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Abstract

This dissertationdiscusseghe theory of single-amplifier
biquadraticfilters (SABs) andtheir implementatiorasCMOS
video-frequeng filters. It shows that building filters as
cascadesf single-amplifietbiquadraticMOSFETC sections
is aviablealternatve to usingbiquadratic?Gm—Cfilter sections.
Theadwantageof MOSFETC SABsis thatthey typically use
lesschip areathana Gm—C filter with equvalent speed,
distortion,noise,andpower consumption.

The first part of this dissertationdiscusseghe theory of
integratedamplifiers,providesanew perspectie of thecurrent-
modevs. voltage-modedebate and discusseshe theory of
SABs andthe effects that amplifier non-idealitieshave on
them.

Thesecondoartdiscussesecond-ordeMOSFETC networks
andhow to desigrfilters with them,presentperfectlysymmet-
rical video-frequeng currentamplifiers,onewith fixed gain
andonewith variablegain, andcontainsmeasuremenesults
of testcircuitsfrom two chips.

Thethird part presents brief comparisorof the MOSFET-C
SABs presentedn this dissertatiorto othervideo-frequeng
filters, andfinisheswith a discussiorof designtrade-ofs and
ideasfor futureresearclon thetopic.






Kurzfassung

DieseDoktorarbeitbeschreibtie Theoriederbiquadratischen
Filter mit einemVerstarler (Single-amplifieBiquads,SABS)
undihre Implementatiorals CMOS VideofrequenzfilterSie
zeigtauf,dassMOSFETC SABsalsBaublocle fur Filter
hohererOrdnungeineguteAlternative zu dengangigerGm-C
Filterblockenseinkénnenweil sietypischerweiseine
kleinereChipflachebenottigenwennsie aufdieselbeniNerte
von Geschwindigkit, VerzerrungenRauschemnd
Leistungserbrauchausgelgt sind.

Der ersteTell dieserArbeit erlautertdie Theorieder
integriertenVerstarler, wirft neued.icht aufdie
Current-Mode—¥ltage-ModeDebatteund diskutiertdie
Theorieder SABsunddie Effekte,welcheNichtidealitaterder
Verstarler auf dieseSABshaben.

Im zweitenTeil werdenMOSFETC Netzwerle zweiter
Ordnungbesprochenyndeswird gezeigtwie mandamit
Filter entwirft. Dazuwerdenperfektsymmetrische
Videofrequenzerstarler eingefiihrteinermit festgesetzter
undeinermit variablerVerstarkungDer zweite Teil enthalt
auchdiverseMessungermler Schaltungewon zwei Testchips.

Der dritte Teil enthalteinen kurzenVergleich der hier
vorgestelltenMOSFETC SABs mit anderenVideofrequen-
zfiltern. Er beschreibzusammerdssendlie gegenseitigen
Abhéangigleitenderbeim Entwurf getrofenenEntscheidungen
undderLeistungsmerkmalder Filter. Als Abschlusswverden
einigeldeenfir zuktnftigeForschungswge besprochen.
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Chapter |

Introduction

Anything goes!

(Paul K. Feyerabend)

This dissertationconsistsof threeparts. Part |, “The System
Level, treatsthetheoryof broad-ban@amplifiersandof single-
amplifier biquadraticfilters. Part Il, “The TransistorLevel,

explains how MOSFETC single-amplifierbiquadraticfilters
work, how they canbe designedandwhich performancehey

canachieve. Partlll, “Conclusions, containsa comparisorof
the MOSFETC SABs to otherfilters (mainly Gm-C filters)
and a discussionof openquestionsand optionsfor future re-
search.

The form of the text itself also hasthreemain elements:the
technicalcontentsmamginal notesthatcanbeunderstoodsab-
stractsof singleparagraphsanda non-technicatBackground”
sectionin which the personamotivation andthe history of ev-
ery chaptelis explained.

This first chaptergives a brief overvienw over analogueinte-
gratedfilters andanoutline of this dissertation.
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Background

The main reason why | applied for a position as a doc-
toral student with Prof. George S. Moschytz was my in-
terest in his lecture series “Analogue Signal Processing
and Filtering (ASF),” which | visited in the last term of
my electrical-engineering studies.

When | started my research project, Moschytz gave me
the task to find out what the performance difference be-
tween current-mode and voltage-mode filters was. | found
out very soon that, in theory, there was none. | spent sev-
eral months with finding out how current-mode filters were
built, and attempted to do a complete classification of sin-
gle-current-conveyor biquads, only to find out that it did
not answer the performance question.

So eventually | ended up designing current-mode SABs
myself, because they were the best way (in my view) to
build low-power video-frequency SABs in CMOS. Along
the way, | also found arguments showing that there can
be no general performance difference between current-mode
and voltage-mode circuits, which answered the question |
was asked at the start.

When Moschytz retired in the End of 1999, he asked me
whether | could read his lecture series in Spring 2000. |
very happily accepted this offer, not only because | like lec-
turing, but also because it appealed to the romantic part
of me that my time at the Signal and Information Pro-
cessing Laboratory of the ETH Ziirich ended as it began,
with “Analogue Signal Processing and Filtering.”

When | started to prepare my lectures, | saw with sur-
prise that my dissertation bases so heavily on that lecture
that one could say, without being too unprecise, that the
dissertation is an extension of ASF into the realm of inte-
grated circuits.



[.2. Analogue integrated filters

Analogue integrated filters

Thereis a wide variety of analoguentegratedfilters in the
literature,but thereare only two operatingprinciplesbehind
themajority of theséfilters. Complec polesareeitherachieved
by implementingRLC filters without usingactualinductors,or
by building an analoguecomputerthatis capableof forming
differencesf rationalexpressionsvith realpoles.

One approachto form suchdifferencess to build loops
containingintegrators;suchfilters are known asintegrator
connectedilters, state-spacélters, andunderothernames.
They areoftenimplementedas Gm—Cfilters or aslog-domain
filters, althoughdifferentintegratorsaresometimesisedwhen
specialfilter propertiesareneeded Froma mathematicapoint
of view, suchfilters canproducecomple polesbecauséwo or
moreinterlinkedloopsgive thetransferfunctiona denominator
with threeor moredifferencetermsof polynomialshaving real
zeros.

Integratorconnectedilters alwaysrequireat leasttwo am-
plifiers to generateone complec pole pair. In contrast,
single-amplifierbiquadraticfilters form a differenceof two
second-orderational expressionswith real poles. This is
achieved by putting a second-ordeRC network in the feed-
backpathof anamplifier.

Therearealsotwo differentwaysof implementingRLC filters.
Oneis to simulateevery inductor using a gyrator circuit.
Although gyratorsareoftenbuilt usingopampsthey canalso
be built with OTAs, in which casethe resultingfilter again is
a Gm-—Cfilter. Suchgyratorfilters aremainly usedbecausef
theirgoodsensitvity propertiesandgoodnoisebehaiour.

Theotherway of simulatingRLC filtersis theso-calledFDNR
(frequeng-dependenhegative resistor)synthesiswherethe
impedance®f all elementsan the RLC prototypearescaled
by the factorwg/s, wheres is the complec frequeng of the
Laplacedomain. This transformatiormaintainsthe transfer
function of the filter, but not its terminalimpedancesall
resistorsare transformednto capacitorsthe inductorsinto
resistorsandthe capacitorsnto so-calledFDNRs. Sincemary
gyratorimplementationcanalsobe usedas FDNRs, there

1.2

RLC simulationand
differencesof
polynomials

Integrator filters

Single-amplifier
biguadraticfilters

Gyrator filters

FDNR filters
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is not muchdifferencebetweenFDNR andgyratorfilters. In
fact, if it is not a problemwhetherthe port impedancesre
transformecor not, the decisve questionis whetherthe RLC
prototypehasmoreinductorsor capacitors.n the latter case,
the gyratorfilter shouldbe used,in the former caseit is the
FDNRfilter.

However, RLC simulationsalsorequireat leasttwo amplifiers
per pole pair, so the single-amplifierbiquads(SABS) that
werealreadya goodway to build cheapediscrete-component
filters arealsopromisingcandidategor power-efficient, small
integratedfilters.

Outline of this dissertation

This thesishasthreeparts. Part | is mainly theoreticaland
givesan introductioninto broad-bancamplifiers,actve-RC
SABs, andthe effects of amplifier non-idealitieson SABs.
The main contrilbution of Chapter2 is the first amplifier
classificationthatencompasseall operationabmplifiersand
currentcorveyorsin a way that connectshe mostabstract
theoryto actualtransistorcircuits. It is alsoshavn how all the
discussedmplifierscan,in principle, be implementedwith
only afew basicCMOScells. Chapter3 shavs the connection
betweencurrent-modeandvoltage-modecircuits by looking
at the impedance®f individual circuit nodesratherthanat
larger circuit blocks. The mainresultsof this view area new,
constructve proof of the circuit transpositiortheoremanda
discussiorof “current-modevs. voltage-mode’shaving that
thereis no generalperformancaifferencebetweenthe two.
Finally, Chapter4 providesthefirst closed-formsolutionof the
problemto minimisethe varianceof the pole Q of a Sallen-
and-Key filter, andpresentsa comprehensie discussiorof the
effectsamplifiernon-idealitieshave on the transferfunction of
a Sallen-and-Iey filter.

Partll is moredescriptve, sincethe circuits shavn therehave
beendevelopedby combiningsereralideasthatwerealready
known in the literature. Chapter5 discusseghe function
of second-ordeMOSFETC networks and shavs how to
choosethe analoguegroundin orderto optimisethe harmonic



|.3. Outline of this dissertation

distortion of a MOSFETFC SAB. Furthermorea chage-
pumpedMOSFETC network is discussedanda closed-form
expressionfor the signalswing that optimisesthe signal-to-
noiseratio for a given level of distortionis derived. The
fixed-cain andvariable-gin currentamplifiersin Chapter6
baseon ideasintroducedin Chapter2; they differ from other
implementationgoundin the literaturein thatthey have two
perfectlysymmetricabalancedignalpaths.Finally, Chapter7
providesa descriptionof several integratedtestcircuits and
discussesneasurement&hich shav that MOSFETC SABs
really work.

Part Ill is the shortestpart. It shavs thatour filters perform
aswell asothervideo-frequenyg filters but are smaller and
containsa brief discussiorof designtrade-ofs in Chapter8,
andfinally givesa discussiorof openquestionsandideasfor
futureresearchn ChapterO.

Trade-ofs and
open questions
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Chapter?2

Approximation of the
universal active
element

I shall pass from thousands of apparitions
to one alone: from a very complex dream
to a simple dream. Others will dream that
I’m mad, and | will dream of the Zabhir.

(Jorge Luis Borges)

Themainideaof this chapters to bridgethe gap betweeram-
plifier theoryandamplifierdesignthathasopenedipin thepast
few yearswith the advent of a wide rangeof new, theoretical
amplifierconceptsThegapis bridgedwith a hierarchicaklas-
sificationthathasactualtransistorcircuitsatits bottomandthe
mostgeneralof active two-ports,the universalactive element,
atits top. It is shavn thatthe nullor andthe CCIll— described
asfour-terminalnetworksaretwo differentuniversalactve de-
vices. A new definitionof theterm“operational’is given,nine
differentoperationabmplifiersarederivedfrom the nullor, and
twelve differentcurrentcorveyorsaredervedfrom the CCll—.
Finally, it is shavn how all theseamplifierscanbeimplemented
in CMOS.

This chapterpresentsa new theoreticalviewpoint that covers
a wider rangeof amplifiersthan previous classifications. As
a side benefit,a new amplifier appearsthe current-feedback
OTA, which can be built from most currentopampswithout
addinga singletransistor
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Chapter 2. The universal active element

Background

The line of thought that lead me to the amplifier classifi-
cation described below started at the ECCTD g7 in Bu-
dapest, the first conference | attended as a speaker. There
| listened to a talk about a filter synthesis method us-

ing a new theoretical amplifier concept. As it happens
sometimes in such papers, several building blocks con-
sisting of one such amplifier plus one resistor simply re-
alised a transconductor. So someone in the audience asked
the speaker why these blocks should be realised in the
speaker’s way and not as OTAs. The speaker did not
even understand the question (why this was so will be-
come clear below). Much later in the same session, when
| had just finished my talk, something very unconventional
happened. Somebody from the audience asked me to clar-
ify the concepts used by the other speaker, and to say
whether the new amplifier was really new! | stalled as
well as | could under the circumstances.

At home, | read many more papers about new amplifiers,
and when | started to see how similar all these concepts
were, | became angry. | developed the feeling that there
was no real contribution in this papers, a feeling that

can clearly be seen between the [ines of the internal re-
port | wrote soon afterwards [Schmidg8al. Also, my own
thoughts were not clear enough back then, neither was the
way | expressed them.

In the following two years, | wrote [Schmidg8b] with the
help of Markus Helfenstein who pointed out to me which
parts displayed my feelings rather than my knowledge,
and then | wrote and re-wrote the publication several
times, discussing several versions of it with George S.
Moschytz, who helped me to bring it into the style (both
writing style and technical style) required for publications
in the IEEE Transactions on Clircuits and Systems.

All these discussions also made me why the misunder-
standings at the ECCTD’97 had happened. The aim of
the theorist (the speaker] was to propose a new theoretical
amplifier concept that makes it possible to develop new
circuit synthesis methods. The question from the audi-
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ence, however, was about the best possible practical imple-
mentation of a circuit synthesised with the new method,
but it was asked in a way which made the speaker as-
sume that the person asking him wanted to replace his
theoretical amplifier by a theoretical transconductance
element, which would have achieved nothing but taking
down the basis on which the new synthesis method stood.
Having seen this, my anger disappeared and gave way to
a feeling of shame and then to the wish to provide both
sides with a tool that would enable them to understand
each other better. The result is this section, which also
appeared in [Schmidoob] in a modified form.

Introduction

Circuit simulatorssuchas Spiceor Spectreprocesset-lists
in which a circuit is describedoy elementsuchasresistors,
capacitorscontrolledsourcestransistorsandsoon. Thereis
muchredundang in the setof elementgprovided by circuit
simulators,sincemary of them can also be expressedas
sub-circuitscontainingotherelements.The questionis: how
muchredundanyg is there? Tellegendiscussed minimum-
sizedsetof elementsin 1954 with which any linear and
non-lineardriving-pointimpedanceor transfercharacteristic
canbe synthesiseTellegen54. Surprisingly all but one of

theelementsaarepassve. Only oneactive elementis necessary

which we thereforecall the universal active element It is the
pathologicaltwo-port whoseinput voltageandinput current
arebothzero,irrespectve of its outputvoltageandcurrent.

Zero input currentandvoltageis what an ideal operational
amplifier (opamp)achievesif it is usedin a stablefeedback
configuration. Thus,aswe will shav later, the opampis a
universalactive element. This meansthatif a suitableset

of linearandnon-linearpassve elementss available,thenno
active elementotherthanopampsareneededo implementary
linear (e.q.filter) or non-linear(e.g.oscillator)circuit function,
ashasbeendemonstrateth severaldecade®f opampdesign
practice.In this sensetheidealopampis universally versatile
In thefollowing, we call anamplifieruniversalif its idealform,

2.2

Anything goes
with a universal
active element

Definition of
“universal”
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Chapter 2. The universal active element

I.e. theamplifierwith ideal portimpedancesndidealtransfer
functions,is a universalactive element.

It is not difficult atall to find otheruniversalactve elements.
For example,the current-feedbackpamp(CFB opamp),the
second-generatioourrentcorveyor (CCll—), andthe oper
ationaltransconductancamplifier (OTA) areall universal.
Actually, so mary universalactive elementshave beenpub-
lishedthat mostIC designersandcircuit theoristshave lost
track of their development.This is a pity, sincehaving mary
differentuniversalactive elementsavailableis clearly adwan-
tageous:Synthesising circuit functionon the systemlevel
with differentamplifiersmay resultin systemswith differing
numbersf amplifiersandpassve componentsThe properties
of the systemsg.g.the sensitvity of systemparameterso
componentaluevariations mayalsocomeout differently.

The numberof circuits approximatingthe functionsof the
systemss evenlargerthanthe numberof systemssincethere
arealwaysmary differentways of implementinga system:
The universalactive elementscan be replacedby circuits
approximatingthem, or sub-blocksof arbitrary compleity
canbe identifiedandreplacedby circuitsthatapproximately
performthe samefunction. For example,whenfilters are
synthesisedisingthe ideal CCIll—, it may happenthat one
CCll— formsanintegratortogetherwith oneresistorandone
capacitor Thenonecaneitherreplacetheideal CCll— by a
circuit approximatingts function, or onecanreplaceall three
elementdy anintegratorbuilt usinga differentamplifier, e.g.
by a Gm—Cintegratorcontainingone OTA andonecapacitor
The resultmay thenbe the samethat could be obtainedby
synthesisinghe circuit functionusingOTAs in thefirst place.

Onemore problemfor the circuit designeris thatthe same
name,e.g.CClII—, is corventionallyusedboth on the system
level for a universalactive elementandon the circuit level for
several differenttransistorcircuits thatapproximatehe ideal
CCll—. Furthermoreit frequentlyhappenghata circuit which
canbeusedasanimplementatiorof a certainuniversalactve
elements publishedundera differentname.For example,the
monolithic nullor in [Huijsing77], the input stageof the CFB
opampin [Analog Devices92, andthe transconductancam-
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plifier or “ideal transistor”in [Burr Brown9Y all approximate
idealcurrentcorveyors.

This situationis highly obscureand needsto be clarified.
Especiallythe connectiorbetweenuniversalactive elements
usedonthesystemevel andtheirimplementatiorasintegrated
circuitsneeddo be addressedyothto helpcircuit designerdo
find the bestpossiblemplementatiorof a systemfor a specific
applicationandto help systemdesignersvho arelooking for
possibleapplicationsof a new integratedamplifier circuit. In
orderto achiere thesegoals,we introducea new classification
of universalactive elementgshatprovidesadirectlink between
the highly abstractconceptof the universalactve element
andintegrated-circuiimplementations.To provide this link,
we will shav thatthe abstraciconceptof the universalactive
elemenfundamentallydiffersfrom transistoimplementations
in two respectsFirst, the universalactive elements defined
by two ports whereaghefour terminalsof a transistorcircuit
can be usedindependently Second,the universalactive
elementis definedby its state whereasa transistorcircuit
implementscontrolled souices In Section2.3, the stepfrom
two-portsto four-terminalsis made. Thereis a large number
of universalfour-terminals,but we will identify the two most
widespreadonesasthe nullor and the second-gneation
current corveyor with negative unity gain (CCll—). Thenext
two sectionsdemonstratehe stepfrom staterepresentations
to controlled-sourceepresentationsin Section2.4, a setof
ninedifferentoperational amplifiersis derivedfrom thenullor,
andtwelve differentcurrent corveyors are derved from the
CCll— in Section2.5. Sereral of theseamplifiersappearto
be new, namelythe current-feedbak OTA (CFB OTA) anda
whole setof voltage-irverting currentcorveyors. Finally, we
demonstratén Section2.6 how all amplifiersdiscussedin this
chaptercanbeimplementedn CMOSusinga smallnumberof
transistorbuilding blocks. To compardik e with like, we hadto
chooseonetechnology We choseCMOS mainly becausave
have experiencen CMOS amplifier designbut not in bipolar
amplifier design. This shouldnot affect the generalityof our
discussionsincethe basicoperationprinciplesof CMOSand
bipolaramplifiersarevery similar.

How we intend to
clarify this situation
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Nullors and the
universal active element

As mentionedn the introduction, Tellegenshoved that the
universalactve element(he calledit “amplificateuridéal’;
idealamplifier) hasanall-zerochainmatrix [Tellegen54,

ev )=l o[

with voltagesandcurrentsasdefinedin Fig. 2.1. Equation(2.1)
cannotbe usedto derive implementationglirectly, because
describinga circuit with four terminalsasa two-port means
describingit underthe conditionthati, = —i} (seeFig. 2.1).
An amplifier with onevoltageinput and one currentinput,
suchasthe current-feedbackpamp(CFB opamp,seeSec.2.4
for a definition), cannotoperateunderthis condition, since
its voltageinput will make i, = 0 and preventary current
from flowing throughits currentinput. For this reasonthe
CFB opamphasto be treatedasa specialcasein amplifier
classificationdasedon (2.1) [Payne96. In contrasta four-
terminal classificationincludesthe CFB opamp,aswill be
shavn in Sec.2.4.

Themappingof four-terminalsontotwo-portsis notoneto one,
becausdwo-portsare describedoy two equationsandfour-
terminalnetworks by threeequations.To derive a universal
four-terminalelementrom (2.1),oneequationmustbe added,
which canbe chosenfreely aslong asit doesnot contradict
(2.1). Theaddedequationneednot belinear This meanghat
thereis, in theory aninfinite numberof qualitatvely different
universalfour-terminalelements.The two simplestandmost
widespreadnesarethe four-terminal nullor andthe three-
terminal nullor, which werebothintroducedn [Carlin64].
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i1 i3

v1 U3
12 i4

V2 v4
11 i3

v1 U3
12 i4

V2 V4

Four-terminal nullor (or simply nullor; top)

and three-terminalnullor (CCll—; bottom).

The four-terminal nullor consistsof two pathologicalwo-
terminal elementscalled nullator (terminals1 and2) and
norator (terminals3 and4), asshown in Fig. 2.2. The nullator
is describedy threeequationshut the noratoronly by one:

(2.2) Nullator: ?1: —iz, i1=0, v —vy =0,

Norator: i3=—lI4.
The equationiz = —i4 makesthe nullor fulfil Kirchhoff’s
currentlaw; i, = —i, is the equationaddedto (2.1). This
meansthat the four-terminal nullor meetsi, = —i;, which
wasdiscussedbove, by itself. Notethatit hasunfortunately
becomecommonpracticein the literatureto definethe four-
terminalnullor by (2.1) andthenusethe device definedby
Equation(2.2).

From all universalactve elementsthe four-terminalnullor

is the moststraightforvard to derive. It hasprovedto be a
very valuableelementfor network analysisandsynthesiqc.f.
[Svoboda9% for the analysisof linear circuits, [Hasler9j

for non-linearcircuits, [Hassoun9bfor the nullor’'s usein
CAD software,[Moschytz74, Moschytz79 for the synthesif
linear circuits andfilters, [Carlosena9Bon nullorsandcircuit
transpositionand[Leuciuc97 on the realizationof inverse
transferfunctionsusingnullors). We will usethefour-terminal
nullor in Section2.4to derive the ninefundamentallydifferent
operationabmplifiers.

Figure 2.2

Descriptionof
the nullor
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by o———Y

UVx o—»— X

Symbolusedfor all typesof current corveyors.

The three-terminal nullor is fully equivalentto the four-
terminalnullor onthe systemlevel, aswill be shovn presently
It is describedy theequations

(23) 11 =0, v) =v1, V2 =4, i3=—(i2+i4).

Here,iz = —(io +14) describegheKirchhoff currentlaw, and
v2 = vg4 IS the equationaddedto (2.1). The latter equation
describesa directconnectionbetweerthe terminals2 and4,
which canthusbe seenasoneterminal,hencethe namethree-
terminal nullor. Thethree-terminahullor canberepresented
usingonenullatorandonenorator i.e. asafour-terminalnullor
thathasoneoutputconnectedo oneinput (c.f. Fig. 2.2). For
didacticreasonsye preferto useanalternatve representation
of the three-terminahullor: the second-generatioourrent
conveyor with currentgain —1, the CCll— [Sedra70Sedra90],
whosecircuit symbolis shavn in Fig. 2.3. The CCll— is
describedy threeequations,

(24) |y=O, szvy, izz_ix,

which arethe sameasthe equationsn (2.3), but written in
differentvariables.We will usethe CCIl— to discussseveral
currentcorveyorsin Sec.2.5andto prove thatall of themare
universal.

For theremaindeiof this chapterwe will usethe namenullor
for the four-terminal nullor and the nameCCII— for the
three-terminahullor. Note that the nullor andthe CCIl—
areequvalenton the systemlevel, meaningthatany circuit
containingonly nullors canbe re-dravn usingonly CCll—s,
andvice versa. This is easyto shav: On the one hand,
the CCll— canbe dravn usingonenullor, asindicatedby
Fig. 2.2, and one way to actuallyimplementa CCIl— is

in factto connecttwo terminalsof a nullor implementation
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(c.f. Section2.6). On the otherhand,a nullor cansimply
be re-dravn by usingtwo CCIll—s and connectingtheir X
terminals,and oneway to implementa four-terminalnullor
Is to connectthe X terminalsof two CCll— implementations
[Cabeza94Cabeza9,/Payne96.

Operational amplifiers

In electronicgextbooks,the corventionaloperationabmplifier
is often describedby two rules: (i) the outputattemptsto do
whaterer is necessaryo make the voltagedifferencebetween
theinputszero,and(ii) theinputsdrawv no current.Theserules
arecalledthe “Two GoldenOpampRules”in [Horowitz89.
They bothcontaintheinformationof the nullatorequationsn
(2.2) andthe statementhatfeedbacks necessarguchthatthe
opampcanapproximatehenullatorequationsThuswe call an
amplifieroperational if it canapproximatehe nullor in certain
feedbaclkconfigurationslt follows directly from this definition
thatall operationalamplifiersare universal. It will become
apparenin the forthcomingdiscussiornthat our definition

of “operational’ agreesclosely with the commonsenseof
amplifier designers. (Originally, the name“operational”
wasgivento theseamplifiersbecausehey could be usedto
implementmathematicabperationse.g.integrations.)

The nullor cannotbe implementedn a straightforvard way.
Being describedby its stateonly, its terminalimpedances
areundefinedwhereaghe terminalimpedance®f anideal
amplifier are eitherzero (low) or infinite (high). Thereare
threedifferentwaysof choosingthe impedance®f the input
terminals: both low, both high, or onelow andone high.
The sameappliesto the outputs. Thereforethereexist nine
fundamentallydifferentoperationalamplifiers,describedoy
Tah 2.1,whosecircuit symbolsareshavn in Fig. 2.4.

Thenine operationabmplifiersareorderedaccordingto their
inputandoutputstagesn Fig. 2.4. Thethreerows of Fig. 2.4
containthe amplifierswith voltage(V), current(), andhybrid
(H) input stagesandthe threecolumnscontainthe amplifiers
with I, V, andH outputstagegwe will presentlydescribe
all stages). The namesof the variousamplifiersare listed

24
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in Tah 2.1. All amplifiershave alreadybeennamedin the
literature,with the exceptionof the H-I amplifier, which we
call current-feedbak OTA (CFB OTA) becausats relationto
the OTA is thesameasthe CFB opampsrelationto theopamp.
Both namesare misleading sincethe CFB OTA is actuallya
currentamplifierandnot a transconductancamplifier, justas
the CFB opampis atransresistancamplifierandnot a voltage
amplifier We decidedto usethe nameCFB OTA aryway to
presere somesymmetryin the nomenclatureln a perfectly
symmetricahomenclaturethe H—H amplifierwould be called
floating CFB opamp;however, to remainconsistenwith the
literature,we preferto useits corventionalname,operational
floatingcorveyor (OFC)[Payne91,Toumazou9B

Table 2.1 also containsthe gain equationsof the amplifiers
andthe conditionsunderwhich the amplifiersareoperational
in afeedbackconfiguration.Theseconditionswill be derived
presently Table2.1 stateghatthe four amplifierswith voltage
gain or currentgain are only operationalif their gains A,
and A; arevery high. Thesefour amplifiersneeda high-gain
stagebetweenthe input andthe outputstage(seeSec.2.6).
This is not the casefor the OTA. If one outputterminalis
directly connectedo oneinputterminal,theloop gainbecomes
Om - Rin, Wheregn, and Ry, arethe OTA’'s transconductance
andinput resistance IntegratedOTAs normally have a very
high input resistanceso an OTA is operationakvenif its gn,
Is low. Similarly, if directfeedbackis appliedto ary of the
four transresistancamplifiers,thefeedbackoop hasa gain of
r'm/Rin. LOOKing atintegratedcircuitsagain, onefindsthatit is
difficult to make Ry, very low. Thusmary implementation®f
suchtransresistancamplifiers,mostnotablyimplementations
of CFB opampsdo containa high-gain stagewhich makesthe
transresistance, very high.

