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chapter 1

Intr oduction

A brief history of television

The word television was coinedin 1900 by ConstantinPerslyi in a paperhe readat the
InternationaElectricity ConferenceUp to thattime thework thatwasaimedat makingit pos-
sibleto not only hear but alsosee what's goingon at a remoteplacewasreferredto as“dis-
tant vision” or “seeing by electricity”.

After theinventionof thetelegraphandthetelephonédistantvision” wasthe next stepin
the developmentof meansof communicationHowever, it wasnt until the discovery in 1873
of the phenomenorthat the resistanceof seleniumvarieswith the amountof light that falls
uponit, thata physical mechanisnwasavailablethat madethe instantaneougransmissiorof
moving picturespossible Fromthattime on, mary attemptsveremadeto make a systemfor
“seeing by electricity”. All early systemswere electro-mechanicallThe most renavned of
these systems is the on&énted by Nipkw in 1884.

Nipkow’s electric telescope

As Nipkow's inventionis animportantlandmarkin the history of television, it will bedis-
cussed in some detail. Fig. 1 ssthe original draings of the patent.

Nipkow's system(which he calledan electrictelescopejsestwo discswith 24 holesthat
arearrangedn aspiral. Althoughthediscis big, the pictureis rathersmall. The picturesizeis
indicatedby the dashedectanglen Fig. 1. Onediscin the systemactsasthe scanne(Station
| of Fig. 1), the otherasthe display (Stationll of Fig. 1). To transmitan undistortedpicture,
both discs must rotate synchronously

An optical systemin front of the scanningdiscthrows thelight of the sceneon thediscin
suchaway thatthereis alwaysonly onehole of thediscwithin the pictureframe.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 therecever. The
Kerrcellis anopticaldevice thatrotatests polarisatiorangle dependingpnthemagnetidield
in which it is placed(Faradayeffect). The currentfrom the photocell is fed to the coil thatis
wound aroundthe Kerr cell, so the magneticfield in the coil will changeas the current
changesLight entersthe Kerr cell througha polariseron the left (lower part of Fig. 1). The
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polarisationangleof thelight is rotatedasit passeshe Kerr cell, andafter passinghroughthe
analyser(i.e. a polariserthatis placedin aright anglewith respecto theinput polariser).the
light passeghrougha hole in the displaydiscthatis in the samepositionasthe hole of the
scanning disc.

from theory to pactice

Nipkow never put hisideainto practice.If he hadtried hewould not have beensuccessful.
First, becausehe changein resistvity of seleniumis too slow to generatean acceptableic-
ture. Secondlybecausehe power neededo drive the Kerr cell is sohigh (ca. 10W), thatin a
time whenpower amplifiershadnot yet beeninvented therewasno way to turn the smallsig-
nal generatedy the seleniumcell into a strongmagneticfield. But, despitetheseproblems,
the basicconceptsof Nipkow’s systemwere usedby mary others.In fact, the first publicly
demonstrated TV system (by Baird in 192%sMased upon Nipk's system.

all-electonic television

In the early 1900sideasfor all-electronictelevision, i.e. television without moving parts,
were proposedby CampbellSwinton. His systemwas basedon the thenbrand-ng vacuum
tubetechnologyHowever, it wasnt until theearly 1930sthatanacceptablgicturetube(Zwo-
rykin’s kinescope)was developed. The quality of this picture tube was such, that it soon
became the standard TV displayide.

Good cameratubes, on the other hand, werent available until the end of the 1930s.
Mechanicaldevices,suchasNipkow’s discsandrotatingmirror devices,remainedn useuntil
thattime. Two differenttypesof cameraubecompetedo becomethe standardFarnsvorth’s
imagedissectorand Zworykin’s iconoscopeHowever, in the endthe imagedissectomwasno
matchfor the iconoscopeThe mainreasonfor this wasthe very low sensitvity of theimage
dissectorsomethingt hadin commonwith all mechanicatlevices).This wasdueto thefact
thatonly thelight thatfell onaparticularpictureelemenduringthetime this particularpicture
elementwasscannedgontributedto the outputsignal. Theiconoscopevasfar moresensitve,
asall picture elementdntegratedthe light thatfell on thembetweenthe momentsthey were
scannedThe fact that this integrating featureis vital for a good sensitvity (anda goodsig-
nal-to-noiseratio) is somethingthat mostearly workers on television cameraseemto have
overlooked.

Thefirst public demonstratiorof anall-electronicTV systemwasgiven by Farnsworthin
1928.

As theearly TV camerasvereratherinsensitve, for atime even“chemicalsignalamplifi-
cation” wasusedby someexperimentersin thesesystemgshe scenevasrecordecn film (the
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sametype asusedfor cinema),andinsteadof winding the film on a pick-upreel, it wasled
into a developing/vashing/fixingmachine After passingthroughthis machine the film was
scannedvith a TV cameraAs the light wasnow concentratean just the film frame,instead
of the whole scene, good senstii could be obtained withven an insensite TV camera.

Anotherway to getroundtheinsensitvity of the cameraubeswasto useno cameraatall.
Somesystemasiseda so-calledflying spotto obtaina picturesignal.In thesesystemthe scene
to be televisedwasin a darkenedroom. Througha Nipkow discthe light of a powerful lamp
wasprojectedonthesceneSoonly asmallpartof thescenewaslit atary giventime. Thepic-
ture signalwasgeneratedy a light sensitve cell thatwasdirectedat the scene As the light
wasilluminating just one“picture element”at a time, the light sensitve elementonly needed
to measure the reflected light, without the need fgraatditional hardware such as lenses.

Thefirst TV systemghatweredemonstrateth thelate 1920susedapproximatel\380lines.
Thisis justenoughfor “headandshoulder’imagesin 1933the numberof lineshadgrown to
about180.Thiswasapproximatelythelimit for thenumberof linesin mechanicasystemsand
allowedfull-lengthimagesof personf reasonablguality to betelevised. The numberof pic-
turespersecondgrew from 10 in thefirst systemdo 60 (in the USA) and50 (in Europe).The
latter frequenciesverechoserequalto the mainsfrequenciesUsing otherfrequenciesvould
have requiredvery expensve shieldingin TV setsto preventinterferencebetweerthe picture
and the mains frequeyc

In 1937the London Television Station(LTS) startedasthe world’s first, high-definition,
regular, public TV station.The LTS adopteda 405 lines/fieldand 50 fields/secondtandard.
This wasthe highestdefinition standardat the time, andit wasusedin the United Kingdom
until 1982.

It is interestingto notethatthe rapid developmentof low-definitionto high-definitionTV
took placeduringthe world-wide economicdepressiomf the 1930s.Many companieselt the
potential reenues of TV justified the highuastments, despite the dire economic situation.

The secondWorld War brought the developmentof TV to a halt. After the war
black-and-white TV broadcastingas gradually introduced in more and more countries.

colour television

The first demonstratiorof a colour TV systemwasgiven by (again) Baird in 1928.The
basisof his systemwasidenticalto his black-and-whitesystem All he did wasusecoloured
filters in the holes of his Nipkv disc.

Someof the early colour TV systemswere basedon two coloursonly. The majority of
workers soon concentratedbn systemsbasedon the three primary colours. Systemswere
developedin which theframeswerescannedy onecolouratatime. Alternative to thesewere
systemsn which the successie lineswerescannedvith differentcolours.Thesetypesof sys-

10
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tems unfortunately could not be reas on a black-and-white TV

In 1953the NTSC (National Television SystemCommittee)colour TV systemwasintro-
ducedin the USA. In this systemthe colourinformationis not straightforvardly transmitted.
Insteadit is codedin such a way that the TV signal that is transmittedis the standard
black-and-whitesignalplus two signalsthat carry the differencebetweerthe black-and-white
informationandthe colourinformation. The latter signalsare called colour differencesignal.
This meantthat the signalcould be processedby both black-and-whiteand colour TVs. This
wasamajoradwantageastherewasno neednow to build bothblack-and-whiteandcolourTV
networks.

NTSCis anelegantandcleverway to broadcastolour TV signalsbutit is susceptibleéo a
particulartype of distortionin the transmissiorchannel(differentialphaseerror). New colour
TV systemaveredevelopedto combatthis problem.Two differentlinesof approactwerecho-
sen.The first way wasto cancelthe errorin oneline with an equalerror, but with opposite
sign, in the next line. The otherway wasto useanothemethodto transmitthe colour differ-
encesignals(usingfrequeng modulationinsteadof quadraturemplitudemodulation).In the
1950sand 1960smary variationsof thesetwo basicsystemswveretried out. In the 1960sthe
PAL (PhaseAlternationon Lines)andSECAM (SEQuentielA Memoire)colour TV systems
were introduced in EuropeAR is based on the first approach, SECAM on the second.

The mostchallengingcomponenthathadto be designedor the colour TV systemswas
thecolourdisplaydevice. Eventhoughblack-and-whiteTV wasall-electronic someresearch-
ersoptedfor electro-mechanicalolour displays.Othersusedone picturetubeper colourand
merged the signalsof two or threetubesinto one picture. The shadev 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

N
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Fig. 2 Operating principle of the shadow mask CRT.
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from the electrongunsof onecolourcanonly reachthelight-emittingislandsof their own col-
our. A metalscreen(shadav mask)blockstheir way to the light-emittingislandsof the other
colours.

Since their introduction the basic standardsor analoguecolour TV transmissiorhave
remainedlargely unchangedBut, additionssuchas stereosoundand information services,
like teletet and closed captioning, Y&been made to the original standards.

Many attemptshave beenmadeto introducenew TV systemswith a higherresolution(e.g.
MUSE, D2MAC, HDMAC). All theseattemptshave failedto gain alarge market shareln the
1990sdigital TV systemshave emepged.At thetime of writing it is not yet possibleto assess
the impact of these systems.

Althoughthe analogueTV standard$iave remainedargely the samethetechnologywith
which they are implementedhave undegonetremendoushangesVacuumtechnologyhas
beenreplacedy solid-statedechnologyin nearlythewholechainfrom the camerahroughthe
signalprocessingo the display The only vacuumcomponenstill in useis the CRT. Numer-
ousalternatvesto the CRT have beendeveloped(e.g.liquid crystaldisplaysandplasmadis-
plays),but noneof thesehave beenableto gain a substantiapart of the TV market up to the
time of writing.

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

The video cassetteacorder

Closelylinkedto the TV is the machinethatis mostdreadedy consumerandTV design-
ersalike: thevideocassetteecorder(VCR). Fig. 3 shavs a photograplof atypical specimen.
Thereasonsvhy both groupsregardthe VCR with suchawe are,however, completelydiffer-
ent.Many consumershink thata Ph.D.degreeis aprerequisitdor a successfuattemptto pro-
gramaVCR. To the TV engineeringcommunity on theotherhand,the VCR is the epitomeof
Murphy’s Law: if thereis away in which a VCR signalcandeviate from the TV standardsit
will. Dueto the constraintdmposedon it by the mechanicsthe outputsignalof ananalogue
VCR oftenbearsonly a superficialrlesemblancéo a TV signalasdefinedin the standard¢see
chapter2). Whenplaying backtapeswith a copy-protectionsignalthingsare even worse,as
the copy-protectionsignalsdo not adhereto the standardgon purpose!)to make recording
impossible At the sametime a TV is supposedo be completelyinsensitie to theseaberra-
tions. Thereforeturninga VCR signalinto anacceptabl@ictureis oneof the big challenge®f
TV design.

12



Fig. 3 Specimen of the most awe-inspiring machine on earth.

Cost reduction as innwation driver

EversincecolourTV broadcastingvasfirstintroducedn the USA in 1953,colourTV sets
maturedto a very high level of quality. As aresultof this, the majordriving forcefor innova-
tion todayis nolongerhigherperformancebut lower cost.Only in themostexpensive TV sets
performancemprovementis still anissuewith innovationslik e motion estimation/compensa-
tion, thatprovide asmootheiportrayalof movementonthescreenHowever, in by farthebig-
gestpartof the market (>80%),costis the mostimportantissue.The costfor the customeican
be loweredin two ways:provide morefunctionsfor the sameprice, or provide the samefunc-
tions for a lever price.

cost and design sitegy

In the earlyyearsof black-and-whiteelevision it took up to 20 valvesto make agood TV
recever. Consideringhatmosttypesof valve representwo amplifying functions,it shouldbe
possibleto make agoodblack-and-whitel' VvV with 40 transistorsAs colourTV picturesarethe

13
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additionof ared,a greenanda blue picture,a colour TV shouldbasicallyneedno morethan
120transistorsHowever, eventhe simplestTV nowadayscontainsmary thousand®f transis-
tors. The reasonfor this lies in the fact that the valveswere expensve componentswhereas
componentdike resistorsand capacitorswere (relatively) cheap.Nowadaystransistorsare
extremelycheapandcomponentsik e inductorsare(relatively) expensve. Sothedesignstrat-
egy which wasfocusedon usingasfew active componentgi.e. valves)aspossiblehasshifted
to a stratgyy in which the numberof passve componentgi.e. inductorsand capacitorsmust
be keptat an absoluteminimum. This shift in designstrategy wascausedy theintroduction
of integratedcircuits. Thethousand®f transistorarenotindividual componentglike ye olde
valves),but they areembeddedn ICs. This makesindividual transistorgandalsointegrated
resistorsand capacitors)very cheapindeed.Thereforethe introductionof ICs was a major
breakthrough in lvering the cost of TVs.

Table 1 gives an roughindication of the relative pricesof componentsn 1962 [8] and
2000.The dramaticreductionof the relative price of anintegratedtransistoris alsovalid for
integrated resistors and capacitors (up wesa 10pF).

component 1962 2000
resistor 1 1
capacitor 2 15
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.

In 1960 the price of a 66¢cmblack-and-whiteTV wasapproximatelyDfl. 1200.In 2000a
66cm stereocolour TV with teletext and remote control hasa price tag of approximately
Dfl. 1200.So despitemary yearsof inflation the nominalprice of a TV hashardly changed.
But, the numberof featuresaswell asthe quality of the pictureandsound,hasgoneup tre-
mendously

1. Before 1960 the TV magkwas not really a mass maik It is not &ir to compare prices of a mass
market with prices in an emging marlet.

14



Fig. 4 Internal organs of a black-and-white TV set, model year 1955.
(a) rear view, (b) bottom view.
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TV assembly

Fig. 4 shavs a 1955modelblack-and-whiteT V. In this TV 18 valvesand numerougpas-
sive componentperformall the signalprocessingandpower amplificationfunctions.Most of
the passve componentsre placedat the undersideof the chassisAll componentsén this TV
weremountedby hand.Fig. 5 shavs a 2000modelstereocolour TV, with teletext andremote
control. All signalprocessing@ndcontrolfunctions,exceptthe sterecdecodingareperformed
in the indicatedIC (with the aid of just a few external components)This IC is actually a
multi-chip packagen whichtwo ICs, madein differentprocessesarecombined Eventhough
the assemblyof the printedcircuit boardis completelyautomatedgcombiningtwo ICs in one
packageeducesheproductioncostof the TV set(lessboardspacefewer componentsieeded
on stock).

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

16



ways to educe cost

As all signalprocessindunctionsof TVs are novadaysperformedby integratedcircuits,
lowering the costof the signalprocessingpartof a TV recever is equivalentto lowering the
costof theselCs andtheir peripherakcomponentsA lower costof theapplicationof anlC 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 needeznal components

5) eliminating adjustments needed for the correct operation of the IC
6) design/layout for mana€turability to maximise the yield

Apartfrom thesilicon- anddesign-relatedoststherearealsoothercostfactorsin IC man-
ufacturing,e.g.encapsulationandtestcosts.To keepthesecostsdown the numberof pins of
the IC mustbe keptaslow aspossible.This meansthat externalcomponentshatonly sene
thecorrectoperationof thelC, but arent necessarjor therestof the TV, shouldbe eliminated
by makinganintegratableversionof suchcomponentsor by makinganew circuit thatcando
without the externalcomponentsThe ever-growing compleity of analogueandmixed-signal
ICs, andthedrive to reducethe numberof pinsof theencapsulatiormequirenew testmethods.
Thenumberof signalsthatcanbeobseredto seewhetherthelC is goodor notbecomesmall
comparedo thetotal numberof signalsin thelC. Without countermeasurdbletesttime of IC
would rise enormously as a result of this.

Outline of this dissertation

This dissertationdescribesntegratedcircuit techniquesfor one-chipTV systemswhich
focusonloweringthetotal costof theapplication.Threedifferentapproacheto costreduction
are eplored.

Chapter3 describesan integrator circuit with a low unity-gain bandwidth.This circuit is
appliedin avoltagecontrolledcrystaloscillatorto minimisethe offset on the quadratureout-
puts. The integrator circuit can be regardedas an integratedalternatve to a large external
capacitor

Chapter4 describes mixed-signalquadraturelemodulatothat performsasmuchaspos-
sible of the signal processingn the digital domain,without digitising the input signal. This

17
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demodulatoiis an exampleof a subsystenthat hasbeendesignedo usethe signalsthatare
alreadypresenin thelC to suchanextent,thatthis subsystenmolongerneedsts own external
components.

Chapter5 discussesa fast, generictest methodfor analogueVLSI circuits. This test
methodreducesthe testtime of an IC significantly with a only small numberof additional
componentsThetestmethodis non-invasive to the circuitsundertest. The additionalcompo-
nentsonly monitorthe supplycurrentof the circuits, sothey have no influencewhatsoger on
the operation of the IC.

To give somebackgroundnformationon the systemsfor which the circuits describedn

this dissertatiorweredeveloped,a brief descriptionof analoguerVv broadcastingystemsand
TV recevers will be gven in the folleving chapter

18



chapter 2

Analogue TV systems

Intr oduction

Therearethreeprincipal colour TV broadcastingystemsn usearoundtheworld: NTSC,
PAL and SECAM. Of thesebroadcastingystemsNTSC is the oldestone. The PAL system
can be regardedas a refinementof NTSC. The colour rendition of the NTSC systemcan
degradequite heavily dueto distortionin the transmissiorchannel(differentialphaseerrors).
PAL wasdesignedo belesssensitie to this. The SECAM systenis analternatve to PAL that
usesa completelydifferentmodulationschemefor the colour informationto reachthe same
goal.

In thefollowing avirtual TV broadcastingystemwill be describedhatcombinesaspects
of all the systemghatarein usearoundtheworld. At the endthe mostimportantdifferences
betweerthe variousreal-life systemswill belisted. After the descriptionof the TV broadcast-
ing systemsthe signalprocessingartof a TV setwill bedescribedTheinformationin these
sections was talen from [9]-[11].

A virtual TV br oadcasting system

A TV signaltransmits25 pictures(or frames)persecond Eachframeis built up with 625
lines.A frameis transmittedn two fieldsof 312.5lines. This approacthasthe advantagethat
althoughonly 25 picturesare transmitted(which is enoughfor the impressionof smooth
movement) the pictureis refreshedb0 timespersecondwhich, for mostpeople,is enoughto
eliminatetheimpressiorof flicker). This trick is similar to the systemusedin film projection
where24 framespersecondareon thefilm andeachframeis projectedwice in rapidsucces-
sion. Thereis onecrucialdifference however, betweerfilm andTV. Whereaghefilm projects
the whole picturetwice, TV framesare projectedin two fields. A field containshalf of the
lines of a frame, so two fields combinedmale up a frame. This hasthe advantagethat the
amountof informationthat hasto be transmitteds determinedy the amountof information
in thepictureandnotby therepetitionrateof the projectiondevice. Thetechniqueof transmit-
ting half the numberof lines perfield is calledinterlacing(Fig. 6). Thebold linesarethe visi-
ble lines.Thethin linesarein thefirst field, thebold onesin the secondield. Thedashedines
are the imisible flyback trajectories of the electron beam.

19



field line number frame line number

313 ‘ S 625
1 S |
3lﬁ\”~ﬂ#?’ﬂ!} ”’##M,-, 2
2 S RS S— 3
31 S———— — 4
3 N i — 5
31 G —— 6
L I
e e -
Sp—— 9

‘ ~

| N

o | T

siof———— — : ———— 623
625 — —— — 624
31— * 625

Fig. 6 Line structure of a TV picture.

In thefirst field all oddlinesof the framearetransmittedin the secondield all evenlines
of theframearetransmitted Thelimited resolutionof theeye helpsin giving theimpressiorof
a continuousflow of pictures,eventhoughthe light of the two fields of eachframe doesnot
originatein the samepixels of the picturetube.Note thatthe numberson theleft in Fig. 6 are
theline numbersn thefield (i.e. the orderin which they aretransmitted) The numberson the
right are the line numbers in the frame (i.e. the number in the complete picture).

Fig. 7 shavs the constructionof a baseband'V signal. Fig. 7a shavs the time domain
without sound.The signalshavn in Fig. 7ais calleda CVBS signal(CompositeVideo Base-
bandSignal). Fig. 7b shaws the frequeng spectrumof a baseband’V signalincluding the
sound.

As mentionecearlier eachTV frameis built up of 625lines. Thereare 25 framespersec-
ond,sopersecondl5625linesaretransmittedThis meanghateachline is 64us long. During
52us video informationis transmitted The other12us are usedto transmitotherinformation
thatthe TV needdo projectagoodpicture.ln the TV itselfthe 12us areusedto move theelec-
tron beamin thetubebackto the startof the next line. Eachline startswith a synchronisation
(or sync)pulse.Thestartof anew field is indicatedby awide syncpulse(dottedsyncpulseon
therightin Fig. 7a).In thefirst field (with theoddlinesof the frame)the startof thefield sync
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Fig. 7 TV signal in (a) time domain without sound,
(b) frequency domain with sound.

pulsecoincideswith the line syncpulse.In the secondfield (even lines) the field syncpulse
starts between twline sync pulses.

The coloursin a TV picture are madeby combiningthe threeprimary colours:red (R),
green(G), andblue(B). To maintainbackwardscompatibilitywith black-and-whitel'V broad-
castingsystemsthe colour TV signalis not transmittingthe R, G and B information, but
so-calledluminanceand chrominancesignals. Backwards compatibility was an important
boundaryconditionwhen colour TV wasintroduced.This was necessaryo make surethat
viewerscouldwatchthe sameTV programme®n bothblack-and-whitel' Vs andcolourTVs,
without having to male special channels for colour TV

The luminancesignalcarriesthe informationthatis alsousedby black-and-whiteTVs. It
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representshe amountof light in the scene.The chrominancesignal carriesthe information
aboutthetint of the colourandits saturation.Theluminancesignalis designatedby theletter
Y. The chrominancesignalcarriesthe colourinformationin the form of two colour difference
signals:thedifferenceof theredsignalandtheluminance(R-Y) andthedifferenceof theblue
signalandthe luminance(B-Y). The luminanceis madeat the transmitterside by combining
the R, G and B signals:

Y = 0.30R+0.59G +0.118 (1)

By combiningtheY, R-Y andB-Y signalsin the TV, theoriginal R, G andB signalscanbe
recovered (three equations and three uning).

The theory behind luminanceand chrominanceprocessings beyond the scopeof this
work. A good introduction can be found in [9].

The chrominancenformationis modulatedon a subcarrierf. thatis placedin the upper
partof the luminancespectrum.The amplitudeof this subcarrielis a measurdor the colour
saturationjts phasedetermineghe colourtint (alsocalledhue).The subcarriercancarry two
differenttypesof information,becausehe informationis quadraturanodulatecon it (Fig. 8).
To beableto reproducehe correctcolourtint the TV needsa referenceo know what ‘phase
zero' is. The burst, which is transmittedafter the syncpulse(seeFig. 7a) containsthis infor-
mation.

bursltkey sync
|
B-Y |
. |
A sin(wst) |
l |
. |
subgamer CVBS
oscillator

cos(wsch)

RY——»

Y

Fig. 8 Generation of the CVBS signal in a TV transmitter.
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Fig. 8 shavs how the chrominanceburst,luminance syncareaddedto form a CVBS sig-
nal. This CVBS signal is the signal stroin Fig. 7a.

Wheninspectinghe spectrunof Fig. 7b, it is obviousthattheluminanceandchrominance
sharea partof the spectrumThis will inevitably leadto crosstalk.This crosstalkcanbe seen
asthe coloursrunningthrougha stripedshirt (cross-colour)pr asa bandof vertically moving
dots between saturated colours (cross-luminance or det}cra

At first glanceit may seemstrangeto let the spectraof luminanceandchrominanceover-
lap, but this schemewasselectedo keepcolour TV signalscompatiblewith black-and-white
TV signals.Thecoloursubcarriefrequeny waschosersuchthatthe artifactsthatarisedueto
the averlapping spectra are as small as possible.

The soundthat accompanieshe pictureis modulatedon a secondsubcarrier(fg,qin Fig.
7b) with a frequengcjust ab@e the maximum frequegpof the luminance spectrum.

For broadcastingf television signalsvestigialsideband(VSB) modulationis used.This
modulationschemecombinesthe bestelementsof single side band (SSB) and doubleside
band(DSB) modulation.Straightforvard amplitudemodulationof a carrierresultsin a DSB
signal. Sucha signal hastwice the bandwidthof the modulatingsignal. By suppressingne
sidebandof the DSB signalan SSBsignalis obtained An SSBsignalhasthe samebandwidth
asthe original signal. However, whereasa DSB signalis easilydemodulatedn the recever,
this is not true for an SSB signal. A DSB signal can be demodulatedy a simple envelope
detectorFor thedemodulatiorof an SSBsignala morecomplex demodulatois needede.g.a
quadraturedemodulator)When TV wasfirst introduced electroniccomponentsvere expen-
sive. To keepthetelevision receverssimple(andthuscheap)VSB waschoserasthe modula-
tion schemdor TV signals.In a VSB signalonesidebands broadcastompletelytheotheris
partially suppressedo sare bandwidth.For black-and-whiteTV signalsa simple ervelope
detectorcanbe usedfor demodulationBlack-and-whiteTV signalshave mostof their enegy
in thelow frequenciessothatthe distortionthatis the resultof this simpleway of demodula-
tion is nottoo annging. Colour TV signalsrequiremoresophisticatedlemodulatorsasthey
do containmary high-frequeng componentsiueto the modulationof the colourinformation
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Fig. 9 Broadcast spectrum of a VSB modulated TV signal with respect to
the picture carrier.

on a subcarriefFig. 9 shas the spectrum of a VSB modulatedlPTV signal.

As thelow-frequeng component®f a VSB signalareeffectively broadcasin DSB mode
andthe high-frequeng componentsn SSB mode, a filter with a so-calledNyquist slopeis
usedin front of thedemodulatoto geta flat amplituderesponsef the outputsignal(Fig. 10).
Note that the lver side band is broadcast completelyd the upper side band partly

Fig. 11 shavs thewell-known EBU colourbar (EuropearBroadcastindJnion), a testsig-
nal thatis widely usedto geta quick impressionof the performanceof a TV broadcasting

gain
picture carrier
|
1 |
|
I
0.5
|
|
| 1
335 38.539.0 39.5 frequency

(MHz)

Fig. 10 Idealised transfer of the input filter of the VSB demodulator.
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chain[11]. This signalwill comebackin the measuremergectionsof the circuitsthatwill be
discussedn thefollowing chaptersThe colourdifferencesignalsin this colourbararecalled
U and V with U= (B-Y)/2.03 and V= (R-Y)/1.14.
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Fig. 11 PAL EBU colour bar: (a) CVBS, (b) luminance, (c) V, (d) U.
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Television set

Fig. 12 shaws the block diagramof a straightforvard analoguecolour TV. Throughthe
antennaheinput signalenterghetuner Thetunercorvertstheinputsignalfrom theinput fre-
gueng that canbe anywherein the rangefrom 50 to 900MHz to a 39MHz intermediatefre-
queng (IF). The bandwidthof theincomingTV signalis 6.25MHz,andthe TV channelsare
spaced’MHz apart.The exactbandwidthandchannelseparatiorior terrestrialbroadcassig-
nals vary from country to country Cable networks sometimesdeliberatelyuse a different
channelspacingto prevent interferenceproblems.Extremely complicatedfilters would be
neededn thetunerif thechannekeparationveremadewith onetunableband-paséilter. With
thesuperheterodynapproachheband-paséilter in thetunercanbe wider: theinput signalis
convertedto 39MHz and herethe selectvity is madeby one fixed band-pasdilter with the
response shen in Fig. 10.

I ] — audio
COLOUR SOUND
| DEMOD- DEMOD- ||
ULATOR ULATOR [
chrominance; A |
| * [sound J | {>—> R
_)
39MHz cvBs | FILTER |—> RGB colour
TUNER I IF o 1 — G .
T CIRCUIT BLOCK - STAGES | picture
luminance
| =8 T
sync
SYNC hor. deflection
CONTROL - ™
| CIRCUIT | L~
A | ™\ vert. deflection
L~ _— 41 - __ 1 |
12c |
uc/ POWER
TXT [ EHT
SUPPLY

Fig. 12 Block diagram of a basic TV.

TheIF circuit convertsthe signalcomingfrom the tunerto a basebanVBS signal. The
outputsignalof the IF circuit is the signalshavn in Fig. 7. The CVBS signalis split into its
componenpartsin thefilter block. Thesoundsignalis fed to a sounddemodulatagrwhoseout-
put signaldrives the loudspeakr after power amplification. The chrominancesignal goesto
the colour demodulatothat outputsthe colour differencesignals.The luminanceand colour
differencesignalarecombinedn the RGB stagesThesestagesirive the Red,GreenandBlue
gunsof the picturetube.The synchronisatiorsignalis fed to the synccircuit thatcomprisesa
PLL to recover the startingpoints of the lines. The vertical syncsignalis usually recovered
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with the aid of a digital countingcircuit. The syncpulsesthemselesarenot useddirectly, to
increasenoiseimmunity of the TV. Without thesecircuitsthe pictureswill shav jaggedverti-
cal edges and rollertically, even with relatvely low levels of noise.

The power supplyunit is aswitchedmodecircuit. Sometimegheline frequeny of the TV
is usedasthe switchingfrequeng. This hasthe advantagethatthereis norisk of interference
of the power supplyandthe deflection. Anotherpossibilityis to usea free-runningfrequeng.
This hastheadvantagethatit is easierto make the circuit insensitve to mains-andload varia-
tions.

Theacceleratiovoltage(EHT: ExtremelyHigh Tension about30kV) thatis neededn the
picture tubeis usually generatedy a circuit that usesthe flyback voltage of the horizontal
deflection coil.

A signalthathasnotbeenmentionedn theforegoingis the (digital) teletext signal(TXT).
This signalis transmittedn the lines directly after the vertical syncpulse.Theseline arenot
carryingvideoinformation,becausét takessometime to move the electronbeambackto the
startingpoint of the next field. So,althoughthe 625linesperfield asshavn in Fig. 6 aretrans-
mitted, the first 25 linesin eachfield arenot displayed.The TXT signalis alsofiltered out of
theoutputsignalof thelF circuit andfed to amicroprocessofor processingThis processors
also used to control all internal functions of the TV

As mentionedearlier a transmittedTV pictureis built up of 50 fields per second.Some
peopledon't experiencethis as a stable,but as a flickering picture. In so-called100Hz (or
scan-cowersion) TVs eachfield is storedin a memoryand displayedtwice in rapid succes-
sion. By increasinghe repetitionrate of the pictureby a factorof two like this, theflickering
effect can be made\isible.

