulty ICs,

simulationsweredoneonapartof anIC. This IC is runningin production,soit is notacircuit

especiallydesignedfor this test.The simulationwas donewith a computerprogramcalled

DOTSS(DefectOrientedTestSimulationSystem)[80]. Thisprogramtakesthelayoutof acir-

cuit andrandomlyplacesdefectparticlesin it. Thesedefectscanbe e.g.dustparticles,pin-

holesin oxidethatfill upwith metal,or any othereffect thatcausesashortcircuit betweentwo

interconnectionlines in the IC. Thenumber, sizeandthesize-distribution of thedefectparti-

clesaretakenfrom factorydata.Theprogramassumesthata particlecausesa shortcircuit if

(a) theparticleoverlapstwo or moreinterconnectionlines(bridgingdefectin oneinterconnec-

tion layer),or (b) theparticleis situatedbetweentwo interconnectionlines in differentinter-

connection layers (pin-hole defect between two interconnection layers). Only the

interconnectionmasksareusedto introducethedefectparticles.It is alsoassumedthataparti-

clecannotcauseaninterruptionof themetallines.Thisassumptionshouldnotaffect theaccu-

racy of thesimulationstoo much,asfactorydatashows that thevastmajority of rejectedICs

are rejected as a result of short circuits in the interconnection layers [81].

Fig. 99 illustratestheway theprogramworks. Thetop-left shows thelayoutof thecircuit.

To this layout defectparticlesare addedwith a certaindistribution dependingon the parti-

cle-size(top-middle).This resultsin a modifiedlayout asshown in the top-right.The shorts

that the particlescausein the layout aretranslatedbackto the electroniccircuit. Bottom-left
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shows the defect-freecircuit, bottom-rightthe circuit with the shorts.The two resultingcir-

cuitscannow becomparedwith acircuit simulator. Theperformancecanbecomparedfor DC,

AC and transient responses.

current distribution due to defects

With DOTSSthe DC currentthrougha numberof circuits wasanalysed.Fig. 100 shows

thesimulatedcurrentsthroughtwo differentcircuits for nominalprocessparameters.TheDC

currentwasdeterminedfor 200differentdefects,i.e. 200 timesa defectwasrandomlyintro-

ducedin thecircuit. Someof thesedefectswill not causea shortcircuit (e.g.becausethey lie

betweentwo metallineswithout touchingthem),sothey actuallydonot introducedefectsinto

theIC. Otherswill causeshortcircuitsbut do not influencetheDC current(e.g.a short-circuit

of the outputsof a differential amplifier). But many defectswill causea short-circuit and

change the DC current as can be seen in Fig. 100.

Theroutinedescribedabove wasappliedto 14 differentcircuitsof theaforementionedIC.

Fig. 101lists thenamesof thecircuitsandshows thepercentageof ICs in which thesecircuits

have a currentthatdeviatesmorethan5% and10%from thenominalcurrent.This meansthat

for e.g.thecircuit calledBRCON40%of thecircuitswith a defectaredetectedif a circuit is

rejectedif its currentis morethan10%higheror lower thanthenominalcurrent.If a circuit is

rejectedif its currentis morethan5%higheror lower thanthenominalcurrent,47%of thecir-

cuits with a defect are detected.

Fig. 100 Simulated current distribution with randomly introduced defects

for two different circuits.
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current distribution due to process spread

Fig. 102shows theeffect of processparameterspreadon thesametwo circuitsastheones

analysedin Fig. 100.Thedistribution of thecurrentdueto processparameterspreadis of the

sameorderasthedistribution dueto defects.Fromthis it follows thatmeasuringtheDC cur-

rentof acircuit is notsufficient to saywhetheror not it hasadefect.Resultssimilar to theones

above have been reported in the literature [82].

reject criterion based on current measurements

Thefactthattheabsolutecurrentflowing in a circuit doesn’t revealwhetherit hasa defect

or not doesnot meanthatDC currenttestingis useless.In IC designconstantuseis madeof

thefact thatalthoughtheabsolutevaluesof thecomponentsaresubjectto a lot of spread,the

relative accuracy of two componentsis very high. So, the absolutecurrent in one circuit

shouldn’t bemeasured,but thecurrentin a numberof circuits in oneIC shouldbemeasured

andthesecurrentsshouldbecompared[83]-[88]. Theratioof thecurrentsshouldbethesame,

Fig. 101 Simulation on 14 different circuits in one IC showing the percentage of

circuits that have more than 5% or 10% deviation from the nominal current due

to defects.
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no matter what the actual process parameters are.

Fig. 103shows thecurrentdistribution of two differentcircuits in goodICs. Both circuits

have acertaindistribution rangeof thecurrentdueto processvariations.As thecurrentsin the

two circuits in oneIC arematched,goodICs will have the samerelative deviation from the

nominalcurrent.That meansthat if the currentsof the two circuits areplottedagainsteach

otherasin Fig. 103,goodICs arelocatedon the line. In Fig. 103 thecurrentsin the two cir-

cuits in threeindividual circuits arealsoindicated.The IC indicatedby the solid circle is on

theline, asthecurrentsin bothcircuitsdeviatefrom thenominalvalueby thesameamount.So

this IC passesthetest.TheIC indicatedby thesolid trianglehasonecircuit with acurrentthat

falls within thenormaldistribution (circuit 1) andonecircuit with a currentthat falls outside

thenormaldistribution (circuit 2). So this IC canbedetectedasa faulty IC by measuringthe

absolutecurrentsin thecircuits.TheIC indicatedby thesolid rectanglehascurrentsflowing in

bothcircuit 1 andcircuit 2 that fall within thenormalcurrentdistribution. Soif only absolute

currentsareconsidered,this IC will passasgood.But, if the currentsin the two circuits are

compared(i.e. a relative currentmeasurement)the IC will be rejected,asthe currentsin the

two circuits are not well matched.

Fig. 102 Simulation of the current distribution due to process spreads for

two different circuits.
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Measuring currents inside an IC

Thereareseveralwaysin which thecurrentflowing in individual circuits in an IC canbe

measured.Switchingoff circuits in theIC by e.g.a switch in thesupplyrail (Fig. 104a)[89],

or by switchingoff themasterbiasgeneratoraretwo possibilities.However, asmostcircuitsin

an IC are DC-coupledthe abnormalbiasingcondition, that resultsfrom theseactions,may

leadto unwantedcurrentsflowing in theIC, thatmayevencauseits destruction.In anIC with

many componentssucheffectsareveryhardto predict.Apart from thisdisadvantage,switches

in thesupplyrail eithercausea lot of voltagedrop(e.g.emitterfollowersor commonemitter

stages driven into saturation) or require very large components (e.g. MOS switches).

An alternative way of measuringthe currentin individual circuit is shown in Fig. 104b.

Eachcircuit hasits own currentmeterin its supply(or ground)line. Thiswayof measuringthe

currenthastheadvantagethatall circuitscanberunningwith their normalcurrent,andnoth-

ing is switchedon or off in the IC during themeasurement.But, the currentmeteritself will

Fig. 103 By comparing the currents of two different circuits in one IC, faulty ICs can

be detected even if the current of both circuits is within the normal distribution.
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causea voltagedrop in the supply lines, just like the switchesthe circuit of Fig. 104a.This

needn’t bea problemif theresistanceof thealuminiumof thesupplyline itself is usedasthe

current-to-voltageconverterandthe voltageis measuredwith a volt meter[83]-[88]. In this

way something which is normally considered a parasitic effect is put to practical use.

amplifying the voltage drop in the supply lines

The voltagedrop in the supplylines is usually in the milli volt range.If it weremorethe

supplylineswould have too muchinfluenceon theperformanceof the IC. However, measur-

ing a voltageof a few milli volts in a testfactoryis nigh impossibledueto the high levels of

electromagneticinterference(EMI) one usually encountersin suchfactories.For a reliable

measurement the signal should be amplified.

Amplifying a few mV canbedonesimplyandaccuratelywith adifferentialpairof transis-

tors.A differentialpair of bipolar transistorsgivesa 4% changeof the collectorcurrentsfor

1mV input voltagechange.However, thereis theproblemof theoffsetof thedifferentialpair.

Thatproblemcanbeovercomequiteeasilyby measuringtwo times,with theinputsof thedif-

ferential pair interchangedbetweenthe measurements.The offset of the differential pair is

eliminatedby takingtheaverageof thetwo measurements.Theinfluenceof thetail currentis

A

Vcc

GND

Vcc

GND

A AA

circuit 1 circuit 2 circuit 3 circuit 2 circuit 3

Fig. 104 Two ways to measure current in individual circuits.

(a) (b)

circuit 1
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eliminatedby taking the ratio of the collectorcurrentsinsteadof their difference.Taking the

ratioof thecollectorcurrentsis in factcalculatingtheinputvoltageof thedifferentialpair (i.e.

the voltage drop in the supply line), since:

(24)

where IC1 and IC2 are the collector currents of the transistors of the differential pair.

Fig. 105shows thearrangementof theamplifierthatmeasuresthevoltagedropin thesup-

ply rail. With PNPtransistorsinsteadof NPN transistors,thevoltagedrop in thegroundline

can be measured.

If the input voltageof the differentialpair is 0V, thereis no informationin the measure-

ment.On theotherhand,if the input voltageof thedifferentialpair is, say, 1V all thecurrent

flows in onebranchevenif theinputvoltagevariesby tensof percents.Thismakesit impossi-

ble to measurethe ratio of the collector currentsaccurately. So thereshouldbe an optimal

input voltageto get ashigh an accuracy in the measurementaspossible.AppendixE shows

thata voltagedropof 39mV givesthemostaccurateresults.However, for voltageswithin the

rangeof 10 to 80mVthemeasurementinaccuracy is still lessthantwo timestheinaccuracy for

39mV. This meansthat the optimal voltagedrop acrossthe supply lines is not very critical.

This is importantfor makingrobustsystemsthatcancopewith spreadsin theprocessparame-

tersandtemperature.The insensitivity of the measurementerror to variationsin the voltage

drop in the supply lines alsoallows minor changesin the IC to be madewithout having to

reconnect the ICCQ measurement points.
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Fig. 105 Differential pair used to measure the voltage drop in the supply line.
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As describedabove, theamplifier is neededto getthesignalabove thelevel of EMI in the

testfactory. For eachapplicationanoptimalamplifierwill have to bechosen.In CMOSproc-

esseswithoutbipolartransistorsadifferentialamplifiermaynotbegoodenoughasthegainof

a differentialpair of MOS transistorsis alwayslower thanthetransconductanceof a differen-

tial pair of bipolartransistorsat thesamebiascurrent.If thevoltagedropin thesupplylinesis

very low (e.g. in low power applications)a simpledifferentialpair may not provide enough

gain, so more complex amplifiers will be needed.

The ICCQ test method

Fig. 106shows thegeneralideaof theICCQ testtechnique:useseveralwell-chosenmeas-

urementpoints(M1-M6) on thesupply(or ground)linesto find out what thecurrentsthrough

the variouscircuits inside the IC are.Eachpair of measurementpoints (sucha pair will be

calledtestpoint in the following) mustbe placedon a supplyline that only feedsthe circuit

whosecurrentis to bemeasuredby thesemeasurementpoints.If thereis a star-connectionof

groundandsupplylines betweenthe bondpadsandcircuits (which is often the casein ana-

logueICs to reducetherisk of crosstalkbetweencircuits)findingsuitablemeasurementpoints

is fairly easy. The distancebetweenthe measurementpointscanbe varied to get asnearas

possible to the optimal value of the voltage drop in the supply line.

