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This dissertationdiscussesthe theory of single-amplifier
biquadraticfilters (SABs)andtheir implementationasCMOS
video-frequency filters. It shows that building filters as
cascadesof single-amplifierbiquadraticMOSFET–C sections
is aviablealternativeto usingbiquadraticGm–Cfilter sections.
Theadvantageof MOSFET–C SABsis that they typically use
lesschip areathan a Gm–C filter with equivalent speed,
distortion,noise,andpowerconsumption.

The first part of this dissertationdiscussesthe theory of
integratedamplifiers,providesanew perspectiveof thecurrent-
modevs. voltage-modedebate,anddiscussesthe theoryof
SABs and the effects that amplifier non-idealitieshave on
them.

Thesecondpartdiscussessecond-orderMOSFET–C networks
andhow to designfilterswith them,presentsperfectlysymmet-
rical video-frequency currentamplifiers,onewith fixedgain
andonewith variablegain, andcontainsmeasurementresults
of testcircuitsfrom two chips.

Thethird partpresentsa brief comparisonof theMOSFET–C
SABspresentedin this dissertationto othervideo-frequency
filters, andfinisheswith a discussionof designtrade-offs and
ideasfor futureresearchon thetopic.
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DieseDoktorarbeitbeschreibtdie Theoriederbiquadratischen
Filter mit einemVerstärker (Single-amplifierBiquads,SABs)
undihre ImplementationalsCMOSVideofrequenzfilter. Sie
zeigtauf,dassMOSFET–CSABsalsBaublöcke für Filter
höhererOrdnungeineguteAlternativezudengängigenGm–C
Filterblöckenseinkönnen,weil sietypischerweiseeine
kleinereChipflächebenötigen,wennsieaufdieselbenWerte
vonGeschwindigkeit, Verzerrungen,Rauschenund
Leistungsverbrauchausgelegt sind.

DerersteTeil dieserArbeit erläutertdie Theorieder
integriertenVerstärker, wirft neuesLicht aufdie
Current-Mode–Voltage-ModeDebatteunddiskutiertdie
TheoriederSABsunddieEffekte,welcheNichtidealitätender
VerstärkeraufdieseSABshaben.

Im zweitenTeil werdenMOSFET–CNetzwerkezweiter
Ordnungbesprochen,undeswird gezeigt,wie mandamit
Filter entwirft. Dazuwerdenperfektsymmetrische
Videofrequenzverstärkereingeführt,einermit festgesetzter
undeinermit variablerVerstärkung.DerzweiteTeil enthält
auchdiverseMessungenderSchaltungenvonzwei Testchips.

Der dritte Teil enthält einen kurzen Vergleich der hier
vorgestelltenMOSFET–C SABs mit anderenVideofrequen-
zfiltern. Er beschreibtzusammenfassenddie gegenseitigen
AbhängigkeitenderbeimEntwurf getroffenenEntscheidungen
undderLeistungsmerkmalederFilter. Als Abschlusswerden
einigeIdeenfür zukünftigeForschungswegebesprochen.
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This dissertationconsistsof threeparts. Part I, “The System
Level,” treatsthetheoryof broad-bandamplifiersandof single-
amplifier biquadraticfilters. Part II, “The TransistorLevel,”
explains how MOSFET–C single-amplifierbiquadraticfilters
work, how they canbedesigned,andwhich performancethey
canachieve. Part III, “Conclusions,” containsa comparisonof
the MOSFET–C SABs to other filters (mainly Gm–C filters)
anda discussionof openquestionsandoptionsfor future re-
search.

The form of the text itself also hasthreemain elements:the
technicalcontents,marginalnotesthatcanbeunderstoodasab-
stractsof singleparagraphs,andanon-technical“Background”
sectionin which thepersonalmotivationandthehistoryof ev-
erychapteris explained.

This first chaptergives a brief overview over analogueinte-
gratedfilters andanoutlineof this dissertation.
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Thereis a wide variety of analogueintegratedfilters in the RLC simulationand
differencesof

polynomials
literature,but thereareonly two operatingprinciplesbehind
themajority of thesefilters. Complex polesareeitherachieved
by implementingRLC filterswithoutusingactualinductors,or
by building ananaloguecomputerthat is capableof forming
differencesof rationalexpressionswith realpoles.

One approachto form suchdifferencesis to build loops Integrator filters

containingintegrators;suchfilters areknown asintegrator-
connectedfilters, state-spacefilters, andunderothernames.
They areoftenimplementedasGm–Cfilters or aslog-domain
filters,althoughdifferentintegratorsaresometimesusedwhen
specialfilter propertiesareneeded.Froma mathematicalpoint
of view, suchfilterscanproducecomplex polesbecausetwo or
moreinterlinkedloopsgive thetransferfunctionadenominator
with threeor moredifferencetermsof polynomialshaving real
zeros.

Integrator-connectedfilters alwaysrequireat leasttwo am- Single-amplifier
biquadraticfiltersplifiers to generateone complex pole pair. In contrast,

single-amplifierbiquadraticfilters form a differenceof two
second-orderrationalexpressionswith real poles. This is
achievedby puttinga second-orderRC network in the feed-
backpathof anamplifier.

Therearealsotwo differentwaysof implementingRLC filters. Gyrator filters

One is to simulateevery inductor using a gyrator circuit.
Althoughgyratorsareoftenbuilt usingopamps,they canalso
bebuilt with OTAs, in which casetheresultingfilter again is
a Gm–Cfilter. Suchgyratorfilters aremainly usedbecauseof
their goodsensitivity propertiesandgoodnoisebehaviour.

Theotherwayof simulatingRLC filters is theso-calledFDNR FDNR filters

(frequency-dependentnegative resistor)synthesis,wherethe
impedancesof all elementsin the RLC prototypearescaled
by the factor ò 0 ó s, wheres is the complex frequency of the
Laplacedomain. This transformationmaintainsthe transfer
function of the filter, but not its terminal impedances:all
resistorsaretransformedinto capacitors,the inductorsinto
resistors,andthecapacitorsinto so-calledFDNRs.Sincemany
gyrator implementationscanalsobe usedasFDNRs,there
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is not muchdifferencebetweenFDNR andgyratorfilters. In
fact, if it is not a problemwhetherthe port impedancesare
transformedor not, thedecisive questionis whethertheRLC
prototypehasmoreinductorsor capacitors.In the lattercase,
the gyratorfilter shouldbe used,in the former caseit is the
FDNR filter.

However, RLC simulationsalsorequireat leasttwo amplifiersSABs are
power-efficient
and small

per pole pair, so the single-amplifierbiquads(SABs) that
werealreadya goodway to build cheaperdiscrete-component
filters arealsopromisingcandidatesfor power-efficient, small
integratedfilters.

This thesishasthreeparts. Part I is mainly theoreticalandTheory of amplifiers
and filters givesan introductioninto broad-bandamplifiers,active-RC

SABs, andthe effectsof amplifier non-idealitieson SABs.
The main contribution of Chapter2 is the first amplifier
classificationthatencompassesall operationalamplifiersand
currentconveyors in a way that connectsthe mostabstract
theoryto actualtransistorcircuits. It is alsoshown how all the
discussedamplifierscan,in principle, be implementedwith
only a few basicCMOScells.Chapter3 shows theconnection
betweencurrent-modeandvoltage-modecircuitsby looking
at the impedancesof individual circuit nodesratherthanat
largercircuit blocks. Themainresultsof this view area new,
constructive proof of the circuit transpositiontheoremanda
discussionof “current-modevs. voltage-mode”showing that
thereis no generalperformancedifferencebetweenthe two.
Finally, Chapter4 providesthefirst closed-formsolutionof the
problemto minimisethevarianceof the poleQ of a Sallen-
and-Key filter, andpresentsa comprehensive discussionof the
effectsamplifiernon-idealitieshave on thetransferfunctionof
aSallen-and-Key filter.

Part II is moredescriptive,sincethecircuitsshown therehaveImplementationof
currentamplifiersand
MOSFET–C networks

beendevelopedby combiningseveral ideasthatwerealready
known in the literature. Chapter5 discussesthe function
of second-orderMOSFET–C networks andshows how to
choosetheanaloguegroundin orderto optimisetheharmonic
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distortionof a MOSFET–C SAB. Furthermore,a charge-
pumpedMOSFET–C network is discussed,anda closed-form
expressionfor the signalswing that optimisesthe signal-to-
noiseratio for a given level of distortion is derived. The
fixed-gain andvariable-gain currentamplifiersin Chapter6
baseon ideasintroducedin Chapter2; they differ from other
implementationsfound in the literaturein that they have two
perfectlysymmetricalbalancedsignalpaths.Finally, Chapter7
providesa descriptionof several integratedtestcircuits and
discussesmeasurementswhich show thatMOSFET–C SABs
reallywork.

Part III is the shortestpart. It shows thatour filters perform Trade-offs and
openquestionsaswell asothervideo-frequency filters but aresmaller, and

containsa brief discussionof designtrade-offs in Chapter8,
andfinally givesa discussionof openquestionsandideasfor
futureresearchin Chapter9.
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Themainideaof this chapteris to bridgethegapbetweenam-
plifier theoryandamplifierdesignthathasopenedupin thepast
few yearswith the advent of a wide rangeof new, theoretical
amplifierconcepts.Thegapis bridgedwith ahierarchicalclas-
sificationthathasactualtransistorcircuitsat its bottomandthe
mostgeneralof active two-ports,theuniversalactive element,
at its top. It is shown that thenullor andtheCCII described
asfour-terminalnetworksaretwo differentuniversalactivede-
vices.A new definitionof theterm“operational”is given,nine
differentoperationalamplifiersarederivedfrom thenullor, and
twelvedifferentcurrentconveyorsarederivedfrom theCCII .
Finally, it is shown how all theseamplifierscanbeimplemented
in CMOS.

This chapterpresentsa new theoreticalviewpoint that covers
a wider rangeof amplifiersthan previous classifications.As
a side benefit,a new amplifier appears,the current-feedback
OTA, which can be built from most currentopampswithout
addingasingletransistor.
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Circuit simulatorssuchasSpiceor Spectreprocessnet-lists Anything goes
with a universal

active element
in which a circuit is describedby elementssuchasresistors,
capacitors,controlledsources,transistors,andsoon. Thereis
muchredundancy in the setof elementsprovided by circuit
simulators,sincemany of them can also be expressedas
sub-circuitscontainingotherelements.Thequestionis: how
muchredundancy is there?Tellegendiscusseda minimum-
sizedset of elementsin 1954 with which any linear and
non-lineardriving-point impedanceor transfercharacteristic
canbesynthesised[Tellegen54]. Surprisingly, all but oneof
theelementsarepassive. Only oneactiveelementis necessary,
which we thereforecall the universal activeelement. It is the
pathologicaltwo-port whoseinput voltageandinput current
arebothzero,irrespectiveof its outputvoltageandcurrent.

Zero input currentandvoltageis what an ideal operational Definition of
“universal”amplifier (opamp)achievesif it is usedin a stablefeedback

configuration.Thus,aswe will show later, the opampis a
universalactive element. This meansthat if a suitableset
of linearandnon-linearpassive elementsis available,thenno
activeelementsotherthanopampsareneededto implementany
linear(e.g.filter) or non-linear(e.g.oscillator)circuit function,
ashasbeendemonstratedin severaldecadesof opampdesign
practice.In this sense,theidealopampis universally versatile.
In thefollowing,wecall anamplifieruniversal if its idealform,
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i.e. theamplifierwith idealport impedancesandidealtransfer
functions,is auniversalactiveelement.

It is not difficult at all to find otheruniversalactive elements.Most amplifiers
are universal For example,thecurrent-feedbackopamp(CFB opamp),the

second-generationcurrentconveyor (CCII ), andthe oper-
ational transconductanceamplifier (OTA) areall universal.
Actually, so many universalactive elementshave beenpub-
lishedthat mostIC designersandcircuit theoristshave lost
trackof their development.This is a pity, sincehaving many
differentuniversalactive elementsavailableis clearlyadvan-
tageous:Synthesisinga circuit functionon the systemlevel
with differentamplifiersmayresultin systemswith differing
numbersof amplifiersandpassivecomponents.Theproperties
of the systems,e.g. the sensitivity of systemparametersto
componentvaluevariations,mayalsocomeoutdifferently.

The numberof circuits approximatingthe functionsof theTheoreticalcircuits
and transistor
implementationsdo
not correspond1:1

systemsis evenlargerthanthenumberof systems,sincethere
arealwaysmany differentwaysof implementinga system:
The universalactive elementscan be replacedby circuits
approximatingthem,or sub-blocksof arbitrarycomplexity
canbe identifiedandreplacedby circuits thatapproximately
performthe samefunction. For example,whenfilters are
synthesisedusingthe ideal CCII , it may happenthat one
CCII formsanintegratortogetherwith oneresistorandone
capacitor. Thenonecaneitherreplacethe idealCCII by a
circuit approximatingits function,or onecanreplaceall three
elementsby anintegratorbuilt usinga differentamplifier, e.g.
by a Gm–CintegratorcontainingoneOTA andonecapacitor.
The resultmay thenbe the samethat could be obtainedby
synthesisingthecircuit functionusingOTAs in thefirst place.

Onemoreproblemfor the circuit designeris that the sameNaming conventions
are confusing name,e.g.CCII , is conventionallyusedbothon thesystem

level for a universalactive elementandon thecircuit level for
severaldifferenttransistorcircuits thatapproximatethe ideal
CCII . Furthermore,it frequentlyhappensthatacircuit which
canbeusedasanimplementationof a certainuniversalactive
elementis publishedundera differentname.For example,the
monolithicnullor in [Huijsing77], the input stageof theCFB
opampin [AnalogDevices92], andthetransconductanceam-



#��É#�� >W/.+�"5�K')1AE�+�� ��/ ���

plifier or “ideal transistor”in [Burr Brown95] all approximate
idealcurrentconveyors.

This situationis highly obscureandneedsto be clarified. How we intend to
clarify this situationEspeciallytheconnectionbetweenuniversalactive elements

usedonthesystemlevel andtheir implementationasintegrated
circuitsneedsto beaddressed,bothto helpcircuit designersto
find thebestpossibleimplementationof a systemfor aspecific
applicationandto helpsystemdesignerswho arelooking for
possibleapplicationsof a new integratedamplifiercircuit. In
orderto achieve thesegoals,we introducea new classification
of universalactiveelementsthatprovidesa directlink between
the highly abstractconceptof the universalactive element
andintegrated-circuitimplementations.To provide this link,
we will show that theabstractconceptof theuniversalactive
elementfundamentallydiffersfrom transistorimplementations
in two respects:First, theuniversalactive elementis defined
by two ports, whereasthe four terminalsof a transistorcircuit
can be usedindependently. Second,the universalactive
elementis definedby its state, whereasa transistorcircuit
implementscontrolled sources. In Section2.3, thestepfrom
two-portsto four-terminalsis made.Thereis a largenumber
of universalfour-terminals,but we will identify thetwo most
widespreadonesas the nullor and the second-generation
current conveyor with negativeunity gain (CCII ). Thenext
two sectionsdemonstratethe stepfrom staterepresentations
to controlled-sourcerepresentations.In Section2.4, a setof
ninedifferentoperational amplifiers is derivedfrom thenullor,
andtwelve differentcurrent conveyors arederived from the
CCII in Section2.5. Several of theseamplifiersappearto
benew, namelythecurrent-feedback OTA (CFB OTA) anda
wholesetof voltage-invertingcurrentconveyors. Finally, we
demonstratein Section2.6how all amplifiersdiscussedin this
chaptercanbeimplementedin CMOSusingasmallnumberof
transistorbuilding blocks.To comparelikewith like,wehadto
chooseonetechnology. We choseCMOSmainly becausewe
have experiencein CMOSamplifierdesignbut not in bipolar
amplifierdesign.This shouldnot affect thegeneralityof our
discussion,sincethebasicoperationprinciplesof CMOSand
bipolaramplifiersareverysimilar.
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Two-port configurations.

As mentionedin the introduction,Tellegenshowed that theA two-port
descriptionis
restricted

universalactive element(he called it “amplificateuridéal,”
idealamplifier)hasanall-zerochainmatrix [Tellegen54],

(2.1) & a
ia

0 0
0 0

& b
ib

,

with voltagesandcurrentsasdefinedin Fig.2.1.Equation(2.1)
cannotbe usedto derive implementationsdirectly, because
describinga circuit with four terminalsasa two-port means
describingit under the conditionthat ia i 'a (seeFig. 2.1).
An amplifier with onevoltageinput andonecurrentinput,
suchasthecurrent-feedbackopamp(CFB opamp,seeSec.2.4
for a definition), cannotoperateunderthis condition,since
its voltageinput will make ia 0 andprevent any current
from flowing throughits currentinput. For this reason,the
CFB opamphasto be treatedasa specialcasein amplifier
classificationsbasedon (2.1) [Payne96]. In contrast,a four-
terminalclassificationincludesthe CFB opamp,aswill be
shown in Sec.2.4.

Themappingof four-terminalsontotwo-portsis notoneto one,Deriving two
four-terminalsfrom
Equation(2.1)

becausetwo-portsaredescribedby two equations,andfour-
terminalnetworks by threeequations.To derive a universal
four-terminalelementfrom (2.1),oneequationmustbeadded,
which canbe chosenfreely aslong asit doesnot contradict
(2.1). Theaddedequationneednot belinear. This meansthat
thereis, in theory, aninfinite numberof qualitatively different
universalfour-terminalelements.Thetwo simplestandmost
widespreadonesarethe four-terminal nullor andthe three-
terminal nullor, whichwerebothintroducedin [Carlin64].
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The four-terminal nullor consistsof two pathologicaltwo- Descriptionof
the nullorterminal elementscallednullator (terminals1 and2) and

norator (terminals3 and4), asshown in Fig. 2.2. Thenullator
is describedby threeequations,but thenoratoronly by one:

Nullator: i1 i2, i1 0, & 1 & 2 0,

Norator: i3 i4 .
(2.2)

The equationi3 i4 makes the nullor fulfil Kirchhoff ’s
currentlaw; i1 i2 is the equationaddedto (2.1). This
meansthat the four-terminalnullor meetsia i 'a, which
wasdiscussedabove, by itself. Note that it hasunfortunately
becomecommonpracticein the literatureto definethe four-
terminalnullor by (2.1) andthenusethe device definedby
Equation(2.2).

From all universalactive elements,the four-terminalnullor
is the moststraightforward to derive. It hasproved to be a
very valuableelementfor network analysisandsynthesis(c.f.
[Svoboda95] for the analysisof linear circuits, [Hasler95]
for non-linearcircuits, [Hassoun95] for the nullor’s usein
CAD software,[Moschytz74, Moschytz75] for thesynthesisof
linearcircuitsandfilters, [Carlosena93] on nullorsandcircuit
transposition,and[Leuciuc97] on the realizationof inverse
transferfunctionsusingnullors).Wewill usethefour-terminal
nullor in Section2.4 to derive theninefundamentallydifferent
operationalamplifiers.
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Symbolusedfor all typesof current conveyors.

The thr ee-terminal nullor is fully equivalent to the four-Descriptionof
the CCII . terminalnullor on thesystemlevel, aswill beshown presently.

It is describedby theequations

(2.3) i1 0, & 2 & 1, & 2 & 4, i3 (i2 i4) .

Here,i3 (i2 i4) describestheKirchhoff currentlaw, and

& 2 & 4 is the equationaddedto (2.1). The latter equation
describesa direct connectionbetweenthe terminals2 and4,
which canthusbeseenasoneterminal,hencethenamethree-
terminalnullor. Thethree-terminalnullor canberepresented
usingonenullatorandonenorator, i.e.asafour-terminalnullor
thathasoneoutputconnectedto oneinput (c.f. Fig. 2.2). For
didacticreasons,we preferto useanalternative representation
of the three-terminalnullor: the second-generationcurrent
conveyor with currentgain 1, theCCII [Sedra70,Sedra90],
whosecircuit symbol is shown in Fig. 2.3. The CCII is
describedby threeequations,

(2.4) iy 0, & x & y, iz ix ,

which arethe sameasthe equationsin (2.3), but written in
differentvariables.We will usetheCCII to discussseveral
currentconveyorsin Sec.2.5andto prove thatall of themare
universal.

For theremainderof this chapter, we will usethenamenullorNaming conventions
in this thesis for the four-terminal nullor and the nameCCII for the

three-terminalnullor. Note that the nullor and the CCII
areequivalenton the systemlevel, meaningthat any circuit
containingonly nullorscanbe re-drawn usingonly CCII s,
and vice versa. This is easyto show: On the one hand,
the CCII canbe drawn usingonenullor, as indicatedby
Fig. 2.2, and one way to actually implementa CCII is
in fact to connecttwo terminalsof a nullor implementation
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(c.f. Section2.6). On the otherhand,a nullor cansimply
be re-drawn by using two CCII s andconnectingtheir X
terminals,andoneway to implementa four-terminalnullor
is to connecttheX terminalsof two CCII implementations
[Cabeza94,Cabeza97, Payne96].

In electronicstextbooks,theconventionaloperationalamplifier Definition of
“operational”is oftendescribedby two rules: (i) theoutputattemptsto do

whatever is necessaryto make thevoltagedifferencebetween
theinputszero,and(ii) theinputsdraw nocurrent.Theserules
arecalledthe “Two GoldenOpampRules” in [Horowitz89].
They bothcontaintheinformationof thenullatorequationsin
(2.2)andthestatementthatfeedbackis necessarysuchthatthe
opampcanapproximatethenullatorequations.Thuswecall an
amplifieroperational if it canapproximatethenullor in certain
feedbackconfigurations.It followsdirectly from thisdefinition
that all operationalamplifiersareuniversal. It will become
apparentin the forthcomingdiscussionthat our definition
of “operational”agreescloselywith the commonsenseof
amplifier designers. (Originally, the name“operational”
wasgiven to theseamplifiersbecausethey could be usedto
implementmathematicaloperations,e.g.integrations.)

Thenullor cannotbe implementedin a straightforwardway. Nine ways of
choosingterminal

impedances
Being describedby its stateonly, its terminal impedances
areundefined,whereasthe terminal impedancesof an ideal
amplifier areeitherzero(low) or infinite (high). Thereare
threedifferentwaysof choosingthe impedancesof the input
terminals: both low, both high, or one low andonehigh.
The sameappliesto the outputs. Thereforethereexist nine
fundamentallydifferentoperationalamplifiers,describedby
Tab. 2.1,whosecircuit symbolsareshown in Fig. 2.4.

Thenineoperationalamplifiersareorderedaccordingto their The namingof
operationalamplifiersinput andoutputstagesin Fig. 2.4. Thethreerows of Fig. 2.4

containtheamplifierswith voltage( / ), current( 0 ), andhybrid
( 1 ) input stages,andthethreecolumnscontaintheamplifiers
with 0 , / , and 1 outputstages(we will presentlydescribe
all stages).The namesof the variousamplifiersare listed
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in Tab. 2.1. All amplifiershave alreadybeennamedin the
literature,with theexceptionof the 1 –0 amplifier, which we
call current-feedback OTA (CFB OTA) becauseits relationto
theOTA is thesameastheCFBopamp’srelationto theopamp.
Both namesaremisleading,sincetheCFB OTA is actuallya
currentamplifierandnot a transconductanceamplifier, just as
theCFB opampis a transresistanceamplifierandnot a voltage
amplifier. We decidedto usethenameCFB OTA anyway to
preserve somesymmetryin thenomenclature.In a perfectly
symmetricalnomenclature,the 1 –1 amplifierwould becalled
floatingCFB opamp;however, to remainconsistentwith the
literature,we preferto useits conventionalname,operational
floatingconveyor (OFC)[Payne91,Toumazou93].

Table2.1 alsocontainsthe gain equationsof the amplifiersHigh-gain stagesare
not always necessary andtheconditionsunderwhich theamplifiersareoperational

in a feedbackconfiguration.Theseconditionswill bederived
presently. Table2.1statesthatthefour amplifierswith voltage
gain or currentgain areonly operationalif their gains Av

and Ai arevery high. Thesefour amplifiersneeda high-gain
stagebetweenthe input andthe outputstage(seeSec.2.6).
This is not the casefor the OTA. If oneoutput terminal is
directlyconnectedto oneinput terminal,theloopgainbecomes
gm Rin, wheregm and Rin arethe OTA’s transconductance
andinput resistance.IntegratedOTAs normally have a very
high input resistance,soanOTA is operationaleven if its gm

is low. Similarly, if direct feedbackis appliedto any of the
four transresistanceamplifiers,thefeedbackloop hasa gain of
rm ó Rin. Lookingat integratedcircuitsagain,onefindsthatit is
difficult to make Rin very low. Thusmany implementationsof
suchtransresistanceamplifiers,mostnotablyimplementations
of CFB opamps,do containa high-gain stagewhich makesthe
transresistancerm veryhigh.

We will now show how thesetof nineoperationalamplifiersVoltage,current,and
hybrid input stages canbe derived from the nullor equations(2.2). If the input

stageis identifiedwith thenullatorandtheoutputstagewith the
norator, it becomesapparentthattheinputstageis over-defined
by the threenullator equations,whereasthe outputstageis
under-definedby the singlenoratorequation.The principle
underlyingall nine operationalamplifiersis that the output
stagefulfils oneadditionalequation,a gain equation,which
enablesthe amplifier to satisfyall threenullator equations
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if it is usedin a stableinfinite-gainfeedback configuration.
ChoosingI the nullator equationto be satisfiedby feedback
determinesboth the type of the input stageandthe quantity
to beamplified. Therearethreepossiblechoices:(i) Satisfy

& 1 & 2 0 by feedback.Then & 1 & 2 mustbeamplified,and
the input stagemustfulfil the nullator equationsi1 0 and
i1 i2 by itself. Substitutingthe former equationinto the
latter resultsin i2 0, thusboth terminalsmusthave a high
impedance.This describesthe / input stage.(ii) Satisfyi1 0
by feedback.The input stagemustthenmeeti1 i2 and

& 1 & 2 0, which describesa shortcircuit. Becausei1 i2,
eitheri2 or i1 canbeamplified. In Fig. 2.4,all 0 input stages
areshown with oneof theinputsgrounded,becauseintegrated
0 input stagesnormallyhave only onecurrentinput. More is
not necessary;an 0 -input amplifier is still universalif it has
only oneinput terminal,sincethe current-addingcapability
of thecurrentinput makesit possibleto usethesingle 0 input
terminalboth for applyingthe feedbacknecessaryto force
i1 0 andto transporta signalcurrent.Theonly difficulty is
thatasynthesistechniquedifferentfrom conventionalnullator-
noratorsynthesismustthenbeusedto ensurethatno floating
nullatorsoccurin thesystem.(iii) Satisfyi1 i2 by feedback.
Theequationsfulfilled by the input stagearetheni1 0 and

& 1 & 2 0, andthesignalto beamplifiedis i2. Thusterminal1
musthave high impedance,terminal2 low impedance,andthe
voltagefrom terminal1 mustbereplicatedat terminal2. This
is the 1 input stage,which hasbecomewell known through
theCFB opamp.The 1 input stagecanalsobeunderstoodas
an extended0 input stagewhoseanaloguegroundvoltageis
not fixed,but canbe setthroughan additionalterminal. We
will show in Sec.2.6 thatmany currentinput stagescaneasily
beusedashybrid stages,simply by usinga circuit nodethat
wasformerly connectedto analoguegroundasanadditional
voltageinput terminal.

The output signal of an amplifier can either be a voltage Current,voltage,and
hybrid output stagesor a current. This choiceandthe choiceof the input stage

determinetheamplifier’s gain equation.Theoutputstagemust
alsomeetthe singlenoratorequationi3 i4. Thereare
again threepossibilities:(i) An 0 outputstagejust requirestwo
balancedcurrentoutputs. (ii) Building a / outputstagethat
fulfils i3 i4 meansbuilding a floating controlledvoltage
sourcewith invertiblepolarity. Fortunately, doing this is not
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necessary, sinceonly onevoltageoutputis really needed.The
voltage-fan-outcapabilityof the / outputmakesit possibleto
drive thefeedbackanddeliveranoutputsignalsimultaneously.
Thusintegrated/ outputstagesnormallyhaveonly oneoutput
voltage,which is reflectedin the symbolsusedin Fig. 2.4.
(iii) Like the 0 input stage,the / outputcanalsobeextended
to a hybrid stage.Sincethe hybrid outputstagemustmeet
i3 i4, it mustcopy the currentflowing into the voltage
outputterminalto anadditionalcurrentoutputterminal. This
technique,which is calledoutputcurrent sensingor supply
current sensing, will play an importantrole in the following
two sections.In Fig. 2.4,wedenotethevoltageoutputterminal
of the 1 outputstageby W andthecurrentoutputterminalby
Z, a conventiontakenfrom thesymbolnormallyusedfor the
OFC[Payne91,Toumazou93].

Fig. 2.4 doesnot show somespecialtypesof amplifiers,likeHow to extend
operationalamplifiers differencing-inputcurrentamplifiers[Mucha95, Mucha96],

differentialdifferenceamplifiers[Säckinger87], or balanced-
outputopamps[Banu85]. This is because,e.g.,a balanced
voltageoutputstagecannotbedescribedasa single / output
stagefulfilling thegain equationandthenoratorequation.The
balanced-outputopampmustratherbe seenasan extended
voltageopamp,a voltageopampthathasanadditionalvoltage
outputstage.Similarly, thedifferentialdifferenceamplifierhas
anadditionalpair of voltageinputs,andthedifferencing-input
currentamplifierhasanadditionalcurrentinput. All extended
amplifiersaretrivially universal,sinceonecanjust leave the
additionalinputsor outputsunusedto getoneof theamplifiers
in Fig. 2.4. It now becomesapparentthat any numberof
universalactive elementscanbeconstructedfrom theonesin
Fig.2.4,whichis themainreasonwhy new universalamplifiers
arestill publishednow andthen.

