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24 Chapter2. The universalactiveelement

circuit consistingof threeCCIIC andtwo resistorswith equal
resistance.Suchacircuit is shown in Fig. 2.5.

In general,the CCII with positive or negative currentgainCCII� i : arbitrary
currentgain � i is describedby thecurrentequationi z D � i ix [Schmid97,

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

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

“the currentconveyor,” which is now called�r st-generation
current conveyor, or CCIC. The CCIC is describedby the
following threeequations[Smith68]:

(2.5) iy D ix, vx D vy, iz D ix .

To prove that it is universal,it is suf�cient to show that a
CCII� canbe built usingtwo instancesof the CCIC. One
way to do this is shown in Fig. 2.6. De�ning i x D I and
drawing thiscurrentI wherever it occursmakesit obviousthat
the circuit in Fig. 2.6 meetsEqs.(2.4) andthusis a CCII� .
Othercurrentconveyors similar to the CCIC arethe CCI�
(iz D � ix), the CCI� i (iz D � i ix), and the third-generation
currentconveyor, CCIII (i y D � ix, c.f. [Fabre95]),or, more
generally, theCCIII� i . All �rst- andthird-generationcurrent
conveyorsareuniversalampli�ers, which canin every casebe
shown by aconstructiveproof,asfor theCCIIC andtheCCIC.
Finally, it is alsopossibleto choosea non-unitycurrentgain
from X to Y, i.e., to choosei y D � � j ix. Theresultingampli�er
is universalfor any � j .

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

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

It dependson the viewpoint how many different current Twelve classesof
currentconveyorsconveyorsour classi�cationcontains.If non-unitygainsare

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

More universalampli�ers basedon thesetwelve current Extendedcurrent
conveyorsconveyors can be derived by addingmore current inputs

and outputs(c.f. the balanced-signalCCII in [Schmid97,
Schmid99b]) or more voltageinputs (c.f. the differential
differenceCCII in [Chiu96]). Like theextendedoperational
ampli�ers from Sec.2.4,they areall trivially universal.
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signals.Thereasonsfor thedifferencearemainly thedesign
preferencesof theproponentsof thecurrent-modeapproach.

3.4.3 Mixed-signal circuits

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

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

Gm–C �lters

Gm–C�lters canreachhigherfrequenciesthansingle-ampli�erDesignadvantageof
Gm–C �lters biquads(SABs),but they thenalsoconsumemorepower. From

anoverview of recentlypublishedGm–C�lters, it seemsthatit
is easierto tradespeedfor power with Gm–C�lters thanwith
SABs (c.f. Chap.8). However, thereis still no fundamental
reasonfor Gm–C�lters to befasterthansingle-ampli�er�lters.

The curr ent-feedbackopamp

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

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

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

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

3.5Conclusion

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

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

Whatwouldhappenif adesignersetouttobuild acurrent-mode On the dif�culty of
a valid comparisonopampthat hasapproximatelythe sameproperties(CMRR,

PSRR,linearity, chiparea,etc.)as,e.g,thewell-known opamp
LM 741,but with themaximumpossiblespeed?In thelight of
theabove discussion,we believe that thespeedwould alsobe
approximatelythesame,but until somebodytries this, which
is not likely becausetheeffort wouldbeimmense,thequestion
will remainopen.
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Theresistanceof the low-impedanceterminal therefore im-Limit on the
maximumpole
frequency

posesfundamentallimitations on the �lter' s pole frequency,
andthe highestachievable frequency for a given stopband
attenuationis

(4.32) ! pmax �
Apass

max(m,1=m)Co � max(n,1=n)Ri � Astop
,

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

Bandpass�lter (BP1). Herethecomplex pair of zeroscausesBad high-frequency
behaviour theTF to rise 20dB per decadeat frequenciesabove ! z, until

it �attens out again, at a gain of 1, becauseof a third high-
frequency pole,which wascancelledfrom the Taylor series
duringthesimpli�cations madeabove. Since! z=! p is in the
orderof

p
� , the �lter' s gain reachesunity at a frequency of

about� ! p. This maywell make the �lter uselessfor practical
applications.

Bandpass�lter (BP2). ThesinglezeromakestheTF constantHigher ! pmax
than BP1 for frequenciesbelow ! z, at a magnitudeof approximatelyp

2� m. Hereit is amatterof convenienceandinterpretationto
which level this shouldbereferred,but thesamefundamental
frequency limitationsoccurasin theLP case.

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

decadefor frequenciesbelow ! z. Again, the minimum
capacitanceto be usedin the feedbacknetwork and the
�lter speci�cationsimposefrequency limitations, although
in this casethe dependenceof the maximumfrequency on
the speci�cationsis morecomplicatedandis bestevaluated
graphicallyor numerically.

To clarify theabove discussion,Fig. 4.12shows the transferExamples

functionsof all four �lters, wherem D 0.6,n D 1, � I D � 1.6,
� D 30 and� D 10,30,100. Themagnitudesof HP andBP2
have beenmultiplied by 4, anddifferentpolefrequencieshave
beenchosen,both for graphicalreasonsonly. Theeffectsof
theparasiticzeroscanbeseenclearly in all four cases.It is
alsoevidentthattheLP �lter hasby far thehighestqpi , which
alreadyfollows from (4.28LP)–(4.28HP).
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Figure 4.12

4.4.4Practical example

As anexample,considera Sallen-and-Key low-pass�lter bi- Filter with
mediumqpquadwith fp D 16.58MHz, qp D 4, andastopbandattenuation

of at least30dB.2

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

The choiceof “optimum” valuesof m, n and� I really de- Choose� I , m and n

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

2Although it is rathersmall, this attenuationalreadyresultsin 60dB
stopbandattenuationfor a cascadeof two biquadsin a 4th-order�lter .
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throughothermethodsthat themaincontribution to the total
harmonicdistortion(THD) is of oddorder, thenthis methodis
a viablealternative to themuchmoretime consumingmethod
of usinga spectrumanalyserto measuretheTHD individually
for everymagnitude-frequency pair.