After the currentsin the circuits in the IC have beenmeasured,they arecomparedwith

M1
M2

M3 M4

M5
M6

circuit 1

circuit 2

circuit 3

bondpad

ground
or supply

Fig. 106 Basic configuration for ICCQ testing.
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eachotherto decidewhich ICs aregoodandwhich ICs arebad.Basicallytherearetwo ways

to comparethecurrentsin thecircuits.Thefirst way is to take theratio of thecurrentsof e.g

circuit 1 andcircuit 2 within oneIC. If all ICsaremeasuredunderfixedconditions,theratioof

all thesecurrentsinsideoneIC shouldshow a very smallspread.This methodcanbeusedfor

bothwaferandfinal testing.Thesecondway is to take thecurrentratio of e.g.circuit 1 in two

adjacent ICs on a wafer.

ICCQ test circuitry

Fig. 107shows a straightforwardway to combineall themeasurementpointsandget the

measurementdatato theoutsideworld: take N differentialpairsandconnectall their outputs

together. Thecollectorcurrentsof theactivedifferentialamplifiercanbemeasuredon two test

pads.A shift register selectsthe active pair of measurementpoints and throws the toggle

switch at the input of its differential amplifier.

simplified ICCQ set-up

Fig. 108shows analternative solutionwith fewer components.Hereonly onedifferential

pairandonetoggleswitchareusedfor thewholeIC. Theswitchat theinputof thedifferential

Mi

Mi+1

M1
M2

clk Q1

D

Qi

SHIFT REGISTER

to
test
pads

clock

in

Fig. 107 Straightforward ICCQ set-up.

Itail Itail
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pair is toggledduring the time onetestpoint is active. Theshift registerselectsthe testpoint

that getsconnectedto the measurementlines. The shift registerandswitchesaredistributed

throughout the IC.

Fig. 109shows a BiCMOS implementationof thecircuit in Fig. 108.This implementation

requiresonly eightMOStransistorspertestpointandsevenwiresto connectthesestageswith

oneanother. The seven wires are:VDD andVSS for supplyof the shift sections,φ1 andφ2

(non-overlappingclockphases),thewire to connecttheoutputof onesectionwith theinputof

the next, andthe lines going to the differentialpair. As the VSS andVDD lines areusually

availableeverywherein the IC, only five extra wires arerequired.With thesefive wires it is

possibleto distributea shift registerof arbitrarylength(i.e. anarbitrarynumberof testpoints)

throughouttheIC. Fig. 110givesanoverview of all thetiming signalsrequiredfor thecircuit

in Fig. 109.

Thecircuit of Fig. 109monitorsthegroundrail voltagedrop.By takinganNPN differen-

tial pair andPMOSswitchesthesupplyrail canbemonitored.Whenthegroundaswell asthe

supply lines aremonitoredthe outputsof both invertersof the shift sectionscanbe usedto

drive switches.
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M1
M2

clk Q1

D

Qi

SHIFT REGISTER

clock

in

to test pads

Fig. 108 Simplified ICCQ set-up.
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Comparison of ICCQ with other techniques

This sectioncomparestheICCQ testmethodwith thetestmethodsmentionedat thebegin-

ning of this chapter.

IDDQ testing

The IDDQ techniqueasusedin digital CMOS ICs is not applicablejust like that in ana-

logueICs.Analoguecircuitsrely on thepresenceof a biascurrentfor a correctoperation.So,

if therejectioncriterionof faulty ICs is thepresenceof a current,no analogueIC would pass

the test.

φ1φ2φ1

φ1

φ2

to
test
pads

Fig. 109 BiCMOS implementation of the ICCQ test circuit.
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Fig. 110 Timing signals for ICCQ shift register and toggle switch.
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built-in current testing

In somedigital circuits Built-in Current (BIC) testing is used to check the quiescent

groundcurrents[74]. This techniqueusesa resistorin the groundrail to convert the ground

currentto a voltage.In thenormaloperatingmodethis resistoris short-circuited.In testmode

thevoltageacrossthemeasuringresistoris comparedwith somereferencevoltage.If thequi-

escentcurrentis greaterthanthereferencetheIC is rejected.As BIC testingis a refinementof

IDDQ testing,it triesto detectrathersmallcurrents.Thereforeit is hardto usetheresistanceof

the groundlines asthe conversionresistorlike in the ICCQ method.Usually in analoguecir-

cuitstheimpedanceof thesupplyrail andespeciallythegroundrail mustbevery low. Conse-

quentlythe resistorsandswitches,asusedin BIC testing,arehighly undesirablein analogue

circuits.

macro-based testing

Macro-basedtesting[75] is a formalisedway to testblocksin ananalogueIC by feeding

signalsto theinputof eachblockandobservingtheiroutputsignals.If all blocksaregood,the

IC is considered good.

Macro-basedtestingis avariationof functionaltestingthatstill requiresacomplicatedtest

board,andrequiresmany extra components(switchesandbuffers)insidetheIC. Macro-based

testingrequiresa thoroughknowledgeof theIC. This is necessaryto know which testsignals

shouldbe usedandwherethe switchesandbuffers shouldbe positionedto give a maximum

test coverage of the IC.

analogue scan testing

In [76] ananaloguescantesttechniqueis proposed.In this techniquethe outputsof ana-

loguecircuits insidetheIC aresampled.Thesesamplesaresubsequentlyshiftedto a testpad

throughananalogueshift register. Thisdoes,of course,putaveryhighdemandonthetransfer

efficiency of theanalogueshift registerin orderto make surethatthesignaldoesnot degrade.

The ICCQ techniquediscussedin this paperhastheadvantagethat theshift registeris digital,

sosignaldegradationis no issue.It alsodoesnot requirechangesto thecircuits to be tested.

For theanaloguescanmethodon theotherhanda sample-and-holdcircuit hasto beaddedto

eachnodethathasto bemonitored.Theadvantageof theanaloguescanmethodis that it is a

test that canalsodetectparametricfaults.The ICCQ methodis intendedasa quick sieve to

reject faulty circuits, but does not guarantee full functionality.

Analoguescantestingis in facta variationof functionaltesting.Like macro-basedtesting
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it requires both thorough knowledge of the IC and complicated test hardware.

oscillation-based testing

Oscillation-basedtestingis a testtechniquethatduring testingconnectstheanaloguecir-

cuits in anoscillatorstructure.Theoscillationfrequency indicateswhetherthecircuit is good

or not.For this testmethodadditionalcircuitry is neededto turn theanalogueblocksinto oscil-

lators.Furthermore,a thoroughknowledgeof the circuit propertiesis requiredto make sure

that structureinto which the circuit undertest is connectedis really an oscillator. Also the

dependenceof theoscillationfrequency on processingparametersmustbetakeninto account.

This makes this method rather time-consuming to implement.

current test techniques

Comparingthe ICCQ testmethodwith currentmeasuringtest techniquesseemssuperflu-

ous,as ICCQ testing is a currentmeasuringtechnique.But, ICCQ is the first formalisedtest

techniquebasedon currentmeasurementthatnot only measuresthecurrent,but alsousesthe

matchingpropertiesof circuitsin anIC to find faulty ICs.Thematchingpropertiesareusedby

measuringtherelative insteadof theabsolutecurrentin thecircuits.As ICCQ usesthematch-

ing propertiesof circuits in ICs to decidebetweengoodandbadICs, no thoroughknowledge

of the IC is needed.

To sumit all up we cansaythat themainadvantageof theICCQ testtechniqueis that it is

parallelto thesupplylines.This impliesthatit doesnot influencetheoperationof theIC in any

way. It is non-invasive to thecircuits; it doesnot requireany changesto thecircuit whosecur-

rent is measured,it doesnot addextra voltagedropon thesupplyrails,andit canmeasurethe

current of one circuit while the whole IC is working.

ICCQ in a mass production IC

The ICCQ testmethodwasverified in a one-chipTV processorIC [90]. Fig. 111shows a

photographof theIC. A descriptionof oneof this IC’spredecessorscanbefoundin [91]. This

testvehicle is a mixed-signalBiCMOS IC in which the TV signal is processedby analogue

circuits,whereasthecontrolpart is digital. ICCQ wasintroducedin a productionIC insteadof

in a test IC, becausethis makes it easyto generateenoughdatafor (statistical)analyses.In

theseanalysesthe testcoverageof ICCQ canbe comparedwith the existing (functional)pro-

duction test program.

TheIC containsnearly50,000components.About 30 percentof thesecomponentsarein
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theanaloguepart.ThewholeIC draws a currentof 120mAfrom an8V supply. Theanalogue

part consumes110mA.Theanaloguepart is divided into 150basicfunctionalcells.To these

cells 24 ICCQ testpointswereadded.So on averageeachICCQ testpoint monitorssix basic

functionalcells with an averagecurrentconsumptionof 4.6mA. The ICCQ testpointsguard

580componentson average.EachICCQ testpoint haseightcomponents.Theread-outampli-

fier and clock generatorcomprise61 components.So all in all thereis an overheadof 253

components in the IC. This means that the overhead for ICCQ testing in this IC is 1.8%.

Let’scomparethatwith theoverheadof thescantestthatis usedin thedigital part.Thedig-

ital partcontains475flip-flops. Eachflip-flop hasa four-transistor-multiplexer at its input for

thescanpath.This meansthat the total digital parthas1900componentsfor thescanteston a

total of 33000 components for the digital functions. This is a 5.8% overhead.

The ICCQ circuitry was shoehornedinto the IC of Fig. 111 in just a few days,after its

ICCQ-lesslayout had beenfinished,without having to increasethe IC dimensions.The test

pointswerepositionedsuch,thateachtestpointmonitorsapproximatelyequalareasof silicon

andat thesametime approximatelyequalamountsof current.This maynot bethemostopti-

mal way of testing,but a bettercriterionwasnot availableat thetime thelayoutwasmade.If

Fig. 111 Chip photograph of the one-chip TV processor IC with ICCQ capability.
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therearemoreoptimalwaysof placingthetestpoints,it mustbepossibleto find theseby ana-

lysing the measurement data.

The IC hastwo analoguesupplypinsandoneanaloguegroundpin. Theanaloguesupply

pins serve a total of seven bondpads,the analoguegroundpin connectsto four bondpads.

Thissplittingupof thegroundandsupplyto severalbondpadsalsoallowsthemeasurementof

smallercurrentsthanthetotal IC currentatwafertesting.Sooneof thequestionsthathasto be

answeredis whetherICCQ testinggivesa betterfault coveragethansimply measuringthecur-

rents flowing through the multiplicity of bond pads.

Experimental results of the ICCQ test circuitry

To testtheoperationof theICCQ testcircuitry, theset-upshown in Fig. 112wasused.The

collectorcurrentsof thesenseamplifierof theICCQ circuitry arefed to two current-to-voltage

converters.The outputvoltagesof the current-to-voltageconvertersaresubtractedandfed to

an oscilloscope.