We will now shav how the setof nine operationalmplifiers
canbe derived from the nullor equationg2.2). If the input
stages identifiedwith thenullatorandthe outputstagewith the
norator it becomespparenthattheinputstages over-defined
by the threenullator equationswhereaghe outputstageis
underdefinedby the single noratorequation. The principle
underlyingall nine operationalamplifiersis that the output
stagefulfils oneadditionalequation,a gain equation,which
enableshe amplifier to satisfy all threenullator equations
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if it is usedin a stableinfinite-gainfeedbak configuation.
Choosingthe nullator equationto be satisfiedby feedback
determinedoth the type of the input stageandthe quantity
to be amplified. Therearethreepossiblechoices:(i) Satisfy
v1 — vp = 0 by feedback.Thenv,; — v, mustbeamplified,and
the input stagemustfulfil the nullator equations; = 0 and
I, = —io by itself. Substitutingthe former equationinto the
latter resultsin i, = 0, thusboth terminalsmusthave a high
impedanceThis describesheV input stage.(ii) Satisfyi; =0
by feedback. The input stagemustthenmeeti, = —i, and
v1 — v = 0, which describes shortcircuit. Because; = —i»,
eitheri, ori; canbe amplified. In Fig. 2.4, all T input stages
areshavn with oneof theinputsgroundedpecauséntegrated
I input stagesnormally have only onecurrentinput. More is
not necessaryan I-inpu amplifieris still universalif it has
only oneinput terminal, sincethe current-addingcapability
of the currentinput makesit possibleto usethe singleT input
terminal both for applyingthe feedbacknecessaryo force

I, = 0 andto transporta signalcurrent. The only difficulty is
thata synthesigechniquedifferentfrom conventionalnullator
noratorsynthesiamustthenbe usedto ensurethatno floating
nullatorsoccurin thesystem (iii) Satisfyi, = —i, by feedback.
The equationdulfilled by theinput stagearetheni; = 0 and
v1 — v2 = 0, andthesignalto beamplifiedis i,. Thusterminall
musthave highimpedanceterminal2 low impedanceandthe
voltagefrom terminall mustbe replicatedat terminal2. This
is the H input stage which hasbecomewell known through
the CFB opamp.The H input stagecanalsobe understoodas
an extendedI input stagewhoseanaloguegroundvoltageis
not fixed, but canbe setthroughan additionalterminal. We
will shav in Sec.2.6thatmary currentinput stagesaneasily
be usedashybrid stagessimply by usinga circuit nodethat
wasformerly connectedo analoguggroundasan additional
voltageinputterminal.

The output signal of an amplifier can either be a voltage

or a current. This choiceandthe choiceof the input stage
determinghe amplifier's gain equation.The outputstagemust
alsomeetthe single noratorequationiz = —i4. Thereare
acpin threepossibilities:(i) An T outputstaggust requirestwo
balancedcurrentoutputs. (i) Building a V outputstagethat
fulfils i3 = —i4 meansbuilding a floating controlledvoltage
sourcewith invertible polarity. Fortunately doing this is not

21
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necessarysinceonly onevoltageoutputis really needed.The
voltage-fin-outcapabilityof the V outputmalkesit possibleto
drive thefeedbackanddeliver anoutputsignalsimultaneously
ThusintegratedV outputstagesiormally have only oneoutput
voltage,which is reflectedin the symbolsusedin Fig. 2.4.
(i) LiketheT inputstagetheV outputcanalsobe extended
to a hybrid stage. Sincethe hybrid outputstagemustmeet
I3 = —ig4, it mustcopy the currentflowing into the voltage
outputterminalto anadditionalcurrentoutputterminal. This
technique which is called outputcurrent sensingor supply
current sensingwill play animportantrole in the following
two sectionsin Fig. 2.4,we denotethe voltageoutputterminal
of the H outputstageby W andthe currentoutputterminalby
Z, aconventiontaken from the symbolnormally usedfor the
OFC[Payne91,Toumazou9B

Fig. 2.4 doesnot shav somespecialtypesof amplifiers,like
differencing-inputcurrentamplifiers[Mucha95 Mucha96],
differentialdifferenceamplifiers[Sackinger8Y, or balanced-
outputopampsBanu8y. This is becausee.g.,a balanced
voltageoutputstagecannotbe describedasa single Vv output
stagefulfilling thegain equationandthe noratorequation.The
balanced-outpubpampmustratherbe seenasan extended
voltageopamp,a voltageopampthathasanadditionalvoltage
outputstage.Similarly, the differentialdifferenceamplifierhas
anadditionalpair of voltageinputs,andthe differencing-input
currentamplifierhasan additionalcurrentinput. All extended
amplifiersaretrivially universal,sinceonecanjust leave the
additionalinputsor outputsunusedo getoneof theamplifiers
in Fig. 2.4. It now becomesapparenthat ary numberof
universalactive elementanbe constructedrom the onesin
Fig. 2.4,whichis themainreasorwhy new universalamplifiers
arestill publishednow andthen.

Current conveyors

In the previous section,nine operationalmplifiersthat fulfil
thenullor equationsverederived. We will now usethe CCll—
to discussseveral currentconveyors. They do not meetthe
CCIl— equationg2.4) but arestill universal.It couldbeshovn
mathematicallythat every one of thesecurrentcorveyorsis
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CClIl— built usingthree CCll4 and two resistos. Figure 2.5

CCli+ z
L

CCll+ z——=<—o 12

universal,but wewill pursueamoreintuitive approachwe will
shaw for every currentcorveyor that, on the systemlevel, the
CCll— canbereplacedoy a network containingonly resistors
andoneor moreinstance®f the currentconveyor in question.

In contrastto the nullor, the CCIll— canbe implemented Describingthe CCll—
directly and doesnot requirea high-gain stage. The three as two interlinked,
equationsn (2.4) canbe interpretedasa descriptionof two controlled sources
interlinked controlledsourcesiy = O stateshatY’s terminal

impedancds high. vy = vy canbe interpretedasa voltage

buffer from terminalY to terminalX. Underthisinterpretation,

I, = —ix Statesthat the currentflowing into the output of

the voltagebuffer is sensedand copiedto terminalZ, which

thereforehashigh impedanceThis soundgamiliar, sincethe

sensingof thecurrentflowing into a voltageoutputis usedboth

in the H input stageandthe H outputstagediscussedn the

previous section. We will shav in the following sectionthat

thetwo areindeedcurrentcorveyors. Notethatcurrentsensing

appliedto a voltagebuffer is only onepossibleinterpretation

of the CCll— equationsthe otherimportantinterpretatiorwas
alreadymentionedn Sec.2.3 anddescribeghe CCll— asa

nullor with oneoutputconnectedo oneinput.

A differentcurrentcorveyor resultsif i, = —iy is replacedoy CCll4: positive
I, = +ix: the CCll4 [Sedra70Sedra90].The CCll+ is nota currentgain
truethree-terminahetwork anymore,sinceits terminalsdo not

meetKirchhoff’s currentlaw. Like the opamp,it mustrather

be seenasafour-terminalnetwork of which oneterminalis not

accessiblg¢o the user To prove thatthe CCll+ is universal,

it is sufficient to shav thata CCIll— canbe replacedby a
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circuit consistingof threeCCll+ andtwo resistorswith equal
resistanceSucha circuit is shavn in Fig. 2.5.

In general,the CCII with positive or negative currentgain

a; Is describedoy the currentequationi, = «jiyx [Schmid97
Schmid99h. It is universalfor any non-zerax;. To prove this
for positive «j, it sufficesto shav thatthecircuitin Fig. 2.5is
a CCll— if thetwo resistancearechosersuchthatthe overall
currentgain becomesne. The samecircuit canalsobe used
to prove universalityfor negative «;: just usethe Z terminalof
thetop right CCIl asthe outputof the compositeCCll—. (The
bottomright CCIl canthenbe omitted.)

The CCIl wasoriginally derivedfrom a device introducedas
“the currentcorveyor,” which is now calledfirst-geneation
current corveyor, or CCl+. The CCl+ is describedby the
following threeequationgSmith68]:

(25) iyzix, szvy, izzix.

To prove thatit is universal,it is sufficient to shav thata
CCll— canbe built usingtwo instancesf the CCIl+. One
way to do this is shawvn in Fig. 2.6. Definingiyx = | and
drawing this currentl whereverit occursmakesit obviousthat
the circuit in Fig. 2.6 meetsEgs.(2.4) andthusis a CCll—.
Othercurrentcorveyors similar to the CCl+ arethe CCl—

(i, = —iy), the CClu; (i, = ajiy), andthe third-generation
currentcorveyor, CCIII (iy = —iy, c.f. [Fabre95]),or, more
generally the CClllg;. All first- andthird-generatiorcurrent
conveyorsareuniversalamplifiers,which canin every casebe
shawvn by a constructve proof, asfor the CCll4+ andthe CCI+.
Finally, it is alsopossibleto choosea non-unity currentgain
fromXtoY,i.e.,tochoosd, = *c; ix. Theresultingamplifier
is universalfor ary «;.

A furtherideais to usea voltageinverterinsteadof a voltage
buffer at the input of arny of thesecurrentconveyors, such
that vy = —vy. It is not clearyet whatkind of applications
currentcorveyors containinga voltageinverter may have,
we only includethis casefor the sale of completenessand
alsobecausehis functionality wasusedto build a filter (but
not explicitly described)n [Chiu96, Fig. 10]. We propose
the namevoltage-inverting current corveyor (VICC) for such
devices.Currentcornveyorsof all threegenerationganbe built
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CCll— built usingtwo CCI+.

with a voltageinverter thusthereexist VICCIs, VICClIs and
VICCIlIs. All areuniversal,sincetwo VICCs canbe usedto
build onenormalcurrentconveyor, namelyby usingits voltage
inverterto converttheinvertingY terminalto a non-inverting
one. Note thatusingtwo VICCIs or two VICCIlIs givesa
CCIll, whereagwo VICCIIs give a CCIl. Furtherresearch
will shav whetherthe VICCs areactuallyusefulfor network
synthesis.

It dependson the viewpoint how mary different current
conveyors our classificationcontains. If non-unitygainsare
just seenasa generalisatiorof a given currentcorveyor, then
thereexist twelve differentcurrentcorveyorsnamedaccording
to the schemexCCyz wherex is either“VI” or nothingto
denotethe polarity of the voltagebuffer, y is either®l”, “II”,

or “llI” to denotethe polarity or the absencef a Y-terminal
currentandzis “+” or“—" to denotethe polarity of the output
currentbuffer.

More universalamplifiersbasedon thesetwelve current
conveyors can be derved by adding more currentinputs
and outputs(c.f. the balanced-signaCCll in [Schmid97,
Schmid99h) or more voltageinputs (c.f. the differential
differenceCCll in [Chiu9q). Like the extendedoperational
amplifiersfrom Sec.2.4,they areall trivially universal.
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Figure 2.7
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high-Z node

input ouput

£ CC
stage I stage

Block diagram of an operational amplifier

input stage outputstage
V  single-endedDTA voltagebuffer
I currentbuffer balanced-outpuDTA
H CCll+ CCll—

Functionsof the opampsteges.

Implementation in CMOS

All operationalmplifiersbesidegshe OTA arenormally im-
plementedasan input stageandan outputstageconnectedy
a compensatetligh-impedanceode. The simplestcompen-
sationcircuit, shovn in Fig. 2.7,is a compensatiorcapacitor
Cc betweenthe high-impedancenodeand ground. More
elaboratecompensatioschemesiselocal feedbacko reduce
the size of the compensatiortapacitor[Johns97 Laker94.
The circuit thatis dualto a capacitvely compensatetiigh-
impedancenodeis a compensatiomductor connectingtwo
low-impedancenodeqasin [Carlosena94Fig. 3]), butit is sel-
domusedbecaus®f thelack of very low terminalimpedances
andhigh-Q inductorson integratedcircuits. Thusall opamp
input stagesnusthave a currentoutput,andall opampoutput
stagesnusthave a voltageinput. Thefunctionsthathave to be
performedoy the stagegliscussedh Sec.2.4cannow easilybe
determinedthey arelistedin Table2.2. Therequiredbuilding
blocksarethereforea single-endedDTA, a balanced-output
OTA, avoltagebuffer, a currentbuffer, a CCll4+ anda CCll—;
thuswe will startthis sectionwith discussingmplementations
of OTAs andof the twelve currentcorveyors classifiedin the
previoussection.

All six stagescanbe showvn in only threefigures,Figs. 2.8—
2.10,sincethevoltagebuffer andthe currentbuffer arealready
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Single-outpuOTA (if connection(a) is made), Figure 2.8

balanced-outpuOTA (if connection(b) is made),
and OTA-basedCCllI— (if both connections
(b) and (c) are made).
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bias
Balanced-outpuOTA (or floating current souice), Figure 2.9

and OTA-basedCClI— (if the dashedconnectionis made).
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CCll—, CCII+ (if the part between(a) and (b) is omitted),
current buffer (if Y is connectedo analogue ground),

and voltage buffer (if everythingright of (a) and the two
diode-connectetransistos just left of (a) are omitted).

partsof the CCIl shavn in Fig. 2.10: to usethat CCll asa
voltagebuffer, onecansimply omit the output-current-sensing
circuitry, andto useit asa currentbuffer, its Y terminalmust
be connectedo analogueground.Notethatmostcurrentinput
stagesareactuallybuilt in thisway. Theinput stageof every
voltageopampis an OTA, thusthis device is well known. The
differential-pairstructureshavn in Fig. 2.8 is corventionally
calledcurrent-mirrorOTA [Johns97 Laker94]. Thetransistors
having boxes as gatesare compositetransistorswith high
outputresistancee.g.normalcascodedpw-voltagecascodes,
or regulatedcascodegc.f. [Johns97Wang9Q Sackinger9i).
The OTA structureshowvn in Fig. 2.8 canbe usedto implement
both a single-endedDTA anda balanced-outpuOTA. The
latter is alreadyan implementationof the V- operational
amplifier, asdiscussedn Sec.2.4. It could alsobe used
asa balancedcurrentoutputstage but mary designerge.g.
[Mucha93) have startedo usethe OTA shovnin Fig. 2.9. This
OTA is calledfloating current source[Arbel92] andessentially
consistof two differentialpairsconnectecheadto head. The
adwantageof this simplestructureis thattherelationl, = —1_
is guaranteedby Kirchhoff’s currentlaw andis thereforevery
preciseandvery linear, whereadn the OTA in Fig. 2.8, the
precisionof thatrelationdependsn how well the two output
currentmirrors match.
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Input circuit of a CCI.

We alreadyshavedin Sec.2.3thata CCll— resultsif oneof
the outputsof a balanced-outpuDTA is connectedo one of
its inputs. This canbe donewith both OTAs discusse@bove.
An alternatve way of implementingthe CCll— asa class-AB
circuitis asavoltagebuffer with output-currensensingshavn
in Fig. 2.10[Lidgey94)]. In contrastto an OTA with feedback,
thecircuitin Fig. 2.10caneasilybealteredto obtaina CCll+:
omit the currentinverterbetweerthe dashedinesin Fig. 2.10.
This stageis often preferredas an H input stage,mainly
becauseaisinga CCll— is not really an option, which we will
show presentlywhenwe discusghe CFB opamp.But first we
briefly explain how thesecircuits canbe usedto implementthe
twelve classe®f currentcorveyors.

A CCllw; canbe built by takingthe CCll+ or CCll— imple-
mentationin Fig. 2.10andre-sizingsomeof the currentmirror
transistors All CClls canbe corvertedto CClsif thevoltage
buffer left of the dashedine (a) is replacedby the the circuit
in Fig. 2.11[Bruun9y. CCllls canbebuilt in muchthe same
way, by simply usingonemorecurrentinverterin Fig. 2.11,
althoughthey were implementedusing two double-output
CCllswhenthey werefirst proposedFabre9%. Likethe CCllI,
CClsor CCllls with non-unitygain canbe built by re-sizing
someof the currentmirror transistors.

Voltage-irverting currentcorveyorsrequirea voltageinverter
betweenY anZ. This canbe achieved by usingthe two-
differential-pairinput stageof the differential difference
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Current corveyor with a differential differenceinput stage.

amplifier [Sackinger87 insteadof a conventional OTA (c.f.
[Chiu9d]). If thistechniques appliedto the OTA in Fig. 2.8,
thenthe circuit in Fig. 2.12 results. The voltageat X is

Vx = W1+ W2 — W3, thusa VICCII 4+ resultsif bothY 1
andY 2 areconnectedo ground.All otherVICCs canbe built
basedon this VICCII+ by addingcurrentmirrorsandcurrent
inverters.

Finally, extendedcurrentcornveyors, suchas multiple-output
currentcorveyorsor balanced-signaturrentconveyors,canbe
built by replicatingpartsof the circuitsin Figs.2.10and2.11
[Schmid97,Schmid99bh Schmid00dl Many of thesecurrent
cornveyors canalso be built as class-Acircuits insteadof
class-ABcircuits [Lidgey94, Schmid99b Schmid00d],asin
Chap.6.

All stagesmecessaryo build the operationalmplifiersfrom
Sec.2.4arenow described.Thefollowing commentson each
amplifier explain a few importantdesignconsiderationgnd
briefly describeother notableimplementationf the nine
operationabmplifiers.

The OTA (V-1 amplifier) is normally built without aninter-
nal high-impedancenode,sinceit is operationalevenif its
transconductanas not high (seeSec.2.4). This makesit pos-
sible,in the extremecase o build a CMOS OTA thatonly has
input andoutputnodes put no internalnodesat all [Nauta93.
Notethatan OTA neednot evenbe operationalf it is usedto
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build transconductance{Gm-C)filters. Neverthelessthere
are OTAs having aninternalhigh-impedanceode,mostno-
tably the “monolithic nullor” proposedn [Huijsing77], which
is built asa cascadef two bipolardifferentialpairs.

Voltage opamps (V=V amplifiers)often containa voltage
buffer differentfrom the onein Fig. 2.10,andmostopamps
arecompensatetly aninternalfeedbackcapacitoffJohns97
Laker94]insteadof agroundeccapacitor

The floating opamp (V-H amplifier, alsocalledoperational
floating amplifier) usesa CCIll— asits outputstage. As
explainedabove, it canbe seenasanextendedvoltageopamp
whoseoutputcurrentis sensec@andmirroredto anotheroutput.
Most outputstagesusedin CMOS andbipolar opampscan
be modifiedin thisway. It is alsopossibleto senseandcopy
the supply currentsof the whole opamp,sinceary current
flowing into theopamps$ outputmustflow throughthe opamps
supplies. Thus off-the-shelfdiscreteopampscan be made
floating by addingexternal currentmirrors, asdiscussedn
[Huijsing9d.

The CFB opamp (H-V amplifier)hasbecomdamoushrough
its gain-independenbandwidth(c.f. [Bruun93 Bowers93,
Franco93 Harvwey93, Toumazou9B and the discussionin
Sec.3.4.3). Both the CCll— andthe CCIl+ couldbe usedas
its input stage but the latteris preferable.lf a CCll+ is used,
externalnegative feedbackgoesfrom the outputto the current
input, which is thencalledthe negative input, andthe positve
input canbe usedto feeda voltagesignalinto the feedback
loop. However, if a CCll— wereused,a negative feedback
loop would go throughboth the voltageandthe currentbuffer
of theH input stage.Thefeedbacksignalwould thenagain be
avoltage,andtheresultingH—V opampwould be slower and
would not have a gain-independenbandwidthanymore. Thus
CFB opampsalmostalwayshave a CCll+ input stage. For
example,the AD 844 CFB opamp[Analog Devices92 hasa
structurevery similar to the structurepresentedhere,although
bipolartransistorsareused. The AD 844 s specialin thatits
internalhigh-impedanceodeis availableasa chip pin. Thus
its input stagecanbe usedasanindependen€CClII+, whichis
oftendoneto build CCIlI+ circuitswith discretecomponents
[Svoboda9l
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The OFC (H—H amplifier) canbe seenas a floating CFB
opamp.The H-H structureémplementechereis similar to the
bipolartransistorOFC describedn [Payne91 Toumazou9B
The OFC s basicallya transresistancamplifier, asits gain
equationshaws.

OTRAs (I-V amplifiers)are only occasionallyusedin the
literature. The OTRA developedfor transresistance—fiters
thatwaspresentedh [Lu94] is very similarto theonedescribed
here,but normally OTRAs areusedfor specialpurpose®nly
andarethenimplementedn specialways(c.f. [Wulleman97).
As explainedabore, mostamplifierswith I input stagesare
alreadyfull-grown H-input amplifierswith their voltageinput
grounded.Thisis alsotruefor the OTRA in [Lu94], which can
thusvery easilybe convertedinto a CFB opamp.

The floating OTRA (I-H amplifier) canbe usedto couple
currentsignalsout of the loop of a transresistance—€ilter,
e.g., to make the filters from [Lu94] more versatile. The
relationbetweerthe OFC andthe floating OTRA is the same
astherelationbetweerthe CFB opampandthe OTRA. Thus
ary of the latter threecan be interpretedas an OFC with
oneor two groundederminals. FastCMOS floating OTRAS
have alreadybeenpublishedunderthe name“current-mode
opamp” [Kaulberg93 Palmisano9 and “transresistance
currentamplifier” [Palmisano9Y.

The current-mode opamp (I-I amplifier)in [Mucha93 uses
the CClII+ from Fig. 2.10asits input stageandthe floating
currentsourcefrom Fig. 2.9 asits outputstage.

The CFB OTA (H-I amplifier) was,to our knowledge,not
discusseadn theliteraturebefore,but it caneasilybebuilt from
mostcurrent-modeopampcircuits, justasa CFB opampcan
be built from an OTRA. To explain whatit canbe usedfor, a
brief excursionto circuit transpositions necessary

If alinearvoltage-modecircuit is transposega current-mode
circuit resultsthat hasthe sametransferfunction. When

a circuit is transposedthe output terminalsbecomethe
input terminals,andvice versa,but the terminalimpedances
remainthe same. The transposedcircuit is also calledthe
dual circuit. The passve part of a linear circuit remains
the sameundercircuit transpositionpnly the actve devices
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we— T 3
|‘2 + =4

Highly linear voltage to current corverter

must be exchangedand the signal flow mustbe reversed
(c.f. Section3.3, [Bhattacharyya71Moschytz94, Roberts92
Roberts9)). It canbeshowvn thatthel input stages dualto the
V outputstage theV input stageis dualto theT outputstage,
andthe H input stagels dualto the H outputstage.Thusthree
of the nine opampsare self-dual: the V-1 amplifier, the I-V
amplifier, andtheH—H amplifier This meansfor example that
thetransposef a voltage-mode&sm—Cfilter is a current-mode
Gm-—Cfilter, andthat the transposeof a voltage-to-current
converterstill is avoltage-to-currentorverter Notethatthe
threeself-dualoperationalamplifierslie on onediagonalin
Fig. 2.4. Transposingll amplifiersin Fig. 2.4 amountsto
mirroring thefigure atthis diagonal.

Now the useof the CFB OTA is apparent:sinceit is dual
to the V—H amplifier, it canbe usedto transposery circuit
containingfloating opamps.To give a simpleexamplefor the
potentialof the CFB OTA, a voltage-to-currentornverteris
shavn in Fig. 2.13. It is the dual of a floating-opampvoltage-
to-currentcorverterpresentedn [Huijsing9(d. Comparedo
thelatter, the CFB OTA circuit hastwo mainadwantageskFirst,
it is easierto implement. As explainedabove, mostcurrent
opampscanbe usedas CFB OTAs without addinga single
transistoy whereascorverting a voltageopampinto a floating
opamprequiresaddingseveral currentmirrors. Secondthe
CFB OTA circuit is morelinear: Its harmonicdistortionis
mainly causedoy the nonlinearoutputof the H input voltage
buffer. Sincecurrentfeedbacks used,i, is very low, andthe
buffer may consequentlhpevery linear. If thel outputstageis
afloating currentsource thenthe outputcurrentiz containsas
little distortionasthe feedbackKoop currentiy, sincethe two
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arerelatedby Kirchhoff’s currentlaw. In contrastthe current
outputof the floating-opampvoltage-to-currentorverteris
the mirroredterminalcurrentof the floating opamps voltage
output. Thusthe achievablelinearity is limited by the current
mirrorsin the H outputstage.

Conclusion

The classificationof universalamplifierspresentedn this
chaptemplacesall operationabmplifiersandcurrentcorveyors
known from theliteratureinto a commonframework, together
with abstractonceptsuchasthe universalactve elementand
the nullor. We demonstratedhow closely our classification
Is relatedto the way amplifiersare integratedby shawing
thatall of themcanbe implementedn CMOS usingonly a
few basiccircuits. Althoughwe only discussedCMOS, our
classificatiorappliesto bipolaramplifiersaswell, becauséhe
voltagebuffers, currentmirrors, andlong-tailedpairsusedin
this chaptercanalsobeintegratedwith bipolartransistors.

In this chaptey several universalactive elementsappearedhat
werenot previously published.On the onehand,it occurred
thatfirst-, second-andthird-generatiorcurrentcorveyorssstill
are universalif voltageinvertersinsteadof voltagebuffers
areusedastheir input stages.The potentialof thesevoltage-
inverting currentcorveyorswill bethetopic of futureresearch.
On the otherhand,a new operationalamplifier, the current-
feedba& OTA (CFB OTA), wasbriefly discussed|lt is dual
to the floating opamp,but can be built from mostcurrent
opampswithout addinga singletransistor As anexample,a
voltage-to-currentorvertercontainingone CFB OTA andone
resistorwasdiscussed.

Our classificatiormay be usefulin differentways. Becausef
its closerelationto IC design,it shouldgive the readersome
insightinto the similaritiesbetweendifferentintegratedampli-
fiers,suchthatwhenthey encounteanamplifierthey have not
seenbefore they canquickly seewhatit doesandalsohow it is
relatedto the amplifiersthey arealreadyfamiliar with. It may
alsohelpIC designergo understandhe relevanceof a newly
introducedcircuit-theoreticalamplifier conceptand enable
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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
extensve of all recentlypublishedamplifier classifications,
althoughit hascomparableompleity.

This chapterhasalso shavn that all broad-bandamplifiers
which have beenintroducedin the pastfew decadesand
have beendescribedasvery versatilearein fact universally
versatile, which meanghateverylinearandnon-linearcircuit
function canbe built from multiple instancesf ary one of
theseamplifiersand a setof linear and non-linearpassve
components. Neither of theseamplifiersis more or less
versatilethan the others,althoughthey require different
synthesignethods.

Themainquestionthatis left openis: How shoulda designer
choosethe bestamplifier for a certainapplication? We
deliberatelyleft this questionopen,becauseave do not think
that a simple answerexists. The opamp,the CFB opamp
andthe OTA arewell known by now, but comparatrely little
researcthasbeendoneaboutthe otheruniversalamplifiers.
So, at leastat presenta designershouldprobablybestchoose
the kind of amplifier which he knows bestor aboutwhich he
cangathersufiicient knowledgefrom otherpeople,andthen
optimisethis amplifierwith respecto theapplication.
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Chapter3

Current-mode and
voltage-modefilters

See first, think later, then test.
But always see first.
Otherwise you will only see
what you were expecting.

(Douglas Adams)

In this chapter the current-modevs. voltage-modedebateis
taken up again usingthe notion of driving-pointimpedances.
First, the natureof the commondefinitionsof the currentmode
andof the performancestatementfoundin the basicpaperson
current-modeechniquesirediscussedT henanew proofof the
circuit transpositiontheoremis presentedhat hasthe adwvan-
tageof beingintuitive for today’s engineersand studentsand
thusmakesthe useof transpositiortablesunnecessaryrinally,
severalcasesarediscussedn which current-modendvoltage-
mode circuits have different performanceandit is shavn in
every casethatthereasorfor the performancalifferenceis not
themodeof thesignal.
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Background

Discussing the difference between filters containing volt-
age opamps and filters containing current opamps was the
first task | was given when | started my doctoral studies.
| soon deviated from this task, because | simply failed to
find any relevant theoretical differences, and started to
investigate into single-current-conveyor biquadratic filters.

| was pushed back into the current-mode vs. voltage-mode
debate several times during my time as a doctoral student,
sometimes when reading a paper, sometimes when talking
to people who know the current-mode community. Espe-
cially my discussions with Markus Helfenstein on the
subject brought me to the point where | started to believe
that there is no real difference between current-mode and
voltage-mode circuits.

So | tried to prove that there is no real difference, only to
find out that | could not do it, mainly because | could not
find a strict definition of voltage mode and current mode.
There are several definitions in the literature, but either
they are too unprecise to be used for a formal proof, or
they are too restrictive to be acceptable representations of
current mode and voltage mode as they are understood by
the circuit designers involved in the debate.

This chapter is my attempt to support the view that the
current-mode way of thinking [Toumazougo] is a pow-
erful concept that broadened the horizon of 1C design,
but cannot be used to make a sharp divide between two
classes of circuits having different performance properties.
| decided long ago to explain all this in terms of node
impedance, a view | inherited from Bram Nauta during

a personal discussion at the AACD 1998 in Copenhagen.

Then | found Ochoa’s paper about driving-point signal-
flow graphs [Ochoag8], which gave me the tool to prove
the circuit transposition theorem in terms of node imped-
ances. | did this for very personal reasons: | had great
difficulties to understand the original proofs for network
transposition, since | knew too little about abstract net-
work theory as it was used 30 years ago. Most students
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and engineers are in the same situation, but many know
signal-flow graphs, so | decided to re-formulate the theory
using driving-point signal-flow graphs. The result now
forms the middle section of this chapter.

Current mode and voltage mode
in the literature

Originally, theterm“currentmodeprocessingivascoinedby
Barrie Gilbertwhenhe worked on strict trans-linealoops(c.f.
[Toumazou9y), in which the voltagestruly areincidental?
Nowadayswe are persuadedhat current-modéantegrators,
filters, and oscillatorshave somespecialmerit. But is this
really true?In contrasto stricttrans-lineatoops,thesecircuits
rely on an intimate dialoguebetweenvoltage signalsand
currentsignals.

When comparingcurrent-moddo voltage-moddilters, one
shouldperhapdirst asktwo questions:

1. Are thereary definitionsof currentmodethat make a
cleardivide betweenvoltage-modeand current-mode
circuits?

We will call this a precisedefinitionfrom hereon.
2. Isit necessaryo have a precisedefinition?
Ouranswerto bothquestionss no.