Differences between the TV lwadcasting systems

The systemdescribedabove is not an actual TV broadcastingsystem.PAL, NTSC and
SECAM have a numberof differencesthe mostimportantof which arelistedin Table2. The
list only summarises the most importanfeliénces.

The SECAM colourinformationis frequeng modulatedbntwo differentsubcarriersEach
line the subcarrierswitchesto the otherfrequeng. The referencephaseof the colour burst of
PAL switchesbetweentwo values:-45° and+45°. Eachline the phasechangedo the other
value.Therealsotwo variantsof PAL with coloursubcarriefrequencie®f 3.575611MHzand
3.582056MHz.

All broadcastingystemsalso have small differencesrom countryto country Especially
the IF modulation has a lot o&kiants [10].
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NTSC PAL SECAM
field frequeng 60Hz 50Hz 50Hz
number of lines/frame 525 625 625
colour subcarrier 3.579545MHz 4.433619MHz 4.25 MHz
(burst) frequeng 4.406MHz
burst reference phase 0° +/-45° n.a.
sound subcarrier fre-| 4.5MHz 5.5MHz 6.0MHz
queny
IF frequeny 45.75MHz 38.9MHz 38.9MHz

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

Differ ential phase erors

As mentionedearlier NTSC signalsare sensitve to differentialphaseerrorsof the trans-
missionchannel.This meanghatthe phaseof the signalschangeslightly asa function of the
signalamplitude.As the colourtint is codedin the phaseof the modulatedcolour subcarrier
this resultsin a wrong colour on the screenThereforeNTSC television have a so-calledhue
control button that allows the viewer to adjustthe colours.As the viewer doesnot normally
have measuremergquipmentat handto find the optimumsetting,settingthe hueamountso
adjustingthe coloursto his/hertaste Adjustingthe hueis donein the TV setby demodulating
the quadraturenodulatedcolour subcarriemwith sin(wsd+@,,9 andcossd+@n,eo, insteadof
sin(Wsd) and cosgd).

PAL andSECAM TVs do nothave ahuecontrolbuttonastheseweredesignedo beinsen-
sitive to differentialphaseerrors.PAL accomplisheshis by a slight modificationof the modu-
lation schemgwith respecto NTSC), SECAM by usingfrequeny modulation(FM) instead
of quadrature amplitude modulation for the chrominance signal [9].

Television ICs

The market of TV ICs is divided in threeseggments:low-end, mid-range,and high-end.
Thelow-endandmid-rangelCs areusedin 50/60HzTVs, the high-endICs areusedin 100Hz
TVs only.

For thelowestendof themarkettwo ICs, ananaloguesignalprocessoanda microcontrol-
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ler areputin onepackagea so-calledmulti-chip packaggMCP). Fig. 13 shavs sucha pack-
age. This constructionhasthe adwantagethat both the (analogue)signal processorand the
(digital) microcontrollercan be madein a processthat is optimal for thesefunctions. This
bringsconsiderableostsavings to the manugcturerof theselCs. For the TV setmaler it is
adwantageoushecauséde hasto handleonly onecomponentOn top of thatthe printedcircuit
board will be smaller and simpler

Fig. 13 MCP with analogue TV processor and digital microcontroller
for low-end applications.

Fig. 14 shavs amid-endanaloguesignalprocessindC for 50Hz TV. As thereis no needto
digitisethevideosignalin a50Hz TV, all signalprocessingn sucha TV is usuallydonein the
analoguedomain.In a 100Hz TV the signal doeshave to be digitised, becausdt mustbe
storedin a memory Dependingon the architectureof the TV the signalis digitised for the
memory only or (a part of) the signal processing is done digitally as well.
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Fig. 14 TV processor IC for mid-range applications.

Theprocessoshavn in Fig. 14 containsall functionsthataredravn within thedashedec-
tanglein Fig. 12. So this IC containsall signal processingunctions (exceptthe tunet the
microcontrollerandthe power stageshich areneededn a TV. ThelC canbe characterised
as a system-on-siliconwith an analoguedata path and a digital control path. All signal
processindunctionsareperformedby analogueeircuits,whereasverythingaroundthe signal
pathis digital if possible.One of the reasondor thatis thatthe IC has25 adjustmentsand
some70 switchesIf eachof theseadjustmentandswitcheshadto controlledvia its own pin
on the IC, thatwould requirenearly 100 pins. That'swhy the IC is controlledby an 1%C bus
[12]. Thistwo-wire busfeedsall theadjustmenandswitchingcommandso thelC. Thissaves
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alot of hardwareandmakesthe IC easilysoftwarecontrollable.Insteadof 25 potentiometers
thelC has25 6-bit DACsto controlall adjustmentsTheadjustmentsrefor theadjustmentef
externalcomponentslik e the picturetube,andto adjustusersettingsike soundvolume. All
circuitsin the IC are kept within their specifiedrangeby internal, automaticcalibrationcir-
cuits.

ThelC of Fig. 14 is madein a BICMOS processwith a minimumline width of 0.6um. It
containsover 60,000componentn 27mnf. The analoguecircuits are madeup of 18,000
componentsThe supply voltageis 8V and the total currentconsumptionis about140maA.
More than95% of this currentis drawvn by the analoguecircuits. The digital circuits are pre-
dominantly lav-frequeng control circuits and consequently don'twira 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 frequency

Intr oduction

In mary IC applicationsthereis a needfor circuits with a low bandwidth.Thesecircuits
areneededor e.g.stabilisationof control loopsand/orsuppressiomf high-frequeng signal
components. This chapter describes a technique for making continuous-time
low-unity-gain-frequeng integrators.Thelong time-constantthatareneededn suchintegra-
torsarechallengingo make in anIC, asthemaximumsizeof integratedcapacitorss in thepF
range.

Integratorswith low unity-gain frequencieshave beendescribedn e.g.[14]-[16]. How-
ever, thesecircuitsoperateat extremelylow currentsThecircuitin [16] operatestabiascur-
rentof only 300pA.Very smallbiascurrentsmale circuits susceptibleo leakagecurrentsthat
may arisewhenprocessingroblemsoccurin afoundry Leakageis not normally a problem,
but if anIC is susceptibleo it, this canleadto low yield, or worse,scrappingof complete
batchesBut, asleakageincreasesvith temperaturethe leakagemay well not be detectecby
the test programin the testfactory If anIC with a relatively high leakagecurrentescapes
detectiorby thetestprogram it maycausea failure of thesystemin whichit is used A way to
preventlCswith a highleakagecurrentfrom escapingletectionis to testata high temperature
insteadof atroomtemperatureThisis possiblebut costly, soif thereis no absoluteneedfor it,
it should be woided.

As leakagecurrentscanleadto high costs aresearchopic wasdefinedto make anintegra-
tor with alow unity-gain frequeng thathasaverylow sensitvity to leakagecurrentsTo make
thecircuitinsensitve to leakagecurrentsthebiascurrentsverechoserwell above theleakage
currentlevel. As this researchwas not aimed at a particularapplication,the outcomewas
going to be a solution in search of a problem.

The boundaryconditionsfor the integratorweresetasfollows: total capacitancequalto
20pF(i.e. two anti-parallelconnectedtapacitorsof 10pF)and minimum bias currentsin the
transistorof theorderof 1puA. With thislowerlimit onthebiascurrentthecurrentlevel in the
circuitis far above the level of theleakagecurrentsin the processA numberof circuitswith a
low unity-gain frequeny areproposedn which the effectsof parasiticsaareaddressedneby
one to increase the DGig of the intgrator
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The designtechniquefor the integratorcircuit wasverifiedin a voltage-controllectrystal
guadratureoscillator whereinit mustkeepthe offset of two series-connectehtegratorsat
bay From the proposed circuits one is adapted to fit the requirements of the oscillator

Scope of this vark

This work concentratesn continuous-timentegratorsfor systemsn which a clockis not
availableor undesirablge.g.to preventcrosstalkof the clock frequeng to therestof the sys-
tem). Discrete-timetechniquedik e switched-capacitorglL 7] and switched-current§l8] have
not been considered.

Continuous-time integrators
ideal integrator

Fig. 15 shavs anideal continuous-timentegrator The unity-gain cornerfrequeng of this
ideal circuit is:

Wgg = = &)

The DC @in of this ideal circuit is infinite.

Vout

+p—
Vin gmvinl J—

_.»_

Fig. 15 Ideal integrator.

practical integrator

Practicalcontinuous-timeéntegratorscannever have aninfinite DC gain. Therewill always
be (parasitic)impedancedn the circuit thatlimit the DC gain. This canbe e.g.a finite output
resistancef thecurrentssource pr aleakagen the capacitorFig. 16 shavs theequialentcir-
cuit of a practicalintegrator The unity-gain cornerfrequeng of this circuit is wgg = g/C (SO
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Fig. 17 Amplitude transfer characteristic of a practical integrator.
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Fig. 16 Integrator with finite DC gain.

equal to that of an ideal irgeator), the DC gin is:
Apc = 9mR ®)
Fig. 17 shaws the amplitude transfer characteristic of a practicadjiater

Cir cuits for continuous-time integrators

Fromthe above it follows thatin orderto obtaina lower unity-gain frequeng, eitherg,
mustbe decreasedr the capacitancenustbe increasedIn the following somecircuit tech-
niques that can be used for igtators with a lar unity-gain frequenyg are discussed.

Miller effect

A practicalupperlimit to thevalueof a capacitorin an|C is about100pF Oneway to get
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roundthisis to electronicallyboostthe valueof a capacitorA techniquethatis widely usedto
electronicallyboostthe value of a capacitoris the Miller effect[19]. Fig. 18ashows a circuit
that makes useof the Miller effect. The value of the capacitoris electronicallyenlaged by
placingit in thefeedbacKoop of anamplifier Thistechniques widely usedto stabiliseampli-
fiers. Theamplifierin Fig. 18is thenoneof the stageof theamplifierthathasto be stabilised.
In Fig. 18btheeffective valueof the capacitorseerfrom theinputis Cq = (1+Ay)C. By mak-
ing the gain Ay, of theamplifier highit is easyto male extremelyhigh effective valuesof the
capacitor

If the capacitorof anintegratoris replacedby a capacitorthatis boostedwith the Miller
effect, the unity-gain frequeng will not change:both the apparentcapacitanceand the DC
gain areincreasedy the sameamount,so the gain-bandwidthproduct(which is identicalto
the unity-gain frequeng) will remainthe same Whenthe Miller effectis usedto stabilisean
amplifier, the capacitoiis placedacrosneof theamplifying stageghatis alreadypresentSo
in suchan applicationthe capacitorvalue is boosted but the total gain of the systemis not
increased.

C
|
|l

ImVin— ImVin

— Vout Vout
(L+A)C

@ (b)

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

active RC intgrators

If the capacitorof anidealintegratoris replacedoy a capacitorin the feedbackoop of an
amplifierthe currentsourcecanbe replacedby a resistor(Fig. 19). The input voltageis con-
vertedinto a currentastheresistoris connectedo virtual ground.Sothe transconductance
this circuit is simply g, = 1/Rj¢ [20].
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Fig. 19 Active RC integrator.

A low unity-gainfrequeng canbeobtainedwith thecircuit of Fig. 19 by increasingR,; to
a very high value (for a given capacitanceC). Like capacitorsresistorsalso have a practical
upperlimit. In a 0.6um BiCMOS procesq21] a resistorof morethan1MQ is impractically
large. Insteadof resistorsMOS transistorcanbe usedin the circuit of Fig. 19[22]. A circuit
with MOS transistorsnsteadof resistordgs shavn in Fig. 20. This circuit is balancedo getrid
of the non-linearityof the MOS transistorsA controlvoltageV. is appliedto the gatesof the
transistors to tune the circuit to the desired unéirdrequeny.

=
|

,_l A 4Yout

Fig. 20 Balanced integrator circuit with MOS transistors used in their linear region.

A disadwantageof the circuit of Fig. 20 is that the MOS transistorsmust be very long
and/orhave alow gate-sourceoltageto obtainalow transconductancealue. This meanghat
themaximuminputvoltageis ratherlimited. A wayto getroundthisis to usethe configuration
of Fig. 21 [23]. Dueto the crosscoupling, the differenceof the conductancef M; andM4
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(andtheir counterpartsyletermineghe unity-gain frequeng. Two different control voltages
areusedto controlthe conductancesf the MOS transistorsSotheresultingconductancean
below evenwith amoderateconductancén the MOS transistorsin [23] this circuit is usedto

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

Vc2 Vcl
| 1€
Ma[ T 1 I
N M 1] -
Vin M, ,___I A Vout
- +
] I
e

Fig. 21 Balanced integrator circuit with cross-coupled MOS transistors
to reduce the transconductance.

transconductance-capacitance igtators

Fig. 22 shuvs a circuit in which the transconductor is a bipolar transistor
The transconductance of the transistor is

_ 1 _0alg
Im= T T T (4)

e

In this equation g is the biascurrentthatflows throughthe transistor So, to obtaina low

»Vout

Vin lgmvin L

Fig. 22 Integrator with bipolar transistor as transconductor.
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transconductance the bias current must e lo

Emitter degenerationcan be usedto make the transconductancef the circuit of Fig. 22
lower. Fig. 23 shawvs a balancectircuit in which emitterdegeneratioris applied.Although a
low transconductancean now be obtainedwith a (relatively) high bias current,the circuit
doeshave somedravbacks A largeresistor(or anequialentcircuit) is neededandif the cir-
cuit is biasedwith a currentthatis far bigger than the maximum signal currentthat flows
throughthe resistor the modulationdepthis very low. This is generallynot goodfor the sig-
nal-to-noise ratio.

Fig. 23 Emitter degenerated transconductance amplifier.

A differentialpair of MOS transistorshaslimitations similar to that of a bipolartransistor
But, with the same bias current the transconductance of a MOS transisiayis kiver.

Making a low unity-gain frequency

With all the circuits describedabore it is challengingto make a really low unity-gain fre-
queng. The circuit with the cross-coupledMOS transistors(Fig. 21) is limited by the mis-
matchof the MOS transistors Circuits with transconductorare limited by the lowest bias
current that can be used, without running into trouble with leakage currents.

In the follawving a circuit technique will bexplored to allgiate the latter problem.

Low unity-gain frequencies and leakage cuents

Transconducte€ integratorsfor very low frequenciesisuallyoperateat anextremelylow
currentlevel. Examplesf thesearethecircuitsdescribedn [14]-[16]. In [14] and[15] aMOS
currentmirror with a large attenuatioris usedto chage a capacitorIn [16] a bipolar current
mirror with a very large attenuatiordrivesa Miller integrator The collectorcurrentin the out-
puttransistorof the currentmirror in thelattercircuit is just 300pA. Thereasonwhy thesecir-
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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 neededo make
the low transconductanceyhich is neededo make an integrator with a low unity-gain fre-
queng.

Theabsoluteminimum currentlevel at which a circuit with bipolartransistorsanoperate,
in an IC with only perfect p-n junctions, is determinedby the saturatiod currentof the
(reversebiased)ase-substratiodeof the lateralPNPtransistorsThe saturatiorcurrent(due
to minority carriers)depend®nthedopingprofile of thebase-substrafjenction, thetransistor
dimensionsandthe temperaturg24]. Typically this currentwill bebelov 1nA (at125°C)in a
0.6um BICMOS procesg25]. However, dueto imperfectionsin the p-njunctions(e.g.dislo-
cationsin the monocrystallinesilicon) extra currentmayflow in thebase-substratiode. This
currentis dueto so-calledShockleg-Hall-Read(SHR) recombinatior[26]. This extra current
with respect to the saturation current is called leakage curreg@im this chapter

If theimpedanceof the sourcethatdrivesthe transistoris very high I andlgyr flow into
the baseandareamplifiedby the currentgain factora, of the transistor(Fig. 24). If thereare
processingproblemsin the foundry (e.g.impurities at the surfacethat causemary dangling
bonds:the shadedareasat the top-rightandtop-left of the NWELL in Fig. 24a),the value of
Isyr canbe significantly higherthanls. However, experienceshaws thatif processingorob-
lemsoccur in the majority of caseshey causecollectorcurrentsbelov 10nA (at 125°C) in
minimume-size transistors in a Qu& BiCMOS process [25].

Theleakagecurrentof NPNsis generallymuchsmallerthanthe leakagecurrentof PNPs.

baie efT;itt\e/f/collector
"/ \p/ pJ p'J
NWELL ¢ ¢
BN le+l
p-substrate \‘ >R Aels*IsHr)

(a) (b)

Fig. 24 (a) I and Igyg flow from the base to the substrate. (b) I and Igyg are
amplified just like any other input current.

1. The term saturation current refers to the current inease biased diode in this section. It does
referto thecurrentin abipolartransistotthatis driveninto saturationlt alsodoesnot referto thecurrent
in an MOS transistor drén with a ery high @te-source altage.
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Thelgtlgyr of anNPN originatesin the collectorbasejunction andis amplified by the cur-
rentgain of theNPN, justlike in thecaseof the PNPshovnin Fig. 24. If thebiascurrentof the
NPNsis deliveredby PNPs the PNPs’leakagecurrentdetermineghe minimum biascurrent
of the whole circuit.

The minimum operating current of MOS transistorsis mainly determinedby their
sub-thresholdcharacteristid27]. For minimum-sizetransistorsin processesvith very short
channelength(<1um) the leakagecurrentcanbewell within the nA range(at 125°C) [28]. If
thechannels madelong enoughthe saturatiorcurrentof the drain-to-welldiodewill become
dominantin an ideal MOS transistor Unfortunately processingwafersin a foundry is not
alwaysideal.Oneof themary critical processtepss thefield V1 implant(shadedareain Fig.
25). If somethinggoeswrong with this implant the thresholdvoltage of the parasiticMOS
transistorbetweenhe e.g.the drainandthe substratemay becomeso low thata leakagecur-
rentflows (I g in Fig. 25). Therearemoreeffectsthatcancausdeakagen anMOS transistoy
but experienceshaws thatin the majority of caseghe total leakagecurrentis belov 5nA (at
125°C) for minimum-size transistors in a QG BICMOS process [29].

drain gite source

ol t

/ LOCOS =" 7/
PWELIJ

n-substrate

V1 implant

likg

Fig. 25 Leakage current from the drain of an NMOS transistor to the
substrate due to a wrong Vy implant.

Integrator with g, reduction

A compactandsimpleway to reducethe transconductancef an arbitrarytransconductor
is shavnin Fig. 26. Thecurrentis attenuatedby the currentgain factor, a,, of abipolartransis-
tor [30]%. For clarity Fig. 26 only shaws the signal diagram.The bias componentswill be
added at a later stage of the design process.

Therearetwo waysin which the operationof the circuit can be understoodSeenfrom

1.In thelatesixties/earlyseventiesthebasicideaof Fig. 26, to usethebaseof thetransistorastheoutput
node, vas used in some circuit designs. Despitexaensive search of the literature no references from
that (or ay other) period could be found.
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Fig. 26 Reducing the transconductance by current attenuation.

capacitorthe transconductancis reducedby the currentgain of the transistor Seenfrom the
source the capacitor is increased by the current attenuatiton 6f the transistor
The unity-@in corner frequerncof the circuit is:

W = — ¢ ®)

Assumingthe currentsourceoutputimpedancss infinite, the DC gain is determinedby
the transconductancand the (parasitic) collectoremitter resistanceof the transistor This
resistances calledthe outputresistancef the transistorin the designof currentsourcesAs
the collectoris not the outputin this circuit, the term collectoremitterresistancevill be used
to avoid confusion.The collectoremitter resistance ., of a transistoris dependentponits
Early wltage 4 and its bias currentd

\%
EA
Fee = 1~ (6)
c
So the DC gin of the circuit is:
ImVEA
ADC = ——I—(—:—— (7)

This equationsuggestghat the DC gain of this circuit is higher when the bias current
decreaseddowever, this depend®on thetype of transconductothatis used.E.g.anon-degen-
erateddifferential pair of bipolar transistorshasa gy, thatis proportionalto the biascurrent.
With such a transconductor the D@imyis independent of the bias current.

The DC gain of thecircuit of Fig. 26 is equalto the DC gain of a circuit in which the col-
lector of a bipolar transistordrives the capacitancgFig. 22). However, the unity-gain fre-
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queng of the circuit of Fig. 22 is a factor of a, lower thanthe unity-gain frequeng of the
circuit of Fig. 26. Anotherway of puttingthisis to saythatthecircuit of Fig. 26 canbebiased
at ana higher current kel to obtain the same unityaip frequeny.

Comparison with the Miller-effect circuit

Oneway of looking at the circuit of Fig. 26 is to seeit asa capacitancédooster Thisis a
functionthatthe Miller-effect circuit of Fig. 18 alsoperforms.As a consequencboth circuits
sharemary characteristicsThereis, however, onebig differencebetweenthe circuits. If the
Miller-effect circuit is addedto a systemthe unity-gain frequeng is determinedy the physi-
cal valueof the capacitoynot by theboostedvalue.Thisis dueto thefactthatall input current
flows throughthe capacitor If the circuit of Fig. 26 is addedto a system the unity-gain fre-
gueng is determinedby the boostedcapacitovalue,notits physicalvalue. This is dueto the
fact that only a part of the input currenifthrough the capacitor

After the work presentedn this chaptemwasfinished,a circuit wasproposedhatusesthe
Miller effect, butin whichthe unity-gainfrequeng is determinedy theboostedvalueinstead
of the physicalvalue[31]. Thisis achieved by measuringhe currentto the capacitorandthen
feeding a part of this current to ground instead of through the capacitor

Cir cuit implementation

Thefirst stepin moving from the prototypeto arealcircuit is to changethe prototypeinto
abalancectircuit (Fig. 27). Balanceccircuits have a numberof well-known advantagessup-
pressionof even order harmonicdistortion, robustnessagainst substratecrosstalk Also, it is
easier to bias the circuit if it is balanced instead of single-ended.

L c J
+Vout I I

“Vout

—
ImVin

Fig. 27 Balancing the circuit.
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In the following, all component®f the circuit will be dravn, but only the component®f
one half of the circuit will be describedThe analysegor thesecomponentsarealsotrue for
their counterpartén theotherhalf of thecircuit. The only thing to rememberwhencalculating
e.g.animpedanceevel or atime-constantis to multiply (or divide) theresultby two to getthe
correctansweffor the balancedircuit. Theequationgelow all have this factorof two already
taken into account.

Up to now the signalpathof the circuit hasbeendescribedThe biascomponentsvill now
be added For the biasingpart of the circuit the samecriteriawith respecto leakagehold true
asfor thesignalprocessingart. Thereforethe biascurrentthatis fed to the baseof thecurrent
attenuatingransistorsshouldalso be flowing from a base.For a correctbiasingthis current
mustflow from the baseof a transistorthatis the complementaryype of the transistorthatis
usedfor the signalattenuationln the circuit diagramsshovn sofar NPN transistorsareused
in the signalpath. This meansPNP transistorshave to be usedin the biascircuitry®. Fig. 28
shaws the basicbiasingschemeln the following circuit diagramsthe componentghat have
beenaddedor changedvith respecto thepreviousdiagramwill beshadedFig. 29 shavs how
the common-modeurrentsof the circuit of Fig. 28 aregeneratedA PMOStransistormair T,4

l Ibials,P Ibias,P l

+VO ut 'Vout

pl I

[
5. -

—
ImVin
Ibias,N

SO

Ibias,N

Fig. 28 Basic bias circuitry.

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 wileobthef func-

tion of the circuit (though the specification will béeated due to the dérence in parameters of both
types of components)ubonly the bias conditions.
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senseghe voltageacrossthe capacitor The gate terminalsof MOS componentsare usedto
sensethe capacitorvoltageasthey have an extremely high-ohmicinput resistanceanddon't
suffer from leakagecurrents.The voltage on the commonsourcenodeis the (level-shifted)
common-modeoltageof the capacitor This voltageis usedto generatehe input currentof a
currentmirror thatoutputsthe common-modeurrentsto the PNPs(T3) thatfeedthe biascur-
rents to the signal attenuating transistors.

ARV

— >
ImVin
Ibias,N Ibias,N

Fig. 29 The common-mode control circuit added.

= | o
T
=

influence of the bias components on the DC gain

Theadditionof thebiascomponentsloesnot affect the unity-gain frequeng. TheDC gain
of the circuit, on the otherhand,is reduceddueto the biascomponentsThe circuit hasthree
parasiticresistve componentshatlimit the DC gain. Theseparasiticsarethe collectoremitter
resistancesf T, T, andT3. The DC gain of the completecircuit afterthe additionof the bias
components has become:

A 2 Er [ B—-e—P( [Ir.as)O (8)
=29 r r
DC mD cel WeN ce2!l’ce3 0

Whereagy andagp arethe currentgain factorsof the NPN and PNR respectiely. If the
NPNs are identical and the PNPs as well, an altesmaay of writing equation 8 is:
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where 5N and epp are the Early eltage of the NPN and PINRespectiely.
An obsenationthatcanbe madein equation9 is thatthe currentgain of neitherthe NPN
nor the PNP is a determiningctor for the DC gin.

Supposéheinput currentis deliveredby a non-dggeneratedlifferentialpair of ideal bipo-
lar transistorswith a tail currentof 2uA, so gy, = 20uS (i.e. 1/(50KQ2)). Then,with a circuit
madein a 0.6um BiCMOS procesq21] (Table 3) andusinga 20pF capacitoy the unity-gain
frequeny fgg = 1.2kHz and the DCajn Apc = 54dB.

OenN 130 (10nA<p<10QuA)
Oep 35 (10nA<E<10uA)
VEAN 60V (Vcg=0V)

Veap 30V (Vcg=0V)
poly-poly capacitance | 1600pF/mm

Table 3 Parameters of the 0.6um BiCMOS process [21] (room temperature).

Simulation results

To checkthe calculationa simulationwasrun onthe circuit of Fig. 29. Thecapacitotin the
circuit hasa value of 20pF, but is in fact an anti-parallelconnectionof two poly-poly 10pF
capacitorsThisis to keepthe circuit well-balancedboth terminalsof the total capacitothave
the samebottom-plate-to-substrateapacitanceln the simulation the transconductois an
ideal differentialpair of bipolartransistorsThetail currentof this pair wasvariedto checkits
influence on the unityan frequeng and the DC gin. Fig. 30 shass the results.
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Fig. 30 Simulated transfer of the circuit of Fig. 29 for three different bias currents.

As expectedrig. 30 shavs thattheinfluenceof thebiascurrentonthe DC gainis very low,
while the unity-gin frequeng varies nearly linearly with the tail current.

Common-mode loop

Thecircuit hasthe desiredow unity-gain frequeng andahigh DC gain, but this canonly
be exploited if the whole circuit is stable.As the circuit containsa common-modecontrol
loop, it is importantto make surethatthis loop is alwaysstable Whenanalysingthe circuit it
is easyto seethatthe common-modéoop hasonedominantpole locatedon the gate nodeof
T,4. Onthegatenodetheimpedancas very highasonly basesindthe gateareconnectedo it.
The other nodesin the loop are connectedo emittersand will thereforehave a far lower
impedanceOn the gate of T, thereis alsoa (relatively) large capacitancéo ground,mainly
dueto the bottom-plateparasiticof capacitorC. As the capacitoris connectedacrossthe dif-
ferential output node of the circuit, it will not influencethe stability of the common-mode
loop. Only its parasiticdo ground,which areof theorderof 10 percentof the capacitoiitself,
will influencethe stability. In casethe circuit would prove to have stability problemswith the
common-modéoop, capacitorC might be (partly) split up in two seriescapacitorginsteadof
two parallelcapacitors)with the centralnodeconnectedo ground.Fig. 31 shovs thatthesta-
bility of thecommon-modéoop of Fig. 29is goodenoughwith thetwo parallelcapacitordor
both high and le bias currents.
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Fig. 31 Simulated Bode plot of the open-loop behaviour of the common-mode loop.

Noise perbrmance

The basicoperatingprinciple of the presentectircuit is attenuationof the input signal.
Becausef thisit is to be expectedthatits signal-to-noiseatio is notits strongesfeature.ln a
worstcasescenarioonemight feara deterioratiorof the signal-to-noiseatio of afactorequal
to the currentattenuatiorfactor The circuit of Fig. 29 (without the capacitor)canberegarded
asanactive loadresistorof thetransconductoin appendixA it is simulatedthatthe circuit of
Fig. 29 generate29dB more noisethanan equivalentpassve load resistor Although this is
substantiallylower thanthe currentattenuationfactor (i.e. 130, or 42dB), it is certainlytoo
high to call the circuit lv-noise.

Increasing the DC gain of the integrator

To increasdahe DC gain of theintegratorto a valuewhichis ashigh aspossible theinflu-
ence of the three collectemitter resistances in equation 8 must be eliminated.

elimination of the influence of the collectamitter esistance of 3

Startingwith the easiesbne:T3. This currentsource'utputimpedancecanbeincreased
by eitheremitterdegeneratioror cascodingCascodings preferredasthecurrentin Tz is very
small. This impliesthatvery high resistorvaluesare neededor emitterdegeneratiorto have
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Fig. 32 Cascoding the current sources.

ary effect. Fig. 32 shws the circuit diagram.

elimination of the influence of the collectemitter esistance of J

Next the influenceof T, will be addressedEliminating the influenceof the Early effect
alwaysimpliesthat someway mustbe foundto keepthe collectoremittervoltageof the tran-
sistor thatis suffering from it, constantLooking at Fig. 32 anelegantsolutionfor theelimina-
tion of theinfluenceof the Early effect of T, is to seeT; asan emitterfollower betweerthe
outputandtheinput of the circuit. By connectinghe collectorof T, to the emitterof T4, the
collectoremittervoltageof T, is keptconstan{Fig. 33). As the collectorcurrentof T is now
deliveredby the biascurrentsourcethatalsobiasesT 1, the biascurrentin T, will belowered
somavhat.If the biascurrently;,s yremainsthe same the lower biascurrentthroughT; will
lead to an &ra increase of the DCagn.
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Fig. 33 Eliminating the influence of the collector-emitter resistance of T».

elimination of the influence of the collectamitter esistance of T

It mayseemattractie to eliminatetheinfluenceof the Early effect of T, in afashionsimi-
lar to thatof T, asshawvn in Fig. 34a.However, herethetrick doesn'tvork. Thereasorfor that
is thatthe input currenthasno closedpathin which it canflow, exceptthroughthe capacitor
Neither the loop with Tand T,, nor the DC current sources candalp the signal current.

An effective way to eliminatethe influenceof the Early effect of T, is shovn in Fig. 34h
In this circuit Tg keepsthe collectoremittervoltageof T, constantoy bootstrappingt. Tg is
nota cascodingransistorbecausés bases notconnectedo (signal)ground,but to the emit-
ter of T,, which carriesthe output signal itself. Thereis still somesignal currentflowing
throughT,, in this circuit, but becausét is now only the basecurrentof Tg its influenceon the
DC aain is ngligible compared to the elimination of the influencegf.r
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Simulation results

Table4 liststhe DC gain of thecircuitsdiscusse@bove. Thetransconductois the sameas
in the preious simulation. The tail currentas set to gA.

circuit DC @ain
Fig. 29 55dB
Fig. 32 61dB
Fig. 33 72dB
Fig. 34b 86dB

Table 4 Simulated DC gain of the circuits described above.