Fig. 113 is anoscillogramof theoutputvoltageof thesubtractor. Fromleft to right all 24

ICCQ testpoint in the IC arescanned.Eachtestpoint generatesa positive anda negative vol-

tageexcursion,as eachtest point is measuredtwice with the inputs of the amplifier inter-

changed.At first glance the figure looks symmetricaround the X-axis. But, becausethe

positive andnegative excursionsaretime-shifted,it is not really symmetric.No attemptwas

madeto havethesame“phase”for all testpoints.Sosometestpointshavetheirpositiveexcur-

to oscilloscope

Fig. 112 Test set-up to test the correct operation of the ICCQ circuitry.
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sionfirst, while othershave theirnegativeexcursionfirst. Thisoscillogramwill bedifferentfor

different IC types. Hence it can be regarded as the IC’s ICCQ signature.

Fig. 114comparesthesignaturesof threeICs: onedefect-free(Fig. 114a)andtwo with a

defect(Fig. 114bandc). For clarity only the upperhalf of the signaturewith respectto Fig.

113 is shown. The fifth measurementpoint of one faulty device (Fig. 114b) shows a much

largercurrentthanthefifth measurementpointof thegooddevice(seearrows).Thefifth meas-

urementspoint of the otherfaulty (Fig. 114c)device shows a muchsmallercurrentthanthe

gooddevice. On theoscilloscopeonly fairly largedeviationsof thecurrentcanbediscerned.

With an accurate current meter current deviations below one per cent are easily detectable.

Fig. 113 ICCQ signature of the one-chip TV processor of Fig. 111.
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Fig. 114 Upper half of the ICCQ signature of a good IC (a) and two faulty ICs (b and c).

time (ms)

0 10

time (ms)

0 10

time (ms)

0 10

cu
rr

en
t (

µA
)

100

cu
rr

en
t (

µA
)

100

cu
rr

en
t (

µA
)

100

(a)

(b)

(c)



150

The signaturesshown above measurethe DC currentin the variouscircuit insidean IC.

However, ICCQ can also be used for AC measurements.

Fig. 115 shows the ICCQ signatureof an IC with AC currentson top of the DC current.

Extra informationcanbe gatheredby looking at e.g. the peak-to-peakamplitude,or the fre-

quency of the AC component.

Although in the following only the DC currentwill be usedasa rejectioncriterion,Fig.

115 shows that ICCQ need not be limited to DC testing.

Experimental results of the ICCQ test technique

Theoscillogramsshown above weretakenby converting thecurrentof bothcollectorsof

Fig. 115 (a) ICCQ signature with AC component. (b) Detail.
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the ICCQ outputamplifier into a voltageandsubsequentlytaking the differenceof thesewith

an oscilloscope(Fig. 112). The measurementsthat are describedin the following were all

madeby usingthe ratio of the collectorcurrents.This allows an accuratecalculationof the

voltage drop in the supply/ground lines (see equation (24).

The plot of Fig. 116 comparesthe voltagedrop in the groundlines asmeasuredby two

ICCQ testpointsin oneIC. Thetwo ICCQ testpointsthatarecomparedarein thesameIC, and

eachcrossin Fig. 116representstheresultof oneIC. Thetotal numberof testedICs is 250.If

all ICs wereperfectlyequal,theplot would have all crossesright on top of eachother. Dueto

processvariationsandmismatch,however, the distribution is not a point but ellipse-shaped.

The elongation of the ellipsein the directionof arrow A is causedby the processvariations.

The width of the ellipsein the directionof arrow B is causedby mismatchbetweenthe cir-

cuits. The crossesaroundthe ellipse are rejectedICs. An important thing to notice is that

besidesall the ICs outsidethe dashedbox, therearealsoICs insidethe dashedbox that are

rejected.The voltagedrop in the groundlines for theseICs is within the normaldistribution

for bothtestpoints.ThereforetheseICscanonly berejectedby comparingtwo testpoints(see

also Fig. 103).

Fig. 116 Comparison of the ground rail voltage drop measured

by two ICCQ test points in one IC.
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Determination of test limits

Settingthe pass/fail limits of ICCQ testingis not a straightforward procedure.First, the

ICCQ measurementsarenot part of thedevice specificationwith correspondingunambiguous

limits. And secondly, thereis no underlyingfault model which unambiguouslypredictsthe

deviation of ICCQ measurementsbetweengoodandfaulty products.Hencelimits needto be

established empirically.

With theICCQ testmethodICs in whichthedistributionof thecurrents,thatflow in thevar-

ious circuits inside the IC, deviates from the normal distribution should be rejected.The

(empirical) procedure to determine the pass/fail limits is as follows:

1) Test at least one wafer, but preferably a number of wafers from different

batches,with thefunctionaltestprogramandmeasureall theICCQ testpointsin

all ICs.

2) Storeall functionaltestprogramandICCQmeasurementdatain adatabase.For

ease of use the ratio of the collector currents measured in the ICCQ measure-

ment is calculated back to the voltage drop in the supply line (equation (24))

that each test point monitors.

3) Select the data of the devices that passed the functional test program.

4) Determine the correlation factor between the data of all pairs of ICCQ test

points.

5) Selectthepairsof ICCQtestpointswith thehighestcorrelation,makingsurethat

each ICCQ test point is present in the selected set.

6) For eachselectedpairof ICCQ testpointscalculatetheaveragevalueof theratio

of their measurement data. Each ICCQ test point generates a number that is

equivalent to the voltage drop in the ground rail. In this calculation the ratio of

thevoltagedropsmeasuredby theselectedsetof ICCQ testpointsis determined

for each IC. If the voltage drop measured by ICCQ test point m is designated

Vm, andif ICCQtestpointsm andn arein theselectedsetof testpoints,theratio

Vm/Vn is calculated for each IC individually. After that the average value of

Vm/Vn is calculated for all the ICs in the database.

7) Return to the full database that includes the rejected devices.

8) Empirically determine the maximum allowable deviation from the average

value for each selected pair of ICCQ test points that on the one hand rejects as

many devices that failed on the functional test program as possible, and on the
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other hand rejects as few devices as possible that passed the functional test pro-

gram. The maximum allowable deviation can be different for all pairs of test

points. For one pair of test points a maximum deviation of, say, 3% may be

optimal, while for another pair a deviation of 2% may be optimal.

With the testlimits that have beendeterminedwith the procedureabove, new waferscan

be tested.EachIC in which the Vm/Vn ratio of one(or more) testpoint pairsdeviatesmore

than the empirically found maximum allowable deviation, is rejected.

Inter pretation of test results

ICs that arerejectedby the testprogramcanbe divided into threesub-populations:ICCQ

rejects,IP rejects(testof the total power supplycurrent)andFTPrejects(functionaltestpro-

gram).The functional testprogramincludesthe structuraltestsfor the digital part of the IC

(scantest and IDDQ). Fig. 117 shows a Venn diagramof the total populationof wafer test

rejects.

ICCQ testingcanbe consideredeffective if thereis a large overlap in detectionof faulty

productsbetweenICCQ testsandthefunctionaltests(areasC andD). If thisoverlapis maxim-

ised, ideally to 100%, the correspondinganaloguetestsare redundantand can be removed

from the functionaltestprogram.And even if this is not thecase,examiningthepartswhich

fail onboththeFTPandtheICCQ testmayrevealasubsetof testswhichareredundantandcan

thus be removed from the functional test program.

Another interestingquantityat wafer test is the ratio of numberof rejectsdetectedwith

ICCQ teststo thatdetectedwith theconventionalIp (power supplycurrent)test(areaD andF).

Fig. 117 Venn diagram of rejected ICs.
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As ICCQ testingcanbeconsideredrefinementof IP testingtheareasE andG shouldbeempty,

whereas areas A and C should contain far more rejects than areas D and F.

An IC shouldonly berejectedif it is functionallybad.ThereforeareaA shouldbe(nearly)

zero.However, therearereasonswhy ICCQ testingcanbeeffective,evenif areaA is not zero.

These will be discussed later.

In thefollowing thetermhit-ratewill beusedto indicatetheeffectivenessof theICCQ test.

Thehit-rateis definedastheratioof numberof defectivecircuitsfoundby ICCQdividedby the

total number of defective circuits. Ideally the hit-rate should be equal to one.

ICCQ effectiveness at wafer testing

Two experimentswereperformedto seehow effective the ICCQ testmethodis in finding

faulty ICs during wafer testing.

first experiment

For thefirst experiment,thetestlimits weredeterminedon250sampleswith theprocedure

describedabove.With thesetestlimits a batchof waferswastested.Fig. 118shows thedistri-

bution of 1000 rejectsof the wafer test programof this batch.The diagramshows that the

functional test program(FTP) rejects99.3% of all the rejectedICs. The ICCQ test detects

42.7% of the faulty ICs.

Thepower supplycurrenttest(IP) detects10.5%of the faulty circuits.So,all in all, ICCQ

detects four times more failing ICs than power supply current testing.

FTP

ICCQ

IP

10.0%

0.2%

0 57.3%

32.0%0.5%

0

Fig. 118 Venn diagram of 1000 rejected ICs (first experiment).
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second experiment

Theresultsof Fig. 118wereobtainedby comparingthebestcorrelatedICCQ testpointsin

oneIC. However, asmorebatchesweretested,it soonbecameclearthatunlessthetestlimits

are set ratherwide for somebatchesthe numbersif ICCQ-only rejects(areaA of Fig. 117)

becomesunacceptablyhigh. Thereasonfor that is that thebiasgenerationof thevariouscir-

cuits in the IC is not identical,so the matchingpropertiesof thesecircuits arenot optimal.

Thereforea switch wasmadeto comparingthe currentsthroughidenticalcircuit in adjacent

ICs on the wafer. Making this switch implies that settingthe test limits becomessomewhat

easier, asit is no longernecessaryto find thebestmatchingtestpoints.Thismeansthatsteps4

and 5 of the procedure to find the test limits are no longer necessary.

The resultspresentedabove were obtainedby taking the currentratios of the ICCQ test

points for a nominalbiassetting.A refinementof the testmethodintroducedin the second

experimentwasto setthesupplyvoltageof the IC to themaximumthat the IC canwithstand

(9V), while at thesametime overruling the(internallygenerated)referencevoltageof 4V by

anexternalsourceof 5V. This way defectsin theICs have a maximumstress,sothechanceof

findingfaulty ICs is increased.Fig. 119showsthedistributionof 23,600analoguerejectsgath-

ered from five batches.

As canbeseenin Fig. 119thetotal amountof faulty ICs foundby ICCQ is increasedby a

few per cent (from 42.7% to 45%) by the changes made to the original test approach.

Fromtheabove resultsit is clearthat thehit-rateis not equalto one.This doesnot mean,

however, that ICCQ testinghasno significance.If theICCQ testis performedat thestartof the

FTP

ICCQ

IP

11.2%

0.3%

0 55.0%

33.1%0.4%

0

Fig. 119 Venn diagram of 23,600 rejected ICs of five batches (second experiment).
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testprogramandthetestprogramis abortedimmediatelyupondetectionof a failure,theaver-

age test time can be considerably reduced.