In theprevioussection,nineoperationalamplifiersthat fulfilHow to prove that
a current conveyor
is universal

thenullor equationswerederived.We will now usetheCCII
to discussseveral currentconveyors. They do not meetthe
CCII equations(2.4)but arestill universal.It couldbeshown
mathematicallythat every oneof thesecurrentconveyors is
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universal,but wewill pursueamoreintuitiveapproach:wewill
show for every currentconveyor that,on thesystemlevel, the
CCII canbereplacedby a network containingonly resistors
andoneor moreinstancesof thecurrentconveyor in question.

In contrastto the nullor, the CCII can be implemented Describingthe CCII .
as two interlinked,
controlledsources

directly anddoesnot requirea high-gain stage. The three
equationsin (2.4) canbe interpretedasa descriptionof two
interlinkedcontrolledsources:iy 0 statesthatY’s terminal
impedanceis high. & x & y canbe interpretedasa voltage
buffer from terminalY to terminalX. Underthis interpretation,
iz ix statesthat the currentflowing into the outputof
thevoltagebuffer is sensedandcopiedto terminalZ, which
thereforehashigh impedance.This soundsfamiliar, sincethe
sensingof thecurrentflowing into avoltageoutputis usedboth
in the 1 input stageandthe 1 outputstagediscussedin the
previoussection.We will show in the following sectionthat
thetwo areindeedcurrentconveyors.Notethatcurrentsensing
appliedto a voltagebuffer is only onepossibleinterpretation
of theCCII equations,theotherimportantinterpretationwas
alreadymentionedin Sec.2.3 anddescribesthe CCII asa
nullor with oneoutputconnectedto oneinput.

A differentcurrentconveyor resultsif iz ix is replacedby CCII M : positive
currentgainiz ix: theCCII [Sedra70,Sedra90].TheCCII is not a

truethree-terminalnetwork anymore,sinceits terminalsdonot
meetKirchhoff ’s currentlaw. Like theopamp,it mustrather
beseenasa four-terminalnetwork of whichoneterminalis not
accessibleto theuser. To prove that theCCII is universal,
it is sufficient to show that a CCII canbe replacedby a
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circuit consistingof threeCCII andtwo resistorswith equal
resistance.Suchacircuit is shown in Fig. 2.5.

In general,the CCII with positive or negative currentgainCCII k i : arbitrary
currentgain l

i is describedby thecurrentequationiz
l

i ix [Schmid97,
Schmid99b]. It is universalfor any non-zerol i . To prove this
for positive l i , it sufficesto show thatthecircuit in Fig. 2.5 is
a CCII if thetwo resistancesarechosensuchthattheoverall
currentgain becomesone. Thesamecircuit canalsobeused
to prove universalityfor negative l i : just usetheZ terminalof
thetop right CCII astheoutputof thecompositeCCII . (The
bottomright CCII canthenbeomitted.)

TheCCII wasoriginally derived from a device introducedasCCI and CCIII:
X input current
mirrored to Y

“the currentconveyor,” which is now calledfirst-generation
current conveyor, or CCI . The CCI is describedby the
following threeequations[Smith68]:

(2.5) iy ix, & x & y, iz ix .

To prove that it is universal,it is sufficient to show that a
CCII canbe built usingtwo instancesof the CCI . One
way to do this is shown in Fig. 2.6. Defining ix I and
drawing this currentI wherever it occursmakesit obviousthat
the circuit in Fig. 2.6 meetsEqs.(2.4) andthusis a CCII .
Othercurrentconveyors similar to the CCI arethe CCI
(iz ix), the CCIl i (iz

l
i ix), and the third-generation

currentconveyor, CCIII (iy ix, c.f. [Fabre95]),or, more
generally, theCCIII l i . All first- andthird-generationcurrent
conveyorsareuniversalamplifiers,which canin every casebe
shown by aconstructiveproof,asfor theCCII andtheCCI .
Finally, it is alsopossibleto choosea non-unitycurrentgain
from X to Y, i.e., to chooseiy

l
j ix. Theresultingamplifier

is universalfor any l j .

A further ideais to usea voltageinverterinsteadof a voltageVICC: voltage
inverter insteadof
voltagebuffer

buffer at the input of any of thesecurrentconveyors, such
that & x & y. It is not clearyet what kind of applications
currentconveyors containinga voltageinvertermay have,
we only includethis casefor the sake of completeness,and
alsobecausethis functionalitywasusedto build a filter (but
not explicitly described)in [Chiu96, Fig. 10]. We propose
thenamevoltage-inverting current conveyor (VICC) for such
devices.Currentconveyorsof all threegenerationscanbebuilt
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with a voltageinverter, thusthereexist VICCIs, VICCIIs and
VICCIIIs. All areuniversal,sincetwo VICCs canbeusedto
build onenormalcurrentconveyor, namelyby usingits voltage
inverterto convert the invertingY terminalto a non-inverting
one. Note that usingtwo VICCIs or two VICCIIIs givesa
CCIII, whereastwo VICCIIs give a CCII. Furtherresearch
will show whethertheVICCs areactuallyusefulfor network
synthesis.

It dependson the viewpoint how many different current Twelve classesof
current conveyorsconveyorsour classificationcontains.If non-unitygainsare

just seenasa generalisationof a givencurrentconveyor, then
thereexist twelvedifferentcurrentconveyorsnamedaccording
to the schemexCCyz, wherex is either“VI” or nothingto
denotethepolarity of thevoltagebuffer, y is either“I”, “II”,
or “III” to denotethepolarity or theabsenceof a Y-terminal
current,andz is “ ” or “ ” to denotethepolarityof theoutput
currentbuffer.

More universalamplifiersbasedon thesetwelve current Extendedcurrent
conveyorsconveyors can be derived by addingmore current inputs

and outputs(c.f. the balanced-signalCCII in [Schmid97,
Schmid99b]) or more voltageinputs (c.f. the differential
differenceCCII in [Chiu96]). Like theextendedoperational
amplifiersfrom Sec.2.4,they areall trivially universal.
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Functionsof the opampstages.

All operationalamplifiersbesidestheOTA arenormally im-The six stages
neededto build
operationalamplifiers

plementedasaninput stageandanoutputstageconnectedby
a compensatedhigh-impedancenode.Thesimplestcompen-
sationcircuit, shown in Fig. 2.7, is a compensationcapacitor
CC betweenthe high-impedancenodeandground. More
elaboratecompensationschemesuselocal feedbackto reduce
the sizeof the compensationcapacitor[Johns97, Laker94].
The circuit that is dual to a capacitively compensatedhigh-
impedancenodeis a compensationinductorconnectingtwo
low-impedancenodes(asin [Carlosena94, Fig. 3]), but it is sel-
domusedbecauseof thelack of very low terminalimpedances
andhigh-Q inductorson integratedcircuits. Thusall opamp
input stagesmusthave a currentoutput,andall opampoutput
stagesmusthave a voltageinput. Thefunctionsthathave to be
performedby thestagesdiscussedin Sec.2.4cannow easilybe
determined;they arelistedin Table2.2. Therequiredbuilding
blocksarethereforea single-endedOTA, a balanced-output
OTA, a voltagebuffer, a currentbuffer, a CCII anda CCII ;
thuswe will startthis sectionwith discussingimplementations
of OTAs andof the twelve currentconveyorsclassifiedin the
previoussection.

All six stagescanbeshown in only threefigures,Figs.2.8–CMOS OTAs

2.10,sincethevoltagebuffer andthecurrentbuffer arealready



NYX{vYX | i}R~e U�ijU�_VSnQnS%` ps_�`�_0yP�P��� NY�

(a)

(b)

(c)

V� V�

current
bias

I � I �

Single-outputOTA (if connection(a) is made),
balanced-outputOTA (if connection(b) is made),

and OTA-basedCCII (if both connections
(b) and (c) are made).

���������d�*#��L�

current
bias

V�
current

bias

V�

I � I �

Balanced-outputOTA (or floating current source),
and OTA-basedCCII (if the dashedconnectionis made).

���������d�*#��L�



N�� � O%Q�RTSVU�W NYX[Z O\U^]�_�` a�U�WcbdQ�e�QgfVSg` a�UhU�e U�ijU�_VS

Y X Z

(a) (b)

���������d��#�� $n�
CCII , CCII (if the part between(a) and (b) is omitted),
current buffer (if Y is connectedto analogueground),
and voltage buffer (if everythingright of (a) and the two
diode-connectedtransistors just left of (a) are omitted).

partsof the CCII shown in Fig. 2.10: to usethat CCII asa
voltagebuffer, onecansimply omit theoutput-current-sensing
circuitry, andto useit asa currentbuffer, its Y terminalmust
beconnectedto analogueground.Notethatmostcurrentinput
stagesareactuallybuilt in this way. The input stageof every
voltageopampis anOTA, thusthis device is well known. The
differential-pairstructureshown in Fig. 2.8 is conventionally
calledcurrent-mirrorOTA [Johns97, Laker94].Thetransistors
having boxesasgatesarecompositetransistorswith high
outputresistance,e.g.normalcascodes,low-voltagecascodes,
or regulatedcascodes(c.f. [Johns97, Wang90, Säckinger90]).
TheOTA structureshown in Fig. 2.8canbeusedto implement
both a single-endedOTA anda balanced-outputOTA. The
latter is alreadyan implementationof the / –0 operational
amplifier, as discussedin Sec.2.4. It could also be used
asa balancedcurrentoutputstage,but many designers(e.g.
[Mucha95]) havestartedto usetheOTA shown in Fig.2.9.This
OTA is calledfloating current source[Arbel92] andessentially
consistof two differentialpairsconnectedheadto head.The
advantageof thissimplestructureis thattherelation I � I �
is guaranteedby Kirchhoff ’s currentlaw andis thereforevery
preciseandvery linear, whereasin the OTA in Fig. 2.8, the
precisionof that relationdependson how well thetwo output
currentmirrorsmatch.
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We alreadyshowedin Sec.2.3 thata CCII resultsif oneof CMOS CCII .
and CCII Mtheoutputsof a balanced-outputOTA is connectedto oneof

its inputs.This canbedonewith bothOTAs discussedabove.
An alternative way of implementingtheCCII asa class-AB
circuit is asavoltagebuffer with output-currentsensing,shown
in Fig. 2.10[Lidgey94]. In contrastto anOTA with feedback,
thecircuit in Fig. 2.10caneasilybealteredto obtaina CCII :
omit thecurrentinverterbetweenthedashedlinesin Fig. 2.10.
This stageis often preferredas an 1 input stage,mainly
becauseusinga CCII is not really anoption,which we will
show presentlywhenwe discusstheCFB opamp.But first we
briefly explainhow thesecircuitscanbeusedto implementthe
twelveclassesof currentconveyors.

A CCIIl i canbebuilt by taking theCCII or CCII imple- CMOS CCII k i , CCI
and CCIIImentationin Fig. 2.10andre-sizingsomeof thecurrentmirror

transistors.All CCIIs canbeconvertedto CCIs if thevoltage
buffer left of thedashedline (a) is replacedby the thecircuit
in Fig. 2.11[Bruun95]. CCIIIs canbebuilt in muchthesame
way, by simply usingonemorecurrentinverterin Fig. 2.11,
althoughthey were implementedusing two double-output
CCIIswhenthey werefirst proposed[Fabre95]. Like theCCII,
CCIsor CCIIIs with non-unitygain canbebuilt by re-sizing
someof thecurrentmirror transistors.

Voltage-invertingcurrentconveyorsrequirea voltageinverter CMOS VICCs

betweenY an Z. This canbe achieved by using the two-
differential-pairinput stageof the differential difference
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Current conveyor with a differential differenceinput stage.

amplifier [Säckinger87] insteadof a conventionalOTA (c.f.
[Chiu96]). If this techniqueis appliedto theOTA in Fig. 2.8,
then the circuit in Fig. 2.12 results. The voltageat X is
VX VY 1 VY 2 VY 3, thusa VICCII resultsif both Y 1
andY 2 areconnectedto ground.All otherVICCs canbebuilt
basedon this VICCII by addingcurrentmirrorsandcurrent
inverters.

Finally, extendedcurrentconveyors,suchasmultiple-outputExtendedcurrent
conveyors and
class-Acurrent
conveyors

currentconveyorsor balanced-signalcurrentconveyors,canbe
built by replicatingpartsof thecircuits in Figs.2.10and2.11
[Schmid97,Schmid99b, Schmid00d]. Many of thesecurrent
conveyors can also be built as class-Acircuits insteadof
class-ABcircuits [Lidgey94, Schmid99b,Schmid00d],asin
Chap.6.

All stagesnecessaryto build theoperationalamplifiersfromBrief discussionof
the nine operational
amplifiers

Sec.2.4arenow described.Thefollowing commentson each
amplifier explain a few importantdesignconsiderationsand
briefly describeothernotableimplementationsof the nine
operationalamplifiers.

The OTA (/ –0 amplifier) is normallybuilt without an inter-/ –0
nal high-impedancenode,sinceit is operationaleven if its
transconductanceis not high (seeSec.2.4). This makesit pos-
sible,in theextremecase,to build a CMOSOTA thatonly has
input andoutputnodes,but no internalnodesat all [Nauta92].
NotethatanOTA neednot evenbeoperationalif it is usedto
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build transconductance–C(Gm–C)filters. Nevertheless,there
areOTAs having an internalhigh-impedancenode,mostno-
tably the“monolithic nullor” proposedin [Huijsing77], which
is built asacascadeof two bipolardifferentialpairs.

Voltage opamps ( / –/ amplifiers)often containa voltage / –/
buffer differentfrom the onein Fig. 2.10,andmostopamps
arecompensatedby an internalfeedbackcapacitor[Johns97,
Laker94]insteadof agroundedcapacitor.

The floating opamp ( / –1 amplifier, alsocalledoperational / –1
floating amplifier) usesa CCII as its output stage. As
explainedabove, it canbeseenasanextendedvoltageopamp
whoseoutputcurrentis sensedandmirroredto anotheroutput.
Most outputstagesusedin CMOS andbipolar opampscan
bemodifiedin this way. It is alsopossibleto senseandcopy
the supplycurrentsof the whole opamp,sinceany current
flowing into theopamp’soutputmustflow throughtheopamp’s
supplies. Thusoff-the-shelfdiscreteopampscanbe made
floating by addingexternalcurrentmirrors, asdiscussedin
[Huijsing90].

The CFB opamp ( 1 –/ amplifier)hasbecomefamousthrough 1 –/
its gain-independentbandwidth(c.f. [Bruun93, Bowers93,
Franco93, Harvey93, Toumazou93] and the discussionin
Sec.3.4.3). Both theCCII andtheCCII couldbeusedas
its input stage,but thelatter is preferable.If a CCII is used,
externalnegative feedbackgoesfrom theoutputto thecurrent
input,which is thencalledthenegative input, andthepositive
input canbe usedto feeda voltagesignal into the feedback
loop. However, if a CCII wereused,a negative feedback
loop would go throughboththevoltageandthecurrentbuffer
of the 1 input stage.Thefeedbacksignalwould thenagain be
a voltage,andtheresulting 1 –/ opampwould beslower and
would not have a gain-independentbandwidthanymore.Thus
CFB opampsalmostalwayshave a CCII input stage.For
example,theAD 844CFB opamp[AnalogDevices92] hasa
structurevery similar to thestructurepresentedhere,although
bipolar transistorsareused.TheAD 844 is specialin that its
internalhigh-impedancenodeis availableasa chip pin. Thus
its input stagecanbeusedasanindependentCCII , which is
oftendoneto build CCII circuitswith discretecomponents
[Svoboda91].
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The OFC ( 1 –1 amplifier) canbe seenasa floating CFB1 –1
opamp.The 1 –1 structureimplementedhereis similar to the
bipolar-transistorOFCdescribedin [Payne91, Toumazou93].
The OFC is basicallya transresistanceamplifier, asits gain
equationshows.

OTRAs ( 0 –/ amplifiers)areonly occasionallyusedin the0 –/
literature.TheOTRA developedfor transresistance–Cfilters
thatwaspresentedin [Lu94] is verysimilarto theonedescribed
here,but normallyOTRAs areusedfor specialpurposesonly
andarethenimplementedin specialways(c.f. [Wulleman97]).
As explainedabove, mostamplifierswith 0 input stagesare
alreadyfull-grown 1 -input amplifierswith their voltageinput
grounded.This is alsotruefor theOTRA in [Lu94], which can
thusveryeasilybeconvertedinto aCFB opamp.

The floating OTRA ( 0 –1 amplifier) canbe usedto couple0 –1
currentsignalsout of the loop of a transresistance–Cfilter,
e.g., to make the filters from [Lu94] more versatile. The
relationbetweentheOFCandthefloatingOTRA is thesame
astherelationbetweentheCFB opampandtheOTRA. Thus
any of the latter threecanbe interpretedasan OFC with
oneor two groundedterminals.FastCMOSfloatingOTRAs
have alreadybeenpublishedunderthe name“current-mode
opamp” [Kaulberg93, Palmisano98] and “transresistance
currentamplifier” [Palmisano97].

The curr ent-modeopamp ( 0 –0 amplifier) in [Mucha95] uses0 –0
the CCII from Fig. 2.10asits input stageandthe floating
currentsourcefrom Fig. 2.9asits outputstage.

The CFB OTA ( 1 –0 amplifier) was,to our knowledge,not1 –0
discussedin theliteraturebefore,but it caneasilybebuilt from
mostcurrent-modeopampcircuits, just asa CFB opampcan
bebuilt from anOTRA. To explain what it canbeusedfor, a
brief excursionto circuit transpositionis necessary.

If a linearvoltage-modecircuit is transposed, a current-modeTranspositionand
duality of operational
amplifiers

circuit resultsthat hasthe sametransferfunction. When
a circuit is transposed,the output terminalsbecomethe
input terminals,andvice versa,but the terminalimpedances
remainthe same. The transposedcircuit is alsocalled the
dual circuit. The passive part of a linear circuit remains
the sameundercircuit transposition,only the active devices
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mustbe exchanged,and the signal flow mustbe reversed
(c.f. Section3.3, [Bhattacharyya71, Moschytz94, Roberts92,
Roberts90]). It canbeshown thatthe 0 inputstageis dualto the
/ outputstage,the / input stageis dual to the 0 outputstage,
andthe 1 input stageis dualto the 1 outputstage.Thusthree
of the nine opampsareself-dual: the / –0 amplifier, the 0 –/
amplifier, andthe 1 –1 amplifier. Thismeans,for example,that
thetransposeof a voltage-modeGm–Cfilter is a current-mode
Gm–Cfilter, andthat the transposeof a voltage-to-current
converterstill is a voltage-to-currentconverter. Note that the
threeself-dualoperationalamplifierslie on onediagonalin
Fig. 2.4. Transposingall amplifiersin Fig. 2.4 amountsto
mirroring thefigureat thisdiagonal.

Now the useof the CFB OTA is apparent:sinceit is dual On the useof the
CFB OTAto the / –1 amplifier, it canbe usedto transposeany circuit

containingfloatingopamps.To give a simpleexamplefor the
potentialof the CFB OTA, a voltage-to-currentconverter is
shown in Fig. 2.13. It is thedualof a floating-opampvoltage-
to-currentconverterpresentedin [Huijsing90]. Comparedto
thelatter, theCFBOTA circuit hastwo mainadvantages:First,
it is easierto implement. As explainedabove, mostcurrent
opampscanbe usedasCFB OTAs without addinga single
transistor, whereasconvertinga voltageopampinto a floating
opamprequiresaddingseveral currentmirrors. Second,the
CFB OTA circuit is morelinear: Its harmonicdistortion is
mainly causedby thenonlinearoutputof the 1 input voltage
buffer. Sincecurrentfeedbackis used,i2 is very low, andthe
buffer mayconsequentlybevery linear. If the 0 outputstageis
a floatingcurrentsource,thentheoutputcurrenti3 containsas
little distortionasthe feedbackloop currenti4, sincethe two
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arerelatedby Kirchhoff ’s currentlaw. In contrast,thecurrent
outputof the floating-opampvoltage-to-currentconverteris
themirroredterminalcurrentof thefloatingopamp’s voltage
output. Thustheachievablelinearity is limited by thecurrent
mirrorsin the 1 outputstage.

The classificationof universalamplifierspresentedin thisA new amplifier
classification chapterplacesall operationalamplifiersandcurrentconveyors

known from theliteratureinto a commonframework, together
with abstractconceptssuchastheuniversalactive elementand
the nullor. We demonstratedhow closelyour classification
is relatedto the way amplifiersare integratedby showing
that all of themcanbe implementedin CMOS usingonly a
few basiccircuits. Although we only discussedCMOS,our
classificationappliesto bipolaramplifiersaswell, becausethe
voltagebuffers,currentmirrors,andlong-tailedpairsusedin
this chaptercanalsobeintegratedwith bipolartransistors.

In this chapter, severaluniversalactive elementsappearedthatSeveral new
amplifiers werenot previously published.On theonehand,it occurred

thatfirst-, second-andthird-generationcurrentconveyorsstill
areuniversalif voltageinvertersinsteadof voltagebuffers
areusedastheir input stages.Thepotentialof thesevoltage-
invertingcurrentconveyorswill bethetopicof futureresearch.
On the otherhand,a new operationalamplifier, the current-
feedback OTA (CFB OTA), wasbriefly discussed.It is dual
to the floating opamp,but canbe built from mostcurrent
opampswithout addinga singletransistor. As anexample,a
voltage-to-currentconvertercontainingoneCFB OTA andone
resistorwasdiscussed.

Our classificationmaybeusefulin differentways.BecauseofUse of the
classification its closerelationto IC design,it shouldgive thereadersome

insightinto thesimilaritiesbetweendifferentintegratedampli-
fiers,suchthatwhenthey encounteranamplifierthey have not
seenbefore,they canquickly seewhatit doesandalsohow it is
relatedto theamplifiersthey arealreadyfamiliar with. It may
alsohelpIC designersto understandtherelevanceof a newly
introducedcircuit-theoreticalamplifier conceptandenable
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themto find out in which way it shouldbestbe implemented
for a certainapplication.From a purely theoreticalpoint of
view, andasfar aswe know, our classificationis the most
extensive of all recentlypublishedamplifier classifications,
althoughit hascomparablecomplexity.

This chapterhasalsoshown that all broad-bandamplifiers The abundanceof
universally versatile

amplifiers
which have beenintroducedin the pastfew decadesand
have beendescribedasvery versatilearein fact universally
versatile,which meansthatevery linearandnon-linearcircuit
function canbe built from multiple instancesof any oneof
theseamplifiersanda setof linear andnon-linearpassive
components.Neither of theseamplifiers is more or less
versatilethan the others,althoughthey requiredifferent
synthesismethods.

Themainquestionthat is left openis: How shoulda designer Openquestions

choosethe bestamplifier for a certainapplication? We
deliberatelyleft this questionopen,becausewe do not think
that a simpleanswerexists. The opamp,the CFB opamp
andtheOTA arewell known by now, but comparatively little
researchhasbeendoneaboutthe otheruniversalamplifiers.
So,at leastat present,a designershouldprobablybestchoose
thekind of amplifierwhich heknows bestor aboutwhich he
cangathersufficient knowledgefrom otherpeople,andthen
optimisethisamplifierwith respectto theapplication.
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In this chapter, the current-modevs. voltage-modedebateis
taken up again using the notion of driving-point impedances.
First, thenatureof thecommondefinitionsof thecurrentmode
andof theperformancestatementsfoundin thebasicpaperson
current-modetechniquesarediscussed.Thenanew proofof the
circuit transpositiontheoremis presentedthat hasthe advan-
tageof being intuitive for today’s engineersandstudentsand
thusmakestheuseof transpositiontablesunnecessary. Finally,
severalcasesarediscussedin whichcurrent-modeandvoltage-
modecircuits have different performance,and it is shown in
every casethatthereasonfor theperformancedifferenceis not
themodeof thesignal.
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Originally, theterm“currentmodeprocessing”wascoinedby Origin of
“current mode”BarrieGilbert whenheworkedon strict trans-linearloops(c.f.

[Toumazou90]), in which the voltagestruly areincidental.1

Nowadayswe arepersuadedthat current-modeintegrators,
filters, andoscillatorshave somespecialmerit. But is this
really true?In contrastto strict trans-linearloops,thesecircuits
rely on an intimate dialoguebetweenvoltagesignalsand
currentsignals.

Whencomparingcurrent-modeto voltage-modefilters, one Two important
questionsshouldperhapsfirst asktwo questions:

1. Are thereany definitionsof currentmodethatmake a
cleardivide betweenvoltage-modeandcurrent-mode
circuits?

Wewill call this aprecisedefinitionfrom hereon.

2. Is it necessaryto haveaprecisedefinition?

Ouranswerto bothquestionsis no.

First, noneof thedefinitionsusedin theliteratureareprecise. Thereare no precise
and comprehensive

definitions in
the literature

For example,someauthorswrite thatsignalsarerepresented
by currentsin current-modecircuitsandby voltagesin voltage-
modecircuits. This is not a precisedefinition,becauseevery
circuit nodehasan associatedvoltageandevery branchan
associatedcurrent,andit is a matterof definitionwhich ones
representsignalsandwhich onesdo not. It doesnot seem
possibleto refinethis definition suchthat it still includesall
kindsof signal-processingcircuits.

1Private communication.
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To give a simpleexample,it is sometimessaidthata currentA preciseand
comprehensive
definition would
be useless

mirror is a current-modecircuit, sincethe currentshave a
linearrelationto thesignal,which thevoltageover thediode-
connectedtransistorhasnot. This argument,however, gives
problemsassoonasit is appliedto log-domainfilters. Although
onecouldrefinethedefinitionagain, andagain, ad infinitum,
doing this is uselessbecausethe definition will ultimately
becomea list thatstatesfor every imaginableclassof circuits
whetherit operatesin thecurrentmodeor thevoltagemode,
andsucha list cannotbe usedto derive generalstatements
aboutcurrent-modeandvoltage-modecircuits.

Nevertheless,thecurrent-modeapproachto IC designproposedThe value of an
implicit definition in [Toumazou90] and in many newer papershasclearly

hada greatimpacton IC design. Several new circuits and
amplifiers(e.g.,the operationalfloating conveyor discussed
in the previous chapter)emergedfrom this way of thinking.
We think that the successof the current-modeideadid not
occur in spiteof the lack of a precisedefinition,but because
of the lack of a precisedefinition. In otherwords,readingthe
papersof the current-modecommunitydoesnot enablethe
readerto explicitly definethe current-modeapproach,but it
doesenablehim to apply it. This is because,from a certain
level of complexity on,animplicit definitioncanconvey much
moreinformationthanany explicit definitionpossiblycould.
An implicit definition can,however, not make it possibleto
clearlyfenceoff currentmodefrom voltagemode.

Shouldsucha cleardivide be made? We think not. TheMaking a clear divide
would be a
disadvantage

current-modeapproachis mainly analternativewayof looking
at analogueIC design,andnot a tool to classifycircuits.Taken
in this sense,the current-modeidea is a powerful concept
mainly becauseit broadensthehorizonof analogueIC design.
A cleardefinitionwouldactuallydestroy its explanatorypower.

In Sec.3.4, we will discussseveral recentattemptsto showOutline of the
remainderof this
chapter

thereis asignificantperformancedifferencebetweenacurrent-
modecircuit anda voltage-modecircuit, and,in every case,
we will give technicalreasonsfor theoccurringperformance
differencesthathave nothingto do with thesignalmode.But
first we will presenttheconceptsof circuit transpositionin a
new way.
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A linearcircuit V canalwaysbedescribedby two frequency- Describinga linear
circuit by matrix

equations
domainequations,

A x bU(3.1)

Y cT x(3.2)

whereU is the input signal, Y is the output signal, A is
the (m n) (m n)-dimensionalmatrix that containsthe
coefficientsof a completesetof linearly independentnetwork
equationsdescribingKirchhoff ’s currentlaw at n different
nodesandKirchhoff ’s voltagelaw aroundm differentloops,
andx is anm n-dimensionalvectorof independentnetwork
variables.Vectorb indicateshow theinput signalis connected
to thenetwork, andc describeshow theoutputsignalis derived
from thenetwork. Normally, all of themarefunctionsof s, so
we omit s for reasonsof brevity. Thetransferfunctionof V is
then

(3.3) T(s)
Y(s)

U (s)
cTA W 1b .

Theoperationof replacingA by AT andswappingb andc is Definition of circuit
transpositioncalledcircuit transposition. Thenew circuit V t is dual to V . It

hasthetransferfunction

(3.4) Td
Yd

Ud
bT AT W 1

c .

Td canbeinterpretedasa 1 1 matrix andcanbetransposed
likeany othermatrix. Trivially, 1 1 matricesarenotchanged
by transposition:

Td Td
T bT AT W 1

c bT AT W 1
c

T

cT AT W 1 T
b cTA W 1b T .(3.5)
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Thus it is establishedthat the transferfunction of the dual
circuit and the transferfunction of the original circuit are
identical.

Up to here,thediscussionwasonly anexercisein linearalge-What is circuit
transpositionreally? bra,but themostimportantquestionhasbeenleft unanswered:

whatdoesit actuallymeanfor a circuit if A is replacedby AT

andb andc areexchanged?To answerthis question,it is nec-
essaryto specifyx moreprecisely. In theliterature,x typically
consistsof all nodevoltagesandseveralbranchcurrents.It can
thenbeshown by matrix algebrahow a concretecircuit canbe
transposed,eitherdirectly [Bhattacharyya71] or by way of so-
calledintermediatetransferfunctions[Roberts89b, Roberts90].
An alternative way to show how a circuit mustbe transposed
is to startwith the moregeneralconceptof adjoint circuits
[Director69], which alsodealswith non-linearcircuits,andof
which linearcircuit transpositionis just aspecialcase.

Theseproofsareun-intuitive for mostengineersandengineer-Why anotherproof
is necessary ing students,becauseabstractnetwork theoryis scarcelytaught

anymore. Today, circuit transpositionis often explainedby
statingthat the passive part of the network doesnot change
andby giving transpositiontablesfor the active elementsin
thecircuit (c.f. [Bhattacharyya71, Carlosena92, Carlosena93,
Moschytz94]). It is demonstratedin thissectionhow thewhole
problemcanbetackledusingsignal-flow graphs.This hasthe
advantagethat the conceptof circuit transpositionbecomes
intuitive for all engineerswho have someunderstandingof
signal-flow graphs(SFGs)or feedbackblockdiagrams.