Verification of the integrator design

The designtechniquefor the integratordescribedabore wasverifiedin a one-pinvoltage
controlled crystal oscillator (VCXO). This oscillatoris an existing design[32], whoseper-
formanceis good, but which would needan externalcapacitor(or animpracticallylarge inte-
grated capacitor and/or resistor) to stabilise an internal DC control loop. The offset
cancellatiorcircuit hasto cancelthe offset of two series-connecteghigh-frequeng) integra-
tors.To make surethe overall loop will notoscillate the offsetcancellatiorcircuit musthave a
very low unity-gain frequenyg.

In thefollowing sectionthe oscillatordesignwill bebriefly discussedThe oscillatoris part
of the colour demodulator (see chapter 2). It oscillates at the colour subcarrier fyequenc

The oscillator design

Fig. 35 shavs the block diagramof the oscillator The oscillatoris a one-pinvoltagecon-
trolled crystaloscillator This meansonly onepin of the crystalis connectedo the oscillator
the other pin is connected to ground.

Many one-pincrystaloscillatorsdesignse.g.[33] producesquarewave outputsignalsof a
fixedfrequeng. An exampleof anapplicationof suchoscillatorsis the generatiorof a stable
systemclock in VLS| systems.The applicationin which this oscillator is used, however,
requiressinusoidaloutputsignalsanda slightly variablefrequeng. Thereasonwhy thereis a
needfor frequeng controlis thatthe oscillatoris partof a PLL, soit mustbe ableto tuneto
theincomingfrequeng (seealsothe descriptionof the analoguePAL/NTSC colourdemodu-
lator in chapter4). Thereasorwhy the oscillatormustproducea sineanda cosineis thatthe

52



hp

systemin whichit is usedneedsjuadraturesignalswhosephasecanbe variedwith respecto
the input signal. By addingthe sine and cosinewith different weight factorsit is easyto
changehe phaseThe phaseshifting circuit is not partof the oscillator The phaseshifting cir-
cuit performs the hue control in case of NTSC reception (see chapter 2).

- A gain 1 sin(wsct)  gain 2 cos(wsct)
| | A A A A
|external |
Icrystal |
L — — — — 4
si?og © ) A / / offset
differential 1 o9 control

differential
to

single

frequency
control

Fig. 35 Block diagram of the voltage controlled crystal oscillator.

Internally all oscillatorsignalsaredifferential. As only onepin of the crystalis connected
to the oscillator the signalis fed to the crystalby a differential-to-singlecorverterandtaken
from the crystalby a single-to-diferentialconverter The outputsignalof the single-to-difer-
entialcorverteris fed to two integrators(1 and3). Integratorl is connectedo anotherintegra-
tor (2), integrator3 to a multiplier. The outputof integrator2 andthe multiplier areaddedand
fed backto the crystal throughthe differential-to-singlecorverter If the signal on the fre-
queng controlinputis changedtheamountof the outputsignalof integrator3 thatis addedo
theoutputsignalof integrator2 changesThis causes changeof the phaseof the outputsignal
of theadder As aresultof this, the oscillatorwill move to a slightly differentoscillationfre-
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gueng, as the conditions for oscillation must be maintained.

All threeintegratorshave atwofold job: phaseshifting to allow detuningof the crystaland
suppressiomf harmonicsof the crystalto guaranteescillationat the correctfrequeng. The
two series-connecteiditegratorsprovide the quadratureutputsignalsof the oscillator These
connectto the multipliers that performthe quadraturedemodulationof PAL and NTSC sig-
nals.

The oscillatorhasthreecontrolinputs.One(differential)input controlsthe oscillationfre-
gueng (terminal“frequeng control” in Fig. 35). Thetwo otherinputscontrolthe gainsof the
two series-connecteidtegrators(terminals‘gain 1” and“gain 2” in Fig. 35). As thereis only
one frequeng presentin the oscillator (the crystal frequeng), the gain control circuits to
whichintegratorsl and2 areconnectedwill automaticallyadjustthemto have a gain of oneat
this frequeny.

The oscillator generatesoth a sine and a cosineoutput signal. The differential output
amplitudes are 500my.

Offset in the oscillator

Fig. 36illustrateswhy the outputsignalsof the oscillatormusthave a very low offset. The
outputsof the VCXO areconnectedo two multipliers. The outputsignalsof thesetwo multi-
pliers are the demodulated?PAL/NTSC colour differencesignals.Offset on the input of the
multipliers causesa directfeedthroughof the colour carrierfrequeny (wsJ to the outputs.in
Fig. 36 the sine outputsignalof the oscillatoris assumeadffset-free,while the cosineoutput
signalhasan offsetu, In the offset-freesine path,the outputof the multiplier only contains
thelow-frequeny demodulatedignalanda signalat two timesthe colourcarrier thatcanbe
eliminatedby alow-pasdilter atthe outputof the multiplier (notdrawn in Fig. 36). Dueto the
offset, the outputsignalof the cosinepathalsocontainsa termwith theincomingmodulated
signal itself.

maximum allowable &fet on the output signals of the oscillator

The maximumoffsetthatis allowedin the systemis determinedy the maximally allowa-
ble amountof residualcarrierin the outputsignal. Accordingto the systemspecificationthe
residualcarrieron the outputmustbe smallerthan5mV,, [34]. The carrieris attenuatedy a
factorof ten (worstcase)in the third orderlow-passfilter and buffer amplifier which follow
the multiplier (thesearenot shovn in Fig. 36). The residualcarriermight be eliminatedby a
higherorderlow-passfilter, but this would costextra areaandincreasehe groupdelayof the
filter. Extragroupdelayin the colour differencepathsmustbe compensatedh the luminance
path(by yetanotheffilter) to make surethattheluminanceandcolourdifferencesignalsarrive
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Fig. 36 Effect of offset in the oscillator output signals in a simplified
colour demodulator.

synchronously at the stage whereythee comerted to RGB signals.

Offseton boththe input signalandthe oscillator signalare allowed an equalcontribution
to theresidualcarrieron the output. This implies thatthe amplitudeof the term 2Buycos(t),
whichis causedy offseton the oscillatorsignal,mustbe lower than2.5mVj, (i.e. maximum
residualcarrieramplitudedivided by two) for the maximuminput signal. The maximuminput
signalis 660m\Vj, sothe peakamplitude2B = 0.33.Fromthis it follows that the maximum
allowable ofset on the oscillator outputs igdK< 7.5mV

The single-to-differential corverter

Crystal oscillatorscan be madeto oscillate at either the parallel or seriesresonantre-
queng of thecrystal.A full explanationof theseoscillationmodesis beyondthe scopeof this
work. Pleaseaeferto [35]. The specificationof the oscillatordemandghatit oscillatesat the
series resonant frequenef the crystal [32].

Thefactthatthe oscillatormustoscillateat the seriesresonanfrequeng of thecrystalhas
amajorimplicationfor thedesign.Dueto it, it is not possibleto keepthe offsetin the oscilla-
tor below the specifiedvalue by good designof the oscillationloop, becausehe oscillation
loop hasno DC transferpath. The main oscillation loop in the oscillator which is formed
aroundthe two series-connecteititegrators,is not closeddifferentially It is closedthrougha
differential-to-singleand a single-to-diferential corverter This is a consequencef the fact
that the oscillator must be a one-pin oscillator
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Fig. 37 shaws the circuit diagramof single-to-diferentialcorverter Theinputsignalvi, is
the sinusoidalsignalfrom the outputof the differential-to-singleconverter T, passeshe full
input signalamplitudeon to the baseof T,. However, the signalamplitudeat the baseof T3 is
very low, astheimpedancef thecrystalis very low atits seriesresonanfrequeng. This con-
figuration forces the crystal to oscillate at its series resonant frgguenc

As the baseof both T, and T3 aredriven from the emitterof T, thereis no DC transfer
from v, to iy If the baseof T, wereconnectedo a signalground,insteadof the emitter of
T4, therewould be a DC transfer but thenthe crystalwould resonateat its parallelresonant
frequeng (the frequeng at which the impedance of the crystal éywhigh).

T3 r=] - — — — 1
| |
| external|
| crystal |
L - - - -

Fig. 37 Single-to-differential converter.

Eliminating the offset in the oscillator

As thereis no DC transferthroughthe differential-to-singleandsingle-to-diferentialcon-
vertersiit is not possibleto keepthe DC offsetin the main oscillationloop small throughthe
feedbackof the loop itself. It is necessaryo have someform of offset cancellationpecause
theintegratorshave a DC gain of about30, sothetwo integratorsis serieshave again of nearly
1000.Soeventhesmallesioffsetin thesingle-to-diferentialcorverteror integratorl (Fig. 35)
would causea very big offsetat the outputof integrator3. Thereforethe outputof integrator3
is sensedy anoffsetcancellingcircuit. This circuit mustcomprisea low-pasdfilter, to getrid
of the oscillationfrequeng (3.6MHz or 4.4MHz). The remainingDC components fed back
to theinput of thefirst integrator Thisway theloop will have alow offsetonall integratorout-
puts.But, thelow-pasdilter addsa third polein theloop with the two integrators.The oscilla-
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tion loop mustfollow the oscillationproducedoy the crystalandnot oscillateon its own. So,
to safguardstability, the unity-gain frequeng of the offset cancellingcircuit mustbe very
low. Its unity-gain frequeng must be well belw:

f 0SC

fGB < l—m (10)

If this conditionis met,the systemwill have 6dB/octae slopeat the frequeng wherethe
gain is one. The two-integratorplus-ofset-cancellation-circuitoop then behaeslike a first
order system, so it is inherently stable.

Thetime-constanof thetwo integratorsin the offsetcancellingloop is controlledby a cir-
cuit thatkeepsthe gain of theseintegratorsexactly oneatthe oscillationfrequeng. If thecon-
trol circuit is startingup the unity-gain frequeng canbe a factor of two lower than during
normaloperationwhichis 2MHz worstcas€32]. Theoffsetcontrolloop must,of coursealso
be stablein this situation.The abore meansthat the cut-off frequeng of the low-passfilter
mustbewell belov 2kHz. If the offsetcontrolcircuit itself hasa DC gain of morethanone,its
gain-bandwidth product must be less than 2kHz.

The oscillatoris embeddedn a family of analoguesignal processingCs 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-capacitotircuit might have beenused.The oscillatorfre-
queng itself could be the clock frequenéor such a circuit.

The IC family is madein a 1um BICMOS process[36]. The mostimportant process
parameters, for the minimum-size transistors, are listedbie™.

N 150 (10nA<k<30QuA)
Oep 60 (10nA<E<1pA)
VEaN 40V (Vcg=0V)

Veap 25V (Vcg=0V)
poly-metal capacitance | 1100pF/mm

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

Making a cut-off frequeng of 2kHz with a 10pFcapacitorrequiresan8MQ resistor This
is a very high valuefor anIC. Thereforeit wasdecidedto usethe circuit describedabore to
male the ofset control. The circuit of Fig. 29 will be used as a starting point.
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The offset cancellation cicuit

Fig. 38 shaws the offset cancellationcircuit that was derived from the circuit in Fig. 29.
The part that is identical to Fig. 29 is within the shaded rectangle.
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Fig. 38 Offset cancellation circuit.

the input stge of the dket cancellation couit

The outputvoltageof integrator2 (Fig. 35) is corvertedto a currentby a differential pair
(Te). Accordingthe specderived abore, the offsetmustbe lower than7.5m\. With bothbipo-
lar andMOS transistorghis is attainable However, asthe offsetof bipolartransistorsaneas-
ily be muchlower thanthis value,while with MOS transistorghis valuecanonly be attained
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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
(500mVj,p). Thisis nota problemfor thefunctionof this circuit asonly the DC contentof the
inputsignalis important.To make surethe systemis alwaysstable the following calculations
use the wrst case alue of the transconductance.

the unity-gain fequency of the fsfet cancellation cauit

The oscillatorhasan NPN biasrail to which a numberof currentsourcesof 20QUA are
connectedUsing a tail currentof 20QUA in the input stage(i.e. g, = 2mS)a unity-gain fre-
queng of fgg = 2kHz requiresa capacitorof 1061pFin thecircuit of Fig. 29. This valueis too
largefor practicalpurposesHowever, if a Darlingtonconfigurations used,acapacitorof only
7pFis neededThe biascurrentin T is 0.74A in this circuit, soit is still very muchhigher
than the leakage currenvéd.

In thelayoutthe capacitoris split upin two anti-parallelcapacitorssothatthe circuit stays
well-balancedWhenthelayoutwasmadeboth capacitorsvereenlagedto 6pF(giving atotal
of 12pF)astherewassomeroom left in the layout. This way the stability of the loop will be
extra rolust aginst process spreads.

DC gain of the déet cancellation cauit

With theinput amplifierandthe darlingtonpair connectedo the capacitorthe DC gain of
the circuit becomes:

1 Mep O Oeen i
Apc = 5T ealll = 1 (r g5 I T o) 0 11)
DC rEGDﬂng ce3D e ce5 " " ceb il

This equationcanbe simplified by realisingthatthe currentthroughTg andTg is the same,
sotheir collectoremitterresistancearethe same On top of thatthecurrentin T4 is agy times
lower thanthe currentin Ts. Soits collectoremitterresistancavill be oy timeshigher With
this input equation 11 can beandtten as:

1 Mep O %
Apc = —M—r a0l 5r (12)
DC reGD]xiN ce3D [ ced

Or alternatiely in lage signal quantities:

_ 1 DVEAN[D
Apc = F_F_E{/EAP I O 3 M (13)
€6’ c6
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Or:

Y "VEAN
_Vearll T3

Ao = kT
q
So the DC gin of the ofset cancellation circuit is ¢ = 345 (51dB).

(14)

the output stge of the dket cancellation cguit

The voltageon the capacitormustbe corvertedto a differentialcurrentthatcanbe added
to the currentof thedifferentialamplifierthatactsasthe single-to-diferentialcorverter As the
common-modéC voltageon the capacitorcanvary quite alot with temperatureandprocess
spreadsthe currentis fed to the outputof the single-to-diferentialcorverterby a currentmir-
ror (T7 andTyg) thatis connectedo thegroundrail. Thisway the DC voltagesn theoffsetcon-
trol circuit andthe oscillatorcannever causesaturationof the bipolartransistorsThe voltage
on the capacitotis sensedy a PMOSdifferentialpair (T,). This differentialpair alsoactsas
theinput stageof the common-moddeedbacKoop. Bipolar transistorsannotbe usedfor this
function, because tlyavould lover the impedance on the time-constant-making nodes.

The single-to-diferentialcorverterof the crystaloscillatoris a differentialpair of bipolar
transistorsvith atail currentof 100uA. Thetail biascurrentin the PMOSdifferentialpair (T 4)
waschosernlOyA. With this currentvaluethe DC biasatthe outputof thesingle-to-diferential
converteris only mamginally upset.But, astheloadresistancef the single-to-diferentialcon-
verteris 4kQ, the offset control circuit cancompensatéor aninput offsetvoltageon the first
integrator up to +/-40mV (I pmosRI0ad)- Offset on the input of the differential pair that
makesup the single-to-diferentialconverterwould have to amountto 5mV, beforethe current
in the PMOStransistorgs too smallto compensatéor it. A differentialpair of identicalbipo-
lar transistorswill seldomshav more than2mV offset [36]. The single-to-diferential con-
verter has no circuit connected to its inputs that can egigréts ovn offset (Fig. 37).

The PMOSdifferential pair (T4) thatsenseshe voltageon the capacitoris the samepair
thatis usedfor the common-modecontrol circuit. But, asthe common-modecontrol circuit
generatesnly asmallcurrentin the PMOStransistorglessthan1pA), anextra 10uA current
sourcg(lpizs p connectso their sourcesThegainin theoffsetcompensatingpop is morethan
100dB. This is more than digient to get a small &et.

The capacitowvaluecalculatedoeforewascalculatedvith nominalprocesgparameterand
for onetemperatureProcessandtemperaturevariationscausea lot of spreadon the parame-
tersin thecircuit. The gain of thetransistorcanspready afactorof 1.5, the capacitorvalue
by afactorof 1.3, the currentsby afactorof 1.3. To createmorethanenoughphaseandgain
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maigin for eventhevery worstcasescenariothe gain of the buffer with T4, T;, andTgandthe
load resistors of the single-to-sifential conerter was set to 0.1.

Simulation results

Fig. 39 shaws the simulatedtransferof the offset control circuit from the input of the vol-
tage-to-currentorverter(Tg) to theoutputof thecurrentmirrors(T; andTg), with a4kQ load.
Fig. 40 shavs the openloop responsef the two-integrators-plus-dget-control-circuitin the
completeoscillator Fig. 40 shawvs thatthe phasemaigin of the offsetcontrolloop is 65°. This
is more than enoughto ensurestability underall circumstanceslt canalso be seenthat the
gain maugin of the circuit is 92dB. This staggeringgain maigin is causeddy the factthatthe
offsetcontrolcircuit hasan (unintentional)zeronearthe frequeng wheretheintegratorshave
their pole. This zerois causedby the fact that for high frequenciesthe currentwill flow
through the base-emitteicapacitanceof T4, so the attenuationof the intrinsic transistoris
bypassedBut, evenif this zerowerenot presenthe gain maigin would bevery high. Thebold
dashedine dravn in Fig. 40is the phasaesponsén absencef the zero.Evenwith this phase
response theagn magin is in excess of 20dB.
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Fig. 39 Simulated open loop transfer of the offset cancellation circuit.
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Fig. 40 Bode plots of loop with two integrators and offset control circuit.

The abore simulationsshawv thatthe circuit is alwaysstable but give no indicationabout
thecircuit’'s primaryfunction: keepthe offsetat the outputsof the oscillatorlow. To checkthis,
astatisticalsimulationwasrun. In this simulationall parameterarevariedstatisticallyaccord-
ing to theactualspreadhatis foundin thewaferfabthatrunsthis procesg36]. This statistical
dataincludes mismatchperformanceof the process.Without this it would, of course,be
impossibleto find the expectedoffsetin the circuit. Fig. 41 shaws the offset voltagedistribu-
tion for both (90° phaseshifted) outputsof the oscillator For both outputsthe offset stays
belonv 5mV, even for worst case ICs. This well belothe specified alue of 7.5mV
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Fig. 41 Monte Carlo simulation (1000 runs) of the offset voltage distribution of
(a) first integrator, (b) second integrator.

To checkwhetherthe circuit caneasily eliminatethe offset, or whetherin somelCsiit is
only just capableof feedingenoughoffsetcorrectioncurrentto the outputof the single-to-dif-
ferential corverter the modulationdepthof the currentthrough Tg andits counterparwas
obsened. Themodulationdepthis 1 whenall currentflows throughTg. The modulationdepth
is -1 when all currentis flowing is through Tg's counterpart.If the modulation depth
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approache or -1, thecircuit clips andcanno longercancelthe offsetvoltage.As canbe seen
in Fig. 42, @en in the ery worst ICs the modulation depth stays be@7.
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t

Fig. 42 Monte Carlo simulation (1000 runs) of the modulation depth in the
output current mirror of offset control circuit.

The oscillator including offset cancellation cicuit

Fig. 43 andFig. 44 shav the circuit diagramof the crystaloscillator including the offset
controlcircuit. The circuit partsasshavn in the block diagramareindicated.The biascircuit
ontheleft-handsideof Fig. 43 generateboth DC currentsandDC voltages The DC biasvol-
tages are generated to reake oscillator ralist aginst supply vltage \ariations.
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Measurement results

To testthe performanceof the oscillatorwith the offset cancellingcircuit, it wasentered
into aone-chipTV processoltC [34]. ThisIC is madein a 1um BiCMOS procesg36]. Fig. 45
shaws a photograplof the crystaloscillator, including the offsetcancellatiorcircuit. The area
indicated in Fig. 45 is approximately 0.02/m

offset cancellation circuit

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

Fig. 46 shawvs an oscillogramof the subcarrieroutput. It is not a perfectsineasthereis a
soft clipping differential-to-singlecorverter betweenthe sine outputof the oscillatorandthe
pin on which this signalis measuredThe oscillogramdoesshaw, however, thatthe oscillator
produces a stable oscillation.

Fig. 47 shavs the -(R-Y) and-(B-Y) outputsignalswith an EBU colour barinput signal
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Fig. 46 Subcarrier on the reference output.

(seechapter2): the outputsignalsof the quadraturedemodulatoffor the chrominancesignal
after thesehave passedhrougha third orderlow-passfilter. The photographshaws 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.

SOOmV/divT

CVBS
input

-(R-Y)
output

-(B-Y)
output

10us/div

Fig. 47 Colour difference outputs with an EBU colour bar input.
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In 20 sampledrom four differentbatcheghe residualsubcarriemamplitudewasmeasured
onthecolourdifferenceoutputs.The averageresidualsubcarrieamplitudeon the-(R-Y) out-
putis 1.4mV,, with a spread10) of 0.5mV,, The averageresidualsubcarrieron the -(B-Y)
outputis 1.3mV,, with aspreacf 0.8mV,, So,thespecof 5mV,, is metfor ICswithin a4o
spread.

The subcarrierbreakthroughmeasuremengives a clear indication that the offset on the
oscillatoroutputis well within spec.As therearea numberof othereffectsthatinfluencethe
subcarrierbreakthroughthe offset is most certainly within spec.However, the subcarrier
breakthroughs an indirect measurementrhereforethe offset was measuredirectly at the
outputsof the oscillatorin four samplesAs the oscillatoroutputis not availableasa differen-
tial signal, this requiredprobingin the IC. The averageoffset for thesefour sampleswas
0.5mV on the sineoutputandon the 1.5mV on the cosineoutput. For both outputsthe worst
case dket that vas measured déred less than 1mV from theexage diket.

The factthatthe low-unity-gain-frequenyg integratorcircuit is partof the oscillatormeans
thatit is hardto measurdts propertiesdirectly. Thereforea measuremenwvasdoneto shav
thatthe designobjectie of the circuit wasmet. The designobjective wasto give a first order
responseo the two-integratorplus-ofset-control-circuitioop. Fig. 48 shaws the responseof
theoscillatorwhenthe crystalis taken out anda stepinput signalis appliedto theinput of the
single-to-diferentialconverter The outputsignalis the outputsignalof the differential-to-sin-
gle corverter For this experimentthe gain control of the integratorswas setsuch,that their
unity-gain frequeng wasminimum (Fig. 35). As statedearlier, this representshe worstcase
conditionthat canoccurwhenthe circuit is startingup. The frequeng control input was set
such,thatthe multiplier at the outputof integratornumber2 wassetto zerogain. By setting
the controlslik e this the measurementathis limited to the two-integratorplus-ofset-control
circuit part of the oscillator

FromFig. 48it canbe concludedhatthe designobjective is met. Theresponseo the step
shavs 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 the oscillatoris a parthasa signal-to-noiseatio of morethan
52dB.lIt is nottheoscillator 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-frequeng integratorcircuitshasbeenproposedThecurrentlevel
in theseintegratorsis chosensuchthatthe level is far above the leakagecurrentlevel. As the
unity-gain frequeng is dependenbn the bias current,a lower unity-gain frequeng can be
madein processesvith lower leakagecurrentlevels, by lowering the bias current. The pro-
posedcircuitshave anumberof propertiesvhich aresimilar to circuitsusingthe Miller effect.
Thereare,however, two markeddifferencesFirst, the unity-gain frequeng of thenew circuits
is relatedto the simulatedvalueof the capacitorinsteadof its physicalvalue.Secondlyasthe
new circuits are based on current attenuation, their noisevimemas relatvely poor

The proposectircuit 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 cente frequency

Intr oduction

Thesignalprocessingircuit thatsetsa colour TV apartfrom a black-and-whiteoneis the
colourdemodulatofalsocalledcolourdecoder)This circuit demodulateshe colourinforma-
tion that is modulatedon a subcarrierto the basebandseechapter2). A colour decoder
regarded as a systemin its own right, can be describedas a narrov-band quadrature
PLL-demodulator with programmable centre freqyenc

To obtain the very high accurag of the free-runningfrequeng that is neededfor the
demodulatiorof PAL andNTSCsignalstheoscillatorin the PLL is usuallyacrystaloscillator
[38]. For a TV thatcanbeusedall over theworld, four differentcrystalsarenecessaryApart
from the crystalsof the colourdecodermostTVs alsohave onecrystalto generatehe clock
for the microcontrollerand the teletext decoder Crystalsare expensve componentsso the
number of crystals in a TV should be aw las possible todep the cost dan.

This chapterescribesmixed-signakolourdemodulatocircuit thatis built arounda PLL
thatdoesnot needcrystalsto generatehe colour subcarrieffrequenciesThe topology of the
mixed-signademodulatois baseduponthetopologyof theanaloguesystem.Thedesiredcol-
our subcarriersare generatedy a digital frequeng synthesisethat usesthe sameclock fre-
queny (24MHz) asthe microcontrollerthatis also presentin the overall system[39]. This
means that four of thevi crystals can be eliminated from the system.

Theexternalloop filter of thetraditionalcolourdecoders PLL is replacedy anintegrated
digital loop filter. Despitethe factthata large partof the PLL is madewith digital circuits,the
input signalis not digitised. The link betweenthe analogueandthe digital domainis a 1-bit
sigma-deltacorverterthatonly hasto corvertthe phaseerrorsignal,whichis a quasi-DC sig-
nal. The signalpathof the demodulatoiis completelyanalogueAs the colour decodelis part
of a biggersystemwhich alsohasa completelyanaloguesignal path, this approachhasthe
adwantagethatthereis no needfor a high-performanc@DC in the signalpath.Sucha circuit
would require a considerable amount of silicon area.
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The colour decoder part of a TV

The colour demodulatoiin the block diagramof the basicTV recever in chapter2, actu-
ally consistsof two separateolourdemodulatorsOneis usedto demodulatd?PAL andNTSC
signals,while the otherdemodulate SECAM signals.Two separateolour demodulatorsare
usedbecaus®f thevery differentrequirement®f the transmissiorstandardskig. 49 shavs a
high-level block diagramof the systemaroundthesetwo demodulatorskFirst the CVBS input
signalis split into the luminancesignal Y andthe chrominancesignalC in afilter block. The
chrominancesignalis subsequentlglemodulatedo obtainthe colour differencesignals(R-Y
andB-Y). After postprocessinghe resultingU andV signalsare combinedwith the lumi-
nance signal to obtain the RGB signals for the output stages of the TV

_ | luminance Y> R
" | processing
Y m
filter ) a
CVBS —»| PAL/NTSC B-Y U= t s
block C dCOlOdUr | r >
ecoder | post i
| pro- X
| ces-
L SECAM LY
colour _ — B
decoder ' R-Y NS

Fig. 49 Block diagram of the video processing part of a TV.

Differ ences between the AR_./NTSC and the SECAM colour decoder

Thecolourdecodergor bothPAL/INTSC andSECAM arebuilt aroundPLLs. Thecharac-
teristics of the two PLLs, however, are very different due to the differencesbetween
PAL/NTSC and SECAM.

The chrominancesignal of the SECAM systemis frequeng modulatedon two different
carriersIn thissystemhePLL locksto theincomingsignalnotonly duringthebursttime, but
alsoduring the active partof the videoline. Consequentlythe PLL for SECAM musthave a
wide bandwidth(ca. 1MHz) becausét mustfollow the modulatedcarrier during the whole
line time. The PLL for PAL andNTSC musthave a narrav bandwidth(ca. 700Hz)becausét
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mustlock to a stablereferencdrequeng duringthebursttime. During therestof theline time
the PLL for the PAL andNTSC systemss not closed,soits oscillatorproducesa stablefre-
queng for the QAM demodulation process.

If the bandwidthof the PAL/INTSC PLL were wide, therewould be a significantrisk of
false-lockingdueto thefactthatthe PLL is a closedloop during only a partof the line-time.
This cancausehePLL to lock to amultiple of theline frequeng insteadof the coloursubcar-
rier. If therewereonly this requirementa bandwidthof half the line frequeng (i.e. 7.8kHz)
would bethe maximumallowablebandwidth. However, therearefour differentsubcarriefre-
guenciesn usearoundthe world. The harmonicsof theline frequeng of onesystemcanbe
just a few hundredHertz away from the colour subcarrieffrequeng of another With a large
lock-in rangethe PLL maylock to a multiple of theline frequeng of onesystemmakingthe
PLL's lock detector(which is usually called colour killer in TV applications)think it has
lockedto the colour carrierof another This is a highly undesirablesituationasit makesauto-
matic detectionof the colour systembeingrecevvedimpossible Thereforethe lock-in rangeof
the PLL must be limited to about 700Hz.

Traditional analogue PAL/NTSC colour demodulator

Thetraditionalway of makinga PAL/NTSC colourdemodulatoiis shovn in Fig. 50. The

| external I I external crystals |
| loop filter:l: Cl| L — T . _(t@aﬂe)_ o

L
burstkey. .. ... .. _..__.

identification
system

COS(Wgct) sin(wsct)

LPF —»R-Y

I
IN M3
(chrominance)
LPF [—®B-Y
M3

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 usedbecausehen,thanksto the very low frequeng toleranceof
crystals theabsolutérequeng accurag of the PLL is very high, sothattherisk of falselock-
ing is minimal. The cosineoutputof the VCXO is connectedo a multiplier thatmultipliesthe
cosinesignalwith theincomingsignal. The outputof this multiplier (or phasedetectoy PD)is
connectedo the (external)loop filter duringthe bursttime (controlledby the burstkey signal).
The outputof the phasedetectoris low-passfiltered andfed to the frequeng controlinput of
the VCXO. The quadratureutputsof the VCXO alsodrive two multipliers (M, andM,) that
demodulatghe chrominancesignal. After low-passfiltering the outputsof the multipliers, the
colour diference signals arevailable for further processing.

Fig. 51 shows the waveformsof a numberof signalsin the PAL/NTSC demodulatarThe
VCXO producesa sinewave. This sinewave is connectedo oneinput of the demodulating
multipliers. The gain from this inputto the outputof the multiplier is sohigh thatit effectively
multiplies the signalon the otherinput with a squarewave. In otherwords:the chrominance
signalis rectifiedin the demodulatgrnot linearly multiplied. This impliesthatonly the phase
accurag of the oscillator signal is important, its amplitude accyiadgrrelevant.

The transfercharacteristiof the analoguecolour decoderPLL is derivedin appendixB.

