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CCIl : arbitrary
currentgain

CCl and CCllI:
X input current
mirroredto Y

VICC: voltage
inverter insteadof
voltage buffer

Chapter2. The universakctiveelement

circuit consistingof threeCCIIC andtwo resistorswith equal
resistanceSuchacircuitis shavn in Fig. 2.5.

In general,the CCII with positive or negative currentgain
i is describedby the currentequationi; D jix [Schmid97

Schmid99h It is universalfor ary non-zero ;. To prove this
for positive , it sufces to shaw thatthecircuitin Fig. 2.5is
aCCll if thetwo resistancearechosersuchthatthe overall
currentgain become®one. The samecircuit canalsobe used
to prove universalityfor negative i: justusethe Z terminalof
thetopright CCII asthe outputof the compositeCCIl . (The
bottomright CCII canthenbe omitted.)

The CCIl wasoriginally derived from a device introducedas
“the currentcorveyor,” whichis now called r st-gene@ation
current corveyor, or CCIC. The CCIC is describedoy the
following threeequationgSmith68]:

(2.5) iy Diy, Vx D Vy, i, Diy.

To prove thatit is universal,it is sufcient to shav thata
CCIl  canbe built usingtwo instancesf the CCIC. One
way to do this is shavn in Fig. 2.6. De ning iy D | and
drawing this currentl whereverit occursmalesit obviousthat
the circuit in Fig. 2.6 meetsEgs.(2.4) andthusis a CCI|
Othercurrentcorveyors similar to the CCIC arethe CCI
(i;D ix),theCClI ; (i, D jix), andthe third-generation
currentcorveyor, CCIll (iy D iy, c.f. [Fabre95]),or, more
generallythe CCIll ;. All rst- andthird-generatiorcurrent
corveyorsareuniversalampli ers, which canin every casebe
shawvn by a constructve proof, asfor the CCIIC andthe CCIC.
Finally, it is alsopossibleto choosea non-unitycurrentgain
fromXtoY,i.e.,tochoosd, D iy Theresultingampli er
is universalfor ary ;.

A furtherideais to usea voltageinverterinsteadof a voltage
buffer at the input of ary of thesecurrentcorveyors, such
thatvy D 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 Iter (but
not explicitly described)n [Chiu96 Fig. 10]. We propose
the namevoltage-inverting current corveyor (VICC) for such
devices.Currentcorveyorsof all threegenerationganbe built



2.5. Current conveyors

iy | CcCIC z X Lk

Yy o v | CCIC z—~—w

! T

CCIl  built usingtwo CCIC.

with avoltageinverter thusthereexist VICCls, VICCIIs and
VICCIlIs. All areuniversal,sincetwo VICCs canbe usedto
build onenormalcurrentcorveyor, namelyby usingits voltage
inverterto corverttheinvertingY terminalto a non-inverting
one. Note that usingtwo VICCIs or two VICCIIIs givesa
CCIll, whereagwo VICCIIs give a CCIl. Furtherresearch
will shav whetherthe VICCs areactuallyusefulfor network
synthesis.

It dependson the viewpoint how mary different current
corveyorsour classi cation contains. 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 “lll” to denotethe polarity or the absencef a Y-terminal
currentandzis“C” or“ " to denotethe polarity of the output
currentbuffer.

More universalampli ers basedon thesetwelve current
corveyors can be derived by addingmore currentinputs
and outputs(c.f. the balanced-signaCCll in [Schmid97,
Schmid99k) or more voltageinputs (c.f. the differential
differenceCCll in [Chiu9€]). Like the extendedoperational
ampli ers from Sec.2.4,they areall trivially universal.
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Figure 2.6

Twelve classesof
currentcorveyors

Extendedcurrent
conveyors
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3.4.3

Advantagesare open
to debate

Design advantageof
Gm-C lters

...hasadwantagesand
disadwantages ..

...but is not
fundamentallybetter

Chapter3. Current-modeandvoltage-modelters

signals. Thereasondor the differencearemainly the design
preferencesf the proponent®f the current-modepproach.

Mixed-signal circuits

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

Gm-C lters

Gm-—C lters canreachhigherfrequencieshansingle-ampli er
biquadqSABSs),but they thenalsoconsumemorepower. From
anoverview of recentlypublishedGm-C lters, it seemghatit
is easierto tradespeedor power with Gm—C lters thanwith
SABs (c.f. Chap.8). However, thereis still no fundamental
reasorfor Gm—C lters to befasterthansingle-ampli er Iters.