First, noneof the definitionsusedin theliteratureareprecise.
For example,someauthorswrite that signalsarerepresented
by currentan current-modeircuitsandby voltagesn voltage-
modecircuits. Thisis not a precisedefinition, becausevery
circuit nodehasan associatedioltageand every branchan
associate@urrent,andit is a matterof definitionwhich ones
represensignalsand which onesdo not. It doesnot seem
possibleto refinethis definition suchthatit still includesall
kinds of signal-processingircuits.

1Private communication.
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To give a simpleexample,it is sometimesaidthata current
mirror is a current-modecircuit, sincethe currentshave a
linearrelationto the signal,which the voltageover the diode-
connectedransistorhasnot. This algument,however, gives
problemsassoonasit is appliedto log-domairfilters. Although
onecouldrefinethe definitionagain, andagain, ad infinitum,
doing this is uselesdecausedhe definition will ultimately
becomea list that statedor every imaginableclassof circuits
whetherit operatesn the currentmodeor the voltagemode,
andsucha list cannotbe usedto derive generalstatements
aboutcurrent-modeaandvoltage-modeircuits.

Neverthelessthecurrent-modepproacho IC designproposed
in [Toumazou9p andin mary newer papershasclearly
hada greatimpacton IC design. Several new circuits and
amplifiers(e.g.,the operationalfloating corveyor discussed
in the previous chapter)emepgedfrom this way of thinking.
We think that the succes®f the current-modeadeadid not
occurin spiteof thelack of a precisedefinition, but because
of thelack of a precisedefinition. In otherwords,readingthe
papersof the current-modecommunitydoesnot enablethe
readerto explicitly definethe current-modeapproachput it
doesenablehim to applyit. Thisis becausefrom a certain
level of compleity on, animplicit definitioncancorvey much
moreinformationthanary explicit definition possiblycould.
An implicit definition can,however, not make it possibleto
clearlyfenceoff currentmodefrom voltagemode.

Shouldsucha cleardivide be made? We think not. The
current-modeapproachs mainly analternatve way of looking
atanalogudC design,andnot atool to classifycircuits. Taken
in this sensethe current-modddeais a powerful concept
mainly becauset broadenghe horizonof analogudC design.
A cleardefinitionwould actuallydestry its explanatorypower.

In Sec.3.4, we will discussseveral recentattemptsto show
thereis a significantperformancalifferencebetweera current-
modecircuit anda voltage-modecircuit, and,in every case,
we will give technicalreasondor the occurringperformance
differenceghathave nothingto do with the signalmode. But
first we will presenthe conceptf circuit transpositionn a
new way.
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Circuit transposition
using signal-flow graphs

Introduction to circuit transposition

A linearcircuit E canalwaysbe describedoy two frequeng-
domainequations,

(3.1) AX=bU
(3.2) Y =c'x

whereU is the input signal, Y is the outputsignal, A is
the (m+n) x (m+ n)-dimensionaimatrix that containsthe
coeficientsof a completesetof linearly independenhetwork
equationgdescribingKirchhoff’s currentlaw at n different
nodesandKirchhoff’s voltagelaw aroundm differentloops,
andx is anm+ n-dimensionalectorof independenhetwork
variables.Vectorb indicateshow theinput signalis connected
to thenetwork, andc describesow the outputsignalis derved
from the network. Normally, all of themarefunctionsof s, so
we omit s for reason®f brevity. Thetransferfunctionof & is
then

Y(s)

(3.3) T(s) = Ue = TA .

The operationof replacingA by AT andswappingb andc is
calledcircuit transposition Thenew circuit E; is dualto E. It
hasthetransferfunction

(3.4) Ta=— =b" (AT) ‘c.
T4 canbeinterpretedasal x 1 matrixandcanbetransposed

like any othermatrix. Trivially, 1 x 1 matricesarenotchanged
by transposition:

Ta=To" =b" (A7) o= (b7 (AT)_lc)T

(3.5) = cT((AT)‘l)Tb —c'Ab=T.
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Thusit is establishedhat the transferfunction of the dual
circuit andthe transferfunction of the original circuit are
identical.

Up to here,the discussionwasonly anexercisein linearalge-
bra, but the mostimportantquestionrhasbeenleft unanswered:
whatdoesit actuallymeanfor acircuitif A is replacedoy AT
andb andc areexchangedo answerthis question|t is nec-
essanyto specifyx moreprecisely In theliterature,x typically
consistf all nodevoltagesandseveralbranchcurrents.It can
thenbe shavn by matrix algebrahow a concretecircuit canbe
transposeckeitherdirectly [Bhattacharyya7jlor by way of so-
calledintermediatdransferfunctions[Roberts89bRoberts9l
An alternatve way to shov how a circuit mustbe transposed
IS to startwith the more generalconceptof adjoint circuits
[Director69, which alsodealswith non-linearcircuits,andof
which linearcircuit transpositions justa specialcase.

Theseproofsareun-intuitive for mostengineerandengineer
ing studentsbecausabstrachetwork theoryis scarcelytaught
anymore. Today circuit transpositions often explainedby
statingthat the passve part of the network doesnot change
andby giving transpositiortablesfor the actve elementsn
the circuit (c.f. [Bhattacharyya7,1Carlosena92Carlosena93
Mosclytz94)). It is demonstrateh this sectionhow thewhole
problemcanbetackledusingsignal-flov graphs.This hasthe
adwantagethat the conceptof circuit transpositiorbecomes
intuitive for all engineersvho have someunderstandingf
signal-flov graphgSFGs)or feedbackblock diagrams.

In thefollowing, we will first introducethe so-calleddriving-
point signal-flowgraphs(DP SFGs). Thenwe will define
SFGtranspositiorand shav how the circuit corresponding
to a transpose®&FG canbe derived. Finally, we will showv
thattransposinghe DP SFGof a circuit really is the sameas
transposinghecircuit itself.

Driving-point impedances
and signal-flow graphs

A new techniqueto analyselinear networks was presented
recently which combinesdriving-pointimpedanceanalysis
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with signal-flav graph(SFG)analysigOchoa98. We will now
explain this techniqueby usinganexample,but in a different
way thanit wasexplainedin [Ochoa9§.

Fig. 3.1 shavs anactive-RClow-passfilter, consistingof four Introducing auxiliary
passve elementsRy, Ry, C;, andC,, andoneactve elementa sources
voltageamplifier (or voltage-controlled/oltagesource VCVS)

with gainay . Its nodesarenumberedrom 1 to 4. Driving-point
analysis,aspresentedn [Ochoa98, baseson the following

simpleobsenation: If a voltagesourceis connectedo node

j andits voltageV, is setsuchthatno currentflows through

the source thennothingchanges.This conditioncanalsobe

expressedn termsof V;: If avoltagesourceis connectedo

node j, andif its voltageV; is setto the nodevoltagethe

circuit hadbeforethe sourcewasconnectednothingchanges.

Note that theseauxiliary sourcesare essentiallycontmolled

sourcessincethe appropriateV; dependsn theinput signal.

Neverthelessthe sourcesuperpositiortheoremis still valid for
thesespecialcontrolledvoltagesourcessincethey arechosen

explicitly suchthatthey have no influencewhatsoger on the

circuit. A formal proof of this statemenexpresseshe same
ideamathematicallyto showv thatthe superpositiorcondition

[Chen9] still holds;is omittedherefor reason®f brevity.

In orderto obtaina completesetnodevoltagesandassociated  Whereto introduce
branchcurrents,onecurrentmustbe assignedo every node auxiliary sources
voltage. For the nodeswith zeronodeimpedancej.e., the

nodesto which avoltagesourceor a currentsink is connected,
thecurrentthroughthevoltagesourceor currentsinkis chosen.

Auxiliary voltagesourcesare connectedo all nodeswith
non-zeronodeimpedancee.g.,thenodes?2 and3in Fig. 3.1.

Fig. 3.2 shaws thefilter with auxiliary voltagesourcescon- Applying the source
nectedto the nodes2 and3. Sincevoltagesourcesare now superpositiontheorem
preseniat all nodes,applyingthe sourcesuperpositiortheo- to the a:éﬁ'irgs
remis a straightforvard procedure.For example,the current

flowing into theauxiliary source2 canbe expresseds

(3.6)

1 1 1 1
l,o=V;:-——Vo.| — 4+ —+5C V3 — +V4-8Cq .
z2 1 R 2 (Rl-l-Rz-l- 1)+ 3 R2+ 4 1

By definitionof theauxiliary sources),, = 0. If we denotethe
sumof currentscontributedby all voltagesourcesut source2
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Figure 3.1 \oltage-modeSallen-and-Igy low-passfilter.
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Figure 3.3 Current-moddfilter.
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asl,, thenequation(3.6) canberewritten asfollows:

(3.7) Vo= L s _1—| Z
. 2— 12 Rl R2 1 — 12 2

with 1, =V 1—|—V 1—I—V sC
2=V1rg TVs g, TVarste.

Z, is calledthe driving-pointimpedanceat node2 underthe
conditionthatall sourcesut source? aresetto zero.

Equation(3.7) candirectly be dravn in form of a signal-flav
graph,showvn in Fig. 3.4. It is obvious from the deriation
above how the branchesbelonging” to the auxiliary source
connectedo node| areformed:

1. Thereis onebranchfrom I; to V;. Its weightis Z;, the
driving-pointimpedancet nodek underthe condition
thatVy =0forall k # j.

2. For eachnodek, with k # j, thereis abranchfrom Vi to
l; if andonly if thetwo nodesaredirectly connectedy
acomponentlf thisis so,theweightof thebranchis the
admittanceof the connectingcomponent.

Thisprocedureaneasilyberepeatedor theauxiliary sources,
asshovnin Fig. 3.5.

It is still necessaryo describetheamplifier, andhow theinput
sourceandthefilter outputareconnectedo thecircuit:

(38) V4 = Othg y V1 = Vin ) Vout = V4 .

Theresultis shovn in Fig. 3.6. It appearshatthevariablesl

andl4 arenotusedatall, but it will presentlybecomeapparent

thatit is goodfrom a didacticpoint of view to includethem
into the signal-flov graph.

Note thatthe signal-flav graphin Fig. 3.6 hastwo loops. It
is alsopossibleusinga differenttechniqueto directly derve
a signal-flav graphfor thefilter in Fig. 3.1 which hasonly
oneloop [Moschytz94. ThenMasons gain rule is easier
to apply However, the techniquepresentecherehastwo
greatadwantages:it canbe appliedto any linear circuit (it
is especiallyeasyto apply it to Gm—Cfilters), andit canbe
appliedmedanically. This makesit possibleto useit for
derving dualcircuits.

45

Drawing the
driving-point
eguationsas a
signal-flov graph

Adding paths
describingthe
active element

Advantagesand
disadwantagesof
driving-point

signal-flov graphs



46 Chapter 3. Current-mode and voltage-mode filters

Vin l1 Vout

Figure 3.4 Equation(3.7) drawn as a signal-flowgraph.

Vin |1 Vout
R

Figure 3.5 Signal-flowgraph branches

“belonging” to the two auxiliary sources.

Ry
Figure 3.6 Completesignal-flowgraph of the circuit in Fig. 3.2.

R

Figure 3.7 Transposedignal-flowgraph describing
the circuit in Fig. 3.3.
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Transposition of signal-flow graphs

In this section all therulesfor transposingircuitsarederved
usingonly the driving-point signal-flov graphdescribedn
the previous section. The only elementof signal-flav graph
theoryrequiredfor the proof is Masons gain rule, which he
introducedn [Mason53 andprovedin [Mason56, andwhich
canbefoundin ary textbookcoveringsignal-flov graphs.t is,
in Masons notation:

(3.9) G = 2k
. Fa

A is calledthegraphdeterminantlt is of theform
(3.10) A=1-S+S-S+...,

where S, is thesumof all loops, S is the sumof all products
of two loopswithout commonnodes,and § is the sum of

all productsof j loopswithout commonnodes. Gy is the
gain of the k-th forward path,and Ak is the partof the graph
determinantvhich containsonly loopsthatdo not have nodes
in commonwith the pathGy. What G actuallyis dependon
the signal-flav graphin question. For example,the gain of
the signal-flov graphin Fig. 3.6is G = Vyui/ Vin, Whichiis the
voltagetransferfunctionT of thecircuitin Fig. 3.1.

It canbetediousto evaluatethis gainformulafor largercircuits,
but for our purposeit is enoughto notethe following: Two
graphshave thesamegain G if
1. they have the sameforward paths,
2. they have thesameoops,
3. thetopologicalrelations(i.e. commonnodes)between
the loopsandbetweenoopsandforward pathsarethe
same.

It now occursthat forward pathsandloopsaswell asthe
topologicalrelationsbetweenthemremainunchangedf the
directionof all brancheof a signal-flav grapharereversed.
Thereforethe SFG gain alsoremainsthe same.We call this
operationthe transpositionof a signal-flowgraph andthe
SFGresultingfrom it the dual SFG. For example,this means
thatthe graphin Fig. 3.7 hasthe samegain asthe dualgraph
in Fig. 3.6. Note that nodesformerly describingvoltages
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describecurrentsin the dual graph,andvice-versa. This is
necessargincethe branchweightsare not changedand,
e.g.,anadmittanceoranchmuststill originatefrom a voltage
nodeandleadinto a currentnode. ThereforeGq = lout/ lin,
which meanghatthecircuit correspondindo the dualgraphin
Fig. 3.7 hasthe currenttransferfunction T. It actuallyis the
dualcircuit, whichwill beshown presently

Transposition of the circuit example

To find out whatthe circuit describedy the signal-flov graph
in Fig. 3.7 looks like, we first notethat the new circuit has
the samenumberof nodes.Firstto the passve branchesThe
driving-pointimpedancesrestill presenttthe samenodesas
beforethe transposition.The admittanceéoranchfrom V; to Iy
is now leadingfrom V to I;. Thusthe admittancedbetween
thenodesdo not changeeitherif thecircuit is transposedThe
passivepart remainsthe same

The input voltagesourceis replacedoy a currentoutput,the
voltageoutputby aninput currentsource. Finally, the gain
ay Now pointsfrom 14 to I3: thevoltageamplifieris replaced
by a currentamplifier with a gain of the sameabsolutevalue.
Note that the currentdirectioninto the outputof a current
amplifier (or current-controlleccurrentsource,CCCS)is
conventionallyconsideredo be positive, but the branchwith
weight ay, actually contributesa currentinto the auxiliary
sourceat node 3, which flows out of the currentamplifier,
which thereforehasa gain of «; = —ay. Theresultingcircuit
Is shavn in Fig. 3.3.

Derivation of transposition rules

Thesamemethodcanalsobeappliedto only apartof acircuit,
e.g.asingleactive element:First, the signal-flov graphof the
elements drawn, thenit is transposedandfinally the active
device describedy this signal-flav graphis drawn.

Take, for example, the differential differenceoperational
amplifier (DDOA) in Fig. 3.8 (c.f. Sec.2.4). It amplifiesthe
differenceof two voltagedifferences.The transposalerived
in Fig. 3.8is a balancecturrentopampwith mirroredoutputs.
Again, sincewe definepositive currentsasflowing into the
outputof anactive device, but the signal-flov-graphcurrentis
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Differential differenceopamp. Figure 3.8
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Nullor. Figure 3.10
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definedasflowing out of the outputof the passve device, the
signsof the currentopampoutputsarethe inverseof the signs
of the DDOA inputs.

A secondexampleis the operationafloating corveyor (OFC).
As explainedin Sec.2.4, it works asfollows: the voltage
appliedto terminalY is copiedto terminal X. The current
flowing into this terminalis thenamplified by a very high
transresistance,, which gives a voltage at terminal W.
Finally, the currentflowing into terminalW is copiedto flow
outof terminalZ. Fromthis descriptionthe signal-flov graph
of thedevice follows immediately but it is importantto choose
the currentdirectionscorrectly TheterminalsX andW are
a currentsink and a voltagesource,respectely, so |, and
|3 arepositive if they flow into the OFC. Onthe otherhand,
terminalsY andZ are high-impedanceerminals,to which
eithera currentsink, a voltagesource pr anauxiliary sourceis
connected.In ary of thesethreecases|, and |, arepositve
if they flow out of he OFC. Note thatthe transposeof this
signal-flov graphis identicalto the original one. Thusthe
operationalfloating corveyor is its own transposegnly the
terminalsare permutedduring transpositionasindicatedby
the numbersin Fig. 3.9. The sameis true for otherdevices,
e.g.the balanced-outpuDTA andthe negative-gain second-
generatiorcurrentconveyor (CClIl-), but theseproofsareleft
to thereader

Onemoreexample: asdiscussedn Chap.2, the OFC with
rm — oo approximates four-terminalnullor. Thusthe OFC
canbe usedto shav that the nullor can be transposedy
interchanginguullatorandnorator asshowvn in Fig. 3.10. The
samecould, of course,alsobe doneby usingthe balanced-
outputOTA with g, — oo.

SFG transposition and circuit transposition

We have not yet provedthat SFGtranspositions the sameas
circuit transpositionln generalthisis notnecessarilyhecase,
but it is the casefor DP SFGs. The proofis straightforvard:
thevoltagesandcurrentsof all nodesoccurin thesignalvector

(311) Xx'=[Vi Vo V3 Vi 11 I I3 l4].
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Thenthe coeficient matrix canbe built by writing down the
DP SFG equationsn a systematiovay: first the equation
describingthe nodesV; to V4, thenthe equationsdescribing
thenodesl; to |4.
Vi1 Y12 Y13 Y4 -1 a1 a3 ais
Yo1 Yo2 Y23 You a1 —1 a3 aps
Y31 Y32 Y33 Y34 &1 a2 —1 agg
Ya1 Ya2 Yaz Yasa 1 aup asz —1
(3.12) A= —1 b1y b1z bia Z1 712 713 714
o1 —1 bz bos 21 Zo 223 224
bs1 bs2 —1 b3sa 731 Zz32 Z3 Z34
Dar Dap baz =1 zs41 Zap Za3z Zy4 |

whereg ; is theweightof the SFGbranchgoingfrom V; to V;,
bi,; is theweightof the SFGbranchgoingfrom [ to I;, y; j is
the weightof the SFGbranchgoingfrom V; to I;, andz ; is
the weight of the SFGbranchgoingfrom I; to V;. Notethat
z;; isjustthedriving-pointimpedanceZ;.

It now becomesapparenwhattransposingA meansfor the
DP SFG:ary branchthatleft V; now entersl;, arny branchthat
enteredV; now leavesl;, andsoon. Thisis preciselyhow the
transpositiorof a signal-flov graphis defined. The effect of
interchangind andc onthe DP SFGcanbeinvesticatedin a
similar way andthusconfirmsthat SFGtranspositions in fact
the sameascircuit transposition.

Detailed comparisons

Ceteris paribus comparisons

To find outwhetherit makesadifferenceto represensignalsby
currentsinsteadof voltagesa ceterisparibus (otherthingsbe-
ing equal)comparisormustbe made.To our knowledge,only
oneattemptdo do this waspublishedat all [Mahattanakul98
Theretheauthorscomparedhetwo filters shavn in Fig. 3.11,
which are not dual accordingto the discussionabove, but
have the sameloop structureandthe samelow-passtransfer
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G
Vin D—[E _Lcll I@_LCZ o Vout
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g Dar D
@I

\oltage-modeand current-modeGm-—Cfilter
[Mahattanakul98.

function? The studytakesinto accounthe noiseof the OTAs
andthe soft harmonicdistortioninducedby their non-linear
transconductancebut not clipping effects causedoy output
stagesaturation.It is shavn that both circuits have similar
amountsof harmonicdistortion. The circuits are compared
accordingo afigure of merit,

DR- f2
(3.13) F=—5

whereDR is thedynamicrange,f, is thepolefrequengy, and P
Is the power consumption.The resultshaws thatthe dynamic
rangeof thevoltage-modsdilter is betterby at most6dB in the
relevantrangeof pole QsandDC gainsof the low-passfilter
function.

The problemwith this studyis thatit is not really ceteris
paribus Thedifferencemainly occursbecause¢he noiseof the
input OTA in the voltage-moddilter is processedby thefilter,
which is not the casefor the noiseof the outputOTA in the
current-moddilter. Obviously, if boththeinput OTA of the
voltage-moddilter andthe outputOTA of the current-mode

2Actually the filter in Fig. 3.11 realizestwo transferfunctions. Choos-
ing the nodeto which C; is connectedas the output node (top) or input
node (bottom) resultsin a bandpasgransferfunction, but all that is said
in this sectionappliesto the bandpasdilters as well.
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filter wereideal and noiselesspoth filters would perform
identically OnareallC, the voltage-modecircuit needsan
outputbuffer, sincea resistve load connectedo the output
nodewould otherwisechangethe transferfunction, andthe
current-modecircuit needsan input buffer, sincethe input
nodesmustbe driven by a high-resistancelevice. However,
this time the noiseof the currentbuffer is filtered, but not the
noiseof the voltagebuffer, andthe performancalifference
betweenthe two is reducedto the performancealifference
betweenthe circuits usedto insertsignalsinto the feedback
loop andextract signalsfrom it. The resultingperformance
differenceis certainly small, and it is not a questionof
signalrepresentationbut of transistorlevel design. Thus,
[Mahattanakul9B establisheshat, otherthingsbeingequal,
thereis no performancalifferencebetweerthe current-mode
andthevoltage-moddsm-Cfilter discussedh the paper

Feedback amplifiers and
open-loop amplifiers

In mostof thepapergroposingvery fastcurrent-modeircuits,
open-loopcurrentamplifiersarecomparedo resultsobtained
with closed-loopvoltageamplifiers[Carlosena92Roberts92
Roberts89aWilson97. Many of the amplifiersderved with
a current-modepproachbaseon currentmirrorsandprovide
a specific,low gain without feedbackaroundthe amplifier.
Thetypical low-gain voltageamplifier usesfeedbackaround
a high-gain amplifier This feedbackstabilisesthe gain and
reducesharmonicdistortion, it alsoimprovesthe terminal
impedancesf theamplifier.

Fig. 3.12shaws thetransferfunctionsandterminalimpedances
of the CClIl+ in Fig. 2.10[Schmid98c]and Analog Device’s
SSM 2135 audio opampconnectedas a buffer andin an
open-loopconfiguration. The frequeny of the opamphas
beenscaledby 50 to make the curvescomparable.A look

at the transferfunctionsshaows that the closed-looptransfer
function of the opampand the open-loopcurrenttransfer
function of the CCIl+ look very similar. Thereasonis that
both transferfunctionsaredeterminedy non-dominanpoles
only, the dominantpole of the voltageopamp,whoseeffect
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Figure 3.12 Transferfunctionsand terminal impedance®f (a) the

CCIl+ in Fig. 2.10,the AD SSM2135opamp(b) connected
as a voltage buffer and (c) open-loop. The AD SSM2135is

actually an audio opamp,its frequencyhas beenscaledby a
factor of 50 to male the curvescompanble
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is clearly visible in the open-looptransferfunction, only
playsa stabilisingrole oncethe feedbackoop is closed(see
below). Theimpedancesurvesshawv thatfeedbackdecreases
the outputimpedanceof the opampbut increaseghe input
impedancewhich canbe consideredanimprovementin both
cases.However, closeto the unity-gain frequeng f; of the
opamp,thereis somepeaking,which meansthat feedback
actuallymakesthe impedancesvorseabove approximately
f1/5. Notethatthe outputimpedancef theopampis farbelow
theinputimpedancef the CCll+ becauséhe formeris built
in a bipolartechnology but the latterin CMOS. Although
Fig. 3.12only shavstwo specificdevices,theeffectsdiscussed
arethe samefor otheramplifiers.

Comingbackto gain stabilisation,the low-gain amplifiers
usedin Sallen-and-kgy filters (c.f. Chapterd) is normally built
usingonevoltageopampandtwo resistorsasin Fig. 3.13. Its
transferfunctionis then

V, A
(3.14) T = o AS
Vin 1+ =3 +1R2 A(s)
For very high gains,
(3.15) im T(S) =1+ 2 =
' A(s)— o0 o Rl —ov.

andif the gain of the amplifieris expresseddy the gain-
bandwidthproduct, A(S) ~ wgpw/S,

Qv Wgbw

3.16 T(S) = ——— .
( ) () av S+ wgpw

Calculatingthe sensitvity of thetransferfunctionto variations
in the gain-bandwidthproductgives:

(3.17) e _ WS
Wgbw (XV S—'I_ a)ng

Similarly,

(318) ST(S) — a)ng

[24Y
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ERl

Low-gain voltage amplifier

For low frequenciessgéfv)v A Zﬁ andis very small. Thismeans

thatvariationsof wgny have little influenceon the overall gain.
Ontheotherhand,S]® ~ 1 for low frequencieswhich means
thatary variationsof the feedbackgain directly translatesnto
variationsof the overall gain. Thusthe overall gain is setby
the precisionof theratio of the feedbackresistorswhich can
be very preciseon chip. Note thatthe latter sensitvity can
only getsmallerfor high frequencieswhile the sensitvity

to variationsof the gain-bandwidthproductgoestowards
onefor high frequencies. This meansthat the stabilising
effect of feedbackarounda high-gain amplifier decreases
with increasingfrequencies.We cannow find out at which
frequeny the contributionsto the standarddeviation of T(s)
causedy the standarddeviationsof oy andof wg,yw become
equal:

Uav

(319) &, SI¥=7,,,9° = s=ogw

ay Wgbw

oy O’Cl)gbw

On CMOS ICs, resistorratioscanbe preciseto within 0.1%,
while the precisionof wgpy canbe aroundl %. Thus,setting
e.g.ay = 2, thevarianceof the wg,,y determineshevarianceof
ay for frequenciesibore wgpw/20, i.€., it normally dominates
closeto thepolefrequeny of a Sallen-and-Iy filter built with
a feedbackamplifier Ideally, the gain variationis then1%
aroundthe unity-gain frequeng of the opampanddecreases
with 20dB perdecaddowardslower frequenciesbut aswith
the resistancessomeover-peakingoccursin practicalcases.
The feedbackopampcannow be comparedo CClls, whose
currentgainscanalsobe preciseto within 1%. It thenturns
outthatagain, thefeedbackopampis decidedlybetterthanthe
CCII+ only for frequenciebelon wgpw/5.
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Thuswe cannow explain why current-modecircuits are Implications on the
consideredo be fasterthanvoltage-modecircuits: although current-modevs.
bothwould besimilarly goodfrom anidealpointof view, over-  Voltage-modedebate
peakingcausediy second-ordeeffectsmakesproblemsclose

to the wgpw productof the feedbackopamps.lIt is important

to seethatthe sameover-peakingeffectsalsooccurin CClls

thatuselocal feedbacko reducethe input resistancef the X

terminal;in thiscasethespeeddwantageof the CCll vanishes.

It is alsopossibleto build the circuit thatis dualto the onein

Fig. 3.13usinga current-modeopamp;its performancewill

thenbe similar. Furthermorepnecanalsobuild open-loop
voltageamplifiersthatshov no over-peaking.However, it turns
outthatcircuitswithoutlocal stabilisingfeedbaclkarejustmore

typical for the current-modepproach.

Both the transferfunction of the closed-loopopampandthe Why current-mode
behaiour of the CCIl aredeterminedoy the low-impedance  andvoltage-modeare
nodesof the circuits only. Theselow-impedancenodesall not different
look similar in both voltage-modeand current-modecircuits:

atransistorg,, setsthe noderesistanceparasiticcapacitances

of transistorssetthe nodecapacitanceandthe voltageswing

is limited by transistordhatwould otherwiseleave the region

of saturation. Thusthe non-dominanfolesandzeroswill

be at similar frequenciesandthe harmonicdistortionat high

frequencieandthe noisepropertieswill alsobe similar. What

mainly determineghe performanceof a circuit is the number

of low-impedancenodesandthe way they areconnectedi.e.,

the compleity of a circuit determineghe performanceof an

amplifieror filter. As with feedbackpnefindsthatlesscomple

circuitsaremore typical for the current-modepproachThere

areafew voltage-modeircuits with reducedcomplity, like

the very fastGm—Cfilters presentedn [Nauta92 built with

OTAs that only have input and outputnodes,but no internal

nodesatall. Of coursecurrent-modeircuitscanalsobemade

more comple to improve their linearity and signal-to-noise

ratio, but thatslowvs themdown again.

Thusthe advantageof current-modecircuits that are often Non-technicalreasons
cited in the literature, like a potentialfor reachinghigher for adwntages
frequencies)ower power consumption,and smaller chip

area,arein factreal, but the reasonis not technical,andhas

nothingto do with choosingvoltagesor currentsto represent
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signals. Thereasondor the differenceare mainly the design
preferencesf the proponent®f the current-modepproach.

Mixed-signal circuits

It hasbeenpointedout thatusingmixedfeedback(i.e. voltage
to currentor currentto voltage)mayresultin speecadvantages
[Wilson93. Thisis alsoopento debate We will give two brief
exampleso illustratethe compleity of suchcomparisons:

Gm—C filters

Gm-Cfilters canreachhigherfrequencieshansingle-amplifier
biquadgSABSs),but they thenalsoconsumanorepower. From
anoverview of recentlypublishedGm—Cfilters, it seemghatit
is easierto tradespeedor power with Gm—Cfilters thanwith
SABs(c.f. Chap.8). However, thereis still no fundamental
reasorfor Gm—Cfiltersto befasterthansingle-amplifieffilters.