VCXO
“limiter”
/ multiplier low-pass filter
output output
input

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

1) Tracking mode.
In this mode the PLL is lo@d to the input frequegand follows it. The band-
width of theloopis lower in this modethanin the acquisitionmodeto increase
noiseimmunity. It maynotbetoolow becaus¢hatwould causeproblemswhen
the phase input signal changes quicKlyis is a phenomenon that is important
when the signal is supplied by a video recardsmwill be gplained later

2) Acquisition mode.
In this mode the PLL tries to lock to the incoming signal. The phase detector
gainis increasedn this modeto increaseheacquisitionrange A PLL locksto
a signal within the acquisition range with a phase transient. As the acquisition
range is abays smaller than the tracking range for a second- or hagder
loop[40], thegain of theloop mustbeincreasedo guarante¢he PLL canlock
to all frequencies in its tracking range with just a phase transient. This will
reducethetimethe PLL needdo lock to anincomingsignal,especiallyif there
is a lot of noise on the input signal.

PAL H/2 ripple

The loop filter of the colour decodershovn in Fig. 50 hasone componeninorethanthe
loop filter of the standarddesignof [40]. CapacitorC, is an extra componenthat mustsup-
pressthe so-calledH/2 ripple of PAL signals.The phaseof the PAL burst signal changes
between45° and+45° from line to line. The PLL will try to follow thephasechangegrom line
to line. This causesa phaseerror which hasthe samevaluein successie lines, but opposite
signs.PAL wasdesignedo reducethe effect of static phaseerrors,i.e. errorswith the same
valueandthe samesignin successie lines. The phasechangdrom line to line cannotbe com-
pensatedy the PAL system.As aresultof the phasgump from line to line a (small) colour
faultwill arise.As themaximumphasechangdrom line to line is rathersmallin a PAL demo-
dulatorwithout C, (no morethanafew degrees)the colourfaultis hardly noticeablelf Cs is
addedo theloopfilter the phasechangdrom line to line is stronglyreducedtherebyvirtually
eliminating the colourdult.

Another reasonfor addingC, to the loop filter is the fact that TV test picturescontain
so-calledanti-FAL signals PAL wasdesignedo beinsensitve to differentialphaseshift. If the
codingof the PAL signalis deliberatelyinverted,anormalPAL recever will increasejnstead
of eliminate,the phaseerror. Originally thesesignalswereusedto adjustPAL decodersNow-
adayscolourdecoderslo not needadjustmentrny more.But theanti-FAL signalis still partof
TV testpictures.If C, is notpresenin theloop filter theseanti-FAL signalswill show up as

77



Ky

colouredinsteadof grey patchesPeoplewho do not know the backgroundof this colouration
tend to think that a TV that sivs these colours is inferior [41].

Fig. 52 shavs the outputsignalof thetraditionalanaloguecolourdemodulatomwith a PAL
input signal. The shapeof the colour differencesignalsin two successie linesis nearly but
not quite, identical. The ddrence is so small that it is hardly visible in Fig. 52.

CVBS
input

-(R-Y)
output

-(B-Y)
output

-

0.5%%~

100 Vo

100 ¥» ALT MTB 20.0ps

Fig. 52 Colour difference output signals of the traditional analogue
colour decoder with a PAL input signal.

dynamic behaviour of the PLL in the colour decoder

Thesimulationof the stepreponseo a 90° phasgump of the systemis shavn in Fig. 53.
TV signalsfrom a transmitterwill not normally have phasejumpson the colour carriet but
video cassetteecordersVCRs) can have a phasejump just beforethe start of the vertical
blankingperiod,dueto theway the TV signalsarewritten to andreadfrom the tape.A video
recordethastwo headghatwrite thevideosignalonthetapeduringrecordingandreadit back
duringplayback Theheadsareactive duringalternatedields. The phasgump occursdueto the
so-callecheadtake-over [42]. This takesplacejust beforethe startof anew field. In thetrack-
ing modethe phaseerror mustbe lessthan5° at the startof the active videolines of the next
field to make sureit is not noticeable This impliesthe phaseerror shouldbe lessthan° after
2ms.In theacquisitionmodethe phaseerroris not relevant,asthe outputsignalof the PLL is
not displayedthen.Only the stability of the PLL is importantin this case. As canbe seenin
Fig. 53 (andFig. 54) the PLL is stable.But, the stepresponse&loesshaw ringing in the acqui-
sition mode.This ringing (which doesnot occurin atrue second-ordePLL [40]) is aresultof
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Fig. 53 Step response to a 90° phase jump of the analogue colour decoder PLL.

the addition of G to the loop filter

simulation of the open-loogsponse

Theopen-looptransfercharacteristicef theanaloguePLL for thetwo modesof operation
areshovnin Fig. 54. In theacquisitionmodethe phaseletectomainis increasedy afactorof
five. Fromthesecharacteristicé# canbe concludedhatC, hasa negative influenceon the sta-
bility of the PLL, especiallyin the acquisitionmode.In the acquisitionmodethe influenceof
capacitor G reduces the phase rgar of the PLL to 3.
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Fig. 54 Open-loop transfer characteristics of the analogue colour decoder PLL.

specification of the PLL in the anaglee colour decoder
The mostimportantspecificationpointsof the analoguecolour decodePLL are summa-

risedin Table6 [43]. The namesbehindthe centrefrequenciesrethe namesof the standards
that use these frequencies.
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centre frequenc 3.579545MHz (NTSC-M)
3.575611MHz (RL-M)
3.582056MHz (RL-N)
4.433619MHz (RL-B,G)

acquisition/tracking range | +/-700Hz

natural frequengc 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.

Requirements on the new colour decoder

The colour decoderPLL describedabore is a very reliable and robust system,but hasa
severenon-technicatiravback:total systemcost.In theworld four differentfrequenciesrein
usefor the coloursubcarrierEachof thesefrequenciesequirests own crystal.As thesecrys-
talsmustbe cut suchthatit is possibleto detunethemslightly from their nominalfrequencies,
they are more expensve than‘normal’ crystals.Thereforea colour decodemasedon a PLL
with only onecrystal,preferablya non-tunableone,would bring significantcostsavings.If the
new decodercanrun on a fixed-frequeng crystalthis also meansit canrun on the system
clock, if it is part of a larger system.In the latter casethe colour decoderPLL turnsinto a
no-crystalPLL. If the externalloop filter canalsobe integratedthe costsaving will be even
higher

The requirements can be listed as fopordered by importance.

1) Circuit behsiour 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.
Thetunablecrystalsarethe mostimportantcostfactorsof theanaloguesystem.
Thesystento whichthecolourdecodemustbeaddecdhasa clock frequeng of
24MHz available. If possible, this frequepshould be used.df the nev sys-
tem to be economically viable thete silicon cost of the mecolour decoder
must be bele the cost of thex@ernal crystals.

3) Do not digitise the input signal.
Thecolourdecodeis partof ananaloguesignalprocessingystemlf only one
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circuitin thesignalprocessinghainis digital this meansananti-aliasindfilter,
ADC, DAC and reconstruction filter will be necessary to connect the colour
decoder to the rest of the system. Thisrbead is important as it increases the
cost of the n& colour decodemaking it harder to compete with the analogue
decoder

4) Integrate the eternal loop filter
The cost of thexdernal components is not highytteliminating the loop filter
does release a pin of the IC. In signal processing ICs pins tend ¢éoybers-
cious, as on the one hand migins are required to prime maximum flgibil-
ity, whereas on the other hand the number of pins mustgigda minimum
for cost reasons.

5) Avoid critical analogue components and subcircuits.
This is a “nice-to-hee” requirement, that will makthe intgration of the ne
circuit in a bigger system easier

Towards a new design

As the mostimportantrequiremenbn the new systemis thatthe loop transfermustbe as
closeaspossibleto the transferof the analoguesystem,no circuit topologieshave beenpur-
suedthatarevery muchdeviating from the topologyof the analoguesystem.This meanghat
all kinds of frequeng synthesisershasedon harmonicmixing [44], or basedon techniques
such as 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 alternatve PLL configurationsthat might be usedasthe core
of the colour decodeare @aluated.

PLL with matted oscillatos

A PLL with atransferfunctionthatis exactly identicalto thatof the PLL in thetraditional
demodulatoandthatkeepsthe outputfrequeng within a predetermineavindow, with theuse
of afixedreferencerequeng, is shavn in Fig. 55. The oscillatorin this PLL is a fully inte-
gratedrelaxationoscillator This systemhasbeensuccessfullyapplied[47]. In this systema
masterscillatorlocksto thereferencdrequeng generatedy thereferencenscillator A slave
oscillatoris connectedo the samefrequeng controlvoltageasthe masteroscillator However,
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this voltageis multiplied by afactorof a (with -0(y,5x < O < 05 This allows the slave oscil-
lator to freely moe in a range (Br20*f master< fsiare < (110 max*f master

Althoughthis is a reliable system,it cannotbe usedfor our purposethe frequenyg accu-
ragy of this systemis limited by the matchingpropertiesof the oscillators.This accurag is of
theorderof onepercentof the centrefrequeng. This meanghattheacquisitionrangemustbe
atleastafew percentof the centrefrequeng to make surethe PLL canlock, evenin the case
of maximummismatch As anacquisitionrangeof aboutonehundredthof onepercentof the
centre frequencis required (seeable 6), it is okious this solution is not viable.

analogue PLL with digital fequency watt-day

Fig. 56 shavs ananaloguePLL in which the free-runningfrequeng is guardedby a fre-
queng watch-dog [48]. This system has been successfully applied in radio ICs [49].

As in the PLL with matchedbscillators the oscillatorin this PLL is arelaxationoscillator
The absolutefrequengy accurag of the oscillator is maintainedby the digital frequeng
watch-dog Eachtime the oscillatorfrequeny maovesoutsidethe acquisition/trackingvindow
the watch-dog forces it back to this wingo
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Fig. 56 Analogue PLL with digital frequency watch-dog.

Experimentswith this type of systemshaved a high susceptibilityto crosstalkfrom the
digital to the analoguecircuits. This waspartly dueto the factthatthe sensitvity of theinte-
gratedVCO is of the orderof 1MHz/V, insteadof 1kHz/V asfor the VCXO in the analogue
system.Also the factthatthe PLL is closedonly during the bursttime playeda role. In the
radio application the PLL is permanently closed.

Due to the susceptibilityto crosstalkencounteredn the experiments,this systemwas
abandonedh favour of the systemthatwill be describedn the restof this chapter However,
thereis no doubtin the authors mind that this kind of systemcanalsomake a good colour
decoder PLL.

replacing analgue by digital cicuitry

The mostimportanttargetfor the new colourdecoderPLL is thatit musthave a response
ascloseaspossibleto the analoguesystem.Combiningthis with the ‘nice-to-have’ require-
ment(to have asmuchof the PLL digital asis possiblewhile keepingthe numberof sensitve
analogueircuitsdown to aminimum),leadsto atopologythatreplacesasmuchaspossibleof
theanalogueircuitry by digital equivalents But, whendoingthis,no ADC for theinput signal
should be introduced (requirement 3). Fig. 57Ashthe resulting topology

TheVCO hasbeenreplacedy a discrete-timenscillator(DTO) [50]. Hereabrief descrip-
tion of theDTO is given,afull explanationof the DTO andits propertiess givenon page94.
A DTO is an oscillatorthatis composedf a registerandan adder(Fig. 68). On eachactve
clock edgethe numberin the registerof the DTO is incrementedy a certainamount.This
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Fig. 57 Straightforward mixed-signal PLL.

incrementcan be regardedas a phaseincrement.When the phasehasbeenincrementedby
360 (i.e. whentheregisteroverflovs) anew cycle of theoutputsignalstarts By varyingeither
theclock frequeng of theregister or theinputword of the adder the outputfrequeng of the
DTO can be aried.

The outputsignalof the DTO is DA corvertedandfed to the phasedetector The output
signalof the phasedetectoris digitisedbeforeit entersthedigital loop filter. This ADC canbe
far simplerthanan ADC thathasto corvert the input signal:it only hasto corvert the phase
error signal, which is a quasi-DC signal.

Althoughthe PLL of Fig. 57 fulfils a numberof the requirementsit doesnot producea
responseavhichis closeto the analoguePLL's responseA comparisorof Fig. 51 andFig. 58
shavs why. Theanaloguesystenrelieson anaccuratdiming of thezero-crossingf the oscil-
lator to demodulatethe input signalby meansof rectification(Fig. 51). As a DTO canonly
changsts outputlevel atanactive clock edge andasthe clock hasno relationto theinput sig-
nal, the zero-crossingsf the outputof the DTO have a very high timing jitter with respecto
the zero-crossing®f the input signal. This resultsin a heavily distortedoutputsignalof the
demodulatar

In principle therearetwo waysto curethe problemsof the straightforvard mixed-signal
PLL of Fig. 57: eitherin thetime- or in thefrequeng-domain.In thetime-domainsolutionthe
zero crossingof the DTO is shiftedto the desiredtime-point.In the frequeng solutionthe
spectreof the signalsin the systemareshapedsuchthatthe systemperformsits desiredfunc-
tion. Both ways will explored in the follaving.
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time-domain solution to the [@Tjitter

In the time-domainsolution (Fig. 59) the correctpositionof the zero-crossings retrieved
by looking atthevalueof the DTO just beforeandjust afterthe zero-crossingAs thevaluein
the DTO riseslinearly with time, it is easyto calculatehow muchtime theideal zero-crossing
occursafterthelastclock edgebeforethe zero-crossingf the DTO. The exactpositionof the
zero-crossing with respect to the lastwaetilock edge is (Fig. 60):

My
K

At = L (15)

In this equationAt is the time betweenthe last active clock edgeandtime at which the
DTO would have its zero-crossingif it werea continuous-timesircuit. The DTO countsfrom
-2N-1 t0 2N-1.1. The numberin the registerof the DTO just beforethe zero-crossinds My.;.
Thenumbemwith whichtheDTO is incrementeaachclock cycle is K, andthe clock periodis
Tk By usingtheabsolutevalueof thefactorwith which T, is multiplied, At will begreater
than zero for both posit and ngative going zero-crossings.
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Fig. 59 Mixed-signal PLL with exact timing of the zero-crossing of the output signal.
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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 At is equalto oneclock period.Soby choosingT . low enough(i.e. by
choosingthe clock frequeng high enough)thejitter on the zero-crossingsanbe madearbi-
trarily small. For the maximally allowable jitter a clock frequeng of several GHz would be
required.As this is far beyond the capabilitiesof the processn which the colourdecodehas
to be made, the jitter must reweal in another ay.

A zero-crossingnterpolatorcircuit canbe usedto shift the zero-crossingrom the clock
edgeof the DTO to the desiredzero-crossingoint. Fig. 61 shavs aninterpolatorasproposed
in [51]. Thecircuitis basicallyadelaylockedloop (DLL), with adecodeto selecttheinverter
in the chainwhoseoutputhasthe correcttiming to make therising or falling edgeof thetotal
circuit. Theinvertersareusedasvariabledelayelementsn this circuit, notaslogic gates.Each
edgeis determinedy anotherinverterof the chain.So, if the desiredzero-crossings 20% of
oneclock cycle laterthantheactive clock edgeof the DTO, andthereare30 delayinvertersin
the interpolator thenthe output of inverternumber6 is the onethatis closestto the actual
zero-crossing.

phase - charge
detecto "~ | pump J_
clock ® delay
locked
loop
N " output
selector
DTO l—> phase selector —OUT
TLIL B

Fig. 61 Block diagram of the zero-crossing interpolator plus the DTO.

In [52] a variation of the above circuit is described This solution usesa fixed delay an
integrator and a comparator to obtain correctly placed zero-transitions.

In [53] a systemis describedwhich also placesthe zero-crossingt the correcttime but
which, despitethe epithet“all-digital” in thetitle, actuallyusesananaloguecurrent-controlled
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oscillator in the loop. The analoguecontrol currentis generatedoy a numberof binary
weighted current sources, which are switched onfdryo# digital control verd.

frequency-domain solution to the OTitter

Fig. 62 showvs a frequeng-domainalternatve to the time-domainsolution. The time-jitter
problemof the DTO signalcanalsobe considered problemof its outputspectrumTherefore
two band-passilters have beenintroducedin the PLL to cleanup the spectrum.The digital
band-pasdilter reducesall the spuriousfrequencieghat are accompaying the desiredfre-
queng in the DTO's outputspectrum.The analogueband-pasdilter eliminatesall the clock
harmonics and frequencies that may arise due to non-linearity ofAtGe D

reference
oscillator
digital digital analogue
ADC loop filter ™ DTO —>barfu|1—pass—> DAC —>barflc|j-pass
ilter ilter

IN - »OUT

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

Fig. 63 shaws a circuit that hasbeenpresentedn [54]. To alarge extentthe ideasbehind
the circuit of Fig. 63 areidenticalto the ideasbehindthe circuit of Fig. 62, but therearetwo
differenceskFirst, the crystal of the circuit hasto be tunable,asthe frequeng of the DTO is
controlledthroughits clock frequeng. This meansthat the incrementof the registerin the
DTO is alwaysthe samevalue K, ,,, Secondlyinsteadof the analogueband-pasdilter, an
internalPLL is usedto cleanupthe DTO spectrumThis PLL is thekind of sensitve analogue
circuit that should bevaided according to requirement 5.
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Fig. 63 Mixed-signal PLL [54].

Thesystermpresentedh Fig. 62is agenericsystemlf it is straightforvardly implemented,
therearea few practicalproblems.For a start, the digital band-pasfilter is a very large and
comple circuit becausehereare very mary frequeng componentsn the DTO spectrum.
Marny of thesecomponentsare very closeto the carrier frequeng, which implies that a
very-high-Qfilter is neededto cleanup the spectrum.A very-high-Qdigital filter is not a
straightforvard designasthereis no integerratio betweerthe clock frequeny andthe centre
frequeng of thefilter. Theaddersaandmultipliersneededn suchadigital filter costalot of sil-
iconare@[55]. Thereforeit is betterto look at the functionof the band-paséilter in a different
way. Whattheband-pasféilter shoulddo is to outputa puresinewave whentheinput signalis
asawvtooth.A waveformtranslatorinsteadof aband-pasféilter, canalsoperformthis function.
A waveformtranslatorcanbe madequite easilyby meansof alook-uptable(LUT). A LUT is
nothingmorethana ROM, soit is far simplerandfar morecompacthana high-Q band-pass
filter.

If the LUT outputsa sine with a cleanspectrum,and the DAC is linear, the analogue
band-pasfilter really only needgo eliminatethe clock frequeny andits harmonicsrom the
output signal of the DAC. This meansthat a low-passfilter can be usedinsteadof the
band-pasféilter. As alow-passfilter is lesscomplicatedhana band-paséilter, thisis the pre-
ferred solution.

In [56] asystemis describedhatdoesnt usea LUT, but corvertsthe savtoothof theDTO
into a triangleand corvertsthe triangleinto a sineandcosineby meansof non-linearDACs.
Accordingto [56] this approacloffers power anddie areaadwantagedor systemswith high
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phaseandamplitudeaccurag. Theaccuraciemeededn the colourdecodesystem(discussed
later in this chapter) are not high enoughxpleit these adantages.

Takingall theseconsiderationinto accountthe mixed-signalPLL of Fig. 62 turnsinto the
PLL shavn in Fig. 64.

reference
oscillator
digital saw->sine analogue
ADC loop filter_> DTO ™ converter ™ DAC | Iovf\ill-tré?ss
IN »OUT

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

Comparison of the time- and fequency-domain solutions

When comparing the abose solutions it can be concludedthat the circuits with a
zero-crossingnterpolatorcan undoubtedlymake a good PLL for this application,but the
interpolatoris in facta sensitve analoguecircuit; its invertersarenot functioningasinverters,
but asvariabledelaycells. This meanghatsubstraténterferencenayadwerselyaffect the per-
formanceof the circuit. Thereforethe more digital frequeng-domainsolution of Fig. 64 is
preferred. This solution will be avked out in the follaving.

The complete colour demodulator

Takingthe PLL of Fig. 64, a completemixed-signalcolourdemodulatorasshavn in Fig.
65 canbe made.In Fig. 65 the combinationof DTO and sav-to-sinecorverteris dravn asa
directdigital synthesise(DDS) [57]. For the ADC a 1-bit sigma-deltaornverteris chosenThe
phaseerroris a DC signalwhenthe PLL is locked.Whenthe PLL is notin lock themaximum
frequeng of the phaseerror signalis two timesthe lock-in range(i.e. 1400Hz).This occurs
whenthe input signalis at thelow endof the acquisitionrangeandthe DTO at the upperend
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of theacquisitionrange(or vice versa) In PAL modetherewill alsobeafrequeny component
atf/2 (i.e. 7800Hz).As the clock frequeng is 24MHz the oversamplingratio is morethan
1500.The signal-to-noiseatio of a 1-bit first-ordersigma-deltacorverterwith an oversamp-
ling ratio of 1000is morethan80dB [58]. The colour decodetis only onecomponenin the
signalprocessing:hain. The signal-to-noiseatio of the total chainmustbe betterthan46dB
[59]. The colour decodershouldnot be the limiting factorof the signal-to-noiseratio of the
total chain.Thereforea signal-to-noiseatio of the colour differencesignalshigherthan52dB
(peak-to-pealsignalto rms noise)is aimedfor. A 1-bit first-ordersigma-deltacorverterwith
an oversampling ratio of 1500 easily surpasses this requirement.

reference
oscillator

sin analogue
| DAC [ low-pass
filter

1-bit digital

20 o P DDS
converter loop filter

analogue
DAC [ low-pass
cos flter _‘

analogue
low-pass ——»B-Y

filter

IN
(chrominance) 4

analogue
—>®—> low-pass ———»R-Y

filter

Fig. 65 Colour demodulator comprising the PLL of Fig. 64.

In appendixB a variation of the systemof Fig. 65 is described60]-[62]. In this system
(Fig. 66) thelow-pasdilters atthe outputsof the DACshave beeneliminated astheir function
(removal of the clock harmonics)s alsoperformedby the low-passfilters at the outputof the
multipliers. The combinationof DAC and multiplier is thenreplacedby a multiplying DAC.
These changes are only aliable if the linearity of the multiplying ACs is \ery good.
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Fig. 66 Simplified colour demodulator.

Comparison of the DAC and MULDAC based systems

Althoughthe performancef the systemof Fig. 66 is goodenoughfor standardrideosig-
nals,the sensitvity to crosstalkof frequenciesroundthe clock frequeng (andits harmonics)
to the analogueinputs of the multiplying DACs, is a major dravback when integrating the
demodulatoof Fig. 66into alargersystem.Thesecrosstalkcomponentsold backto thebase-
bandat the analogueoutputsof the multiplying DACs, asthe digital inputsof the multiplying
DACschangeheir valueonly atanactive clock edge.Thelinear multipliersin the demodula-
tor of Fig. 65 do not fold crosstalkcomponentf the clock frequeng (andits harmonics)
backto the basebandThereforethe demodulatoshovn in Fig. 65 is the preferredchoicefor
further investigation (see also appendix B).

The component parts of the mixed-signal colour decoder

In the following sectionsthe componenpartsof the mixed-signalcolour decodemill be
described one by one.
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the direct digital synthesiser

With thedirectdigital synthesiseeachdesiredsubcarriefrequeng canbedigitally gener-
atedfrom a crystal-stablesystemclock. The DDS consistsof four stages:an input stage,a
DTO (or sawvtooth generator)a huecontrol stageanda quadratureutputstage A block dia-
gramis givenin Fig. 67. The differentstageswill be discussedn thefollowing sectionsThe
DTO will be discussed first, as it forms the heart of tive c@our decoder

8 )
10 input 10 10 hue 10 |Quadrature —A—sin
IN—F— —/—® DTO —/—®{ control —/—®{ output 8
stage stage stage [/ cos
from to
digital DACs
loop filter

Fig. 67 Block diagram of the direct digital synthesiser.

the DTO

A DTO (Fig. 68) generates digital savtooth [50]. The DTO’s outputsignalis shovn in
Fig. 69. At eachrising edgeof the clock clk the contentsof the N-bits-wide register is
increasecby a numberK. This goeson until the resultingvalue becomeggreaterthan 2V-1.
Whenthis happenghe mostsignificantbit (MSB) of the resultis simply discardedand only
the remainderis clocked into the register Startingfrom this remainingvalue the processof
addinganddiscardingthe MSB if the sumis greaterthan2\-1 is repeatecbver andover. In
this way the circuit of Fig. 68 generates discrete-timedigital savtooth whoseaveragefre-
gueny is:

K
fout = Z_Nfclk (16)

When regarding the frequeng spectrumof this discrete-timesavtooth mary spurious
componentgan be obsered besidesthe main frequeny componentof equationl16. These
spuriouscomponentsre strongly suppressetly converting the discrete-timesavtoothinto a
sine(andcosine)waveform. Thisis doneby the quadratureutputstage Whatremainshenis
a digital sine (and cosine) with a frequemiven by equation 16.
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Fig. 69 The number in the DTO'’s register in successive clock cycles.

Fromequationl6 two conclusioncanbedravn; asN is afixednumberandK is a digital
valuethe frequeng stability of f, is directly relatedto f,. Sowhenclk is a crystal-stable
clockft alsohascrystalstability. Anotherimportantpropertythatcanbe seenin equationl6
is the linear relationship between the digital number K and the output fregfiggnc

The output frequeng of an analogue voltage-controlled oscillator is defined as
fout = KoVin- In this equationKy is the oscillator sensitvity andv;, the (analoguejnput vol-
tage. Analogous to this the oscillator semgitiK, of the circuit of Fig. 68 is defined as:

_2n
K0 - _Nfclk an
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with K, in [rad/sCSB]. As the DTO is digitally controlledits sensitvity is expressedn
rad/sper LSB (LeastSignificantBit) insteadof pervolt. So, the frequeng resolutionof this
type of the DTO is fdk/ZN Hertz per LSB. This meansthat only discretefrequenciexanbe
produced with interls of f,,/2N.

phase jitter on the subcarrier

Whenusingthe DTO in a colourdecodeiits limited frequeng resolutionwill causea sys-
tematicfrequeng deviation in the PLL, asthe generatolis adjustedonly onceper TV line
(T=64us). It is unlikely that the frequeng of the received chrominancesignal (the colour
bursts)is alwaysexactly equalto oneof thediscretefrequencie®f theDTO. Fig. 70 shavs the
situationthattherecevedsubcarriefrequeny f.is betweerthefrequencies, andf, ., of the
grid of the DTO. In this situationthe PLL will causethe DTO to togglebetweerthe two dis-
crete frequencieg fand {4 on either side of the colour subcarrier freqyenc

fSC

fi-2 fie1 fie fie fiero

p frequency [Hz]

Fig. 70 Frequency grid of the DTO and the colour subcarrier frequency.

At theendof oneline interval Ty = 64usthefrequeny differenceAf betweerfg.andf) (or
fr+1) results in a phase tfenceAd (in radians):

A6 = 2TAFT, (18)

In aworstcasesituationthe valuefor Af approximate$c|k/2N: thefrequeny resolutionof
the DTO. In this case the peak-to-peak phaseatien is:
feik
AB = 2m—=T, (29)

2N
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word width of the DD

With equation19 a relationis obtainedbetweenthe internalword width N andthe result-
ing phasedeviation. Using this equationthe requiredword width of the DTO can be deter-
mined.

ThePLL will try to keeptheaveragephasedeviation zero.ThemomentanAB is afunction
of time: AB(t). The resultingspurioussignalin the colour differenceoutput signalsmustbe
more than 55dB den with respect to the video signal to be unnoticeable [63].

Usingtrigonometryit canbe calculatechow a phasaleviation betweerthe sineandcosine
outputsignalsof the DTO andtheincomingchrominancesignalresultsin a spurioussignalin
thedemodulatedolourdifferencesignalsR-Y andB-Y. If theincomingchrominancesignalis
sin(wsd), the R-Y output signal is:

sin(wg.t) cos(wg t +AB(t)) = 0.5(sin(2wg.t + AB(t)) + sin(AB(t))) (20)

The term with sin(2wsd) is eliminatedby the low-passfilter at the outputof the colour
decoder(Fig. 65). Sothe spurioussignalin the R-Y signalis sin(A6(t)). The B-Y signalwill
alsocontaina spurioussignalof this value.However, this doesnot affect the signal-to-spurious
ratio thatis visible onthe TV screenboththe signalandthe spuriousof R-Y andB-Y will be
added, so the ratio remains the same.

Table7 shavs the peak-to-pealphasedeviation andsignal-to-spuriousatio asa function
of the DTO word width.

DTO word width peak-to-.pe'ak signal-tojspurious
phase deéation ratio
22 0.12 52.7dB
23 0.07 58.7dB
24 0.02 64.8dB

Table 7 Phase deviation and signal-to-spurious ratio as a function of DTO word width.

From Table7 it canbe concludedthata word width of 23 bits is enoughfor a 55dB sig-
nal-to-spuriougatio. However, asthereare more factorscontrikuting to the spurioussignal
(e.g.roundingerrorsin the waveformtranslatorandclock jitter), it wasdecidedto use24 bits
in theDTO. Thisguaranteethatthe DTO word width will notbethelimiting factorin keeping
the spurious signal belothe lesel of visibility.
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number of bits in the quaalture output stge

TheDTO usesa 24-bitword width. If the sawv-to-sinecorverterwereaddresseith 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 frequeng. Fortunately the wrd width of the sine and cosine can be less than 24 bits.

The signal-to-noiseaatio (peak-peakor both signalandnoise)of a quantisedsideo signal
is [50]:

SNR = 6.02M + 10|ogmﬁfsg (21)
. 1

In thisequationM is thenumberof bits, f4is thesamplingfrequeny (24MHz) andf,, is the
bandwidthof the video signal. The bandwidthof the colour differencesignalsis 1.5MHz. As
the colour differencesignalsare quadraturemodulatedon a subcarrier f,, = 3MHz. If M is
chosenM =8, the resulting SNR=54.2dB. This is somavhat lower than the spec,but the
55dB visibility criterion is basedon a single spuriousfrequeng. As the jitter enegy is not
concentratedh onesinglespuriousfrequeng, the spurious-freelynamicrange(SFDR,which
is the parameter of real interest) is better than 55dB (Fig. 73).

In [64] it is demonstratethatfor agoodperformanceheresolutionattheinput of a digital
sawv-to-sinecorverterhasto be four timeshigherthantheresolutionthatis requiredat its out-
put. This meanghattwo bits moreareneededt theinput of the quadratureutputstagethan
at its output. So, the saw-to-sinecorverteris addresseavith the ten MSBs of the DTO and
delivers 8-bit-wide sine and cosinewds at its output.

saw-to-sine corersion

The digital sawvtoothis corvertedinto a digital sine and cosinewaveform using look-up
tables(LUT) in which oneperiodof asineanda cosinehave beenstored.The savtoothactsas
an addresgointerfor both tables.Anotherway of looking at this is to seethe value of sav-
tooth as the phase information of the (co)sine.