The current-feedbackopamp

This device, which we alreadydescribedn Chapter2, was
extensvely discussetthelSCAS1993[Bruun93 Bowers93
Franco93Harvwey93 Toumazou9B Theallegedadwantages
of the CFB opamparethatits bandwidthis very high and
independentf the closed-loopgain, thatit hasno theoretical
slew-ratelimitation, andthatits input-referrechoisevoltageis
low comparedo thatof opamps-Therearesereralapplications
in which the CFB opampperformsvery well (c.f. Sec.7.2). Its
disadwantagesreits inferior DC performancetheasymmetry
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 independentf the bandwidth,it 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
draw 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 transpositiortheoremusing signal- ow graphs. A
discussiorbasedon the samenotion shaved thatthereis no
fundamentabifferencebetweencurrent-modeand voltage-
modecircuits. While it is truethatmary current-modeircuits
live up to the reputedadwantagesf 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.

Whatwould happernf adesignesetoutto build acurrent-mode
opampthat hasapproximatelythe samepropertieSCMRR,
PSRR Jinearity, chiparea.etc.) as,e.g,thewell-known opamp
LM 741, but with the maximumpossiblespeedn thelight of
the above discussionwe believe thatthe speedvould alsobe
approximatelythe same but until somebodytries this, which

is notlikely becausehe effort would beimmensethe question
will remainopen.
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not decisve

On the dif culty of
a valid comparison
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Limit on the
maximum pole
frequeny

Bad high-frequenyg
behaiour

Higher ! pmax
than BP1

No closed-form
designexpressions

Examples

Chapter4. Single-ampli ebiquadratic lters (SABS)

Theresistanceof the low-impedancderminal therefore im-
posesfundamentalimitations on the Iter' s pole frequency
andthe highestachiezable frequeng for a given stopband
attenuatioris

Apass
max(n,1=m)C, max(,1=n)R Astop

(4.32) ! pmax

whichreaches maximumatm D n D 1. Sincethe capacitors
Y, andY, mustmatchwell, Y, shouldnot consistof parasitic
capacitancenly, and! pmax shouldthereforenotbeapproached
tooclosely

Bandpass lter (BP1). Herethe comple pair of zeroscauses
the TF to rise 20dB per decadeat frequenciesabove! ,, until
it attens out again, at a gain of 1, becausef a third high-
frequeng pole, which wascancelledfrom the Taylor series
duringthe simpli cations madeabove. Since! ,=! ; isin the
orderof © 7, the Iter' s gain reachesunity at a frequeng of
about ! ,. This maywell male the lter uselesdor practical
applications.

Bandpass lter (BP2). Thesinglezeromakesthe TF constant
Epr_frequenciesbelcw I ,, atamagnitudeof approximately

2 m. Hereit is amatterof corvenienceandinterpretatiorto
which level this shouldbe referred but the samefundamental
frequeng limitationsoccurasin the LP case.

High-pass lter (HP1). In this case the singlezerochanges
the slopeof the TF from 40dB per decadeto 20dB per
decadefor frequencieshelov ! ;. Again, the minimum
capacitanceo be usedin the feedbacknetwork and the

Iter speci cationsimposefrequeng limitations, although

in this casethe dependencef the maximumfrequeng on
the speci cationsis more complicatedandis bestevaluated
graphicallyor numerically

To clarify the above discussionfig. 4.12 shavs the transfer
functionsof all four lters, wheremD 0.6,nD 1, D 1.6,

D 30and D 10,30,100. Themagnitudef HP andBP2
have beenmultiplied by 4, anddifferentpolefrequenciehave
beenchosenpothfor graphicalreasononly. The effectsof
the parasiticzeroscanbe seenclearlyin all four cases.It is
alsoevidentthatthe LP lter hasby farthe highestop;, which
alreadyfollows from (4.28 p)—(4.284p).
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TF (magnitude)

10 L L L
10° 10" 10

normalisedfrequeny

TF (magnitude)

normalisedfrequeng

Transferfunctions(TF) of the LP, BP1,BP2and HP lters.
Thedashedines indicate the different! ;.