In thefollowing, we will first introducetheso-calleddriving-Outline of
this section point signal-flowgraphs(DP SFGs). Thenwe will define

SFGtranspositionandshow how the circuit corresponding
to a transposedSFGcanbe derived. Finally, we will show
that transposingtheDP SFGof a circuit really is thesameas
transposingthecircuit itself.

A new techniqueto analyselinear networks waspresentedDriving-point
signal-flow graphs recently, which combinesdriving-point impedanceanalysis
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with signal-flow graph(SFG)analysis[Ochoa98]. Wewill now
explain this techniqueby usinganexample,but in a different
way thanit wasexplainedin [Ochoa98].

Fig. 3.1shows anactive-RClow-passfilter, consistingof four Introducingauxiliary
sourcespassiveelements,R1, R2, C1, andC2, andoneactiveelement,a

voltageamplifier(or voltage-controlledvoltagesource,VCVS)
with gain g V . Itsnodesarenumberedfrom1 to4. Driving-point
analysis,aspresentedin [Ochoa98], baseson the following
simpleobservation: If a voltagesourceis connectedto node
j andits voltageVj is setsuchthatno currentflows through
thesource,thennothingchanges.This conditioncanalsobe
expressedin termsof Vj : If a voltagesourceis connectedto
node j , and if its voltageVj is set to the nodevoltagethe
circuit hadbeforethesourcewasconnected,nothingchanges.
Note that theseauxiliary sourcesareessentiallycontrolled
sources,sincetheappropriateVj dependson the input signal.
Nevertheless,thesourcesuperpositiontheoremis still valid for
thesespecialcontrolledvoltagesources,sincethey arechosen
explicitly suchthat they have no influencewhatsoever on the
circuit. A formal proof of this statementexpressesthesame
ideamathematicallyto show that thesuperpositioncondition
[Chen95] still holds;is omittedherefor reasonsof brevity.

In orderto obtaina completesetnodevoltagesandassociated Where to introduce
auxiliary sourcesbranchcurrents,onecurrentmustbeassignedto every node

voltage. For the nodeswith zeronodeimpedance,i.e., the
nodesto which a voltagesourceor a currentsink is connected,
thecurrentthroughthevoltagesourceor currentsink is chosen.
Auxiliary voltagesourcesareconnectedto all nodeswith
non-zeronodeimpedance,e.g.,thenodes2 and3 in Fig. 3.1.

Fig. 3.2 shows the filter with auxiliary voltagesourcescon- Applying the source
superpositiontheorem

to the auxiliary
sources

nectedto the nodes2 and3. Sincevoltagesourcesarenow
presentat all nodes,applyingthesourcesuperpositiontheo-
remis a straightforwardprocedure.For example,thecurrent
flowing into theauxiliarysource2 canbeexpressedas
(3.6)

Iz2 V1
1

R1
V2

1

R1

1

R2
sC1 V3

1

R2
V4 sC1 .

By definitionof theauxiliarysources,Iz2 0. If wedenotethe
sumof currentscontributedby all voltagesourcesbut source2
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Vin

1 R1 2 R2

C2

3
αV

4

Vout

C1

h?i0jlknmpo�q%r�s
Voltage-modeSallen-and-Key low-passfilter.

Vin

1I1

V1

R1 2

V2

Iz2

R2

C2

3

V3

Iz3

αV
4

V4

I4
Vout

C1

h?i0jlknmpo�q%rut
Thesamefilter with auxiliary sources.

Iout

1I1

V1

R1 2

V2

I2

R2

C2

3

V3

I3
αI

4

V4

I4
Iin

C1

h?i0jlknmpo�q%ruq
Current-modefilter.
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as I2, thenequation(3.6)canberewritten asfollows:

(3.7) V2 I2
1

R1

1

R2
sC1

W 1

I2 Z2

with I2 V1
1

R1
V3

1

R2
V4 sC1 .

Z2 is calledthedriving-point impedanceat node2 underthe
conditionthatall sourcesbut source2 aresetto zero.

Equation(3.7) candirectly bedrawn in form of a signal-flow Drawing the
driving-point

equationsas a
signal-flow graph

graph,shown in Fig. 3.4. It is obvious from the derivation
above how the branches“belonging” to the auxiliary source
connectedto node j areformed:

1. Thereis onebranchfrom I j to Vj . Its weight is Zj , the
driving-point impedanceat nodek underthecondition
thatVk 0 for all k j .

2. For eachnodek, with k j , thereis abranchfrom Vk to
I j if andonly if thetwo nodesaredirectly connectedby
acomponent.If this is so,theweightof thebranchis the
admittanceof theconnectingcomponent.

Thisprocedurecaneasilyberepeatedfor theauxiliarysource3,
asshown in Fig. 3.5.

It is still necessaryto describetheamplifier, andhow theinput Adding paths
describingthe
active element

sourceandthefilter outputareconnectedto thecircuit:

(3.8) V4 g VV3 , V1 Vin , Vout V4 .

Theresultis shown in Fig. 3.6. It appearsthatthevariablesI1

and I4 arenotusedat all, but it will presentlybecomeapparent
that it is goodfrom a didacticpoint of view to includethem
into thesignal-flow graph.

Note that thesignal-flow graphin Fig. 3.6 hastwo loops. It Advantagesand
disadvantagesof

driving-point
signal-flow graphs

is alsopossible,usinga differenttechnique,to directly derive
a signal-flow graphfor the filter in Fig. 3.1 which hasonly
one loop [Moschytz94]. ThenMason’s gain rule is easier
to apply. However, the techniquepresentedherehastwo
greatadvantages:it canbe appliedto any linear circuit (it
is especiallyeasyto apply it to Gm–Cfilters), andit canbe
appliedmechanically. This makes it possibleto useit for
deriving dualcircuits.
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1
R1

Z2

1
R2

sC2

Vin I1 V1 I2 V2 I3 V3 I4 V4 Vout

h?i0jlknmpo�q%ruy
Equation(3.7) drawn as a signal-flowgraph.

1
R1

Z2

1
R2

sC2

1
R2 Z3

Vin I1 V1 I2 V2 I3 V3 I4 V4 Vout

h?i0jlknmpo�q%ruz
Signal-flowgraph branches
“belonging” to the two auxiliary sources.

1
R1

Z2

1
R2

sC2

1
R2 Z3

1

{
V

1Vin I1 V1 I2 V2 I3 V3 I4 V4 Vout

h?i0jlknmpo�q%ru|
Completesignal-flowgraph of the circuit in Fig. 3.2.

1
R1

Z2

1
R2

sC2

1
R2 Z3

1

}
V

1Iout V1 I1 V2 I2 V3 I3 V4 I4 I in

h?i0jlknmpo�q%ru~
Transposedsignal-flowgraph describing
the circuit in Fig. 3.3.
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In this section,all therulesfor transposingcircuitsarederived Mason’s gain rule

usingonly the driving-point signal-flow graphdescribedin
theprevioussection.Theonly elementof signal-flow graph
theoryrequiredfor theproof is Mason’s gain rule, which he
introducedin [Mason53] andprovedin [Mason56], andwhich
canbefoundin any textbookcoveringsignal-flow graphs.It is,
in Mason’snotation:

(3.9) G k Gk � k

� .

� is calledthegraphdeterminant.It is of theform

(3.10) � 1 S1 S2 S3 �[�H� ,

whereS1 is thesumof all loops,S2 is thesumof all products
of two loopswithout commonnodes,and Sj is the sumof
all productsof j loopswithout commonnodes. Gk is the
gain of thek-th forwardpath,and � k is thepartof thegraph
determinantwhich containsonly loopsthatdo not have nodes
in commonwith thepathGk. WhatG actuallyis dependson
the signal-flow graphin question.For example,the gain of
thesignal-flow graphin Fig. 3.6 is G Vout� Vin, which is the
voltagetransferfunctionT of thecircuit in Fig. 3.1.

It canbetediousto evaluatethisgainformulafor largercircuits, Essentialpartsof
Mason’s rulebut for our purposeit is enoughto notethe following: Two

graphshave thesamegain G if
1. they have thesameforwardpaths,
2. they have thesameloops,
3. the topologicalrelations(i.e. commonnodes)between

the loopsandbetweenloopsandforwardpathsarethe
same.

It now occursthat forward pathsand loopsaswell as the Transposinga
signal-flow graph
doesnot change

its gain

topologicalrelationsbetweenthemremainunchangedif the
directionof all branchesof a signal-flow grapharereversed.
ThereforetheSFGgain alsoremainsthesame.We call this
operationthe transpositionof a signal-flowgraph and the
SFGresultingfrom it thedual SFG. For example,this means
that thegraphin Fig. 3.7 hasthesamegain asthedualgraph
in Fig. 3.6. Note that nodesformerly describingvoltages
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describecurrentsin the dual graph,andvice-versa. This is
necessarysincethe branchweightsarenot changed,and,
e.g.,anadmittancebranchmuststill originatefrom a voltage
nodeandleadinto a currentnode. ThereforeGd Iout� I in,
whichmeansthatthecircuit correspondingto thedualgraphin
Fig. 3.7 hasthecurrent transferfunction T . It actuallyis the
dualcircuit, whichwill beshown presently.

Transposition of the circuit example

To find out whatthecircuit describedby thesignal-flow graphThe passive part
remainsthe same in Fig. 3.7 looks like, we first notethat the new circuit has

thesamenumberof nodes.First to thepassive branches:The
driving-pointimpedancesarestill presentat thesamenodesas
beforethetransposition.Theadmittancebranchfrom Vj to Ik

is now leadingfrom Vk to I j . Thustheadmittancesbetween
thenodesdo not changeeitherif thecircuit is transposed.The
passivepart remainsthe same.

The input voltagesourceis replacedby a currentoutput,theInputs, outputs,and
amplifierschange voltageoutputby an input currentsource.Finally, the gain

g V now pointsfrom I4 to I3: thevoltageamplifier is replaced
by a currentamplifierwith a gain of thesameabsolutevalue.
Note that the currentdirection into the outputof a current
amplifier (or current-controlledcurrentsource,CCCS)is
conventionallyconsideredto bepositive, but thebranchwith
weight g V actuallycontributesa currentinto the auxiliary
sourceat node3, which flows out of the currentamplifier,
which thereforehasa gain of g I g V . Theresultingcircuit
is shown in Fig. 3.3.

Derivation of transposition rules

Thesamemethodcanalsobeappliedto only apartof acircuit,Derivation method

e.g.a singleactive element:First, thesignal-flow graphof the
elementis drawn, thenit is transposed,andfinally theactive
devicedescribedby this signal-flow graphis drawn.

Take, for example, the differential differenceoperationalTransposeof
the differential
differenceopamp

amplifier (DDOA) in Fig. 3.8 (c.f. Sec.2.4). It amplifiesthe
differenceof two voltagedifferences.The transposederived
in Fig. 3.8 is a balancedcurrentopampwith mirroredoutputs.
Again, sincewe definepositive currentsasflowing into the
outputof anactive device,but thesignal-flow-graphcurrentis
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definedasflowing out of theoutputof thepassive device, the
signsof thecurrentopampoutputsaretheinverseof thesigns
of theDDOA inputs.

A secondexampleis theoperationalfloatingconveyor (OFC).Self-dualamplifiers
(e.g. OTA, OFC,
and CCII � )

As explainedin Sec.2.4, it works as follows: the voltage
appliedto terminalY is copiedto terminalX. The current
flowing into this terminal is thenamplifiedby a very high
transresistancerm, which gives a voltageat terminal W.
Finally, thecurrentflowing into terminalW is copiedto flow
out of terminalZ. Fromthis description,thesignal-flow graph
of thedevice follows immediately, but it is importantto choose
the currentdirectionscorrectly. The terminalsX andW are
a currentsink anda voltagesource,respectively, so I2 and
I3 arepositive if they flow into theOFC. On theotherhand,
terminalsY andZ arehigh-impedanceterminals,to which
eithera currentsink,a voltagesource,or anauxiliary sourceis
connected.In any of thesethreecases,I1 and I4 arepositive
if they flow out of he OFC. Note that the transposeof this
signal-flow graphis identical to the original one. Thusthe
operationalfloating conveyor is its own transpose,only the
terminalsarepermutedduring transposition,asindicatedby
the numbersin Fig. 3.9. The sameis true for otherdevices,
e.g.the balanced-outputOTA andthe negative-gain second-
generationcurrentconveyor (CCII ), but theseproofsareleft
to thereader.

Onemoreexample: asdiscussedin Chap.2, the OFC withTransposeof
the nullor rm approximatesa four-terminalnullor. ThustheOFC

canbe usedto show that the nullor canbe transposedby
interchangingnullatorandnorator, asshown in Fig. 3.10.The
samecould, of course,alsobe doneby usingthe balanced-
outputOTA with gm .

We have not yet provedthatSFGtranspositionis thesameasSystematicallywriting
down SFG equations
as matrix equations

circuit transposition.In general,this is notnecessarilythecase,
but it is thecasefor DP SFGs.Theproof is straightforward:
thevoltagesandcurrentsof all nodesoccurin thesignalvector,

(3.11) xT V1 V2 V3 V4 I1 I2 I3 I4 .
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Thenthecoefficient matrix canbebuilt by writing down the
DP SFGequationsin a systematicway: first the equation
describingthenodesV1 to V4, thentheequationsdescribing
thenodesI1 to I4.

(3.12) A

y1,1 y1,2 y1,3 y1,4 1 a1,2 a1,3 a1,4

y2,1 y2,2 y2,3 y2,4 a2,1 1 a2,3 a2,4

y3,1 y3,2 y3,3 y3,4 a3,1 a3,2 1 a3,4

y4,1 y4,2 y4,3 y4,4 a4,1 a4,2 a4,3 1
1 b1,2 b1,3 b1,4 Z1 z1,2 z1,3 z1,4

b2,1 1 b2,3 b2,4 z2,1 Z2 z2,3 z2,4

b3,1 b3,2 1 b3,4 z3,1 z3,2 Z3 z3,4

b4,1 b4,2 b4,3 1 z4,1 z4,2 z4,3 Z4

whereai , j is theweightof theSFGbranchgoingfrom Vj to Vi ,
bi , j is theweightof theSFGbranchgoingfrom I j to I i , yi , j is
theweightof theSFGbranchgoing from Vj to I i , andzi , j is
theweightof theSFGbranchgoing from I j to Vi . Note that
zi ,i is just thedriving-pointimpedanceZi .

It now becomesapparentwhat transposingA meansfor the Proof of the
equivalenceDP SFG:any branchthatleft Vi now entersI i , any branchthat

enteredVi now leaves I i , andsoon. This is preciselyhow the
transpositionof a signal-flow graphis defined.Theeffect of
interchangingb andc on theDP SFGcanbeinvestigatedin a
similar way andthusconfirmsthatSFGtranspositionis in fact
thesameascircuit transposition.

To find outwhetherit makesadifferenceto representsignalsby Comparisonby
figure of meritcurrentsinsteadof voltages,a ceterisparibus(otherthingsbe-

ing equal)comparisonmustbemade.To our knowledge,only
oneattemptdo do this waspublishedat all [Mahattanakul98].
Theretheauthorscomparedthetwo filters shown in Fig. 3.11,
which arenot dual accordingto the discussionabove, but
have thesameloop structureandthesamelow-passtransfer
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C1 C2

g2

� g3

� g4

Vin g1 Vout

C1 C2

g2

� g3

� g4

I in

Vout

g1

h?i0jlknmpo�q%r�s%s
Voltage-modeand current-modeGm–Cfilter
[Mahattanakul98].

function.2 Thestudytakesinto accountthenoiseof theOTAs
andthe soft harmonicdistortioninducedby their non-linear
transconductances,but not clipping effectscausedby output
stagesaturation.It is shown that both circuits have similar
amountsof harmonicdistortion. The circuits arecompared
accordingto afigureof merit,

(3.13) F
DR f 2

p

P2

whereDR is thedynamicrange,fp is thepolefrequency, andP
is thepower consumption.Theresultshows that thedynamic
rangeof thevoltage-modefilter is betterby at most6dB in the
relevant rangeof poleQsandDC gainsof the low-passfilter
function.

The problemwith this study is that it is not really ceterisReasonfor the
perceived
performance
difference

paribus. Thedifferencemainly occursbecausethenoiseof the
input OTA in thevoltage-modefilter is processedby thefilter,
which is not the casefor the noiseof the outputOTA in the
current-modefilter. Obviously, if both the input OTA of the
voltage-modefilter andthe outputOTA of thecurrent-mode

2Actually the filter in Fig. 3.11 realizestwo transferfunctions. Choos-
ing the node to which C1 is connectedas the output node (top) or input
node (bottom) resultsin a bandpasstransferfunction, but all that is said
in this sectionappliesto the bandpassfilters as well.
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filter were ideal andnoiseless,both filters would perform
identically. On a real IC, the voltage-modecircuit needsan
outputbuffer, sincea resistive load connectedto the output
nodewould otherwisechangethe transferfunction, andthe
current-modecircuit needsan input buffer, sincethe input
nodesmustbedrivenby a high-resistancedevice. However,
this time thenoiseof thecurrentbuffer is filtered,but not the
noiseof the voltagebuffer, andthe performancedifference
betweenthe two is reducedto the performancedifference
betweenthe circuits usedto insertsignalsinto the feedback
loop andextract signalsfrom it. The resultingperformance
differenceis certainly small, and it is not a questionof
signal representation,but of transistor-level design. Thus,
[Mahattanakul98] establishesthat, otherthingsbeingequal,
thereis no performancedifferencebetweenthecurrent-mode
andthevoltage-modeGm-Cfilter discussedin thepaper.

In mostof thepapersproposingveryfastcurrent-modecircuits, Feedbackarounda
high-gain amplifieropen-loopcurrentamplifiersarecomparedto resultsobtained

with closed-loopvoltageamplifiers[Carlosena92, Roberts92,
Roberts89a, Wilson92]. Many of theamplifiersderivedwith
a current-modeapproachbaseon currentmirrorsandprovide
a specific,low gain without feedbackaroundthe amplifier.
The typical low-gain voltageamplifierusesfeedbackaround
a high-gain amplifier. This feedbackstabilisesthe gain and
reducesharmonicdistortion, it also improves the terminal
impedancesof theamplifier.

Fig. 3.12showsthetransferfunctionsandterminalimpedances Qualitative
comparisonof an

opampand a CCII �of theCCII in Fig. 2.10[Schmid98c]andAnalogDevice’s
SSM 2135 audio opampconnectedas a buffer and in an
open-loopconfiguration. The frequency of the opamphas
beenscaledby 50 to make the curvescomparable.A look
at the transferfunctionsshows that the closed-looptransfer
function of the opampand the open-loopcurrenttransfer
function of the CCII look very similar. The reasonis that
bothtransferfunctionsaredeterminedby non-dominantpoles
only, the dominantpole of the voltageopamp,whoseeffect
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is clearly visible in the open-looptransferfunction, only
playsa stabilisingrole oncethe feedbackloop is closed(see
below). The impedancecurvesshow that feedbackdecreases
the output impedanceof the opampbut increasesthe input
impedance,which canbeconsideredanimprovementin both
cases.However, closeto the unity-gain frequency f1 of the
opamp,thereis somepeaking,which meansthat feedback
actuallymakesthe impedancesworseabove approximately
f1 � 5. Notethattheoutputimpedanceof theopampis farbelow
theinput impedanceof theCCII becausetheformer is built
in a bipolar technology, but the latter in CMOS. Although
Fig. 3.12only showstwo specificdevices,theeffectsdiscussed
arethesamefor otheramplifiers.

Comingback to gain stabilisation,the low-gain amplifiers Transferfunction of
an opampwith

resistive feedback
usedin Sallen-and-Key filters (c.f. Chapter4) is normallybuilt
usingonevoltageopampandtwo resistors,asin Fig. 3.13. Its
transferfunctionis then

(3.14) T(s)
Vout

Vin

A(s)

1 R1
R1 � R2

A(s)
.

For veryhighgains,

(3.15) lim
A(s)��� T(s) 1

R2

R1
g V ,

and if the gain of the amplifier is expressedby the gain-
bandwidthproduct,A(s) � gbw� s,

(3.16) T(s)
g V � gbw

g V s � gbw
.

Calculatingthesensitivity of thetransferfunctionto variations Influenceof
open-loopgain and

feedbackgain on
closed-loopgain

stability

in thegain-bandwidthproductgives:

(3.17) ST(s)�
gbw

g V s

g V s � gbw
.

Similarly,

(3.18) ST(s)�
V

� gbw

g V s � gbw
.
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R2

R1

h?i0jlknmpo�q%r�s]q
Low-gainvoltage amplifier.

For low frequencies,ST(s)�
gbw

�
V s�
gbw

andis verysmall.Thismeans
thatvariationsof � gbw have little influenceon theoverall gain.
On theotherhand,ST(s)�

V
1 for low frequencies,which means

thatany variationsof thefeedbackgain directly translatesinto
variationsof theoverall gain. Thustheoverall gain is setby
theprecisionof theratio of the feedbackresistors,which can
be very preciseon chip. Note that the latter sensitivity can
only get smallerfor high frequencies,while the sensitivity
to variationsof the gain-bandwidthproductgoestowards
one for high frequencies.This meansthat the stabilising
effect of feedbackarounda high-gain amplifier decreases
with increasingfrequencies.We cannow find out at which
frequency thecontributionsto thestandarddeviation of T(s)
causedby thestandarddeviationsof g V andof � gbw become
equal:

(3.19) � � V ST(s)�
V

� � gbw ST(s)�
gbw

s � gbw
� � V

g V � � gbw

.

On CMOSICs, resistorratioscanbepreciseto within 0.1%,Feedbackamplifiers
are better than
open-loopamplifiers
only at lower
frequencies

while theprecisionof � gbw canbearound1%. Thus,setting
e.g. g V 2, thevarianceof the � gbw determinesthevarianceof
g V for frequenciesabove � gbw� 20, i.e., it normallydominates
closeto thepolefrequency of aSallen-and-Key filter built with
a feedbackamplifier. Ideally, the gain variationis then1%
aroundtheunity-gain frequency of theopampanddecreases
with 20dB perdecadetowardslower frequencies,but aswith
the resistances,someover-peakingoccursin practicalcases.
The feedbackopampcannow becomparedto CCIIs, whose
currentgainscanalsobepreciseto within 1%. It thenturns
out thatagain, thefeedbackopampis decidedlybetterthanthe
CCII only for frequenciesbelow � gbw� 5.
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Thus we can now explain why current-modecircuits are Implicationson the
current-modevs.

voltage-modedebate
consideredto be fasterthanvoltage-modecircuits: although
bothwouldbesimilarly goodfrom anidealpointof view, over-
peakingcausedby second-ordereffectsmakesproblemsclose
to the � gbw productof the feedbackopamps.It is important
to seethat thesameover-peakingeffectsalsooccurin CCIIs
thatuselocal feedbackto reducetheinput resistanceof theX
terminal;in thiscase,thespeedadvantageof theCCII vanishes.
It is alsopossibleto build thecircuit that is dual to theonein
Fig. 3.13usinga current-modeopamp;its performancewill
thenbe similar. Furthermore,onecanalsobuild open-loop
voltageamplifiersthatshow noover-peaking.However, it turns
out thatcircuitswithout localstabilisingfeedbackarejustmore
typical for thecurrent-modeapproach.

Both the transferfunctionof theclosed-loopopampandthe Why current-mode
and voltage-modeare

not different
behaviour of theCCII aredeterminedby the low-impedance
nodesof the circuits only. Theselow-impedancenodesall
look similar in bothvoltage-modeandcurrent-modecircuits:
a transistorgm setsthenoderesistance,parasiticcapacitances
of transistorssetthenodecapacitance,andthevoltageswing
is limited by transistorsthatwould otherwiseleave theregion
of saturation.Thusthe non-dominantpolesandzeroswill
beat similar frequencies,andtheharmonicdistortionat high
frequenciesandthenoisepropertieswill alsobesimilar. What
mainly determinestheperformanceof a circuit is thenumber
of low-impedancenodesandtheway they areconnected,i.e.,
thecomplexity of a circuit determinestheperformanceof an
amplifieror filter. As with feedback,onefindsthatlesscomplex
circuitsaremore typical for thecurrent-modeapproach.There
area few voltage-modecircuitswith reducedcomplexity, like
the very fastGm–Cfilters presentedin [Nauta92] built with
OTAs thatonly have input andoutputnodes,but no internal
nodesatall. Of course,current-modecircuitscanalsobemade
morecomplex to improve their linearity andsignal-to-noise
ratio,but thatslows themdown again.

Thusthe advantagesof current-modecircuits that areoften Non-technicalreasons
for advantagescited in the literature,like a potentialfor reachinghigher

frequencies,lower power consumption,and smallerchip
area,arein fact real,but the reasonis not technical,andhas
nothingto do with choosingvoltagesor currentsto represent
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signals.Thereasonsfor thedifferencearemainly thedesign
preferencesof theproponentsof thecurrent-modeapproach.

It hasbeenpointedout thatusingmixedfeedback(i.e. voltageAdvantagesare open
to debate to currentor currentto voltage)mayresultin speedadvantages

[Wilson92]. This is alsoopento debate.Wewill give two brief
examplesto illustratethecomplexity of suchcomparisons:

Gm–C filters

Gm–Cfilterscanreachhigherfrequenciesthansingle-amplifierDesignadvantageof
Gm–C filters biquads(SABs),but they thenalsoconsumemorepower. From

anoverview of recentlypublishedGm–Cfilters, it seemsthatit
is easierto tradespeedfor power with Gm–Cfilters thanwith
SABs (c.f. Chap.8). However, thereis still no fundamental
reasonfor Gm–Cfiltersto befasterthansingle-amplifierfilters.

The curr ent-feedbackopamp

This device, which we alreadydescribedin Chapter2, was. . .has advantagesand
disadvantages. . . extensively discussedat theISCAS1993[Bruun93, Bowers93,

Franco93, Harvey93, Toumazou93]. Theallegedadvantages
of the CFB opamparethat its bandwidthis very high and
independentof theclosed-loopgain, that it hasno theoretical
slew-ratelimitation, andthat its input-referrednoisevoltageis
low comparedto thatof opamps.Thereareseveralapplications
in which theCFB opampperformsvery well (c.f. Sec.7.2). Its
disadvantagesareits inferior DC performance,theasymmetry
of its inputs, the high input biascurrentnecessaryon the
inverting input, andthe dependenceof its bandwidthon the
feedbackresistor[Bowers93]. Furthermore,the feedback
cannotbe capacitive, this would leadto stability problems
[Franco93].

Thereis alwaysa trade-off betweenDC performanceand. . .but is not
fundamentallybetter bandwidthin opamps,andCFB opampsseemto be faster

mainly becausethey arecomparedto voltageopampshaving
muchbetterDC performance.Then,while the closed-loop
gain is independentof thebandwidth,it is limited by theinput
resistanceof thecurrent-inputterminal. Especiallywhenthe
CFB opampis setto its maximumbandwidth,the available
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rangeof gain is surprisinglysmall. Furthermore,CFB opamps
draw a considerablesupplycurrentunderslewing conditions;
thus,althoughtheslew rateof theCFB opampis indeedvery
high,it is setby thesupplyin practicalapplications.Many other
problemsweredescribedin [Bowers93, Harvey93, Franco93].

Thenotionof looking at circuits in termsof nodeimpedances The mode is
not decisivemadeit possibleto derive a new, constructive proof of the

circuit transpositiontheoremusingsignal-flow graphs. A
discussionbasedon thesamenotionshowed that thereis no
fundamentaldifferencebetweencurrent-modeandvoltage-
modecircuits. While it is truethatmany current-modecircuits
live up to the reputedadvantagesof the currentmode,the
reasonis not that currenthasbeenusedasa signal,but that
circuit simplicity, lower power consumptionandspeedare
often achieved at the costof higherdistortion,highergain
variation,andsoon.

Whatwouldhappenif adesignersetoutto build acurrent-mode On the difficulty of
a valid comparisonopampthat hasapproximatelythe sameproperties(CMRR,

PSRR,linearity, chip area,etc.)as,e.g,thewell-known opamp
LM 741,but with themaximumpossiblespeed?In thelight of
theabove discussion,we believe that thespeedwould alsobe
approximatelythesame,but until somebodytries this, which
is not likely becausetheeffort wouldbeimmense,thequestion
will remainopen.
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Thischapterintroducestheconceptsbehindsingle-amplifierbi-
quadraticfilters and thendiscussesthe sensitivity of the pole
Q to componentvariationsandthe influenceof amplifiernon-
idealitieson thetransferfunction.

In Sec.4.3, it is shown usingsensitivity theory that a Sallen-
and-Key low-passfilter with minimumpole-Qvariancealways
hasa gain lessthantwo. Theformulaederivedin Sec.4.4 can
beusedbothin thedesigncycle to do pre-distortionof compo-
nentvaluesandmoregenerallyto determinethemaximumpole
frequency thatcanbeachievedwith agivenamplifier.

Bothsectionsareoriginalwork,but while theresultsof Sec.4.4
mightalsobefoundscatteredover theliterature,severalresults
presentedin Sec.4.3 arenew, andsomeeven contradicttext-
bookknowledge.
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The single-amplifierbiquadraticfilters were first put in aOrigin

commonframework in 1980[Moschytz80]. As anintroduction
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to SABs, we explain the classificationfrom [Moschytz80]
briefly, usingourown concepts.

Moschytz’s classificationcoversall SABs thatarebuilt with Classifying
opamp-RCSABsoneopampandanRCnetwork, haveonevoltageinput,anduse

theopampoutputasthefilter output.Suchfilterscangenerally
bedrawn by thesignal-flow graph(SFG)in Fig. 4.1 thathas
only four nodes:the input andoutputvoltageof thefilter, Vin

andVout, andthetwo opampinputvoltages,Vx andVy .