5.9 Conclusion

Thediscussionin thisChapter, togetherwith themeasurementsMOSFET–C SABs
work providedin Chapter7, show thatMOSFET–C single-ampli�er

biquadratic�lters work andareindeeda viablealternative to
classicalGm–C�lters. Threeimportantquestionsremainopen.

The�lters we testedrejectthesubstratenoisegeneratedby theSuitability for
mixed-signal
integration

chargepumpverywell. This factandtheperfectlysymmetrical
structureof the�lter givesriseto theassumptionthatthey are
well suitedfor useon mixed-signalcircuits. It hasyet to be
shown that this is indeedthecaseby usingour techniqueto
integratea truemixed-signalchip.

It wasalsoshown above, by providing simulationresults,MOSFET–only �lters

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

Finally, it is alsopossibleto build single-ampli�er �lters thatHigher-order
MOSFET–C �lters generatethreeor morepoles[Moschytz99a, Moschytz99b].

We think that this is feasibletoo andmakes it possibleto
build even smaller�lters with lower power consumption.
However, theadvancefrom Gm–C�lters to MOSFET–CSABs
is certainlymuchlarger thanthe advancefrom MOSFET–C
SABsto higher-orderMOSFET–Csingle-ampli�er �lters.



Chapter 6

Implementation of the
current ampli�er
It is not likely that MAD circuit designers

will be replaced by design tools
in the foreseeable future.

(Yannis Tsividis)

Thischapteris mostlydescriptive,sincetheampli�er presented
hereis basedon well-known conceptstakenfrom theliterature
that wereusedto build symmetrical,balancedcurrentampli-
�ers. Boththe�x ed-gaincurrentampli�er andthevariable-gain
currentampli�er presentedin thisChaptercanalsobeseenand
usedas second-generationcurrentconveyors (CCIIs), as dis-
cussedin Chapter2. Apart from adescriptionof theampli�ers,
this Chapteralso discussesa few designcriteria, and �nally
suggestsimprovementsof thevariable-gaincurrentampli�er.
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Vi
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Figure 7.1 Single-endedto balancedvoltage converter
usingAD8002CFB opamps.

enoughchip padswerestill free so that the inputscould be
decoupledfrom eachotherandfrom the restof the padsby
placinggroundedpadsin between.

7.2.2 Output I–V converter

The currentoutputof every testcircuit wasconvertedto aTwo-stage
transresistance
ampli�er

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

7.2.3 Measurement equipment

All transferfunctionsandcharacteristicsweremeasuredwithBrief description

the 500-MHz spectrumanalyserHP8751A; the noiseand
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Figure 7.2

clock feed-throughwasmeasuredwith the150-MHzspectrum
analyserHP3588A. For the harmonic-distortionmeasure-
ments,a 2-Vpp wasgeneratedwith the TektronixAFG2020
function generatorandthenattenuatedby a programmable
attenuator, the Marconi MA 2186, in order to producea
harmonicallycleansignalfor themeasurements.

7.3First test chip

7.3.1V–I converter and signal inputs

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

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

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

werenot enoughpadsremainingto isolatethe input pads
electromagnetically. As a result, therewasa considerably
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varianceof thepoleQ considerablycomparedto thepole-Q
varianceof anoptimumdesign(c.f. 4.3).

8.3.6 Charge-pump or not?

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

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

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

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

Second,thechargepumpdescribedin Sec.5.5.2is constructedBreakdown voltages

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

8.4 Conclusion

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

�lter cascadesarea usefultechniqueto build video-frequency
�lters. Theirmainbene�t is thatthey requirelesschipareathan
conventionalGm–C�lters having thesameTHD, SNR,and
power consumption,typically the reductionis to 30.. .15%
of the sizeof the Gm–C�lter . Sincethis PhD dissertation
is, to our knowledge,the �rst comprehensive discussionof
MOSFET–C SABs,many openquestionsstill remain,which
will bediscussedin thefollowing chapter.
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Ideasfor 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 brie�y discussa few open Outline

questionsandideasfor futureresearch.They aremainlywritten
for thebene�t of thereaderwho wishesto applyMOSFET–C
SABs,but alsoa list of directionsin which theauthor's future
researchmightgo.

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

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

In Chapter2, we did not tell how a designershouldactually Ampli�er Choice

choosethe bestampli�er for a certainapplication. This is
always a dif�cult question,mainly becausethe de�nition
of `best' is very applicationspeci�c. Also, the selection
criterionfor a designeris not which ampli�er couldbebetter
from a theoreticalpoint of view, but with which ampli�er he
personallycanachievebetterresults.This is mostprobablythe
ampli�er he is mostfamiliar with. Thus,if thenew andless
well known ampli�ers discussedin Chap.2 shouldbecome
viablecandidatesfor applications,they must�rst beresearched
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