Using the propertiesof sineandcosine,the LUTs canbe simplified to reducethe circuit
areaAs thefunctiony = sin(x) is symmetricain bothx andy directionit shouldbe suficient
to storeonly one quadrantof this function in the look-up table. Moreover as the function
y = cos(x)is simply a 90° phaseshifted versionof the sinefunction, the samelook-up table
canbeused.However, asbothfunctionshave to be availableat the sametime thisis not possi-
ble without someextra measuresThe sine and cosinecan be retrieved at the sametime by
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dividing the storedquadrantinto two sectors The first sectorstoresthe first 45° of the sine
wave, the secondsectorthe second45° [65]. Becausehereis a 90° phaseshift betweensine
andcosineoneof themwill take its samplefrom thefirst sector while the othertakesits sam-
ple from the secondsector andvice versa.They will never needa samplefrom the samesec-
tor. This meansthat sine and cosineoutputsare constantlyswappingbetweenthe two LUTs
that both storeone eighth of a full sinewave. Fig. 71 shavs the proceduregraphically For

eachsectorit is indicatedfrom which LUT the sineandcosineoutputmustbetaken.lt is also
indicatedwhetherthe addresghat goesto the LUT andthe datathat comesout of the LUT

must be imerted or not to get the correct sine and cosiaesforms.

| |
quadrantl I I I
| I |
COSf - | T
! "

[ |
[ [
| [
[ [

[

SIN4— — — — — -\]— _________________

|
E——— I _ L
| address; 1 | 1 o o | 1, 1 o | 0
SIN data, 1 | 1 1, 1, 0,0 0, O
__ v, A, B | B _A__A,_B__B_ | A,
| address; 0 0 1y 12 0 0 1 1
(COs data 1 1 O 0 0 0 1, 1
L___LliTJ__B_l__A__A_I__B_I_E_I_A_I_A\__L_B__'
0: item must be inverted data stored ?n sector LUT A
1: item must not be inverted wnnnnn - data stored in sector LUT B

Fig. 71 Breaking the sine and cosine up in quadrants and sectors.

Fig. 72 shavs the block diagramof thequadratur@utputstage The LUTs areprecededy
aninvertercircuit thatinvertstheaddresslatadependingn thetwo MSBsof theaddressThe
outputof the LUTs arefed to a switchoperatecby MSB-1 andMSB-2. This way eitherLUT
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Fig. 72 Quadrature output stage.

canbe connectedo the sineor cosineoutput. The correctoutputdatais obtainedby inverting
the LUT dataunderthe controlof the MSB andMSB-1. For the sineoutputthe MSB 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:

y = round%Z?sin%nﬁ% (22)

As only onequadrants storedin thecombined_UTs, disturbingeffectsattheedgesf the
guadranthave to be avoided. Thereforeas an operand((1+2x)/2048)is used instead of
(x/1024),with x = 0,1,...,255This givesseamlesgransitionsbetweerthe differentquadrants.

In the actualimplementatiorof this circuit combinationalogic insteadof a “real” ROM
appearedo bemoreefficientin silicon area.Thisis dueto the high addresslecodingoverhead
in the RFOM compared to the small memory size.
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phase alternation for &L

When receving a chrominancesignal accordingto the PAL standardthe phaseof the
cosineoutputof the quadratureutputstagehasto bealternatedetweer0® and180¢° with half
theline frequeng. To control this the signal RBP 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 setbutside theurstkey time.

simulation of the spedrof the DD and quadature output stge

To verify the calculationsa simulationof a DDS with a 24 bits DTO anda 1024 x 8 bits
sineROM tablewasrun. The outputspectraof the DTO andthe sine outputof the complete
DDS are shawvn in Fig. 73. From thesefiguresit 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:

clock frequeng 24MHz
DTO word width 24 bits
frequengy resolution 1.43Hz/LSB

oscillator sensitity K, | 9.0rad/LSB

sine/cosine wrd width 8 bits
SFDR >55dB

Table 8 Specification of the direct digital synthesiser.

the HUE contol stege

The hue control stageis placedbetweenthe DTO and quadratureoutputstage(Fig. 67).
With the huecontrola phaseoffsetcanbe forcedbetweerthe internally generatedjuadrature
signalsandtheincomingcolourburst.In this mannercolour phaseerrorscausediuringtrans-
mission of an NTSC chrominance signal can be compensated (see chapter 2).

Huecontrolin the DDS is obtainedby addingthe digital huecontrolword to the outputof
the DTO. The sawtooth signalrepresentshe phaseof the quadraturesignalssineandcosine.
Thehuecontrolword is a variablephaseoffsetthatis addedto the savtooth duringthe colour
bursts.During the active video partof eachTV line, the huecontrolword is not addedto the
savtooth. As the PLL locksto burstwith the offset, while demodulatiortakes placewithout
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Fig. 73 Simulated spectrum at the output of
(a) the DTO and (b) the waveform translator.

this of'set, the demodulation angle can lagied by adjusting the hue controbrd.

With the huecontrolword the phaseoffsetmustbe controlledbetween45° and+45° [43].
As the output signal of the DTO is ten bits wide, one period (36(P) of the savtooth corre-
spondswith 1024 differentvalues.The requiredhue control rangeof 90° correspondso one
quarter of a period. The maximum weight of the hue control word should thereforebe

1024/4= 256, so the hue controlord must be eight bits wide.
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Fig. 74 Hue control stage.

Fig. 74 shas the block diagram of the hue control stage.

the input stge of the DDS

TheDDSis adjustedo thedesiredsubcarriefrequeng by settingtheinputvalueK oy, of
theDTO. Thisis donein theinputstageof the DDS. Thefour valuesfor K, for thefour dif-
ferent colour carrier frequencies are listed aI€ 9.

TV system subcarrier Knom

NTSC-M 3.579545MHz 2502283
PAL-M 3.575611MHz 2499534
PAL-N 3.582056MHz 2504039

PAL-B,G.| 4.433619MHz 3099324

Table 9 Ko, Values for the various TV systems.

In theinput stagethe selected®2-bitinput valueof K,y is selecteddy a four-input multi-
plexer andaddedto the outputsignalof the digital loop filter (Fig. 75). Theloop filter output
fine-tunesthe DDS for synchronisatiorto the receved colour bursts. The specifiedtuning
rangeof the DDS is +/-700Hzaroundthe nominalsubcarrierfrequeng. As the resolutionof
theDTO is 1.43Hz/LSBthis correspond$o +/-490LSB.Theoutputword width of theloop fil-
ter is therefore limited to ten bits.
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The digital loop filter requirements

After the outputsignalof the phasedetectohasbeendigitisedby a sigma-deltanodulator
the bitstreamis processedby the digital loop filter (Fig. 65). Startingfrom the open-loopfre-
gueng characteristiof the analoguecolourdecoderPLL, six functionscanbe distinguished

for the digital loop filter:

1) act as intgrator for a (theoretically) infinite open-loopig at DC to obtain a
zero steady-state phase error (eglgint to G of the analogue loop filter).
2) introducea zeroin thephasecharacteristi¢equivalentto R of theanalogudoop

filter).

3) suppress theupst swing in the L mode (eqwalent to G of the analogue
loop filter).

4) act as decimation filter for the a@msion of the 24MHz bitstream from the
sigma-delta modulator intouepass filtered ta’s complement digital ards
with the required resolution and aver sampling frequernyc

5) provide the colour decoder PLL with enhanced loamdn the acquisition
mode. In the analogue colour decoder the acquisition mode is switched on by
increasing the gn of the phase detectdn this mibed-signal PLL the gjn is
increased in the loop filter
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6) limit thetuningrangeof thedirectdigital synthesiseto about+/-700Hzby lim-
iting the output signal of the digital loop filter

The loop filter configuration

Theblock diagramof theloop filter for the colourdecodePLL is shavn in Fig. 76.1n the
first block theintegratorandthe decimatiorfilter arecombinedto fulfil requirementd and4.
The PAL averagettakescareof suppressionf the PAL fy/2 burstswing (requiremen8). The
differentiatorintroducesa zeroin thetransfercharacteristi¢requiremen®). Thetuningrange
of the DDS is restrictedby the frequeng limiter (requirement®). Requirement is met by
switching the gin of the intgrator/decimation filter under control of the colour killer

IN—
(bitstream  (integrator/ .
A PAL differen- frequenc
from 24) Jecimation—» > iaor [ AUENcY 1 mout
filter averager ator limiter (words
Kill— to DTO)
A A
clk [ ﬁncnt
burstkey finite
—p State rdent
machine

Fig. 76 Block diagram of the digital loop filter.

Thecombinatiorof integratoranddecimatiorfilter is implementedy anup/davn counter
followed by a den-sample rgister (Fig. 77).

Thefirst functionof theup/donvn counteris to integratethe phaseerror The bitstreamcon-
trols the direction of the countingprocess;a digital ‘1’ increaseghe countercontentswith
1LSB anda ‘0’ decreasethe counterwith 1LSB. As the counteris never reset,the low-fre-
queng phase error coded in the bitstream isgraged in the counter

A finite statemachine(FSM) derives the encnt(enablecounter)signalfor the up/davn
counterfrom the burstlkey pulse.The burstlkey is a pulsethatis high whenthe burstis present
ontheinputsignal. Thereasonwhy burstkey itself cannotbe usedwill be discussedater The
finite statemachinealsogenerateshe rdcnt (readcounter)signal. This signalbecomesctive
atthe endof the encntpulse.On this pulseall registersin theloop filter readthe dataon their
inputs.
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Fig. 77 Construction of integrator/decimation filter.

Thekill control signalswitchesthe stepsize of the counterbetweena low value (N;) for
the tracking modeand a high value (N,) for the acquisitionmode.In the testIC N; canbe
either2 or 4 andN, canbe either8 or 16. This is for testpurposenly, asthe parametersf
theanalogueanddigital systemsanonly be exactly identicalbe choosingawkward stepsizes
(seeappendixD). In afinal IC implementatiorthe valuesfor N, andN; will be chosenthat
give the most optimaherall system performance.

Apartfrom theintegratingfunction,the up/dovn counterhasa secondunctionasa prefil-
ter for the down-samplingprocess.The 24MHz single-bitbitstreamis corvertedinto digital
wordsby the up/dovn counterandthe quantisatiomoisein the bitstreamis thuslow-passfil-
tered.Fig. 78 shavs how the bitstreamof a first-order 1-bit sigma-deltamodulatoris inte-
gratedandlow-pasdilteredby the up/dovn counter Fig. 78ais the spectrumat theinput of the
up/davn counter Thisis the spectrunof the bitstreamcomingfrom the sigma-deltacornverter
Theanaloguenput signalof thecorverteris a 1kHz sinewave. Fig. 78bshavs thatthe quanti-
sationnoisein the bitstream(which is mostly locatedat higherfrequencieddueto the noise
shapingeffect of the sigma-deltaconverter)is stronglysuppressebly the up/dovn counter A
dynamicrangewell above 52dB (peak-to-pealsignalto rms noise)is achiezed with this con-
figuration.

Thesignalatdoublethe subcarriefrequeny (2fJ thatis alsopresentatthe outputof the
phasedetectomeednot be filtered beforedigitisation by the sigma-deltecorverter It will be
codedinto the bitstreamandwill be suppressetly theintegratingactionof theup/dovn coun-
ter.

Whenchoosinga lower samplingfrequeng for the remainingpartof thedigital loop filter
the maximumoutputfrequeng of the usefulsignalof the phasedetector(andthe sigma-delta
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corverter)hasto be consideredThis maximumis determinedby the f.,/2 burstswing during
PAL receptionwhichis 7.8kHz.As thereareno signalcomponentsibove 7.8kHz,theline fre-
queng fy = 15.6kHz vas chosen as the sampling frequeoicthe digital loop filter

0.0

[dB]
-20.0 \
-40.0
Unfiltered \
bitstream*°
(a)
-80.0
-100.0 \/ I
-120.0
I
-140.0
300.0 1.0k 10.0k Frequeny 100.0k 1.0M H2] 10.0M
80.0
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-20.0 v \/
-40.0 \
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-80.0 Hi T
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300.0 1.0k 10.0k Frequeny 100.0k 1.0M Hz] 10.0M

Fig. 78 Simulation of the filtering of the bitstream by the up/down counter:
(a) input spectrum, (b) output spectrum.

avoiding quantisation noise due to thatkeying process

The up/davn counteris only activatedduring the burstkey interval. If the phaseerroris
zero(steady-statsituation)the nettresultof thecountingprocessanonly be zeroif theburst-
key interval lastsan even numberof clock periods.As the burstkey is generatedy a circuit
thatis not usingthe sameclock asthe colour decoderthe burstkey itself cannotbe usedto
controlthe down-samplingprocessof the up/davn counteroutput. Thereforetwo timing sig-
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nals are generatedrom the burstkey (Fig. 76 and Fig. 79). The signal encntdetermineghe
time during which the counteris integrating the incoming pulsesfrom the sigma-deltacon-
verter The signalrdcntis usedto down-samplethe up/davn counteroutputandasthe sam-
pling frequeng for the restof thedigital loop filter. Both encntandrdcntarederivedfrom the
burstkey pulseby a finite statemachine.The encntpulse,usedto control the countenable
input of the counter is aninternally synchronisedrersionof the burstkey pulsethat always
containsan even numberof periodsof the 24MHz clock. Thereforethe length of the encnt
pulseis prolongedwith oneclock periodif the numberis odd (the situationshaovn in Fig. 79)
The finite statemachinealsogenerateshe rdcnt pulsethat actsasa clock for the restof the
digital loop filter. The rdcnt pulseis high for one clock period directly after the end of the
encnt pulse (Fig. 79).

I
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|
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|
I
rdent !
I

//
//

odd or
even

# clock
cycles

//
7/

even
# clock
cycles

-t -4 — — -

1 clock
cycle

//
7/

—>
clock cycles

Fig. 79 Timing of the burstkey, encnt and rdcnt signal.

line avelging for FAL

In the analoguecolour decoderPLL suppressiorof the PAL burst swing is obtainedby
low-passfiltering with an extra capacitorparallel to the loop filter. However, this capacitor
givesalow phasemamin in the acquisitionmode(seeFig. 54). By usinga line-to-line aver-
ager(Fig. 80) insteadof a capacitorequivalentin thelow-pasdfilter, abetterphasemaigin and
a bettersuppressionf the burst swing canbe obtained(seeappendixD). As two successie
sampleswith atime separatiorof oneline time, areaddedn theaveragerthegainfor DC sig-
nalsis two andthe gain for signalshaving half the line frequeng is zero.Sothe PAL burst
swing, which has a frequeynof f;/2, is fully suppressed.
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the diferentiator

The differentiator(Fig. 31) generateshe requiredzeroin the frequeng characteristiof
thePLL. Thegain ays of thedelayedoath,is oneof the parameterthatcanbevariedto obtain
thedesiredransfercharacteristiof the PLL. Thelimiter of Fig. 75is implementedy sending

only the ten leastsignificantbits of the outputof the differentiatorto the input stageof the
DDS.

rdcnt
&
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Qgm0
multiplier
17 N 10
IN > ouT

(only LSBs)

Fig. 81 Differentiator.
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The sigma-delta comerter

A sigma-deltacorverter (Fig. 82) corvertsthe analoguenput signalinto a train of ones
and zeros.If this train of onesand zerosis passedthrough an analoguecontinuous-time
low-pass filterthe original analogue signal is reueel.

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 implementedn the currentdomain.The
original designhasa voltageinput and a voltage-to-currentorverter As the input signal of
the sigma-deltamodulatoris the output currentof the phasedetector no voltage-to-current
corverter is neededin the colour decoder The 1-bit DA corwverter is realisedas a current
sourcewith atwo-way switch. Thefourth-orderoopfilter of the original designis replacedy
a first-order loop filter (integrator). The loop filter is realisedby connectingcapacitorC
between the current outputs of the subtraction point.

clk
| v 1
+ analogue .
analogue cont.-time > comearator »- Ditstream
in i out

_ loop filter latch

1-bit
————

DAC

Fig. 82 Block diagram of al-bit first-order sigma-delta modulator.
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Fig. 83 1-Bit first-order sigma-delta modulator.

The DAC for the sine and cosine signals

As the DAC hasonly eightbits of resolutionit canbe madewith emitterscalingof fairly
smallbipolartransistorsThe basicdiagramof the DAC is shavn in Fig. 84. The biascurrent
is divided over atotal of 255emitters.The emitterof thetransistorof the MSB consistf 128
unit-emitters. So Twill draw 128 times more current than the transistor of the LGB (T

TheINL andDNL of the DAC have to belessthan0.5LSB,i.e. the maximumallowable
full-scale erroris 0.2%. The weight of the LSB is MSB/128. As mismatchhasa Gaussian
nature the mismatchin the LSB maybe v128timeshigherthanthe overall mismatch So, the
allowablemismatchfor the LSB is approximatel\2.2%.The maximumallowablemismatchof
theLSB determineshesizeof theemittersof thetransistorsn the DAC. Takingthemaximum
allowable mismatchto be a 40 spread,it follows that 0=0.55%.Applying the generalmis-
match rule for the collector currents [67], [68]

A

Ic
= 23
o o (23)

and filling in the process data (A1.6%um) [68] it follows that W=L=3im.
As the emitter size of the transistorscannotbe chosenarbitrarily in the process(dueto
restrictionson the contactholes),andto keepthe layout as small as possible the size of the
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Fig. 84 Basic block diagram of the DA converter.

LSB transistor (Tg) was chosen1.95*3.um, and all other transistorswere made with
unit-emittersof 3.9*3.9um. In otherwords, T hashalf a unit-emitter T, hasoneunit-emitter
T, hastwo unit-emitters,etc.. Although the emitter size of T is smallerthanthe calculated
minimum emittersize,the overall inaccuray of the DAC is lessthan0.5LSB (seesimulation
resultin Fig. 85). This is dueto the factthatthe unit-emittersizeusedin T, to T is slightly
bigger than the calculated value. The total emitter area in the DAC, however, is
(27-2)*3.9*3.9um? + 1*1.95*3.9um? insteadof (28-1)*3.9*3.9um?. Sotheareais only half of
what it would be if Ty had the same unit-emitter size as all other transistors.

Themismatchof the DAC wassimulatedby settingall bits, exceptthe MSB, in alow state.
The MSB wassetin a high state.The spreadof the differentialoutputcurrentof the DAC is
shavn in Fig. 85. Thefigure shavs thatoneLSB stepof the DAC is 3.9*10°2 (i.e. 1/255).The
worst case spread is about 1.5%1o0, the spread is less than 0.5LSB.
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Fig. 85 Statistical analysis of mismatch in the DAC (simulation).

At low frequencieghe DAC caneasilyachiere 8-bit accurag, but at high frequencieghe
situationis completelydifferent. The switchesare madeof two NMOS transistors(Fig. 86
shawstheconstructiorof onebit in the DAC), whosegatesaredrivenwith invertedsignals,as
only one of them hasto be conductingat ary onetime. At 24MHz the delay time of one
inverter (ca. 0.5ns)hasa major influenceon the glitchesin the outputcurrentsasduring the
transitionof theinput databoth NMOS transistorcanbe conductingor in the off-statesimul-
taneously Theseglitcheswill producemary unwantedfrequeng componentsn the output
spectrum.Thereforethe NMOS transistorsaredriven from the outputsof two flip-flops with
inverted input signals.
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The analogue lav-pass filter

The DAC outputsignalsarefed to low-pasdilters. Thesefilters have to eliminatethe clock
andits harmonicsThis is important,becausef therearespurioussignals(e.g.crosstalkfrom
the substratepn the input signal, the clock andits harmonicswill fold thesespurioussignals
and noise back to the baseband, wherg Wik pollute the colour diierence output signals.

The output signal of the DACs is a current.So the low-passfilters must have a current
input. Theinfluenceof thefilter ontheamplitudeof a4.4MHz sinewave mustbenggligible. A
maximum attenuationof 0.5dB is allowable. The clock and its harmonicsshould be sup-
pressednorethan55dB. This ensureghatif thereis crosstalkfrom the digital circuitsto the
input the colour decoderthis will not resultin visible disturbanceson the TV screen.A
ninth-order filter vould fulfil both requirements.

If themultipliersin the demodulatorsrelinearenoughandif the crosstalkirom the sub-
strateis keptlow enough,the demandsn the clock elimination neednt be so strong.As a
compromisébetweercostandperformancethird-orderSallenandKey filter waschosenThe
filter doesnot have a control of the cut-off frequeng, which meanghatthe cut-off frequeny
mustbechosersuch thatevenwith theworstcasespreadthe4.4MHz sinewave is attenuated
by less than 0.5dB.

Fig. 87 shavs the diagramof the low-passfilter. The DACs have a differentialoutputcur-
rent, but the low-passfilter is not a truly differentialfilter. Both outputterminalsof one DAC
arefed to two identical low-passfilters, so that the combinationof the outputsignalsof the
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Fig. 87 Low-pass filter.

low-passfilters is quasi-diferential. The currentfrom the DACs is fed to the actualfilter
througha cascodingransistor(T;). This transistormustbe partof thefilter andnotthe DAC,
asotherwisethe parasiticcollectorsubstrateandcollectorbasecapacitancesf the DAC tran-
sistorsandthe wiring would influencethe transfercharacteristiof the filter. As the modula-
tion depthof the DAC outputcurrentis 100%,therearepointsin time wherethe currentfrom
oneof the outputterminalsof the DAC is zero.If thereis no currentflowing throughthe cas-
codingtransistorT 4, it will bevery slow. Thiswill degradetheinput signalof the actualfilter.
Thereforea DC current(lp,;,d is addedto the outputsof the DACsto keepthe cascodingran-
sistor ast.

The outputof the low-passfilter is takenfrom the base not the emitter of the emitterfol-
lower (T3) thatis in thefeedbacKoop of thefilter. A secondemitterfollower (T,) makessure
the outputimpedancas still low. This constructiorhasthe adwantagethat the suppressiorof
very high frequenciess far betterthanif the emitterof T is takenasthe output. The reason
for the badsuppressiownf very high frequenciess thatthe suppressioiis limited by the emit-
terimpedancef T3. At very highfrequencieshetransferis determinedy theratio of R, and
the emitter resistance ogT

As theoffseton theinputsof the multipliers mustbe very low to preventsubcarrietreak-
throughto the output of the demodulatgrthe outputsof the Sallenand Key filters are AC
coupledto them.After the AC couplingcapacitorthereis anemitterfollower. Oneemitterfol-
lower producesonly little offset,andif thefollowerwerent there,the parasiticcapacitancef
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theinputsof the multiplierswould causeanattenuatiorof the colourcarrier Thisis unaccept-
able,asit would causea lot of spreadon the amplitudeof the demodulateadthrominancesig-
nal.

The multipliers

As Fig. 65 shavs, threemultipliersareneededn the mixed-signalcolourdecoderTwo of
theseproducethe outputcolour differencesignals.The third multiplier closesthe loop of the
PLL.

the demodulating multiplisr

Thetwo multipliersin the colourdemodulatgrthatproducethe colourdifferencesignalsat
their output,usethe topologyof the Gilbert gain cell [69]. Fig. 88 shavs the basicconfigura-
tion.

In the analoguaedemodulatothe multipliers that producethe R-Y andB-Y outputsignals
areeffectively rectifiers.This meanghatoutputsignalsof the oscillatorareconnectedlirectly
to the baseof the four uppertransistorof the right-handstageof Fig. 88. In the new system
the outputsof thelow-pasdilters atthe outputof the DDS do not have high enougha suppres-
sion of the clock frequeng to use rectification insteadof linear multiplication. Using a

out A

e e e R B e

Lo el e ol

Fig. 88 Multiplier.
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higherorderfilter is possible but this would requireconsiderablymore silicon areathanthe
linearisationof the multiplier. With alinearmultiplier (crosstalk)requencie®n theinput sig-
nal, that are around the clock frequgrare not folded back to the baseband.

the multiplier in the phase detector

In theanalogueaswell asthe new systemthemultiplier thatactsasthe phasedetectoiis 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-hand amplifier is omitted. The input signal is fed
directly to the basesof the upperfour transistorsof the right-handamplifier The resistor
between the emitters of thealer 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 shaws the simulatedopen-looptransfer characteristicoof the mixed-signalcolour
decoderThetransferis given for four differentgain values:A¢nt= 2, Agnt= 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 A lies between
Acni=2 and A= 4. For the acquisitionrangethe optimum value of Ay lies between
Acnt =8 and A= 16. This is in agreement with the calculation of appendix D.

For A¢nt = 16 the phasemaigin is 45°. Thisiis slightly betterthanthe 37° phasemagin of
the analogue system.
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Fig. 89 Simulated open-loop transfer characteristics of the mixed-signal colour
decoder for Acpt = 2, Acnt = 4, Agnt = 8, and Ay, = 16.

Fig. 90 shaws the reponseon a 90° phasestep.The conclusionsof the simulationof the
open-loop transfer characteristics are also true for this simulation.
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Fig. 90 Simulated transient response for a 90° phase step on
the input signal for Agnt = 2, Acnt = 4, Acnt = 8, and A = 16.

Circuit realisation

A testIC with the mixed-signalcolour decodethasbeenfabricatedn a 0.6um BiCMOS
procesg68]. ThetestIC alsocontainsa numberof additionalcircuitslik e lock detectorsFig.
91 shaws aphotographof thetestIC. Theareaof the analoguecircuits (without the additional
circuits)is 0.5mnf. Theareaof thedigital circuit is 1.1mn?. Theareaof thedigital circuit was
not optimisedto shortenthe layout time. An optimisedlayout of the digital circuit would
occupy an area of 0.5mfn
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Fig. 91 Test IC of the mixed-signal colour demodulator.
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Measurement results

All measurementdescribedn this sectionwereperformedwith a4.43MHzcolourcarrier
frequeng. Changing the frequepaoes not change the results significantly

spectrum of the sine wave at the output of the low-pass filter

Fig. 92 shaws the measuredspectrumof the sine outputof the DSS after digital-to-ana-
logue corversionand low-passfiltering. The highestspuriousis morethan55dB down with
respecto thecolourcarrierfrequeng. Thisis in goodagreementvith thesimulation(Fig. 73).

CHI A Spectrum 10 dB/ REF @ dBm -6.335 dBn
i B SELECT
I 4. 4375 HHz SELECT

SPRCE

DONE

R
BIE 30 Wz
START ® Hz

VELl 38 Hz ATH 2@ dBE glilp 1Al sec CANCEL

OF 18 MHz

Fig. 92 Measured spectrum of the sine output of the DDS
after digital-to-analogue conversion.

response on BB colour bar input signal

Fig. 93shavsaPAL CVBSinputsignalandthecolourdifferenceoutputsignals.Theaver-
agerof the mixed-signalsystemcompletelyeliminatesthe H/2 ripple dueto the burst swing:
the shapeof the colour differencesignalsof two consecuiie lines is exactly identical. The
analoguesystem(Fig. 52) doesshav someH/2 ripple, despitethe additionof C, to the PLL
loop filter.
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Fig. 93 CVBS input signal and colour difference output signals.

output spectrum with a continuous 4.43MHz input signal

Fig. 94 shaws the spectrumof the -(B-Y) outputsignal of the testIC whena continuous
4.43MHz sinewave is fed to the input of the colour decoderWith suchaninput signal,the
-(B-Y) outputsignalis a DC signalandasignalat8.86MHzwith anamplitudeequalto theDC
componen(Zsinz(msct) =1 + sin(2wd)). The spectrumanalyserdoesnot give a correctread-
ing for DC signals,sothe 8.86MHzsignalmustbe usedasthereferencdo seehow muchthe
spurioussignalsin the passbandire down with respectto the signal. In this experimentthe
-(B-Y) signalis passedhrougha 1.5MHz first-orderlow-passfilter, insteadof the normal
third-orderfilter, beforeit is fed to the spectrumanalyserAs a resultthe measure®.86MHz
component is suppressed by 11dB.

Fromthis spectrumt canbe concludedhatthe frequeng componentsn the passband0
to 1.5MHz) of the colourdifferencesignalsaremorethan55dB down with respecto theunat-
tenuated(B-Y) signal. The spuriousfrequenciesoutsidethe passbandre alsobelow -55dB
with respectto the unattenuated(B-Y) signal. The latter spuriousfrequencieswill be sup-
pressedo an even lower level by the third order 1.5MHz low-passfilter at the outputof the
colour decoder
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Fig. 94 Measured spectrum of the -(B-Y) output for a continuous sine input signal.

dynamic behaviour of the colour demodulator PLL

Fig. 95 shavs theresponseo a 90° phasestepon theinput burstsignal. The valueof Ay
hasbeensetto A.;= 4 in this measurementhis responsés measurewn the-(B-Y) output.
The horizontallinesthatarealsovisible in the photograptarethe burstandblankinglevels of
the -(B-Y) signal. Theselevels are not relevantin this measuremeniThe measuremens in
closeagreementvith the simulationof Fig. 90. Themeasurement®r the othervaluesof Aq;
are also close to the simulated response.
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Fig. 95 Response to a 90° phase step on the burst.

other measwments

Table 10 summarises the measurement results.

supply wltage

5V

supply current

5.0mA (analogue)
2.1mA (digital)

circuit area

0.5mn? (analogue)
1.1mnf (digital)
0.5mn? (digital, after optimising layout)

centre frequenc

3.579545MHz (NTSC-M)
3.575611MHz (RL-M)
3.582056MHz (RL-N)
4.433619MHz (RL-B,G)

acquisition/tracking range

+/-720Hz (all standards)

static phase error

0.5°

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.
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From the abore measurement# can be concludedthat the nev mixed-signalcolour
decodethasa performanceavhich is nearlyidenticalto the performanceof thetraditionalana-
logue system [43].

The colour decoder in a one-chip TV pocessor

ThetestIC describedabore wasmadeasthis makesit easyto measurehe performancef
the colour decoderandits componengparts. The mixed-signalPLL hasalsobeenintroduced
(with somemodificationsto comply with customers’demands)n a family of one-chipTV
processorg71]. Fig. 96 shawvs a die photograph.The measuregerformanceof the testIC
describedabove andthe colour decoderin the one-chipTV processois identical. The other
circuitsin the one-chipTV processohave no measurablénfluence(e.g.dueto crosstalk)on
the performance of the colour decoder circuit.

digital
part

Fig. 96 Die photograph of a one-chip TV processor with the
mixed-signal colour decoder.
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Conclusions

A mixed-signalcolour demodulatoisystemwith a topologybaseduponan analoguesys-
tem hasbeenpresentedThe performanceof the new systemis nearlyidenticalto that of the
traditional analoguesystem.The mixed-signaldemodulatorsystemcombinesthe bestele-
mentsof the analogueand digital worlds. The signal path is completelyanalogue,so no
high-performanc&DCs areneededThelink from theanalogueo thedigital domainis asim-
ple one-bitsigma-deltacorverterthatonly hasto corvert a quasi-DCsignal. The total system
costis reducedconsiderablythanksto the eliminationof a numberof expensve externalcom-
ponents.
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chapter 5

Analogue VLSI testing

Intr oduction

Oneof theaspectof analogudC designthatis very often neglectedis testability During
the productionprocesseachiC is testedtwice: Thefirst time on the waferto selectgoodICs
for encapsulatiofwafertesting).After encapsulatiotthe ICs aretestedagain (final testing)to
make sure that ncalult has been introduced during the encapsulation process.

Testingof thelCs beforeencapsulatiofis necessaryasthemanugcturingprocesof anlC
consistsof mary hundredsof steps.All thesesteps(e.g.implanting, cleaning,lithograpty)
have to executedwithout any inhomogeneityor impurity in the chemical substancesand
equipmenthatareusedin theseprocessteps Smallinhomogeneitiesr impuritiescancause
defectsin the componentsn the ICs on thewafer (or in the connectiondbetweerthe compo-
nents). Encapsulating an IC is rather costtyonly good ICs should be encapsulated.