The SABs that canbe describedby this SFGcanalsobe Four classification
criteriaclassifiedusingfour criteria:

1. Thenumberof forwardpaths,whichcanbeone(TypeI)
or two (TypeII).

2. Thenumberof feedbackpaths,which canbeone(single
feedback,SF)or two (doublefeedback,DF). In thelatter
case,either t32 or t z32 is normally constantover the s
plane(i.e., it containsonly resistors),becauseusingtwo
frequency-dependentfeedbackpathsdoesnot give more
functionality.

3. The filter function of the frequency-dependentfeed-
backpath,which canbe a low-pass(class1), high-
pass(class2), band-reject(class3) or band-passfilter
(class4).

4. Thefilter functionof thecompletefilter.
For example,theSAB shown in Fig. 4.3on p. 67 is a I–SF–4–
LP filter.

All SABs generatecomplex polesby forming thedifference Generationof
complex polesof two rationalfractionsthathave only realpoles. For I–SF
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Signal-flowgraph of a I–SF filter.

filters, theSFGin Fig. 4.1canbesimplified.Usinganarbitrary
voltagegain � V resultsin theSFGshown in Fig. 4.2. If t12 and
t32 arebothproducedby thesameRC network, they will only
havedifferentnumerators,thedenominatoris thesame:

(4.1) t12
n12

d̂
, t32

n32

d̂
,

wherethehaton d̂ indicatesa second-orderpolynomialthat
hastwo negative, real roots. It follows from theSFGthat the
transferfunctionof theI–SFfilter is

(4.2) T(s)
Vout

Vin

� V t12

1 � V t32

� V n12

d̂ � V n32
.

Thenew denominatorcanbewrittenas

d̂ � V n32 (a2 � V b2)s2 (a1 � V b1)s (a0 � V b0)

c2 s2 c1 s c0 .(4.3)

Therootsof this expressionare

(4.4) s1,2
c1

2c2

c2
1 4c2 c0

2c2
,

andthe pole frequency, the pole quality factorandthe 3-dB
bandwidthbecome

(4.5) � 2
p

c0

c2
, qp

c0 c2

c1
, � 3dB

c1

c2
.

Thepolesof suchfilters becomecomplex if thesecondtermin
(4.4) becomesimaginary, i.e., if c2

1 4c2 c0 � 0. This canbe
achievedin threedifferentwaysby makingc2 c0 larger, or by
makingc1 smaller.
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n32 feedback � V

1� c0 low-pass constantbandwidth
2 c2 s2 high-pass low � p possible
3 c2 s2 c0 band-reject constant� p

4 c1 s band-pass constant� p

Four classesof SABs
º?ÇÁÝÁÑ�¼eu%Ówv

Thesefour possibilitiesdefinethefour filter classeswhich are Four filter classes

shown in Table4.1. As follows directly from the equations
above, thebandwidthof class-1filters doesnot changewhen
� V is adjusted,class-2filters canreachvery low frequencies
becauseanincreaseof � V reduces� p, andfiltersof theclasses3
and4 havean � p thatis independentof � V .

The disadvantageof the classes1 and2 is that they do not Restrictionsof
classes1–3containhigh-passand low-passfilters, respectively. The

problemwith class-3filters is thatn32 c2 s2 c0 canonly be
realisedwith a third-orderRC network, a second-orderRC-
network givesann32 c2 s2 c1 s c0 with a c1 � c1min � 0
thatlimits themaximumachievablepolequality factorto qp �

(this is a way of expressingtheFialkow-Gerstcondition,
c.f. [Moschytz80]).

The mostversatileclassis thereforeclass4, or the classof Class4 is the most
versatileclassSallen-and-Key filters,namedafterR. P. SallenandE. L. Key,

who describedseveral filters of this classin [Sallen55]. The
whole classificationcaneasilybe appliedto current-opamp
filters aswell (throughcircuit transposition,c.f. Sec.3.3 or
[Moschytz94]). It is alsoapplicableto SABsbuilt with different
amplifiers,sincemost of them have only one frequency-
dependentfeedbackpathwhosefilter function caneasilybe
determined.

Themainadvantageof Sallen-and-Key filters is that they can High qp sensitivity

producea high qp even with a low gain � V , aswasalready
mentionedin Sec.3.4.2. The main disadvantageis that the
qp of Sallen-and-Key filters is moresensitive to variationsof
componentvaluesthanit is in somemultiple-amplifierbiquads.
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We will show in Sec.4.3 that,for low-passfilters, thegain � VOnly low gain
necessary neednever begreaterthan2 to minimisethevarianceof qp.

This explainswhy Sallen-and-Key filters aresometimescalled
“low-gainactivefilters” [Allen95].

The � p andqp aswell asthestopbandattenuationof a Sallen-Amplifier
non-idealities and-Key filter dependon theamplifiernon-idealitieslike input

impedance,outputimpedance,andphaselag. Theeffectsof
thesenon-idealitiesarediscussedin Sec.4.4,andit is shown
that the phaselag of the amplifier increasesqp asin Gm–C
filters,andthata non-ideallow-impedanceterminalintroduces
a parasiticzerothat limits theobtainablestopbandattenuation
andwith thatalsothemaximumachievable � p.

Oneof thedisadvantagesof SABs is thecomparatively highApproximationbefore
optimisation? sensitivity of the pole quality factorqp to variationsof the

passive componentvaluesandof theamplifier gain. Design
equationsfor minimising the varianceof qp arewell known
(cf. [Huelsman80, Moschytz81]), but they wereall derivedby
first makingapproximationsandthensolvingfor a minimum-
variancefilter.

In this section,we solve the optimisationproblemwithoutOptimising without
approximations makingany approximationsother thanapplyingsensitivity

theory. We first derive closed-formdesignequationsfor the
Sallen-and-Key low-passfilter usinga non-linearcoordinate
transform. We then prove somegeneralpropertiesof the
minimum-sensitivity filter: First, the valuesof its passive
componentsarespreadasfar aspossible;second,thecapacitor
spreadis largerthantheresistorspread;andlast,but not least,
the gain of the minimum-sensitivity filter mustbe lessthan
two.

A similar discussionfor theunity-gain low-passfilter providesUnity-gain filters

anevenmoreinterestingresult: if thepolefrequency is below
a certainlimit determinedby theamplifier, thevarianceof the
resistors,andqp, thentheminimum-sensitivity filter hasvery
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lowcomponentspreads.Althoughthiswill nothappenfor high-
Q filters with a pole frequency pushedto thephysical limits,
many low-Q anti-aliasingfilters arebetterbuilt with very low
componentspreads,a resultthatcontradictswell established
beliefsbut is confirmedby Monte-Carlosimulations.

Thewholederivationis madefor discrete-componentvoltage- Discrete-component
and integratedfiltersmodefilters. Obviously, it is valid aswell for current-mode

filters. In the end,we show that thereis only a quantitative
differencebetweendiscrete-componentandintegratedfilters,
thusestablishingthatthegainof aminimum-sensitivity filter is
alwaysbelow two in bothcases.

Figure4.3 shows a second-orderSallen-and-Key low-pass Make � p and qp
orthogonalto

calculatesensitivities
filter. To simplify thearithmetic,its passivecomponentscanbe
written asR1 R� n, R3 R n, C2 C � m andC4 C m.
Then R andC arethegeometricmeansof R1, R3 andC2,C4,
n andm arethecomponent-spreadfactors of theresistorsand
thecapacitors,andthecomponentspreadsaremax n2,1� n2

andmax m2,1� m2 . Thetransferfunctionof thefilter is then

T(s) � V

� 2
p

s2   p

qp
s � 2

p

,(4.6)

with � p
1

RC
,

1

qp
mn

m

n

1 � V

mn
,

where � p is the pole frequency in rad� s andqp is the pole
quality factor. � p andqp have the following sensitivities to
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variationsof theactiveandpassivecomponents:

S  p¢
V 0, S

qp¢
V � V � D , S  p

R1,3,C2,4
1� 2,(4.7a)

S
qp

R1
S

qp

R3
m2n2 m2 1 � V � 2D ,(4.7b)

S
qp

C2
S

qp

C4
m2n2 m2 1 � V � 2D ,(4.7c)

where D m2n2 m2 1 � V .

It becomesapparentfrom (4.7a)–(4.7c)that, usingresistorsChoosea practically
relevant optimisation
criterion

andcapacitorsof a givenprecision,only thesensitivities of qp

differ for differentdesigns.Therefore,all thatcanbedoneis to
minimisethevarianceof qp in functionof thevariancesof the
componentvalues.Theexpressionsbecomesimplerif relative
variancesareused,e.g. £ 2

R1
£ 2

R1
� R2

1. Then

(4.8) £ 2
qp

x ¤ X

S
qp
x

2 £ 2
x , X R1,C2, R3,C4, � V ,

which is a generalisedvariantof Schoeffler’s multivariate
criterion. Substituting(4.7a)–(4.7c)into this equationresults
in a closed-formexpressionfor £ 2

qp
. Findingall local minima

now meanssettingthegradientto zero,i.e. solvingthevector
equation £ 2

qp
0 for m andn, whichcannotbedonedirectly.

Visualisingnumericalexamplesof thefunctions(4.8) aroundSeparate¥�¦ § 2
qp ¨ 0

by a non-linear
coordinatetransform

m n 1 shows, however, that they all have a form similar
to theoneshown in Fig. 4.4. A “valley” towardsthe right is
apparent,which canbe broughtinto the directionof an axis
usingasimplenon-linearcoordinatetransformation,

(4.9) x mn, y
n

m
, with m,n,x, y � 0 ,

which is justa45-degreerotationof thelogarithmiccoordinate
system. The new coordinatesareshown aswhite lines in
Figure4.4.
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m £ 2
qp

0 and n £ 2
qp

0.

Solving £ 2
qp

0 in thenew coordinatesis analmosttrivialDesignequations

task. We give the resultsin implicit form; the explicit form
existsbut is too complicatedto provide insight.

0 2qp £ 2
R(2£ 2

C £ 2¢
v
)x4 £ 2

R(2£ 2
C £ 2¢

v
)x3

£ 2
C £ 2¢

v
x 2£ 2

C £ 2¢
v
qp ,(4.10a)

y
qpx(2£ 2

C £ 2¢
v
)

qp(2£ 2
C £ 2¢

v
)x2 ( £ 2

C £ 2¢
v
)x £ 2¢

v
qp

.(4.10b)

We show in the appendixon p. 75 that this systemof equa-No local optimum

tions hasno solution for qp � 1
2 with x, y � 0. Thus the

minimum-sensitivity solutionlies on theboundarydefinedby
themaximumallowablecomponentspreads(seeFig. 4.5).The
“bottom of thevalley” in Fig. 4.4 is at x¼ (seeFig. 4.6),given
by

(4.11) qp(2£ 2
R 2£ 2

C £ 2¢
v
)x4¼ ( £ 2

R £ 2
C £ 2¢

v
)x3¼

£ 2¢
v
x¼ qp £ 2¢

v
0 .
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This equationwasderivedfrom (4.10a)–(4.10b)for y . It
canbeusedasa designequation,providedthat theallowable
componentspreadis largeenough(1� m2 ¿ 10in ourexample).

Note that x¼ � 1 for m � 1, which meansthat the resistor Upper limit on
optimum gainspreadis alwayssmallerthanthe capacitorspread.Finally,

thegain � V at thebottomof thevalley is alwayslessthan2,
which will alsobeshown in theappendixon p. 75. This is an
advantage,sincethehigherthegainof avoltageamplifierbuilt
usinganopampis, thehigherareits noiseanddistortion,and
thelower is its bandwidth.

Sallen-and-Key filters areoften built aroundan opampcon- Reduceby one
dimensionnectedasaunity-gainbuffer. In thiscase,(4.3.2)canbesolved

for m:

(4.12) m
n

qp(n2 1)
.

It canbe seenthat m qp � 2 for all possiblen, which is a
well-known result (cf. [Huelsman80]). For complex poles
(qp � 0.5),m � 1 andthereforeC4 � C2. In otherwords,given
a maximumallowablecapacitorspreadof 1� m2, only filters
with qp

1
2 m canbebuilt.

Replacingm in all expressionsby the term given in (4.12) Calculateoptimum n
directlyamountsto mappingthe white line in Fig. 4.7 onto a plane

with constantm, giving a curve similar to thosein Fig. 4.8.
Thereremainsonly onedegreeof freedom,andtheminimum-
sensitivity filter canbefoundby solving £ 2

qp
0, which leads

to theequation

(4.13) 4 £ 2¢
v
q4

p £ 2
R n8 4 4£ 2¢

v
q4

p £ 2
R n6

24£ 2¢
v
q4

pn4 16£ 2¢
v
q4

pn2 4£ 2¢
v
q4

p 0

under the condition that £ 2
R and £ 2

C are identical for all
resistorsandcapacitors,respectively. Notethat thesolutionis
independentof £ 2

C. After thesubstitution£ 2¢
v

£ 2
Rk2

v � q4
p, this
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equationbecomes

(4.14) n2 1
4
k2

v n6 n2 1 0 .

It canbeseenthat (4.14)canhave onereal root in the range
1 n � , correspondingto 0 k2

v � 1 or

(4.15) q2
p � £ R

£ ¢ V

.

If condition(4.15)is not met,theminimum-sensitivity filter is
again definedby themaximumallowablecomponentspread,
andtheminimumachievablevariancebecomes12q2

p( £ 2
R £ 2

C

2£ 2¢
v
q4

p).

As anexample,Fig. 4.8shows £ 2
qp

for £ R £ C 1%,qp 3Examples

andkv 2y 11 Â&Â�Â 22. It is apparentthat theminimumnormally
occursat n 1, i.e. for a very smallresistorspread,where£ 2

qp

is muchsmallerthanit is for n 1. It alsoappearsthatnot
muchis to begainedif kv is broughtbelow 1/8.

To illustratethis, two numericalexamplesfollow. Consider
a low-passfilter with qp 2. Thena minimum exists for
£ ¢ V � 1

4 £ R. If 1% resistorsareused,thegainmustnot varyby
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morethan0.25% (i.e. £ ¢ v � 0.0025).Theopamp’s open-loop
gain is approximatelyGBW� f , andtherefore

(4.16) £ ¢ V

f

GBW
£ GBW ,

whereGBW is theGain-BandwidthProductof theopampused
to build thebuffer. With GBW 1.5MHz and £ GBW 50%,
which approximatelydescribesthe well-known LM 741, the
filter shouldbebuilt with low componentspreadsif it hasapole
frequency fp below 7.5kHz. For a Butterworth or “maximally
flat” filter (oftenusedfor anti-aliasing),qp 1Û 2. ThereforeÜ�Ý

V Þ 2 %, andaminimumexistsfor all fp Þ 60kHz.

All Monte-Carlosimulationswe madeconfirm the theory.Confirmedby
simulation One exampleis shown in Fig. 4.9. It is obvious that the

improvementin termsof Ü 2
qp

is not large,but therealadvantage
in usingsmall-spreadfilters is thathigherpolefrequenciescan
berealisedusingthesameamplifier(c.f. Sec.4.4).

Up to here,thewholediscussionwasaboutdiscrete-componentExtension

filters. We will now show that all resultsarealsovalid for
integratedfilters.

On an IC, the physically relevant variationsarenot thoseofUse physically
relevant sensitivities R1, R3, C2 andC4, but thoseof R andC, correspondingto the

low-precisionabsolutevaluesof thepassive components,and
m andn, correspondingto thehighly precisecomponentratios.
As mentionedabove, theratiosof thepassive components(or
componentspreads)aremax n2,1Û n2 andmax m2,1Û m2 . It
is not certaina priori whethern2 or 1Û n2 is greaterthanone.
However, thisdoesnotmatter, becauseaslongasthevariances
aresmall, Ü 2

n2
Ü 2

1ß n2.

Eq. (4.8) can now be written down for both discrete(a)Comparediscreteto
integratedfilters andintegrated(b) filters, assumingthat Ü 2

R1

Ü 2
R3

Ü 2
R andÜ 2

C2

Ü 2
C4

Ü 2
C:

Ü 2
qp

2 Ü 2
R S

qp

R1

2
2 Ü 2

C S
qp

C2

2 Ü 2Ý
V

S
qpÝ

V

2
,(4.17a)

Ü 2
qp

Ü 2
n2 S

qp

n2

2 Ü 2
m2 S

qp

m2

2 Ü 2Ý
V

S
qpÝ

V

2
.(4.17b)
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Thetwo expressionslook verysimilar. It canbeshown that

S
qp
n 2 S

qp

R1
S

qp

n2 S
qp

R1
,(4.18)

S
qp
m 2 S

qp

C2
S

qp

m2 S
qp

C2
.(4.19)

Therefore(4.17a)and (4.17a)are identical if Ü 2
n2 2 Ü 2

R

and Ü 2
m2 2 Ü 2

C, andall resultsderived above alsoapply for
integratedfilters. Most importantly, the upperlimit for the
optimumgain of aSallen-and-Key low-passfilter is still two.

The sameanalysiscanalsobe carriedout for otherSallen- Resultsfor
BP and HP filtersand-Key filters, giving similar results.Thehigh-passfilter is

dual to the low-passfilter, which meansthat theresistorsand
capacitorsexchangetheir roles;but otherwisethe resultsare
the sameasbefore. The resultsareslightly differentfor the
two RC-dualbandpassfilters, in which casethe gain of the
minimum-sensitivity filter is upper-boundedby four insteadof
two.

Proof of the statement that the equation system(4.10a)–
(4.10b)has no solution for x å 0, y å 0, qp å 1

2. Outline:

1. Calculatetheroot locusof (4.10a)for 0 qp and
show thatit hasexactlyonepositive realroot if qp æ 1

2.

2. Expressqp asa functionof x andshow that y is negative
over thewholerangeof x for 1

2 Þ qp Þ .

Part 1— Rewrite (4.10a)asapolynomialin qp:

(4.20) qp 2Ü 2
R(2Ü 2

C
Ü 2Ý

v
)x4 2Ü 2

C
Ü 2Ý

vÜ 2
R(2Ü 2

C
Ü 2Ý

v
)x3 Ü 2

C
Ü 2Ý

v
x 0 .

Thefour rootscanbecalculatedat threespecialpoints:
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qp Roots (Finite)PositiveRealRoot

0 0, (kè )
1
2 , x qp é 0 kè

1
2 1, ( kè )

1
3 x qp é 1

2
1

(kè )
1
4 x qp é ¼ 4 kè

(4.21) with kè
Ü 2

C
Ü 2Ý

vÜ 2
R(2Ü 2

C
Ü 2Ý

v
)

.

Thereareonly two fundamentallydifferentroot locii:

condition x for æ qp æ 1
2

kè Þ 1 4 kè Þ x Þ 1

kè æ 1 4 kè æ x æ 1

Oneexampleof eachis shown in Fig. 4.10.Thetheoryof root
locii saysthat, for varyingqp, the rootsmove from the roots
for qp 0 (circles)to therootsfor qp (crosses).It also
follows from thetheory, for bothtypesof root locusoccurring
here,thatthetwo rootsthat leave therealaxiscannotreturnto
therealaxisandleave again. Thusthe fact that thereis only
onepositive real root for qp

1
2 provesthat thesameis also

truefor all qp æ 1
2. (Notethatthereis alsoa rangeof valuesfor

qp below 1
2 for which thereis only onepositive real root, but

this is of no interestfor our proof.)

Part 2: — Expressqp asa functionof x:

(4.22) qp

Ü 2
R(2Ü 2

C
Ü 2Ý

v
)x3 Ü 2

C
Ü 2Ý

v
x

2Ü 2
R(2Ü 2

C
Ü 2Ý

v
)x4 2Ü 2

C
Ü 2Ý

v

.

Substitute(4.22)into equation(4.10b):

(4.23) y
xÜ 2Ý

v

Ü 2
R(2Ü 2

C
Ü 2Ý

v
)x2 Ü 2

C
Ü 2Ý

vÜ 2
Rx4 (Ü 2

C
Ü 2

R)x2 Ü 2
C

.

Bothnumeratoranddenominatorhaveexactlyonepositivereal
root,namely kè and1. Therearetwo possibilities:

kê3ë 1: y Þ 0 for kè Þ x Þ 1. Since kè Þ 4 kè , this range
containsall x for 1

2 Þ qp Þ , andthereis nosolutionto
theoptimisationproblem.
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kê3å 1: y Þ 0 for kè æ x æ 1. For thesamereasonasbefore,
thereis no solutionto theoptimisationproblem.

Proof of the statement that the gain of the minimum-
sensitivity filter doesnot exceed2.

Figure4.6 shows thesameexampleasFig. 4.4 including the
lineson which thegradientsin thedirectionsof them andn
axesarezero.For y 1, theselinesconvergetowardsthesame
x-valuexì , which is describedby (4.11)above. As before,a
root locusanalysiscanbemade:

xì qp é 0 kè 0 kè 0

Ü 2Ý
vÜ 2

R
Ü 2

C
Ü 2Ý

v

xì qp é 1
2

1

xì qp é ì 4 kè�ì kèSì
Ü 2Ý

v

2Ü 2
R 2Ü 2

C
Ü 2Ý

v

This time, thereis only onetypeof root locus,since kè 0 Þ
4 kè�ì Þ 1 for all choicesof Ü 2

R, Ü 2
C, Ü 2Ý

v
. It hasthesameform

astheoneat thetopof Fig. 4.10.Thereforeit follows that

(4.24)
Ü 2Ý

v

2Ü 2
R 2Ü 2

C
Ü 2Ý

v

1
4

Þ xì Þ 1 for æ qp æ 1

2
,

andxì is alwayssmallerthanunity. It follows from equa-
tion (4.9) thatthesensitivity is minimumat ann Þ 1

m for large
n. Thusthefilter shouldhave high componentspreads,where
thecapacitorspreadis alwaysgreater(but normallynot much
greater)thantheresistorspread.

Equation(4.3.2)is now translatedinto x, y coordinates,andthe
limit y 1 is taken.Solvedfor qp:

(4.25) qp
x

x2 1 í V
.

Substitute(4.25)into (4.11), andsolve for í V :

(4.26) í V x2 ( Ü 2
R

Ü 2
C)x2 ( Ü 2

R
Ü 2

C)

( Ü 2
R

Ü 2
C

Ü 2Ý
v
)x2 Ü 2Ý

v

.

This function has four zeros( 1,0,0,1) and two poles
kè 0 , thus it is positive over the whole rangeof x. It
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is alsomonotonicallyincreasingfrom í V 0 for qp
1
2 up to

í V 1 kè�ì for qp , andcanthereforenot begreater
than2.
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Sallen-and-Key filter structure (LP, BP and HP).

As was shown in Sec.3.4.2, the propertiesof open-loopAmplifier phase
model amplifiersandof high-gain amplifierswith feedbackarenot

all that differentwhenthe operatingfrequency is pushedto
the limits. Especiallythe linearphase-lagmodelusedin this
sectionis valid for both. We will discussonly the influence
of non-idealitiesof open-loopamplifierson Sallen-and-Key,
but thediscussioncaneasilybeappliedto high-gain amplifiers
with feedbackaswell, with similar results.

Fig. 4.11shows a generalcurrent-modeSallen-and-Key filterTerminal impedance
model structurewhich canbe usedto implementa low-pass(LP),

two different bandpass(BP1, BP2) and a high-pass(HP)
second-ordertransferfunction. The Sallen-and-Key filter in
Fig. 4.11is built arounda low-gaincurrentamplifierwith finite
input admittance(Ri , resistive) andlow, but not zerooutput
admittance(Co, capacitive). Althougha currentamplifierhas
beenchosenin this section,the sameanalysisis alsovalid
for a voltageamplifierwith input capacitanceCo andoutput
resistanceRi [Moschytz94]. Note that the gain í I of the
currentamplifiermustbenegative in orderto producepositive
feedback(c.f. Sec.3.3).

Table4.2 shows how theadmittancesin Fig. 4.11have to beUsing geometrical
meansand aspect
ratios

chosenin orderto realisethethreedifferentfilter functions.The
resistorsandcapacitorsareexpressedin termsof geometrical
means(R,C) andcomponentspreadfactors(m,n), becausethis
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Y1a Y1b Y2 Y3 Y4 Ri Co

LP R2 n 0 C 2 m Rn Cm R243 C 265
BP1 C 2 m R2 n C 2 m Rn Cm R243 C 265
BP2 R2 n C 2 m R2 n Cm Rn R243 C 265
HP C 2 m 0 R2 n Cm Rn R243 C 265

Filter components. 7�8!9!: ÿ;���=<

leadsto independentexpressionsfor the ideal pole frequency>
pi andthe ideal polequality factorqpi . Theamplifier’s non-

idealport admittancesareexpressedin termsof R,C andof
the impedancelevel factors? RÛ Ri and @ C Û Co, which
wouldbeinfinite for anidealamplifier.

Low-gain amplifiersnormallydo not have onedominantpole, Linear
phase-lagmodelbut a clusterof polesandzerosat high frequencies.Thusthere

is nogeneralphysicalmodelfor theamplifier’sphase-lagthatis
valid over thewholefrequency rangeof interest.Nevertheless,
if thephaselag of theamplifierat thefilter’s polefrequency is
reasonablysmall (sayaround10.. .20 degrees),its effectson
thepole locationcanbeapproximatedby usinga linearphase
lag (constantgroupdelay)model.Then

(4.27) í I(s) í I (sé 0) e( A�B RCs) .

Heres is the complex frequency normally written assÜ j > , and C is thephaselag at > 1Û (RC), which is the
pole frequency of theLP andHP filters, andcloseto thepole
frequenciesof the two BP filters (seeequations(4.28LP)–
(4.28HP)). Theresultingnon-linearfilter transferfunctioncan
be linearisedby setting C 0 in the numerator(this must
bedone,becausethephaselag modelis only accuratein the
region of thepole frequency, but not aroundthe frequencies
of the zeros)andby expandingthe denominatorasa Taylor
seriesin s, cancellingall termsof order3 andhigher. This
approximatedfilter transferfunctionallows a predictionof the
shift of > p andqp for all amplifiernon-idealities,asgiven in
thenext section.
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Ideally, thepolesof theLP filter lie atPolesof the LP filter

(> pi ,
1

qpi
)

1

RC
,

m2n2 m2 (í I 1)

mn
.(4.28LP)

The equationsfor the bandpassandhigh-passfilters canbe
found in the Appendixon p. 87. The pole quality factorof
(4.28LP) canbewritten as

1

qpi

1

mn
mn

1

n

í I

m
m .

It caneasilybe seenthat 1Û mn mn 2, with equalityforRules for choosing
m and n mn 1. qpi canbemadelargerthan1Û 2 only if 1Û n (í I Û m

m) is negative, which is the casefor m Þ í I ,1 andsince
í I shouldnot becometoo high, n shouldalsobelimited. In

practice,m andn shouldbechosensuchthatmn 1, m I 1,
andn is reasonablysmall (on the orderof unity). Similar
rulesfor choosingm andn canbederivedfor theotherfilters.
From(4.28BP1): mn 2 andm I 1 for a reasonablysmalln.
From(4.28BP2): mn 1Û 2 andn J 1 ata reasonablylargem
(on theorderof unity). From(4.28HP): mn 1 andn J 1 at a
reasonablylargem.

The threenon-idealities(finite Ri , non-zeroCo andnon-zeroShifted pole
frequency and pole Q C ) shift thepolestowardslower frequencies,where

> 2
p> 2
pi

?K@ mn

?L@ (mn C í I) ? n ( @ m 1)(n2 1)
.(4.29LP)

Thepolequality factorscanalsobeexpressedin termsof ? , @
and C , but hereit is lessobviouswhathappensto qp:

1

qp

?K@ (m2n2 m2 ( í I 1)) ? m(n2 1) @ n

?K@ mn ?L@ (mn C í I) ? n ( @ m 1)(n2 1)
.

(4.30LP)

1Rememberthat M I N 0.
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If C 0 andeither ? or @ is assumedinfinite, all expressions
(4.30LP)–(4.30HP) canbebroughtinto theform

1

qp

1

qpi
k1 k2

wherek1 Þ 1 and k2 æ 0. It can be seenthat k1 1 for
small componentspreads,thereforenon-idealamplifier port
impedancesnormallydecreasethepolequality factorqp. On
theotherhand,anamplifierphaselag increasesthepolequality
factor. This behaviour hasalsobeenobservedin Gm–Cfilters
[Hung97].

Thereis a non-idealeffect which affectsfilter performance Location

morethanthe predictableandthereforecompensatablepole
shifts,namelytheparasiticzeroor zeroscausedby afinite ? .

( > 2
z,qz)

1

R2C2

? í Im

n m 1O , ? m
1

@ í Imn ,

(4.31LP,BP1)

>
z

1

RC

1

mn nO ? í Im
.

(4.31HP,BP2)

Theeffectson thefilter transferfunctiondiffer:

Low-passfilter (LP). The complex pair of zeroscausesthe Limit on the
stopbandattenuationtransferfunction (TF) to becomeconstantfor frequencies

above >
z, and the minimum stopbandattenuationAstop,

with respectto the passbandattenuationApass, becomes
AstopÛ Apass ? í I Û n (for @ 1Û m). Since í I andn are
normally on the orderof unity, this meansthat ? R1aÛ Ri

mustbelargerthantherequiredstopbandattenuation.

For a givenpolefrequency, theproductRC mustbeconstant. Limit on the
componentspreadMaking R1a RÛ n larger (for the samen) thereforemeans

makingC smaller. The ultimatelimit is C m Co, but this
limit shouldnot beapproached,sinceY4 is thenonly a rather
non-linearamplifieroutputcapacitance.
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Theresistanceof the low-impedanceterminal therefore im-Limit on the
maximum pole
frequency

posesfundamentallimitations on the filter’s pole frequency,
andthe highestachievable frequency for a given stopband
attenuationis

(4.32) >
pmax

Apass

max(m,1P m)Co max(n,1P n)Ri Astop
,

which reachesa maximumat m n 1. Sincethecapacitors
Y4 andY2 mustmatchwell, Y4 shouldnot consistof parasitic
capacitanceonly, and> pmax shouldthereforenotbeapproached
tooclosely.