The curr ent-feedbackopamp

This device, which we alreadydescribedn Chapter2, was
extensvely discusse@ttheISCAS 1993[Bruun93 Bowers93
Franco93Harvey93, Toumazou9B The allegedadwantages
of the CFB opamparethatits bandwidthis very high and
independenbf the closed-loopgain, thatit hasno theoretical
slew-ratelimitation, andthatits input-referrechoisevoltageis
low comparedo thatof opamps.Thereareseveralapplications
in whichthe CFB opampperformsvery well (c.f. Sec.7.2). Its
disadantagesreits inferior DC performancethe asymmetry
of its inputs, the high input bias currentnecessaryn the
inverting input, andthe dependencef its bandwidthon the
feedbackresistor[Bowers93. Furthermorethe feedback
cannotbe capacitve, this would leadto stability problems
[Franco93.

Thereis always a trade-of betweenDC performanceand
bandwidthin opamps,and CFB opampsseemto be faster
mainly becausehey arecomparedo voltageopampshaving
muchbetterDC performance.Then,while the closed-loop
gainis independenbf the bandwidthiit is limited by theinput
resistanceof the current-inputterminal. Especiallywhenthe
CFB opampis setto its maximumbandwidth,the available
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rangeof gainis surprisinglysmall. FurthermoreCFB opamps
drawv a considerablesupplycurrentunderslewing conditions;
thus,althoughthe slew rateof the CFB opampis indeedvery
high, it is setby thesupplyin practicalapplicationsMany other
problemsweredescribedn [Bowers93 Harvey93, Franco93

Conclusion

Thenotionof looking at circuitsin termsof nodeimpedances
madeit possibleto derive a new, constructve proof of the
circuit transpositiontheoremusing signal-flov graphs. A
discussiorbasedon the samenotion shoved thatthereis no
fundamentadifferencebetweencurrent-modeand voltage-
modecircuits. While it is truethatmary current-modeircuits
live up to the reputedadvantagef the currentmode,the
reasons not that currenthasbeenusedasa signal, but that
circuit simplicity, lower power consumptiorand speedare
often achieved at the costof higherdistortion, highergain
variation,andsoon.

Whatwouldhappenf adesignesetoutto build acurrent-mode
opampthat hasapproximatelythe sameproperties CMRR,
PSRR linearity, chip area.etc.) as,e.g,thewell-known opamp
LM 741, but with the maximumpossiblespeedn thelight of
the above discussionwe believe thatthe speedwould alsobe
approximatelythe same but until somebodyries this, which

is notlikely becausehe effort would beimmensethe question
will remainopen.
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Chapter 4

Single-amplifier
biquadraticfilters
(SABs)

The opposite of a correct statement

is a false statement.
But the opposite of a profound truth
may well be another profound truth.

(Niels Bohr)

Thischapteintroducegheconceptdehindsingle-amplifietbi-
guadraticfilters and thendiscusseshe sensitvity of the pole
Q to componentvariationsandthe influenceof amplifier non-
idealitieson thetransferfunction.

In Sec.4.3, it is shavn usingsensitvity theorythata Sallen-
and-Key low-passdfilter with minimum pole-Qvariancealways
hasa gain lessthantwo. Theformulaederivedin Sec.4.4 can
beusedbothin thedesignecycle to do pre-distortionof compo-
nentvaluesandmoregenerallyto determinghe maximumpole
frequeng thatcanbeachiavedwith a givenamplifier.

Bothsectionsareoriginalwork, but while theresultsof Sec4.4
mightalsobefoundscattereavertheliterature,severalresults
presentedn Sec.4.3 are new, and someeven contradicttext-

bookknowledge.
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4.1 Background

| had already heard a lot about SABs during my studies,
and | always found the exercises easy enough to solve.
However, when | tried to design my first SAB, | found
out that | did not actually know how to treat amplifier
non-idealities, and | could not find much about this in
textbooks either. The reason is that in the times when the
theory of SABs was developed, one did not try to push
the pole frequency of the SABs to the extreme, so ampli-
fier non-idealities were not so important back then. Thus
| had to write down that theory for myself, and presented
it as a paper at the ISCAS 98 [Schmido8c|. It is now
Sec. 4.4 of this thesis.

Next | tried to calculate and optimise the sensitivity of
the pole QQ to component variations. | saw that the ap-
proximations that are usually made in order to apply sen-
sitivity theory were not necessarily valid for filters using
open-loop amplifiers, so | tried to find an exact expression
in the literature and was very surprised that there was
none to be found. | realised why this was so when | first
wrote down the exact expression for the variance of the
pole Q of a Sallen-and-Key low-pass filter and saw its
complexity.

The main reason why | could solve this expression that
was not solved before is that | used modern data visual-
isation tools and played with numerical examples of the
function to be optimised. Once | had noticed the symme-
try | exploit in Sec. 4.3, solving the optimisation problem
became comparatively easy.

4.2 Introduction to SABs
4.2.1 Classification of SABs
Origin The single-amplifierbiquadraticfilters werefirst put in a

commonframewvork in 1980[Moschytz8(. As anintroduction
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V, t32

o Vout

/
t32

Geneal signal-flowgraph of a single-opampbiquad.

to SABs, we explain the classificationfrom [Moschytz8(
briefly, usingour own concepts.

Mosclytz's classificationcoversall SABsthatarebuilt with
oneopampandanRC network, have onevoltageinput,anduse
the opampoutputasthefilter output. Suchfilters cangenerally
be dravn by the signal-flov graph(SFG)in Fig. 4.1 thathas
only four nodes:the input andoutputvoltageof thefilter, Vi,
andVy, andthetwo opampinputvoltages,V, andV_.

The SABs that can be describedby this SFG canalso be
classifiedusingfour criteria:

1. Thenumberof forward pathswhich canbeone(Typel)
or two (Typell).

2. Thenumberof feedbackpaths which canbe one(single
feedbackSF)or two (doublefeedbackDF). In thelatter
case,eitherts; or t3, is normally constantover the s
plane(i.e., it containsonly resistors)pecauseisingtwo
frequeng-dependenteedbackpathsdoesnot give more
functionality.

3. Thefilter function of the frequeng-dependenfeed-
back path, which canbe a low-pass(class1), high-
pass(class2), band-rejec{class3) or band-pas#ilter
(class4).

4. Thefilter functionof the completdfilter.

For example,the SAB shavn in Fig. 4.3onp.67is al-SF-4—
LP filter.

All SABs generateceomplex polesby forming the difference
of two rationalfractionsthat have only real poles. For |-SF
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Figure 4.2
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Vamp t32

04V
Vin Vout

Signal-flowgraph of a [-SFfilter.

filters,the SFGin Fig. 4.1 canbesimplified. Usinganarbitrary
voltagegain «y resultsin the SFGshavn in Fig. 4.2. If t;, and
t3, areboth producedoy the sameRC network, they will only
have differentnumeratorsthe denominatois the same:

Ny N32

(4.1) 12="7 le=7

wherethe haton d indicatesa second-ordepolynomialthat
hastwo negative, realroots. It follows from the SFGthatthe
transferfunction of the I-SFfilter is

Vouu — avliz  ayvhp
Vin 1—oyta d—ayna;

42)  T(s)=

Thenewn denominatocanbewritten as

~

d — oy N3z = (8 — v ) 8% + (a1 — ey by) s+ (89 — vy )
(4.3) =CpS°+C1S+Cp.

Therootsof this expressiorare

¢, /Ci—4C00
(44) 81,2 = - + ’
2C 2C

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

Co Co C2 C1
45 2 = —, = , = — .
(4.5) Wy o Qo o W3dB =

Thepolesof suchfilters becomecomple if thesecondermin
(4.4) becomesmaginary i.e., if ¢ —4c,¢o < 0. This canbe
achieavedin threedifferentwaysby makingc, ¢y larger, or by
makingc; smaller
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N3 feedback «ay
1 Co low-pass — constantbandwidth
2 C, S? high-pass —  low w, possible
3 ©s?+c band-reject — constantw,
4 C1S band-pass + constantwy,

Four classesof SABs

Thesefour possibilitiesdefinethe four filter classesvhich are
shavn in Table4.1. As follows directly from the equations
above, the bandwidthof class-1filters doesnot changewhen
ay IS adjustedclass-Zfilters canreachvery low frequencies
becauseanincreasef ay reducesv,, andfilters of theclasses
and4 have anwy thatis independenotf oy .

The disadantageof the classesl and?2 is thatthey do not
containhigh-passand low-passfilters, respectrely. The
problemwith class-Jfilters is thatnz, = ¢, s> 4+ ¢o canonly be
realisedwith athird-orderRC network, a second-ordeRC-
network givesanng, = €S+ €, S+ Co With acy > Cymin > 0
thatlimits the maximumachievablepole quality factorto ¢, <
oo (this is a way of expressinghe Fialkow-Gerstcondition,
c.f. [Moschytz8Q).

The mostversatileclassis thereforeclass4, or the classof
Sallen-and-lgy filters, namedafterR. P. SallenandE. L. Key,
who describedseveralfilters of this classin [Sallen55]. The
whole classificationcan easily be appliedto current-opamp
filters aswell (throughcircuit transpositiongc.f. Sec.3.3 or
[Moschytz94)). It is alsoapplicableo SABsbuilt with different
amplifiers, since most of them have only one frequeng-
dependenteedbackpathwhosefilter function caneasilybe
determined.

Some properties of Sallen-and-Key filters

The mainadwantageof Sallen-and-Igy filtersis thatthey can
producea high g, evenwith alow gain ay, aswasalready
mentionedn Sec.3.4.2. The main disadwantageis thatthe

gp of Sallen-and-Igy filters is more sensitve to variationsof
componentaluesthanit is in somemultiple-amplifierbiquads.
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Table 4.1

Four filter classes

Restrictionsof
classesl-3

Class4 is the most
versatileclass

4.2.2

High qp sensitvity
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Only low gain
necessary

Amplifier
non-idealities

4.3

4.3.1

Approximation before
optimisation?

Optimising without
approximations

Unity-gain filters
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We will shav in Sec.4.3that,for low-pasdfilters, the gain oy
neednever be greaterthan2 to minimisethe varianceof g.
This explainswhy Sallen-and-Igy filters aresometimesalled
“low-gain actwve filters” [Allen95].

The wp andq, aswell asthe stopbandattenuatiorof a Sallen-
and-Key filter dependon theamplifiernon-idealitiedik e input
impedanceputputimpedanceandphaselag. The effectsof
thesenon-idealitiesarediscussedn Sec.4.4,andit is shovn
thatthe phaselag of the amplifierincreasesy, asin Gm-C
filters, andthata non-ideallow-impedancderminalintroduces
a parasiticzerothatlimits the obtainablestopbandattenuation
andwith thatalsothe maximumachievablew,,.

Sensitivity

Introduction

Oneof the disadwantageof SABsis the comparatrely high
sensitvity of the pole quality factorq, to variationsof the
passve componentaluesandof the amplifier gain. Design
equationsor minimising the varianceof ¢, arewell known
(cf. [Huelsman80Moschytz81]), but they wereall derived by
first makingapproximationg@ndthensolvingfor a minimum-
variancefilter.

In this section,we solve the optimisationproblemwithout
making ary approximationsotherthanapplying sensitvity
theory We first derive closed-formdesignequationdor the
Sallen-and-ley low-passfilter usinga non-linearcoordinate
transform. We then prove somegeneralpropertiesof the
minimum-sensitrity filter: First, the valuesof its passve
componentarespreadasfaraspossible secondthe capacitor
spreads largerthantheresistorspreadandlast, but not least,
the gain of the minimum-sensitiity filter mustbe lessthan
two.

A similar discussiorfor the unity-gain low-pasdfilter provides
anevenmoreinterestingresult: if the polefrequeng is belav
a certainlimit determinedyy the amplifier, the varianceof the
resistorsandqp, thenthe minimum-sensitrity filter hasvery
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Rl R3 »
o—AA\N— ——o0
Vin l 104 l Vout

Biquadmatic Sallen-and-ky low-passfilter.

low componenspreadsAlthoughthiswill nothapperfor high-
Q filters with a pole frequeny pushedo the physical limits,
mary low-Q anti-aliasindfilters arebetterbuilt with very low
componenspreadsa resultthat contradictswvell established
beliefsbut is confirmedby Monte-Carlosimulations.

Thewholedervationis madefor discrete-componenbltage-
modefilters. Obviously, it is valid aswell for current-mode
filters. In the end,we shav thatthereis only a quantitatve
differencebetweendiscrete-componerandintegratedfilters,
thusestablishinghatthe gain of a minimum-sensitrity filter is
alwaysbelow two in bothcases.

Arbitrary-gain
Sallen-and-Key low-pass filter

Figure 4.3 shavs a second-ordeBallen-and-ky low-pass
filter. To simplify thearithmetic,its passve componentganbe
writtenasR; = R/n, R3=R-n,C, =C/mandCs=C-m.
ThenR andC arethe geometricmeansof Ry, Rz andC,,Cy,
n andm arethe component-sgad factors of theresistorsand
the capacitorsandthe componenspreadsaremax{n?, 1/n?}
andmax{m?, 1/m?}. Thetransferfunction of thefilter is then

w,
4.6 T(s) =« i
(4.6) O = g
(0 p
with _ 1 ! —mn+m+1_av
“PTRC o n mn ’

wherewy, is the pole frequeng in rad/s andq, is the pole
quality factor «, andg, have the following sensitvities to
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Figure 4.3

Discrete-component
and integratedfilters

4.3.2

Make wp and qp
orthogonalto
calculatesensitvities
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Choosea practically
relevant optimisation
criterion

SeparateVqup =0
by a non-linear
coordinatetransform
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variationsof the active andpassve components:

4.73)  SP=0, Sf=ay/D, ST ,.=-1/2,

13:Coa T

(4.7b) S =-S5 = (m*n*—m?—1+ay) /2D,
(4.7¢) X =- =(mn’+m?-1+ay)/2D,
where D=m?n’4+m’+1—ay.

It becomesapparenfrom (4.7a)—(4.7c)hat, usingresistors
andcapacitorof a givenprecision,only the sensitvities of g,
differ for differentdesigns.Thereforeall thatcanbedoneis to
minimisethe varianceof g, in functionof the variancesf the
componentalues.The expressiondbecomesimplerif relative
variancesareused.e.g.63 = ok /RZ. Then

— 2__
(4.8) Gz~ (SP)75. X={RyCzRsCsav},

xeX

which is a generalisedvariantof Sdoefler's multivariate

criterion. Substituting(4.7a)—(4.7c)nto this equationresults
in aclosed-formexpressiorforqup. Finding all local minima
now meanssettingthe gradientto zero,i.e. solvingthe vector

equationVqup = 0 for m andn, which cannotbedonedirectly.

Visualisingnumericalexamplesof the functions(4.8) around
m = n = 1 shows, however, thatthey all have a form similar

to theoneshowvn in Fig. 4.4. A “valley” towardstherightis

apparentwhich canbe broughtinto the directionof an axis

usingasimplenon-linearcoordinateransformation,

n
(4.9 X = mn, yza, with m,n,x,y > 0,
whichis justa45-degreerotationof thelogarithmiccoordinate

system. The new coordinatesare shavn aswhite linesin
Figure4.4.
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Figure 4.6
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We shaw in the appendixon p. 75 thatthis systemof equa-
tions hasno solutionfor g, > 3 with x,y > 0. Thusthe

minimum

sensitrity solutionlies on the boundarydefinedby

themaximumallowablecomponenspreadgseeFig. 4.5). The
“bottom of thevalley” in Fig. 4.4is at X, (seeFig. 4.6),given

+0E+T.)XS,
Xoo — qp

_|_

2 4 2
av)xoo - (ER

o,

(4.11) qu(Zo3+ 208 +

=0.
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This equationwasderivedfrom (4.10a)-(4.10b)for y — oo. It
canbe usedasa designequation providedthatthe allowable
componenspreads largeenough(1/m? > 10in ourexample).

Note that Xx,, < 1 for m < 1, which meansthat the resistor
spreads always smallerthanthe capacitorspread.Finally,
the gain oy atthe bottomof thevalley is alwayslessthan?2,
whichwill alsobeshawvn in theappendixonp. 75. Thisis an
adwantagesincethe higherthe gain of a voltageamplifier built
usinganopampis, the higherareits noiseanddistortion,and
theloweris its bandwidth.

Unity-gain Sallen-and-Key low-pass filter

Sallen-and-Igy filters are often built aroundan opampcon-
nectedasa unity-gain buffer. In this case(4.3.2)canbesolved
for m:

n

(4.12) m= BT D)
It canbe seenthatm > q,/2 for all possiblen, whichis a
well-known result (cf. [Huelsman8(]). For comple poles
(gp > 0.5),m < 1 andthereforeC4 < C,. In otherwords,given
a maximumallowable capacitorspreadof 1/m?, only filters
with gp < 2 m canbebuilt.

Replacingm in all expressiondy the term givenin (4.12)
amountsto mappingthe white line in Fig. 4.7 onto a plane
with constantm, giving a curve similar to thosein Fig. 4.8.
Thereremainsonly onedegreeof freedom,andthe minimum-
sensitvity filter canbefoundby solving Vqup = 0, whichleads
to theequation

(413) 4(5205—58)n°+4 (452 a5 +5R)
+ 245, qon*+ 160, qon®+ 4o, gy =0

underthe conditionthat 53 andaZ areidentical for all
resistorsandcapacitorsrespectrely. Notethatthe solutionis
independenof 53. After the substitutions;;, = a3 kZ/qy, this
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Upper limit on
optimum gain

4.3.3

Reduceby one
dimension

Calculateoptimum n
directly
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1.

with the line on which ay

2
Up
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Exampleof

Figure 4.7

equationbecomes

(n?+1)*Kk2—n®(n®>—1) =0.

(4.14)

It canbe seenthat (4.14)canhave onerealrootin therange

, correspondingo 0 < k2 < 1 or

l1<n<ox

(4.15)

the minimume-sensitiity filter is

agpin definedby the maximumallowablecomponenspread,

andthe minimum achie/ablevariancebecome%q
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10°F

Nbc%
kv = 2_11
n
qup for differentvaluesof k, (dashed:k, = 1). Figure 4.8
c
0
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c
=
)
1%
c
©
|_
Frequeng
Monte-Carlosimulationfor two filters havingq, = 1.5 and Figure 4.9

very large (black) and minimum(grey) componenspreads.
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Extension

Use physically
relevant sensitvities

Comparediscreteto
integratedfilters
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morethan0.25% (i.e. o,, < 0.0025).The opamps open-loop
gainis approximately\GBW/ f , andtherefore

f
OGBW ;

4.16 T, A

whereGBW s the Gain-BandwidthProductof the opampused
to build the buffer. With GBW = 1.5MHz andoggw ~ 50%,
which approximatelydescribeghe well-knowvn LM 741, the
filter shouldbebuilt with low componenspreadsf it hasapole
frequeny f, belov 7.5kHz. For a Butterworth or “maximally

flat” filter (oftenusedfor anti-aliasing) g, = 1//2. Therefore
oy < 2%, andaminimumexistsfor all f, < 60kHz.

All Monte-Carlosimulationswe madeconfirm the theory
One exampleis shovn in Fig. 4.9. It is obvious that the
improvementin termsof crqz is notlarge, but therealadvantage
in usingsmall- spreacﬂllters is thathigherpolefrequenciesan
berealisedusingthe sameamplifier(c.f. Sec.4.4).

Application to integrated filters

Upto here thewholediscussiorwasaboutdiscrete-component
filters. We will now show thatall resultsare alsovalid for
integratedfilters.

On an|C, the physically relevant variationsare not thoseof
R1, Rs, C; andCy, but thoseof R andC, correspondingdo the
low-precisionabsolutevaluesof the passve componentsand
m andn, correspondingo the highly precisecomponentatios.
As mentionedabore, the ratiosof the passve componentgor
componenspreadspremax{n?,1/n?} andmaxm?,1/m?}. It
is not certaina priori whethern? or 1/n? is greaterthanone.
However, this doesnot matter becausaslong asthevariances

aresmall,o, ~ CHT

Eq. (4.8) cannow be written down for both discrete(a)
andintegrated(b) filters, assuminghato; = o5 =03 and

(4178) 52 ~255 (Sk) +25 ()" +52 (S%)°,
(4170) T2 ~52 (55) +52 (Sk)°+52 (533)2
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Thetwo expressiongook very similar. It canbe shavn that

(4.18) SP=-2.8% — gbt—_gF,
419) SH=-2%% = S.=-2.

Therefore(4.17a)and (4.17a)are identical if o5 = 2034

andc 2, = 26¢, andall resultsderived above alsoapply for
integratedfilters. Most importantly the upperlimit for the
optimumgain of a Sallen-and-ky low-pasdilter is still two.

Bandpass and high-pass filters 4.3.5
The sameanalysiscanalsobe carriedout for other Sallen- Resultsfor
and-Key filters, giving similar results. The high-pasdilter is BP and HP filters

dualto the low-passfilter, which meanghatthe resistorsand
capacitorexchangetheir roles; but otherwisethe resultsare
the sameasbefore. The resultsareslightly differentfor the
two RC-dualbandpas#ilters, in which casethe gain of the
minimum-sensitrity filter is upperboundedby four insteadof
two.

Appendix — proofs 4.3.6

Proof of the statementthat the equation system(4.10a}-
(4.10b)has no solution for x >0, y> 0, ¢, > % Outline:

1. Calculatetherootlocusof (4.10a)for 0 < g, < oo and
show thatit hasexactly onepositve realrootif g, > %

2. Expressy, asafunctionof x andshaw thaty is negative
over thewholerangeof x for 3 < g, < co.

Part 1— Rewrite (4.10a)asa polynomialin qp:

(4.20) qp(25R(25¢ + 7, )x* — 258a,,) —

(0&(25E +02)x° —5&o2x) =0.

Thefour rootscanbe calculatedat threespecialpoints:
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Op Roots (Finite) Positve RealRoot
0 0,(k)%, 00 Xlgoo=ko
;LK) Xg =
0 (k)i Xlgeoo =K
R0z
(4.21) with  k, = c oy

— =2(5=2 | =2\
o ZEC—I—%V)

Thereareonly two fundamentallydifferentrootlocii:

y n
condition x for oo > gp > 3

k, <1 Jk, <x <1
k, > 1 Jk, >x>1

Oneexampleof eachis shavn in Fig. 4.10. Thetheoryof root
locii saysthat, for varying gy, the rootsmove from the roots
for g, = O (circles)to therootsfor g, — oo (crosses)lt also
follows from thetheory for bothtypesof rootlocusoccurring
here,thatthetwo rootsthatleave therealaxis cannotreturnto
therealaxisandleave again. Thusthe factthatthereis only
onepositive realroot for g, = % provesthatthe sameis also
truefor all g, > % (Notethatthereis alsoarangeof valuesfor

p belov % for which thereis only onepositive real root, but
thisis of nointerestfor our proof.)

Part 2: — Expressy, asafunctionof x:

—2(5=2 | =2 \y3 | =272
og(20& +0, )X° +0E0, X

4.22 — .
(4.22) % 264(208 +02 )x* — 25852,

Substitutg4.22)into equation(4.10b)

5 X O0g(20&+0, X2 —0gas,
(4.23) y= T2 ' T2x4 4+ (32 _EZ)XZ —g2"
oy R C R C

Both numeratomanddenominatohave exactly onepositive real
root, namely./k, andl. Therearetwo possibilities:

ke <1: y<Ofor k, < x < 1. Sincevk, < +/k,, thisrange
containsall x for 1 < g, < oo, andthereis nosolutionto

the optimisationproblem.
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ke > 1: y <Ofor /k, > x > 1. Forthesamereasorasbefore,
thereis no solutionto the optimisationproblem.

Proof of the statementthat the gain of the minimum-
sensitvity filter doesnot exceed2.

Figure4.6 shavs the sameexampleasFig. 4.4 including the
lines on which the gradientsn the directionsof them andn
axesarezero.Fory > 1, thesdinescorvergetowardsthesame
x-valueX,, whichis describeddy (4.11)above. As before,a
rootlocusanalysiscanbe made:

=2

o
Xoolg.=0 = VKo0 Koo = —5——or——
% oé-i—oé +oy,
o
Xoo|qp=oo = V4 kaoo kaoo == -

204+ 26& +52.

This time, thereis only onetype of root locus,since/k,q <
Ky < 1 for all choicesof 53,6¢,52 . It hasthe sameform
astheoneatthetop of Fig. 4.10. Thereforeit follows that

G2 4 1
4.24 A <X <1l fOoroo>aq,> —,
( ) (ZEFZQ-FZE% +E£V) 00 qp 2

and X, is alwayssmallerthanunity. It follows from equa-
tion (4.9) thatthe sensitvity is minimumatann < % for large
n. Thusthefilter shouldhave high componenspreadswhere
the capacitorspreads alwaysgreater(but normally not much
greaterXhantheresistorspread.

Equation(4.3.2)is now translatednto x, y coordinatesandthe
limit y > 1 is taken. Solvedfor qp:

X

4.25 = -
( ) % X2-|—1—Otv

Substitutg4.25)into (4.11) andsolve for ay:

2R+ 08— (Ga+50)

4.26 ay = :
N e

This function hasfour zeros(—1,0,0,1) and two poles
(£vk-0), thusit is positive over the whole rangeof x. It

77
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is alsomonotonicallyincreasingrom oy, = 0 for ¢y = % upto
ay = 14 +/K,o fOr gy — o0, andcanthereforenot be greater
than2.
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Rootlocii for 53 =52 = 0.163 (top) ando¢ =052 = 1063 Figure 4.10
(bottom). ‘o’ are the rootsfor q, =0, ‘+’ for ¢, = % and
‘x’ for gy — oo.



80

Figure 4.11

4.4

Amplifier phase
model

4.4.1

Terminal impedance
model

Using geometrical
meansand aspect
ratios

Chapter 4. Single-amplifier biquadratic filters (SABs)

lin 11 | Y3 Yia

| l ]

l R ?m lh==Co I | |Ya Y, Yib lout
| I |

|

Sallen-and-Igy filter structure (LP, BP and HP).

Amplifier non-idealities

As was shavn in Sec.3.4.2, the propertiesof open-loop
amplifiersandof high-gain amplifierswith feedbackare not
all that differentwhenthe operatingfrequeng is pushedo
the limits. Especiallythe linear phase-lagnodelusedin this
sectionis valid for both. We will discussonly the influence
of non-idealitiesof open-loopamplifierson Sallen-and-Igy,
but the discussiorcaneasilybe appliedto high-gain amplifiers
with feedbaclkaswell, with similar results.

Current-mode Sallen-and-Key filters

Fig. 4.11shaws a generalcurrent-modéeSallen-and-ley filter
structurewhich canbe usedto implementa low-pass(LP),
two differentbandpasgBP1, BP2) and a high-pass(HP)
second-ordetransferfunction. The Sallen-and-Iey filter in
Fig. 4.11is built arounda low-gain currentamplifierwith finite
input admittancg R;, resistve) andlow, but not zerooutput
admittancgC,, capacitve). Although a currentamplifier has
beenchosenin this section,the sameanalysisis alsovalid
for a voltageamplifier with input capacitanceé, andoutput
resistanceR; [Moschytz94]. Note that the gain «, of the
currentamplifiermustbe negative in orderto producepositive
feedbackc.f. Sec.3.3).

Table4.2 shavs how the admittancesn Fig. 4.11 have to be

chosernn orderto realisethethreedifferentfilter functions.The
resistorsandcapacitorsare expressedn termsof geometrical
meang R, C) andcomponenspreadactors(m,n), becausehis
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Yia Y Y2 Ys Y4 R Co
LP R/n 0 C/m Rn Cm R/p C/k
BPL C/m R/n C/m Rn OCm R/p CJk
BP2 R/n C/m R/n Cm Rn R/p C/k
HP C/m 0 R/n Cm Rn R/p C/k

Filter components.

leadsto independenexpressiondor theideal pole frequeng
wpi andtheideal pole quality factorqy;. Theamplifier's non-
ideal port admittancesare expressedn termsof R,C andof
the impedancdevel factorsp = R/R, and«x = C/C,, which
would beinfinite for anidealamplifier.

Low-gain amplifiersnormally do not have onedominantpole,
but a clusterof polesandzerosat high frequenciesThusthere
iIs nogeneraphysicalmodelfor theamplifier's phase-laghatis
valid overthewholefrequeng rangeof interest.Nevertheless,
if the phasdag of theamplifieratthefilter’'s polefrequeng is
reasonablysmall (sayaroundl0... 20 degrees),ts effectson
the polelocationcanbe approximatedy usinga linear phase
lag (constangroupdelay)model. Then

(4.27) 1(S) = a(s=0) - €PRC)

Heres is the complex frequeng normally written ass =

o + jw, and¢ is the phasdag at w = 1/(RC), which s the
polefrequeny of the LP andHP filters, andcloseto the pole
frequenciesf the two BP filters (seeequationg4.28 p)—
(4.284p)). Theresultingnon-linearfilter transferfunctioncan
be linearisedby setting¢ = 0 in the numerator(this must
be done,becausehe phasdag modelis only accuraten the
region of the pole frequengy, but not aroundthe frequencies
of the zeros)and by expandingthe denominatorasa Taylor
seriesin s, cancellingall termsof order3 andhigher This
approximatedilter transferfunctionallows a predictionof the
shift of wp andq, for all amplifier non-idealitiesasgivenin
the next section.