TestinganIC doesnotaddvalueto it. Customergpayfor thefunction(s)in thelC andsim-
ply expectonly goodICsto bedeliveredto them.Thereforetestingshouldbe ascheapaspos-
sible. Thisimpliesthattheequipmenusedfor testingshouldbe assimpleaspossible And the
time it tales to test one IC should also be as short as possible.

In the digital IC designworld formalisedtestapproachesxist (e.g.scantesting[72] and
Ippg testing[73]). Thesetestsdo notcheckthefunctionof thelC, but they checkwhetherthe
network of the componentsn the IC is correct.No suchformalisedtechniquesexist for ana-
loguelCs. Analoguetestingis usuallyfunctionaltesting:realtime testingwith signalsasthey
are applied in a standard application.

Table 11 gies an werview of the diferences between analogue and digital testing.
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Digital Analogue
Scan, bpg Functional test
-- short test time -- real time test
-- simple test board -- “application” test board
Generic structural test Application-like test
When specifieddults are absent| When function is performed well,
IC is very likely to begood IC is notlikely to bebad

Table 11 Comparison of digital and analogue testing.

Thesedifferenceslead to a substantialdifferenceis the IC-specific hardware that is
requiredto testan IC. For digital ICs a simpletestboardwith few componentsanbe used
(Fig. 97a).For analoguecircuits the testboardis effectively an applicationboard,with extra
facilities (e.g.switches)o allow injection of testsignalsandobsenation of outputsignals.As
Fig. 97bshaws, suchananalogueestboardis far morecomplicatedandhencemoredifficult
to designandbuild) thana digital testboard.Oneof thereasonsvhy it is hardto designagood
wafertestboard,is thattheleadsfrom the bondpaddo the boardarefar longerthanthe bond-
wiresin anIC encapsulationThis makesdecouplingof supplypinsandhigh-frequeng oper-
ation dificult.

Theaim of theresearchdescribedn this chaptemwasto cometo afast,generictestmethod
for analogue/LSI ICsthatfindsasmary faulty ICs aspossible Theultimategoalwould beto
completely eliminate the needfor functional testing. The test methodfor analogueVLSI
describedn this chapteris genericanddoesnot requirechangego the circuitsinsidethe IC.
This testmethoddeterminesvhetheran IC is goodor not by measuringhe currentsflowing
throughits constituencircuits. Thetestmethodwaschristened CCQl asit bearssomeresem-
blance to }pq testing.

Functional and non-functional IC test methods

In this sectiona numberof (non)-functionaltesttechniqueds described All thesetest
methodshave their prosandcons.After the descriptionof thelccq methodthe prosandcons
of the techniques described in this section will be compared with thogg®f |

In digital CMOS circuits Ippg testingis usedasa global testto seeif unwantedcurrent

1. The abbréiation Ippg stands for “test of the Quiesceppl. The abbreiation Iccq stands for “test
of the Quality of ¢¢", Icc being the designation of analogue supply currepigis not limited to qui-
escent ¢¢ testing. It can also cope with a dynamig.|
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Fig. 97 Comparison of typical wafer test boards: (a) digital, (b) mixed-signal.
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flows somavherein thelC, whentheclocksareswitchedoff. If thatturnsoutto bethecasethe
IC is rejected.This testis globalandnot specoriented but doesprovide a quick andeffective
sieve to detectdulty circuits [73].

In somedigital circuits Built-in Current(BIC) testingis usedto checkthe quiescentur-
rents[74]. This techniquewhich canberegardedasarefinemenof Ippq testing,usesaresis-
tor in the groundrail to corvertthe groundcurrentto a voltage.ln the normaloperatingmode
this resistoris short-circuitedIn testmodethe voltageacrossthe measuringesistoris com-
paredwith somereferencevoltage.If the quiescenturrentis greaterthanthereferencehelC
is rejected.

Macro-basedesting[75] is a formalisedway to testblocksin ananalogudC by feeding
signalsto theinput of eachblock andobservingtheir outputsignals If all blocksaregood,the
IC is considered good.

In [76] ananaloguescantesttechniqueis proposedIn this techniquethe outputsof ana-
loguecircuitsinsidethe IC aresampledat regular intervals. Thesesamplesare subsequently
shiftedto atestpadthroughananalogueshift register In the testequipmenthe actualvalues
of the samplesare comparedwith the expectedvalues,andbaseduponthatthe IC undertest
either passes the test or is rejected.

Macro-basedestingandanaloguescantestingarein factcloselyrelatedto functionaltest-
ing. Theselestmethodsalleviate someof the problemscausedy theever-growving compleity
of analoguelCs. Researclon true non-functionaltestsfor analoguecircuits hasalso been
reported.

Oscillation-basetlesting[77] is atesttechniquethat,duringtesting,connectsheanalogue
circuitsin anoscillatorstructurein suchaway thatthe oscillationfrequeng indicatesvhether
the circuit is good or not. This method is proposed as a Built In 8sf(BIST).

Most of the researcton non-functionaltestingcentreson supply currenttesting.A good
overview of thesemethodsis givenin [78]. The conclusionof this paperis thatwith current
testinga significantpartof the defectve ICs canbedetectedHowever, with currenttestingnot
all faulty ICs canbe found, aschangesn the supply currentare mostly causedoy shortsor
opensin the routing layers.This kind of defectoften causesa so-calledcatastrophidailure,
i.e. asaresultof the defectthe IC no longerperformsthe desiredfunction. Parametricfaults
(i.e. afaultthatcause®.g.the gain of anamplifierto be 10dBinsteadof 20dB)arenot always
detectableby a variationof the supplycurrent.The shortsandopensin the routing layers,as
well asotherdefectghatcausehe supplycurrentto deviatefrom its nominalvalue,cansome-
timesbe detectedmoreeasily by not testingwith the nominal supplyvoltage,but by usinga
supply wltage outside the normal operatingioa [79].
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Curr ent testing in analogue ICs

In analoguecircuits the Ippq techniqueas usedin digital CMOS ICs is not applicable.
Analoguecircuitsrely on the presencef a biascurrentfor a correctoperation Whentesting
analogudCs the supplycurrentis measuredo geta roughindicationwhetherthe IC is good
or not[78]-[79]. However, with this techniquethe supplycurrentof thewholeIC is measured.
Soif acircuit thatdraws 1% of the supply currentis 50% off target dueto e.g.a processing
defect,the supplycurrentof thewholeIC will changeby only 0.5%.As the spreadof the cur-
rentdueto processvariationswithin onewaferis of the orderof 1%, avariationof 0.5%is too
small to justify rejection of such an IC.

Fig. 98 shaws the effect of a defecton the currentof anIC. In the figurethe currentdistri-
butionsasa resultof processpreadf threecircuitsin goodICs areshavn, aswell asthedis-

Vee
l1+ly+15
* Iy ; 2 | B
circuit 1 circuit 2 circuit 3

I
|
| |
| |

Py I |=

g > I3

frequency

A .
current in,
® [circuits with
/2 defect

[1+lo+13

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.The currentasaresultof thedefectin circuit
1 hasalarge deviation from its nominalvalue(solid triangle).In circuit 2 the defectcauseshe
currentto bejust outsidethe rangeof the nominalcurrent(solid circle). The currentof circuit
3 is within its normaldistribution despitethe factthatit hasa defect(solid rectangle)If the
sumof the currentsof thesethreecircuitsis measurean the supplypin, only the large defect
of circuit 1 canbedetectedThe defectsof circuit 2 and3 causea deviation of thetotal IC cur-
rent that is still within the normal distrition of the total deéce current.

The mostideal form of currentmeasuringtechniquewould be to monitor eachcurrent
branchseparatelyThis is usuallyimpossibledueto the large amountof currentbranchesit
would be helpfulthoughif asmary currentscouldbe monitoredasis still practical.Usingsev-
eral bond padsto connectto eachsupply or groundpin is a way to increasethe numberof
obsenable currentsat pretesting However, the numberof bond padsis limited to aboutfive
padsper ground/supplypin. More thanfive bondwires simply do not fit on the leadfingerof
theencapsulationSo,if morecurrentsensingpointsareneededsomethingextra will have to
done inside the IC.

Simulations

In orderto seewhethermeasuringcurrentsis an effective methodto detectfaulty ICs,
simulationsweredoneon a partof anIC. ThisIC is runningin production soit is nota circuit
especiallydesignedfor this test. The simulationwas donewith a computerprogramcalled
DOTSS(DefectOrientedTestSimulationSystem)80]. This programtakesthelayoutof acir-
cuit andrandomlyplacesdefectparticlesin it. Thesedefectscanbe e.g.dustparticles,pin-
holesin oxidethatfill upwith metal,or ary othereffectthatcauses shortcircuit betweertwo
interconnectiorinesin the IC. The number sizeandthe size-distrilution of the defectparti-
clesaretakenfrom factorydata.The programassumeshat a particle causesa shortcircuit if
(a) the particleoverlapstwo or moreinterconnectiorines (bridgingdefectin oneinterconnec-
tion layer), or (b) the particleis situatedbetweentwo interconnectiorinesin differentinter-
connection layers (pin-hole defect between two interconnection layers). Only the
interconnectiomasksareusedto introducethedefectparticles.lt is alsoassumedhata parti-
cle cannotcauseaninterruptionof themetallines. This assumptiorshouldnot affect theaccu-
ragy of the simulationstoo much,asfactorydatashavs thatthe vastmajority of rejectediCs
are rejected as a result of short circuits in the interconnection layers [81].

Fig. 99illustratesthe way the programworks. Thetop-left shavsthelayoutof 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
thatthe particlescausein the layout aretranslatedbackto the electroniccircuit. Bottom-left
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shaws the defect-freecircuit, bottom-rightthe circuit with the shorts.The two resultingcir-
cuitscannow becomparedvith acircuit simulator The performanceanbecomparedor DC,
AC and transient responses.

current distritution due to defects

With DOTSSthe DC currentthrougha numberof circuits wasanalysedFig. 100 shavs
the simulatedcurrentsthroughtwo differentcircuitsfor nominalprocesgparametersThe DC

circuit 1 circuit 2
0.25 T T T T T T T T T 0.3
02 0.25 | —
o ° 0.2 —
2 015 =
g =
g € oas | g
§ o £
F = 01| ]
005 0.05 % —
0 ‘H‘MH\ mr . .o o o1 anrW dl 1. L0
36 37 38 39 4 41 42 43 44 45 46 4.5 5 55 6 6.5 7
Ignda [mA] Ignda [mA]

Fig. 100 Simulated current distribution with randomly introduced defects
for two different circuits.

currentwasdeterminedor 200 differentdefects,.e. 200timesa defectwasrandomlyintro-
ducedin the circuit. Someof thesedefectswill not causea shortcircuit (e.g.becausehey lie
betweertwo metallineswithouttouchingthem),sothey actuallydo notintroducedefectsinto
thelC. Otherswill causeshortcircuitsbut do notinfluencethe DC current(e.g.a short-circuit
of the outputsof a differential amplifier). But mary defectswill causea short-circuitand
change the DC current as can be seen in Fig. 100.

Theroutinedescribedabove wasappliedto 14 differentcircuits of the aforementionedC.
Fig. 101lists the namesof the circuitsandshavs the percentagef ICsin which thesecircuits
have a currentthatdeviatesmorethan5% and10% from the nominalcurrent.This meanghat
for e.g.thecircuit calledBRCON 40% of the circuits with a defectaredetectedf a circuit is
rejectedf its currentis morethan10% higheror lower thanthenominalcurrent.If acircuitis
rejectedf its currentis morethan5% higheror lowerthanthenominalcurrent,47%of thecir-
cuits with a defect are detected.
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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.

current distritution due to pocess sprad

Fig. 102 shavs the effect of procesgparametespreadon the sametwo circuitsasthe ones
analysedn Fig. 100. The distribution of the currentdueto procesgparametespreads of the
sameorderasthe distribution dueto defects.Fromthis it follows that measuringhe DC cur-
rentof acircuit is not sufficientto saywhetheror notit hasadefect.Resultssimilarto theones
above have been reported in the literature [82].

reject criterion based on clwent measwements

Thefactthatthe absolutecurrentflowing in a circuit doesnt revealwhetherit hasa defect
or not doesnot meanthat DC currenttestingis uselessIn IC designconstantuseis madeof
thefactthatalthoughthe absolutevaluesof the componentaresubjectto a lot of spreadthe
relative accurag of two componentss very high. So, the absolutecurrentin one circuit
shouldnt be measuredbut the currentin a numberof circuitsin onelC shouldbe measured
andthesecurrentsshouldbe compared83]-[88]. Theratio of the currentsshouldbethe same,
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Fig. 102 Simulation of the current distribution due to process spreads for
two different circuits.

no matter what the actual process parameters are.

Fig. 103 shows the currentdistribution of two differentcircuitsin goodICs. Both circuits
have a certaindistribution rangeof the currentdueto processvariations.As the currentsin the
two circuitsin oneIC arematchedgoodICs will have the samerelative deviation from the
nominal current. That meansthatif the currentsof the two circuits are plotted againsteach
otherasin Fig. 103,goodICs arelocatedon theline. In Fig. 103 the currentsin the two cir-
cuitsin threeindividual circuits arealsoindicated.The IC indicatedby the solid circle is on
theline, asthecurrentsn bothcircuitsdeviate from the nominalvalueby the sameamount.So
this IC passeshetest.ThelC indicatedby the solid trianglehasonecircuit with a currentthat
falls within the normaldistribution (circuit 1) andonecircuit with a currentthatfalls outside
the normaldistribution (circuit 2). Sothis IC canbe detectechsa faulty IC by measuringhe
absolutecurrentsn thecircuits. ThelC indicatedby the solid rectangleéhascurrentsflowing in
both circuit 1 andcircuit 2 thatfall within the normalcurrentdistribution. Soif only absolute
currentsare consideredthis IC will passasgood.But, if the currentsin the two circuits are
comparedi.e. a relative currentmeasurementthe IC will be rejected,asthe currentsin the
two circuits are not well matched.
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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.

Measuring currents inside an IC

Thereare severalwaysin which the currentflowing in individual circuitsin anIC canbe
measuredSwitchingoff circuitsin the IC by e.g.a switchin the supplyrail (Fig. 104a)[89],
or by switchingoff themasteiasgeneratoaretwo possibilities However, asmostcircuitsin
an IC are DC-coupledthe abnormalbiasing condition, that resultsfrom theseactions,may
leadto unwantedcurrentsflowing in the IC, thatmay even causdts destructionln anIC with
mary componentsucheffectsarevery hardto predict.Apartfrom this disadwantageswitches
in the supplyrail eithercausea lot of voltagedrop (e.g.emitterfollowersor commonemitter
stages dxien into saturation) or requirery lage components (e.g. MOS switches).

An alternatve way of measuringhe currentin individual circuit is shavn in Fig. 104h
Eachcircuit hasits own currentmeterin its supply(or ground)line. Thisway of measuringhe
currenthasthe advantagethatall circuits canbe runningwith their normalcurrent,andnoth-
ing is switchedon or off in theIC duringthe measuremenBut, the currentmeteritself will
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causea voltagedropin the supplylines, just like the switchesthe circuit of Fig. 104a.This
neednt be a problemif theresistancef the aluminiumof the supplyline itself is usedasthe
current-to-wltage corverterand the voltageis measuredvith a volt meter[83]-[88]. In this
way something which is normally considered a parasitécefs put to practical use.

Ve Vee
circuit 1| | circuit 2| | circuit 3 circuit 1 | |circuit 2 | | circuit 3

A

GND GND
@) (b)

Fig. 104 Two ways to measure current in individual circuits.

amplifying the voltge diop in the supply lines

The voltagedropin the supplylinesis usuallyin the millivolt range.If it weremorethe
supplylineswould have too muchinfluenceon the performanceof the IC. However, measur-
ing a voltageof a few millivolts in a testfactoryis nigh impossibledueto the high levels of
electromagnetiénterference(EMI) one usually encountersn suchfactories.For a reliable
measurement the signal should be amplified.

Amplifying afew mV canbedonesimply andaccuratelywith adifferentialpair of transis-
tors. A differential pair of bipolar transistorggives a 4% changeof the collector currentsfor
1mV inputvoltagechange However, thereis the problemof the offset of the differentialpair.
Thatproblemcanbe overcomequite easilyby measuringwo times,with theinputsof thedif-
ferential pair interchangeetweenthe measurementsThe offset of the differential pair is
eliminatedby takingthe averageof the two measurement3.heinfluenceof thetail currentis
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eliminatedby taking the ratio of the collectorcurrentsinsteadof their difference.Taking the
ratio of the collectorcurrentds in factcalculatingtheinput voltageof the differentialpair (i.e.

the wltage drop in the supply line), since:

_ kT, Ocal (24)

where |1 and k, are the collector currents of the transistors of tHerdifitial pair
Fig. 105shavs thearrangemendf the amplifierthatmeasureshe voltagedropin the sup-
ply rail. With PNPtransistordnsteadof NPN transistorsthe voltagedropin the groundline

can be measured.

lc1 le2
Ty T
lltail
|_—— measurement points
supply line —

Isupply

Fig. 105 Differential pair used to measure the voltage drop in the supply line.

If theinput voltageof the differential pair is 0V, thereis no informationin the measure-
ment.On the otherhand,if theinput voltageof the differentialpairis, say 1V all the current
flowsin onebranchevenif theinputvoltagevariesby tensof percents.This makesit impossi-
ble to measurethe ratio of the collector currentsaccurately So there shouldbe an optimal
input voltageto getashigh an accurag in the measuremenrds possible Appendix E shavs
thata voltagedrop of 39mV givesthe mostaccurateresults.However, for voltageswithin the
rangeof 10to 80mV themeasuremerihaccurag is still lessthantwo timestheinaccuray for
39mV. This meansthat the optimal voltagedrop acrossthe supplylines is not very critical.
Thisis importantfor makingrobustsystemshatcancopewith spreadsn the procesgparame-
tersandtemperatureThe insensitvity of the measuremengrror to variationsin the voltage
dropin the supply lines also allows minor changesn the IC to be madewithout having to

reconnect thedcq measurement points.
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As describedabore, the amplifieris neededo getthe signalabove thelevel of EMI in the
testfactory For eachapplicationan optimalamplifierwill have to be chosenln CMOS proc-
essesvithout bipolartransistorsa differentialamplifiermay not be goodenoughasthe gain of
adifferentialpair of MOS transistorgs alwayslower thanthe transconductancef a differen-
tial pair of bipolartransistorsat the samebiascurrent.If thevoltagedropin the supplylinesis
very low (e.g.in low power applications)a simple differential pair may not provide enough
gain, so more compteamplifiers will be needed.

The lccq test method

Fig. 106 shavs the generalideaof the Iccq testtechniqueuseseveral well-chosermeas-
urementpoints(M1-Mg) on the supply(or ground)linesto find out whatthe currentsthrough
the variouscircuits inside the IC are.Eachpair of measuremenpoints (sucha pair will be
calledtestpointin the following) mustbe placedon a supplyline that only feedsthe circuit
whosecurrentis to be measuredy thesemeasurementoints.If thereis a starconnectiorof
groundandsupplylines betweenthe bond padsand circuits (which is often the casein ana-
loguelCsto reducetherisk of crosstalkbetweercircuits) finding suitablemeasuremergoints
is fairly easy The distancebetweenthe measuremenpoints canbe variedto getasnearas
possible to the optimakue of the vltage drop in the supply line.

After the currentsin the circuitsin the IC have beenmeasuredthey are comparedwith

M; Mg
>/ circuit 1
circuit 2
circuit 3
Mg Me
bondpad

ground
or supply

Fig. 106 Basic configuration for Iccq testing.
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eachotherto decidewhich ICs aregoodandwhich ICs arebad.Basicallytherearetwo ways
to comparethe currentsin the circuits. The first way is to take the ratio of the currentsof e.g
circuit 1 andcircuit 2 within onelC. If all ICs aremeasuredinderfixed conditions theratio of
all thesecurrentsinsideonelC shouldshowv avery smallspreadThis methodcanbe usedfor
bothwaferandfinal testing.The secondwvay is to take the currentratio of e.g.circuit 1 in two
adjacent ICs on aater.

lccq test circuitry

Fig. 107 shaws a straightforvard way to combineall the measuremernpointsandgetthe
measuremerdatato the outsideworld: take N differential pairsandconnectall their outputs
togetherThe collectorcurrentsof the active differentialamplifiercanbe measurean two test
pads.A shift register selectsthe active pair of measuremenpoints and throws the toggle
switch at the input of its dérential amplifier

to

— |
test
- > pads
—e —e
M . ,
2——¢‘||" Mi+l——fl|"
r - r -
b by
by by
o l o l
| ltail | ltail
I I
clock clk Q1 Qi

SHIFT REGISTER

Fig. 107 Straightforward Iccq set-up.

simplified Ecq set-up

Fig. 108 shavs an alternative solutionwith fewer componentsHereonly onedifferential
pairandonetoggleswitchareusedfor thewholelC. Theswitchattheinputof thedifferential
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pair is toggledduring the time onetestpoint is active. The shift registerselectsthe testpoint
that getsconnectedo the measuremenines. The shift register and switchesare distributed
throughout the IC.

to test pads

—_— —_ — & T
|
Ml—o—( Mi—o(o— : l
Mo = Miy—ets | ltail
| | |
I | |
P — - —— — Fe—————— 4
| 1 1
clock—1_clk Q1 Qi

SHIFT REGISTER

Fig. 108 Simplified Iccq set-up.

Fig. 109shavs a BICMOS implementatiorof thecircuitin Fig. 108. Thisimplementation
requiresonly eight MOS transistorgertestpointandsesenwiresto connecthesestageswith
oneanother The seven wires are: VDD andVSS for supply of the shift sectionsgl and g2
(non-overlappingclock phases)thewire to connecthe outputof onesectionwith theinput of
the next, andthe lines going to the differential pair. As the VSS andVDD lines are usually
available everywherein the IC, only five extra wires arerequired.With thesefive wiresit is
possibleto distribute a shift registerof arbitrarylength(i.e. anarbitrarynumberof testpoints)
throughoutheIC. Fig. 110givesanoverview of all thetiming signalsrequiredfor the circuit
in Fig. 109.

The circuit of Fig. 109 monitorsthe groundrail voltagedrop. By takingan NPN differen-
tial pairandPMOSswitchesthe supplyrail canbe monitored Whenthe groundaswell asthe
supply lines are monitoredthe outputsof both invertersof the shift sectionscanbe usedto
drive switches.
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Fig. 109 BICMOS implementation of the Iccq test circuit.
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Fig. 110 Timing signals for Iccq shift register and toggle switch.
Comparison of Iccq with other techniques

This sectioncompareshelccqtestmethodwith thetestmethodsmentionedat the begin-
ning of this chapter

Ippq testing

The Ippg techniqueasusedin digital CMOS ICs is not applicablejust like thatin ana-
loguelCs. Analoguecircuitsrely onthe presencef a biascurrentfor a correctoperation.So,
if therejectioncriterion of faulty ICs is the presencef a current,no analogudC would pass
the test.
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built-in current testing

In somedigital circuits Built-in Current (BIC) testingis usedto checkthe quiescent
groundcurrents[74]. This techniqueusesa resistorin the groundrail to corvert the ground
currentto a voltage.In the normaloperatingmodethis resistoris short-circuitedln testmode
thevoltageacrosshe measuringesistoris comparedvith somereferencevoltage.If the qui-
escenturrentis greaterthanthereferencehelC is rejected As BIC testingis arefinemenbf
Ippg testing,it triesto detectrathersmallcurrents Thereforeit is hardto usetheresistancef
the groundlines asthe corversionresistorlike in the |ccq method.Usually in analoguecir-
cuitstheimpedancef the supplyrail andespeciallythe groundrail mustbe very low. Conse-
guentlytheresistorsand switches,asusedin BIC testing,arehighly undesirablen analogue
circuits.

macio-based testing

Macro-basedesting[75] is a formalisedway to testblocksin ananalogudC by feeding
signalsto theinput of eachblock andobservingtheir outputsignals If all blocksaregood,the
IC is considered good.

Macro-basedestingis a variationof functionaltestingthatstill requiresa complicatedest
board,andrequiresmary extra componentgswitchesandbuffers)insidethelC. Macro-based
testingrequiresa thoroughknowledgeof the IC. This is necessaryo know which testsignals
shouldbe usedandwherethe switchesand buffers shouldbe positionedto give a maximum
test coerage of the IC.

analogue scan testing

In [76] ananaloguescantesttechniqueis proposedIn this techniquethe outputsof ana-
loguecircuitsinsidethe IC aresampledThesesamplesare subsequentlghiftedto a testpad
throughananalogueshift register This does,of course putavery highdemandnthetransfer
efficiengy of the analogueshift registerin orderto make surethatthe signaldoesnot degrade.
Thelccqtechniquediscussedn this paperhasthe advantagethatthe shift registeris digital,
so signaldegradationis no issue.lt alsodoesnot requirechangego the circuitsto be tested.
For the analoguescanmethodon the otherhanda sample-and-holdircuit hasto be addedto
eachnodethathasto be monitored.The advantageof the analoguescanmethodis thatit is a
testthat canalso detectparametricfaults. The Iccq methodis intendedas a quick sieve to
reject fulty circuits, it does not guarantee full functionality

Analoguescantestingis in facta variationof functionaltesting.Like macro-basetesting
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it requires both thorough kmndedge of the IC and complicated test haadsv
oscillation-based testing

Oscillation-basedestingis a testtechniquethat during testingconnectghe analoguecir-
cuitsin anoscillatorstructure.The oscillationfrequeng indicateswhetherthe circuit is good
or not. For thistestmethodadditionalcircuitry is neededo turntheanalogueblocksinto oscil-
lators. Furthermorea thoroughknowledgeof the circuit propertiesis requiredto make sure
that structureinto which the circuit undertestis connecteds really an oscillator Also the
dependencef the oscillationfrequeng on processingparametersnustbetakeninto account.
This males this method rather time-consuming to implement.

current test teleniques

Comparingthe Iccq testmethodwith currentmeasuringesttechniqueseemssuperflu-
ous, aslccq testingis a currentmeasuringtechnique But, Iccq is the first formalisedtest
techniquebasedon currentmeasuremerthat not only measureshe current,but alsousesthe
matchingpropertieof circuitsin anlC to find faulty ICs. Thematchingpropertiesareusedby
measuringhe relative insteadof the absolutecurrentin the circuits. As Iccq usesthe match-
ing propertiesof circuitsin ICs to decidebetweengoodandbadICs, no thoroughknowledge
of the IC is needed.

To sumit all up we cansaythatthe mainadwantageof the lccq testtechniques thatit is
parallelto thesupplylines. Thisimpliesthatit doesnotinfluencethe operatiorof thelC in ary
way. It is non-irvasie to thecircuits; it doesnot requireary changego the circuit whosecur-
rentis measuredit doesnot addextra voltagedrop on the supplyrails, andit canmeasurghe
current of one circuit while the whole IC ivking.

lccg in a mass poduction IC

Thelccq testmethodwas verifiedin a one-chipTV processotC [90]. Fig. 111 shavs a
photograplof thelC. A descriptionof oneof thisIC’s predecessorsanbefoundin [91]. This
testvehicleis a mixed-signalBiCMOS IC in which the TV signalis processedy analogue
circuits, whereaghe control partis digital. | ccq wasintroducedin a productionlC insteadof
in atestIC, becausehis makesit easyto generateenoughdatafor (statistical)analysesin
theseanalyseshe testcoverageof | ccq canbe comparedwith the existing (functional) pro-
duction test program.

ThelC containsnearly50,000componentsAbout 30 per centof thesecomponentarein
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Fig. 111 Chip photograph of the one-chip TV processor IC with Iccq capability.

theanaloguepart. Thewhole IC draws a currentof 120mAfrom an8V supply Theanalogue
partconsumed 10mA. The analoguepartis dividedinto 150 basicfunctionalcells. To these
cells 24 Iccq testpointswere added.So on averageeachl ccq testpoint monitorssix basic
functional cells with an averagecurrentconsumptiorof 4.6mA. The Iccq testpoints guard
580component®n average Eachlccq testpoint haseightcomponentsThe read-outampli-

fier and clock generatorcomprise61 componentsSo all in all thereis an overheadof 253

components in the IC. This means that therbead for ¢cqtesting in this IC is 1.8%.

Let’'scomparehatwith the overheadf thescantesthatis usedin thedigital part. Thedig-
ital partcontains475flip-flops. Eachflip-flop hasa four-transistormultiplexer at its input for
the scanpathThis meanghatthe total digital parthas1900componentgor the scantesbn a
total of 33000 components for the digital functions. This is a 588thead.

The Iccq circuitry was shoehornednto the IC of Fig. 111in just a few days, after its
Iccglesslayout had beenfinished, without having to increasethe IC dimensionsThe test
pointswerepositionedsuch thateachtestpoint monitorsapproximatelyequalareasof silicon
andat the sametime approximatelyequalamountsof current.This may not be the mostopti-
mal way of testing,but a bettercriterionwasnot availableat thetime the layoutwasmade.If
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therearemoreoptimalwaysof placingthetestpoints,it mustbe possibleto find theseby ana-
lysing the measurement data.

The IC hastwo analoguesupplypins andoneanaloguegroundpin. The analoguesupply
pins sere a total of seven bond pads,the analoguegroundpin connectso four bond pads.
This splitting up of thegroundandsupplyto severalbondpadsalsoallows the measuremerdf
smallercurrentghanthetotal IC currentat wafertesting.Sooneof the questionghathasto be
answereds whetherl ccq testinggivesa betterfault coveragethansimply measuringhe cur-
rents flaving through the multiplicity of bond pads.

Experimental results of the kg test circuitry

To testthe operationof thelccq testeircuitry, the set-upshavn in Fig. 112wasused.The
collectorcurrentsof the senseamplifier of the Iccq circuitry arefed to two current-to-wltage
converters.The outputvoltagesof the current-to-wltagecorvertersare subtractedandfed to
an oscilloscope.

IC with

lcco

circuitry to oscilloscope

i

Fig. 112 Test set-up to test the correct operation of the Iccq circuitry.

Fig. 113is anoscillogramof the outputvoltageof the subtractorFromleft to right all 24
Iccotestpointin the IC arescannedEachtestpoint generates positive anda negative vol-
tage excursion, as eachtest point is measuredwice with the inputs of the amplifier inter-
changed.At first glancethe figure looks symmetricaroundthe X-axis. But, becausethe
positive and negative excursionsare time-shifted.,it is not really symmetric.No attemptwas
madeto have thesame‘phase”for all testpoints.Sosometestpointshave their positive excur-
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sionfirst, while othershave their negative excursionfirst. This oscillogramwill bedifferentfor
different IC types. Hence it can bgaeded as the I8’Iccq signature.
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Fig. 113 Iccq signature of the one-chip TV processor of Fig. 111.