Bandpassfilter (BP1). Herethecomplex pair of zeroscausesBad high-frequency
behaviour theTF to rise 20dB per decadeat frequenciesabove >

z, until
it flattensout again, at a gain of 1, becauseof a third high-
frequency pole,which wascancelledfrom the Taylor series
during thesimplificationsmadeabove. Since > z P > p is in the
orderof ? , thefilter’s gain reachesunity at a frequency of
about? > p. This maywell make the filter uselessfor practical
applications.

Bandpassfilter (BP2). ThesinglezeromakestheTF constantHigher Q pmax
than BP1 for frequenciesbelow >

z, at a magnitudeof approximately
2 ? m. Hereit is amatterof convenienceandinterpretationto

which level this shouldbereferred,but thesamefundamental
frequency limitationsoccurasin theLP case.

High-passfilter (HP1). In this case,thesinglezerochangesNo closed-form
designexpressions the slopeof the TF from 40dB per decadeto 20dB per

decadefor frequenciesbelow >
z. Again, the minimum

capacitanceto be usedin the feedbacknetwork and the
filter specificationsimposefrequency limitations, although
in this casethe dependenceof the maximumfrequency on
the specificationsis morecomplicatedandis bestevaluated
graphicallyor numerically.

To clarify theabove discussion,Fig. 4.12shows the transferExamples

functionsof all four filters, wherem 0.6,n 1, í I 1.6,
@ 30 and ? 10,30,100. Themagnitudesof HP andBP2
have beenmultiplied by 4, anddifferentpolefrequencieshave
beenchosen,both for graphicalreasonsonly. Theeffectsof
theparasiticzeroscanbeseenclearly in all four cases.It is
alsoevident thattheLP filter hasby far thehighestqpi , which
alreadyfollows from (4.28LP)–(4.28HP).
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As anexample,considera Sallen-and-Key low-passfilter bi- Filter with
mediumqpquadwith fp 16.58MHz, qp 4, andastopbandattenuation

of at least30dB.2

A single-endedCMOS classAB second-generationcurrent
conveyor (CCII) is usedascurrentamplifier. It is similar to the
balancedCCII presentedin [Schmid97], which is thebalanced
variantof theCCII shown in Fig. 2.10. Simulationsshow that
thecurrentinput of theCCII hasa resistanceon theorderof
100 S , dependingon thebiascurrent,while thecurrentoutput
hasacapacitanceof Co 0.05pF.

The choiceof “optimum” valuesof m, n and í I really de- ChooseM I , m and n

pendson which sensitivity criterionshouldbeoptimised(c.f.
Sec.4.3). Herewe choosereasonablevaluesaccordingto
thecriteriagivenin Section4.4.2without furtherexplanation:
neglectingthepassbandattenuation(Apass 0dB), andassum-
ing max(m,1P m) 2 andmax(n,1P n) 1.25,it follows that
the input resistanceof the CCII mustbe Ri 240S . Then

2Although it is rathersmall, this attenuationalreadyresultsin 60dB
stopbandattenuationfor a cascadeof two biquadsin a 4th-orderfilter.
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simulated corrected ideal
fp [MHz] 13.6 ( 18%) 16.2 ( 2%) 16.58
qp 3.0 ( 25 %) 3.9 ( 2.5 %) 4.0

7�8!9!:cb�dfe=g Simulated> p and qp of the LP transferfunction.

C max(m,1P m)Co 1pF, and R 9.6k S from (4.28LP).
TheCCII usedfor thesimulationshasa gain of h I 1.57.If
n 1 is chosen,assuggestedin theprevioussection,it follows
thatm 0.6. However, if thefilter is built usingthesevalues,
theactualpole frequency andpolequality factorwill deviate
from the ideal. Sincethe CCII hasa phaselag of 7 degrees
at 16.58MHz, the equations(4.29LP) and (4.30LP) predict
fp 13.6MHz andqp 3.1. This correspondswell to the
simulatedfp 13.6MHz andqp 3.0.

The pole frequency canbe correctedby making R smaller,Correcting Q p

eitherin two or threeiterativesteps,or by replacing? by RP Ri

in (4.29LP) andsolvingfor R. This resultsin R 7.85k S (and
therefore? 32.7). Due to othernon-idealeffects,thepole
frequency fp 16.2MHz is still slightly low, but closeenough
suchthata new valuefor 1P R canbe linearly extrapolated,3

resultingin R 7.58k S andafilter having thecorrect fp.

Theproblemof the low qp remains.A similar procedurecanCorrectingqp

now beappliedto (4.29LP), solvingfor a new valueof n 0.9.
Now thesimulatedfilter hasa qp 3.9, but fp hasnot been
changed,sincethe two areorthogonalto eachother. Linear
extrapolationsuggestsusingn 0.89,which givesthecorrect
qp.

Table4.3 shows the ideal valuesof fp andqp andthe sim-Discussion

ulatedvalueswith ideal components(“simulated”) andwith
componentscalculatedusingequations(4.29LP) and(4.30LP)
(“corrected”). The valuesafter linear interpolationarenot
shown, sincethey differ from the ideal valuesby lessthan
0.2%. Thestopbandattenuationof thefilter reachesits maxi-
mumof 35dB atabout400MHz, whichis betterthanexpected.
Thereasonfor this unexpectedimprovementis thatthegain of
theCCII hasalreadydecreasedby 7dB at this frequency.

3Note that fp is a linear function of 1i R, not R.
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This exampleshows that theequations(4.29LP) and(4.30LP) Deterministic
compensation

of amplifier
non-idealities

is good enough

themselvesprovide a very goodmeansof designinga filter,
evenif only Ri , Co andthephaselag at fp of theamplifierare
known, andno accuratesimulationsof thewholefilter canbe
made.Non-idealitiesof theCCII otherthaninput resistance,
output capacitanceandphaselag, e.g.attenuationat high
frequenciesor parasiticpolesandzerosin theimpedances,can
alsobeaccountedfor if thewholefilter canbesimulatedand
oneadditionalinterpolationstepis made.

( > pi ,
1

qpi
)

1

2RC
,

m2n2 m2 ( h I 2)

2mn
,(4.28BP1)

2

RC
,

m2n2( h I 2) m2 1

2mn
,(4.28BP2)

1

RC
,

m2n2( h I 1) m2 1

mn
.(4.28HP)

> 2
p> 2
pi

?K@ mn

?K@ (mn 1
2 Cvh I) ? n 1

2(@ m 1)(n2 1)
O

2m

,(4.29BP1)

?K@ mn
O mn2

2?K@ (mn C m2n2 h I) (? n n2)(m2 1) @ mn2
,(4.29BP2)

?K@ mn

?K@ (mn C m2n2 h I) (? n n2)(m2 1) @ mn2
,(4.29HP)

1

qp

?K@ (m2n2 m2 (h I 2)) ? m(n2 1) @ n

?L@ mn ?K@ (2mn Cvh I) 2? n @ m(n2 1)
O
m (n2 1)

,

(4.30BP1)

?K@ (m2n2(h I 2) m2 1) 2? mn2 @ n(m2n2 m2 1) mn3

(2? n) @ mn ?K@ (mn Cvh Im2n2) ? n(m2 1) n2(m2 @ m 1)
,(4.30BP2)

?K@ (m2n2(h I 1) m2 1) ? mn2 @ n(m2 1)

?L@ mn ?K@ (mn Cvh Im2n2) ? n(m2 1) @ mn2 n2(m2 1)
.(4.30HP)
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The precedingsectionsestablishthe main pointsof theoryMore theory is
not necessary thatarenecessaryto designactive-RCSABs. In our opinion,

the above theoryis sufficient, sincean actualdesignwill be
carriedout in simulation–re-designcyclesanyway after an
initial calculation. It is mainly the qualitative aspectsthat
shouldbekept in mind whendesigningfilters like theonesin
thefollowing Part II.
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Themainpointsof thisChapterareto show whathappenswhen
theMOSFET–C techniqueis appliedto single-amplifierbiqua-
dratic filters (SABs), and to give a few designguidelines. A
brief introductionexplains wherethis idea comesfrom; it is
followed by a sectionon transistormodelswhereit is shown
thatbulk-referencedtransistormodelswouldbeneededto sim-
ulateMOSFET–C filters properly, andthat theunconventional
operatingconditionsof MOSFETresistorsshouldbetakeninto
accountwhenthemodelparametersareextracted.

It is thenshown how theanaloguegroundshouldbechosenin
second-orderMOSFET–C networks in order to minimise the
totalharmonicdistortion(THD). Thenext sectiondiscussesthe
possibilityof controllingtheMOSFETresistorswith a voltage
generatedby achargepump,andit is shown how themaximum
signalswingshouldbesetto minimisethesignal-to-noiseratio.
Finally, variousinfluenceson the THD arediscussed,andthe
possibility of building MOSFET-only filters is briefly looked
at. An appendedsectiondiscussesvariouswaysto measureand
simulateharmonicdistortion.
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The conceptof MOSFET–C filters wasfirst introducedinIntegratedactive-RC
integratorswith
adjustabletime
constant

1983[Banu83] to make the integrationof active-RCfilters
on integratedcircuitspossible.Theproblemwith integrating
theconventionalactive-RCintegratoris that its time constant
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dependson the valuesof passive elementsonly. In orderto
adjustthe time constantof suchan integrator, oneneedsto
adjustthevaluesof thepassivecomponents.

Thesolutionproposedby BanuandTsividis in [Banu83]is to Replaceresistors
by MOSFETsreplacetheresistorsin theactive-RCintegratorby MOSFETs

operatingin the linear region, asshown in Fig. 5.1. This
introducesharmonicdistortion, but sincethe distortion is
mainly of secondorder, it canbe cancelledcompletely(in
theory)by usingabalanceddesignlike theonein Fig. 5.1.

Onedisadvantageof this structureis that a balanced-output Other ways to build
MOSFET–C

integrators
opamphasto beused.It is alsopossibleto build MOSFET–C
integratorswith conventional(single-output)opampsif aMOS
resistive network comprisingfour matchedtransistorsis used
[Czarnul86], but the disadvantageof this techniqueis that
two differentgatecontrol voltagesarethennecessary. Non-
linearity cancellationcanalsobe achieved usingtechniques
thatareslightly differentfrom theoneportrayedin Fig. 5.1; a
goodoverview canbefoundin [Tsividis86].

The harmonicdistortion that remainsat the output of a Mathematicalanalysis
is very difficultMOSFET–C integratorhasbeenmeticulouslycalculatedin

[Banu84]. However, evenfor this simplecase,thecalculations
are very tediousandcan only be carriedout with several
simplifications. We madeseveral attemptsto do a similar
calculationfor higher-orderMOSFET–C networks,but always
failedbecausetheequationsbecameverycomplex.

Fortunately, sucha detailedanalysisis not really neededfor Clipping is more
prominentthan
soft distortion

the designof video-frequency MOSFET–C filters. If the
designtarget is a total harmonicdistortion(THD) between
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40 and 50dB, thenthecalculationsandcommentsmade
in [Czarnul88, Banu84] arenot really relevant,becausethere
only the curvatureof the MOSFETresistorcharacteristicis
considered,whereasthe main contribution to a THD of that
magnitudecomesfrom signalclipping.

Thuswewill restrictall mathematicaldiscussionsto evaluatingOverview

theeffect of clipping andgive a moredetailedaccountof what
happensin a second-orderMOSFET–C network by presenting
simulationresults. We will first do this for a conventional
biquadraticMOSFET–C filter, andthenwe will discusswhat
changesif thegatecontrolvoltageis generatedusinga charge
pump. We will thenbriefly discussthepossibilityof building
MOSFET–onlyfilters,i.e.,to implementourMOSFET–Cfilters
on silicon processesthatdo not provide poly-poly capacitors.
But first we will discussa few importantaspectsof transistor
models,parameters,andthesimulationof MOSFET–Cfilters.

Thetransistormodelsthatweusedfor designingourMOSFET–The modelsand the
parametersmust be
suitable

C filters werefar from ideal for the task. The problemwith
today’s CMOS transistormodelsis that both the model
equationsandthemodelparametersmustbesuitablefor the
simulationof thecircuit athand.

This can be shown very easily for the model equations.Bulk-referenced
modelsshouldbe
usedto simulate
MOSFET–C filters

Two transistormodelsaresuppliedwith the AMS 0.6-N m
processwe used,the SpectreLevel 53 model,which is the
BSIM 3v3V.1 model,andtheSpectreLevel 15 model,which
is AMS’s own transistormodel. Both modelsaresource-
referenced,which meansthatall terminalvoltagesarereferred
to thesourceterminal.This is not really suitablefor modelling
MOSFETresistors,sinceif thecurrentthroughthe transistor
changesits direction,thensourceanddrain areexchanged,
anddiscontinuitiesmay result. For example,Fig. 5.2 shows
simulationsmadewith bothmodelsof annMOS resistorof the
size12 6.9 N m, which correspondsto theserialconnection
of bothnMOS resistorsin thecharge-pumpcontrolledbiquad
describedin Sec.7.4.2. One terminal was connectedto
analogueground,VS 0V, andthe voltageVD of the other
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terminalwasvaried.Fig. 5.2containsplotsof thedraincurrent
ID andits first andsecondderivative, for four gatevoltagesin
therangeof 4.0V to 4.6V. Both modelsshow a discontinuity
in thesecondderivative at VD 0, which meansthat thefirst
derivative, the differential resistance,is not smoothin the
operatingpoint of theMOSFET–Cfilter.

It is alsovery importantto have goodmodelparameters.1Model parameters
must be extracted
with this application
in mind

Most CMOStransistormodelsusedtodayhave only very few
physicalparameters,themajority of parametersareusedfor
fitting curves to measurements.This means,amongother
things,thata certainparametersetis not necessarilysuitable
for simulatingMOSFET–C filters if themodeof operationin
which a MOSFETresistorworks(linear, with a high channel-
bulk voltage)wasnot kept in mind by the personor people
who did theparameterextraction. Becauseonly a very small
numberof foundry customersdo at presentuseMOSFET
resistors,onecansafelyassumethatmodellingtheoperation
of MOSFETresistorshadlow priority for themodellers.We
do not know this for certain,but measurementsof the test
structures2 showeda mediocrequantitativeagreementwith the
models.We alsonever managedto build a MOSFET–C filter
that hada pole frequency in the rangewhereit shouldhave
beenaccordingto thesimulations.

If MOSFET–C filters areto be built for certainapplications,Using MOSFET–C in
industrial applications it is very importantto usebulk-referencedmodelssuchasthe

EKV model [Enz95, Bucher96b, Bucher96a], andto make
surethat theparametersaresuitablefor modellingMOSFET
resistor. If they arenot, a specialisedcompany shouldbe
hired to do theparameterextraction. Otherwise,at leastone
design–fabrication–re-designcyclewill benecessary.

In spiteof all theseproblems,a combinationof measurements,Qualitatively,
simulationsand
measurements
agreewell

simulationsandcalculationscanstill give valuableinsights
into MOSFET–C filters. Onereasonfor this is thatwhile the
modelsdo not give quantitatively exact results,they at least
give resultsthat agreequalitatively with the measurements.
For example,Fig. 5.3 shows a comparisonof measuredand
simulatedharmonicdistortioncurvesof the charge-pumped

1Tutorial given by Daniel Foty from GilgameshAssociatesat the
ISCAS 2000 in Geneva.

2Thesemeasurementswere madeby Dr. Władysław Grabínski.
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biquaddiscussedlater in this sectionandin Sec.7.4.2;other
comparisonsshow asimilarly goodqualitativematch.

Thepossibilityof implementingsingle-amplifierbiquadratic Sallen-and-Key
MOSFET–C filtersfilters asMOSFET–C filters wasalreadybriefly mentionedin

1988[Czarnul88], whereit wasalsostatedthat the method
givestoomuchharmonicdistortionwhenit is appliedto Sallen-
and-Key filters. As explainedabove, [Czarnul88] neglects
clipping, which playsa little role in audio-frequency, highly
linearfilters, but is themainsourceof harmonicdistortionin
MOSFET–C video-frequency filters. We will thereforefirst
look at clipping-inducedharmonicdistortionoccurringin the
Sallen-and-Key filter shown in Fig. 5.4.

Theharmonicdistortionshown in Fig. 5.3 is mainly causedby Evaluating
clipping-induced

distortion
signalclipping. Thetransitionfrom regionsof low distortion
to regionsof high distortionis comparatively steep.Therefore,
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nMOS pMOS
VT0 0.85 0.92† / 0.85‡ [V]y Cox 120 40 [ N A z V2]{ 0.8 0.5 [ V]|

0 0.94 0.91 [V]}
n,p 2.35 1.30~@����� 6�8L9;: Typical thresholdvoltages,transconductanceparameters,

bodyfactors, characteristicpotentialsand noisecorrection
factors (c.f. Sec.6.3.2)of the AMS0.6 N m CMOSprocess
(†first chip, ‡secondchip).

asa first approximation,onecansay that the limit on the
possibleinput currentis the point whereeither the output
transistorsof thecurrentamplifier leave thesaturationregion
or wheretheMOSFETresistorsleave the linear region. This
hasimplicationson wherethe analoguegroundof the SAB
shouldbechosen.
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Thiswill now beshown usingthebiquaddescribedin Sec.7.3.3 Commenton the
processparametersasanexample. Tab. 5.1 shows theparametersof the0.6 N m

CMOS processby Austria Mikro Systeme.Note that the
foundrychangedtheVT0 of thepMOStransistorsfrom 0.92V
to 0.85V betweenthefabricationof ourfirst andsecondchip.

Two differenteffectscan lead to signal clipping. First, if Signal clipping and
its causesany terminalvoltageof a MOSFETresistorgoestoo closeto

the gate,thenthe MOSFETsaturates.Second,if the output
terminalvoltageof thecurrentamplifiergoestoocloseto either
rail, thentherespective cascodetransistorleavesthesaturation
region,andthecurrentamplifieroutputresistancedrops.Since
theclipping is similarly hardin bothdirections,it makessense
to choosetheanaloguesignalgroundvoltageVA in themiddle
betweenthe pinch-off voltageof theMOSFETresistorsand
the voltagewhereall cascodetransistorsare just saturated.
Accordingto [Tsividis96], thepinch-off voltagebecomes

(5.1) VP
VC VT0

m0
with m0 1

{
2 VA

|
0

,

whereVC is thegatecontrolvoltageof theMOSFETresistors,
andm0 is a bodyeffect parameter(c.f. Tab. 5.1 for theother
parameters).Notethatall voltagesarerelatedto theMOSFET
resistor’s bulk, i.e. to Vdd for a pMOS andto Vss for annMOS
resistor.

In our design,we choseVA 1.65V, i.e. themiddlebetween Maximum current
through the

MOSFET–C network
the rails, andVC 3.3V. ThereforeVP 2.06V for pMOS
resistorsandVP 1.96V for nMOS resistors.ThuspMOS
resistorsarepreferred,becausethey offer a highervoltage
swing and thereforea betterSFDR. The resistanceof a
MOSFETresistoris [Tsividis96]

(5.2) RpMOS
W

L
y Cox (VC VT0 m0VA)

� 1

.

At low frequencies,thecapacitorsin Fig. 5.4arenot effective,
andR11 andR12 act asonesinglepMOS resistorof size
44 4.3 N m. Thus RpMOS 5.17k � in our example. The
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maximumpossiblevoltageswingbeforepinch-off occursis

(5.3) Vmax VP VA ,

makingVmax 0.41V. Finally, themaximumsignalcurrent
whichcanflow throughtheMOSFETresistorsis thesaturation
currentof thepMOSresistor,

(5.4) Imax Isat
W

L
y Cox (VG VT0 m0VA)2 ,

andthereforeImax 91 N A.

It caneasilybeseenthat thechoiceVA 1.65V is not veryThe optimum
analogueground good,sincethe voltagecanonly swing by Vmax 0.42V

towardsthe negative rail but by a full thresholdvoltage
VT0 0.92V towardsthepositive rail, with M 63’s cascode

(c.f. M 3 in Fig. 5.5)still beingsaturated.As discussedabove,
VA shouldbesetbetweenVP andVmin,

(5.5) VA
VP Vmin

2
.

If thecascodesarebiasedby themid-rail voltage,Vddz 2, then
Vmin Vddz 2 VT0 0.73V. Inserting(5.5) into (5.1)results
in

(5.6) VA
Vmin

2

(VC VT0) VA � 0{ 2 VA � 0
,

whosesymbolic solution doesnot provide much insight.
Solvingit numericallyfor theprocessparametersin Table5.1
(first chip) resultsin VA 1.39V, which is 0.26V closerto
Vdd thanthe local analoguegroundwe choseon our chip. It
canbe seenfrom (5.2) that moving the analoguegroundto
VA 1.39V reducesthesheetresistanceby a factorof 1.61.
Thus,for maintainingthe sameresistance,the width of the
MOSFETresistorsmustbe reducedfrom 44 N m to 27.3 N m.
Thenthe new saturationcurrentcanbe calculatedasbefore
using(5.4),resultingin Imax 147 N A. Therefore,moving the
analoguegroundby 0.26V towardsthepositive rail increases
themaximumallowablecurrentby 4.2dB.

Note that choosingthe optimum VA for pMOS resistorsWhy pMOS resistors
are used increasesthevoltagemargin availablefor operatingM 11. On
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the otherhand,moving the analoguesignalgroundtowards
thenegative rail, aswould benecessarywith nMOS resistors,
would make M 11 almostinoperable.nMOS resistorscould
thereforeonly beusedif nMOS insteadof pMOS transistors
wereusedin thevoltagebuffer. This is, however, notadvisable
in an n-well processsuchasthe oneusedin this thesis,and
evenin a p-well process,it would meanthattheactualcurrent
mirroring would have to beperformedby pMOS transistors,
decreasingthespeedof thecurrentamplifier.

In a charge-pumpedMOSFET–C filter, suchas the one in The optimum
analogueground

is mid-rail
Sec.7.4.2,thingsaredifferent,sincethegatecontrolvoltageof
theMOSFETresistorswill normally lie far enoughabove the
positive rail sothattheMOSFETresistorsnever saturate(note
thatthis time only nMOS resistorscanbeused,sincea charge
pumpcannotgeneratevoltagesbelow Vss). The maximum
currentat which signalclipping occursis thendetermined
only by theoutputstageof thecurrentamplifier. In this case,
the analoguegroundcannormally be chosenin the middle
betweentherails. An importantquestionis thenhow largethe
possiblevoltageswing at the outputof the currentamplifier
shouldbechosenin orderto maximisetheSFDRof thefilter.
Surprisingly, theresultis barelytechnology-dependent,aswe
will now show.

Theoutputtransistorsof our currentamplifier, M 61 andM 63, Signal swing limits

arecascodetransistorswhosegatesareconnectedto mid-rail
(seeFig.5.5).Onthesecondchip,VT0n VT0p VT0 0.85V.
Thusthe maximumsignalswing suchthat the signalat Z is
not clippedbecomes VT0. Thevoltagemargin availableto
accommodatethe saturationvoltageVdsat of both transistors
in, e.g.,M 63 is Vddz 2 VT0 0.8V for Vdd 3.3V and
VT0 0.85V.
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� bdcfehg7���%�x� Compositetransistors usedin the current amplifier.

Moving the biasvoltagecloserto the rails by a voltage � VIncreasingvoltage
swing and noise increasesthevoltageswingto (VT0 � V) anddecreasesthe

voltagemargin within thecascodesto Vm Vddz 2 VT0 � V .
If the distribution of the voltagemargin betweenthe main
transistorandthecascodetransistorremainsthesame,Vdsatmain

decreasesby a factorof

(5.7) k
Vddz 2 VT0

Vddz 2 VT0 � V
.

To achieve this, both transistorsaremadewider by a factor
of k2. However, thespeedof theCCCSdependson theratio
gm z Cgs c Vdsatz L2 of the main transistors,wherec is a
design-independentquantity. To maintainthesamespeed,we
needto scalethelengthof themaintransistorby 1z k andits
draincurrentID by k. It thenfollows from gm 2 ID z Vdsat

that gm becomesk3� 2 timeslarger. Finally, the RMS of the
noisecurrentis proportionalto gm andincreasesby a factor
of k3� 4.

Thiscannow becomparedto theincreaseof thevoltageswing,Minimum SNR

(5.8) k   � V VT0

VT0
.

TheSNRis scaledby k   z k3� 4. Theoptimum � V is:

(5.9)
d

d � V

k  
k3� 4 0 � V

2

7
Vdd VT0 .
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Self-oscillatingtwo-stage charge pump. (Theinverters are
connectedbetweenVin and Vss.)

� bdcfehg7���%��¢

In our example, � V 0.09V, which is not quite the bias
voltageweusedin ourcurrentamplifier. However, anumerical
evaluationshows thatonly 0.1dB of SNRis lostby connecting
thegatesof thecascodetransistorsto analogueground,which
by no meansjustifiesusingabiasvoltagegenerator.

Finally, notethat thesameresultis alsovalid if VT0n VT0p. When VT0 is different
for nMOS and pMOSIt is thenonly necessaryto replaceVT0 in all formulaeby

(VT0n VT0p) z 2 if theanaloguegroundcanbechosenfreely,
or to replaceit by min VT0n,VT0p if theanaloguegroundmust
bein themiddlebetweentherails.

Thechargepumpshown in Fig. 5.6 combinesfeaturesof the Operationprinciple

oneproposedby DuistersandDijkmansin [Duisters98] with
thoseof a five-inverterring oscillator. It actuallycomprises
two chargepumps.Themainpump,consistingof M 1, M 4,
M 5, M 6, C 1, andC 4, fills thetankcapacitorC 0 with charge,
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All nMOSTs 10 0.6 ± m
All pMOSTs 33 0.6 ± m

Rd 4.8k �
Cd, C2, C3 0.5pF

C1, C4 1pF
C0 20.5pF~@����� ���L��² Transistordimensionsand componentvalues

in the charge pump.

whereM 5 andM 6 alternatively conductthecharging current.
A secondpumpdrivenby thesameinverters,consistingof M 2,
M 3, C 2, andC 3, setsthegatevoltageof M 5 andM 6 to 2Vin

while they chargeC 0. Thustheoutputvoltagebecomes

(5.10) VC 2Vin VT5 ,

whereM 5’s thresholdvoltageVT5 is comparatively large
becauseof the bulk effect (we areusingan n-well process).
In our example,VC 4.6V for Vin 3V. Thechargepump
operatesproperly for Vin 1.3 ³D³´³ 3.3V, resultingin VC

1.5 ³´³D³ 5.3V.

Thevoltageripple of this chargepumpis smallerthanthatof aVoltage ripple
magnitude conventionalchargepumpby a factorof gm5 z gds5 30 ³´³D³ 100.

Thevoltagerippleof asingle-stagechargepumpis [Duisters98]

(5.11) Vripple
1

2

Iout

C0 fclk
,

whereIout is theDC currentflowing outof thetankcapacitance
C0 and fclk is thepump’s clock frequency. This meansthat if
Vripple, Iout and fclk arethesame,the two-stagechargepump
needsa tankcapacitorwhich is 30 ³D³´³ 100 timessmallerthan
the onein a conventionalcharge pump. The fact that it still
requires20.5pF of capacitancefor anacceptablylow voltage
ripple shows thatonecouldnot actuallyafford thechip area
thataconventionalchargepumpwould require.

We designedthe oscillator with an oscillation frequencyDesignof the
ring oscillator that is well beyondthepolefrequency of thefilter, i.e. around

90MHz. Sincetheinvertersneedto deliveronly smallcurrents,
they canbebuilt with small transistors.Usingonly inverters
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would resultin anoscillationfrequency of almost1GHz, thus
two passive one-polelow-passfilters, eachconsistingof one
poly resistorandonepoly-poly capacitor, hadto be usedto
slow theoscillatordown to 90MHz. This hastheadditional
advantagethat it reducesthe temperaturedependenceof fclk.
A transientsimulationusingworst-caseprocessparameters
andtemperaturesshowedthattheoscillationfrequency canbe
expectedto bebetween70MHz and115MHz, with a typical
valueof 93MHz anda charge-pumpoutputvoltageripple of
4mV. Themeasuredoscillationfrequency wasthenbetween
62MHz and71MHz for a charge-pumpsupplyvoltagegoing
from 2.7V to 3.3V. This variation is uncritical, sincethe
exact oscillationfrequency is irrelevant aslong asthe clock
feed-throughis not too strong.Table5.2 shows thetransistor
dimensionsandcomponentvaluesusedin thechargepump.
Thelayoutof this chargepumpandfurthermeasurementswill
bediscussedin Sec.7.4.2.

The main problemwith usinga charge pumpto generatea Two feed-through
pathshighercontrolvoltageis thatclock feed-throughoccurs.There

aretwo pathsthroughwhich theclock hasaninfluenceon the
filter outputcurrent:oneis via a ripple on thecontrolvoltage,
andtheotheris throughelectro-magneticcouplingandthrough
substratenoise.

The control voltageripple is fed throughto the outputby Linear feed-through
and mixing effectstwo differentmechanisms.First, it leaksin throughthegate

capacitanceof theMOSFETresistor. To keepthis effect small,
theclock frequency fclk mustbein thestop-bandof thefilter.
For our 24-MHz low-passbiquad,we chose fclk 90MHz.
Simulationsshow thatavoltagerippleof 5mV causesanoutput
currentripple of 10nA, independentof thesignal. Compared
to themaximumoutputcurrentfor 50dB harmonicdistortion,
30 ± A, this is a ripple of 70dB, which is negligible. More
importantthanthelinearclock feed-throughis thatthevoltage
ripple modulatesthe signal. Fig. 5.7 shows the simulated
spectrumat thefilter outputfor a2-MHz, 10 ± A (at theoutput)
signalanda 5-mV, 90-MHz control voltageripple. It canbe
seenthatmixing productsappearat 88MHz andat 92MHz.
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Their magnitudeis proportionalto theinput signalmagnitude.
Simulationsshowedthatbothpeakslie 58dB below thesignal,
giving a total distortionof 55dB.