8l

Table 4.2

Linear
phase-lagmodel



82

4.4.2

Polesof the LP filter

Rulesfor choosing
m andn

Shifted pole
frequeng and pole Q
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Pole shifts

Ideally, the polesof the LP filter lie at

1. (1 wPnP+mP4 (o +1)
(4.28p) (wp.,q—m)_(RC, i )

The equationdor the bandpassndhigh-pasdilters canbe
foundin the Appendixon p. 87. The pole quality factor of
(4.28 p) canbewrittenas

1 1 1/
—:—+mn+—(—+m) :
Ooi MmN n\m

It caneasilybe seenthat1/mn+ mn > 2, with equalityfor
mn = 1. gpi canbemadelargerthanl1/2 onlyif 1/n-(e;/m+
m) is negative, which is the casefor m < /—a;,! andsince
|| shouldnot becometoo high, n shouldalsobe limited. In
practice,m andn shouldbe chosersuchthatmn~ 1, m < 1,
andn is reasonablysmall (on the order of unity). Similar
rulesfor choosingm andn canbe derivedfor the otherfilters.
From(4.28p;): mn ~ V2 andm < 1for areasonablymalin.
From(4.28&p,): mn ~ 1/+/2 andn > 1 atareasonablyargem
(ontheorderof unity). From(4.28p): mn~ 1 andn 2> 1 ata
reasonablyargem.

Thethreenon-idealitiegfinite R;, non-zeroC, andnon-zero
¢) shift the polestowardslower frequencieswhere

ws pkMnN
wf  pe(Mn—ga)+pn+(km+1)(n2+1)

(4.29p)

Thepole quality factorscanalsobe expressedn termsof p, «
andg, but hereit is lessobviouswhathappengo qy:

(4.30.p)
1 pe(mPn®4+m? + (o + 1))+ pm(n®+1)+«n

G J/prmny/pe(mn— o)+ pn+ (km+ 1)(2+ 1)

1Remembetthat o) < 0.
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If » = 0 andeitherp or « is assumednfinite, all expressions
(4.3Q p)—(4.3Qyp) canbebroughtinto theform

1 1
—=—"k+tk
Op Opi

wherek; < 1 andk, > 0. It canbe seenthatk; ~ 1 for
small componenspreadsthereforenon-idealamplifier port
impedancesiormally deceasethe pole quality factorg,. On
theotherhand,anamplifierphasdagincreaseshepolequality
factor This behaiour hasalsobeenobsenedin Gm—Cfilters
[Hung97.

Parasitic zeros

Thereis a non-idealeffect which affectsfilter performance
morethanthe predictableandthereforecompensatablpole
shifts,namelythe parasiticzeroor zeroscausedy afinite p.

(4.3 ppp1)

1 — 1
(@7,0) = ( RCCZ 1 (:]Oirz) , \/—p (m—l— ;) oumn) :
(4.31pBP2)

Wz

1 1
~ RCmn+2—pam’

The effectson thefilter transferfunctiondiffer:

Low-passfilter (LP). The comple pair of zeroscauseghe
transferfunction (TF) to becomeconstantfor frequencies
abore w,, and the minimum stopbandattenuationAgiop,
with respectto the passbandattenuationApass becomes
Astop/ Apass~ —pay /N (for k > 1/m). Sincea, andn are
normally on the orderof unity, this meansthat p = R;3/R,
mustbelargerthantherequiredstopbandattenuation.

For a givenpolefrequeng, the productRC mustbe constant.
Making Ria = R/n larger (for the samen) thereforemeans
makingC smaller The ultimatelimit is Cm = C,, but this
limit shouldnot be approachedsinceY;, is thenonly arather
non-linearamplifieroutputcapacitance.
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Theresistanceof the low-impedancaerminal therefore im-
posesfundamentalimitations on the filter’s pole frequency
andthe highestachievable frequeng for a given stopband
attenuations

Apass
max(m,1/m)Co - max,1/n)R; - Asop ’

(4.32)

Wpmax ~

which reachesa maximumat m = n = 1. Sincethe capacitors
Y4 andY, mustmatchwell, Y, shouldnot consistof parasitic
capacitancenly, andwpmax shouldthereforenotbeapproached
too closely

Bandpassfilter (BP1). Herethecomple pair of zeroscauses
the TF to rise 20dB per decadeat frequenciesabore w,, until
it flattensout again, at a gain of 1, becausef a third high-
frequeng pole, which was cancelledirom the Taylor series
duringthe simplificationsmadeabove. Sincew,/w; is in the
orderof ./p, thefilter’s gain reachesunity at a frequeny of
aboutpwy. This maywell male the filter uselesdor practical
applications.

Bandpassfilter (BP2). Thesinglezeromakesthe TF constant
for frequenciedelon w,, at a magnitudeof approximately
V2 pm. Hereit is amatterof corvenienceandinterpretatiorto
which level this shouldbe referred,but the samefundamental
frequeng limitationsoccurasin theLP case.

High-passfilter (HP1). In this casethesinglezerochanges
the slopeof the TF from 40dB per decadeto 20dB per
decadefor frequenciesbelonvy w,. Again, the minimum
capacitancdo be usedin the feedbacknetwork and the
filter specificationgmposefrequeng limitations, although
in this casethe dependencef the maximumfrequeng on
the specificationss more complicatedandis bestevaluated
graphicallyor numerically

To clarify the above discussionFig. 4.12 shaws the transfer
functionsof all four filters, wherem=0.6,n =1, «; = —1.6,
x = 30andp = 10,30,100. The magnitudef HP andBP2
have beenmultiplied by 4, anddifferentpole frequencieave
beenchosenpoth for graphicalreasonnly. The effectsof
the parasiticzeroscanbe seenclearlyin all four cases.It is
alsoevidentthatthe LP filter hasby far the highestq;, which
alreadyfollows from (4.28 p)—(4.28p).
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HP
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normalisedfrequeny

TF (magnitude)

TF (magnitude)

=
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~

=
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normalisedfrequeny

Transferfunctions(TF) of the LP, BP1,BP2 and HP filters.
The dashedines indicate the different wy,; .

Practical example

As anexample,considera Sallen-and-kgy low-passfilter bi-
quadwith f, = 16.58MHz, q, = 4, anda stopbandttenuation
of atleast30dB.?

A single-endedCMOS classAB second-generatioourrent
corveyor (CCII) is usedascurrentamplifier. It is similarto the
balancedCClI presentedn [Schmid91, whichis thebalanced
variantof the CCIl shavn in Fig. 2.10. Simulationsshow that
the currentinput of the CCIl hasa resistancen the orderof
1002, dependingn the biascurrent,while the currentoutput
hasa capacitancef C, =~ 0.05pF.

The choiceof “optimum” valuesof m, n ande, really de-
pendson which sensitvity criterion shouldbe optimised(c.f.
Sec.4.3). Herewe choosereasonableraluesaccordingto
thecriteriagivenin Section4.4.2without further explanation:
neglectingthe passbandttenuatior( Ayass~ 0dB), andassum-
ing max(n,1/m)~ 2 andmaxn,1/n) ~ 1.25,it follows that
the input resistanceof the CCIl mustbe R = 240Q2. Then

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

Simulatedw, and gy, of the LP transferfunction.

C =max(m,1/m)C, = 1pF, and R = 9.6k<2 from (4.28 p).
The CCll usedfor the simulationshasa gain of oy = —1.57.If
n = 1is chosenassuggestedh the previoussection,it follows
thatm = 0.6. However, if thefilter is built usingthesevalues,
the actualpole frequeng andpole quality factorwill deviate
from theideal. Sincethe CCIl hasa phaselag of 7 degrees
at 16.58MHz, the equationg4.29p) and (4.3Qp) predict

fo = 13.6MHz andqg, = 3.1. This correspondsvell to the
simulatedf, = 13.6MHz and(, = 3.0.

The pole frequeny canbe correctedoy making R smaller
eitherin two or threeiterative stepsor by replacingp by R/R,
in (4.29 p) andsolvingfor R. Thisresultsin R = 7.85k<2 (and
thereforep = 32.7). Dueto othernon-idealeffects,the pole
frequeny f, = 16.2MHz is still slightly low, but closeenough
suchthata new valuefor 1/R canbe linearly extrapolatec?
resultingin R = 7.58k2 andafilter having thecorrect fp,.

The problemof the low g, remains.A similar procedurecan
now beappliedto (4.29 p), solvingfor anew valueof n = 0.9.
Now the simulatedfilter hasa g, = 3.9, but f, hasnot been
changedsincethe two areorthogonalto eachother Linear
extrapolationsuggestsisingn = 0.89,which givesthe correct

Jp-

Table 4.3 shavs the ideal valuesof f, andq, andthe sim-
ulatedvalueswith ideal componentg“simulated”) andwith
componentgalculatedusingequationg4.29 p) and(4.3Q.p)
(“corrected”). The valuesafter linear interpolationare not
shawn, sincethey differ from the ideal valuesby lessthan
0.2%. The stopbandattenuatiorof thefilter reachests maxi-
mumof 35dB atabout400MHz, whichis betterthanexpected.
Thereasorfor this unexpectedmprovements thatthe gain of
the CCll hasalreadydecreasetly 7 dB atthis frequeng.

3Note that f, is a linear function of 1/R, not R.
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This exampleshaws thatthe equationg4.29 p) and(4.3Q.p)
themseles provide a very good meansof designinga filter,
evenif only R, C, andthephasedag at f, of theamplifierare
known, andno accuratesimulationsof the wholefilter canbe
made.Non-idealitiesof the CCIl otherthaninput resistance,
output capacitanceand phaselag, e.g. attenuatiomat high
frequencie®r parasiticpolesandzerosin theimpedances;an
alsobe accountedor if thewholefilter canbe simulatedand
oneadditionalinterpolationstepis made.
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Appendix
1 1 m’n?+m?+ (o +2))
4.2 i,—) = , ,
(4.28p1) (a)p pi) <\/§ RC ﬁmn
V2 mn(e +2)+mP+1
4.2 , :
(4.28p2) (RC o
1 m?n?(gy+1)+m?+1
(4.28) <RC’ mn ) '
(4.2%) % _ o
IR W pe(mn—Lga) + pn+ Lem+ )2+ 1)+ £
oKMN + ’”2”2
(4.2%e2) pk (MmN —pm2n2e) + (pn 4+ n2) (M2 + 1)+ kmn2 ’
(4.294) e
P pk (MmN —pm2n2q,) + (on +n2)(M2 4 1)+ xmn2 ’
(4.30Qsp1)
1 pk (M?n? +m? + () + 2))+ pm(n? 4+ 1) +«n

Op /men\/pK(Zmn —¢a)+2pn+km(n24 1)+ £ 4 (n24-1) ,

ok (MPN?(a + 2) + m? 4 1) 4+ 2pomn? 4+ kn(m?n? + m? 4+ 1)+ mn3

(4.3Qsp2)

(4.304p)

V2o Fn)emny/ pic(mn — paym2n2) + pn(m2 + 1)+ n2(m2 4 xm+1) ’
ok (MPn?(ay + 1)+ m? 4 1)+ pmn? 4+ kn(m? + 1)

J/prmny/ pic(Mn — oy m2n2) + pn(M2 + 1)+ kmn? + n2(m2 + 1)



88 Chapter 4. Single-amplifier biquadratic filters (SABs)

4.5 Conclusion
More theory is The precedingsectionsestablishthe main points of theory
not necessary thatarenecessaryo designactive-RCSABSs. In our opinion,

the above theoryis sufficient, sincean actualdesignwill be
carriedout in simulation—re-desigeycles anyway after an
initial calculation. It is mainly the qualitatve aspectghat
shouldbe keptin mind whendesignindfilters like the onesin
thefollowing Partll.
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Chapter5

Second-order
MOSFET-Cnetworks

What every organisation needs
is one damn fool
who doesn’t know what you can’t do.

(Sir Robert Watson-Watt)

Themainpointsof this Chapterareto shov whathappensvhen
the MOSFETC techniquds appliedto single-amplifietbiqua-
dratic filters (SABs), andto give a few designguidelines. A
brief introduction explains where this idea comesfrom; it is
followed by a sectionon transistormodelswhereit is shovn
thatbulk-referencedransistomodelswould be neededo sim-
ulate MOSFETC filters properly andthatthe uncorventional
operatingconditionsof MOSFETresistorsshouldbetakeninto
accountwhenthe modelparameterareextracted.

It is thenshavn how the analogueggroundshouldbe chosenn
second-ordeMOSFETC networks in orderto minimise the
totalharmonicdistortion(THD). Thenext sectiondiscussethe
possibility of controllingthe MOSFETresistorswith avoltage
generatedby achagepump,andit is shavn how themaximum
signalswingshouldbesetto minimisethesignal-to-noiseatio.
Finally, variousinfluenceson the THD arediscussedandthe
possibility of building MOSFETonly filters is briefly looked
at. An appendedectiondiscussesariouswaysto measureand
simulateharmonicdistortion.
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Background

Since tuning the pole frequency of an SAB requires adjust-
ing the values of passive components, | had to stumble
over MOSFET resistors sooner or later. The way it hap-
pened was that | bought [Tsividisg3] on the recommen-
dation of a friend. | immediately saw that MOSFET
resistors would enable me to integrate SABs. The other
possibilities would have been to tune the filter in steps

by switching capacitors on and off, or by using variable
capacitors, but both possibilities never appealed to me,
because both were far less straightforward than the MOS-
FET-C technique. So the main reasons why | concen-

trated on MOSFET-C filters was their simplicity and

intellectual beauty.

| was very lucky that | had not found [Czamul88] before
my first chip was already made, because there it is stated
explicitly that Sallen-and-Key filters should not be built
as MOSFET-C filters because they cause too much har-
monic distortion. | think that this would have discouraged
me, because back then | would certainly not have seen the
qualitative difference between building the audio-frequency
100 dB-SEDR from [Czamul88] and my video-frequency,
sodB-SFDR filters that | explain below.

During my research, | found that the harmonic distortion
in my filters was quite high [Schmidggb, Schmidood].
When | read [Duistersg8], however, | immediately saw
that the THD of my filters would improve very much if
| used a charge pump to generate the control voltage of

the MOSEET resistors. | built such filters on my second
chip, and published one in [Schmidooe].

Introduction to MOSFET-C filters

The conceptof MOSFETC filters wasfirst introducedin
1983 [Banu83 to make the integration of actve-RCfilters
on integratedcircuits possible.The problemwith integrating
the conventionalactive-RCintegratoris thatits time constant
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—Vip o

Banu-Tsividisintegrator Figure 5.1

dependson the valuesof passie elementsonly. In orderto
adjustthe time constantof suchan integrator one needsto
adjustthevaluesof the passve components.

The solutionproposedoy BanuandTsividis in [Banu83]is to Replaceresistors
replacetheresistorsn the active-RCintegratorby MOSFETSs by MOSFETSs
operatingin the linear region, asshown in Fig. 5.1. This
introducesharmonicdistortion, but sincethe distortionis

mainly of secondordet it canbe cancelledcompletely(in

theory)by usinga balancedlesignlike theonein Fig. 5.1.

Onedisadwantageof this structureis that a balanced-output Other ways to build
opamphasto be used.lt is alsopossibleto build MOSFET-C MOSFEFC
integratorswith conventional(single-outputppampsf aMOS Integrators
resistve network comprisingfour matchedransistords used

[Czarnul86, but the disadwantageof this techniqueis that

two differentgate control voltagesarethennecessaryNon-

linearity cancellationcanalsobe achieved usingtechniques

thatareslightly differentfrom the oneportrayedn Fig.5.1;a

goodoverview canbefoundin [Tsividis8§.

The harmonicdistortion that remainsat the output of a Mathematicalanalysis
MOSFET-C integrator hasbeenmeticulouslycalculatedin is very difficult
[Banu84. However, evenfor this simplecasethe calculations

are very tediousand canonly be carriedout with several

simplifications. We madeseveral attemptsto do a similar

calculationfor higherorderMOSFETC networks, but always

failedbecausehe equationdecamevery comple.

Fortunately sucha detailedanalysisis not really neededor Clipping is more
the designof video-frequeng MOSFET-C filters. If the prominentthan
designtarget is a total harmonicdistortion (THD) between soft distortion
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—40 and —50dB, thenthe calculationsand commentamade
in [Czarnul88 Banu84 arenotreally relevant, becausehere
only the curvatureof the MOSFET resistorcharacteristias
consideredwhereaghe main contritution to a THD of that
magnitudecomesfrom signalclipping.

Thuswe will restrictall mathematicatliscussionso evaluating
the effect of clipping andgive a moredetailedaccountof what
happensn a second-ordeMOSFETC network by presenting
simulationresults. We will first do this for a conventional
biquadraticMOSFETC filter, andthenwe will discusswhat
changesf the gatecontrolvoltageis generatedisinga chage
pump. We will thenbriefly discusgthe possibility of building
MOSFETonlyfilters,i.e.,toimplementour MOSFETCfilters
on silicon processeshatdo not provide poly-poly capacitors.
But first we will discussa few importantaspectof transistor
models parametersandthe simulationof MOSFETC filters.

A note on transistor models

Thetransistomodelsthatwe usedfor designingpurMOSFE T
C filters werefar from ideal for the task. The problemwith
todays CMOS transistormodelsis that both the model
equationsandthe modelparametersnustbe suitablefor the
simulationof thecircuit athand.

This can be shavn very easily for the model equations.
Two transistormodelsare suppliedwith the AMS 0.64um
processwve used,the SpectreLevel 53 model,which is the
BSIM 3v3V.1 model,andthe Spectrelevel 15 model,which
Is AMS’s own transistormodel. Both modelsare source-
referencedwhich meanghatall terminalvoltagesarereferred
to thesourceterminal. Thisis notreally suitablefor modelling
MOSFETresistorssinceif the currentthroughthe transistor
changests direction,thensourceanddrain are exchanged,
anddiscontinuitiesmay result. For example,Fig. 5.2 shavs
simulationsmadewith bothmodelsof annMOS resistorof the
sizel2 x 6.9 um, which correspondso the serialconnection
of bothnMOS resistoran the chage-pumpcontrolledbiquad
describedin Sec.7.4.2. Oneterminal was connectedo
analogueground,Vs = 0V, andthe voltageVp of the other
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Comparisonof the Specte Level 15 model(solid lines) and Figure 5.2
the Level 53 model(dashedines).
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terminalwasvaried.Fig. 5.2 containsplots of thedraincurrent
Ip andits first andsecondderiative, for four gatevoltagesin
therangeof 4.0V to 4.6V. Both modelsshaw a discontinuity
in the secondderwvative at Vp = 0, which meanghatthe first
derwvative, the differential resistanceis not smoothin the
operatingpoint of the MOSFETCfilter.

Model parameters It is alsovery importantto have good model parameters.

must be extracted Most CMOS transistormodelsusedtodayhave only very few

}’;}”t:'nitnh(;s application . sical parametersthe majority of parametersire usedfor
fitting curvesto measurementsThis means,amongother
things,thata certainparametesetis not necessarilysuitable
for simulatingMOSFET-C filters if the modeof operationin
which a MOSFETresistorworks (linear, with a high channel-
bulk voltage)wasnot keptin mind by the personor people
who did the parameteextraction. Becausenly a very small
numberof foundry customergdo at presentuse MOSFET
resistorspnecansafelyassumehat modellingthe operation
of MOSFETTresistorshadlow priority for the modellers.We
do not know this for certain,but measurementsf the test
structure$ shaved a mediocrequantitatve agreementith the
models.We alsonever managedo build a MOSFETC filter
thathada pole frequeng in the rangewhereit shouldhave
beenaccordingto the simulations.

Using MOSFET-C in  If MOSFETC filters areto be built for certainapplications,

industrial applications it js very importantto usebulk-referencednodelssuchasthe
EKV model[Enz95 Bucher96b Bucher96§ andto make
surethatthe parametersaresuitablefor modellingMOSFET
resistor If they arenot, a specialiseccompaly shouldbe
hired to do the parameteextraction. Otherwise at leastone
design—abrication—re-desigaycle will be necessary

Qualitatively, In spiteof all theseproblemsa combinationof measurements,
simulationsand simulationsand calculationscanstill give valuableinsights
gqgerzzlxglrlnems into MOSFET-C filters. Onereasorfor thisis thatwhile the

modelsdo not give quantitatvely exactresults,they at least
give resultsthat agreequalitatvely with the measurements.
For example,Fig. 5.3 shavs a comparisorof measurednd
simulatedharmonicdistortion curves of the chage-pumped

Tutorial given by Daniel Foty from GilgameshAssociatesat the
ISCAS 2000in Geneva.
2Thesemeasurementsrere madeby Dr. Wiadystav Grabiski.
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_90 L

-100

-110
lin x 10"
Total harmonicdistortion of a charge-pumpediquadyvs.

input current for charge-pumpsupplyvoltagesrangingfrom
2.7V (left) to 3.3V (right) in stepsof 0.05V. Thesolid

curvesare measuementsthe dashedcurvesare simulations.

biquaddiscussedaterin this sectionandin Sec.7.4.2;other
comparisonshav a similarly goodqualitatve match.

Second-order MOSFET-C networks

The possibility of implementingsingle-amplifierbiquadratic
filters asMOSFET-C filters wasalreadybriefly mentionedn
1988[Czarnul88, whereit wasalso statedthat the method
givestoomuchharmoniadistortionwhenit is appliedto Sallen-
and-Key filters. As explainedabove, [Czarnul88§ neglects
clipping, which playsa little role in audio-frequeng highly
linearfilters, but is the main sourceof harmonicdistortionin
MOSFETC video-frequeng filters. We will thereforefirst
look at clipping-inducecharmonicdistortionoccurringin the
Sallen-and-ky filter shawvnin Fig. 5.4.

Theharmonicdistortionshavn in Fig. 5.3is mainly causedy
signalclipping. Thetransitionfrom regionsof low distortion
to regionsof high distortionis comparatrely steep.Therefore,
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CCCS TR13 TR
gain o 1 Rr23 1T Rr21 ¢

Figure 5.4

Table 5.1

Sallen-and-ly filter built asa MOSFETFC filter with a
currentamplifier (CCCYS).

nMOS pMOS
Vo 0.85 —0.92/-0.8% [V]
pn-Cox 120 40 [WA/V?]
% 0.8 0.5 [VV]
bo 0.94 0.91 [V]
Un.p 2.35 1.30

Typical thresholdvoltages, transconductancparametes,
bodyfactors, characteristic potentialsand noisecorrection
factors (c.f. Sec.6.3.2) of the AMS0.6p,um CMOSprocess
(tfirst chip, *secondchip).

as a first approximation,one cansay that the limit on the
possibleinput currentis the point whereeitherthe output
transistorof the currentamplifier leave the saturatiorregion
or wherethe MOSFET resistordeave the linearregion. This
hasimplicationson wherethe analoguegroundof the SAB
shouldbechosen.
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Choosing analogue ground

Thiswill now beshavn usingthebiquaddescribedn Sec.7.3.3
asanexample. Tah 5.1 shaws the parameteref the 0.6 um
CMOS processby Austria Mikro Systeme. Note that the
foundrychangedhe Vg of thepMOS transistorgrom —0.92V
to —0.85V betweerthefabricationof ourfirst andsecondhip.

Two differenteffects canleadto signalclipping. First, if

ary terminalvoltageof a MOSFET resistorgoestoo closeto
the gate,thenthe MOSFET saturates.Second|f the output
terminalvoltageof thecurrentamplifiergoestoo closeto either
rail, thentherespectre cascoddransistoleavesthe saturation
region, andthe currentamplifier outputresistancelrops.Since
theclipping is similarly hardin bothdirections,it makessense
to choosehe analoguesignalgroundvoltageV, in themiddle
betweenthe pinch-of voltageof the MOSFET resistorsand
the voltagewhereall cascoddransistorsare just saturated.
Accordingto [Tsividis9q], the pinch-of voltagebecomes

Ve — Vio . y
51) Vp= <"1  with my=14—"Ff—,
-1 Ve Mo 0 2/Va+ %o

whereV is the gatecontrol voltageof the MOSFETresistors,
andmg is a body effect parametelc.f. Tah 5.1 for the other
parameters)Notethatall voltagesarerelatedto the MOSFET
resistors bulk, i.e.to Vyq for apMOS andto Vgsfor annMOS
resistor

In our design,we choseV, = 1.65V, i.e. the middle between
therails, and V¢ = 3.3V. ThereforeVp = 2.06V for pMOS
resistorsand Vp = 1.96V for nMOS resistors. ThuspMOS
resistorsare preferred,becausehey offer a highervoltage
swing and thereforea better SFDR. The resistanceof a
MOSFETresistoris [Tsividis9g

W 1
(5.2) Romos ~ <T,chox (Vc — Vro— mOVA)> :

At low frequenciesthe capacitorsn Fig. 5.4 arenot effective,
andR 11 andR 12 actasonesingle pMOS resistorof size
44 x 4.3 pm. Thus Romos = 5.17KS2 in our example. The
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maximumpossiblevoltageswing beforepinch-of occursis
(5-3) Vmax = VP - VA )

making Vimax = 0.41V. Finally, the maximumsignalcurrent
which canflow throughthe MOSFETresistorgs the saturation
currentof the pMOS resistor

W
(5.4) Imax = lsat= T/LCOX (Ve — Vro—moVa)? ,

andthereforel max = 91pA.

It caneasilybe seenthatthe choiceVy = 1.65V is not very
good, sincethe voltagecan only swing by Vpmax = 0.42V
towardsthe negative rail but by a full thresholdvoltage
V1ol = 0.92V towardsthe positive rail, with M 63’s cascode
(c.f. M 3in Fig. 5.5) still beingsaturatedAs discusse@bove,
Va shouldbe setbetweenVe andVpin,

_ VP + Vmin

(5.5) Va .

If the cascodesrebiasedby the mid-rail voltage,Vyq/2, then
Vmin = Vad/2 — | V1ol = 0.73V. Inserting(5.5) into (5.1) results
in

Vimin _ (Vc — V10) v/ Va + o
2 y+2Va+do

whosesymbolic solution doesnot provide much insight.
Solvingit numericallyfor the procesparameters Table5.1
(first chip) resultsin VA = 1.39V, whichis 0.26V closerto
Vy4q thanthelocal analoguegroundwe choseon our chip. It
canbe seenfrom (5.2) that moving the analoguegroundto
VA = 1.39V reduceghe sheetresistancdoy a factorof 1.61.
Thus, for maintainingthe sameresistancethe width of the
MOSFETresistoranustbe reducedrom 44pm to 27.3um.
Thenthe new saturationcurrentcanbe calculatedasbefore
using(5.4),resultingin I = 147pA. Thereforemoving the
analoguggroundby 0.26V towardsthe positive rail increases
themaximumallowablecurrentby 4.2dB.

(5.6) Va—

Note that choosingthe optimum V, for pMOS resistors
increaseshe voltagemaigin availablefor operatingM 11. On
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the otherhand,moving the analoguesignalgroundtowards
the negative rail, aswould be necessaryith nMOS resistors,
would make M 11 almostinoperable.nMOS resistorscould
thereforeonly be usedif nMOS insteadof pMOS transistors
wereusedin thevoltagebuffer. Thisis, however, notadvisable
in ann-well processsuchasthe oneusedin this thesis,and
evenin a p-well processit would meanthatthe actualcurrent
mirroring would have to be performedby pMOS transistors,
decreasinghe speedf the currentamplifier.

Charge-pumped MOSFET-C filters

In a chage-pumpedVMOSFET-C filter, suchasthe onein
Sec.7.4.2,thingsaredifferent,sincethe gatecontrolvoltageof
the MOSFETresistorswill normally lie far enoughabove the
positve rail sothatthe MOSFET resistormever saturatgnote
thatthis time only nMOS resistorscanbe used,sincea chage
pump cannotgeneratevoltagesbelov Vsg). The maximum
currentat which signal clipping occursis thendetermined
only by the outputstageof the currentamplifier. In this case,
the analoguegroundcan normally be chosenin the middle
betweertherails. An importantquestionis thenhow largethe
possiblevoltageswing at the outputof the currentamplifier
shouldbe chosenn orderto maximisethe SFDRof thefilter.
Surprisingly the resultis barelytechnology-dependerdaswe
will now show.

Choosing the signal swing

The outputtransistorof our currentamplifier M 61 andM 63,
arecascoddransistorasvhosegatesare connectedo mid-rail
(seeFig.5.5). Ontheseconcthip, Vron = Vrop = V7o = 0.85V.
Thusthe maximumsignalswing suchthatthe signalat Z is
not clippedbecomestVyy. The voltagemagin availableto
accommodatehe saturationvoltage Vysat Of both transistors
in, e.9.,M 63 is Vy4/2 — V1o = 0.8V for Vygq = 3.3V and
V1o = 0.85V.
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11

Compositeransistos usedin the currentamplifier

Moving the biasvoltagecloserto the rails by a voltage AV
increaseshevoltageswingto +(Vyo+ AV) anddecreasethe
voltagemagin within thecascode$o Vi, = Vyg/2— Vro— AV.
If the distribution of the voltagemamgin betweenthe main
transistorandthe cascoddransistoremainsghe same Vysamain
decreaseby afactorof

Vdd/2 — V1o

57 = .
57 Vad/2— V10— AV

To achieve this, both transistorsare madewider by a factor
of k2. However, the speedof the CCCSdependsn the ratio
Om/Cgs=C- Vgsa/ L? of the main transistorswherec is a
design-independemuantity To maintainthe samespeedwe
needto scalethe lengthof themaintransistotby 1/+/k andits
draincurrentlp by k. It thenfollows from gm = 21p/ Vysat
that g, becomesk®? timeslarger Finally, the RMS of the
noisecurrentis proportionalto ,/gn andincrease$y afactor
of k¥4,

Thiscannow becomparedo theincreaseof thevoltageswing,

AV + Vo

5.8 k'
8) Vo

The SNRis scaledby k'/ k%4, TheoptimumAYV is:

d kK 2
=0 = AV ==-Vy— V0.