Practical example

As anexample,considera Sallen-and-Igy low-passter bi-
quadwith f, D 16.58MHz, g, D 4, anda stopbandattenuation
of atleast30dB .2

A single-endedCMOS classAB second-generatiocurrent
corveyor (CCII) is usedascurrentampli er. It is similarto the
balancedCClI presentedn [Schmid97, whichis thebalanced
variantof the CCII shovn in Fig. 2.10. Simulationsshav that
the currentinput of the CCII hasa resistancen the orderof
100- , dependingon the biascurrent,while the currentoutput
hasacapacitancef C, 0.05pF

The choiceof “optimum” valuesof m, n and | really de-
pendson which sensitvity criterion shouldbe optimised(c.f.
Sec.4.3). Herewe choosereasonable/aluesaccordingto
thecriteriagivenin Section4.4.2without further explanation:
neglectingthe passbandttenuation(Apass  0dB), andassum-
ing max(m,1=m) 2andmax(n,1=n) 1.25,it follows that
the input resistancef the CCIl mustbe R, D 240+ . Then

2Although it is rathersmall, this attenuationalreadyresultsin 60dB
stopbandattenuationfor a cascadeof two biquadsin a 4th-order Iter.
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Figure 4.12

4.4.4

Filter with
mediump

Choose |, mandn
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5.9

MOSFETFC SABs
work

Suitability for
mixed-signal
integration

MOSFETonly lters

Higherorder
MOSFETC lters

Chapter5. Seconderder MOSFEFC networks

throughothermethodsthatthe main contrikution to the total
harmonicdistortion(THD) is of odd order thenthis methodis
aviablealternatve to the muchmoretime consumingnethod
of usinga spectrumanalyseto measurghe THD individually
for every magnitude-frequerycpair.

Conclusion

Thediscussiorin this Chaptertogethewith themeasurements
providedin Chapter7, shawv thatMOSFETC single-ampli er
biquadratic lters work andareindeeda viable alternatve to
classicalGm-C lters. Threeimportantquestiongemainopen.

The Iters we testedrejectthe substratenoisegeneratedby the
chagepumpverywell. Thisfactandthe perfectlysymmetrical
structureof the Iter givesriseto theassumptiorthatthey are
well suitedfor useon mixed-signalcircuits. It hasyetto be
shavn thatthis is indeedthe caseby usingour techniqueto
integratea true mixed-signalkhip.

It wasalsoshavn above, by providing simulationresults,
that our techniquecanalsobe usedto build MOSFETFonly
Iters usinga standardligital CMOS procesg(i.e., with one
poly-silicon layer only). This possibility requiresfurtherin-
vestigations,sincethe THD will possiblyhave to be optimised
usingdifferentcriteriathanthe onesdiscussedn this chapter
It is alsoanopenquestiorwhethemMOS or pMOS capacitors
shouldbe used,andif thelatterareused,how thewell should
bepolarised.

Finally, it is alsopossibleto build single-ampli er lters that
generatehreeor more poles[Moschytz993 Moschytz994.
We think that this is feasibletoo and malkesit possibleto
build even smaller Iters with lower powver consumption.
However, theadvancefrom Gm—C lters to MOSFETC SABs
is certainlymuchlargerthanthe advancefrom MOSFETC
SABsto higherorderMOSFETC single-ampli er lters.



Chapter 6

Implementation ofthe
current ampli er

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

(Yannis Tsividis)

This chapteiis mostlydescriptve, sincetheampli er presented
hereis basedn well-knovn conceptgakenfrom theliterature
that were usedto build symmetrical,balancedcurrentampli-
ers. Boththe x ed-gaincurrentampli er andthevariable-gin
currentampli er presentedh this Chaptercanalsobeseenand
usedas second-generatioaurrentcorveyors (CClls), as dis-
cussedn Chapter2. Apartfrom adescriptiorof theampli ers,
this Chapteralso discusses few designcriteria, and nally
suggestsmprovementof the variable-@in currentampli er.
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Figure 7.1

71.2.2

Two-stage
transresistance
ampli er

7.2.3

Brief description

Chapter7. Descriptionof test chipsand measurements

2p-4p
Il
I
750
Vi 100n 750
FAAA— 20 Vo1
49.9
20 Vo2
—AAN—O

Single-endedo balancedvoltage corverter
using AD 8002 CFB opamps.

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

Output |-V converter

The currentoutputof every testcircuit was corvertedto a
singlevoltageby the circuit shovn in Fig. 7.2. It consistsof
tow independent-V corvertershasednthe AD 8011(another
CFB opamp)thathasan R, D 750 . Thefollowing stageis
a differenceampli er basedon the AD 8002with a voltage
gain of 5. Togethemwith the differencingthe overall R, from
a singlecurrentoutputto the corverteroutputis 7500 . The
reasorthattwo different CFB opampswere usedis thatthe
AD 8011is basicallyslower; becaus®f the stability problems
thatoftenoccurwith high-speedampli ers, it is notadvisable
to useampli ers thatarefasterthannecessary

Measurement equipment

All transferfunctionsandcharacteristicsvere measureavith
the 500-MHz spectrumanalysertHP8751A; the noiseand
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750

Balanced-curentto single-endedroltage corverter Figure 7.2
using AD 8002 and AD 8011 CFB opamps.

clock feed-throughwasmeasuredvith the 150-MHz spectrum
analyserHP3588A. For the harmonic-distortiormeasure-
ments,a 2-Vp, wasgeneratedvith the Tektronix AFG 2020
function generatorandthen attenuatedy a programmable
attenuatqrthe Marconi MA 2186, in orderto producea
harmonicallycleansignalfor themeasurements.