Figure5.8shows themeasuredoutputspectrumof thecharge-Substrate-noise
measurements pumpedfilter for Vin 3.3V anda stronginput signalat five

differentfrequencies.Thespectrahave beenscaledsuchthat
they canbe shown in onecoordinatesystem. The mixing
productsareclearlyvisible, but they areconsiderablyweaker
thanthefeed-throughof theoscillationfrequency. This excess
feed-throughis, however, not causedby thefilter, but by avery
badlayoutmistake. Theoutputlinesof thefilter aredrawn on
themetal-3layeron top of theguardring aroundthecharge
pump(seeFig. 5.10). Oneoutputline follows theguardbar
for a lengthof 100 ± m, andboth follow thesupplyrail of the
charge pumpstraightto the pads. Oneproblemis that this
kind of clock feed-throughcannoteasilybe simulated,but
it canbe clearly seenin Fig. 5.9, which shows threespectra
(notethatthefrequenciesof (a) and(c) areshiftedby 5MHz
and 5MHz to make thepeaksvisible). Curve (a) shows the
charge-pumpedbiquadthat is drivenby a strong2-MHz input
signal.Curve (b) is thesamewith thebiquadswitchedoff. The
two peaksaround70MHz havealmostthesameheight,but the
differenceis probablydueto thedifferentinput rangeof the
spectrumanalyser. Thus,only a very small partof theclock
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describedin Sec.7.4.3.
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Layoutof the charge pumpand filter. (a) outputsignal lines;
(b) charge pumpcapacitor; (c) MOSFET–C network.

feed-throughgoesthroughthefilter. This view is supportedby
curve (c), which shows a similar measurement(samecharge-
pump,differentinput signal)with the7th-orderfilter described
in Sec.7.4.3.Theclock fed throughto theoutputof this filter
is about26dB weaker.

Thuswe canconcludethatMOSFET–C SABsrejectsubstrateMOSFET–C SABs
reject substratenoise
well

noisewell, certainlywell enoughfor mostapplications;the
power of the clock signal fed throughto the outputof the
7th-orderfilter is smallerthanthe noisepower andscarcely
changestheSNRof thefilter.

Conventionally, the THD of a biquadraticlow-passfilter isUsing faster
simulationand
measurementmethods

measuredat onefifth of thepolefrequency. This is donesuch
that theharmonicsup to thefifth arestill in thepass-bandof
the filter. Simulatingharmonicdistortionis, however, much
fasterusingDC sweepsthantransientanalyses,andmeasuring
harmonicdistortion is much fasterusing the power sweep
modeof a network analyserthanusinga spectrumanalyser.
We will illustratethis now with somemeasurementsandthen
discussit in moredetail in Sec.5.8.
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Fig.5.11showsharmonicdistortionmeasurementsfor different Clipping distortion
scarcelydependson
the signal frequency

charge-pumpsupply voltages(and thereforegate control
voltages)with signalsat 100kHz, fp Ý 5 and fp (thesevalues
differ for differentcontrol voltages).It canbe seenthat the
harmonicdistortion is qualitatively andquantitatively very
similar at 100kHz andat fp Ý 5, thus the DC-characteristic
simulationmethodandthepower-sweepmeasurementmethod
describedin Sec.5.8canwell beusedfor gaininginsight into
MOSFET–C filters. Note that harmonicdistortion is much
lower at fp, becausethenthe third harmoniclies in thestop-
bandandis dampedby thefilter, whereasthesignalis qp times
strongerthanat low frequencies.

Figure5.12shows the rising edgesof the THD curvesfor a Mismatch-induced
distortion plays a

minor role
mismatch-freefilter andfor twelve Monte-Carlorunssim-
ulating componentmismatch. The BSIM 3v3 Monte-Carlo
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È@ÁdÂfÃhÄ7É�Ê%Ë>Ó ² SimulatedTHD, onemismatch-freefilter and twelve

Monte-Carloruns simulatingmismatch.

modelssuppliedby AMS wereusedfor thesesimulations,and
the gatecontrol voltagewasset to 4.6V. The curve of the
mismatch-freefilter lies in betweenthe othercurves,but all
curvesareclosetogether. It is apparentthatmismatch-induced
distortionplaysa minor role. Therearetwo reasonsfor this.
First, the main limit on the maximumpossibleinput current
is set throughthe pointswheresometransistorssaturateor
othersleave thelinearregion. Thesepointsmainly dependon
processvariations;matchingis not really anissue.Second,all
transistorsin thecurrentamplifierarecomparatively large,thus
thetwo signalpathsin thefilter will matchwell. In low-voltage
video-frequency filters, thetransistorswill generallyhave to be
large,somismatchwill not bea problemwith video-frequency
MOSFET–CSABs.

The above simulationswereall madewith ideally loadedClipping causedby
the secondbiquad filters. The situationis a little differentwhena biquadis

loadedby anotherbiquadthathasa higherinput resistance.To
compensatefor thecomparatively high input impedanceof the
next stage,theresistancesof theMOSFETresistorsR11 and
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SimulatedTHD of the original MOSFET–C SAB(solid), a
MOSFET–C SABwithout a C14 and C24 (dashed),and a
MOSFET–C SABwith enlarged C14 and C24 (dotted).

R21 mustbe decreased;in the caseat handtheir width was
increasedfrom 12 ± m to 14 ± m. Figure5.13showsboththeDC
characteristicsandtheTHD curvesof theideally loadedbiquad
(dashed)andthebiquadloadedby anothercurrentamplifier.
Themaximumallowablecurrentis scarcelydecreasedin this
example,but it is apparentthat, at a certaininput current
( 65 ± A), the input of thesecondcurrentamplifiersaturates
andintroduceshardclipping. As long asthis hard-clipping
point is above the maximuminput currentsupportedby the
first stage,cascadingbiquadshaslittle influenceon theTHD
producedby onestage.It follows that thegain of onebiquad
shouldbeaslow aspossiblein orderto make thecascadingof
thebiquadseasier.

Someharmonicdistortion is alsocausedby the non-linearThe non-linearityof
the amplifier output
capacitanceplays a
minor role

natureof the currentamplifier’s output capacitance.To
illustratethis,Fig. 5.15shows theTHD of theoriginal charge-
pumpedbiquad(solid), theTHD of thesamecircuit with C14
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SimulatedTHD of a conventionalMOSFET–C SAB(solid),
of a MOSFET-only SAB(dashed),

and the latter with I in scaledby 1.5 (dotted).
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andC24 removed(c.f. Fig. 5.4)andthecascodetransistorsat
thecurrentamplifieroutputmadewider by 75% suchthat fp

andqp of thefilter remainthesame(dashed),andtheTHD with
C14 andC24 enlargedby 80% andthe cascodetransistors
shrunkto 25% of their original width. Note that the latter
possibility is not really feasible;in order to keepthe main
transistorssaturatedin the simulation,ideal voltagesources
providing a negative voltageoffset had to be introduced
betweenthe main transistorsand the cascodetransistors.
Nevertheless,it appearsthat thereis little differencein the
harmonicdistortionbehaviour of thethreefilters.

All the poly-poly capacitorsin a MOSFET–C SAB canbe The SNR of
MOSFET-only is

4dB lower
replacedby pMOS gatecapacitors.Theresultingfilter is then
compatiblewith standarddigital CMOSprocesses,sinceonly
onepoly-siliconlayeris needed.Thebalancedform of thefilter
alsocompensatespart of the non-linearityof the non-linear
gatecapacitors.Fig. 5.15shows the simulatedTHD of the
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charge-pumpedbiquadandof thesamefilter with MOSFETs
connectedasgatecapacitorsinsteadof poly-poly capacitors.
The capacitorblock becomesonly slightly larger (by about
25%). Themaximumpossibleinputcurrentis reducedto 65%
by the conversionto a MOSFET-only filter, which is a loss
of only 4dB. Therefore,single-amplifierbiquadraticfilters
canalsobeusedon standarddigital processeswith only small
performancelosses.

Themainproblemwith thesimulationandthemeasurementConventional
distortion simulations
are very
time-consuming

of harmonicdistortion is that both are tediousand time
consuming,thesimulationevenmorethanthemeasurements.
Thenormalprocedureto simulateharmonicdistortionis the
transientmethod, which is to feeda signalwith onefrequency
componentandonemagnitudeinto thecircuit andthenmake a
spectrumanalysisof theoutput.Thus,onetransientsimulation
thatrunslong enoughfor thecircuit to reachits periodicstate
is neededfor every frequency-magnitudepair of interest.The
long simulationtimesmake it virtually impossibleto usethe
transientmethodasanoptimisationtool. In this section,we
will first discussthreedifferentwaysof simulatingharmonic
distortionandthenshow how thesealternative wayscanalso
beusedfor measurements.

Figure5.16shows aninput signalthat is fed througha systemGraphicalapproach:
DC–DFT method with a non-lineartransfercharacteristic(y ex in this case)

andthusbecomesharmonicallydistorted. Oneway to use
this view for simulatingthe harmonicdistortionof a circuit
is very straightforward: First, usea circuit simulator(e.g.,
Spectre)to derive theDC transfercharacteristicof thecircuit
in question.Thenusea mathematicaltool (e.g.,Matlab) to
make themappingshown in Fig. 5.16for signalsof different
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magnitudesandcalculatetheharmonicdistortionby doinga
discreteFourier transform(DFT, e.g. implementedasa fast
Fouriertransform,FFT) for oneperiod.

We have usedthis methodfor several of the simulationsin Discussionof the
DC-DFT methodtheprevioussections.It hastheadvantagethat the influence

of a circuit-parameterchangecanbesimulatedvery quickly,
but it hasthedisadvantagethat the frequency dependenceof
the harmonicdistortiongetslost. For thesereasons,we had
to usethe transientmethodto get the curves in Figs. 5.14
and5.15.We have pointedout,andwill demonstratedit again
in Sec.5.8.2,thatthisDC–DFT methodis well suitedto obtain
qualitative results,althoughit doesnot necessarilypredict
the absolutevalueof the THD correctly. Onedisadvantage
of this methodis still thatdatahasto be transferredbetween
two independentcomputertools. This makes,for example,
Monte-Carloanalysisquitetedious.

If oneis only interestedin the harmonicdistortionat a few Espley: polynomial
approximationmagnitudepoints,Espley’s methodcanbe used,which we

namedafter D. C. Espley who introducedit in 1933asa
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methodto calculatesecond-orderandhigher-orderharmonic
distortionfrom transfercharacteristicsplottedin datasheets.
Severalmethodsto do this wereusedin Espley’s time,but his
methodhastheadvantagethat it workswith anoddnumbern
of equidistantpointson theDC characteristic.For example,
if n 3, thenthepointsy5, y3, andy1 in Fig. 5.16areused.
Espley showedthatthesecond-orderdistortionthenbecomes

(5.12) H2
y5 2y3 y1

2(y5 y1)
.

He describedEq. (5.12) as a “well-known expression”
in [Espley33]. However, sinceonly H2 canbe expressed
with n 3, Espley extendedthis ideafor oddn 7. In order
to calculateH3, usingn 5 equidistantpointsis sufficient:

H2
3

4

y5 2y3 y1

y5 y4 y2 y1
,

H3
1

2

y5 2y4 2y2 y1

y5 y4 y2 y1
.(5.13)

H4 couldbecalculatedaswell, but it is normallynot relevant.

Thegreatadvantageof Espley’s methodis that theserationalUsing Espley in
IC-designtools expressionscanbeevaluatedby thecircuit simulatoritself. For

example,usingCadenceIC designtoolsandtheSpectrecircuit
simulator, theexpressionsfor H2 andH3 canbeprogrammed
for differentsignalmagnitudesasoutputvalues,and then
a Monte-Carlosimulationcanbe evaluateddirectly using
theMonte-Carlodataanalysistoolsbuilt into Cadence.The
disadvantageof this methodis, however, that it givesonly H2

andH3 at several individual signalmagnitudes.TheDC–DFT
method,on theotherhand,givesthetotal harmonicdistortion
for so large a numberof input magnitudesas to make the
resultingcurveslook continuous.Sowe usedEspley’s method
only in thedesignprocess(i.e., for “playing” with parameters),
but theDC–DFTmethodto generatetheplotsshown in this
thesis.

Interestingly, Espley’s methodhasanotherhugeadvantage:itUsing Espley for
symbolic calculations canalsobeusedfor symboliccalculations,asit hasrecently

beendonein [Bruun98, Bruun99] to determineanalytical
expressionsfor mismatch-inducedharmonicdistortion in
currentmirrors.
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In thissection,wecomparetheresultsobtainedby thedifferent Taylor approximation

simulationmethodswith measurements,andwe alsoexamine
the simplestof symbolicmethods,the calculationof Taylor
seriescoefficients,which is the mostwidely usedsymbolic
distortionanalysismethodbecauseof its mathematicalsim-
plicity. TheTaylor methodis to do a Taylor seriesexpansion
of theDC transfercharacteristicy f (x) aroundtheoperating
point [Sansen99], which canalwaysbeshiftedto theorigin by
a linearcoordinatetransformation.If theoperatingpoint is at
x 0,

(5.14) y a0 a1 x a2 x2 ùDù´ù , an
1

n!

dn

dxn
f (x)

x ú 0

.

Substitutinga harmonicinput signal x X cos(û t) into
(5.14) resultsin a seriesin termsof cosn( û t). This must
be transformedinto a seriesin termsof cos(k û t), sincethe
kth-orderharmonicdistortion Hk is definedas the ratio of
the coefficient of cos(k û t) and the coefficient of cos( û t).
This transformationis not trivial; if k is odd (even), every
odd-(even-)ordertermcosn( û t) with n k contributesto the
coefficient of cos(k û t). To avoid theresultinginfinite sums,
it is normally assumedthat the signalsaresufficiently small
suchthatall contributionsbut theonemadeby cosn(û t) with
n k canactuallybeneglected.This leadsto thewell-known
formulaefor thesecond-andthird-orderharmonicdistortion
[Sansen99]:

(5.15) H2
1

2

a2

a1
X , H3

1

4

a3

a1
X2 .

In many cases,the Taylor methodis too inaccuratebecause Discussionof the
Taylor approximationof two main problems.First, the assumptionmadeabove is

only valid for sufficiently smallsignals.On theonehand,there
is no way of telling what “sufficiently small” means,shortof
comparingtheTaylor analysisresultsto the resultsobtained
througha different,moreaccuratemethod.On theotherhand,
many video-frequency circuitsareoperatedwith input signal
magnitudeswhicharedefinitelynotsufficiently smallanymore.
Second,theTaylor methodis strictly local, it canonly include
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effectswhich arepresentat theoperatingpoint (OP),but not
effectsthat only seton if the input signalmovesaway from
theOP,suchas,e.g.,clipping or othertypesof harddistortion
[Sansen99].

Figure5.17shows H2 andH3 for theDC characteristicy ex,Comparison
for y ü ex which describesan idealbipolar transistor. Espley’s method

with n 5 andtheDFT methodgive very similar resultseven
for very high distortionlevels, while Espley’s methodwith
n 3 andthe Taylor methodaresimilarly far off the mark.
It canbe shown that the resultsareeven betterfor the ideal
MOSFETtransfercharacteristic,y ln2 (1 ex).

Idealclipping is illustratedin Fig. 5.18. The inlay shows theComparison
for ideal clipping transfercharacteristic(thedashedlines indicatetheoperating

point), andthemaingraphshows H2 andH3 calculatedusing
the DFT methodandEspley’s methodwith n 5. On the
Espley curve, nothinghappensuntil y5 is clipped,andthen
both H2 and H3 increaserapidly. Note thata discontinuityis
visible on the H3 curve at the input magnitude300,which is
wherey4 saturatesaswell. As discussedabove, it becomes
apparentfrom (5.14) that the Taylor methodfails. Because
an 0 for all n 0 ùDù´ù , it is predictingno distortionatall.

To demonstratehow well Espley’s methodperformseven inComparisonfor a
randomcharacteristic extremecases,Fig. 5.19shows thesameasFig. 5.18for a DC

characteristicconsistingof randomsteps,generatedin Matlab
usingy = full(cumsum(sprand(1001,1,0.1))).

Figure5.20presentstheharmonicdistortionof thecurrentam-Comparisonwith
measurements plifier with adjustablegain from [Schmid99a] (c.f. Sec.7.3.4),

whosedistortionis comparatively soft. Note that theEspley
andDFT curvesagreevery well with measurementsmade
using low-frequency (50-kHz) signals. The curve obtained
throughtransientsimulationshasbeenomitted,sinceit just
coincideswith theothercurves. As lastexample,illustrating
harddistortion,Fig. 5.21shows theharmonicdistortionof the
MOSFET–C filter from [Schmid99b] (c.f. Sec.7.3.3). Here
DFT andEspley disagreeslightly, because,asin Fig. 5.18,the
Espley curve shows a kink which is not really there. Never-
theless,bothcurvesagreevery well with transientsimulations
madefor a few input signalmagnitudesusinglow-frequency
(50-kHz)signals(markedby ). Themeasuredcurve (marked
by ) disagreesconsiderablywith theothercurvesin this case.
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This doesnot matterfor our discussion,however, sincethe
disagreementis causedby effectswhich arenot modelled
properlyby theparticularBSIM 3v3 transistormodelwe used.
Thesameerrorthereforeoccursfor any possiblemethodbased
onsimulateddata.

Finally, a transfer-characteristic-basedmethodcanalsobeused Power sweep
measurementsto make harmonicdistortionmeasurements.Thenthetransfer

characteristicis measuredusingthepower-sweepfunctionof
thenetwork analyser, andprocessedin a mathematicaltool as
if it wasa DC characteristic.We usedthis methodfor some
of the measurementsprovided in the previous sections.The
advantageof this measurementmethodis that it is fastand
givesa very goodresolutionin termsof signalmagnitudes.
In contrastto theDC–DFTsimulationmethod,it alsocovers
frequency-dependentinfluenceson distortion.

Its main disadvantageis that power-sweepcharacteristics Disadvantages

arenecessarilysymmetrical,thusonly odd-orderharmonic
distortioncanbemeasured.Nevertheless,if it is first shown
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throughothermethodsthat themaincontribution to the total
harmonicdistortion(THD) is of oddorder, thenthis methodis
a viablealternative to themuchmoretime consumingmethod
of usinga spectrumanalyserto measuretheTHD individually
for everymagnitude-frequency pair.

Thediscussionin thisChapter, togetherwith themeasurementsMOSFET–C SABs
work providedin Chapter7, show thatMOSFET–C single-amplifier

biquadraticfilters work andareindeeda viablealternative to
classicalGm–Cfilters. Threeimportantquestionsremainopen.

Thefilters we testedrejectthesubstratenoisegeneratedby theSuitability for
mixed-signal
integration

chargepumpverywell. This factandtheperfectlysymmetrical
structureof thefilter givesriseto theassumptionthat they are
well suitedfor useon mixed-signalcircuits. It hasyet to be
shown that this is indeedthe caseby usingour techniqueto
integratea truemixed-signalchip.

It wasalsoshown above, by providing simulationresults,MOSFET–only filters

that our techniquecanalsobe usedto build MOSFET-only
filters usinga standarddigital CMOSprocess(i.e., with one
poly-silicon layeronly). This possibility requiresfurther in-
vestigations,sincetheTHD will possiblyhave to beoptimised
usingdifferentcriteriathantheonesdiscussedin this chapter.
It is alsoanopenquestionwhethernMOS or pMOS capacitors
shouldbeused,andif thelatterareused,how thewell should
bepolarised.

Finally, it is alsopossibleto build single-amplifierfilters thatHigher-order
MOSFET–C filters generatethreeor morepoles[Moschytz99a, Moschytz99b].

We think that this is feasibletoo andmakes it possibleto
build even smallerfilters with lower power consumption.
However, theadvancefrom Gm–Cfilters to MOSFET–CSABs
is certainlymuchlarger thanthe advancefrom MOSFET–C
SABsto higher-orderMOSFET–Csingle-amplifierfilters.
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Thischapteris mostlydescriptive,sincetheamplifierpresented
hereis basedon well-known conceptstakenfrom theliterature
that wereusedto build symmetrical,balancedcurrentampli-
fiers.Boththefixed-gaincurrentamplifierandthevariable-gain
currentamplifierpresentedin thisChaptercanalsobeseenand
usedas second-generationcurrentconveyors (CCIIs), as dis-
cussedin Chapter2. Apart from adescriptionof theamplifiers,
this Chapteralso discussesa few designcriteria, and finally
suggestsimprovementsof thevariable-gaincurrentamplifier.
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As we explainedin Sec.3.4.2,low-gain amplifierscaneitherWhy we useCCIIs
as currentamplifiers beimplementedashigh-gainamplifierswith resistive feedback

or as transistorcircuits that provide the low gain without
external feedback.For the reasonsgiven in Sec.3.4.2,we
decidedto usethe latter implementation.As describedin
Chap.2, suchlow-gain amplifiersarebasicallythe sameas
second-generationcurrentconveyors with arbitrarygain, or
CCII Õ Is. Somepossibilitiesto build CCIIs in CMOS were
alreadymentionedin Chap.2. We will now give a very brief
overview of otherimplementationsthat canbe found in the
literatureand,especially, in [Toumazou90].

Most CCIIs consistof a voltagebuffer whoseoutputcurrentisVoltage level shifters
in CCIIs sensed,amplifiedandconveyed to a currentoutput. Usinga

singletransistorasavoltagefollower is normallynotsufficient,
becausethen a voltagelevel shift betweenthe Y and X
terminalswill occur. Thusit is necessaryto placevoltagelevel
shifters(diode-connectedtransistors)eitherat theY input or
at theX input. Themaindisadvantageof a CCII with Y input
level shifter is its non-zerooffsetcurrentat theY input. This
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doesnot matter, however, if theCCII is to beusedasa current
amplifier, sincethentheY input is only usedto settheanalogue
groundat the X input (currentinput). A CCII with X input
level shifterhasno Y input offsetcurrent,but it hasa higher
resistanceat theX input [Lidgey94, Chap.11.5]. TheCCIIs
presentedin Sec.6.3all haveY input level shifters.

A further possibility is to accuratelysetthe X input voltage Local feedback

by usinga voltagebuffer thatconsistsof anopampwith direct
negative feedback[Sedra90,Wilson92, Wilson90]. Thenthe
X input impedancebecomesvery low for low frequencies
and inductive up to aboutthe unity-gain frequency of the
opamp.Then,however, thediscussionaboutfeedbackvs.open
loop madein Sec.3.4.2appliesto the input stageaswell.
For this reason,the currentamplifier presentedin Sec.6.3
doesnot employ local feedback.It is notable,however, that
usinglocal feedbackcanalsogive new functionality, c.f. the
voltage-invertingcurrentconveyorsdiscussedin Chap.2.

Finally, anotheridea is to build high-performancecurrent Using simple
building blocksconveyorsby connectingseveralverysimplecurrentconveyors

[Arbel97], justasahigh-performanceOTA hasbeenbuilt using
verysimpleOTAs in [Nauta92].

In the following two sections,we will presenta fixed-gain Overview

currentamplifier anda variable-gain currentamplifier. The
structurespresentedweremainly chosenfor maximumspeed
andminimumchipsize.Sincethey areto beusedin MOSFET–
C filters, they werealsodesignedto beperfectlysymmetrical,
sinceany asymmetrybetweenthe two signalpathswould
introduceeven-orderharmonicdistortionat the filter output
(c.f. Chap.5).

The fixed-gain currentamplifier describedin this sectionis Balanced
class-A CCIIbasedonthesameideaastheCCII shown in Fig. 2.10onp. 28.

Thetwo maindifferencesarethat it is balancedandperfectly
symmetricalinsteadof single-ended,andthat it is built asa
class-Acircuit insteadof a class-ABcircuit in orderto reduce
thenecessarysupplyvoltage.
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A completelysymmetricalcurrentamplifier mustconsistofCurrent subtraction

two identical half-circuits, asshown in Figs. 6.1 and6.2.
Ideally, it is describedby

(6.1) io1 Õ I (i i1 i i2) io2 Õ I (i i1 i i2) .

The half circuit consistsof onevoltagebuffer andseveral
currentmirrors. M [1–6]3 and M 11 are constantcurrent
sources,1 while M [2–6]1 form currentmirrors. M 22 is the
input transistor. It provides,at its source,a currentinput with
inputresistanceRin 1ß gm22. M 12is theY-inputvoltagelevel
shiftermentionedabovewhich setstheoperatingpoint voltage
of nodeX to VA . Any currentflowing into X is mirroredfrom
M 21 to M 31 andfrom M 41 to M 51 andflows out of Z; it
is alsomirroredfrom M 21 to M 61 of theotherhalf-circuit,
whereit flows into Z. Thus the two input currentsi i1 and
i i2 aresubtracted,andif all currentmirrors have unity gain,
the resultinggain is Õ I 2. A differentgain caneasily
be achieved by changingthe width of all output transistors
M [5–6][1,3].

The transistorswith boxesasgatesareactuallycompositeCompositetransistors

transistors.Any “supertransistor”configurationcanbeused,
but simplecascodesasshown in Fig. 6.4 provide sufficient
voltageswing, sincethe voltageswing over the MOSFET
resistorscritically determinesthe harmonicdistortionof the
filter. The higher output resistanceof regulatedcascode
transistorsis not neededeither, sincethe output is already
capacitive in the frequency region of interest. As discussed
in Sec.5.5.1,the cascodetransistorscanbe biasedwith the
mid-rail voltageVm. Thevoltagedifferenceà V wasexplained
in Sec.5.5.1,it setsthepossiblevoltageswingat theZ output;
à V 0 is theoptimumchoicefor thecharge-pumpedfilter
describedin Sec.5.5.1andSec.7.4.2.

It is apparentthat the cascodetransistorof M 11 cannotbeBias circuit

biasedby Vm, sincethegatevoltageof M 12is toolow. Fig. 6.3
shows the biascircuitry which generatesthe biasvoltages
for both half-circuits. The voltagegeneratedby the single
transistorM 81 biasesthe cascodetransistorsof M 11 and

1The notationM [1–6]3 denotes“all M i 3, where i á 1 â�â�â 6.”
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ä O�n�h�g�å�æ�ç-ï Compositetransistors usedin the current amplifier.

M 91. For all testcircuits, the currentsourceIbias is located
off-chip (c.f. Chap.7).

Thewhite noiseof thecurrentamplifiercanbecalculatedbyWhite noise

referringthe noisecurrentcontributionsof all transistorsto
theZ outputof thecurrentamplifier. Sincetherearedefined
relationshipsbetweenmostof the transistorsin the current
amplifier, it is possibleto expressall noisecontributionsin
termsof the white noisespectraldensityof M 33’s drain
current,

(6.2) i 2
M 33 4k̂T

2

3
Õ p gm33 ,

whereÕ p is anoisecorrectionfactor(seeTab. 5.1)[Tsividis96].
Thenoisecontributionsof all transistorsat theZ outputof the
currentamplifiercanthenbeadded,but notethat thenoiseof
a singletransistortravelling alongpathswith differentsigns
will not cancelat theoutputbecausethedifferentpathshave
differenttime delays.
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Keepingthe width of the biastransistorandthe ratio of the
aspectratiosof M 22 and the aspectratio of M 33 as free
parameters,weobtain

(6.3)

i 2
CCCS 2i 2

M 33 Õ 2
I

Õ n

Õ p

L22

W22

W33

L33

3

2
1

Õ n

Õ p

W73

W33

Õ I

2
1

Õ n

Õ p
2

W73

W33
.

In thecurrentamplifierusedin Sec.7.3.2,this is approximately
160i 2

M 33. Of this noise,70% areproducedby currentmirrors
andcurrentsources,20% by the input transistorsM 12 and
M 22, and10% by the biastransistorM 73. This resultsin
iCCCS 36pAß Hz.

The white noiseof the currentamplifier is thenshapedby Shapednoise

the filter in which it is used,the filtered noisecanbe calcu-
latedapproximatelyusingthe noisebandwidthof the filter,
fx [Johns97, Chap.4]:

(6.4) i 2
Filter (RMS) i 2

CCCS fx ,

where fx canbederivedfrom thefilter’s idealtransferfunction:

(6.5) fx

ñ
0

1
f 2

f 2
p

j f
fp qp

1
df

ò
2

qp fp .

Note that the same fx resultsfor the second-orderbandpass
filter.

This result correspondswell to measurements,asFig. 6.5 Measurementresults

shows. Themeasurementsin this figureweremadewith the
biquaddescribedin Fig. 7.3.3. Notehow closethecalculated
iCCCS 36pAß Hz is to themeasured45pAß Hz. Thecurve
denotedby “ ishaped” is theCCCS’s noiseshapedby thefilter
transferfunction, while “ iFilter” is the measuredfilter noise
spectraldensity. The two curvesagreeclosely, which means
thatthenoisecontributionby thepassivenetwork is negligible.
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The choiceof Vm and à V determinesthe spurious-freeSignal swing vs.
SNR dynamicrangeof the filter in which the currentamplifier is

used. Increasingà V reducesthe harmonicdistortionof the
filter, but increasesthenoise,asdiscussedin Sec.5.5.1.

The X-input resistanceis Rin 1ß gm22 and can thus beRin vs. SNR

decreasedby makingM 22 wider andby increasingthebias
current. If thebiascurrentis increased,thenthe sizesof all
current-mirrortransistorsmustbeincreasedaswell in orderto
maintainvoltagemarginsandvoltageswings.This increases
theZ-outputcapacitanceof thecurrentamplifierandalsothe
noise. On the otherhand,increasingthe biascurrentalso
movestheparasiticpolesandzerosto higherfrequenciesand
thusreducesthephaselag of thecurrentamplifier.

If thecurrentamplifier is usedto build anSAB with a certainLimit on maximum
output capacitance fp, qp, andstop-bandattenuationAstop, thenit is advisableto

choosethebiascurrentassmallaspossibleandmake M 22 as
wide aspossible,suchthat theresultingRin andtheresulting
phaselag arestill acceptable(c.f. Sec.4.4). In the extreme
case,the current-mirrorscanbe designedsuchthat the Z-
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outputcapacitanceactsasa signalcapacitance,aswasshown
in Sec.5.6.4.