Analysis of ICCQ test data of ten batches

The testmethodasusedin the secondexperimentdescribedabove wasusedto test ten

batches of the one-chip TV processor IC. Below an analysis of the test results is given.

1) Correlation between ICCQ and Ip
Nearlyall deviceswhichfail theconventionalIp testalsofail theICCQ test.This

is to be expected since ICCQ can be considered a refinement of the Ip test. A

ratioof 2.7wasfoundbetweenthenumberof ICCQrejectsandthenumberof Ip
rejects. Seeing that there are 24 ICCQ test points and the seven Ip test points

(ratio 3.1), the increase in hit-rate is almost linear with the number of test

points.

2) Correlation of ICCQ and individual tests of the final test program

When analysing the reject data of the first batch (1000 rejected samples) a

number of tests of the functional test program appeared to have 100% correla-

tion with ICCQ testing[84]. However, thiscouldnotberepeatedwith thisexper-

iment.Thehigherthenumberof rejectedsamples,thelowerthenumberof tests

that have a 100% correlation with ICCQ.

3) ICCQ hit-rate versus wafer yield

There is a high degree of correlation between the wafer yield and the ICCQ

hit-rate. If the yield of a particular wafer decreases, the ICCQ hit-rate increases.

In this experiment the correlation coefficient was -0.97. This means that if the

average yield of a batch is 90% and the ICCQ hit-rate is 45%, a wafer with a

yield of 81% (i.e. 10% lower than the average 90% yield) will have an ICCQ

hit-rate of 49.4% (i.e. 9.7% higher than the average 45% hit-rate).

4) Local ICCQ hit-rate

The global ICCQ hit-rate can be defined as the combined areas C and D with

respect to the total area of fig. Fig. 117. In the first two experiments the global

hit-rateswere42%and44.3%,respectively (Fig. 118andFig. 119).Thedesign

of the one-chip TV processor IC combines six subsystems (or macros) to form

thecompleteIC. For thepurposeof optimisingtheplacementof ICCQcellsit is

interesting to investigate the hit-rate per macro. For four of the ten batches it

was examined what the hit-rate of the ICCQ test points of a macro was. In this

experiment the local ICCQ hit-rate is defined as the ratio of rejects found
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through ICCQ test points of a macro divided by rejects found by the macro-spe-

cific tests for that macro of the functional test program. This was subsequently

compared with the number of ICCQ cells for that macro. The result of this was

thatthereis atrendthatmorecellsleadto ahigherlocal ICCQhit-rate.This is in

line with theobservationin item1) above: themoreICCQ testpoints,thehigher

the hit-rate.

5) Simplified wafer test scenario

A high ICCQhit-rateis interestingfrom thepointof view of testcostreduction.

For ananalogueIC of thiscomplexity a longaveragetesttimeis commonplace.

This is primarily dueto theanaloguetestsperformedongoodparts.Thusasig-

nificant saving in test time can be achieved when a number (or all) of the ana-

loguetestsareremoved.An analysiswasmadeonfiveof thetenbatchesof the

global ICCQ effectiveness, when performing only ICCQ and the digital tests of

the functional test program. In other words, the test program was reduced to

scan testing, IDDQ testing and ICCQ testing. The percentage of faulty devices

which are not detected with this stripped test program relative to the total

number tested turned out to be 2.9%. In other words, wafer test yield will

increase by this amount and final test yield will reduce by the same amount.

Whether the reduction of the test costs that ICCQ brings (thanks to the reduced

test time and hardware) outweighs the extra costs that are made due to the

scrapping of mounted devices, depends on the cost structure of the wafer and

assembly fabs.

6) ICCQ-only rejects

The number of rejected ICs which fail only in the ICCQ test ranged from less

than 0.1% to 2.2% per batch. These can be classified in four categories:

1) products which fail the final test program

2) products which fail life-tests

3) defective ICCQ test circuit

4) yield loss (i.e. good ICs that are rejected)

Thefourthcategoryshouldbeempty, aseveryneedlesslyrejectedIC limits the

potential financial profit that can be made on the IC.

The third category should be treated like a faulty IC. The fact that there is a

defectin theIC, eventhoughit is seenonly in theICCQ testcomponents,means

that it is suspect and therefore it should be rejected.

The first two categories, however, are benefits of the ICCQ methodology. The

first category will save on packaging cost, while the second will improve the

quality, as fewer ICs will break down after operating for just a short time. The
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first two categories will be discussed in the next sections.

ICCQ effectiveness at final testing

Wafertestprogramsusuallycover lessfunctionalityof anIC thanfinal testprograms.This

is dueto the fact that during wafer testinglong probesconnectthe IC to the testequipment.

Thismakese.g.high-frequency or small-signaloperationverydifficult. Thefinal testinterface

is more like a real-life application, so that all of its functionality can be checked.

To examinetheability of ICCQ testingto find faulty ICs, thatwill passthewafer testpro-

grambut fail thefinal testprogram,152ICCQ-only rejectswerepackagedandput throughthe

final testprogram.Of these152ICs54wererejectedby thefinal testprogram.Fromthis it can

beconcludedthat ICCQ detects36%of thefaulty ICs thatpassthewafer testprogram.Sothe

yield lossdueto ICCQ testingis not equalto the0.3%ICCQ-only rejects(Fig. 119),but 0.2%.

The yield loss can be consideredeven lower if ICCQ-only rejectsappearto have reliability

problems.

ICCQ as a reliability test

Oneof the reasonswhy an IC may fail on ICCQ, but passthefinal testprogrammight be

that thereis a weakspotin the IC. Sucha weakspotmaynot impair thenormaloperationof

the device, so that it passesthe final testprogram.But this weakspotmay severely limit the

life-time of theIC. To checkthis hypothesis,32 samplesfrom the98 thatwerenot rejectedby

the final testprogram,in the experimentdescribedabove, wereput on a life-test.As a refer-

encegroup32 samplesfrom thenormalproductionflow weretaken.After 168hoursof high

temperaturestresstestingboth groupshad one failing device. So it must be concludedthat

ICCQ-only rejects are not especially suspect for early-life failure.

ICCQ and boundary scan testing

During final testingoneof theproblemsencounteredin anIC with severalbondpadscon-

nectedto onegroundor supplypin is how to ascertainwhetherall bondwires arepresent.

ICCQ detectedall ICs in which one suchbond wire was (deliberately)removed. This also

meansthat ICCQ-like circuitry canbeusedin boundaryscantestingof a printedcircuit board.

Heretheproblemis to find groundandsupplypinsthatarenotcorrectlysolderedto theboard.

As all groundandsupplypinsareusuallyall connectedto a power grid insidethe IC, this is

not aseasyasit seems.If oneor moresolderjoints arefailing, theIC will probablystill work.

But, asthecurrentis flowing throughfewerpinsthingslikesubstratebouncemayleadto prob-

lems,or electromigrationmay occurafter the IC hasbeenrunningfor a while. As ICCQ can
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find broken bonding wires it should also be able to detect failing solder joints.

Futur e research

Although thefirst resultsof ICCQ look very promising,thehit-rate(i.e. the ratio of faulty

ICs detectedby ICCQ and the functional test program)is not (yet?) high enoughto replace

functional testing by ICCQ testing.

Oneway to improve thehit-rateis to definea goodstrategy for selectingthemeasurement

points. In the IC describedabove an attempt was made to monitor approximatelyequal

amountsof both silicon areaandcurrentfor all testpoints.Comparingthe characteristicsof

the circuits that aremonitoredby a testpoint with the hit-rateof that testpoint shouldgive

some clues as to how to improve the test point selection strategy.

Conclusions

In this chaptera testtechniquefor analogueVLSI circuitswaspresentedthatusesthecur-

rentdistribution in anIC to separategoodandbadICs.Thecurrentsaremeasuredby measur-

ing the voltagedrop that the supplycurrentscausein the supplyrails. Normally the voltage

drop in the supply lines is consideredan undesirableeffect, but as aluminium supply lines

aren’t superconductors,therewill alwaysbesomevoltagedropacrossthem,if supplycurrent

is flowing. So an effect that is normally considered parasitic is put to good use.

The ICCQ test methodusesthe matchingpropertiesof integratedcircuits to determine

whetheran IC is goodor bad,so even badICs whosesupplycurrentsfall within the normal

distribution can be detected.

TheICCQ testtechniqueoffersopportunitiesfor substantialsaving of thetesttime of large

analogueandmixed-signalICs.For theIC describedabove theICCQ testtime is only 40ms,as

opposed to a functional test time of 5s.

TheICCQ testmethodis non-invasive to thecircuit in theIC: it canbeaddedto anIC with-

out the needfor any changesto the circuits that aremonitored.As the ICCQ monitorsarein

parallelto thesupplylinesthey neitherloadnor influencethecircuitsin any way. Thisalsohas

an advantagewhen persuadinganalogueIC designersto usethis test method.No analogue

designerlikesto adapthis circuit for testoptionsonceshe/hehasthedesignfunctionallyup to

spec.
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appendix A

Simple noise analysis on the circuit of Fig. 29

Thecircuit of Fig. 29 (without thecapacitor)canberegardedasanactive loadresistorof a

transconductor. In this appendixa simplenoiseanalysiswill bedoneon thecircuit of Fig. 29

to get some feeling for its signal-to-noise ratio with respect to that of a passive load resistor.

Inspectingthecircuit of Fig. 29, it canbeconcludedimmediatelythat thecomponentsin

theshadedareaarenot contributing to thedifferentialoutputnoisevoltage.This is dueto the

factthatthey arein thecommon-modepath.Only T3 will have a smallcontribution to thedif-

ferentialoutputnoisevoltage,asits noiseis not exactly 100%correlatedto its counterpartin

theotherhalf of thecircuit. However, its contribution to thedifferentialoutputnoisevoltageis

negligible comparedto thecontribution of T2. So,for a simplenoiseanalysisonly thecontri-

bution of T1 and T2 has to be considered.

Fig. 120 shows the resulting circuit on which the noise calculation is performed.

As this is a simplenoisecalculation,the1/f noiseandbaseresistanceareneglectedin the

following calculation.With theseassumptions,thepower spectraldensity(PSD)of thenoise

currentsourcesis S(in) = 2qIB andthePSDof thenoisevoltagesourcesis: S(vn) = 2kTre [37].

T1
T2

rce3

rce2rce1

out

vn1

in1

vn2

in2

Fig. 120 Equivalent circuit diagram for simple noise analysis.
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Theoutputnoisevoltagegeneratedby T1 in a signalbandwidthB is (notethat theoutput

noise voltage is calculated on the base node of T1):

(25)

As the term with rce1 is a factorof qVEA/kT greaterthanthe term with αe1re1, the terms

with re1 will be neglected.Only the influenceof the noise current sourceand the collec-

tor-emitterresistancewill becalculatedin the restof this analysis.In Fig. 120 it canbeseen

that the total output noise voltage is generated by the parallel connection of T1 and T2. So,

(26)

Fromequation8 it follows that theresistive termin this expressionis identicalto thehalf

theresistanceof theprototypecircuit (thecalculationsofar is for only onehalf of thedifferen-

tial circuit).

(27)

As theDC basebiascurrentof T2 is deliveredby T1, their input noisecurrentsourcesare

identical.This, combinedwith the simplificationof equation27, yields the outputnoisevol-

tage of the complete differential circuit, after multiplying by a factor of two.