First test chip 7.3

V-l converter and signal inputs 7.3.1

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

acorverteris necessarys thatotherwisethe padcapacitance

andthe input resistancef the circuit would form a pole at

unacceptablyow frequenciegseveralMHz). Thislookslike a

disadwantageof current-modelters, but a voltage-modelter

thathasan outputimpedanceequalto the inputimpedancef

the current-modelter would simply have the sameproblems

atits output,wherea voltagebuffer would have to beinserted.

Onthis rst chip, two majormistalesweremade.First, every Major mistakes on
circuit on the chip hadits own pair of input pads. There the rst chip
were not enoughpadsremainingto isolatethe input pads
electromagnetically As a result, therewas a considerably
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8.3.6

Use a chage pump
if possible

Clock feed-through
to other circuits

Breakdavn voltages

8.4

MOSFETC lters
are useful for
video-frequeng
applications

Chapter8. Comparisonsandtrade-offs

varianceof the pole Q considerablycomparedo the pole-Q
varianceof anoptimumdesign(c.f. 4.3).

Charge-pump or not?

Finally, ashasbhecomeapparenin Chap.7, the advantages
of having a chage-pumpto drive the MOSFET resistorgates
aresogreatthatit shouldbe doneif possible.Also, the clock
feed-throughto the outputof our Iters is small enoughfor
mostapplications.Therearetwo thingsthatcould preventthe
useof achagepump.

First, althoughour lIters rejectthe substratenoisegenerated
by the chage pumpquite well, it mustbe madesurethatthe
sameis truefor all othersignalprocessingircuitson thechip.
Thismaybea problemon purelyanalogudCs, but is notreally
anissueon mixed-signalCs, sincetherethe substrataoiseof
thedigital partdominatesanyway.

Secondthechagepumpdescribedn Sec.5.5.2is constructed
sothatalthoughits outputvoltagecanreach5V, no terminal
voltagedifferenceon ary elementswill exceed3.3V. The-
oretically no break-davn will occurevenif the procesaused
doesnot support5V asthe 0.641tm CMOS processhy AMS
does. The sameis true for the MOSFETFC SABs. However,
over-peakingduring the transientamight changethis, andit
mustbe madesure, by careful simulations,thatthe chage
pumpis compatiblewith the processat hand.

Conclusion

We have shawvn in this dissertatiothat MOSFETC SABsand
lter cascadearea usefultechniqueto build video-frequeng
Iters. Theirmainbene tisthatthey requirelesschipareathan

corventionalGm—C Iters having the sameTHD, SNR,and

power consumptiontypically the reductionis to 30...15%

of the size of the Gm—C lter. Sincethis PhD dissertation

is, to our knowledge,the rst comprehensk discussiorof

MOSFETC SABs, mary openquestionsstill remain,which

will bediscussedn thefollowing chapter



Chapter 9

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 discussafew open Outline
guestionandideadfor futureresearchThey aremainlywritten

for thebene t of the readewho wishesto apply MOSFETC

SABs, but alsoallist of directionsin which theauthors future

researchmightgo.

We have given plausiblearguments basedon clock feed- Suitability for
throughmeasurementgor the suitability of our Iters for MAD design
mixed analogue-digita(MAD) IC design. The reasongor

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 detaileddiscussiorof the
substrate-noiseejectionandcontrol-signal-noiseejectionof

our lters.

In Chapter2, we did not tell how a designershouldactually Amplier Choice
choosethe bestampli er for a certainapplication. This is

always a dif cult question,mainly becausehe de nition

of “best'is very applicationspeci c. Also, the selection

criterionfor a designeiis not which ampli er could be better

from a theoreticalpoint of view, but with which ampli er he
personallycanachieve betterresults.Thisis mostprobablythe

ampli er heis mostfamiliar with. Thus,if the new andless

well knovn ampli ers discussedn Chap.2 shouldbecome

viablecandidate$or applicationsthey must rst beresearched
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