Fig. 114 compareghe signaturesf threelCs: one defect-freg(Fig. 114a)andtwo with a
defect(Fig. 114bandc). For clarity only the upperhalf of the signaturewith respecto Fig.
113is shown. The fifth measuremenpoint of one faulty device (Fig. 114b)shavs a much
largercurrentthanthefifth measuremergoint of thegooddevice (seearrans). Thefifth meas-
urementspoint of the otherfaulty (Fig. 114c)device shavs a muchsmallercurrentthanthe
gooddevice. On the oscilloscopeonly fairly large deviationsof the currentcanbe discerned.
With an accurate current meter currentidgons belev one per cent are easily detectable.
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Fig. 114 Upper half of the Iccq signature of a good IC (a) and two faulty ICs (b and c).
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The signaturesshovn above measurehe DC currentin the variouscircuit insidean IC.
However, Iccq can also be used forAmeasurements.

Fig. 115 shawvs the Iccq signatureof anIC with AC currentson top of the DC current.
Extrainformation canbe gatheredby looking at e.g. the peak-to-pealamplitude,or the fre-
gueng of the AC component.
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Fig. 115 (a) lccg signature with AC component. (b) Detail.

Althoughin the following only the DC currentwill be usedasa rejectioncriterion, Fig.
115 shavs that kg need not be limited to DC testing.

Experimental results of the kcq test technique

The oscillogramsshavn above weretaken by converting the currentof both collectorsof
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the Iccq outputamplifier into a voltageand subsequentlyaking the differenceof thesewith
an oscilloscope(Fig. 112). The measurementthat are describedin the following were all
madeby usingthe ratio of the collector currents.This allows an accuratecalculationof the
voltage drop in the supply/ground lines (see equation (24).
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Fig. 116 Comparison of the ground rail voltage drop measured
by two Iccq test points in one IC.

The plot of Fig. 116 compareshe voltagedrop in the groundlines as measuredy two
Iccotestpointsin onelC. Thetwo Iccqtestpointsthatarecomparedarein the samelC, and
eachcrossin Fig. 116representgheresultof onelC. Thetotal numberof testedCsis 250. If
all ICs wereperfectlyequal,the plot would have all crossesight on top of eachother Dueto
processvariationsand mismatch,however, the distribution is not a point but ellipse-shaped.
The elongation of the ellipsein the directionof arrov A is causedoy the processvariations.
The width of the ellipsein the directionof arrowv B is causedoy mismatchbetweenthe cir-
cuits. The crossesaroundthe ellipse are rejectedICs. An importantthing to notice is that
besidesall the ICs outsidethe dashedbox, thereare alsoICs inside the dashedbox that are
rejected.The voltagedrop in the groundlines for theselCs is within the normaldistribution

for bothtestpoints.ThereforetheselCs canonly berejectedby comparingwo testpoints(see
also Fig. 103).
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Determination of test limits

Settingthe pass/ail limits of Iccq testingis not a straightforvard procedure First, the
lccq measurementarenot partof the device specificationwith correspondinginambiguous
limits. And secondly thereis no underlyingfault model which unambiguouslypredictsthe
deviation of Iccq measurementsetweengood andfaulty products.Hencelimits needto be
established empirically

With thelccqtestmethodICsin whichthedistribution of the currentsthatflow in thevar-
ious circuits inside the IC, deviatesfrom the normal distribution should be rejected.The
(empirical) procedure to determine the paskliimits is as follavs:

1) Test at least oneafer, but preferably a number ofafers from diferent
batcheswith thefunctionaltestprogramandmeasurell thelccqtestpointsin
all ICs.

2) Storeall functionaltestprogramandlccq measuremerdatain a databasefor
ease of use the ratio of the collector currents measured igdherieasure-
ment is calculated back to theltage drop in the supply line (equation (24))
that each test point monitors.

3) Select the data of theuees that passed the functional test program.

4) Determine the correlatioadtor between the data of all pairs g4 test
points.

5) Selecthepairsof I ccqtestpointswith thehighestcorrelationmakingsurethat
each pcqtest point is present in the selected set.

6) For eachselectegair of Iccq testpointscalculatethe averagevalueof theratio
of their measurement data. Eaglpd, test point generates a number that is
equialent to the @ltage drop in the ground rail. In this calculation the ratio of
thevoltagedropsmeasuredby theselectedsetof | cctestpointsis determined
for each IC. If the sltage drop measured bydgtest point m is designated
Vm, andif Iccqtestpointsmandn arein theselectedsetof testpoints,theratio
V/V, is calculated for each IC inddually. After that the gerage alue of
V/V, is calculated for all the ICs in the database.

7) Return to the full database that includes the rejectddete

8) Empirically determine the maximum ailable deiation from the gerage
value for each selected pair @{dg test points that on the one hand rejects as
mary devices that diled on the functional test program as possible, and on the
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other hand rejects asWelevices as possible that passed the functional test pro-
gram. The maximum aNeable deiation can be diérent for all pairs of test
points. For one pair of test points a maximunvidgion of, say3% may be
optimal, while for another pair adation of 2% may be optimal.

With the testlimits that have beendeterminedwith the procedureabore, new waferscan
betested.EachIC in which the V/V,, ratio of one (or more)testpoint pairs deviatesmore
than the empirically found maximum aNable deiation, is rejected.

Inter pretation of test results

ICs thatarerejectedby the testprogramcanbe divided into threesub-populationstccq
rejects,|p rejects(testof the total power supply current)and FTP rejects(functionaltestpro-
gram). The functionaltest programincludesthe structuraltestsfor the digital part of the IC
(scantestand Ippg). Fig. 117 shavs a Venn diagramof the total populationof wafer test
rejects.

av

Fig. 117 Venn diagram of rejected ICs.

Iccq testingcanbe considereceffective if thereis a large overlapin detectionof faulty
productsbetweerl ccq testsandthefunctionaltests(areasC andD). If this overlapis maxim-
ised, ideally to 100%, the correspondinganaloguetestsare redundantand can be removed
from the functionaltestprogram.And evenif this is not the case examiningthe partswhich
fail onboththe FTPandthelccqtestmayrevealasubsebf testswhich areredundanandcan
thus be remeed from the functional test program.

Anotherinterestingquantity at wafer testis the ratio of numberof rejectsdetectedwith
Iccqteststo thatdetectedwith the corventionall, (power supplycurrent)test(areaD andF).
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As Iccqtestingcanbe consideredefinemendf Ip testingthe areasE andG shouldbe empty
whereas areas A and C should contaimfiore rejects than areas D and F

An IC shouldonly berejectedf it is functionallybad.ThereforeareaA shouldbe (nearly)
zero.However, therearereasonsvhy Iccqtestingcanbe effective, evenif areaA is notzero.
These will be discussed later

In thefollowing thetermhit-ratewill beusedto indicatethe effectivenesof thelccqtest.
Thehit-rateis definedastheratio of numberof defectve circuitsfoundby | ccqdividedby the
total number of defeaté circuits. Ideally the hit-rate should be equal to one.

| ccq effectiveness at wafer testing

Two experimentswere performedto seehow effective the I ccq testmethodis in finding
faulty ICs during wafer testing.

first xperiment

For thefirst experimentthetestlimits weredeterminedn 250sampleswvith the procedure
describedhbore. With thesetestlimits a batchof waferswastested Fig. 118 shows the distri-
bution of 1000rejectsof the wafer test programof this batch. The diagramshaws that the
functional test program (FTP) rejects 99.3% of all the rejectedICs. The Iccq test detects
42.7% of thedulty ICs.

The power supplycurrenttest(lp) detects10.5%of thefaulty circuits. So,all in all, Iccq
detects four times moraifing ICs than paer supply current testing.

&

lcco

Fig. 118 Venn diagram of 1000 rejected ICs (first experiment).
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second gperiment

Theresultsof Fig. 118 wereobtainedoy comparingthe bestcorrelated ccq testpointsin
onelC. However, asmorebatchesveretestedjt soonbecameclearthatunlessthe testlimits
are setratherwide for somebatchesthe numbersif Iccg-only rejects(areaA of Fig. 117)
becomesainacceptabhhigh. Thereasorfor thatis thatthe biasgeneratiorof the variouscir-
cuitsin the IC is not identical, so the matchingpropertiesof thesecircuits are not optimal.
Thereforea switch was madeto comparingthe currentsthroughidentical circuit in adjacent
ICs on the wafer. Making this switch implies that settingthe testlimits becomessomevhat
easierasit is nolongernecessaryo find the bestmatchingtestpoints. This meanghatsteps4
and 5 of the procedure to find the test limits are no longer necessary

The resultspresentedabore were obtainedby taking the currentratios of the Iccq test
points for a nominal bias setting.A refinementof the testmethodintroducedin the second
experimentwasto setthe supplyvoltageof the IC to the maximumthatthe IC canwithstand
(9V), while atthe sametime overruling the (internally generatedjeferencevoltageof 4V by
anexternalsourceof 5V. Thisway defectsin the ICs have amaximumstresssothe chanceof
findingfaulty ICsis increasedFig. 119shavsthedistribution of 23,600analogueejectsgath-
ered from fve batches.

Fig. 119 Venn diagram of 23,600 rejected ICs of five batches (second experiment).

As canbe seenin Fig. 119the total amountof faulty ICs foundby Iccqis increasedy a
few per cent (from 42.7% to 45%) by the changes made to the original test approach.

Fromthe above resultsit is clearthatthe hit-rateis not equalto one.This doesnot mean,
however, thatlccq testinghasno significancelf the lccq testis performedat the startof the
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testprogramandthetestprogramis abortedmmediatelyupondetectionof afailure,the aver-
age test time can be considerably reduced.

Analysis of Iccq test data of ten batches

The testmethodas usedin the secondexperimentdescribedabose was usedto testten
batches of the one-chip TV processor IC. Beém analysis of the test results igegi.

1) Correlation betweerttgand |,
Nearlyall deviceswhichfail thecorventionall , testalsofail thel ccqtest.This
is to be &pected sincedcq can be considered a refinement of fheest. A
ratio of 2.7wasfoundbetweerthenumberof Iccqrejectsandthenumberof I,
rejects. Seeing that there are g4 test points and the een |, test points
(ratio 3.1), the increase in hit-rate is almost linear with the number of test
points.

2) Correlation of ¢cqand indvidual 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/&1i0% correla-
tion with Iccqtesting[84]. However, this couldnotberepeatedvith this exper-
iment. Thehigherthenumberof rejectedsamplesthelowerthenumberof tests
that hae a 100% correlation withtbo

3) Iccghit-rate \ersus vafer yield
There is a high dgee of correlation between thefer yield and thedcq
hit-rate. If the yield of a particularater decreases, thgdg hit-rate increases.
In this experiment the correlation cdifient was -0.97. This means that if the
average yield of a batch is 90% and thgd hit-rate is 45%, a afer with a
yield of 81% (i.e. 10% laer than theeerage 90% yield) will hae an kcq
hit-rate of 49.4% (i.e. 9.7% higher than thvermge 45% hit-rate).

4) Local kgcq hit-rate
The global ¢ 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 égperiments the global
hit-rateswere42%and44.3% respectiely (Fig. 118andFig. 119).Thedesign
of the one-chip TV processor IC combines six subsystems (or macros) to form
thecompletelC. For the purposeof optimisingthe placemenbf Iccqcellsit is
interesting to iMesticate the hit-rate per macrooour of the ten batches it
was eamined what the hit-rate of thgdq test points of a macroas. In this
experiment the localdcq hit-rate is defined as the ratio of rejects found
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through gcqtest points of a macrowdded by rejects found by the macro-spe-
cific tests for that macro of the functional test program. This subsequently
compared with the number qfdq cells for that macro. The result of thisisv
thatthereis atrendthatmorecellsleadto ahigherlocal Iccq hit-rate. Thisis in
line with theobsenationin item 1) above: themorel ccqtestpoints,the higher
the hit-rate.

5) Simplified vafer test scenario
A highlccq hit-rateis interestingfrom the point of view of testcostreduction.
ForananalogudC of thiscompleity along averagetesttime is commonplace.
Thisis primarily dueto theanaloguegestsperformedon goodparts.Thusa sig-
nificant saing in test time can be achid when a number (or all) of the ana-
loguetestsareremoved. An analysisvasmadeon five of thetenbatchef the
global lccq effectiveness, when performing onlydqg and the digital tests of
the functional test program. In otheords, the test programas reduced to
scan testing,gpq testing anddcqtesting. The percentage aiufity devices
which are not detected with this stripped test programveltdithe total
number tested turned out to be 2.9%. In othendw, vafer test yield will
increase by this amount and final test yield will reduce by the same amount.
Whether the reduction of the test costs thaijbrings (thanks to the reduced
test time and hardave) outweighs thexéra costs that are made due to the
scrapping of mounted diees, depends on the cost structure of théewand
assemblydbs.

6) Iccgonly rejects

The number of rejected ICs whichilfonly in the gcqtest ranged from less
than 0.1% to 2.2% per batch. These can be classified in fogpdete

1) products whichdil the final test program

2) products whichdil life-tests

3) defectve Iccq test circuit

4) yield loss (i.e. good ICs that are rejected)
Thefourth category shouldbe empty asevery needlesslyejectedC limits the
potential financial profit that can be made on the IC.
The third catgory should be treated bka fwulty IC. The &ct that there is a
defectin thelC, eventhoughit is seeronly in thelccqtestcomponentsmeans
that it is suspect and therefore it should be rejected.
The first tvwo catgories, havever, are benefits of the:tg methodologyThe
first catgory will save on packaging cost, while the second will inyerthe
quality, as fever ICs will break dan after operating for just a short time. The
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first two categories will be discussed in thextesections.

| ccq effectiveness at final testing

Wafertestprogramsusuallycover lessfunctionality of anIC thanfinal testprogramsThis
is dueto the factthat during wafer testinglong probesconnectthe IC to the testequipment.
Thismakese.g.high-frequenyg or small-signabperatiorvery difficult. Thefinal testinterface
is more lilke a real-life application, so that all of its functionality can be abeck

To examinethe ability of Ic¢q testingto find faulty ICs, thatwill passthe wafertestpro-
grambut fail thefinal testprogram,1521ccgonly rejectswerepackagedandput throughthe
final testprogram.Of thesel521Cs 54 wererejectedby thefinal testprogram Fromthisit can
be concludedhatlccq detects36% of the faulty ICs that passthe wafer testprogram.Sothe
yield lossdueto Iccqtestingis not equalto the 0.3%I ccq-only rejects(Fig. 119), but 0.2%.
The yield loss can be consideredeven lower if Iccgonly rejectsappearto have reliability
problems.

lccq as a eliability test

Oneof thereasonsvhy anIC mayfail onlccq but passthe final testprogrammight be
thatthereis aweakspotin the IC. Sucha weakspotmay notimpair the normal operationof
the device, sothatit passeghe final testprogram.But this weak spotmay severely limit the
life-time of thelC. To checkthis hypothesis 32 sampledrom the 98 thatwerenot rejectecby
thefinal testprogram,in the experimentdescribedabove, wereput on a life-test. As a refer-
encegroup 32 sampledrom the normalproductionflow weretaken. After 168 hoursof high
temperaturestresstestingboth groupshad one failing device. So it mustbe concludedthat
Iccgonly rejects are not especially suspect for early-&fiife.

I ccg and boundary scan testing

During final testingoneof the problemsencountereédh anlC with severalbondpadscon-
nectedto one groundor supply pin is how to ascertainwhetherall bond wires are present.
Iccq detectedall ICs in which one suchbond wire was (deliberately)removed. This also
meanghatlcclike circuitry canbe usedin boundaryscantestingof a printedcircuit board.
Heretheproblemis to find groundandsupplypinsthatarenot correctlysolderedo theboard.
As all groundandsupplypins areusuallyall connectedo a power grid insidethe IC, this is
notaseasyasit seemslf oneor moresolderjoints arefailing, the IC will probablystill work.
But, asthecurrentis flowing throughfewer pinsthingslik e substratéoouncemayleadto prob-
lems, or electromigratiormay occur after the IC hasbeenrunningfor a while. As Iccq can
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find broken bonding wires it should also be able to dettin§ solder joints.

Futur e reseach

Althoughthefirst resultsof |ccq look very promising,the hit-rate (i.e. the ratio of faulty
ICs detectedby Iccq andthe functional test program)is not (yet?) high enoughto replace
functional testing bydcqtesting.

Oneway to improve the hit-rateis to definea goodstratgy for selectingthe measurement
points. In the IC describedabore an attemptwas madeto monitor approximatelyequal
amountsof both silicon areaand currentfor all testpoints. Comparingthe characteristic®f
the circuits that are monitoredby a test point with the hit-rate of that testpoint shouldgive
some clues as to tvato improve the test point selection strgye

Conclusions

In this chaptera testtechniquefor analogueVLSI circuitswaspresentedhatusesthe cur-
rentdistributionin anlC to separatggoodandbadICs. The currentsaremeasuredy measur-
ing the voltagedrop that the supply currentscausein the supplyrails. Normally the voltage
dropin the supplylines is consideredan undesirablesffect, but as aluminium supply lines
arent superconductorsherewill alwaysbe somevoltagedropacrosshem,if supplycurrent
is flowing. So an déct 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 whosesupply currentsfall within the normal
distribution can be detected.

Thelccqtesttechniqueoffers opportunitiesfor substantiabaving of thetesttime of large
analogueandmixed-signalCs. For the IC describedabore thelccqtesttimeis only 40ms,as
opposed to a functional test time of 5s.

Thelccqtestmethodis non-invasive to thecircuitin thelC: it canbeaddedo anlC with-
out the needfor ary changedo the circuits that are monitored.As the |ccq monitorsarein
parallelto thesupplylinesthey neitherload norinfluencethecircuitsin arny way. Thisalsohas
an advantagewhen persuadinganaloguelC designerdo usethis test method.No analogue
designetik esto adapthis circuit for testoptionsonceshe/hehasthe designfunctionallyupto
spec.
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appendix A

Simple noise analysis on the awuit of Fig. 29

Thecircuit of Fig. 29 (without the capacitor)canberegardedasanactive loadresistorof a
transconductorin this appendixa simplenoiseanalysiswill be doneon the circuit of Fig. 29
to get some feeling for its signal-to-noise ratio with respect to that of ag#ssil resistor

Inspectingthe circuit of Fig. 29, it canbe concludedmmediatelythatthe componentsn
the shadedareaarenot contrikuting to the differentialoutputnoisevoltage.This is dueto the
factthatthey arein thecommon-modgath.Only Tz will have a smallcontritution to the dif-
ferentialoutputnoisevoltage,asits noiseis not exactly 100%correlatedo its counterparin
the otherhalf of thecircuit. However, its contritution to the differentialoutputnoisevoltageis
negligible comparedo the contritution of T,. So,for a simplenoiseanalysisonly the contri-
bution of T; and T, has to be considered.

Fig. 120 shws the resulting circuit on which the noise calculation is performed.

lce3

lce1 (Y £ lce2
_/ \_/
out

Fig. 120 Equivalent circuit diagram for simple noise analysis.

As thisis a simplenoisecalculation the 1/f noiseandbaseresistancareneglectedin the
following calculation.With theseassumptionsthe power spectraldensity(PSD) of the noise
currentsourcess S(i,) = 2qlg andthe PSDof the noisevoltagesourcess: S(v,) = 2kTrg [37].
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The outputnoisevoltagegeneratedy T, in asignalbandwidthB is (notethatthe output
noise wltage is calculated on the base node9f T

2 el cel l’ellj
Vi out, T1 = 4kTBD}———rel ag el+7% (25)

As thetermwith ree is a factorof qVga/KT greaterthanthe termwith agqreq, the terms
with req will be neglected.Only the influenceof the noise current sourceand the collec-
tor-emitterresistancewill be calculatedn therestof this analysis.In Fig. 120it canbe seen
that the total output noise@liage is generated by the parallel connection;adrid . So,

2 202 , .2
Vn, out — ((O(elrcel) I (aez(rcezllrces))) Hnl"’ 'nzg (26)

Fromequation8 it follows thatthe resistve termin this expressionis identicalto the half
theresistancef the prototypecircuit (the calculationsofaris for only onehalf of the differen-
tial circuit).

(Cerrcen) 1 (@eplreeallices)) = 5 @)

As the DC basebiascurrentof T, is deliveredby T4, their input noisecurrentsourcesare
identical. This, combinedwith the simplificationof equation27, yields the outputnoisevol-
tage of the complete dérential circuit, after multiplying by attor of two.

2
Vi tot = D %'nlﬂ (28)

Equation 28 can bewgitten as:

_— 2
V2 o = 2KTB—R (29)
' Oeplen
The noise wltage of a paseeé resistance withalue R is:
V2 o = 4KTBR (30)
Combining equations 29 and 30 yields:
2
\%
pot - R (31)
Vr%’ R cxelre]_
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The degradationof the total outputnoisevoltageis equalto the squareroot of equation31.
With the processlataof Table3 the degradationfactorequal25 (28dB). Thedegradationfac-
tor is independenbf the biascurrent,asboth the resistancer of the passve network andthe
biascurrentof thetransistorcircuit (andhencer,) have alinearrelationshipwith thetime-con-
stant.A simulation(without 1/f effect) of the circuit of Fig. 29 shaved a degradationof the
output noise oltage of adctor of 28 (29dB).
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appendix B

Mixed-signal quadrature demodulator
with a multi-carrier r egeneration system

Thefollowing pagesof this appendixareareprintof [62]. It describesnalternatve to the
quadraturedemodulatorof the chapter4, with a lower specification.In making the system
describedn [62] it wasassumedhatthe spectrumof the (co)sineoutputsof the quadrature
generatowaswhite noise,andthatthis noiseshouldbe 50dB below the carrier For standard
video signalsthis is an adequateassumptionFor more critical signals,however, this is not
goodenough.The spectrumof the (co)sinelooks like white noiseto a large extent, but there
area numberof discretefrequenciesvhich aredominant.Thesediscretefrequenciesangive
riseto faintly visible line structureson the TV screen.Thereforethe designof chapterd was
madeaiming for a suppressiomf the dominantfrequenciesn the (co)sinespectrumof more
than 55dB [63]. This led to the use of 8-bADs, instead of 6-bit ACs.

Apartfrom thespectheconstructiorof thedemodulatoitself waschangedThe maindif-
ferencesdetweenhe two demodulatorarearoundthe DACs. In the designof [62] multiply-
ing DACs wereused.However, thesehave the disadwantagethat not only the contentsof the
analoguenput signalaroundthe clock frequeng, but alsoaroundthe multiples of the clock
frequeng, aredemodulatedo thebasebandThis maygive a strongdeterioratiorof the output
signalwhenthis circuit is addedo alargersystem Crosstalkirom therestof the systemto the
input of the demodulatomwill resultin a poor signal-to-noise-plus-spuriousatio. On top of
this, the useof 8-bit (insteadof 6-bit) multiplying DACsin the designof [62] would leadto an
unacceptable increase of the circuit area.

The tracking/acquisitiorrangewasincreasedrom 500Hz (usedin the designof [62]) to
700Hzin the designof chapter, to guarante¢hatevenif the24MHz clock frequeng is afew
hundred Hertz dftarget, the colour decoder canvalys lock to the incominguost.

Thesechangef insightled to significantdifferencesbetweenthe demodulatorof [62]
and chapter 4.
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Brief Papers

Mix ed-SignalQuadraturddemodulatomwith a Multicarrier RegeneratiorSystem

JoopP. M vanLammererandRoy W. B. Wissing

Abstract—This paper presents a combined analog/digital
demodulation systembuilt around a (PLL) with digital carrier
regeneration.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—deltacorverter that converts
the (quasi-dc) output signal of the PLL’s phase detector into a
bitstream. The PLL's loop filter doublesasa decimation filter for
the bitstream. The analog | and Q output signalsare obtained by
multiplying the analoginput signal with the digital output signal
of the PLL in two four-quadrant multiplying digital-to-analog
corverters.

Index Terms—Mixed-signal integrated circuit, PLL, videosignal
processing.

I. INTRODUCTION

HIS paper describesa mixed-signalphase-lockd-loop

(PLL)-based quadrature demodulator with a pro-
grammablecarrier frequeng. The PLL is narrov-band to
prevent locking to spuriousfrequeng componentsnear the
carrierfrequeng. This kind of PLL is neededn mary appli-
cations.This paperdescribesa designspecifcally madefor a
PAL/NTSC color television.

Fig. 1shavsthetime-domaimepresentatioandthespectrum
of aTV signal.Thestartof eachline is signaledwith asynchro-
nization(sync)pulse Thepictureinformationis carriedasacom-
binationof a luminancesignalanda chrominancesignal. The
chrominancesignal containsthe color information,quadrature
modulatednasubcarrierTheamplitudeof thesubcarrieis de-
terminedby thesaturatiorof thecolor, andthephaseof thesub-
carrierisdeterminedy thecolortint. Asthephaseof thesubcar-
rier carriesinformation,it is necessarto haveanabsolutgphase
referenceThisreferencés presenatthebeginningof eachine:
theburst.With aPLL thatis closedduringthebursttimeandopen
duringtherestof theline time (soits oscillatoris free-running),
ademodulatofor thechrominancesignal(alsocalledcolor de-
coder)canbemade For NTSCsignalsthe phaseof theburstis
alwvaysthesameFor PAL signalsthe phaseof theburstof one
line leadswhile thenext lagsby 45°. So for PAL thePLL must
follow theaveragephaseof two successie bursts.

Thesignalshovn in Fig. Lisjustoneline. AsaTV signalis
composeaf 156250r 15734linespersecondPAL or NTSC),
the spectrumcontainsstrong componentsat multiples of this
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Fig.1. TV signalin (a)time domainand(b) frequengy domain.

line frequeng, all the way up to the upperbandlimit of the
chrominanceandluminancesignals.The PLL of the demodu-
lator mustnotlock to ary of theseharmonics.

Therearefour differentsubcarriefrequenciesn usearound
theworld. Theharmonicof theline frequeng of onesystenctan
bejustafew hundredhertzaway from the color subcarrieffre-
queng of anotherThereforethelock-in rangeof thePLL must
belimited to about500Hz. With abiggerlock-in rangethePLL
maylocktoamultipleofthelinefrequeng of onesystemmaking
thelock detectorof thePLL thinkit haslockedto acolorcarrier
of anotherThisis ahighly undesirableituation,asit makesau-
tomaticdetectiorof thecolorsystermrbeingreceved impossible.

1Il. TRADITIONAL ANALOG PAL/NTSC COLOR DEMODULATOR

Thetraditionalway of makinga PLL thatfulfills therequire-
mentsdescribediboreis shavnin Fig. 2. Thecoreof thePLL is
aquadratureroltage-controllectrystaloscillator(VCXO). The
VCXO hasone(external)crystalfor eachof thecolorsubcarrier
frequenciesWhich crystalis connectedo the VCXO is deter-
minedby anidentificationcircuit. Thisidentificationcircuitis a

0018-9200/00$10.0© 20001EEE
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lock detectowith someextraintelligence Thecosineoutputof

theVCXO is connectedo amultiplier thatmultipliesthecosine
with theincomingsignal. This multiplier (or phasedetector)is

onlyactiveduringthebursttime. Theoutputof thephaseletector
connectso alow-pasdoopfilter. Thisfilterisaserieconnection
of acapacitoC1)andaresistor(R1). Theresistorintroduces

zeroin thefilter transfetoimprovethestabilityandock-inspeed
ofthePLL. CapacitolC2suppressebephasehangesfsucces-
sive burstsfor PAL signals Theoutputof theloopfilter is fedto

thefrequeng controlinputof theVCXO. Apartfrom thephase
detectorthequadratureutputsof theVCXO alsodrivetwomul-

tipliersthatdemodulatehe chrominancesignal After low-pass
filtering theoutputsof themultipliers,thequadratureutputsig-

nalsareavailablefor furtherprocessing.

1.

ThePLL describedboveis averyreliableandrobustsystem
but hasa severenontechnicatiravback:total systemcost.Each
of the four possiblesubcarrierfrequenciesrequiresits own
crystal.As thesecrystalsmustbe cut suchthatit is possibleto
detunethemslightly from their nominalfrequenciesthey are
moreexpensve than“normal” crystals.

ThereforeaPLL with only onecrystal,preferablya nontun-
ableone,wouldbringsignificantcostsavings.|If suchaPLL can
run on a fixed-frequeng crystal,this alsomeanst canrun on
thesystenxlock, if it is partof alargersystemln thelattercase
the PLL turnsinto a no-crystalPLL. If the externalloop filter
canalsobeintegrated the costsaving will be evenhigher

The requirementson the new demodulatorcan be listed as
follows, orderedby importance.

1) Keepthecircuit behaior identicalto the analogdemod-
ulator Theanalogsystemperformswell enoughpnly its
costis too high.

Eliminatetheneedfor tunablecrystals.Thetunablecrys-

tals are the most important cost factorsof the analog

system.The systemto which the demodulatorwill be
addedhasa clock frequeng of 24 MHz. If possiblethis
frequeng shouldbe used.

Do notdigitize theinput signal. The demodulatois part

of an analogsignal processingsystem.If only one cir-

cuit in the signal-processinghainis digital, this means
that an analog-to-digitalcorverter (ADC), anti-aliasing
filter, digital-to-analogconverter(DAC), andreconstruc-
tion filter will be necessaryo connectthe color decoder
to therestof the system This overheads importantasit
increaseshe costof the new design,makingit harderto
competewith the analogdemodulatar

Integratethe externalloop filter. The costof the external

componentss not high, but eliminating the loop filter

doesreleasea pin of the IC. In signal-processingC'’s,
pinstendto be very precious,ason the onehandmary
pinsarerequiredo provide maximumflexibility, whereas

on the otherhandthe numberof pins mustbe keptto a

minimumfor costreasons.

5) Avoid critical analogcomponentsand subcircuits.This
is a “nice-to-have” requirementhatwill male the inte-
grationof the new circuit in a biggersystem,aswell as
portability to anothemprocesseasier

REQUIREMENTS ON THE NEW DEMODULATOR
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Fig.2. TraditionalanalogPAL/NTSC color demodulatar

IV. THE NEw DEMODULATOR

Whendesigninghenev demodulatarit isimportantto bear
in mind thatit is part of an overall analogsignal processing
systemA puredigital PLL [1] requiresdigitizationof theinput
signalandD/A conversionof theoutputsignal. Theoverheadf
thecorvertersis suchthata systembasedn a puredigital PLL
wouldrequirefar moresiliconareathanthemixed-signatesign
thatwill beproposedaterin thissection.n [2], adiscrete-time
oscillator (DTO)-basedmixed-signalquadraturedemodulatar
which doesnot requiredigitization of the input signal, is de-
scribed.However, in [2], the outputfrequeng of the DTO is
controlledby meansof a VCXO. An analogPLL, insidethe
overallPLL, filtersthedesiredsubcarriefrequeng components
outof thespectrungeneratedby theDTO. Sothis solutiondoes
not meetitems2) and5) of ourlist of requirements.