(28)

Equation 28 can be rewritten as:

(29)

The noise voltage of a passive resistance with value R is:

(30)

Combining equations 29 and 30 yields:

(31)
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Thedegradationof thetotaloutputnoisevoltageis equalto thesquarerootof equation31.

With theprocessdataof Table3 thedegradationfactorequals25 (28dB).Thedegradationfac-

tor is independentof thebiascurrent,asboth theresistanceR of thepassive network andthe

biascurrentof thetransistorcircuit (andhencere) havea linearrelationshipwith thetime-con-

stant.A simulation(without 1/f effect) of the circuit of Fig. 29 showed a degradationof the

output noise voltage of a factor of 28 (29dB).
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appendix B

Mixed-signal quadrature demodulator
with a multi-carrier r egeneration system

Thefollowing pagesof this appendixarea reprintof [62]. It describesanalternative to the

quadraturedemodulatorof the chapter4, with a lower specification.In making the system

describedin [62] it wasassumedthat the spectrumof the (co)sineoutputsof the quadrature

generatorwaswhite noise,andthat this noiseshouldbe50dBbelow thecarrier. For standard

video signalsthis is an adequateassumption.For morecritical signals,however, this is not

goodenough.Thespectrumof the (co)sinelooks like white noiseto a largeextent,but there

area numberof discretefrequencieswhich aredominant.Thesediscretefrequenciescangive

rise to faintly visible line structureson theTV screen.Thereforethedesignof chapter4 was

madeaiming for a suppressionof thedominantfrequenciesin the (co)sinespectrumof more

than 55dB [63]. This led to the use of 8-bit DACs, instead of 6-bit DACs.

Apart from thespec,theconstructionof thedemodulatoritself waschanged.Themaindif-

ferencesbetweenthe two demodulatorsarearoundtheDACs.In thedesignof [62] multiply-

ing DACs wereused.However, thesehave the disadvantagethat not only the contentsof the

analogueinput signalaroundthe clock frequency, but alsoaroundthe multiplesof the clock

frequency, aredemodulatedto thebaseband.Thismaygiveastrongdeteriorationof theoutput

signalwhenthiscircuit is addedto a largersystem.Crosstalkfrom therestof thesystemto the

input of the demodulatorwill result in a poor signal-to-noise-plus-spuriousratio. On top of

this, theuseof 8-bit (insteadof 6-bit) multiplying DACsin thedesignof [62] would leadto an

unacceptable increase of the circuit area.

The tracking/acquisitionrangewasincreasedfrom 500Hz(usedin the designof [62]) to

700Hzin thedesignof chapter4, to guaranteethatevenif the24MHzclock frequency is a few

hundred Hertz off target, the colour decoder can always lock to the incoming burst.

Thesechangesof insight led to significantdifferencesbetweenthe demodulatorsof [62]

and chapter 4.
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Abstract—This paper presents a combined analog/digital
demodulation

�
system built around a (PLL) with digital carrier

r� egeneration.The input signal itself is not digitized, but the PLL
is digital wherever it is possible.The link betweenthe analogand
the

	
digital domain is a 1-bit sigma–deltaconverter that converts

the
	

(quasi-dc) output signal of the PLL’s phase detector into a
bitstr



eam.The PLL’s loop filter doublesasa decimation filter for

the
	

bitstr eam.The analogI and Q output signalsare obtained by
multiplying the analog input signal with the digital output signal
of� the PLL in two four-quadrant multiplying digital-to-analog
con� verters.

Index



Terms—Mixed-signal
�

integratedcircuit, PLL, videosignal
pr� ocessing.

I.
�

INTR
�

ODUCTION

T HIS
�

paper describesa mixed-signalphase-locked-loop
(PLL)-based

�
quadrature demodulator with a pro-

grammable� carrier frequency. The PLL is narrow-band to
pre� vent locking to spuriousfrequency componentsnear the
carrier� frequency. This kind of PLL is neededin many appli-
cations.� This paperdescribesa designspecifically madefor a
P

�
AL/NTSC color television.
Fig.

�
1showsthetime-domainrepresentationandthespectrum

of� aTV signal.Thestartof eachline is signaledwith asynchro-
nization� (sync)pulse.Thepictureinformationiscarriedasacom-
bination

�
of a luminancesignalanda chrominancesignal.The

chrominance� signalcontainsthecolor information,quadrature
modulatedonasubcarrier. Theamplitudeof thesubcarrierisde-
termined

�
by thesaturationof thecolor, andthephaseof thesub-

carrier� isdeterminedbythecolortint.Asthephaseof thesubcar-
rier carriesinformation,it isnecessarytohaveanabsolutephase
reference.Thisreferenceispresentatthebeginningof eachline:
the

�
burst.With aPLL thatisclosedduringthebursttimeandopen

during
�

therestof theline time(soits oscillatoris free-running),
a� demodulatorfor thechrominancesignal(alsocalledcolorde-
coder)� canbemade.For NTSCsignals,thephaseof theburstis
al� waysthesame.For PAL signals,thephaseof theburstof one
line

�
leads,while thenext lagsby 45 . So for PAL thePLL must

follo
 

w theaveragephaseof two successivebursts.
The

!
signalshown in Fig. 1 is just oneline. As aTV signalis

composed� of 15625or 15734linespersecond(PAL or NTSC),
the

�
spectrumcontainsstrongcomponentsat multiples of this
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Fig.
%

1. TV signalin (a) time domainand(b) frequency domain.

line frequency, all the way up to the upperbandlimit of the
chrominance� andluminancesignals.The PLL of the demodu-
lator mustnot lock to any of theseharmonics.

Therearefour differentsubcarrierfrequenciesin usearound
the

�
world.Theharmonicsof thelinefrequency of onesystemcan

be
�

just a few hundredhertzaway from thecolor subcarrierfre-
quenc& y of another. Therefore,thelock-in rangeof thePLL must
be

�
limited toabout500Hz.With abiggerlock-in range,thePLL

maylocktoamultipleof thelinefrequencyof onesystem,making
the

�
lock detectorof thePLL think it haslockedto acolorcarrier

of� another. Thisis ahighly undesirablesituation,asit makesau-
tomatic

�
detectionof thecolorsystembeingreceived impossible.

II.
�

TRADITIONAL AN
�

ALOG PAL/NTSC COLOR
' DEMODULATOR

Thetraditionalway of makingaPLL thatfulf ills therequire-
mentsdescribedaboveisshown in Fig. 2.Thecoreof thePLL is
a� quadraturevoltage-controlledcrystaloscillator(VCXO). The
VCXO

(
hasone(external)crystalfor eachof thecolorsubcarrier

frequencies.Which crystalis connectedto theVCXO is deter-
minedby anidentificationcircuit.Thisidentificationcircuit is a

0018–9200/00$10.00
)

© 2000IEEE
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lock
*

detectorwith someextra intelligence.Thecosineoutputof
the

+
VCXO is connectedto amultiplier thatmultipliesthecosine

with, theincomingsignal.This multiplier (or phasedetector)is
only- activeduringthebursttime.Theoutputof thephasedetector
connects. toalow-passloopfilter.Thisfilter isaseriesconnection
of- acapacitor(C1)andaresistor(R1).Theresistorintroducesa
zero/ in thefilter transfertoimprovethestabilityandlock-inspeed
of- thePLL.CapacitorC2suppressesthephasechangesofsucces-
siveburstsfor PAL signals.Theoutputof theloopfilter is fedto
the

+
frequency controlinputof theVCXO. Apart from thephase

detector
0

, thequadratureoutputsof theVCXO alsodrivetwomul-
tipliers

+
thatdemodulatethechrominancesignal.After low-pass

filtering theoutputsof themultipliers,thequadratureoutputsig-
nals1 areavailablefor furtherprocessing.

III.
2

REQ
3

UIREMENTS ON THE N
4

EW
3 D

5
EMODULA

3
TOR

The
6

PLL describedaboveis averyreliableandrobustsystem
b

7
ut hasaseverenontechnicaldrawback:totalsystemcost.Each

of- the four possiblesubcarrierfrequenciesrequiresits own
crystal.. As thesecrystalsmustbecut suchthat it is possibleto
detune

0
themslightly from their nominal frequencies,they are

moreexpensive than“normal” crystals.
Therefore,aPLL with only onecrystal,preferablyanontun-

able8 one,wouldbringsignificantcostsavings.If suchaPLL can
run9 on a fixed-frequency crystal,this alsomeansit canrun on
the

+
systemclock,if it is partof alargersystem.In thelattercase

the
+

PLL turnsinto a no-crystalPLL. If the externalloop filter
can. alsobeintegrated,thecostsaving will beevenhigher.

The requirementson the new demodulatorcanbe listed as
follows, orderedby importance.

1) Keepthecircuit behavior identicalto theanalogdemod-
ulator: . Theanalogsystemperformswell enough,only its
cost. is too high.

2)
;

Eliminatetheneedfor tunablecrystals.Thetunablecrys-
tals

+
are the most important cost factorsof the analog

system.The systemto which the demodulatorwill be
added8 hasa clock frequency of 24 MHz. If possible,this
frequency shouldbeused.

3)
<

Do not digitize theinput signal.Thedemodulatoris part
of- an analogsignal processingsystem.If only onecir-
cuit. in the signal-processingchainis digital, this means
that

+
an analog-to-digitalconverter (ADC), anti-aliasing

f
=
ilter, digital-to-analogconverter(DAC), andreconstruc-

tion
+

filter will benecessaryto connectthecolor decoder
to

+
therestof thesystem.This overheadis importantasit

increasesthecostof thenew design,makingit harderto
compete. with theanalogdemodulator.

4) Integratetheexternalloop filter. Thecostof theexternal
components. is not high, but eliminating the loop filter
does

0
releasea pin of the IC. In signal-processingIC’s,

pins> tendto be very precious,ason the onehandmany
pins> arerequiredtoprovidemaximumflexibility , whereas
on- the otherhandthe numberof pins mustbe kept to a
minimumfor costreasons.

5)
?

Avoid critical analogcomponentsand subcircuits.This
is a “nice-to-have” requirementthat will make the inte-
gration@ of the new circuit in a biggersystem,aswell as
portability> to anotherprocess,easier.

Fig. 2. TraditionalanalogPAL/NTSC color demodulator.

IV. THE N
4

EW DEMODULATOR

When
A

designingthenew demodulator, it is importantto bear
in

B
mind that it is part of an overall analogsignal processing

system.A puredigital PLL [1] requiresdigitizationof theinput
signalandD/A conversionof theoutputsignal.Theoverheadof
the

+
convertersis suchthatasystembasedonapuredigital PLL

w, ouldrequirefar moresiliconareathanthemixed-signaldesign
that

+
will beproposedlaterin thissection.In [2], adiscrete-time

oscillator- (DTO)-basedmixed-signalquadraturedemodulator,
which, doesnot requiredigitization of the input signal, is de-
scribed.However, in [2], the output frequency of the DTO is
controlled. by meansof a VCXO. An analogPLL, inside the
o- verallPLL, filtersthedesiredsubcarrierfrequency components
out- of thespectrumgeneratedby theDTO.Sothissolutiondoes
not meetitems2) and5) of our list of requirements.