(5-9) dAV k¥4 7
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Self-oscillatingtwo-staye charge pump. (Theinverters are Figure 5.6
connectedetweenVj, and Vsgs.)

Cs

In our example, AV = 0.09V, which is not quite the bias
voltagewe usedin our currentamplifier However, anumerical
evaluationshowvs thatonly 0.1dB of SNRis lostby connecting
the gatesof the cascoddransistorgo analogueground,which
by no meangustifiesusinga biasvoltagegeneratar

Finally, notethatthe sameresultis alsovalid if Viron # Vrop. ~ When Vyg is different
It is thenonly necessaryo replaceVyg in all formulaeby for nMOS and pMOS
(Vron + Vop)/2 if theanaloguegroundcanbe choserfreely,

or to replaceit by min{Vron, Vrop} if theanaloguegroundmust

bein themiddle betweertherails.

A charge pump for MOSFET-C filters 5.5.2

The chage pumpshavn in Fig. 5.6 combinedeaturesof the Operationprinciple
oneproposediy DuistersandDijkmansin [Duisters98 with

thoseof a five-inverterring oscillator It actuallycomprises

two chage pumps. The main pump,consistingof M 1, M 4,

M5,M 6, C1,andC4, fills thetankcapacitorC 0 with chage,
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magnitude

Designof the
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All NMOSTs 10 x 0.6 um
All pMOSTs 33 x 0.6 um

Ry 4.8k
Cd, Cz, C3 0.5p|:
C, Cy 1pF
Co 20.5pF

Transistordimensionsand componenwalues
in the charge pump.

whereM 5 andM 6 alternatvely conductthe chaging current.
A secondoumpdrivenby thesamenverters consistingof M 2,
M 3, C2,andC 3, setsthe gatevoltageof M 5 andM 6 to 2V,
while they chage C 0. Thusthe outputvoltagebecomes

(5.10) Ve <2Vih— V55,

whereM 5’s thresholdvoltage V15 is comparatrely large
becausef the bulk effect (we areusingan n-well process).
In our example,Vc = 4.6V for Vi, = 3V. Thechage pump
operategroperlyfor Vi, = 1.3...3.3V, resultingin V¢ =
1.5...5.3V.

Thevoltageripple of this chage pumpis smallerthanthatof a
conventionalchage pumpby afactorof gms/dgss ~ 30... 100.
Thevoltageripple of asingle-stagehagepumpis [Duisters9§

1 lout
511 Viiople = =+ —— ,
( ) ripple 2 CO fclk

wherely is the DC currentflowing out of thetankcapacitance
Co and fg is thepump’s clock frequeng. This meanghatif
Viipples lout @and fec arethe same the two-stagechage pump
needsa tank capacitorwhich is 30...100timessmallerthan
the onein a conventionalchage pump. The factthatit still
requires20.5pF of capacitancdéor anacceptablyjow voltage
ripple shavs that one could not actuallyafford the chip area
thata conventionalchage pumpwould require.

We designedthe oscillator with an oscillation frequeny
thatis well beyondthe polefrequeng of thefilter, i.e. around
90MHz. Sincetheinvertersneedto deliveronly smallcurrents,
they canbe built with smalltransistors.Using only inverters
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would resultin anoscillationfrequeng of almostl GHz, thus
two passve one-polelow-passfilters, eachconsistingof one
poly resistorandone poly-poly capacitoy hadto be usedto
slow the oscillatordown to 90MHz. This hasthe additional
adwantagethatit reduceghe temperaturelependencef fqy.
A transientsimulationusingworst-casgrocesgparameters
andtemperatureshonvedthatthe oscillationfrequeng canbe
expectedto be between/fOMHz and115MHz, with atypical
valueof 93MHz anda chage-pumpoutputvoltageripple of
4mV. The measuredscillationfrequeny wasthenbetween
62MHz and71MHz for a chage-pumpsupplyvoltagegoing
from 2.7V to 3.3V. This variationis uncritical, sincethe
exactoscillationfrequeng is irrelevantaslong asthe clock
feed-throughs not too strong. Table5.2 shavs the transistor
dimensionsand componentaluesusedin the chage pump.
Thelayoutof this chage pumpandfurthermeasurementsill
bediscussedn Sec.7.4.2.

Clock feed-through

The main problemwith usinga chaige pumpto generatea
highercontrolvoltageis thatclock feed-througloccurs.There
aretwo pathsthroughwhich the clock hasaninfluenceon the
filter outputcurrent:oneis via aripple on the control voltage,
andthe otheris throughelectro-magneticouplingandthrough
Substratenoise.

The control voltageripple is fed throughto the outputby
two differentmechanismskFirst, it leaksin throughthe gate
capacitancef the MOSFETresistor To keepthis effect small,
the clock frequeng fyx mustbein the stop-bandf thefilter.
For our 24-MHz low-passbiquad,we chose fqx ~ 90MHz.
Simulationsshow thatavoltageripple of 5mV causesnoutput
currentripple of 10nA, independenof the signal. Compared
to the maximumoutputcurrentfor 50dB harmonicdistortion,
30pA, thisis aripple of —70dB, which is neggligible. More
importantthanthelinearclock feed-throughs thatthevoltage
ripple modulatesthe signal. Fig. 5.7 shavs the simulated
spectrumatthefilter outputfor a2-MHz, 101A (atthe output)
signalanda 5-mV, 90-MHz control voltageripple. It canbe
seenthat mixing productsappearat 88MHz andat 92MHz.
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Outputcurrent spectrum(0dB denote0.5nA).

Their magnitudds proportionalto theinput signalmagnitude.
Simulationsshavedthatbothpeakdie 58dB belaw the signal,
giving atotal distortionof —55dB.

Figure5.8 shavs the measureautputspectrunof the chage-
pumpedfilter for Vi, = 3.3V anda stronginput signalat five
differentfrequencies.The spectrahave beenscaledsuchthat
they canbe shovn in one coordinatesystem. The mixing
productsareclearly visible, but they areconsiderablywealer
thanthe feed-througlof the oscillationfrequeng. This excess
feed-throughs, however, notcausedy thefilter, but by avery
badlayoutmistake. The outputlinesof thefilter aredravn on
the metal-3layer on top of the guardring aroundthe chage
pump(seeFig. 5.10). Oneoutputline follows the guardbar
for alengthof 100.um, andbothfollow the supplyrail of the
chage pump straightto the pads. One problemis that this
kind of clock feed-throughcannoteasily be simulated,but

it canbe clearly seenin Fig. 5.9, which shaws threespectra
(notethatthefrequencie®f (a) and(c) areshiftedby +5MHz
and—5MHz to make the peaksvisible). Curve (a) shawvs the
chage-pumpediquadthatis driven by a strong2-MHz input
signal. Curve (b) is the samewith thebiquadswitchedoff. The
two peaksaround70MHz have almostthe sameheight,but the
differenceis probablydueto the differentinput rangeof the
spectrumanalyser Thus,only a very small part of the clock
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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) MOSFEFC network.

feed-througlgoesthroughthefilter. This view is supportedy
curve (c), which shavs a similar measuremenisamechage-
pump,differentinput signal)with the 7th-ordeffilter described
in Sec.7.4.3. Theclock fed throughto the outputof this filter
Is about26dB wealer.

Thuswe canconcludethatMOSFETFC SABsrejectsubstrate
noisewell, certainlywell enoughfor mostapplications;the
power of the clock signalfed throughto the outputof the
7th-orderfilter is smallerthanthe noisepower andscarcely
changeshe SNR of thefilter.

Various influences on the THD

Corventionally the THD of a biquadraticlow-passfilter is
measuredt onefifth of the polefrequeng. Thisis donesuch
thatthe harmonicsup to thefifth arestill in the pass-banaf
thefilter. Simulatingharmonicdistortionis, however, much
fasterusingDC sweepdhantransientanalysesandmeasuring
harmonicdistortionis much fasterusing the power sweep
modeof a network analyserthanusinga spectrumanalyser
We will illustratethis now with somemeasurementandthen
discusst in moredetailin Sec.5.8.



5.6. Various influences on the THD

6 7 8

5
I in [A] x 107

2 3 4

THD for Vi, =2.7... 3.2V (left to right), correspondingo
Ve =3.9...4.8V. Top: Measuedat f,/5 (solid)
and at 100kHz (dashed).Bottom: Measued at f,/5 (solid)

andat f, (dashed).

Frequency dependence of the THD

Fig.5.11shavsharmoniadistortionmeasurementer different
chage-pumpsupply voltages(and thereforegate control
voltages)with signalsat 100kHz, f,/5 and f, (thesevalues
differ for differentcontrol voltages). It canbe seenthatthe
harmonicdistortionis qualitatvely and quantitatvely very
similar at 100kHz andat f,/5, thusthe DC-characteristic
simulationmethodandthe powersweepmeasuremennethod
describedn Sec.5.8 canwell be usedfor gaininginsightinto
MOSFETC filters. Note that harmonicdistortionis much
lower at f,, becausehenthethird harmoniclies in the stop-
bandandis dampedby thefilter, whereaghesignalis gy, times
strongerthanatlow frequencies.

Mismatch-induced distortion

Figure5.12 shaws the rising edgesof the THD curvesfor a
mismatch-fredilter andfor twelve Monte-Carloruns sim-
ulating componentmismatch. The BSIM 3v3 Monte-Carlo
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ln [A] 10"

SimulatedTHD, one mismatt-freefilter and twelve
Monte-Carloruns simulatingmismata.

modelssuppliedby AMS wereusedfor thesesimulationsand
the gate control voltagewas setto 4.6V. The curwe of the
mismatch-fredilter lies in betweenthe othercurves, but all
curvesareclosetogether It is apparenthatmismatch-induced
distortionplaysa minor role. Therearetwo reasondor this.
First, the main limit on the maximumpossibleinput current
Is setthroughthe pointswheresometransistorssaturateor
othersleave thelinearregion. Thesepointsmainly dependon
processvariations;matchingis not really anissue.Secondall
transistorsn thecurrentamplifierarecomparatrely large, thus
thetwo signalpathsin thefilter will matchwell. In low-voltage
video-frequeng filters, thetransistorwill generallyhaveto be
large, so mismatchwill not be a problemwith video-frequeng
MOSFETC SABs.

Distortion caused by cascading biquads

The above simulationswere all madewith ideally loaded
filters. The situationis a little differentwhena biquadis
loadedby anotherbiquadthathasa higherinputresistanceTo
compensatéor the comparatrely high inputimpedancef the
next stage theresistancesf the MOSFETresistorsR 11 and
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Figure 5.13
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2.5 3 35

2
I in [A] x10°

0.5 1 15

SimulatedTHD of the original MOSFEFC SAB(solid), a
MOSFETC SABwithouta C14 and C24 (dashed)and a
MOSFETFC SABwith enlarged C 14 and C 24 (dotted).

R 21 mustbe decreasedn the caseat handtheir width was
increasedrom 12pumto 14pum. Figure5.13shavsboththeDC
characteristicandthe THD curvesof theideally loadedbiquad
(dashedandthe biquadloadedby anothercurrentamplifier.
The maximumallowablecurrentis scarcelydecreasedh this
example,but it is apparenthat, at a certaininput current
(= 65pA), theinput of the secondcurrentamplifier saturates
andintroduceshardclipping. As long asthis hard-clipping
point is above the maximuminput currentsupportedoy the
first stage cascadingiquadshaslittle influenceon the THD
producedby onestage.lt follows thatthe gain of onebiquad
shouldbe aslow aspossiblein orderto make the cascadingf
thebiquadseasier

Distortion caused by amplifier output capaci-
tance

Someharmonicdistortionis also causedby the non-linear
natureof the currentamplifier’s output capacitance.To
illustratethis, Fig. 5.15shovs the THD of the original chage-
pumpedbiquad(solid),the THD of the samecircuit with C 14
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25 3 3.5

2
I in [A] x 107

0.5 1 15

SimulatedTHD of a corventionalMOSFETFC SAB(solid),

of a MOSFETonly SAB(dashed),

and the latter with I;, scaledby 1.5 (dotted).

andC 24 removed(c.f. Fig. 5.4) andthe cascoddransistorsat
the currentamplifier outputmadewider by 75% suchthat f,
andgj of thefilter remainthesame(dashed)andthe THD with
C 14 andC 24 enlagedby 80% andthe cascoddransistors
shrunkto 25% of their original width. Note thatthe latter
possibility is not really feasible;in orderto keepthe main
transistorssaturatedn the simulation,ideal voltagesources
providing a negative voltage offset had to be introduced
betweenthe main transistorsand the cascoddransistors.
Neverthelessjt appearghatthereis little differencein the
harmonicdistortionbehaiour of thethreefilters.

MOSFET-only filters

All the poly-poly capacitoran a MOSFETC SAB canbe
replacedoy pMOS gatecapacitors.Theresultingfilter is then
compatiblewith standardigital CMOS processessinceonly
onepoly-siliconlayeris neededThebalancedorm of thefilter
alsocompensatepart of the non-linearityof the non-linear
gate capacitors.Fig. 5.15 shaws the simulatedTHD of the
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chage-pumpediquadandof the samefilter with MOSFETs
connectedasgate capacitoransteadof poly-poly capacitors.
The capacitorblock becomesonly slightly larger (by about
25%). Themaximumpossiblenput currentis reducedo 65%
by the corversionto a MOSFETFonly filter, which is a loss
of only 4dB. Therefore,single-amplifierbiquadraticfilters
canalsobe usedon standardligital processewvith only small
performancdosses.

Simulation and measurement
of harmonic distortion

The main problemwith the simulationandthe measurement
of harmonicdistortion is that both are tediousand time
consumingthe simulationeven morethanthe measurements.
The normalprocedureto simulateharmonicdistortionis the
transientmethod whichis to feeda signalwith onefrequeng
componenandonemagnitudanto thecircuit andthenmake a
spectrumanalysisof the output. Thus,onetransientsimulation
thatrunslong enoughfor the circuit to reachits periodicstate
IS neededor everyfrequeng-magnitudepair of interest.The
long simulationtimesmalke it virtually impossibleto usethe
transientmethodasan optimisationtool. In this section,we
will first discusshreedifferentwaysof simulatingharmonic
distortionandthenshov how thesealternatve wayscanalso
be usedfor measurements.

Harmonic distortion
derived from DC characteristics

Figure5.16shavs aninput signalthatis fed througha system
with a non-lineartransfercharacteristiqy = €* in this case)
andthus becomesarmonicallydistorted. Oneway to use
this view for simulatingthe harmonicdistortionof a circuit

is very straightforvard: First, usea circuit simulator(e.g.,
Spectre)o derive the DC transfercharacteristiof the circuit
in question. Thenusea mathematicatool (e.g.,Matlab) to
make the mappingshavn in Fig. 5.16for signalsof different
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Distortion of a signal by a non-lineartransfercharacteristic. Figure 5.16

magnitudesandcalculatethe harmonicdistortionby doing a
discreteFourier transform(DFT, e.g.implementedasa fast
Fouriertransform FFT) for oneperiod.

We have usedthis methodfor several of the simulationsin Discussionof the
the previous sections.It hasthe advantagethatthe influence DC-DFT method
of a circuit-parametechangecanbe simulatedvery quickly,

but it hasthe disadwantagethatthe frequengy dependencef

the harmonicdistortiongetslost. For thesereasonsye had

to usethe transientmethodto getthe curvesin Figs.5.14

and5.15. We have pointedout, andwill demonstrated again

in Sec.5.8.2,thatthis DC-DFT methods well suitedto obtain

gualitatve results,althoughit doesnot necessarilypredict

the absolutevalue of the THD correctly Onedisadwantage

of this methodis still thatdatahasto be transferredbetween

two independentomputertools. This makes,for example,
Monte-Carloanalysisquitetedious.

If oneis only interestedn the harmonicdistortionat a few Esple/: polynomial
magnitudepoints, Esple/’'s methodcan be used,which we approximation
namedafter D. C. Espley who introducedit in 1933asa



116

Using Esple in
IC-designtools

Using Espley for
symbolic calculations

Chapter 5. Second-order MOSFET-C networks

methodto calculatesecond-ordeandhigherorderharmonic
distortionfrom transfercharacteristicplottedin datasheets.
Severalmethodgo do this wereusedin Esplg/’s time, but his
methodhasthe advantagethatit workswith anodd numbem
of equidistantpointson the DC characteristic.For example,
if n = 3, thenthe pointsys, y3, andy; in Fig. 5.16areused.
Espley shavedthatthe second-ordedistortionthenbecomes

_Y5—2y3+ W
2(Ys — Y1)

He describedEqg. (5.12) as a “well-known expression”

in [Espley33]. However, sinceonly H, canbe expressed
with n = 3, Espley extendedthisideafor oddn < 7. In order
to calculateHs, usingn = 5 equidistanpointsis sufficient:

(5.12) H, ~

3 y5—2
Hy~ — > Ys —2Yst+ V1

Ays+Ys—Yo—VY1 '
ly-—2 2Vo —

(5.13) Hgm__YS Ya+ 2Y2 Y1.

2 Ys+Ya—Yo— V1

H,4 couldbe calculatedaswell, but it is normallynotrelevant.

The greatadvantageof Esple/’s methodis thattheserational
expressionganbeevaluatedby the circuit simulatoritself. For
example,usingCadencdC designtoolsandthe Spectrecircuit
simulator the expressiondor H, and Hz canbe programmed
for differentsignal magnitudesas outputvalues,andthen

a Monte-Carlosimulationcan be evaluateddirectly using
the Monte-Carlodataanalysistools built into Cadence.The
disadwantageof this methodis, however, thatit givesonly H,
and Hj at severalindividual signalmagnitudesThe DC-DFT
method,on the otherhand,givesthe total harmonicdistortion
for so large a numberof input magnitudesasto make the
resultingcurveslook continuous.Sowe usedEsplg/’s method
only in thedesignprocesgi.e., for “playing” with parameters),
but the DC-DFT methodto generatehe plots shovn in this
thesis.

Interestingly Esple/’s methodhasanotherhugeadwantage:it
canalsobe usedfor symboliccalculationsasit hasrecently
beendonein [Bruun98 Bruun99 to determineanalytical
expressiondor mismatch-inducedharmonicdistortionin
currentmirrors.
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Comparison of the methods

In this section we compareheresultsobtainedoy thedifferent
simulationmethodswith measurementgndwe alsoexamine
the simplestof symbolicmethodsthe calculationof Taylor
seriescoeficients, which is the mostwidely usedsymbolic
distortionanalysismethodbecausef its mathematicakim-
plicity. The Taylor methodis to do a Taylor seriesexpansion
of theDC transfercharacteristioy = f (x) aroundthe operating
point[Sansen9p which canalwaysbe shiftedto the origin by
alinear coordinateransformation.f the operatingpointis at
x =0,

1 d"
5.14) y = arX+ax?+..., == f(x
(5.14) y=ap+as X +a X+ = oon ()X:0

Substitutinga harmonicinput signal x = X cosgt) into
(5.14) resultsin a seriesin termsof cos'(wt). This must
be transformednto a seriesin termsof coskwt), sincethe
kih-order harmonicdistortion Hy is definedasthe ratio of
the coeficient of cogkwt) andthe coeficient of coqwt).
This transformationis not trivial; if k is odd (even), every
odd-(even-)ordertermcos'(wt) with n > k contributesto the
coeficient of coskwt). To avoid the resultinginfinite sums,
it is normally assumedhat the signalsare sufficiently small
suchthatall contributionsbut the onemadeby cog'(wt) with
n = k canactuallybe neglected.This leadsto the well-known
formulaefor the second-andthird-orderharmonicdistortion
[Sansen9p

5.15 Ho~ - — X, Hy;~ - — X“.
( ) 2 2&1 3 43.1

In mary casesthe Taylor methodis too inaccuratebecause
of two main problems. First, the assumptiormadeabove is
only valid for sufficiently smallsignals.Onthe onehand,there
is no way of telling what“sufficiently small” meansshortof
comparingthe Taylor analysisresultsto the resultsobtained
througha different,moreaccuratanethod.On the otherhand,
mary video-frequenyg circuits areoperatedvith input signal
magnitudesvhich aredefinitelynotsufiiciently smallanymore.
Secondthe Taylor methodis strictly local, it canonly include
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effectswhich are presentat the operatingpoint (OP), but not
effectsthatonly seton if the input signalmovesaway from
the OP,suchas,e.g.,clipping or othertypesof harddistortion
[Sansen9p

Figure5.17shavs H, and Hs for the DC characteristio/ = €,
which describesanideal bipolar transistor Esple/’s method
with n = 5 andthe DFT methodgive very similar resultseven
for very high distortionlevels, while Esple/’s methodwith

n = 3 andthe Taylor methodare similarly far off the mark.
It canbe shown thatthe resultsare even betterfor the ideal
MOSFETtransfercharacteristicy = In?(1+ ).

Idealclipping is illustratedin Fig. 5.18. Theinlay shaws the
transfercharacteristi¢the dashedinesindicatethe operating
point), andthe maingraphshavs H, and H3 calculatedusing
the DFT methodand Esplg/’s methodwith n = 5. Onthe
Espley curve, nothing happensuntil ys is clipped,andthen
both H, and H; increaseaapidly. Note thata discontinuityis
visible on the Hz curve at the input magnitude300, which is
wherey, saturatesaswell. As discussedbore, it becomes
apparenfrom (5.14)that the Taylor methodfails. Because
a, =0foralln=0...00, it is predictingno distortionatall.

To demonstraténow well Esplg/’s methodperformsevenin
extremecasesFig. 5.19shavs thesameasFig. 5.18for aDC
characteristiconsistingof randomsteps generatedn Matlab
usingy = full (cunmsun{sprand(1001,1,0.1))).

Figure5.20presentshe harmonicdistortionof the currentam-
plifier with adjustablegain from [Schmid994& (c.f. Sec.7.3.4),
whosedistortionis comparatrely soft. Note thatthe Espley
andDFT curwesagreevery well with measurementsade
usinglow-frequeny (50-kHz) signals. The curve obtained
throughtransientsimulationshasbeenomitted, sinceit just
coincideswith the othercurwes. As lastexample,illustrating
harddistortion,Fig. 5.21 shavs the harmonicdistortionof the
MOSFETC filter from [Schmid99 (c.f. Sec.7.3.3). Here
DFT andEspley disagreeslightly, becauseasin Fig. 5.18,the
Espley curve shaws a kink which is not really there. Never-
thelesspoth curvesagreevery well with transientsimulations
madefor a few input signalmagnitudesisinglow-frequeny
(50-kHz)signals(marked by x). Themeasuredurve (marked
by o) disagreesonsiderablywith the othercurvesin this case.
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H, and Hs causedby the exponentialDC characteristic
fromFig. 5.16.

This doesnot matterfor our discussionhowever, sincethe
disagreemenis causedby effectswhich are not modelled
properlyby the particularBSIM 3v3 transistormodelwe used.
Thesameerrorthereforeoccursfor any possiblemethodbased
onsimulateddata.

Measurement method

Finally, atransfercharacteristic-basadethodcanalsobeused
to make harmonicdistortionmeasurementsl henthe transfer
characteristiés measuredisingthe power-sweepfunction of
the network analyserandprocessed a mathematicatool as
if it wasa DC characteristic We usedthis methodfor some
of the measurementgrovidedin the previous sections.The
advantageof this measurementethodis thatit is fastand
givesa very goodresolutionin termsof signalmagnitudes.
In contrastto the DC-DFT simulationmethod,it alsocovers
frequeng-dependeninfluenceson distortion.

Its main disadwantageis that power-sweepcharacteristics
are necessarilysymmetrical,thus only odd-orderharmonic
distortioncanbe measuredNeverthelessif it is first shovn
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throughothermethodshatthe main contribution to the total
harmonicdistortion(THD) is of odd order thenthis methodis
aviablealternatve to the muchmoretime consumingnethod
of usinga spectrumanalysetto measurehe THD individually
for every magnitude-frequerycpair.

Conclusion

Thediscussionn this Chaptertogethemwith themeasurements
providedin Chapter7, shav thatMOSFETC single-amplifier
biquadraticfilters work andareindeeda viable alternatve to
classicalGm—Cfilters. Threeimportantquestiongemainopen.

Thefilters we testedrejectthe substratenoisegeneratedy the
chagepumpverywell. Thisfactandtheperfectlysymmetrical
structureof thefilter givesriseto the assumptiorthatthey are
well suitedfor useon mixed-signalcircuits. It hasyetto be
shawn thatthis is indeedthe caseby usingour techniqueto
integratea true mixed-signakhip.

It was alsoshavn above, by providing simulationresults,
that our techniguecanalsobe usedto build MOSFETFonly
filters usinga standarddigital CMOS procesq(i.e., with one
poly-siliconlayeronly). This possibility requiresfurtherin-
vestigations,sincethe THD will possiblyhave to be optimised
usingdifferentcriteriathanthe onesdiscussedn this chapter
It is alsoanopenquestionwhethemMOS or pMOS capacitors
shouldbe used,andif thelatterareused,how thewell should
bepolarised.

Finally, it is alsopossibleto build single-amplifierfilters that
generatdghreeor more poles[Moschytz993 Moschytz994.
We think that this is feasibletoo and makesit possibleto
build even smallerfilters with lower power consumption.
However, theadvancefrom Gm-Cfiltersto MOSFETC SABs
Is certainlymuchlarger thanthe advancefrom MOSFETC
SABsto higherorderMOSFETC single-amplifieffilters.



Chapter 6

Implementation of the
currentamplifier

It is not likely that MAD circuit designers
will be replaced by design tools
in the foreseeable future.

(Yannis Tsividis)

This chapteris mostlydescriptve, sincetheamplifierpresented
hereis basedon well-knowvn conceptdakenfrom theliterature
that were usedto build symmetrical,balancedcurrentampli-
fiers. Boththefixed-gaincurrentamplifierandthevariable-@in
currentamplifier presentedh this Chaptercanalsobeseenand
usedas second-generatioaurrentcorveyors (CCIIs), as dis-
cussedn Chapter2. Apartfrom adescriptionof theamplifiers,
this Chapteralso discussesa few designcriteria, and finally
suggestsmprovementsof the variable-@in currentamplifier.
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6.1 Background

What | did to build my current amplifiers and V-] con-
verters was to take the ideas of others and convert them
to a balanced, completely symmetrical form. | actually
began with simulating class-AB circuits, mainly because
| liked the symmetry of these circuits, but | soon started
to use class-A circuits because | wanted to build 3.3-V
circuits using a process with comparatively high thresh-
old voltages. The amplifiers shown in this paper resulted
from my striving for perfect symmetry and minimum com-
plexity. | also played around with local feedback to de-
crease the current-input resistance and to increase the
current-output impedance, but gave both up too because
neither gives great advantages when one tries to push the
operating frequency of an amplifier with a certain power
consumption to its [imits.

6.2 Current amplifier structures

Why we use CCllIs As we explainedin Sec.3.4.2,low-gain amplifierscaneither

as currentamplifiers  peimplementedashigh-gain amplifierswith resistive feedback
or astransistorcircuits that provide the low gain without
externalfeedback. For the reasongivenin Sec.3.4.2,we
decidedto usethe latter implementation. As describedn
Chap.2, suchlow-gain amplifiersare basicallythe sameas
second-generatioourrentconveyors with arbitrarygain, or
CCllays. Somepossibilitiesto build CCllsin CMOS were
alreadymentionedn Chap.2. We will now give a very brief
overvien of otherimplementationghat canbe foundin the
literatureand,especiallyin [Toumazou9)

Voltage level shifters ~ Most CCllIs consistof a voltagebuffer whoseoutputcurrentis

in CClls sensedamplifiedandcorveyedto a currentoutput. Usinga
singletransistorasavoltagefolloweris normallynot sufiicient,
becausehen a voltage level shift betweenthe Y and X
terminalswill occur Thusit is necessaryo placevoltagelevel
shifters(diode-connectetransistorskeitheratthe Y inputor
atthe X input. Themaindisadwantageof a CCIl with Y input
level shifteris its non-zerooffsetcurrentatthe Y input. This
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doesnot matter however, if the CCll is to beusedasa current
amplifier, sincethentheY inputis only usedto settheanalogue
groundat the X input (currentinput). A CCIl with X input
level shifterhasno Y input offset current,but it hasa higher
resistancat the X input [Lidgey94, Chap.11.5]. The CClls
presentedn Sec.6.3all have Y inputlevel shifters.