Thewayof thinkingusedthroughoutthisthesisto build tunable Design idea

SABs is to useamplifiersconsistingof simple, interlinked
buffers togetherwith MOSFETresistorsto obtainadjustable
or tunablecircuits. The sametechniquecanalsobe applied
to building a tunablecurrentamplifier. In this section,we
first discussthetestcircuit from [Schmid99b], which wasthe
coreof a variable-gain currentamplifier, andthenwe presenta
full-grown tunablecurrentamplifier thatwasdevelopedusing
theknowledgewegainedfrom thetestcircuit.

Theconceptof our variable-gain is shown in Fig. 6.6. Like the Concept

currentamplifierdiscussedabove,it is completelysymmetrical.
The input current I i 1,2 flows througha poly-silicon resistor
Ri 1,2, and the resultingvoltageis buffered. The voltage
differenceover theMOSFETresistorcausesa currentto flow
out of onevoltagebuffer andinto the other. Both currents
Io1,2 aresensedandmirroredto high-impedanceoutputs.The
overall currentgain canthenbe adjustedalmostlinearly by
varyingthecontrolvoltageof theMOSFETresistor.

The ideaof implementinga transconductanceamplifier by Effects of using a
MOSFET resistorconnectingtwo voltagebuffers to a simulatedresistorwas

presentedin [Kwan91], but therea six-transistorresistorwas
used.However, usinga singleMOSFETresistoris sufficient,
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ä�������� å�æ�ç�� Voltage buffer with level shift.

provided that the voltageover it is purely differentialmode.
If sucha puredifferential-modevoltagesignal is appliedto
a stronglyinvertedMOSFEToperatingin the linear region,
it will theoreticallycausea distortion-freechannelcurrent
[Tsividis86]. Any remainingcommon-modesignalwill be
rejectedalmostcompletely, sinceit is the voltagedifference
which is convertedinto a current. However, simply stating
that the common-moderejectionratio is very high would
be misleading,sincea common-modesignal changesthe
resistanceof theMOSFETresistorandthereforemodulatesthe
amplitudeof the differential-modesignal.

It is advantageousto make the voltagedifferencebetweenVoltage level shifter

the MOSFET’s gate and channelas large as possible. In
contrastto theMOSFET–C filters, theMOSFETresistorsare
not connectedto any externalnodesin the tunablecurrent
amplifier. Thusthesignalgroundcanbechosenfreely. This
makesit possibleto usepMOS resistorsagain in conjunction
with voltagebuffers that shift the signalgroundasfar away
from thelower rail (i.e. thegatecontrolvoltageof theresistor)
as possible. We chosethe samebuffer that was usedin
[Kwan91]; it is shown in Fig. 6.7. TransistorM 43 is biased
with a constantcurrentIb2. This makesits gate-sourcevoltage
approximatelyconstantaswell, andit actsasvoltagebuffer
with a voltagelevel shift of approximately1.25V in our
implementation.Any currentflowing throughtheterminal‘ Vo’
is conductedby M 53, which is biasedwith Ib1. This current
is thenmirroredby M 13 andprovidedat thehigh-impedance
output‘ Io’.
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Thesamevoltagebuffer is useda secondtime in thecircuit, Groundingthe poly
resistornamelyto provide thesignalgroundto which Ri is connected.

Connectingit directly to theanalogue-ground(‘agnd’) line on
thechip would bea badidea,sincethesignalcurrentinjected
into that line would causea voltagedropat thebondingwires.
As a result,the‘agnd’ line would bounceandfeedinterfering
signalsinto every othercomponenton thechip usinganalogue
groundas a referencevoltage. The variable-gain current
amplifier thereforeconsistsof four voltagebuffers, several
constantcurrentsourcesproviding the currentsIb1,2, two
currentmirror outputstages,andasingleMOSFETresistor.

The schematicof the half-circuit is shown in Fig. 6.8. The Descriptionof the
circuitbiasvoltageappliedto ‘vbias’ is buffered,with anegative level

shift, by thefirst voltagebuffer M [2,3][1–6]. M 23 provides
thevoltagebufferingfunction,M 33collectsthecurrentapplied
to ‘iin’, andtheothertransistorsform constantcurrentsources
supplyingthe biascurrentsIb1,2. The voltagedrop over the
poly-silicon resistorRi is thencopiedto ‘vout’, the terminal
connectedto the MOSFET resistor, by the voltagebuffer
M [4,5][1–6] from Fig. 6.7. M 1[3–6] form a classA current
mirror togetherwith M 53. Sincethe drain voltageof M 13
is always lower thanthe drain voltageof M 53, the former
shouldbemadea bit wider thanthe latter to compensatefor
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systematicoffset. All cascodetransistorscanbe biasedby
analoguegroundif the amplifier is to be usedin a charge-
pump-controlledfilter (seeSec.5.5). Thevoltageappliedto
‘vbias’ is approximately1.1V aboveanaloguegroundandsets
both thesignalgroundat thecurrentinput andtheoperating
point voltageat the MOSFETresistor’s terminals,which is
about1.2V above ‘agnd’ in our implementation(seeSec.7.3.4
for moreinformation).

In orderto beusedin MOSFET–C filters, theinput currentsofInput buffers

theamplifier coremustbebuffered. This canbedoneusing
the structureshown in Fig. 6.9. It is actuallythe fixed-gain
currentamplifierdescribedin Sec.6.3without thedifferencing
circuits,with thetwo signalpathssharingacommoninput level
shifter, andwith thesamebiasingcircuit. More informationon
transistorsizingandperformancewill begivenin Sec.7.4.4.

Finally, it shouldbe remarked that anothergroupof authorsThe useof this
conceptin the
literature

recentlypublisheda transconductorthat is very similar to
our amplifier core,without the input resistors,andwith a
real resistorinsteadof a MOSFET resistor. The authors
alsoshow additionallinearisationcircuitry andusethe very
lineartransconductorto build a Gm–Cfilter that is tunedwith
capacitormatrices[Lindfors99].
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The currentamplifiersintroducedin this sectionarebuilt as Common-mode
rejectionsimpleaspossible,andthey donothavespecialcommon-mode

rejectioncircuitry, which makesthemfastandpower-efficient.
Themeasurementresultsobtainedwith the7th-orderfilter (c.f.
Sec.7.4.3)show that the inherentcommon-moderejectionof
every biquadstage(theamplificationof a differenceof input
currents)is sufficient to drive thenext biquadin thecascade.
Nevertheless,the questionremainsopenhow muchcould
be gainedby improving the common-moderejectionof the
amplifiers.

Thefixed-gain currentamplifier is derivedfrom a well-known Openquestions

structure,andthereis little room for improvement,but the
variable-gain amplifier is not muchmorethana first attempt
to build suchan amplifier usinga MOSFETresistor. Two
possibilitiesfor futureresearchareto increasethelinearity of
this amplifierby addingcommon-moderejectioncircuitry and
by usingbettervoltagebuffers.
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Thischapterprovidesthosemeasurementsof thetestcircuitson
our two chipsthatwerenot alreadyusedin oneof theprevious
chapters. It also describesall circuits (including the off-chip
measurementelectronics),the componentvaluesand dimen-
sions,and discussessomeof the designdecisionswe made.
Chip photosgive an impressionof the symmetricalandcom-
pactlayoutof thetestcircuits. In addition,somemistakesthat
weremadeon thechipsarealsomentioned.



V! %W ô2õ�ö	÷6ø8ù�úYX
û Z ù�.7�Xú7&�÷6ø'& 
Yü�
���ø8ù�.Dø[�Xõ-&�÷N.ºö	ü,\]�$ù	ö^.'_
úDù��$ù�ü8ø`.

acb^d'egf�h;ijh1klfnm:o$p"qDd�rsd,q3tuavqDw1i'xyegd�h1oyi^q{zDx!i�b^f,|,|`o$q�p~}�d-�-i^x�d��
h7i^xy����oyh1k]h1klf��?r�d'quh7ij�-f,b^i^egfnd,q{��q3d�r�i^p:��f'�7aQ� t�f'|`o$pCq3f`x��
}�oyh7h;r$f�t9o�tuac�^qDi^� �"d�b^��h�klf`quh1kld�hYh1klf�egd'o$q{��x�i��-r�f7eg|�i�w
d'qDd�r$i'p���f'�7a�� t�f,|`o$pCq{��i���r$t�q3i�h��-f�h�k3f'i^xy�7�Yt�f,|`o$pCq9�+d'qDt�r�d'���
i���h��Y�-��h�egd�|,h7f7xFo�q�p~h1klfnt�f'|`o$pCqu�^oyh7|��+�6q3t�f`x!|,h7d'q3t9o$q�p���kld�h
h1klfnb;o$x!b^�6oyhY|`o$eg��r$d-h;i^x�|nt�i;�Yd'q3t�egf'd�|,�6xyo$q�p�h�klfnb7k�o$�?|,��a
�%x!i��NpCklh�q3ijfQ�l�?f`xyoyf7qDb^f[o$q�d,q3d-r$i^p:��fnt�f'|`o$pCq{��oyh�k�egf1�Yh�k�oy|
h1klf'|`oy|[��d-|ni'q3r�� �?i�|,|`oy�-r�fn�"f'b^d-��|,fni�w¡h1klf�egd'xF¢£f,r$r$i���|�|,�N���?i^x�h
alp:i�h�d�hYh1k�oy|nr�d��-i'x!d�h7i^xy���+¤¥klf`x!f��jf7x�fnh��jijf��3�?f7xFoyf7q3b^f,tuaQ�
t�f'|`o$pCq3f`x!|[klf7x�f1��¦ d'x�����|�§¨f,r$w�f7q3|,h7f7o$qud,q3t{© x�d'kli�|,r�d'¢ª}�«$e¬�
��klijh;d��6pCklh�egfnh1klfn��|,fni�w¡h�klf�t�f'|!o�pCqu�'oyh;|�d'qDt�h1klfn|`o$eg��r�d��
h7i^x!|,��a	q­d�t�t6oyh1o�i'q9�+i��6x¥®�®At�f`�?d'x!h1egf7q3h�d-r$|,i�kld�|�dn¦ oyb7x!i�f'r�f'b^�
h1x!i^q�oyb^|�©�f'|`o$pCqu�uf7q3h1x!f��c��kli�|,f�egf`e��"f7x�|[��q3t9x!f'd-|�¯°oyf'r�d'q3t
d'qDt��{k�xyoy|,h7i^��k�±²d-r�egf7x¥|%i�r�¢�f't�egd'q�� ��x!i��"r$f7eg| alkld�t���oyh1k
�ud�t�f7q3b^f�d'qDt���¦ m:³�|nt�f'|`o$pCqu�'oyh;|,��}�d�|,h´�+�"��h�q3i�h�r$f'd-|,h��
µ f'r¶o�� µ x!f7�7�Yh�klf�|`�?f'b;oyd�r¶oy|,hYw�i^x·k�o$pCkl��w�x!f,¸"��f7qDb;�~f'r�f'b^h1x!i^q�o�b'|
�ji^x!�'o$q�p~d-hYi��6x¥r$d��"i^x!d-h;i^xF�7�+�"�Noyr$h�w1i'x·egfnh1klf���xyo$qDh;f,t��1b;o$x!b^�Noyh
�"i�d'x!tualqDf'f't�f't{w�i^x¥h1klf�egf,d�|,�Nx�f7egf7qDh;|�d'q3t{h;d-�NpCklh�egf[kli^�
h7ij��|,fnh1klf�egf,d�|,�Nx�f7egf7qDhYf'¸"�6o$�Cegf`q3h���x!i^�?f`x!r��7�Yd,q3t�¤[k3i^egd�|
m�b;kld-f7x!f`x¹�+i��6x¥f'r�f'b^h1x!i^q�oyb^|�f`q�pCo$q3f'f`x�ºv®»r$f,��h1x!i^q�o���f7x�¼?k3f'r��?f,t�egf
��oyh�k�f'r$f,b^h�x�i^q�oyb^|[��x�i��-r�f7eg|�d-w1h7f7x µ f,r�o�� µ x!f7��kld-t�r$f'w�hYh1klfnr�d��"i��
x!d-h;i^xF����¯°oyh�k3i���h�h�klf`e½�Yh�k�oy|�h�klf,|`oy|��ji���r$t�kld,¢�fn�"f'f7q­d�h1klf'i��
x!f,h�oyb^d-rsi^q3f,�
a	qu|`��oyh7fni�w�d-r$rsh�k�oy|[klf,r��N��alegd-t�fn|,f`¢�f7x!d-r£e¾oy|,h7d���f'|,��¿Gquh�k3f
À x�|,hYb;k�o$�I�Yh�klf�b^i��N�?r�o$q�p~�"f'h��jf'f`quh1klf�o$q��:��h���o$q3|�d'q3t{h�klf
i���h��?��h���o$q3|�i�w¡h�k3fnb;k�o$�g��d-|n|%ij�-d-t�h1kld�hYh1klf�egf'd-|,�Nx!f`egf7q3h7|
��oyh�kli���hYb^d�r¶oy�,x!d-h�oyi^q{�jf7x!f�i�w¡r�oyh;h7r$f���|,f'��m�ijd�r�h�kli��6pCk]h1klf
b;k�o$�g��d-|�p:i�i�t{f`q3i��6p"k�h7i�pCo$¢�f�o$q3|`o$pCklhYd'qDt�d�b'd�t�f7e¾oyb^d�r$r¶�
o$q3h7f7x�f'|,h1o�q�p egf,d�|,�Nx�f7egf7qDh;|��coyh���i���r$t�q3i�h�kld'¢�f��ji^x!��f't�o$q
d'q­d�b^h7��d�r£��x�i�t���b^h;�+¤¥klfn|,d,egf�kld'���?f`q3f't���oyh1k�d'qDi�h�klf`x¥b;k�o$�
h1kld�h��jd�|�w�d��,xFoyb^d�h7f't�d-hYh1klfn|,d,e�fnh1o$e�f��%�~d'qDi�h�klf`x¥t�i�b^h;i'x!d�r
|,h7��t�f7q3h�d�h�i��Nx¥r�d��"i^x!d�h7i^xy���
±Áf'h��jf'f`quh1klf���x�i�t���b^h�oyi^qGx!�NqD|�i�w�h1klf À x!|,hYd'qDt�h1klfn|,f,b^i^q3t
b;k�o$�N�c��¦ m°b;kld,q�p:f't{h�klf[��x!i^�?f7x�h�oyf'|�i�w¡h�klf`o�x½Â"�	Ã"�´e¾o�b7x!i^q
�{¦ ¿­m���x!i�b^f'|,|��co$qDb^r$��t6o$q�p�h�klfnt�f'|!o�pCq{x���r$f,|,��¯Äkld-hYh�klf`�
t9oyt�q3i�hYb7kld'q�p:f��jd�|�h�klf�t�f'|!o�pCqu�'oyhYr�oy�%x!d'xF�~b^i'q3h;d,o$q�o$q�p~h1klf
d'qDd�r$i'p���f��?d�t�|%��®:¢�f`xy�~|`o$q�p�r�f��?d�t{b^d���|,f't{|,f7¢�f7x�d�r£kl�6q3t9x!f't
t�f'|`o$pCq{x!��r$f�¢"oyi�r�d�h�oyi^qD|��+d'qDt�oyh���d-|�qDi�h��?i�|,|`oy�-r�fnh;ij|!o$e���r$d�h7f
h1klfnb;k�o$�g��oyh1k�h�klf,|,f��?d�t�|,�+¤¥k�oy|��jd�|��+�%��h�klf[��d,�;�Yd�r�x�f'd�t9�



X"Å�Æ�Å Ç�È�É'.'_-Ê1È��½È�Ë!Ì�È�
 È��`Ì,Ê1
3Ë-& �,. V! %Í

h�klf�b^d�|,fnw�i^x¥h1klf À x�|,hYb;k�o��N�Y�-d-b^�jh1klf7q{��¦ m°h7i�r$t�egfnh�k3d�h
h�klf[�?d�t�|[��i���r$t��ji^x�� À qDfni^qu|`oyr¶oyb^i^q9�+d,q3t{h�klf`�~h;i�r$t�e�f�h�klf
|,d'egfnw�i^x·e¾�~|%f'b^i^qDt�b;k�o$�?�+¤¥klf7����f`x!f�xyo$pCklh´�+�-��hna?egd-t�fnd
|,h;�6��oyt�e¾oy|,h;d-��f,�Î¤¥klf��?d-t�|�ac��|%f't�k3d�t���x�i�h;f,b^h�oyi^q­t9o�i�t�f'|�h7i
�-i�h1k�x!d,oyr$|���acd�|,|%�Negf'tÏ�c��o�h1kli���hYb;klf'b^�'o$q�pI�+h1kld�hYh1klfnt9oyi�t�f,|
i^q3r¶� �jf7qDhYh;i�h�klfn|%���-|%h�x!d-h;f��+�-f,b^d���|,f�ac|`o$e¾�?r���t6oyt�qDi�hY�'q3i^�
h�klf`quh1kld�h�oyhYb^i���r$t{�-f�i�h1klf7xy��oy|,f'�+¤¥klfnf'w�w�f'b^h7|�h�k�oy|[kld-t�i^q
h�klf�b;k�o$��d,q3t�k3i^� acb^i���r$t{|,i�r�¢�f�h�k�oy|[��x!i��"r$f7e d'x�fn�-i�h�k�t�f'�
|,b;xyoy�"f't{�-f'r�i^�Ð�
�Ñr�rsh�k�o�|[�jd�|[¢�f7xy��f���b;oyh1o�q�p~d,q3t�o$q3h;f`x!f'|%h�o$q�pI�+�"��h�i�w¡b^i��Nx�|,f�a
��i'q3t�f`x·��kld-h���oyr$r£p:i���x!i^q�p�i^qGe¾� q3fQ�ch�b;k�o��?�

This sectiondescribesthecircuits thatwereusedto measure Outline

thesecondtestchip. Similar circuitswereusedto measurethe
first chip, they areomittedfor thesakeof brevity. Bothcircuits
wereselected,designedandbuilt by Felix Frey accordingto
ourspecifications.

For all measurements,the chipsweredriven by the single- Balancedline driver

endedto balancedvoltageconvertershown in Fig. 7.1. It hasa
50-Ò input to which thegeneratorof thenetwork analysercan
beconnectedandprovidespreciselybalancedoutputvoltages.
It baseson theCFB opampAD 8002,which is well capableof
driving thepadsof our chip. Actually, thecircuit in Fig. 7.1
is anadaptionof a differentialline driver proposedin thedata
sheetof theAD 8002. Theconversiongain is one,andsince
thenetwork analyserexpectsa resistanceof 50 Ò , thereis only
the6-dB lossof thepower splitterat theanalyseroutputto be
takeninto accountwhensettingthepowerof theanalyser.

On the first chip, every testcircuit still hadits own off-chip Differencebetween
chip 1 and chip 2input-voltageconverter;on thesecondchip,only oneconverter

wasusedto drive all circuitsat once.This waspossiblesince
every circuit couldbe switchedoff completelyby settingits
biascurrentto zero,andit hadtheadditionaladvantagethat
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enoughchip padswerestill free so that the inputscould be
decoupledfrom eachotherandfrom the restof the padsby
placinggroundedpadsin between.

The currentoutputof every testcircuit wasconvertedto aTwo-stage
transresistance
amplifier

singlevoltageby thecircuit shown in Fig. 7.2. It consistsof
tow independentI–V convertersbasedontheAD 8011(another
CFB opamp)thathasan Rm 750 Ò . Thefollowing stageis
a differenceamplifier basedon the AD 8002with a voltage
gain of 5. Togetherwith thedifferencing,theoverall Rm from
a singlecurrentoutputto theconverteroutputis 7500Ò . The
reasonthat two differentCFB opampswereusedis that the
AD 8011is basicallyslower; becauseof thestability problems
thatoftenoccurwith high-speedamplifiers,it is not advisable
to useamplifiersthatarefasterthannecessary.

All transferfunctionsandcharacteristicsweremeasuredwithBrief description

the 500-MHz spectrumanalyserHP8751A; the noiseand
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I i 1 49.9

3p
AD 8011

300

750

I i 2 49.9
3p

AD 8011
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750

AD 8002
49.9 Vo

750

150

Balanced-current to single-endedvoltage converter
usingAD8002and AD8011CFB opamps.
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clock feed-throughwasmeasuredwith the150-MHzspectrum
analyserHP3588A. For the harmonic-distortionmeasure-
ments,a 2-Vpp wasgeneratedwith the Tektronix AFG2020
function generatorandthenattenuatedby a programmable
attenuator, the Marconi MA 2186, in order to producea
harmonicallycleansignalfor themeasurements.

Every circuit on thetestchip thathasa balancedcurrentinput Why an on-chip V–I
converter is neededis drivenby anon-chipV–I converterthatconvertsthebalanced

voltageinput into a balancedcurrent. The reasonthat such
a converteris necessaryis thatotherwisethepadcapacitance
andthe input resistanceof the circuit would form a pole at
unacceptablylow frequencies(severalMHz). This lookslike a
disadvantageof current-modefilters,but a voltage-modefilter
thathasanoutputimpedanceequalto theinput impedanceof
thecurrent-modefilter would simply have thesameproblems
at its output,whereavoltagebuffer wouldhave to beinserted.

On this first chip, two majormistakesweremade.First, every Major mistakes on
the first chipcircuit on the chip had its own pair of input pads. There

werenot enoughpadsremainingto isolatethe input pads
electromagnetically. As a result, therewasa considerably
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# main transistors cascodetransistors
M [1–4]1 45 3 ç m 80 0.6 ç m
M [5–6]1 57.3 3 ç m 104 0.6 ç m
M 81 37.3 3 ç m —
M 91 45 3 ç m 80 0.6 ç m
M [1–2]2 120 0.6 ç m 2 —
M [1–4]3 120 3 ç m 200 0.6 ç m
M [5–6]3 200 3 ç m 260 0.6 ç m
M [7–9]3 120 3 ç m 200 0.6 ç mè�8?é?2 R{à Ù%Ú

Transistordimensions.‘ 2’ denotesdevicesin
common-centroid layout.

strongelectromagneticsignal path from the inputs to the
outputsof thechip. Second,theV–I converterusedon thechip
wastoo complicated,requiredaninput voltageoffsetandalso
wascomparatively slow. Sincewe do not considerthe idea
behindit useful,we omit it herefor the sake of brevity and
recommendtheV–I converterdescribedin Sec.7.4.1.

The two mistakes togethermadeit only possibleto obtainCalibration
measurements measurementresultsby calibratingthe non-idealitiesout,

which was possiblebecausethe V–I converter alonewas
availableonthechipfor useasareferencepath.Thedifferences
betweenthecalibratedandtheuncalibratedsignalswerevery
large,but not so largethatmeasurementsbecameimpossible:
the couplingactedasa 20-MHz high-passfilter in parallel
to our filter and thus affectedonly the transferfunction
measuerements.

Thecurrentamplifierwasbuilt asdescribedin Sec.6.3 usingIt could have been
built smaller thetransistorandcapacitordimensionsshown in Table7.1. It

turnedout that thebalancingof the two signalpathsthrough
thecurrentamplifierwasmorethanpreciseenough.Thusthe
width of all 3- ç m transistorscouldbe reducedto 1.8 ç m on
the secondchip. The designdecisionsthat arenecessaryto
obtainthetransistorsizeswill beexplainedin Sec.7.4.2,where
a structurallyidenticalcurrentamplifier with betterchosen
transistorsizesis discussed.
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# capacitordimensions capacitance
C[1–2]2 13.6 13.6 ç m 10 1.0pF
C[1–2]4 13.6 13.6 ç m 0.1pF

# MOSFETresistors
R[1–2]1 22 2.4 ç m 2
R[1–2]2 22 1.9 ç m 2

Capacitorand resistordimensions.
è�8?é?2 R�à Ù$á

The currentamplifier describedin the previous sectionwas Descriptionof
the layoutusedto build asecond-orderfilter asdescribedby Fig. 5.4with

the dimensionsof the passive elementsgiven in Tab. 7.2. A
chip photois shown in fig. 7.3, thecurrentamplifier(CCCS),
thepassive elements,andtheemptyspaceleft of thecapacitor
arrayhave a total sizeof 320 340 ç m, or 0.11mm2. On
thephoto,thecarefullayoutof thecapacitorscontainingunit
capacitorsanddummyelementscanbeseen.As it turnedout,
mismatch-inducedeffectswerecomparatively small, so the
complex layoutof thecapacitorswasnot really necessaryand
wasnotusedanymoreon thesecondchip (c.f. Sec.7.4.2).

Measurementsweremadefor this filter; someof themwere Measurementresults

shown in previous sections,and most were publishedin
[Schmid99b] and[Schmid00d]. Thefilter consumes12.4mW
from a 3.3-V power supply. Thepolefrequency of thefilter is
tunablefrom 18MHz to 24MHz, with apoleQ abit higherthan
3. Dueto theinappropriatechoiceof theanalogueground,as
describedin Sec.5.4.1,theSNRat 1% of harmonicdistortion
wasonly 29dB, wouldhavebeen33dB at thetopof thetuning
rangeif theanaloguegroundhadbeenchosenproperly, and
couldhave beenextendedto 35.. .37dB by changingthebias
voltagesof thecascodetransistorsat thecurrentamplifierand
moving theanaloguegroundfurthertowardsthepositive rail.

The inter-chip standarddeviation of thepole frequencieswas Inter-chip matching

1.5% for 14 measuredchipsfrom thesameprocessrun, and
3% for thepolequality factor. Thelatter is morethanprecise
enoughfor mostvideo-frequency applications.It would have
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Photoof the biquadratic filter.

beeninterestingto obtainon-chipmatchingresults. In order
to achieve this, two “identical” biquadswereplacedon the
samechip. Although the standarddeviationswerethe same
in bothcases,thepolefrequency of oneof thefilters was7%
lower, andits polequality factorwas2.5insteadof 3. Wenever
foundout why this wasso. Sincetheeffect wasabsentin all
simulations,we think that thepadshave somethingto do with
it. As mentionedabove, we couldnot simulatethechip with
thepadsdueto bugsin thedesignkit.

Thesemeasurementsshow that MOSFET–C SABs like theDiscussion

oneon chip 1 areprobablyusefulonly for applicationsthat
requirea comparatively low SFDR,like signal-shapingfilters
in hard-diskreadchannels.If a higherSFDRis required,a
charge-pumpedfilter liketheonedescribedin Sec.7.4.2should
beused.

The coreof the variable-gain currentamplifier was imple-Descriptionand
measurements mentedwith the elementsizesshown in Tab. 7.3. A chip
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Transistor Dimensions
M [2–4]1 100 1.8 ç m
M [2–4]2 96 0.6 ç m
M 13 130.8 1.8 ç m
M [2,5]3 126 1.8 ç m
M [3,4]3 200.1 1.2 ç m
M 41 120 0.6 ç m
M [1,2,4,5]5 224 0.6 ç m
M [1,2,4,5]6 300 1.8 ç m
MOSFET-R 12 3 ç m
Ri 12.46k Ò

Elementsizesusedin the
variable-gaincurrent-amplifiercore.

è�8?é?2 R�à Ù$ë

Photoof the amplifier core.
Ø�Ü�Ý�Þ�ß R�à Ù$ï
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M 33

Z
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Ø�Ü�Ý�Þ�ß R{à Ù�ñ
Current amplifier usedin the V–I converter.

photois shown in Fig. 7.4,wherethepoly-siliconresistorsand
theMOSFETresistorcanbeseen.The testcircuit coversan
areaof 0.07mm2, andthe biascurrentsare Ib1,2 375 ç A.
Measurementresultsof thiscircuit weregivenin [Schmid99a].
Thereit wasshown thatafull currentamplifierwouldbeableto
driveaMOSFET–Cfilter with apolefrequency of 900kHz and
anSFDRof 45dB, with a power consumptionof 12.4mW.
An improvedversionof this amplifierperformsbetter, aswill
beshown in Sec.7.4.4.

TheV–I converterusedon this chip simply consistedof poly-Description

siliconresistorsconnectedbetweenthepadandtheinputof the
currentamplifiershown in Fig. 7.5. Theconversionresistances
(i.e. the1ò gm) of theseconverterswere20.3k Ò for the7th-
orderfilter and6.78k Ò for all othertestcircuits.Theconverter
hasthesametransistorsizesthataregiven in Tab. 7.4,anda
biascurrentof 160 ç A.

Thetransconductanceof theV–I converteris shown in Fig. 7.6.Noise and distortion

Its gm is almostconstantupto 50MHz, but its phaselagreaches
comparatively highvaluesin theregionof thepolefrequencies
of our filters. Both effectscan,however, becancelledout for
all othermeasurementsby calibratingthenetwork analyserto
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the V–I converterthat is suppliedon the chip asa reference
path. Measurementsshowed that the harmonicdistortion
introducedby theV–I converteris negligible, but its noiseis
not. For example,it addsabout4dB of noiseto thebiquads,
but only about1dB to the7th-orderfilter. This contribution
wassubtractedfrom themeasurementspresentedbelow.

The structureof the currentamplifiersusedin this biquad Designdecisions

is the sameason chip 1 (seeSec.6.3). All transistorand
capacitordimensionsareshown in Tab. 7.4 (c.f. Fig. 5.4).
We will now briefly point out someof the reasonswhy the
transistordimensionswerechosenasshown in Tab. 7.4. In
thecompositetransistors,theWò L ratio of themaintransistor
is aboutsix timessmallerthanthe Wò L ratio of thecascode
transistor. As wasshown in [Burger96], simplecascodes
arefastestwhenthe Vdsat of the cascodetransistoris about
40% of the Vdsat of the main transistor. The factorof six
resultsif the Wò L ratiosarecalculatedfrom Vdsat and Id.
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capacitordimensions capacitance
C[1–2]2 46.3 28 ç m 1.13pF
C[1–2]4 7.4 28 ç m 0.19pF

main transistors cascodetransistors
M [1–6]1 45 1.8 ç m 95 0.6 ç m
M 81 14 0.6 ç m —
M 91 45 1.8 ç m 95 0.6 ç m
M [1–2]2 120 0.6 ç m 2 —
M 13 87 1.8 ç m 140 0.6 ç m
M [2–8]3 70 1.8 ç m 140 0.6 ç m
M 93 87 1.8 ç m 140 0.6 ç m
R[1–2][1,3] 12 6 ç m —

è�ø?é?ù�ú à Ù$ï
Transistorand capacitordimensionsin the charge-pumped
biquad.