As the analogsystemshows a very goodperformance,the
new mixed-signaldemodulatorwas designedwith a topology
that

+
follows the analogsystemasmuchaspossible[3]. Fig. 3

shows the block diagramof the new design.The voltage-con-
trolled

+
oscillatorhasbeenreplacedby a direct digital synthe-

sizer(DDS)[4]. A DDS(Fig.4) isacircuit thatcomposesaDTO
whose, outputis convertedinto sineandcosineoutputwordsby
meansof lookuptables(LUT’s). Thesubcarrierfrequency isse-
lectedby settingthevalueof , andthedeviation from the
nominal frequency is determinedby input signal . As the
sineandcosineareidenticalfunctions,but with atimeshift, the
LUT’s

C
do no’t needto storecompletecyclesof bothfunctions.

T
6

wo LUT’s, both storingone-eighthof a cycle, areenoughto
retrie9 ve the full sineandcosinewaveforms[5]. TheDDS runs
on- a 24-MHz clock and is 24 bits wide to attain the required
frequency resolution.Theoutputwordwidth of theLUT’s only
needbe six bits for sufficient suppressionof the spuriousfre-
quenciesD generatedby theDTO.

In
2

a puredigital PLL, the phasedetectorwould be a digital
multiplierE that multiplies the cosineoutputsignalof the DDS
with, the digitized input signal.However, asstatedabove, the
input

B
signalshouldnot bedigitized in the new system.There-

fore, the phasedetectorof the analogsystemis replacedby a
multiplying DAC in thismixed-signalPLL. A multiplying DAC
is onethatmultiplies theanaloginput signalby a digital word
and8 outputsananalogsignal.A multiplying DAC canbemade
by

7
a connectingtheinput signalto a resistorstring.Theoutput

signalismadebyconnectingoneof thenodesin thestringto the
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F

Fig. 3. Mixed-signalquadraturedemodulator.

Fig. 4. Block diagramof thedirectdigital synthesizer.

output- nodeundercontrolof thedigital inputword[6]. Asamul-
tiplying

+
DAC is a ratherbig circuit in comparisonto thephase

detector
0

in theanalogcircuit, onemultiplying DAC is usedfor
both

7
thedemodulationof theQ-signalandthephasedetection.

TheADC at theoutputof thephasedetectoris asigma–delta
con. verter. The phaseerror is a quasi-dcsignalwhenthe PLL
is locked. When the PLL is not in lock, the frequency of the
phase> error signal is maximally twice the catchingrange(i.e.,
1000 Hz) for NTSC signals.For PAL signals,the maximum
frequenc

=
y ishalf of theline frequency (due

G
to thealternating

phase).> Astheclockfrequency is24MHz, theoversamplingrate
is

B
high enoughto work with a 1-bit sigma–deltaconverter[7].

The input structureof the loop filter canactasthedecimation
filter for thesigma–deltaconverter’sbitstream.

Theloop filter is a completelyintegrateddigital filter, so the
eH xternalcomponentsof theanalogsystemarenotneededin the
ne1 w system.

Fig.
I

5 shows the spectrumof a numberof signals in the
mixE ed-signaldemodulator. The DTO generatesa very wide
spectrum,asthereis nosimplerelationbetweenits clockandits
output- frequency. TheLUT’s actasvery sharpbandpassfilters
that

+
remove all frequencies,exceptthedesiredcolor subcarrier

frequency. As the system is discrete-time,some frequency
components. aroundthe clock frequency (and its harmonics)
will, remain.The output spectrumof the multiplying DAC’s
contains. the down-converted chrominanceinput signal, with

its
B

mirror imageat two timesthesubcarrierfrequency (andthe
spectrumaroundthe clock frequency andits harmonics).The
low-passfiltersat theoutputsof themultiplying DAC’s remove
all8 the undesiredfrequency bands,so only the quadrature
demodulated

0
chrominancesignalsremain.

V.
J

REQ
3

UIREMENTS ON THE D
5

IGIT
K

AL L
C

OOP
L F

I
IL

K
TER

ThePLL loopfilter is animportantcomponentfor theoverall
systemperformance.As the external loop filter of the analog
systemis both costly andproneto picking up interference,it
w, as replacedby a fully integrateddigital loop filter in thenew
design.

0
Looking at the loop filter of the analogcolor decoder

PLL,
M

six functionscanbedistinguishedfor thedigital loopfilter.

1) Act as integrator for a (theoretically)infinite openloop
responseat dc to obtaina zerosteady-statephaseerror
(equi

G
valentto C1 of theanalogloop filter).

2) Introduceazeroin thephasecharacteristic(equivalentto
R1

N
of theanalogloop filter).

3)
<

Suppresstheburstswingin PAL mode(equivalentto C2
of- theanalogloop filter).

4)
O

Act as a decimation filter for the conversion of the
24-MHz bitstreamfrom the sigma–deltamodulatorinto
low-passfiltered two’s-complementdigital words with
the

+
requiredresolutionanda lower samplingfrequency.

5)
?

Provide thecolor decoderPLL with enhancedloop gain
in

B
theacquisitionmode.In theanalogcolor decoder, the

acquisition8 modeis switchedonby increasingthegainof
the

+
phasedetector. In this mixed-signalPLL, thegain is

increased
B

in the loop filter.
6)

P
Limit thetuningrangeof thedigital quadraturegenerator
to

+
±500Hzby limiting theoutputsignalof thedigital loop

f
=
ilter.

VI.
J

THE
Q L

C
OOP

L F
I

IL
K

TER C
R

ONFIGURA
L

TION

The
6

block diagramof the loop filter for the color decoder
PLL is shown in Fig. 6. The up/down counteractsas an in-
te

+
grator (requirement1). A register that samplesthe output

of- the up/down counterat a lower clock frequency acts as
do

0
wn-samplingfilter (requirement4). Thedifferentiatorintro-

duces
0

a zeroin the transfercharacteristic(requirement2). The
a8 veragersuppressesthePAL burstswing(requirement3). The
tuning

+
rangeof the quadraturegeneratoris restrictedby the

frequenc
=

y limiter (requirement6). Requirement5 is met by
switching the stepsize of the stepswith which the up/down
counter. countsup or down.

Theinput bitstreamcontrolsthedirectionof thecountingof
the

+
up/down counter;a digital “1” increasesthe countercon-

tents
+

by 1 LSB, while a “0” decreasesthecountercontentsby
1 LSB. As thecounteris never reset,the low-frequency phase
errorH codedin thebitstreamis integratedin thecounter. In ac-
quisitionD mode,theup/down countercountswith stepsof 4 LSB
insteadof 1 LSB.

As theup/down counteractsasanintegrator, in thefrequency
domain,

0
a low-passcharacteristicis obtained.Therefore,the

up/do: wn counterdoublesasa prefilter for the down-sampling
process.> The24-MHz bitstreamis convertedinto digital words
by

7
the up/down counter, and the quantizationnoise in the
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Fig. 5. Spectraof somesignalsin thenew quadraturedemodulator.

Fig.
S

6. Block diagramof thedigital loop filter.

bitstream
7

is low-passfiltered. The 2 components. that are
inherently

B
presentat the output of the phasedetectorare not

filtered before digitization by the sigma–deltamodulator.
They will be correctly codedinto the bitstreamand will be
suppressedby theintegratingactionof theup/down counter.

When
A

choosingalowersamplingfrequency for theremaining
part> of the digital loop filter, the maximumoutput frequency
of- theusefulsignalof thephasedetector(andthesigma–delta
modulator)E hasto beconsidered.This maximumis determined
by

7
the 2 burstswingduringPAL reception.As thereareno

signalcomponentshigherthanhalf the line frequency, the line
frequency waschosenasthesamplingfrequency of thedigital
loop filter.

VII.
J

CIRCUIT
K R

N
EALIZA

3
TION

The
6

systemdescribedabovehasbeenintegratedin aone-chip
TV

6
processorIC (Fig. 7). The one-chipTV processoris an

analog8 signal-processingIC that containsall functionsneeded
to

+
make an analogTV, exceptthe tunerandpower amplifiers.

TheIC is madein a0.6-µT m BiCMOSprocess.A descriptionof
one- of this IC’s precursorscanbefoundin [8].

VIII.
J

EXPERIMENT
U

AL R
N

ESUL
3

TS

Fig.
I

8 shows a standardEuropeanBroadcastingUnion color
bar

7
input signalandthe demodulatedoutputsignals.The B-Y

Fig.
S

7. Diephotoof aone-chipTV processorwith themixed-signalquadrature
demodulator

V
.

and8 R-Y signalsaretheI- andQ-outputsignalsof thequadrature
demodulator

0
, respectively.
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Fig. 8. EBU color bar:CVBS input,R-Y andB-Y outputsignals.

Fig.
S

9. Outputspectrumof thedemodulatorwith acontinuous4.4-MHzinput
signal.W

TABLE I
S

X
YSTEM C

Y
HARACTERISTICS

Fig. 9 shows the spectrumat the outputof oneof the mul-
tiplying

+
DAC’s with a continuous4.4-MHz sine wave on its

input.
B

Usingthistestsignalinsteadof anactualTV signalmeans
that

+
thespectrumdoesnot show a componentat eachmultiple

of- theline frequency. Thespectrumshows the8.8-MHzdouble
carrier. frequency (2 )

Z
andthedc componentthatarisedueto

the
+

demodulationprocess: .
Apartfrom thesefrequencies,alsoa4.4-MHzcomponentis vis-
ible. Thiscomponentarisesdueto offsetin thecircuits’ driving
the

+
multiplying DAC’s. Thestrongestspuriousfrequency in the

passband> ( MHz)
[

isat800kHz.Thisfrequency isnearly
50

?
dBdownwith respectto the signal.In thismeasurement,

the
+

signalis takenastheamplitudereferenceinsteadof the
dc

0
signal.Bothhavethesameamplitudeafterdemodulation,but

the
+

spectrumanalyzerdoesnotgiveacorrectreadingfor dcsig-

nals.1 The otherspuriousfrequenciesareoutsidethe passband
and8 will beeliminatedby thelow-passfilter at theoutputof the
multiplying DAC.

V
J

isual tests show that the performanceof the presented
quadratureD demodulatoris on a par with that of traditional
demodulators

0
for standardvideosignalsandstandardviewing

conditions.. A higherperformance(i.e., lower spuriouscompo-
nents1 in the output signal) can be obtainedby increasingthe
number1 of bits in the LUT’s and the DAC’s. Increasingthe
clock. frequency will also make it easierto reduceunwanted
frequencies.

TableI shows somemeasuredcharacteristicsof thequadra-
ture

+
demodulatorsystem.Themeasurementresultsaresimilar

to
+

that of a traditional analogsystem[9]. Although the new
systemoccupiestwo timesmoresiliconareathanthetraditional
system,it is very cost-effective thanksto thehigh costsavings
on- the external crystalsand the loop filter. In the traditional
system,thecatching/holdingrangeis determinedmainlyby the
characteristics. of theexternaltunablecrystal.In thenew system,
the

+
catching/holdingrangeis determinedby the limiting value

of- the limiter at theoutputof thedigital loop filter. Therefore,
the

+
new systemshows a lower spreadon this parameter.