A further possibility is to accuratelysetthe X input voltage
by usinga voltagebuffer thatconsistsof anopampwith direct
negative feedbac Sedra90Wilson92 Wilson9(d. Thenthe
X input impedancebecomesvery low for low frequencies
andinductive up to aboutthe unity-gain frequeng of the
opamp.Then,however, thediscussioraboutfeedbackvs. open
loop madein Sec.3.4.2appliesto the input stageaswell.
For this reasonthe currentamplifier presentedn Sec.6.3
doesnot employ local feedback.It is notable,however, that
usinglocal feedbackcanalsogive new functionality, c.f. the
voltage-irvertingcurrentconveyorsdiscussedn Chap.2.

Finally, anotherideais to build high-performanceurrent
corveyorsby connectingseveralvery simplecurrentcorveyors
[Arbel97], justasahigh-performanc®TA hasbeenbuilt using
very simpleOTAs in [Nauta92.

In the following two sectionswe will presenta fixed-gain
currentamplifier anda variable-@in currentamplifier The
structuregresentedveremainly choserfor maximumspeed
andminimumchipsize.Sincethey areto beusedn MOSFEF
C filters, they werealsodesignedo be perfectlysymmetrical,
sinceary asymmetrybetweenthe two signal pathswould
introduceeven-orderharmonicdistortion at the filter output
(c.f. Chap.5).

Fixed-gain current amplifier

The fixed-cain currentamplifier describedn this sectionis
basednthesameadeaasthe CCll shovnin Fig. 2.10onp. 28.
Thetwo maindifferencesarethatit is balancedandperfectly
symmetricalinsteadof single-endedandthatit is built asa
class-Acircuit insteadof a class-ABcircuit in orderto reduce
the necessargupplyvoltage.
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Operation principle

A completelysymmetricalcurrentamplifier mustconsistof
two identical half-circuits, as shavn in Figs. 6.1 and6.2.
Ideally, it is describedy

(6.1) o1 =0y (Iix —1i2) lo2 = —oy (iin —1i2) .

The half circuit consistsof one voltage buffer and several
currentmirrors. M [1-6]3 and M 11 are constantcurrent
sources, while M [2—6]1 form currentmirrors. M 22 is the
input transistor It provides,at its source a currentinput with
inputresistanceri, ~ 1/gm22. M 12istheY-inputvoltagelevel
shiftermentionedabove which setsthe operatingpoint voltage
of nodeX to Va. Any currentflowing into X is mirroredfrom
M 21to M 31 andfrom M 41 to M 51 andflows out of Z; it
is alsomirroredfrom M 21 to M 61 of the otherhalf-circuit,
whereit flows into Z. Thusthe two input currentsij; and

lip aresubtractedandif all currentmirrors have unity gain,
the resultinggain is oy = —2. A differentgain caneasily
be achieved by changingthe width of all outputtransistors
M [5-6][1,3].

The transistorswith boxes as gatesare actually composite
transistors. Any “supertransistor’configurationcanbe used,
but simple cascodessshavn in Fig. 6.4 provide sufficient
voltage swing, sincethe voltageswing over the MOSFET
resistorscritically determineghe harmonicdistortionof the
filter. The higheroutputresistanceof regulatedcascode
transistorgs not needeceither sincethe outputis already
capacitve in the frequeng region of interest. As discussed
in Sec.5.5.1,the cascoddransistorscanbe biasedwith the
mid-rail voltageV,,. ThevoltagedifferenceAV wasexplained
in Sec.5.5.1,it setsthe possiblevoltageswingatthe Z output;
AV = 0 is the optimumchoicefor the chage-pumpedilter
describedn Sec.5.5.1andSec.7.4.2.

It is apparenthatthe cascoddransistorof M 11 cannotbe
biasedoy Vy,, sincethegatevoltageof M 12is toolow. Fig.6.3
shaws the bias circuitry which generateghe biasvoltages
for both half-circuits. The voltagegeneratedy the single
transistorM 81 biasesthe cascoddransistorsof M 11 and

1The notation M [1-6]3 denotes‘all M i3, wherei =1...6”
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Figure 6.4
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Compositeransistos usedin the currentamplifier.

M 91. For all testcircuits, the currentsourcely;zs IS located
off-chip (c.f. Chap.7).

Noise analysis

The white noiseof the currentamplifier canbe calculatedoy
referringthe noisecurrentcontritutions of all transistorgo
the Z outputof the currentamplifier. Sincetherearedefined
relationshipsbetweenmostof the transistoran the current
amplifier, it is possibleto expressall noisecontributionsin
termsof the white noise spectraldensity of M 33’s drain
current,

_ 2
(6.2) i2 55 =4KT - 3% Umas

whereq,, is anoisecorrectionfactor(seeTah 5.1)[Tsividis9q.
Thenoisecontritutionsof all transistorsatthe Z outputof the
currentamplifier canthenbe added but notethatthe noiseof
a singletransistortravelling along pathswith differentsigns
will not cancelat the outputbecausehe differentpathshave
differenttime delays.
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Keepingthe width of the biastransistorandthe ratio of the
aspectratios of M 22 andthe aspectratio of M 33 asfree
parametersye obtain

(6.3)

.2 .2 2| ®n L22 W33 3 On W73
| =2 — = =4 |1+ — _
cces M33(0‘| |:ap W Las + 5 ( + % + Was

In thecurrentamplifierusedin Sec.7.3.2,thisis approximately

160i7 55. Of this noise,70% areproducedby currentmirrors
andcurrentsources20% by the input transistoraM 12 and
M 22, and 10% by the biastransistorM 73. This resultsin
icccs= 36pA/\/H_Z

The white noiseof the currentamplifier is then shapedoy
thefilter in which it is used,the filtered noisecanbe calcu-

lated approximatelyusing the noisebandwidthof thefilter,
fx [Johns97Chap 4]:

. 2 ~ . 2
(6.4) I Eitter RMs) ¥ 1cces' Tx

where f, canbederivedfrom thefilter’ sidealtransferfunction:

o 1
(6.5) n:/ T df = Zqyfy .
0 |—gt+isatl 2
f frQ
p pHp

Note thatthe same f, resultsfor the second-ordebandpass
filter.

This resultcorrespondsvell to measurementgsFig. 6.5
shavs. The measurements this figure were madewith the
biquaddescribedn Fig. 7.3.3. Note how closethe calculated
icccs= 36pA/+/Hzis to themeasured5pA/+/Hz. Thecurve
denotedoy “ishaped IS the CCCSS noiseshapedoy thefilter
transferfunction, while “igjes” IS the measuredilter noise
spectraldensity Thetwo curvesagreeclosely which means
thatthe noisecontrikbution by the passve network is negligible.

129

Shapednoise

Measurementesults



130

Figure 6.5
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Trade-offs

The choiceof V,, and AV determineshe spurious-free
dynamicrangeof thefilter in which the currentamplifier is
used. IncreasingAV reduceghe harmonicdistortionof the
filter, but increaseshenoise,asdiscussedn Sec.5.5.1.

The X-input resistancas Ry, ~ 1/gm22 and canthus be
decreasetby makingM 22 wider andby increasingthe bias
current. If the biascurrentis increasedthenthe sizesof all
current-mirrortransistorsmustbeincreasedaswell in orderto
maintainvoltagemaigins andvoltageswings. This increases
the Z-outputcapacitancef the currentamplifierandalsothe
noise. On the other hand,increasingthe bias currentalso
movesthe parasiticpolesandzerosto higherfrequenciesand
thusreduceshe phasdag of the currentamplifier.

If the currentamplifieris usedto build an SAB with a certain
fo, Op, andstop-bandattenuationAg;ep, thenit is advisableto
choosethe biascurrentassmallaspossibleandmake M 22 as
wide aspossible suchthatthe resulting R, andthe resulting
phaselag arestill acceptabldc.f. Sec.4.4). In the extreme
case,the current-mirrorscan be designedsuchthat the Z-
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Conceptof a variable-gaincurrent amplifier

outputcapacitanc@actsasa signalcapacitanceaswasshavn
in Sec.5.6.4.

Variable-gain current amplifier

Theway of thinking usedthroughouthisthesisto build tunable
SABs s to useamplifiersconsistingof simple, interlinked
buffers togetherwith MOSFET resistorso obtainadjustable
or tunablecircuits. The sametechniquecanalsobe applied
to building a tunablecurrentamplifier. In this section,we
first discusghetestcircuit from [Schmid99l, which wasthe
coreof avariable-guin currentamplifier, andthenwe present
full-grown tunablecurrentamplifier thatwasdevelopedusing
theknowledgewe gainedfrom thetestcircuit.

Core of a variable-gain current amplifier

Theconceptof ourvariable-ginis shovn in Fig. 6.6. Like the

currentamplifierdiscusse@bove, it is completelysymmetrical.

The input currentl;, » flows througha poly-silicon resistor
Ri1.2, andthe resultingvoltageis buffered. The voltage
differenceover the MOSFETresistorcauses currentto flow
out of onevoltagebuffer andinto the other Both currents
lo1,2 aresensec@ndmirroredto high-impedanceutputs.The
overall currentgain canthenbe adjustedalmostlinearly by
varyingthe controlvoltageof the MOSFETresistor

The ideaof implementinga transconductancamplifier by
connectingtwo voltagebuffers to a simulatedresistorwas
presentedn [Kwan91, but therea six-transistoresistorwas
used.However, usinga single MOSFET resistoris sufficient,
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Figure 6.7

Voltage level shifter
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\oltage buffer with level shift.

provided thatthe voltageover it is purely differentialmode.
If sucha puredifferential-modevoltagesignalis appliedto
a stronglyinvertedMOSFET operatingin the linear region,
it will theoreticallycausea distortion-freechannelcurrent
[Tsividis86. Any remainingcommon-modesignalwill be
rejectedalmostcompletely sinceit is the voltagedifference
which is corvertedinto a current. However, simply stating
that the common-modeejectionratio is very high would
be misleading,sincea common-modesignal changeghe
resistancef theMOSFETresistorandthereforemodulateshe
amplitudeof the differential-modesignal.

It is advantageougo make the voltagedifferencebetween
the MOSFETS gate and channelas large as possible. In
contrastto the MOSFET-C filters, the MOSFET resistorsare
not connectedo ary externalnodesin the tunablecurrent
amplifier Thusthe signalgroundcanbe choserfreely. This
makesit possibleto usepMOS resistorsagain in conjunction
with voltagebuffers that shift the signalgroundasfar away
from thelower rail (i.e. the gatecontrolvoltageof the resistor)
as possible. We chosethe samebuffer that was usedin
[Kwan91; it is shavn in Fig. 6.7. TransistorM 43 is biased
with a constanturrently,. This makesits gate-sourceoltage
approximatelyconstantaswell, andit actsasvoltagebuffer
with a voltagelevel shift of approximatelyl.25V in our
implementationAny currentflowing throughtheterminal* V'’
is conductedoy M 53, which is biasedwith 1,1. This current
Is thenmirroredby M 13 andprovided at the high-impedance
output’l,’.
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Half-circuit of the variable-gaincurrent amplifiet Figure 6.8
The samevoltagebuffer is useda secondime in the circuit, Groundingthe poly
namelyto provide the signalgroundto which R; is connected. resistor

Connectingt directly to the analogue-groun¢tagnd’) line on
the chip would be a badidea,sincethe signalcurrentinjected
into thatline would causea voltagedrop at the bondingwires.
As aresult,the ‘agnd’ line would bounceandfeedinterfering
signalsinto every othercomponenbn the chip usinganalogue
groundas a referencevoltage. The variable-gin current
amplifier thereforeconsistsof four voltagebuffers, several
constantcurrentsourcesproviding the currentslyy 2, two
currentmirror outputstagesanda singleMOSFETresistor

The schematioof the half-circuit is shavn in Fig. 6.8. The Descriptionof the
biasvoltageappliedto ‘vbias’ is buffered,with a negative level circuit
shift, by thefirst voltagebuffer M [2,3][1-6]. M 23 provides
thevoltagebufferingfunction,M 33 collectsthecurrentapplied

to ‘iin’, andtheothertransistordorm constanturrentsources

supplyingthe biascurrentsly; . The voltagedrop over the
poly-siliconresistorR; is thencopiedto ‘vout’, the terminal

connectedo the MOSFET resistor by the voltage buffer

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 alwayslower thanthe drain voltageof M 53, the former

shouldbe madea bit wider thanthe latterto compensatéor
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Input buffer of the variable-gainamplifier

systematimffset. All cascoddransistorscanbe biasedby
analoguegroundif the amplifieris to be usedin a chage-
pump-controlledilter (seeSec.5.5). The voltageappliedto
‘vbias’ is approximatelyl.1V above analoguggroundandsets
both the signalgroundat the currentinput andthe operating
point voltageat the MOSFET resistors terminals,which is
aboutl.2V above ‘agnd’ in ourimplementatior(seeSec.7.3.4
for moreinformation).

Complete variable-gain amplifier

In orderto be usedin MOSFET-C filters, the input currentsof
the amplifier coremustbe buffered. This canbe doneusing
the structureshown in Fig. 6.9. It is actuallythe fixed-cain
currentamplifierdescribedn Sec.6.3without the differencing
circuits,with thetwo signalpathssharingacommoninputlevel
shifter, andwith the samebiasingcircuit. More informationon
transistorsizingandperformancevill begivenin Sec.7.4.4.

Finally, it shouldbe remarled that anothergroup of authors
recentlypublisheda transconductothat is very similar to
our amplifier core, without the input resistors,and with a
real resistorinsteadof a MOSFET resistor The authors
alsoshav additionallinearisationcircuitry and usethe very
lineartransconductoto build a Gm—Cfilter thatis tunedwith
capacitormatricegLindfors99.
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Conclusion

The currentamplifiersintroducedin this sectionare built as
simpleaspossible andthey do nothave speciakcommon-mode
rejectioncircuitry, which malkesthemfastandpower-efficient.
Themeasurementesultsobtainedwith the 7th-orderfilter (c.f.
Sec.7.4.3)shav thattheinherentcommon-modeejectionof
every biquadstage(the amplificationof a differenceof input
currents)is sufficient to drive the next biquadin the cascade.
Neverthelessthe questionremainsopenhow much could

be gainedby improving the common-modeejectionof the
amplifiers.

Thefixed-agin currentamplifieris derived from a well-known
structure,andthereis little room for improvement,but the
variable-gin amplifieris not muchmorethana first attempt
to build suchan amplifier usinga MOSFET resistor Two
possibilitiesfor future researclareto increasehelinearity of
this amplifier by addingcommon-modeejectioncircuitry and
by usingbettervoltagebuffers.
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Chapter7

Description of test
chipsand
measurements

In electrical engineering,
Zero and Infinity do not exist,
and Pi equals three.

(Jean Weiler)

Thischapteprovidesthosemeasurementsf thetestcircuitson
our two chipsthatwerenot alreadyusedin oneof the previous
chapters. It alsodescribesall circuits (including the off-chip
measuremenglectronics),the componentvaluesand dimen-
sions, and discussesomeof the designdecisionswe made.
Chip photosgive an impressionof the symmetricaland com-
pactlayoutof thetestcircuits. In addition,somemistalesthat
weremadeon the chipsarealsomentioned.
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Chapter 7. Description of test chips and measurements

Background

| came to the Signal and Information Processing Labora-
tory with the plan to become an Analogue-1C designer.
Little did | know back then that the main problems of
analogue-1C design would not be theory, design, and lay-
out, but mastering the design kits, understanding what
the circuit simulators do, and measuring the chips. |
brought no experience in analogue design with me; this
thesis was only possible because of the marvellous support
| got at this [aboratory. There were two experienced 1C
designers here, Markus Helfenstein and Drahoslav Lim,
who taught me the use of the design kits and the simula-
tors. In addition, our EE department also has a Microelec-
tronics Design Centre, whose members Andreas Wieland
and Christoph Balmer solved many problems | had with
Cadence and AMS’s design kits. Last, but not [east,
Felix Frey, the specialist for high-frequency electronics
working at our laboratory, built for me the printed-circuit
board | needed for the measurements and taught me how
to use the measurement equipment properly, and Thomas
Schaerer, our electronics engineer (Elektroniker) helped me
with electronics problems after Felix Frey had left the [abo-
ratory. Without them, this thesis would have been a theo-
retical one.

In spite of all this help, | made several mistakes. On the
first chip, the coupling between the input pins and the
output pins of the chip was so bad that the measurements
without calibration were of little use. So although the
chip was good enough to give insight and academically
interesting measurements, it would not have worked in

an actual product. The same happened with another chip
that was fabricated at the same time by another doctoral
student at our [aboratory.

Between the production runs of the first and the second
chip, AMS changed the properties of their 0.6-micron
CMOS process, including the design rules. What they
did not change was the design kit [ibrary containing the
analogue pads. Every single pad caused several hundred
design rule violations, and it was not possible to simulate
the chip with these pads. This was, by the way, already
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the case for the first chip, back then AMS told me that
the pads would work fine on silicon, and they told me the
same for my second chip. They were right, but | made a
stupid mistake. The pads | used had protection diodes to
both rails; | assumed, without checking, that the diodes
only went to the substrate, because | simply did not know
then that it could be otherwise. The effects this had on
the chip and how | could solve this problem are both de-
scribed below.

All this was very exciting and interesting, but of course |
wonder what will go wrong on my next chip.

Measurement electronics 7.2

This sectiondescribeghe circuits thatwere usedto measure Outline
the secondestchip. Similar circuitswereusedto measurdhe

first chip, they areomittedfor the sale of brevity. Both circuits
wereselecteddesignedandbuilt by Felix Frey accordingto

our specifications.
Input voltage generator 7.2.1
For all measurementghe chipsweredriven by the single- Balancedline driver

endedo balancedroltagecorvertershovn in Fig. 7.1. It hasa
50-Q2 inputto which the generatoof the network analyseican
be connectedcndprovidespreciselybalancedutputvoltages.
It baseonthe CFB opampAD 8002,whichis well capableof
driving the padsof our chip. Actually, the circuit in Fig. 7.1
is anadaptionof a differentialline driver proposedn the data
sheetof the AD 8002. The corversiongain is one,andsince
the network analysemexpectsaresistancef 50€2, thereis only
the 6-dB lossof the power splitter at the analysermoutputto be
takeninto accountwhensettingthe power of theanalyser

On thefirst chip, every testcircuit still hadits own off-chip Differencebetween
input-woltagecorverter;onthe secondchip, only onecorverter chip 1 and chip 2
wasusedto drive all circuitsat once. This waspossiblesince

every circuit could be switchedoff completelyby settingits

biascurrentto zero,andit hadthe additionaladwvantagethat
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Figure 7.1

71.2.2

Two-stage
transresistance
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71.2.3

Brief description
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Single-endedo balancedvoltage converter
using AD 8002 CFB opamps.

enoughchip padswerestill free sothatthe inputscould be
decoupledrom eachotherandfrom the restof the padsby
placinggroundedoadsin between.

Output I-V converter

The currentoutputof every testcircuit was corvertedto a
singlevoltageby the circuit shavn in Fig. 7.2. It consistsof
tow independent-V corvertersbasecnthe AD 8011(another
CFB opamp)thathasan Ry, = 7502. Thefollowing stageis
a differenceamplifier basedon the AD 8002 with a voltage
gain of 5. Togethemwith the differencing the overall R,, from
a singlecurrentoutputto the converteroutputis 7500Q2. The
reasonthattwo different CFB opampswere usedis thatthe
AD 8011is basicallyslower; becausef the stability problems
thatoftenoccurwith high-speedamoplifiers,it is notadvisable
to useamplifiersthatarefasterthannecessary

Measurement equipment

All transferfunctionsandcharacteristicsveremeasuredavith
the 500-MHz spectrumanalyserHP8751A; the noiseand
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Balanced-curent to single-endedsoltage corverter Figure 7.2
using AD8002and AD 8011 CFB opamps.

clock feed-throughlwasmeasureavith the 150-MHz spectrum
analyseHP3588A. For the harmonic-distortiormeasure-
ments,a 2-V,, wasgeneratedvith the Tektronix AFG 2020
function generatorandthen attenuatedy a programmable
attenuatarthe Marconi MA 2186, in orderto producea
harmonicallycleansignalfor the measurements.

First test chip 1.3

V-l converter and signal inputs 7.3.1

Every circuit on thetestchip thathasa balancedcurrentinput ~ why an on-chip V-I
is drivenby anon-chipV-I corverterthatcorvertsthebalanced ~ converteris needed
voltageinput into a balancedcurrent. The reasonthat such

a corverteris necessarys thatotherwisethe padcapacitance

andthe input resistanceof the circuit would form a pole at

unacceptablyow frequenciegseveralMHz). Thislookslike a

disadwantageof current-moddilters, but a voltage-moddilter

thathasan outputimpedancesqualto the inputimpedanceof

the current-moddilter would simply have the sameproblems

atits output,whereavoltagebuffer would have to beinserted.

Onthisfirst chip, two major mistalesweremade.First, every Major mistales on
circuit on the chip hadits own pair of input pads. There the first chip
were not enoughpadsremainingto isolatethe input pads
electromagnetically As a result, therewas a considerably
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Table 7.1

Calibration
measurements

71.3.2

It could have been
built smaller
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# main transistors cascoddransistors
M [1-4]1 45 x 3 um 80 x 0.6 um

M [5-6]1 57.3x 3 um 104 x 0.6 pm

M 81 37.3x 3 pm —

M 91 45 x 3 um 80 x 0.6 um
M[1-2]2 120x 0.6pum x 2 —

M [1-4]3 120 x 3 um 200 x 0.6 um

M [5-6]3 200 x 3 um 260 x 0.6 um

M [7-9]3 120 x 3 um 200 x 0.6 um

Transistordimensions.’ x 2’ denotesdevicesin
common-centid layout.

strong electromagnetisignal path from the inputsto the
outputsof the chip. Secondthe V-I corverterusedon thechip
wastoo complicatedyequiredaninput voltageoffsetandalso
was comparatrely slow. Sincewe do not considerthe idea
behindit useful,we omit it herefor the sale of brevity and
recommendheV-I corverterdescribedn Sec.7.4.1.

The two mistalestogethermadeit only possibleto obtain
measurementesultsby calibratingthe non-idealitiesout,
which was possiblebecausehe V-l corverteralonewas
availableonthechipfor useasareferencepath. Thedifferences
betweerthe calibratedandthe uncalibratedsignalswerevery
large, but not solarge thatmeasurementsecamampossible:
the couplingactedasa 20-MHz high-pasdilter in parallel

to our filter and thus affected only the transferfunction
measuerements.

Current amplifier

The currentamplifierwasbuilt asdescribedn Sec.6.3 using
thetransistorandcapacitordimensionshowvn in Table7.1. It
turnedout thatthe balancingof the two signalpathsthrough
the currentamplifierwasmorethanpreciseenough.Thusthe
width of all 3-um transistorscould be reducedto 1.8jum on
the secondchip. The designdecisionsthat are necessaryo
obtainthetransistorsizeswill beexplainedin Sec.7.4.2,where
a structurallyidentical currentamplifier with betterchosen
transistorsizesis discussed.
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# capacitordimensions capacitance
C[1-2]2 13.6x 13.6um x 10 1.0pF
C[1-2]4 13.6x 13.6um 0.1pF

# MOSFET resistors

R[1-2]1 22 x 2.4pm x 2
R[1-2]2 22x 1.9um x 2

Capacitorand resistordimensions.

Pair of biquadratic filters

The currentamplifier describedn the previous sectionwas
usedto build asecond-ordetfilter asdescribedy Fig. 5.4 with
the dimensionf the passive elementgivenin Tah 7.2. A
chip photois shavn in fig. 7.3, the currentamplifier (CCCS),
the passve elementsandthe emptyspacdeft of the capacitor
array have a total size of 320 x 340um, or 0.11mn¥. On
the photo,the carefullayout of the capacitorscontainingunit
capacitoranddummyelementsanbe seen.As it turnedout,
mismatch-induce@ffects were comparatrely small, so the
comple layoutof the capacitorsvasnot really necessarand
wasnot usedanymoreon the secondchip (c.f. Sec.7.4.2).

Measurementsrere madefor this filter; someof themwere
shavn in previous sections,and most were publishedin
[Schmid99h and[Schmid00d. Thefilter consumed.2.4mW
from a 3.3-V power supply Thepolefrequeny of thefilter is
tunablefrom 18 MHz to 24 MHz, with apoleQ abit higherthan
3. Dueto theinappropriatechoiceof the analogueground,as
describedn Sec.5.4.1,the SNRat 1% of harmonicdistortion
wasonly 29dB, would have been33dB atthetop of thetuning
rangeif the analoguegroundhadbeenchosenproperly and
could have beenextendedto 35...37dB by changingthe bias
voltagesof the cascoddransistorsat the currentamplifierand
moving theanaloguegroundfurthertowardsthe positive rail.

Theinter-chip standarddeviation of the pole frequenciesas
1.5% for 14 measuredhipsfrom the sameprocessun, and
3% for the pole quality factor Thelatteris morethanprecise
enoughfor mostvideo-frequenyg applications.It would have
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7.3.3

Descriptionof
the layout

Measurementesults

Inter-chip matching
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Figure 7.3 Photo of the biquadatic filter.

beeninterestingto obtainon-chipmatchingresults. In order
to achieve this, two “identical” biqguadswere placedon the
samechip. Although the standarddeviationswerethe same
in both casesthe pole frequeng of oneof thefilters was7 %
lower, andits polequality factorwas2.5insteadof 3. We never
found out why this wasso. Sincethe effect wasabsentn all
simulationswe think thatthe padshave somethingo do with
it. As mentionedabore, we could not simulatethe chip with
the padsdueto bugsin the designkit.

Discussion Thesemeasurementshav that MOSFETC SABs like the
oneon chip 1 are probablyusefulonly for applicationsthat
requirea comparatrely low SFDR,lik e signal-shapindilters
in hard-diskreadchannels.If a higher SFDRIis required,a
chage-pumpedilter liketheonedescribedn Sec.7.4.2should

beused.
7134 Variable-gain current-amplifier core
Descriptionand The core of the variable-@in currentamplifier wasimple-

measurements mentedwith the elementsizesshovn in Tah 7.3. A chip
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Transistor Dimensions
M [2—4]1 100 x 1.8 um
M [2—4]2 96 x 0.6 um
M 13 130.8x 1.8 um
M[2,5]3 126 x 1.8 um
M [3,4]3 200.1x 1.2um
M 41 120 x 0.6 um

M[1,2,45]5 224x 0.6um
M[1,2,4,5]6 300x 1.8pum
MOSFETR 12 x 3 pm
R = 12.46k$2

Elementsizesusedin the Table 7.3
variable-gaincurrent-amplifiercore.

Photo of the amplifier core. Figure 7.4
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Figure 7.5

7.4

7.4.1

Description

Noise and distortion
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Currentamplifier usedin the V-I corverter

photois shavn in Fig. 7.4, wherethe poly-siliconresistorsand
the MOSFET resistorcanbe seen.Thetestcircuit coversan
areaof 0.07mn?¥, andthe biascurrentsare I, » = 375pA.
Measurementesultsof this circuit weregivenin [Schmid994
Thereit wasshowvn thatafull currentamplifierwould beableto
driveaMOSFETCfilter with apolefrequeng of 900kHz and
an SFDRof —45dB, with a power consumptiorof 12.4mW.
An improved versionof this amplifier performsbetter aswill
beshavnin Sec.7.4.4.

Second test chip

V-l converter and signal inputs

The V-l converterusedon this chip simply consistedf poly-
siliconresistorconnectedetweerthe padandtheinputof the
currentamplifiershavn in Fig. 7.5. The corversionresistances
(i.e.the1/gn) of theseconverterswere20.3kS2 for the 7th-
orderfilter and6.78k<2 for all othertestcircuits. Thecorverter
hasthe sametransistorsizesthataregivenin Tah 7.4,anda
biascurrentof 160pA.

Thetransconductancaf the VI converteris shavnin Fig. 7.6.
Its gm is almostconstantipto 50 MHz, butits phasdagreaches
comparatrely high valuesin theregion of the polefrequencies
of ourfilters. Both effectscan,however, be cancelledout for
all othermeasurementsy calibratingthe network analyseito
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Measued transconductancef the V—I corverter

the V-I corverterthatis suppliedon the chip asareference
path. Measurementshaved that the harmonicdistortion
introducedby the V-I converteris negligible, but its noiseis
not. For example,it addsabout4 dB of noiseto the biquads,
but only about1dB to the 7th-orderfilter. This contribution
wassubtractedrom the measurementsresentedbelow.

Charge-pumped biquad

The structureof the currentamplifiersusedin this biquad

Is the sameason chip 1 (seeSec.6.3). All transistorand
capacitordimensionsareshovn in Tah 7.4 (c.f. Fig. 5.4).
We will now briefly point out someof the reasonsvhy the
transistordimensionswvere chosenasshovn in Tah 7.4. In
thecompositaransistorsthe W/L ratio of the maintransistor
is aboutsix timessmallerthanthe W/L ratio of the cascode
transistor As wasshawvn in [Burger9q, simple cascodes
arefastestwhenthe Vysa Of the cascoddransistoris about
40% of the Vysat Of the main transistor The factor of six
resultsif the W/L ratios are calculatedfrom Vysa: and lg.
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Figure 7.6

7.4.2

Designdecisions
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capacitordimensions capacitance
C[1-2]2 46.3x 28 um 1.13pF
C[1-2]4 7.4 x 28 um 0.19pF
maintransistors  cascoddransistors
M [1-6]1 45 x 1.8 um 95 x 0.6 um
M 81 14 x 0.6 um —
M9l 45 x 1.8um 95 x 0.6 um
M [1-2]2 120x 0.6 um x 2 —
M 13 87 x 1.8 um 140 x 0.6 um
M [2-8]3 70 x 1.8 um 140 x 0.6 um
M 93 87 x 1.8 um 140 x 0.6 pm
R[1-2][1,3] 12 x 6 um —
Table 7.4 Transistorand capacitordimensionsn the charge-pumped
biquad.