As the analogsystemshaws a very good performancethe
new mixed-signaldemodulatowas designedwith a topology
that follows the analogsystemas muchaspossible[3]. Fig. 3
shaws the block diagramof the new design.The voltage-con-
trolled oscillatorhasbeenreplacedby a direct digital synthe-
sizer(DDS)[4]. A DDS(Fig.4)isacircuitthatcomposeaDTO
whoseoutputis corvertedinto sineandcosineoutputwordsby
meanf lookuptables(LUT’s). Thesubcarriefrequeny isse-
lectedby settingthevalueof K,.m, andthedeviation from the
nominal frequeng is determinedby input signal Kp;. As the
sineandcosineareidenticalfunctions,but with atime shift, the
LUT's dono't needto storecompletecyclesof bothfunctions.
Two LUT's, both storing one-eighthof a cycle, areenoughto
retrieve the full sineandcosinewaveforms[5]. The DDS runs
on a 24-MHz clock andis 24 bits wide to attainthe required
frequeng resolution.Theoutputword width of theLUT’s only
needbe six bits for sufficient suppressiomf the spuriousfre-
quenciegeneratedy the DTO.

In a puredigital PLL, the phasedetectorwould be a digital
multiplier that multiplies the cosineoutputsignal of the DDS
with the digitized input signal. However, as statedabove, the
input signalshouldnot be digitized in the new system.There-
fore, the phasedetectorof the analogsystemis replacedby a
multiplying DAC in thismixed-signaPLL. A multiplying DAC
is onethat multiplies the analoginput signalby a digital word
andoutputsananalogsignal.A multiplying DAC canbe made
by a connectingheinput signalto aresistorstring. The output
signalis madeby connectingoneof thenodesn thestringto the
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Fig. 4. Block diagramof the directdigital synthesizer

outputnodeundercontrolof thedigitalinputword[6]. Asamul-
tiplying DAC is aratherbig circuit in comparisorto the phase
detectorin the analogcircuit, onemultiplying DAC is usedfor
boththe demodulatiorof the Q-signalandthe phasedetection.

The ADC attheoutputof thephaseletectoiis a sigma—delta
converter The phaseerroris a quasi-dcsignalwhenthe PLL
is locked. Whenthe PLL is not in lock, the frequeny of the
phaseerror signalis maximally twice the catchingrange(i.e.,
1000 Hz) for NTSC signals.For PAL signals,the maximum
frequeny ishalf of theline frequeng f (duetothealternating
phase)Astheclockfrequeng is24 MHz, theoversamplingate
is high enoughto work with a 1-bit sigma—deltaorverter[7].
Theinput structureof the loop filter canactasthe decimation
filter for the sigma—deltaconverter'sbitstream.

Theloopfilter is a completelyintegrateddigital filter, so the
externalcomponent®f theanalogsystemarenotneededn the
new system.

Fig. 5 shavs the spectrumof a numberof signalsin the
mixed-signaldemodulatar The DTO generatesa very wide
spectrumasthereis nosimplerelationbetweerits clock andits
outputfrequeng. The LUT’s actasvery sharpbandpasséilters
thatremove all frequenciesexceptthe desiredcolor subcarrier
frequeng. As the systemis discrete-time,some frequeny
componentsaroundthe clock frequeng (and its harmonics)
will remain. The output spectrumof the multiplying DAC’s
containsthe down-corverted chrominanceinput signal, with
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its mirror imageat two timesthe subcarriefrequeny (andthe
spectrumaroundthe clock frequeng andits harmonics)The
low-pasdfilters atthe outputsof themultiplying DAC’s remove
all the undesiredfrequeng bands,so only the quadrature
demodulatedhrominancesignalsremain.

V. REQUIREMENTS ON THE DIGITAL LOOPFILTER

ThePLL loopfilter is animportantcomponenfor theoverall
systemperformanceAs the externalloop filter of the analog
systemis both costly and proneto picking up interferencejt
was replacedby a fully integrateddigital loop filter in the new
design.Looking at the loop filter of the analogcolor decoder
PLL, sixfunctionscanbedistinguishedor thedigital loopfilter.

1) Act asintegratorfor a (theoretically)infinite openloop
responseat dc to obtaina zero steady-stat@haseerror
(equivalentto C1 of theanalogloop filter).

2) Introduceazeroin thephasecharacteristi¢equivalentto
R1 of theanalogloop filter).

3) Suppressheburstswingin PAL mode(equivalentto C2
of theanalogloop filter).

4) Act as a decimationfilter for the corversion of the
24-MHz bitstreamfrom the sigma—deltanodulatorinto
low-passfiltered two’s-complementdigital words with
therequiredresolutionanda lower samplingfrequeng.

5) Provide the color decoderPLL with enhancedoop gain
in theacquisitionmode.In the analogcolor decoderthe
acquisitionmodeis switchedon by increasinghegain of
the phasedetector In this mixed-signalPLL, the gain is
increasedn theloop filter.

6) Limit thetuningrangeof thedigital quadraturgenerator
to +500Hz by limiting theoutputsignalof thedigital loop
filter.

VL

The block diagramof the loop filter for the color decoder
PLL is shavn in Fig. 6. The up/dovn counteractsasan in-
tegrator (requirementl). A register that samplesthe output
of the up/davn counterat a lower clock frequeny acts as
down-samplingfilter (requirement). The differentiatorintro-
ducesa zeroin the transfercharacteristidrequiremen®). The
averagersuppressethe PAL burstswing (requiremeng). The
tuning rangeof the quadraturegeneratoris restrictedby the
frequeng limiter (requirement6). Requirements is met by
switching the stepsize of the stepswith which the up/davn
countercountsup or down.

Theinput bitstreamcontrolsthe directionof the countingof
the up/dovn counter;a digital “1” increaseghe countercon-
tentsby 1 LSB, while a“0” decreasethe countercontentsby
1 LSB. As the counteris never reset,the low-frequeny phase
error codedin the bitstreamis integratedin the counter In ac-
quisitionmode theup/davn countercountswith stepsof 4 LSB
insteadof 1 LSB.

Astheup/davn counteractsasanintegrator in thefrequengy
domain, a low-passcharacteristids obtained.Therefore,the
up/davn counterdoublesasa preiilter for the down-sampling
processThe 24-MHz bitstreamis corvertedinto digital words
by the up/davn counter and the quantizationnoise in the

THE LOOP FILTER CONFIGURATION
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Fig. 6. Block diagramof the digital loop filter.

bitstreamis low-passfiltered. The 2f,. componentghat are
inherently presentat the output of the phasedetectorare not
filtered before digitization by the sigma—deltamodulator
They will be correctly codedinto the bitstreamand will be
suppresseby theintegratingactionof the up/dovn counter

Whenchoosingalowersamplingfrequeng for theremaining
part of the digital loop filter, the maximumoutputfrequeny
of the usefulsignalof the phasedetector(andthe sigma—delta
modulator)hasto be consideredThis maximumis determined
by the [ /2 burstswingduring PAL reception As thereareno
signalcomponentigherthanhalf theline frequeng, theline
frequeny waschosenasthe samplingfrequeng of the digital
loop filter.

VII.

Thesystendescribedibore hasbeenintegratedn aone-chip
TV processoiC (Fig. 7). The one-chipTV processoris an
analogsignal-processingC thatcontainsall functionsneeded
to make an analogTV, exceptthe tunerandpower amplifiers.
ThelC is madein a0.644m BiCMOS processA descriptionof
oneof thisIC’s precursorsanbe foundin [8].

CIRCUIT REALIZATION

Vil

Fig. 8 shawvs a standardEuropearBroadcastindJnion color
barinput signalandthe demodulatedutputsignals.The B-Y

EXPERIMENTAL RESULTS

Fig.7. Die photoof aone-chipTV processowith themixed-signahuadrature
demodulatar

andR-Y signalsarethel- andQ-outputsignalsof thequadrature
demodulatarrespectiely.
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VAN LAMMEREN AND WISSING: MIXED-SIGNAL QUADRATURE DEMODULATOR
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Fig.9. Outputspectrunof thedemodulatowith acontinuoust.4-MHzinput
signal.

TABLE |
SYSTEM CHARACTERISTICS

process 0.6um BiCMOS

area 0.33mm? (analogue)
0.78mm? (digital)

supply current 6mA @ 5V

clock frequency 24MHz

subcarrier frequencies 3.575611MHz (PAL-M)
3.579545MHz (NTSC-M)
3.582056MHz (PAL-N)
4.433619MHz (PAL-B,G,I)

catching/holding range +/-500Hz

SNR 54dB (peak-peak signal to rms noise)

Fig. 9 shaws the spectrumat the outputof one of the mul-
tiplying DAC's with a continuous4.4-MHz sine wave on its
input.Usingthistestsignalinsteadbf anactualTV signalmeans
thatthe spectrumdoesnot shov a componentt eachmultiple
of theline frequeng. The spectrunshavs the 8.8-MHz double
carrierfrequeng (2/,.) andthedc componenthatarisedueto
the demodulatiorprocesssin? (we.t) = 0.5(1 4 cos (2wsct)).
Apartfrom theserequenciesalsoa4.4-MHzcomponents vis-
ible. This componenarisesdueto offsetin thecircuits’ driving
themultiplying DAC's. Thestrongesspuriousfrequeng in the
passband), . .., 1 MHz) isat800kHz. Thisfrequengy isnearly
50dB down with respectothe2 ;. signal.ln thismeasurement,
the2 f.. signalis takenastheamplitudereferencensteadof the
dcsignal.Bothhavethesameamplitudeafterdemodulationbut
thespectrunanalyzerdoesnotgive acorrectreadingfor dcsig-
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nals. The other spuriousfrequenciesare outsidethe passbanc
andwill beeliminatedby thelow-pasdfilter atthe outputof the
multiplying DAC.

Visual tests shav that the performanceof the presented
quadraturedemodulatoris on a par with that of traditional
demodulatordor standardvideo signalsand standardviewing
conditions.A higherperformanci.e., lower spuriouscompo-
nentsin the output signal) can be obtainedby increasingthe
numberof bits in the LUT’s and the DAC's. Increasingthe
clock frequeng will also male it easierto reduceunwanted
frequencies.

Tablel shavs somemeasuredtharacteristicef the quadra-
ture demodulatosystem.The measurementesultsare similar
to that of a traditional analogsystem[9]. Although the new
systenoccupiegwo timesmoresiliconareathanthetraditional
systemit is very cost-efective thanksto the high costsavings
on the external crystalsand the loop filter. In the traditional
systemthecatching/holdingangeis determinednainly by the
characteristicef theexternaltunablecrystal.ln thenew system,
the catching/holdingangeis determinedby the limiting value
of thelimiter at the outputof the digital loop filter. Therefore,
thenew systemshaws a lower spreadon this parameter

IX. CONCLUSIONS

A multicarrier quadraturedemodulatorsystemhasbeenre-
alizedthat combinesthe bestelementsof the analogand dig-
ital worlds. The datapathis analog,but everything aroundit
is digital. Thelink betweenthe analogandthe digital domain
is a simple 1-bit sigma—deltanodulatorthat only hasto con-
vertaquasi-dcsignal.Comparedo thetraditionalanalogsolu-
tion, thetotal systemcostis reducecconsiderablythanksto the
eliminationof anumberof expensve externalcomponentsThe
mixed-signakystemrequiresno externalcomponentstall.
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appendix C

Calculation of the transfer function
of the analogue PLL

Fig. 121 shawvs the block diagramof the analoguecolourdecodePLL. It consistof three
parts:a voltage-controlleccrystal oscillator VCXO, a multiplying phasedetectorPD andan
external loop filter

loop filter

C
C I I L
2 100nF
R Ko = 1500Hz/V
82kQ

> VCXO ouT
V¢ cos

sin

\j

Fig. 121 Block diagram of the analogue colour decoder PLL.

To closethe loop of the PLL the cosineoutputof the VCXO is connectedo the phase
detectorin the phasedetectotthe phaseof the VCXO signalis comparedvith the phaseof the
incomingcolourburst. The phasadetectoris shavn in Fig. 88. The outputcurrentof the phase
detector is:

lpp = Kp(6;-6,) (32)

In thisequation pp, is theaverageoutputcurrentin YA, 6; is the phaseof theincomingcol-
our burstand@y is the phaseof VCXO cosineoutput(bothin rad),andKp, is the phasedetec-
tor gain in pA/rad. As the phasedetectoris only active during the colour burst, a burst
duty-oycle 6 hasto betakeninto account(the outputcurrentof the phasedetectoris zeroout-
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sidetheburstintervals). The burstdurationis about3ps pervideoline (64us) [70], sothe duty
cycle d is about 0.05.

In a switching phasedetectorthe nominal phasedetectorgain Kp,om is equalto the tail
currentdivided by 172 [40]. In the phasedetectorof Fig. 88 thetail currentis 2l,;,5 Entering
all this into equation 32 yields:

40

Kp = T bias (33)

Two regions of operation he to be distinguished for the phase detector:

1) Acquisition mode
the PLL is unlockd (e.g. when starting up or when changing the vederVv
channel) During this modethe acquisitionprocesss acceleratetby increasing
the phase detectoai by a &ctor of fve to Ky = 16uA/rad.

2) Tracking mode
thePLL is alreadyin lock andtracksthe phaseof theincomingcolourbursts.In
this mode the phase detectaiirgis Ky = 3.2uA/rad.

The output currentof the phasedetectoris corvertedinto a control voltage V. for the
VCXO by theimpedancef the PLL loopfilter. Theimpedanceharacteristiof theloopfilter
partly determineshe bandwidthanddampingof the PLL. However, only C; andR in Fig. 121
contribute to theseparametersCapacitorC, is not meantto controlthe PLL's bandwidthand
damping.C, hasonly beenaddedto the loop filter for sufficient suppressiomf the PAL f./2
burstswing. ThereforeC, will beleft outof themodel.In thatcasethe PLL canbetreatedasa
second-ordeloop with naturalfrequeny w, anddamping. The closedloop phasetransfer
function of a second-order PLL in the Laplace domain is [40]:

2
eo(s) _ ZZoons+ W,

(9 2+ 20w s+ oonz

(34)

The phase transfer function of the colour decoder PLL of Fig. 121 can also be written as:

o _ —
o = 2o =KV, (35)

with V. thecontrolvoltageandf, the outputfrequeng of theVCXO. TheVCXO sensiti-
ity Ko is 1500Hz/V= 2n{11500rad/Vs
In the Laplace domain equation 35 becomes:
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K0
85(9) = =V (9 (36)
The transfer of the PLL loop filter is @lecting G):
V) = R+ S-C—llﬁ e (37)
The transfer of the phase detector in the Laplace domain is:
Ipp(s) = Kp(8i(s) —84(9)) (38)

Combining the equations 36, 37 and 3&gi

K K
oD

69 KoKoRs*—¢

S L (39)

8;(9) 2 KoKp

s + K KpRs+
1
When comparingequation39 with the generaltransferfunction of a second-ordePLL

(equatior34), thenaturalfrequeng wy, anddamping of theanaloguesolourdecodelPLL are
found to be (note that in [40]Kis expressed in V/rad,ui here kg is expressed ipA/rad):

K_K
W, = /——ng (40)
2= 2 KKpCy (41)

The secondcapacitorC, of the loop filter (Fig. 121) introducesa non-dominantpole if
1/RG, >> 2wy, (the gain of a second-ordePLL is oneata cornerfrequeny w = 2{wy, [40]).
In thatcaseit will not have a greatinfluenceon the naturalfrequeng wy, andthe dampingd.
C, thenonly improvesthe attenuatiorof high frequeny componentsutsidethe PLL's band-
width. C, wasaddedfor just thatreasonattenuatiorof the f;/2 (=7.8kHz) componenin the
PAL colour hursts.
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appendix D

Calculation of the transfer function
of the mixed-signal PLL

PLL model

The block diagramof the mixed-signalcolourdecoderPLL is shavn in Fig. 122. For the
calculationof thetransferfunctionin the phasedomainthe PLL is split up into threeparts:the
phasedetectoytheloop filter andthe oscillator The mathematicaimodelsof thesethreecom-
ponentswill bederivedfirst. Becausef the discrete-timecharacteof the systemthe z-trans-
form will be used.

phase detector loop filter oscillator
r—— - - - — - — - — al r— - - - - — — — — - ar — — — 1
| — Il |
ei multiplier|pe{ S A Lol inchora averager differen- | 1| I
(burst), 'ntffgfa{OF > | tiator [ bDS |
| P I |
| | L e e e e - - = = — JL 4L — ]
0
| © |
| |
: LPF [€—— DAC 4|
| |
b= == - cos sin

Fig. 122 Block diagram of the mixed-signal colour decoder PLL.

Transfer of the phase detector

A mathematicaiodelfor the phasedetectorof the PLL canbeobtainedoy combiningthe
DAC, the low-passfilter, the multiplier, the sigma-deltamodulatorand part of the up/davn
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counter (the input part of the iigt@tor) in one module, as sho in Fig. 123.

clk clk rdent

l vy

8 lpD 2A Mout | yp/down c
— 1  multiplier % % 7L> out
P modulator counter
% analogue
cosine
digital
LPF - DAC -
cosine

Fig. 123 Block diagram of the phase detector for the calculation
of its transfer function.

The transfer function of this phase detector is (Agh= 6; - 6,):

Cout = Kph8 42)

As its namesuggeststhe DAC merely corvertsthe digital cosineto an analoguecosine.
Henceits transferfunctionHpac is Hpac = 1. Thelow-passfilter is only in the systemto sup-
pressthe clock harmonicsThe signalfrequeng bandis completelyuntouchedThereforethe
transfer function of the LPF can also be setgtg+ 1.

Themultiplier in Fig. 123is equalto the oneof the analoguesystem Notethatin theana-
logue systemthe multiplier is the phasedetector whereashereit is only part of the phase
detector So, the output current of the multiplier is:

lpp = K28 (43)
where
21
PD,
Ky = %‘ (44)
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andA@ is the phaseerrorbetweerD/A corvertedcosineof the DDS (6,) andtheanalogue
colourburstsignal(6;). This transferfunctionis identicalto the transferof the phasedetector
in the analogue systemy{]sis called pp maxin the mixed-signal circuis phase detector).

The analogueoutputcurrentlpp is corvertedinto a bitstreamby the sigma-deltamodula-
tor. Whenlpp = 0 the sigma-deltanodulatorproducesanequalnumberof onesandzerosdur-
ing a burstinterval (t,) andthe nettoutputnumberM 1 of the phasedetectoris 0. Whenlpp
is a positive currentthe modulatorproducesnoreonesthanzerosandM gt becomes posi-
tive number WhenIpp is negative the modulatorproducesmore zerosthanonesand Mgyt
becomesa negative number If [Ipp| > Isa max the sigma-deltamodulatoris overloadedand
IMouTl becomesapproximately{Moyl = ty/teik. Isa max iS €qualto the currentipac in Fig.
83.

Assumingthe sigma-deltamodulatoris linear over its full input rangeandis not over-
loaded alinearrelationis obtainedbetweertheanaloguenput currentandthenumberof ones
(or zeros)in thebitstreamduringa certaintime interval. So,asthe phasaletectoiis active only
duringthebursttimety, therelationbetweerthenumberof ones(or zeros)in thebitstreamand
the analogue input current is:

t
= _b__PD (45)

Mout =
clk' ZA, max

with Mgyt the effective numberof “up” pulsesgoing to the up/davn counterin a burst
period(a negative numberof “up” pulsesmeanghatthe contentsof the counterwill belower
afterthatburstperiod),lpp maxthe maximumoutputcurrentof the phasedetectorandl sp may
the input range of the sigma-delta modulator

The up/davn counterincreasegor decreasesys value by stepsof A.: LSBs. So, Coyt
becomes:

Cout = AcntMouT (46)

CombiningequationsA2, 43, 44, 45 and 46 yields the completetransferfunction of the
phase detector:

t, 21
_b © PD, max (47)

Kn = A
D
Cnttclkrrl

2, max

If themaximumoutputcurrentof the phasedetectoris lower thanthe maximuminput cur-
rentof thesigma-deltanodulatorthe systemwill nothave anoptimumsignal-to-noiseatio. If
themaximumoutputcurrentof the phasedetectoris higherthanthe maximuminput currentof
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the sigma-deltamodulatorthe systemwill saturate.Thereforelpp ma,Was chosenequalto
Isamax This simplifies equation 47 to:

Kp = A —
D
cntmclk

(48)

Transfer of the digital loop filter

The block diagramof the loop filter is shavn in Fig. 124. The clock frequeng of theloop
filter is theline frequeng andthe (digital) input signalof the loop filter consistsof the burst
samples from the phase detectog (& in Fig. 123).

i fy fy
hase X@) Y@ D) V(z)
etectlor7L> integrator —~#= averager »differentiator—<m-
P ) y(n) d(nT) v(nT)

Fig. 124 Block diagram of the digital loop filter.

Thefunctionof theup/davn countercanbesplit up in two parts.First, it hasanintegrating
functionduring oneburstkey interval. This function hasbeentakenup in the transferfunction
of the phasadetector(equatiord8). The secondunction of the up/dovn counteris integration
of the successie phasedetectorsamplesresultingfrom the colour bursts. This secondfunc-
tion of the up/den counter will be taé&n up in the transfer function of the loop filter

The transfer function of the irgeator (i.e. the up/den counter) is:

y(nT) = x(nT) +y((n-1)T) (49)

Wherey(nT) is the currentoutputstateof the up/dovn counter y((n-1)T) is the counter
statein the previous line interval, and x(nT) is the currentphasedetectorsample,resulting
from one colour brst.

In the z-domain the equation 49 becomes:

Y(2)-(z1Y(2) = X(2) (50)
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So, the transfer of the irgeator is:
Hn@ = o = —— = — (51)

In the same manner the transfer function of thiedintiator (Fig. 81) can be deed.

d(nT) = y(nT) - (ay Y((n-1)T)) (52)
D(2) = Y(2) - (ag 1 0¥(2)) (53)
Hpipe@ = 5—8 = 1-(ag Y = Z_Z &l (54)
The transfer function of theverager of Fig. 80 is:
Ha(@ = 1+7°t (55)

For frequencies within the bandwidth of the PLL this can be approximated by:

Hav@ =2 (56)

Combining all the abee yields the transfer function of the complete digital loop filter:

HpLr(@ = P (57)
z-1
Transfer of the DDS
The output phase,(nT) of the DDS at timeT is:
8,(nT) = B,((N-1)T) + wT (58)
With:
w = KV y((n=1)T) (59)
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whereK, is the oscillator sensitvity in rad/sper LSB andV,y is the input signal of the
oscillator in LSBs.
Combining equations 58 and 5%gs:

B,(nT) = 6,(N=1)T) + K, TV y(n=-1)T) (60)
Or, in the z-domain:
0,2 = 7162 + 7K, TV,\@ (61)

From this the transfer of the DDS can be calculated:

0.(2 K, T
Hond?) = —>= = -2 62
pps? ViN@  z-1 (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:

Ho (2 %—O(Z)E Hp@Hp (@Hppd?) (63)
7) = = Z y4 Z

ol @ 0, D DLF DD

The transfer function of the phase detector in the z-domaim®llmm equation 48:

Hp(@ = Kp (64)

with: AB(z) = 6;(z) - 6,(z). Equation 63 then becomes:

_ 2KpKT(z—0ag)
Hu(@ = -1 (65)

From equation65 the closedloop transferfunction of the colour decoderPLL can be
derived:
8,2 _ 2K KpT(z—0ay)
6@ (z-1)2+2K K T(z—0ay)

Hp L (@ = (66)
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In orderto determinghenaturalfrequeny w, andthedamping( of this discrete-timePLL
its transferfunction hasto be comparedwith the generaltransferfunction of a second-order
continuous-timePLL, asgiven by equation34. Thereforeequation66 hasto be corvertedto
the compl& frequeng domain using:

2 = T = cos(wT) + jsin(wT) 67)

For low signal frequenciesqT << 1),z can be approximated by:

z=1+jwT (68)

which in the Laplace domain becomes:

z=1+sT (69)

Whenreplacingz by 1+sTin equation66 a continuous-timepproximatioris obtainedfor
the transfer function of the PLL:

2K Kp(1-ag)
T
2K Kp(1-dg)
T

2K Kps+

Hp (9= (70)

2
Sc+ ZKOKDs+

Comparingequation70 with the generaltransferfunction of the second-ordePLL in the
Laplacedomainleadsto the following equationsfor naturalfrequeny w, anddamping( of
the mixed-signal colour decoder PLL:

Natural frequeng
2K Kp(l-ay)
w, = [|—obo dt — (71)
K KnT
(= [P 72
2(1-ay) (72)

In the above equations K, = 2[M1.43Hz/LSB = 9.0rad/LSHS, and T =64us. The

Damping:
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mixed-signalcolour decoderPLL should have the samepropertiesas the analoguecolour
decoderPLL. So, wy, = 550rad/sand{ = 2.25in the tracking mode,and wy,, = 1228rad/sand
¢ =5in theacquisitionmode.This canbe achiezed by choosingoptimalvaluesfor the param-
eter At (Which determinesthe value of Kp (equation47)) and ag. For oy the value
a4 = 1-27 was chosen.This way the factor ay can be realisedby bit-shifting and adding
insteadof usinga multiplier. This is advantageoussmultipliers arevery large circuits, while

addersare fairly small. With the abore value for oy, Acnt=2.7 is neededfor the tracking
modeandA_,; = 13.5for the acquisitionmode.As theseare awkward valuesin a digital cir-

cuit, in thetestIC thevaluesA = 2, Acni = 4, Agnt = 8 andA = 16 wereimplementedin a
final implementationin a one-chipTV processolC the two valuesthat satisfy the system
requirements best will be chosen.
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appendix E

Influence of the differential amplifier
on the measuement error

To male optimumuseof the Iccq testthe voltageon the inputs of the differential pairs
shouldhave aspecificvalue.If thevoltagebetweertheirinputsexceedsLOOmV nearlyall cur-
rentflows in onebranch.This meanghat evenwith an extremelylow measuremerfiault the
calculationof theratio of the collectorcurrentswill shav a greatmeasuremenrgrror. On the
otherhand,if thevoltageontheinputsis zero,thereis noinformationatall. So,theremustbe
a \value of the input eltage that gies the most accurate measurement.

The collectorcurrentsof the differential pair are measuredThe input voltageV y of the
differential pair is:

kT, Oci0
V,, = —In O 73
N q chﬂ (73)

wherelc4 andl s, arethe collectorcurrents.The collector currentsare averagedover two
measurement® canceloutits offset. For simplicity it is assumedhatthe differentialpair has
no off'set and only one measurement is done.

The measuremenrgrroris assumedo be a fixed percentagef the full-scale current.The
total tail currentis assumecdequalto full-scale currentof the currentmeter In the following
equatiore representtheabsolutemeasuremerdrror Basedonthepreviouse is definedase =
i/ B, where is the full-scale error

The measuremergrroron the voltagedrop on the supplyline is taken asthe differenceof
the maximumand the minimum voltagethat are possiblewith the measuremenrgrror of the
currents, and dgide this number by to

kT Oci+ed  Olgp€0M

V. < —0nG=——0-In N (74)
€290 Oleo€D ch+€D]

First we definelcq = (1-Y)lif2, andlcy = (1+Y)li/2. Next we definea = 1¢¢/Ico. From
this it follows thaty = (1-a)/(1+a) and

fVing

a=e kT D (75)
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To get the relatie error the absolute errooltage is diided by the actualoitage drop.

\
err
error < — 76
Vin (76)

Thebrave of heartwill combineall theabove equationsand(try to) differentiatetheresult-
ing error function to find the optimum voltagedrop V. However, apartfrom knowing the
optimum voltagedrop it is alsoimportantto know how flat the optimumis. Thereforeit is
more informatie to simply feed the equations into a computer and plot the error function.

Fig. 125 shows the errorfunctionfor 3 = 1000(i.e. a full-scalemeasuringerror of 0.1%).
The optimal input voltageis 39mV, but for voltagesin the rangebetweenl0 and 80mV the
error is lessthantwice the error at 39mV. This meansthat the measuremengrror is rather
insensitve to variationof the voltagedropin the supplylines. This is importantasthe voltage
dropwill vary from batchto batchandalsowith temperatureTheinsensitvity of themeasure-
menterrorto variationin thevoltagedropin the supplylinesalsoallows minor changesn the
circuit to be made without kg to reconnect the-kg measurement points.

50.0m T
40.0m \

30.0m \
20.0m \

10.0m

relative error

I D
0.0
0.0 40.0m 80.0m
20.0m 60.0m 100.0m
ViN
—>

Fig. 125 Relative measurement error as a function of V.
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summary

This dissertationdescribedntegratedcircuit techniquedor one-chipTV systemswhich
focusonloweringthetotal costof theapplication.Threedifferentapproacheto costreduction
are eplored.

Chapter3 describesan integrator circuit with a low unity-gain bandwidth.This circuit is
appliedin a voltagecontrolledcrystaloscillatorto minimisethe offset on the quadratureout-
puts. The integrator circuit can be regardedas an integratedalternatve to a large external
capacitor

Chapter4 describes mixed-signalquadraturelemodulatothatperformsasmuchaspos-
sible of the signal processingn the digital domain,without digitising the input signal. This
demodulatoiis an exampleof a subsystenthathasbeendesignedo usethe signalsthatare
alreadypresentin thelC to suchanextent,thatthis subsystenmolongerneedsts own external
components.

Chapter5 discussesa fast, generictest methodfor analogueVLSI circuits. This test
methodreduceghe testtime of an IC significantly with a only small numberof additional
componentsThetestmethodis non-invasive to the circuits undertest. The additionalcompo-
nentsonly monitorthe supplycurrentof the circuits, sothey have no influencewhatsoger on
the operation of the IC.
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samenatting

Cir cuittechnieken woor low-cost one-chip TV systemen

Dit proefschriftbeschrijftcircuittechnielenvoor geintgreerdeschalelingenvoor TV sys-
temenwaarbijde nadrukligt op hetverlagenvande kostenvan de totaleapplicatie Drie ver-
schillende werkwijzen arden beschren.

Hoofdstuk 3 beschrijft een integratorschakling met een laag versterking-bandbreedte
product.Dezeschaleling wordt toegepastin eenspanningsgestuurdgistaloscillatorom de
offsetspanningop de kwadratuuruitgngente minimaliseren.De integratorscha&ling kan
beschouwd wrden als een geirgeserde ersie \an een grotex¢éerne condensator

Hoofdstuk4 beschrijfteenmixed-signakwadratuurdemodulatatie de signaalbeverking
zoveel mogelijk in het digitale domein uitvoert, zonderhet ingangssignaate digitaliseren.
Dezedemodulatois eenvoorbeeldvan eensubsysteendat zodanigontworpenis datexterne
componentervoor dit subsysteenoverbodigzijn, doordatoptimaal gebruik gemaaktwordt
van de signalen die al aanwezig zijn in het IC.

Hoofdstuk5 beschrijfteensnelle,generiele testmethod&oor analogevL S| schalelingen.
Dezetestmethodeermindertdetesttijd vaneenlC aanzienlijkmetgebruikmakingranslechts
een gering aantal extra componentenDe testmethodevereist geen veranderingeraan de
schalelingenin het IC. De extra componentermetenslechtsde voedingsstromermvan de
schalelingenin hetIC, waardoorzij geenenlkeleinvioeduitoefenerop dewerkingvanhetIC.
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