IX. CONCLUSIONS
L

A multicarrierquadraturedemodulatorsystemhasbeenre-
alized8 that combinesthe bestelementsof the analoganddig-
ital

B
worlds. The datapath is analog,but everythingaroundit

is digital. The link betweenthe analogandthe digital domain
is

B
a simple1-bit sigma–deltamodulatorthat only hasto con-

v\ ertaquasi-dcsignal.Comparedto thetraditionalanalogsolu-
tion,

+
thetotal systemcostis reducedconsiderablythanksto the

eliminationH of anumberof expensiveexternalcomponents.The
mixed-signalsystemrequiresno externalcomponentsat all.

A
]
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appendix C

Calculation of the transfer function
of the analogue PLL

Fig. 121shows theblock diagramof theanaloguecolourdecoderPLL. It consistsof three

parts:a voltage-controlledcrystaloscillatorVCXO, a multiplying phasedetectorPD andan

external loop filter.

To closethe loop of the PLL the cosineoutputof the VCXO is connectedto the phase

detector. In thephasedetectorthephaseof theVCXO signalis comparedwith thephaseof the

incomingcolourburst.Thephasedetectoris shown in Fig. 88.Theoutputcurrentof thephase

detector is:

(32)

In thisequationIPD is theaverageoutputcurrentin µA, θi is thephaseof theincomingcol-

our burstandθo is thephaseof VCXO cosineoutput(bothin rad),andKD is thephasedetec-

tor gain in µA/rad. As the phasedetectoris only active during the colour burst, a burst

duty-cycle δ hasto betakeninto account(theoutputcurrentof thephasedetectoris zeroout-

VCXO

PD

burstkey
KD

Ko = 1500Hz/V

C1

R

C2

2.2nF

Vc

IPD

sin

cos

θi

θo

Fig. 121 Block diagram of the analogue colour decoder PLL.

100nF

82kΩ

loop filter

OUTIN

I PD KD θi θo–( )=
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sidetheburstintervals).Theburstdurationis about3µspervideoline (64µs) [70], sotheduty

cycle δ is about 0.05.

In a switchingphasedetectorthe nominalphasedetectorgain KDnom is equalto the tail

currentdividedby π/2 [40]. In thephasedetectorof Fig. 88 thetail currentis 2Ibias. Entering

all this into equation 32 yields:

(33)

Two regions of operation have to be distinguished for the phase detector:

1) Acquisition mode

the PLL is unlocked (e.g. when starting up or when changing the received TV

channel).During thismodetheacquisitionprocessis acceleratedby increasing

the phase detector gain by a factor of five to KD = 16µA/rad.

2) Tracking mode

thePLL is alreadyin lock andtracksthephaseof theincomingcolourbursts.In

this mode the phase detector gain is KD = 3.2µA/rad.

The output currentof the phasedetectoris converted into a control voltageVc for the

VCXO by theimpedanceof thePLL loopfilter. Theimpedancecharacteristicof theloopfilter

partlydeterminesthebandwidthanddampingof thePLL. However, only C1 andR in Fig. 121

contribute to theseparameters.CapacitorC2 is not meantto control thePLL’s bandwidthand

damping.C2 hasonly beenaddedto the loop filter for sufficient suppressionof thePAL fH/2

burstswing.ThereforeC2 will beleft outof themodel.In thatcasethePLL canbetreatedasa

second-orderloop with naturalfrequency ωn anddampingζ. The closedloop phasetransfer

function of a second-order PLL in the Laplace domain is [40]:

(34)

The phase transfer function of the colour decoder PLL of Fig. 121 can also be written as:

(35)

with Vc thecontrolvoltageandfo theoutputfrequency of theVCXO. TheVCXO sensitiv-

ity Ko is 1500Hz/V= 2π∗1500rad/Vs.
In the Laplace domain equation 35 becomes:

KD
4δ
π
------ I bias=

θo s( )

θi s( )
------------

2ζωns ωn
2

+

s
2

2ζωns ωn
2

+ +
-------------------------------------------=

dθo

dt
--------- 2πf o K=

o
Vc=
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(36)

The transfer of the PLL loop filter is (neglecting C2):

(37)

The transfer of the phase detector in the Laplace domain is:

(38)

Combining the equations 36, 37 and 38 gives:

(39)

When comparingequation39 with the generaltransferfunction of a second-orderPLL

(equation34),thenaturalfrequency ωn anddampingζ of theanaloguecolourdecoderPLL are

found to be (note that in [40] KD is expressed in V/rad, but here KD is expressed inµA/rad):

(40)

(41)

The secondcapacitorC2 of the loop filter (Fig. 121) introducesa non-dominantpole if

1/RC2 >> 2ζωn (thegain of a second-orderPLL is oneat a cornerfrequency ω = 2ζωn [40]).

In thatcaseit will not have a greatinfluenceon thenaturalfrequency ωn andthedampingζ.
C2 thenonly improvestheattenuationof high frequency componentsoutsidethePLL’s band-

width. C2 wasaddedfor just that reason:attenuationof the fH/2 (≈7.8kHz)componentin the

PAL colour bursts.

θo s( )
Ko

s
-------Vc s( )=

Vc s( ) R
1

sC1
---------+ 

  I PD s( )=

I PD s( ) KD θi s( ) θo s( )–( )=

θo s( )

θi s( )
------------

KoKDRs
KoKD

C1
---------------+

s
2

KoKDRs
KoKD

C1
---------------+ +

--------------------------------------------------------=

ωn

KoKD

C1
---------------=

ζ R
2
--- KoKDC1=
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appendix D

Calculation of the transfer function
of the mixed-signal PLL

PLL model

Theblock diagramof themixed-signalcolourdecoderPLL is shown in Fig. 122.For the

calculationof thetransferfunctionin thephasedomainthePLL is split up into threeparts:the

phasedetector, theloop filter andtheoscillator. Themathematicalmodelsof thesethreecom-

ponentswill bederivedfirst. Becauseof thediscrete-timecharacterof thesystem,thez-trans-

form will be used.

Transfer of the phase detector

A mathematicalmodelfor thephasedetectorof thePLL canbeobtainedby combiningthe

DAC, the low-passfilter, the multiplier, the sigma-deltamodulatorandpart of the up/down

multiplier Σ ∆ differen-averager

cos sin

θi

θo

(burst)

phase detector loop filter oscillator

integrator

DACLPF

Fig. 122 Block diagram of the mixed-signal colour decoder PLL.

DDStiator
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counter (the input part of the integrator) in one module, as shown in Fig. 123.

The transfer function of this phase detector is (with∆θ = θi - θo):

(42)

As its namesuggests,the DAC merelyconvertsthe digital cosineto an analoguecosine.

Henceits transferfunctionHDAC is HDAC = 1. Thelow-passfilter is only in thesystemto sup-

presstheclock harmonics.Thesignalfrequency bandis completelyuntouched.Thereforethe

transfer function of the LPF can also be set at HLPF = 1.

Themultiplier in Fig. 123is equalto theoneof theanaloguesystem.Notethatin theana-

logue systemthe multiplier is the phasedetector, whereashereit is only part of the phase

detector. So, the output current of the multiplier is:

(43)

where

(44)

Σ∆

modulator

clk clk rdcnt

θi IPD COUT

LPF DAC

analogue

digital
cosine

Fig. 123 Block diagram of the phase detector for the calculation

of its transfer function.

multiplier counter
up/downMOUT

θo

cosine

COUT KD∆θ=

I PD KM∆θ=

KM

2I PD max,
π

------------------------=
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and∆θ is thephaseerrorbetweenD/A convertedcosineof theDDS (θo) andtheanalogue

colourburstsignal(θi). This transferfunction is identicalto thetransferof thephasedetector

in the analogue system (Ibias is called IPD,max in the mixed-signal circuit’s phase detector).

TheanalogueoutputcurrentIPD is convertedinto a bitstreamby thesigma-deltamodula-

tor. WhenIPD = 0 thesigma-deltamodulatorproducesanequalnumberof onesandzerosdur-

ing a burstinterval (tb) andthenettoutputnumberMOUT of thephasedetectoris 0. WhenIPD

is a positive currentthemodulatorproducesmoreonesthanzerosandMOUT becomesa posi-

tive number. WhenIPD is negative the modulatorproducesmorezerosthanonesandMOUT

becomesa negative number. If |IPD| > IΣ∆,max the sigma-deltamodulatoris overloadedand

|MOUT| becomesapproximately|MOUT| = tb/tclk. IΣ∆,max is equalto the currentIDAC in Fig.

83.

Assumingthe sigma-deltamodulatoris linear over its full input rangeand is not over-

loaded,a linearrelationis obtainedbetweentheanalogueinputcurrentandthenumberof ones

(or zeros)in thebitstreamduringacertaintimeinterval. So,asthephasedetectoris activeonly

duringthebursttimetb, therelationbetweenthenumberof ones(or zeros)in thebitstreamand

the analogue input current is:

(45)

with MOUT the effective numberof “up” pulsesgoing to the up/down counterin a burst

period(a negative numberof “up” pulsesmeansthat thecontentsof thecounterwill belower

after thatburstperiod),IPD,maxthemaximumoutputcurrentof thephasedetectorandIΣ∆,max

the input range of the sigma-delta modulator.

The up/down counterincreases(or decreases)its valueby stepsof Acnt LSBs.So,COUT

becomes:

(46)

Combiningequations42, 43, 44, 45 and46 yields the completetransferfunction of the

phase detector:

(47)

If themaximumoutputcurrentof thephasedetectoris lower thanthemaximuminputcur-

rentof thesigma-deltamodulatorthesystemwill nothaveanoptimumsignal-to-noiseratio. If

themaximumoutputcurrentof thephasedetectoris higherthanthemaximuminputcurrentof

MOUT

tb
tclk
--------

I PD

I Σ∆ max,
--------------------=

COUT AcntMOUT=

KD Acnt

tb
tclk
--------

2I PD max,
πI Σ∆ max,
------------------------=
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the sigma-deltamodulatorthe systemwill saturate.ThereforeIPD,max was chosenequal to

IΣ∆,max. This simplifies equation 47 to:

(48)

Transfer of the digital loop filter

Theblock diagramof theloop filter is shown in Fig. 124.Theclock frequency of theloop

filter is the line frequency andthe (digital) input signalof the loop filter consistsof theburst

samples from the phase detector (COUT in Fig. 123).

Thefunctionof theup/down countercanbesplit up in two parts.First, it hasanintegrating

functionduringoneburstkey interval. This functionhasbeentakenup in thetransferfunction

of thephasedetector(equation48).Thesecondfunctionof theup/down counteris integration

of thesuccessive phasedetectorsamples,resultingfrom thecolourbursts.This secondfunc-

tion of the up/down counter will be taken up in the transfer function of the loop filter.

The transfer function of the integrator (i.e. the up/down counter) is:

(49)

Wherey(nT) is the currentoutputstateof the up/down counter, y((n-1)T) is the counter

statein the previous line interval, and x(nT) is the currentphasedetectorsample,resulting

from one colour burst.