The absolutetransistordimensionswere found iteratively.
First, it wasclearfrom experiencethatthe biascurrentwould
have to bearound160pA to achieve a pole frequeny around
32MHz. The maximumsignalcurrentto be supportedoy the
currentamplifierwasdesignedo be 60pA, approximatelthe
currentat which the MOSFET resistorsvould saturate.This
determinedhe sizesof all currentsourceandcurrentmirror
transistors. The input transistoraM [1-2]2 were designed
suchthat they would provide an X input resistancearound
5002, andthenit wasverified thatthe cascoddransistorn
M 11 would indeedremainin saturationby giving it a bias
voltage0.1V belov analogueground,which determinedhe
sizeof M 81. Finally, the sizesof the passve elementsvere
calculatedfrom first-orderformula and correctedthrough
iterative simulationsandcorrectionswherethelastcorrections
were madeon post-layoutsimulations. Note that C[1-2]4

is small comparedo the output capacitancef the current
amplifier This capacitanceould even have beenomitted,as
wasshavn in Sec.5.6.4.

Layout mistale The gate control voltagesof this filter are generatedy the
chage pumpdescribedn Sec.5.5.2,whosecomparatrely
large chage tank canbe seenat the bottomleft of Fig. 7.7.
Therestof thechage pumpelementss below thetank; above
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Photo of the charge-pumpediquad. Top left: charge pump.
Top right: biquad. Bottomright: On-ChipV-I corverter

thetank, thefilter capacitorsappearasbright rectangleswith
the small MOSFET resistorsin between. The symmetrical
structureabove the passve elementss the currentamplifier,
to theright of it, the actve partof the V—I corvertercanbe
seen. As was pointedout in Sec.5.5.3, putting the chage
pumpsocloseto thepassve filter elementshatthefilter output
lineshadto be dravn on top of the guardbarwasa badidea,
sincethenthe substratenoisecouldleakthroughto the output.
With a properlayout, this would not have happenedaswas
discussedn Sec.5.5.3aswell.

Adjusting the chage pumpsupplyvoltagefrom 2.7...3.3V
tunesthe pole frequengy from 22.4MHz up to 36 MHz. The
input currentthatcaused % (—40dB) of harmonicdistortion
variesbetweerB6pA. .. 165pA. Asdiscussedh Sec.6.3.2,the
noiseis mainly white noisefrom the currentamplifier shaped
by thefilter. Themeasure®NRof thefilter for asignalcausing
—40dB of harmonicdistortionvariesfrom 54dB to 66dB over
thewholetuningrange;an SNR of over 55dB is reachedor
pole frequenciesabore 23MHz. Thefilter consumed6mW
from a 3.3-V supply andcoversa chip areaof 200 x 550 um,
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Figure 7.7

Results
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Figure 7.8 Photo of the 7th-order biquad cascade

or 0.11mn?, including the chage pump. The biquadalone
coversanareaof 200 x 320 um, or 0.064mn?.

7.4.3 8-MHz 7th-order biquad cascade

Description Using the biquadsfrom Sec.7.4.2,the 7th-orderBessel
filter shovn in Fig. 7.8 was built. From left to right, the
following building blocks can be seen: the poly resistors
(four vertical gray lines) andthe currentamplifier of the V—I
converter apassve first-orderlow-pasdilter with anormalised
f, = 1.687thatconsistf a currentamplifierandafirst-order
MOSFETC lowpassfilter, andthreeMOSFETC SABswith
(fp.qp) = (2.0531.13),(1.7190.53),and(1.8250.66),in this
order Thisfilter could,e.g.,beapulseequaliseiin alx DVD
readchanne[Kim98].

Elementsizes Whensuchbiquadsarecascadedi mustbetakeninto account
that every biguadpresentsa resistve load to the previous
biquad.As before,theelementsizesthatareshovn in Tah 7.5
werefirst calculatedandthenrefinedusingsimulations. All
currentamplifierswereidenticalto the oneusedin sec.7.4.2.
Theresultingbiquaddravs 49mW from a 3.3-V supplyand
coversachip areaof 700 x 340 um, or 0.24mn¥.
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(fo,0p) elementsize C
(1.687—-) C[1-2]4 68.9x 28um  1.68pF
R[1-2]3 12 x 8 pm
(2.0531.13) CJ[1-2)2 60 x 26.75um  1.40pF
C[1-2]4 72.2x 16.6pm  1.05pF

R[1-2][1,3] 12 x 6pm
(1.7190.53) C[1-2]2 55.5x 19.1um  0.93pF
C[1-2]4 72.2x 22.2pum  1.40pF
R[1-2][1,3] 12 x 10.5um
(1.8250.66) C[1-2]2 56.5x 21.25pm  1.05pF
C[1-2]4 72.2x 19.5um  1.23pF
R[1-2][1,3] 12 x 9.5um

MOSFETresistorand capacitor sizesin the 7th-oder filter.

Fig. 7.9 shavs the measuredransferfunctionsof the seventh-
orderbiquadcascaddor a tuningvoltageVec = 4.4...5V,
which corresponddo a chage pump supply voltage of
3...3.3V. The 3-dB frequeng of the filter can be tuned
from 4.5MHz upto 10MHz.

Measurementsf the harmonicdistortiongive curvesthatlook
similar to the curvesshown in Fig. 5.3. For the tuningrange
4.5MHz...10MHz, theinputcurrentthatcaused % (—40dB)
of harmonicdistortionvariesbetweeril4pA. .. 17pA.

Togethemwith the maximumcurrent,the noisespectrumand
the noisebandwidthvary aswell. As a result,the measured
SNR of thefilter for a signal causing—40dB of harmonic
distortionremainsbetweerd8dB and50dB over the whole
tuningrange.

Variable-gain current amplifier

One of the reasonswvhy the performanceof the core was
not so satisfyingis thatthe currentbuffer is not input-output
symmetrical. This waschangedn the new amplifie, M 33
andM 53 now both have cascoddransistordM 34 andM 54,

biasedwith analoguegroundlik e all othercascoddransistors.

Furthermorethe voltagelevel shifterin Fig. 6.8 consisting
of M [2,3][1-6] wasonly dravn once,andthe poly resistors
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Table 7.5

Tuning range

Distortion

SNR

7144

Improvement
of the core
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Figure 7.9 Meauted transferfunction of the seventh-oder biquad
cascadeor Vc =4.4...5V.

Transistor Dimensions
M [2—4]1 45 x 1.8 um
M [2—-4]2 95 x 0.6 um
M[1,5]3 45 x 1.8 um
M 23 160x 1.2 um
M 33 70 x 1.8 um
M 43 200.1x 1.2 um
M [1,5]4 95 x 0.6 pm*
M 34 140 x 0.6 pm?
M [1-5]5 140 x 0.6 um’
M [1-5]6 70 x 1.8 um’
MOSFETFR 34 x 2.0pum
R =4.2kQ
Table 7.6 Elementsizesusedin the variable-gaincurrent amplifier

("Thee are threeidentical, parallel current sourcesin the
brandhes2 and 4. *Seetext.)
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main transistors cascoddransistors

M[1-5]1 45x 1.8um 95 x 0.6 um
M 81 14 x 0.6 um —

M9l 45 x 1.8 um 95 x 0.6 um
M[1-4]2 240x 0.6 um —

M 13 87 x 1.8 um 140 x 0.6 pm
M[2-8]3 70x 1.8um 140 x 0.6 um
M 93 87 x 1.8 um 140 x 0.6 um

Transistordimensionsn the current buffer (andin the Table 7.7

on-chip V-I corverter c.f. Sec.7.4.1.

Current buffer . OSFET-R
= RPRR W i S |

Photo of the variable-gainamplifier Figure 7.10
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Figure 7.11

Measurementesults
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Measued transferfunction of the variable-gaincurrent.

of both half-circuitsof the corewereconnectedo its output.
The resistancdevel wasalsoloweredin orderto increase
the maximumpossibleinput currentby settinglp, = 31y,
which wasdoneby usingthreeidenticalcopiesof the current
sourcesn thebranche® and4. The elementsizesof the core
(Fig. 6.8) andof theinput buffer (Figs.6.9and6.3) areshavn
in Tabs.7.6 and7.7, respectrely. The designconsiderations
madefor obtainingthe transistorsizesarevery similar to the
onesdescribedn Sec.7.4.2.

This amplifieris drivenwith a biascurrentof 160pA, which
meanghatit dravs 12.2mW from a 3.3-V supply almostthe
sameasthefixed-gain currentcornveyor. It coversachip area
of 340 x 250 um, or 0.085mn?. The transferfunctionsfor
Vc =0...1.0V areshovn in Fig. 7.11. The DC gain varies
in therangel0.6...8.8. (Actually, the gain shouldhave been
tunablearound2.0, which it wasaccordingto the models
we hadwhenwe designedhe chip (c.f. Sec.5.3). The 3-dB
bandwidthis almostnot affectedby the tuningandremainsat
50MHz. Thephasdagreaches-20° ataboutlOMHz, which
meansthat this amplifier can be usedto build MOSFETFC
filters with adjustableg, andan f, < 10MHz. The currentat
which the measured’HD reaches-40dB actuallyincreases
from 27 pA to 30.5pA, becauseheamplifier’s gain andoutput
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currentdecreaséasterthanthe available voltageswing over
the MOSFET resistor If the amplifier hadthe correctgain
of two, thesevalueswould again be four timeslarger, around

100pA.

If this amplifieris usedin the chage-pumpediquadlike the
onedescribedn sec.7.4.2,it will dominatethe THD for part
of thetuningrange.lts measureahoiseis white andscaledess
with tuningthanthe amplifiergain. If it is usedto build afilter
with f, = 4MHz anda g, = 3, theresultingbiquadhasan
SNRof 55dB or above. Thusintroducingtunablepole Qswith
this currentamplifierreducegshe polefrequeng of afilter with
gp = 3 from 36 MHz to 9MHz, or by afactorof 4, if thepower
consumptiorremainsthe same.

Biquad with tunable pole frequency and
pole Q — Problems with the pads

Finally, our secondchip alsocontaineda biquadwith tunable
f, andtunableq,. Simulationsshavedthatit performedas
would be expectedputit did notwork onthechip. Thereason
wasthatwe usedthe analogugradsprovided by AMS, which
have protectiondiodesfrom every padto the negative supply
and to the positive supply Sincethe control voltageof the
MOSFETresistorsvassetthrougha pad,the protectiondiode
from the positive rail to the control pad startedto conduct
current,whichmadeit impossibleto setatuningvoltagehigher
than 3.8V, whichis still 0.2V below the lower limit of the
usabletuningrange.

We did not notice this problembeforewe startedour mea-
surementsfor two reasons First, we did not expectit, since
the padswe studiedbeforewere RF padsthat hadprotection
diodesonly towardsthe negative rail. Secondthe designkit
suppliedby AMS hadabugthatmadeit impossibleto simulate
the circuits including the pads. Again, it becomesapparent
how importantthe combinationof experienceandgoodtoolsis
for analogudC design.

Actually, both the chage-pumpediquadandthe 7th-order
filter have the sameproblem.However, all internalconnections
to the positive rail are madethroughcascoddransistordike
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theoneshawn in Fig. 6.4. Thusit waspossibleto increasdahe
supplyvoltageof the chip from 3.3V to 5.3V for makingthe
measurementsyhile keepinganalogueground1.65V above
the negative rail. This scarcelyaffectsthe propertiesof the
circuits, sincethe additional2V arejust addedto the Vys of
the maintransistorsof the constanicurrentsources.This was
confirmedby measurementsiadewith the V—I corvertet
which operatesorrectlywith a 3.3V supply
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Chapter 8

Comparisons and
trade-offs

If we knew what it was we were doing,
it would not be called research, would it?

(Albert Einstein)

In this chapteywe briefly compareour filters to otherfilters in
the literature,and then discusssereral trade-ofs encountered
in the designof MOSFETC SABs. The comparisorpartwill
make it apparentwhat kind of performancecan be expected
from thefilters aswe built them,andthe trade-of sectiondis-
cusseyariouswaysto changehefilter performancéundamen-
tally.
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1 Sec.7.3.3

2 [Dehaene9y
3 Sec.7.4.3

4 [Yoo09§

5 [Celma99]

6 [Kosunen9B
7 [Mehr97]

8 [Gopinathan9D
9 Sec.74.2
Table 8.1
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10 [Rao99] 19 [Punzenbeger9g
11 [Gopinathan9p 20 [Serdijn9q

12 [Brown99] 21 [Nagari9g]

13 [Wu96] 22 [Helfenstein97
14 [Rezzi97] 23 [Huang91

15 [Tawfik87] 24 [Zele96]

16 [Punzenbeger9i 25 [Helfenstein97
17 [Pavan00] 26 [Chang97]

18 [Hung97

Refeencesto thefiltersin Fig. 8.1.

Background

When | started my scientific research, | still believed that
| was expected to deliver objective results that are speak-
ing for themselves, meaning figures. | soon found out that
this is neither really possible nor a good idea, since figures
are always open to interpretation.

The advice to write the evaluation of my thesis in two
parts came from Willy Sansen, in a personal discussion

at the AACD “99 in Nice. He suggested that | com-
pare my circuits to other circuits and also tell the reader
what | can achieve when | push my circuits to the [imits.
The second part was some problem for me, since | had nei-
ther the time nor the experience (meaning enough experi-
enced people to talk to) to go to the [imits of the feasible.
The solution to my dilemma emerged in a discussion with
Chris Toumazou at the ISCAS 2000, where he briefly
talked about design trade-offs at a meeting | attended to.
Thus the idea to give the reader some tools for sounding
frontiers was borm that [ead me to writing the second part
of this chapter.
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Comparison by figure of merit

A figure of merit thatis often usedto comparefilters is the
power per pole andfrequeny asa function of the SNR at
1% THD. Figure 8.1 shaws this figure of merit for several
filters publishedrecently; Tah 8.1 givesthe referencedo
whereeachfilter canbe found. The black circlesdenotethe
threefilters measuredn this PhD thesisandsix otherCMOS
filters from thefrequeng range5-50MHz, all of thelatterare
Gm-—Cfilters. Thegrey circlesaredifferentfilters. Note that
Filters 15 and25 areswitched-capacitdiilters, andFilter 22 is
a switched-currentilter. Therearetwo entriesfor eachof the
switchedfilters, thegraynumberdenoteghefigure of meritfor
the polefrequeng, andthe gray circle standgor the sampling
frequeny. We includedthe three switchedfilters only to
illustratethe well-known factthat switchingcostspower, and
thatthe power per pole andsamplingfrequeng of switched
filters is comparablgo the power per pole andfrequeng of
continuous-timdilters.

Severalthingscanbe seenin Figure8.1, e.g.,thattwo filters,
19 and 24, lie far below the rest. Filter 19 is a BICMOS
log-domainfilter, andFilter 24 usespositive feedback.Both
filters operatearound0.5MHz.

We will now concentrateon discussingour filters andthe
filters that are comparableo them (the black circles). As
we shaved in Sec.7.3.3, Filter 1 cannotreachhigh SNRs.

It would, however, be suitablefor building pulseequalisers
similar to Filter 2. The comparisons notreally fair, because
Filter 2 is a 7th-orderfilter. We believe, however, thatif an
experiencedanalogue-lGdesigneusedMOSFETC biquads
to build a pulseequaliserits performanceavould be similarto
the performancef Filter 2.

This raisesthe questionof biqguadcascading.Filter 3 hasa
comparatrely low dynamicrangesinceevery biqguadhasa
low-frequeng gain of two. If a gain of onewasused,the
maximumcurrentthroughthefilter would increaseby afactor
of about5, the power consumptionvould decreassslightly,
andFilter 3 would endup somavherebetweenFilter 6 and
Filter 9. However, usingunity gain would alsoincreasehe
varianceof theq, of the biquadraticstages As a compromise,
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giving the highestg, biquada gain of two andthe remaining
biquadsa gain of oneresultsin suficiently stablepoles,and
placesFilter 3 into thegroupof Filters4, 5, and6. Compared
to thesethreefilters, the main disadwantageof our filter is that
it needsa chage pump,the mainadwantages its size:it only
uses0.04mn? perpole (including the chage pump),whereas
Filter 4 (anLC laddersimulation)uses0.25mn¥ perpole,and
Filter 7 uses0.12mn¥ per pole, but useslesspower per pole
andfrequeng.

Filter 9 is the bestwe could do with the MOSFETC SAB
technique. With its high SNR, its low power per pole and
frequeng, its tuning rangeof 26—-36MHz, andits chip area
useof only 0.055mn¥ perpole (includingthe chage pump),it
Is amongthe bestavailable continuous-timebiquadraticfilter
sections,at leastaccordingto the figure of merit discussed
here. It is, however, an open(andcomple) questionhow
suchbiguadscanbe cascadedn anoptimumway, andwhich
performanceanbeachiared. The educatedjuessmadein the
previous paragraphets oneexpectthatit is possibleto build a
7th-orderBesselffilter with a power perpole andfrequeny of
400pJ,anSNRat 1% THD of 60...65dB, anda chip areaof
0.04mn? perpole.

It is of courseopento debatewhethera comparisorby a
simplefigure of meritis meaningfulat all. If it is, we have
shawvn thatour filters canachieve a performancesimilar to the
performanceof typical Gm—Cvideo-frequenyg filters while
usingfar lesschip area.We think, however, thatafigurelike
Fig. 8.1 shouldmainly be usedasa mapshawing with which
otherfilters oneshouldcompareonesown filtersin moredetail.
Much moreimportantthana comparisorwith otherfiltersis a
discussiorof trade-ofs.
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Trade-offs

Severaltrade-ofs thatareimportantduring the designof our
filters werealreadydiscussedn variousplacesthroughouthis
PhD dissertation.This sectioncoversseveralimportanttrade-
offs from a wider perspectie; theaim s to give thereaderan
impressionof whatcanor cannotbe donewith MOSFETFC
single-amplifierSABs.

Local feedback and pole-Q stability

It wasshavn in Sec.3.4.2that feedbackaroundhigh-gain
amplifiersor local feedbackn low-gain amplifiersessentially
reducegshe maximumachievablepolefrequeny (with the ex-
ceptiondiscussedh Sec.8.3.2).With MOSFETFCfilters, such
feedbackalsohaslittle influenceon the harmonicdistortion
of thefilter, sincethis distortioncomesfrom signalclipping
causedyy a saturatingoutputstageor MOSFETresistor Thus
the mainreasonwhy onecouldwantto uselocal feedbackn
amplifierswould be to stabilisethe gain, which would reduce
the varianceof the pole Q. Note, however, thatthe variances
of the componentatiosalsocontribute to the varianceof the
pole Q (c.f. Sec.4.3), sothereis a limit to how muchthe
pole-Qvariancecanbereduced Furthermorefor low-Q filters
(gp < 5) liketheonefrom Sec.7.3.3,the pole-Qvariancewill
be small enoughsuchthat using feedbackiechniquess not
necessary

Input resistance and output capacitance

As describedin Sec.4.4, the maximumachiezable pole
frequeny of anSAB is determinedy thestopbandttenuation,
theinputresistancef theamplifier, andits outputcapacitance.
Sincetheoutputcapacitanceannotedecreasecuchwithout
reducingthe voltageswing (andwith it the signalswing), the
only viable alternatve is to reducethe input resistance One
way to do this is to simply increasehe supplycurrentof the
currentamplifierinput stage(c.f. Fig. 6.2). However, sincethis
currentis mirroredto all otherstagesjncreasingthe supply
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currentmakesit necessaryo enlagethecurrentmirrors,which
acpin increaseshe outputcapacitanceywhich limits the useof
this method.

Anotherideais to reducethe input resistancédoy usinglocal
feedbackwith a very high unity-gain bandwidth. Thenthe
local feedbackamplifierwould consumehe major partof the
total power, which is possiblythe only way to increasehe
maximumpole frequeny considerablyby trading off power
efficiengy.

Maximum pole frequency and pole-Q variance

Anotherway to increasehe pole frequeng achievablewith

a certainamplifier is to decreasehe spreadof the passve
componentsn the MOSFETC SAB (c.f. Sec.4.4). In most
caseshowever, doingthisincreaseshe varianceof the pole Q
(c.f. Sec.4.3).In ourfilters,thecomponenspreadsarealready
very small, so only the oppositewould be possible:to reduce
the pole-Qvarianceby increasinghe componenspreadand
thereforedecreasinghe maximumpossiblepole frequeng or
the stop-bandhttenuation.

Signal swing, THD, and SNR

It wasshown in Sec.5.5.1how the signalswingin chage-
pumpedMOSFET-C SABsshouldbe setin orderto maximise
the SNRof thefilter ata certainlevel of THD. However, there
is little correlationbetweerthe level of THD andthe SNRin
a certainfilter. As canbeseenin Fig.5.11,the THD curves
rise very quickly becauseahe THD is causedy clipping, so
the SNRfor —40dB THD would normallybeonly 2dB larger
thanfor —60dB THD.

Cascadability and pole-Q variance

In orderto maximisethe SNR of a biquadcascadethe gainsof
theindividual biqguadsshouldbe setto unity to make thesignal
levelsin all biquadsequal. This will, however, increasethe
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varianceof the pole Q considerablycomparedo the pole-Q
varianceof anoptimumdesign(c.f. 4.3).

Charge-pump or not?

Finally, ashasbecomeapparenin Chap.7, the advantages
of having a chage-pumpto drive the MOSFETresistorgates
aresogreatthatit shouldbe doneif possible.Also, the clock
feed-througho the outputof our filters is small enoughfor
mostapplications.Therearetwo thingsthatcould preventthe
useof achage pump.

First, althoughour filters rejectthe substratenoisegenerated
by the chage pumpquite well, it mustbe madesurethatthe
sameis truefor all othersignalprocessingircuitson thechip.
Thismaybeaproblemon purelyanalogudCs, butis notreally
anissueon mixed-signalCs, sincetherethe substratanoiseof
thedigital partdominatesanyway.

Secondthechagepumpdescribedn Sec.5.5.2is constructed
sothatalthoughits outputvoltagecanreach5V, no terminal
voltagedifferenceon ary elementswill exceed3.3V. The-
oretically no break-devn will occurevenif the procesaused
doesnot support5V asthe 0.64um CMOS processy AMS
does.The sameis true for the MOSFETC SABs. However,
over-peakingduring the transientamight changethis, andit
mustbe madesure,by careful simulations,that the chage
pumpis compatiblewith the processat hand.

Conclusion

We have shavn in this dissertatiorthatMOSFETC SABsand
filter cascadearea usefultechniqueto build video-frequeng
filters. Theirmainbenefitis thatthey requirelesschip areathan
conventionalGm—Cfilters having the sameTHD, SNR, and
power consumptiontypically the reductionis to 30...15%
of the size of the Gm—Cfilter. Sincethis PhD dissertation
is, to our knowledge,the first comprehenske discussiorof
MOSFETC SABs, mary openquestionsstill remain,which
will bediscussedn thefollowing chapter
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Ideas for future
research

“Have you got an answer?”
“No, but I’ve got a different name for the problem.”

(Douglas Adams)

As a conclusionof this thesis,we briefly discussa few open Outline
guestionandideasfor futureresearchThey aremainly written

for the benefitof the reademwho wishesto apply MOSFETC

SABs, but alsoallist of directionsin which the authors future

researchmightgo.
We have given plausiblearguments,basedon clock feed- Suitability for
throughmeasurementgpr the suitability of our filters for MAD design

mixed analogue-digita{lMAD) IC design. The reasondor
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
MOSFETC SAB on it, or by a detaileddiscussionof the
substrate-noiseejectionandcontrol-signal-noiseejectionof
ourfilters.

In Chapter2, we did not tell how a designershouldactually Amplifier Choice
choosethe bestamplifier for a certainapplication. This is

always a difficult question,mainly becausehe definition

of ‘best’ is very applicationspecific. Also, the selection

criterionfor a designeris not which amplifier could be better

from a theoreticalpoint of view, but with which amplifier he
personallycanachieve betterresults.This is mostprobablythe

amplifier heis mostfamiliar with. Thus,if the new andless

well knowvn amplifiersdiscussedn Chap.2 shouldbecome

viablecandidate$or applicationsthey mustfirst beresearched
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asextensvely asthe well-known opamps,CFB opampsand
OTAs, suchthat a designethasaccesdo the samekind of
experience-basekihowledgefor all amplifiertypes.

Thevariable-@incurrentamplifierpresented Sec.6.4works,
but it is not aswell developedasthe fixed-cain amplifier in
Sec.6.3. Othervarietiesof theconceptshowvn in Fig.6.6should
be tried out. Two specificpoints at which future research
shouldlook arehow the voltagebuffersdriving the MOSFET
resistormay be improved, and whetherthe whole chain of
currentbuffer, poly-siliconresistor andvoltagebuffer couldbe
replacedoy aresistorlesstransresistancamplifier.

The current-moders. voltage-modelebates still open,soit
would be interestingto have a ceterisparibus comparisonan
exampleof two filters thatareassimilar aspossibleanddiffer
only in the modeof the signal. We have very goodreasongo
believe thatthesetwo filters would thenperformequallywell
(c.f. Chap.3), but it would be niceto have a moreconclusve
proof or refutation.

All filters built for this thesiswerelow-passfilters, i.e., filters
that may be usedfor anti-aliasingor for pulseshaping.The
designdecisiondor building bandpasélters will bedifferent,
andthediscussiorof harmonicdistortionhasto be extendedo
adiscussiorof inte-modulationdistortion.

We have shavn by simulationgthatour filters canalsobe built
asMOSFETonly filters if gate capacitoransteadof signal
capacitorsareused. This would make our filters suitablefor
standarddigital CMOS processesHowever, the optimum
choiceof the analoguegroundaswell asthe signalswing
thatoptimisesthe SNRwill have to bere-evaluatedandsome
researchmustbe doneonwhich kind of MOSFET capacitorto
useand,if it liesin its own well, how to biasits well.

It was briefly mentionedin Chap.5 that one canalsobuild
third-orderor even higherorderfilters with just oneamplifier.
We think thatthis would work too, but thatthe performance
would not be considerablybetterthanfor MOSFETC SABSs,
mainly becausamplifier non-idealitiescausevorseproblems
for higherorderfilters. In orderto find out whetherthis

Is indeedso, mary of the discussionsn this thesishave to
be extendedto third-ordersingle-amplifierfilters, which is a



difficult taskthatdoesnot promiseclosed-fornresults because
of the far greatercompleity of the symbolicformulationof
third-ordertransferfunctions.

The biquadcascaderesentedn Sec.7.4.3cancertainlybe
improved, but in orderto optimiseit for maximumSNR,
similar principlesthatareusedfor the optimisationof discrete-
componenfilter cascadesnustbe adaptedor MOSFETFC
SABs.

The SNRof aMOSFETC filter canbeimprovedif its tuning
rangeis reduced.If the continuoustuning shouldcover the
whole rangenecessaryo compensatéabricationdifferences,
the tuning voltagerangemust be comparatrely wide. An
alternatve would be to tunethefilter coarselyin steps,by
switchingcapacitorson andoff, andto do only thefine-tuning
with the MOSFETresistors.lt is not clearby hovw muchsuch
a procedurecould increasethe SNR, but it would malke it
possibleto build betterchage-pump-leséilters.

Finally, we cannotyet tell how goodtheyield of our filtersis.
We only got 15 samplesackfrom eachchip, in eachcase,
theyield was100%. (We destroyed onesampleof chip 1 by
tearingoff afew bondingwireswhile inexpertly remaoving the
lid with a penknife to make a chip photo.)Sinceour filters are
low-Q filters basedon robust circuits, we expecta high yield,
the main problemscould be causedby the chage pump. A
reliablestatemenaboutthe yield would, however, requirethe
productionof a muchhighernumberof sampleghanwe could
afford.
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Glossary

ASF AnalogeSignalerarbeitungundFilterung;
alectureseriesatETH Zirich

CCIl Second-generatiocurrentcorveyor
CFB (opamp/OTA) Current-feedbackopamp/TA)

CMOS (process)Complementary
metal-oxide-semiconduct@process)

DDOA Differential-diferenceopamp
DP SFG Driving-pointsignal-flav graph

FDNR Frequeng-dependentegative resistor;
hasthelmpedanceZ = 1/D s?

Gm-—C filter Filter containingintegratorsthatarecomposed
of OTAs andcapacitors

MOSFET Metal-oxide-semiconductdield-effecttransistor

MOSFET-C filter RCfilter with all resistorgeplaced
by MOSFETsoperatingn thetrioderegion

OFA Operationafloatingamplifier, or floatingopamp
OFC Operationafloatingcornveyor

opamp Operationabmplifier

OTA Operationatransconductancamplifier

OTRA Operationatransresistancamplifier

RLC filter Filter containingresistorsjnductors,
andcapacitors

SAB Single-amplifieiquadratidilter
SFDR Spurious-freelynamicrange
SFG Signal-flov graph

VICCIl Voltage-irvertingsecond-generatiacurrentcorveyor
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