The absolutetransistordimensionswere found iteratively.
First, it wasclearfrom experiencethat thebiascurrentwould
have to bearound160 ç A to achieve a polefrequency around
32MHz. Themaximumsignalcurrentto besupportedby the
currentamplifierwasdesignedto be60 ç A, approximatelythe
currentat which theMOSFETresistorswould saturate.This
determinedthesizesof all currentsourceandcurrentmirror
transistors.The input transistorsM [1–2]2 weredesigned
suchthat they would provide an X input resistancearound
500 Ò , andthenit wasverified that thecascodetransistorin
M 11 would indeedremainin saturationby giving it a bias
voltage0.1V below analogueground,which determinedthe
sizeof M 81. Finally, thesizesof thepassive elementswere
calculatedfrom first-orderformula and correctedthrough
iterativesimulationsandcorrections,wherethelastcorrections
weremadeon post-layoutsimulations. Note that C[1–2]4
is small comparedto the outputcapacitanceof the current
amplifier. This capacitancecouldevenhave beenomitted,as
wasshown in Sec.5.6.4.

The gatecontrol voltagesof this filter aregeneratedby theLayout mistake

charge pumpdescribedin Sec.5.5.2,whosecomparatively
large charge tank canbe seenat the bottomleft of Fig. 7.7.
Therestof thechargepumpelementsis below thetank;above
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Photoof the charge-pumpedbiquad. Top left: charge pump.
Top right: biquad. Bottomright: On-ChipV–I converter.

Ø�Ü�Ý�Þ�ß;ú à Ù à

thetank,thefilter capacitorsappearasbright rectangles,with
the small MOSFETresistorsin between.The symmetrical
structureabove thepassive elementsis thecurrentamplifier,
to the right of it, the active part of the V–I convertercanbe
seen. As waspointedout in Sec.5.5.3,putting the charge
pumpsocloseto thepassivefilter elementsthatthefilter output
lineshadto bedrawn on top of theguardbarwasa badidea,
sincethenthesubstratenoisecouldleakthroughto theoutput.
With a properlayout, this would not have happened,aswas
discussedin Sec.5.5.3aswell.

Adjusting thechargepumpsupplyvoltagefrom 2.7 û!û`û 3.3V Results

tunesthepole frequency from 22.4MHz up to 36MHz. The
input currentthatcauses1% ( 40dB) of harmonicdistortion
variesbetween36 ç A. . .165 ç A. As discussedin Sec.6.3.2,the
noiseis mainly white noisefrom thecurrentamplifiershaped
by thefilter. ThemeasuredSNRof thefilter for asignalcausing

40dB of harmonicdistortionvariesfrom 54dB to 66dB over
thewhole tuningrange;anSNRof over 55dB is reachedfor
pole frequenciesabove 23MHz. Thefilter consumes16mW
from a 3.3-V supply, andcoversa chip areaof 200 550 ç m,



Vyî"Ó Ô�Õ,É�Ö×Ì`È�ÊYX"Å ZÁÈ�í7ã-Ê7ì(Ö×Ì'ì ä3Ë�ä�å�Ì`È�í�Ì[ã-Õ-ì(ÖNí�É�Ë,\]æ¬È�É^í'_"Ê�È�æ¬È�Ë`Ì`í

Ø�Ü�Ý�Þ�ß;ú à Ù�ü
Photoof the 7th-order biquadcascade.

or 0.11mm2, including the charge pump. The biquadalone
coversanareaof 200 320 ç m, or 0.064mm2.

Using the biquadsfrom Sec.7.4.2, the 7th-orderBesselDescription

filter shown in Fig. 7.8 was built. From left to right, the
following building blocks can be seen: the poly resistors
(four verticalgray lines)andthecurrentamplifierof theV–I
converter, apassivefirst-orderlow-passfilter with anormalised
fp 1.687thatconsistsof a currentamplifieranda first-order
MOSFET–C lowpassfilter, andthreeMOSFET–C SABswith
( fp,qp) (2.053,1.13),(1.719,0.53),and(1.825,0.66),in this
order. This filter could,e.g.,bea pulseequaliserin a 1 DVD
readchannel[Kim98].

Whensuchbiquadsarecascaded,it mustbetakeninto accountElementsizes

that every biquadpresentsa resistive load to the previous
biquad.As before,theelementsizesthatareshown in Tab. 7.5
werefirst calculatedandthenrefinedusingsimulations.All
currentamplifierswereidenticalto theoneusedin sec.7.4.2.
The resultingbiquaddraws 49mW from a 3.3-V supplyand
coversachipareaof 700 340 ç m, or 0.24mm2.
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( fp,qp) elementsize C
(1.687, ) C[1–2]4 68.9 28 ç m 1.68pF

R[1–2]3 12 8 ç m
(2.053,1.13) C[1–2]2 60 26.75 ç m 1.40pF

C[1–2]4 72.2 16.6 ç m 1.05pF
R[1–2][1,3] 12 6 ç m

(1.719,0.53) C[1–2]2 55.5 19.1 ç m 0.93pF
C[1–2]4 72.2 22.2 ç m 1.40pF
R[1–2][1,3] 12 10.5 ç m

(1.825,0.66) C[1–2]2 56.5 21.25 ç m 1.05pF
C[1–2]4 72.2 19.5 ç m 1.23pF
R[1–2][1,3] 12 9.5 ç m

MOSFETresistorand capacitorsizesin the 7th-order filter.
è�ø?é?ù�ú à Ù$ñ

Fig. 7.9shows themeasuredtransferfunctionsof theseventh- Tuning range

orderbiquadcascadefor a tuning voltageVC 4.4 û!û`û 5V,
which correspondsto a charge pump supply voltageof
3 û`û!û 3.3V. The 3-dB frequency of the filter canbe tuned
from 4.5MHz up to 10MHz.

Measurementsof theharmonicdistortiongive curvesthatlook Distortion

similar to thecurvesshown in Fig. 5.3. For the tuning range
4.5MHz. . .10MHz, theinputcurrentthatcauses1% ( 40dB)
of harmonicdistortionvariesbetween14 ç A. . .17 ç A.

Togetherwith themaximumcurrent,thenoisespectrumand SNR

thenoisebandwidthvary aswell. As a result,themeasured
SNR of the filter for a signalcausing 40dB of harmonic
distortionremainsbetween48dB and50dB over the whole
tuningrange.

Oneof the reasonswhy the performanceof the corewas Improvement
of the corenot sosatisfyingis that thecurrentbuffer is not input-output

symmetrical.This waschangedin the new amplifier, M 33
andM 53 now bothhave cascodetransistorsM 34 andM 54,
biasedwith analoguegroundlike all othercascodetransistors.
Furthermore,the voltagelevel shifter in Fig. 6.8 consisting
of M [2,3][1–6] wasonly drawn once,andthepoly resistors
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Meaured transferfunctionof the seventh-order biquad
cascadefor VC 4.4 û`û!û 5V.

Transistor Dimensions
M [2–4]1 45 1.8 ç m
M [2–4]2 95 0.6 ç m
M [1,5]3 45 1.8 ç m
M 23 160 1.2 ç m
M 33 70 1.8 ç m
M 43 200.1 1.2 ç m
M [1,5]4 95 0.6 ç m‡

M 34 140 0.6 ç m‡

M [1–5]5 140 0.6 ç m†

M [1–5]6 70 1.8 ç m†

MOSFET-R 34 2.0 ç m
Ri 4.2k Òè�ø?é?ù�ú à Ù$÷

Elementsizesusedin the variable-gaincurrent amplifier.
(†There are threeidentical, parallel current sourcesin the
branches2 and 4. ‡Seetext.)
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main transistors cascodetransistors
M [1–5]1 45 1.8 ç m 95 0.6 ç m
M 81 14 0.6 ç m —
M 91 45 1.8 ç m 95 0.6 ç m
M [1–4]2 240 0.6 ç m —
M 13 87 1.8 ç m 140 0.6 ç m
M [2–8]3 70 1.8 ç m 140 0.6 ç m
M 93 87 1.8 ç m 140 0.6 ç m

Transistordimensionsin the current buffer (and in the
on-chip V–I converter, c.f. Sec.7.4.1.

è�ø?é?ù�ú à Ù à

Photoof the variable-gainamplifier.
Ø�Ü�Ý�Þ�ß;ú à Ù,Ú7ÿ
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Measured transferfunctionof the variable-gaincurrent.

of bothhalf-circuitsof thecorewereconnectedto its output.
The resistancelevel wasalso loweredin order to increase
the maximumpossibleinput currentby setting Ib2 3 Ib1,
which wasdoneby usingthreeidenticalcopiesof thecurrent
sourcesin thebranches2 and4. Theelementsizesof thecore
(Fig. 6.8)andof theinput buffer (Figs.6.9and6.3)areshown
in Tabs.7.6 and7.7, respectively. Thedesignconsiderations
madefor obtainingthe transistorsizesarevery similar to the
onesdescribedin Sec.7.4.2.

This amplifier is drivenwith a biascurrentof 160 ç A, whichMeasurementresults

meansthat it draws 12.2mW from a 3.3-V supply, almostthe
sameasthefixed-gain currentconveyor. It coversa chip area
of 340 250 ç m, or 0.085mm2. The transferfunctionsfor
VC 0 û`û!û 1.0V areshown in Fig. 7.11. The DC gain varies
in therange10.6û!û`û 8.8. (Actually, thegain shouldhave been
tunablearound2.0, which it wasaccordingto the models
we hadwhenwe designedthechip (c.f. Sec.5.3). The3-dB
bandwidthis almostnot affectedby thetuningandremainsat
50MHz. Thephaselag reaches 20� at about10MHz, which
meansthat this amplifier canbe usedto build MOSFET–C
filters with adjustableqp andan fp 10MHz. Thecurrentat
which themeasuredTHD reaches 40dB actuallyincreases
from 27 ç A to 30.5 ç A, becausetheamplifier’sgainandoutput



X"Å�â�ÅôóNÈ�ã,ä3Ë,\¾Ì7È�í1Ì�ã-Õ"ì(Ö Vyî"î

currentdecreasefasterthantheavailablevoltageswingover
the MOSFETresistor. If the amplifier hadthe correctgain
of two, thesevalueswould again befour timeslarger, around
100 ç A.

If this amplifier is usedin thecharge-pumpedbiquadlike the Application in filters

onedescribedin sec.7.4.2,it will dominatetheTHD for part
of thetuningrange.Its measurednoiseis white andscalesless
with tuningthantheamplifiergain. If it is usedto build a filter
with fp 4MHz anda qp 3, the resultingbiquadhasan
SNRof 55dB or above. ThusintroducingtunablepoleQswith
thiscurrentamplifierreducesthepolefrequency of afilter with
qp 3 from 36MHz to 9MHz, or by a factorof 4, if thepower
consumptionremainsthesame.

Finally, our secondchip alsocontaineda biquadwith tunable Pad problems

fp andtunableqp. Simulationsshowed that it performedas
would beexpected,but it did not work on thechip. Thereason
wasthatwe usedtheanaloguepadsprovidedby AMS, which
have protectiondiodesfrom every padto thenegative supply
and to the positive supply. Sincethe control voltageof the
MOSFETresistorswassetthrougha pad,theprotectiondiode
from the positive rail to the control padstartedto conduct
current,whichmadeit impossibleto setatuningvoltagehigher
than3.8V, which is still 0.2V below the lower limit of the
usabletuningrange.

We did not noticethis problembeforewe startedour mea- Why we noticed the
problemstoo latesurements,for two reasons.First, we did not expectit, since

thepadswe studiedbeforewereRF padsthathadprotection
diodesonly towardsthenegative rail. Second,thedesignkit
suppliedby AMS hadabugthatmadeit impossibleto simulate
the circuits including the pads. Again, it becomesapparent
how importantthecombinationof experienceandgoodtoolsis
for analogueIC design.

Actually, both the charge-pumpedbiquadandthe 7th-order How the problem
was solved for the

other circuits
filter havethesameproblem.However, all internalconnections
to thepositive rail aremadethroughcascodetransistorslike
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theoneshown in Fig. 6.4. Thusit waspossibleto increasethe
supplyvoltageof thechip from 3.3V to 5.3V for makingthe
measurements,while keepinganalogueground1.65V above
the negative rail. This scarcelyaffectsthe propertiesof the
circuits,sincetheadditional2V arejust addedto the Vds of
themaintransistorsof theconstantcurrentsources.This was
confirmedby measurementsmadewith the V–I converter,
whichoperatescorrectlywith a3.3V supply.
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In this chapter, we briefly compareour filters to otherfilters in
the literature,and thendiscussseveral trade-offs encountered
in thedesignof MOSFET–C SABs. Thecomparisonpartwill
make it apparentwhat kind of performancecan be expected
from thefilters aswe built them,andthe trade-off sectiondis-
cussesvariouswaystochangethefilter performancefundamen-
tally.
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1 Sec.7.3.3 10 [Rao99] 19 [Punzenberger98]
2 [Dehaene97] 11 [Gopinathan99] 20 [Serdijn97]
3 Sec.7.4.3 12 [Brown99] 21 [Nagari98]
4 [Yoo98] 13 [Wu96] 22 [Helfenstein97]
5 [Celma99] 14 [Rezzi97] 23 [Huang97]
6 [Kosunen98] 15 [Tawfik87] 24 [Zele96]
7 [Mehr97] 16 [Punzenberger97] 25 [Helfenstein97]
8 [Gopinathan90] 17 [Pavan00] 26 [Chang97]
9 Sec.7.4.2 18 [Hung97]
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Referencesto the filters in Fig. 8.1.
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A figure of merit that is often usedto comparefilters is theA typical
figure of merit power per pole andfrequency asa function of the SNR at

1% THD. Figure8.1 shows this figure of merit for several
filters publishedrecently;Tab. 8.1 gives the referencesto
whereeachfilter canbe found. Theblackcirclesdenotethe
threefilters measuredin this PhDthesisandsix otherCMOS
filters from thefrequency range5–50MHz, all of thelatterare
Gm–Cfilters. Thegrey circlesaredifferentfilters. Note that
Filters15 and25 areswitched-capacitorfilters,andFilter 22 is
a switched-currentfilter. Therearetwo entriesfor eachof the
switchedfilters, thegraynumberdenotesthefigureof merit for
thepolefrequency, andthegraycircle standsfor thesampling
frequency. We includedthe threeswitchedfilters only to
illustratethewell-known fact thatswitchingcostspower, and
that thepower perpoleandsamplingfrequency of switched
filters is comparableto the power per poleandfrequency of
continuous-timefilters.

Several thingscanbeseenin Figure8.1,e.g.,that two filters,Outliers

19 and24, lie far below the rest. Filter 19 is a BiCMOS
log-domainfilter, andFilter 24 usespositive feedback.Both
filtersoperatearound0.5MHz.

We will now concentrateon discussingour filters and theBiquad without
charge pump filters that arecomparableto them(the black circles). As

we showed in Sec.7.3.3,Filter 1 cannotreachhigh SNRs.
It would, however, be suitablefor building pulseequalisers
similar to Filter 2. Thecomparisonis not really fair, because
Filter 2 is a 7th-orderfilter. We believe, however, that if an
experiencedanalogue-ICdesignerusedMOSFET–C biquads
to build a pulseequaliser, its performancewould besimilar to
theperformanceof Filter 2.

This raisesthe questionof biquadcascading.Filter 3 hasa7th-orderfilter with
charge pump comparatively low dynamicrangesinceevery biquadhasa

low-frequency gain of two. If a gain of onewasused,the
maximumcurrentthroughthefilter would increaseby a factor
of about5, the power consumptionwould decreaseslightly,
andFilter 3 would endup somewherebetweenFilter 6 and
Filter 9. However, usingunity gain would alsoincreasethe
varianceof theqp of thebiquadraticstages.As a compromise,
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giving thehighest-qp biquada gain of two andtheremaining
biquadsa gain of oneresultsin sufficiently stablepoles,and
placesFilter 3 into thegroupof Filters4, 5, and6. Compared
to thesethreefilters, themaindisadvantageof our filter is that
it needsa chargepump,themainadvantageis its size: it only
uses0.04mm2 perpole(includingthechargepump),whereas
Filter 4 (anLC laddersimulation)uses0.25mm2 perpole,and
Filter 7 uses0.12mm2 perpole,but useslesspower perpole
andfrequency.

Filter 9 is the bestwe could do with the MOSFET–C SAB Charge-pumped
biquadtechnique.With its high SNR, its low power per pole and

frequency, its tuning rangeof 26–36MHz, andits chip area
useof only 0.055mm2 perpole(includingthechargepump),it
is amongthebestavailablecontinuous-timebiquadraticfilter
sections,at leastaccordingto the figure of merit discussed
here. It is, however, an open(andcomplex) questionhow
suchbiquadscanbecascadedin anoptimumway, andwhich
performancecanbeachieved.Theeducatedguessmadein the
previousparagraphletsoneexpectthat it is possibleto build a
7th-orderBesselfilter with a power perpoleandfrequency of
400pJ,anSNRat 1% THD of 60.. .65dB, anda chip areaof
0.04mm2 perpole.

It is of courseopento debatewhethera comparisonby a Is this figure of merit
meaningful?simplefigure of merit is meaningfulat all. If it is, we have

shown thatour filters canachieve a performancesimilar to the
performanceof typical Gm–Cvideo-frequency filters while
usingfar lesschip area.We think, however, thata figure like
Fig. 8.1 shouldmainly beusedasa mapshowing with which
otherfiltersoneshouldcompareonesown filters in moredetail.
Much moreimportantthana comparisonwith otherfilters is a
discussionof trade-offs.



´Jµ�· �N�2�5� �f¡£¢ « ¤¥�L¦Z§F�s�5¢;¬ ­;¦Z¨2­t�5¨2¸F�2¢��3¸c¡5¹�¦ ©ª©v­

Several trade-offs thatareimportantduring thedesignof ourOutline

filters werealreadydiscussedin variousplacesthroughoutthis
PhDdissertation.This sectioncoversseveral importanttrade-
offs from a wider perspective; theaim is to give thereaderan
impressionof whatcanor cannotbedonewith MOSFET–C
single-amplifierSABs.

It wasshown in Sec.3.4.2 that feedbackaroundhigh-gainAmplifier feedbackis
not necessaryin
low-Q filters

amplifiersor local feedbackin low-gain amplifiersessentially
reducesthemaximumachievablepolefrequency (with theex-
ceptiondiscussedin Sec.8.3.2).With MOSFET–Cfilters,such
feedbackalsohaslittle influenceon the harmonicdistortion
of thefilter, sincethis distortioncomesfrom signalclipping
causedby a saturatingoutputstageor MOSFETresistor. Thus
themainreasonwhy onecouldwant to uselocal feedbackin
amplifierswould beto stabilisethegain, which would reduce
thevarianceof thepoleQ. Note,however, that thevariances
of thecomponentratiosalsocontribute to thevarianceof the
pole Q (c.f. Sec.4.3), so thereis a limit to how muchthe
pole-Qvariancecanbereduced.Furthermore,for low-Q filters
(qp º 5) like theonefrom Sec.7.3.3,thepole-Qvariancewill
be small enoughsuchthat usingfeedbacktechniquesis not
necessary.

As describedin Sec.4.4, the maximumachievable poleIncreasingthe
bias current frequency of anSAB is determinedby thestopbandattenuation,

theinput resistanceof theamplifier, andits outputcapacitance.
Sincetheoutputcapacitancecannotbedecreasedmuchwithout
reducingthevoltageswing(andwith it thesignalswing),the
only viablealternative is to reducethe input resistance.One
way to do this is to simply increasethesupplycurrentof the
currentamplifierinput stage(c.f. Fig. 6.2). However, sincethis
currentis mirroredto all otherstages,increasingthe supply
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currentmakesit necessaryto enlargethecurrentmirrors,which
again increasestheoutputcapacitance,which limits theuseof
this method.

Anotherideais to reducethe input resistanceby usinglocal Very fast
local feedbackfeedbackwith a very high unity-gain bandwidth. Thenthe

local feedbackamplifierwould consumethemajorpartof the
total power, which is possiblythe only way to increasethe
maximumpole frequency considerablyby tradingoff power
efficiency.

Anotherway to increasethe pole frequency achievablewith Reducingthe
componentspreadsa certainamplifier is to decreasethe spreadof the passive

componentsin theMOSFET–C SAB (c.f. Sec.4.4). In most
cases,however, doingthis increasesthevarianceof thepoleQ
(c.f. Sec.4.3). In ourfilters, thecomponentspreadsarealready
very small,soonly theoppositewould bepossible:to reduce
thepole-Qvarianceby increasingthecomponentspreadand
thereforedecreasingthemaximumpossiblepolefrequency or
thestop-bandattenuation.

It wasshown in Sec.5.5.1how the signalswing in charge- THD and SNR are
almostorthogonalpumpedMOSFET–C SABsshouldbesetin orderto maximise

theSNRof thefilter at a certainlevel of THD. However, there
is little correlationbetweenthe level of THD andtheSNRin
a certainfilter. As canbeseenin Fig. 5.11,theTHD curves
risevery quickly becausetheTHD is causedby clipping, so
theSNRfor 40dB THD would normallybeonly 2dB larger
thanfor 60dB THD.

In orderto maximisetheSNRof abiquadcascade,thegainsof Unity gain biquads

theindividualbiquadsshouldbesetto unity to make thesignal
levels in all biquadsequal. This will, however, increasethe
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varianceof thepoleQ considerablycomparedto thepole-Q
varianceof anoptimumdesign(c.f. 4.3).

Finally, ashasbecomeapparentin Chap.7, the advantagesUse a charge pump
if possible of having a charge-pumpto drive theMOSFETresistorgates

aresogreatthat it shouldbedoneif possible.Also, theclock
feed-throughto the outputof our filters is small enoughfor
mostapplications.Therearetwo thingsthatcouldpreventthe
useof achargepump.

First, althoughour filters rejectthesubstratenoisegeneratedClock feed-through
to other circuits by thechargepumpquitewell, it mustbemadesurethat the

sameis truefor all othersignalprocessingcircuitson thechip.
ThismaybeaproblemonpurelyanalogueICs,but is not really
anissueon mixed-signalICs,sincetherethesubstratenoiseof
thedigital partdominatesanyway.

Second,thechargepumpdescribedin Sec.5.5.2is constructedBreakdown voltages

so thatalthoughits outputvoltagecanreach5V, no terminal
voltagedifferenceon any elementswill exceed3.3V. The-
oreticallyno break-down will occureven if theprocessused
doesnot support5V asthe0.6-¿ m CMOSprocessby AMS
does.Thesameis true for theMOSFET–C SABs. However,
over-peakingduring the transientsmight changethis, andit
mustbe madesure,by carefulsimulations,that the charge
pumpis compatiblewith theprocessat hand.

Wehaveshown in this dissertationthatMOSFET–C SABsandMOSFET–C filters
are useful for
video-frequency
applications

filter cascadesarea usefultechniqueto build video-frequency
filters. Theirmainbenefitis thatthey requirelesschipareathan
conventionalGm–Cfilters having thesameTHD, SNR,and
power consumption,typically the reductionis to 30.. .15%
of the sizeof the Gm–Cfilter. Sincethis PhD dissertation
is, to our knowledge,the first comprehensive discussionof
MOSFET–C SABs,many openquestionsstill remain,which
will bediscussedin thefollowing chapter.
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As a conclusionof this thesis,we briefly discussa few open Outline

questionsandideasfor futureresearch.They aremainlywritten
for thebenefitof thereaderwho wishesto applyMOSFET–C
SABs,but alsoa list of directionsin which theauthor’s future
researchmightgo.

We have given plausiblearguments,basedon clock feed- Suitability for
MAD designthroughmeasurements,for the suitability of our filters for

mixed analogue-digital(MAD) IC design. The reasonsfor
this suitability is mainly the (theoretically)perfectbalancing
of the circuits. To be certain,however, this suitability has
to be demonstratedby actuallydesigninga MAD IC with a
MOSFET–C SAB on it, or by a detaileddiscussionof the
substrate-noiserejectionandcontrol-signal-noiserejectionof
ourfilters.

In Chapter2, we did not tell how a designershouldactually Amplifier Choice

choosethe bestamplifier for a certainapplication. This is
always a difficult question,mainly becausethe definition
of ‘best’ is very applicationspecific. Also, the selection
criterion for a designeris not which amplifiercouldbebetter
from a theoreticalpoint of view, but with which amplifierhe
personallycanachievebetterresults.This is mostprobablythe
amplifierhe is mostfamiliar with. Thus,if thenew andless
well known amplifiersdiscussedin Chap.2 shouldbecome
viablecandidatesfor applications,they mustfirst beresearched
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asextensively asthewell-known opamps,CFB opamps,and
OTAs, suchthat a designerhasaccessto the samekind of
experience-basedknowledgefor all amplifiertypes.

Thevariable-gaincurrentamplifierpresentedin Sec.6.4works,A better variable-gain
amplifier but it is not aswell developedasthe fixed-gain amplifier in

Sec.6.3.Othervarietiesof theconceptshown in Fig.6.6should
be tried out. Two specificpointsat which future research
shouldlook arehow thevoltagebuffersdriving theMOSFET
resistormay be improved, andwhetherthe whole chainof
currentbuffer, poly-siliconresistor, andvoltagebuffer couldbe
replacedby a resistor-lesstransresistanceamplifier.

Thecurrent-modevs. voltage-modedebateis still open,so itCeterisparibus
comparison would be interestingto have a ceterisparibuscomparison,an

exampleof two filters thatareassimilar aspossibleanddiffer
only in themodeof thesignal. We have very goodreasonsto
believe that thesetwo filters would thenperformequallywell
(c.f. Chap.3), but it would beniceto have a moreconclusive
proofor refutation.

All filters built for this thesiswerelow-passfilters, i.e., filtersBandpassfilters

that may be usedfor anti-aliasingor for pulseshaping.The
designdecisionsfor building bandpassfilters will bedifferent,
andthediscussionof harmonicdistortionhasto beextendedto
adiscussionof inter-modulationdistortion.

We have shown by simulationsthatour filters canalsobebuiltDetaileddiscussionof
MOSFET-only SABs asMOSFET-only filters if gatecapacitorsinsteadof signal

capacitorsareused.This would make our filters suitablefor
standarddigital CMOS processes.However, the optimum
choiceof the analoguegroundaswell as the signalswing
thatoptimisestheSNRwill have to bere-evaluated,andsome
researchmustbedoneon which kind of MOSFETcapacitorto
useand,if it lies in its own well, how to biasits well.

It wasbriefly mentionedin Chap.5 that onecanalsobuildHigher-order
single-amplifierfilters third-orderor evenhigher-orderfilters with just oneamplifier.

We think that this would work too, but that theperformance
would not beconsiderablybetterthanfor MOSFET–C SABs,
mainly becauseamplifiernon-idealitiescauseworseproblems
for higher-order filters. In order to find out whetherthis
is indeedso, many of the discussionsin this thesishave to
beextendedto third-ordersingle-amplifierfilters, which is a



´Jµ�ç

difficult taskthatdoesnotpromiseclosed-formresults,because
of the far greatercomplexity of thesymbolicformulationof
third-ordertransferfunctions.

The biquadcascadepresentedin Sec.7.4.3cancertainlybe Optimum
Biquad Cascadesimproved, but in order to optimiseit for maximumSNR,

similarprinciplesthatareusedfor theoptimisationof discrete-
componentfilter cascadesmustbe adaptedfor MOSFET–C
SABs.

TheSNRof a MOSFET–C filter canbeimprovedif its tuning Discontinuoustuning

rangeis reduced.If the continuoustuning shouldcover the
wholerangenecessaryto compensatefabricationdifferences,
the tuning voltagerangemustbe comparatively wide. An
alternative would be to tunethe filter coarselyin steps,by
switchingcapacitorson andoff, andto do only thefine-tuning
with theMOSFETresistors.It is not clearby how muchsuch
a procedurecould increasethe SNR, but it would make it
possibleto build bettercharge-pump-lessfilters.

Finally, we cannotyet tell how goodtheyield of our filters is. Yield

We only got 15 samplesbackfrom eachchip, in eachcase,
theyield was100%. (We destroyedonesampleof chip 1 by
tearingoff a few bondingwireswhile inexpertly removing the
lid with a penknife to make a chip photo.)Sinceour filters are
low-Q filters basedon robustcircuits,we expecta high yield,
the main problemscould be causedby the charge pump. A
reliablestatementabouttheyield would, however, requirethe
productionof a muchhighernumberof samplesthanwe could
afford.
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ASF AnalogeSignalverarbeitungundFilterung;
a lectureseriesatETH Zürich

CCII Second-generationcurrentconveyor

CFB (opamp/OTA) Current-feedback(opamp/OTA)

CMOS (process)Complementary
metal-oxide-semiconductor(process)

DDOA Differential-differenceopamp

DP SFG Driving-pointsignal-flow graph

FDNR Frequency-dependentnegative resistor;
hastheImpedanceZ 1í D s2

Gm–C filter Filter containingintegratorsthatarecomposed
of OTAs andcapacitors

MOSFET Metal-oxide-semiconductorfield-effect transistor

MOSFET–C filter RC filter with all resistorsreplaced
by MOSFETsoperatingin thetrioderegion

OFA Operationalfloatingamplifier, or floatingopamp

OFC Operationalfloatingconveyor

opamp Operationalamplifier

OTA Operationaltransconductanceamplifier

OTRA Operationaltransresistanceamplifier

RLC filter Filter containingresistors,inductors,
andcapacitors

SAB Single-amplifierbiquadraticfilter

SFDR Spurious-freedynamicrange

SFG Signal-flow graph

VICCII Voltage-invertingsecond-generationcurrentconveyor
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