In the z-domain the equation 49 becomes:

(50)

KD Acnt

2tb
πtclk
------------=

differentiatoraveragerintegrator

fH fHfH

phase
detector
samples

X(z) Y(z) D(z) V(z)

x(nT) y(nT) d(nT) v(nT)

Fig. 124 Block diagram of the digital loop filter.

y nT( ) x nT( ) y n 1–( )T( )+=

Y z( ) z 1– Y z( )( )– X z( )=
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So, the transfer of the integrator is:

(51)

In the same manner the transfer function of the differentiator (Fig. 81) can be derived.

(52)

(53)

(54)

The transfer function of the averager of Fig. 80 is:

(55)

For frequencies within the bandwidth of the PLL this can be approximated by:

(56)

Combining all the above yields the transfer function of the complete digital loop filter:

(57)

Transfer of the DDS

The output phaseθo(nT) of the DDS at timenT is:

(58)

With:

(59)

H INT z( ) Y z( )
X z( )
----------- 1

1 z 1––
---------------- z

z 1–
-----------= = =

d nT( ) y nT( ) αdf y n 1–( )T( )⋅( )–=

D z( ) Y z( ) αdf z 1– Y z( )⋅ ⋅( )–=

HDIFF z( ) D z( )
Y z( )
----------- 1 αdf z 1–⋅( )–

z αdf–

z
-----------------= = =

HAV z( ) 1 z
1–

+=

HAV z( ) 2≈

HDLF z( ) 2
z αdf–

z 1–
-----------------=

θo nT( ) θo n 1–( )T( ) ωT+=

ω KoVIN n 1–( )T( )=
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whereKo is the oscillatorsensitivity in rad/sper LSB andVIN is the input signalof the

oscillator in LSBs.

Combining equations 58 and 59 gives:

(60)

Or, in the z-domain:

(61)

From this the transfer of the DDS can be calculated:

(62)

Transfer of the mixed-signal demodulator

The open-looptransferfunction of the completecolour decoderPLL in the z-domainis

obtained by combining equations 48, 57 and 62:

(63)

The transfer function of the phase detector in the z-domain follows from equation 48:

(64)

with: ∆θ(z) = θi(z) - θo(z). Equation 63 then becomes:

(65)

From equation65 the closedloop transferfunction of the colour decoderPLL can be

derived:

(66)

θo nT( ) θo n 1–( )T( ) KoTVIN n 1–( )T( )+=

θo z( ) z 1– θo z( ) z 1– KoTVIN z( )+=

HDDS z( )
θo z( )

VIN z( )
----------------

KoT

z 1–
-----------= =

Hol z( )
θo z( )

θi z( )
------------

 
 
 

ol

HD z( )HDLF z( )HDDS z( )= =

HD z( ) KD=

Hol z( )
2KDKoT z αdf–( )

z 1–( )2
---------------------------------------------=

HPLL z( )
θo z( )

θi z( )
------------

2KoKDT z αdf–( )

z 1–( )2 2KoKDT z αdf–( )+
-----------------------------------------------------------------------= =



181

In orderto determinethenaturalfrequency ωn andthedampingζ of thisdiscrete-timePLL

its transferfunction hasto be comparedwith the generaltransferfunction of a second-order

continuous-timePLL, asgiven by equation34. Thereforeequation66 hasto be convertedto

the complex frequency domain using:

(67)

For low signal frequencies (ωT << 1),z can be approximated by:

(68)

which in the Laplace domain becomes:

(69)

Whenreplacingz by 1+sT in equation66 a continuous-timeapproximationis obtainedfor

the transfer function of the PLL:

(70)

Comparingequation70 with thegeneraltransferfunctionof thesecond-orderPLL in the

Laplacedomainleadsto the following equationsfor naturalfrequency ωn anddampingζ of

the mixed-signal colour decoder PLL:

Natural frequency:

(71)

Damping:

(72)

In the above equations Ko = 2⋅π⋅1.43Hz/LSB ≈ 9.0rad/LSB⋅s, and T = 64µs. The

z e
jωT ωT( )cos j ωT( )sin+= =

z 1 jωT+≈

z 1 sT+≈

HPLL s( )
2KoKDs

2KoKD 1 αdf–( )
T

------------------------------------------+

s2 2KoKDs
2KoKD 1 αdf–( )

T
------------------------------------------+ +

---------------------------------------------------------------------------------≈

ωn

2KoKD 1 αdf–( )
T

------------------------------------------=

ζ
KoKDT

2 1 αdf–( )
--------------------------=
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mixed-signalcolour decoderPLL shouldhave the samepropertiesas the analoguecolour

decoderPLL. So, ωn = 550rad/sandζ = 2.25 in the trackingmode,andωn = 1228rad/sand

ζ = 5 in theacquisitionmode.Thiscanbeachievedby choosingoptimalvaluesfor theparam-

eter Acnt (which determinesthe value of KD (equation47)) and αdf. For αdf the value

αdf = 1-2-7 was chosen.This way the factor αdf can be realisedby bit-shifting and adding

insteadof usinga multiplier. This is advantageousasmultipliersarevery largecircuits,while

addersare fairly small. With the above value for αdf, Acnt = 2.7 is neededfor the tracking

modeandAcnt = 13.5for theacquisitionmode.As theseareawkwardvaluesin a digital cir-

cuit, in thetestIC thevaluesAcnt = 2, Acnt = 4, Acnt = 8 andAcnt = 16wereimplemented.In a

final implementationin a one-chipTV processorIC the two valuesthat satisfy the system

requirements best will be chosen.
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appendix E

Influence of the differential amplifier
on the measurement error

To make optimumuseof the ICCQ test the voltageon the inputsof the differentialpairs

shouldhaveaspecificvalue.If thevoltagebetweentheir inputsexceeds100mVnearlyall cur-

rent flows in onebranch.This meansthatevenwith anextremelylow measurementfault the

calculationof the ratio of the collectorcurrentswill show a greatmeasurementerror. On the

otherhand,if thevoltageon theinputsis zero,thereis no informationat all. So,theremustbe

a value of the input voltage that gives the most accurate measurement.

The collectorcurrentsof the differentialpair aremeasured.The input voltageVIN of the

differential pair is:

(73)

whereIC1 andIC2 arethecollectorcurrents.Thecollectorcurrentsareaveragedover two

measurementsto cancelout its offset.For simplicity it is assumedthatthedifferentialpair has

no offset and only one measurement is done.

The measurementerror is assumedto be a fixed percentageof the full-scalecurrent.The

total tail currentis assumedequalto full-scalecurrentof the currentmeter. In the following

equationε representstheabsolutemeasurementerror. Basedonthepreviousε is definedasε =

Itail/β, whereβ is the full-scale error.

Themeasurementerroron thevoltagedropon thesupplyline is takenasthedifferenceof

the maximumandthe minimum voltagethat arepossiblewith the measurementerror of the

currents, and divide this number by two:

(74)

First we defineIC1 = (1-γ)Itail/2, andIC2 = (1+γ)Itail/2. Next we defineα = IC1/IC2. From

this it follows thatγ = (1-α)/(1+α) and

(75)

VIN
kT
q

------ ln
I C1

I C2
--------

 
 
 

=

Verr
kT
2q
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I C1 ε+

I C2 ε–
-----------------

 
 
 





ln
I C1 ε–

I C2 ε+
-----------------

 
 
 




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α e
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kT
-------------




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To get the relative error the absolute error voltage is divided by the actual voltage drop.

(76)

Thebraveof heartwill combineall theaboveequationsand(try to) differentiatetheresult-

ing error function to find the optimumvoltagedrop VIN. However, apartfrom knowing the

optimumvoltagedrop it is also importantto know how flat the optimumis. Thereforeit is

more informative to simply feed the equations into a computer and plot the error function.

Fig. 125shows theerror functionfor β = 1000(i.e. a full-scalemeasuringerrorof 0.1%).

The optimal input voltageis 39mV, but for voltagesin the rangebetween10 and80mV the

error is lessthan twice the error at 39mV. This meansthat the measurementerror is rather

insensitive to variationof thevoltagedropin thesupplylines.This is importantasthevoltage

dropwill vary from batchto batchandalsowith temperature.Theinsensitivity of themeasure-

menterrorto variationin thevoltagedropin thesupplylinesalsoallows minor changesin the

circuit to be made without having to reconnect the ICCQ measurement points.

error
Verr

VIN
-----------≤

Fig. 125 Relative measurement error as a function of VIN.
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12)statisticallyrelevanttestdatathroughtheintroductionof theICCQ testmethod

in a mass-produced IC
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summary

This dissertationdescribesintegratedcircuit techniquesfor one-chipTV systemswhich

focuson loweringthetotalcostof theapplication.Threedifferentapproachesto costreduction

are explored.

Chapter3 describesan integratorcircuit with a low unity-gain bandwidth.This circuit is

appliedin a voltagecontrolledcrystaloscillatorto minimisetheoffseton thequadratureout-

puts. The integrator circuit can be regardedas an integratedalternative to a large external

capacitor.

Chapter4 describesa mixed-signalquadraturedemodulatorthatperformsasmuchaspos-

sible of the signalprocessingin the digital domain,without digitising the input signal.This

demodulatoris an exampleof a subsystemthat hasbeendesignedto usethe signalsthat are

alreadypresentin theIC to suchanextent,thatthissubsystemnolongerneedsits own external

components.

Chapter5 discussesa fast, generic test method for analogueVLSI circuits. This test

methodreducesthe test time of an IC significantly with a only small numberof additional

components.Thetestmethodis non-invasive to thecircuitsundertest.Theadditionalcompo-

nentsonly monitor thesupplycurrentof thecircuits,sothey have no influencewhatsoever on

the operation of the IC.



198

samenvatting

Cir cuittechnieken voor low-cost one-chip TV systemen

Dit proefschriftbeschrijftcircuittechniekenvoor geintegreerdeschakelingenvoor TV sys-

temenwaarbijdenadrukligt op hetverlagenvandekostenvandetotaleapplicatie.Drie ver-

schillende werkwijzen worden beschreven.

Hoofdstuk 3 beschrijft een integratorschakeling met een laag versterking-bandbreedte

product.Dezeschakeling wordt toegepastin eenspanningsgestuurdekristaloscillatorom de

offsetspanningop de kwadratuuruitgangente minimaliseren.De integratorschakeling kan

beschouwd worden als een geintegreerde versie van een grote externe condensator.

Hoofdstuk4 beschrijfteenmixed-signalkwadratuurdemodulatordie designaalbewerking

zoveel mogelijk in het digitale domeinuitvoert, zonderhet ingangssignaalte digitaliseren.

Dezedemodulatoris eenvoorbeeldvaneensubsysteemdatzodanigontworpenis datexterne

componentenvoor dit subsysteemoverbodigzijn, doordatoptimaalgebruik gemaaktwordt

van de signalen die al aanwezig zijn in het IC.

Hoofdstuk5 beschrijfteensnelle,generieke testmethodevooranalogeVLSI schakelingen.

DezetestmethodevermindertdetesttijdvaneenIC aanzienlijkmetgebruikmakingvanslechts

een gering aantalextra componenten.De testmethodevereist geenveranderingenaan de

schakelingen in het IC. De extra componentenmetenslechtsde voedingsstromenvan de

schakelingenin hetIC, waardoorzij geenenkeleinvloeduitoefenenopdewerkingvanhetIC.
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