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ABSTRACT

Acoustic and sonaranalogsignal processingapplications
require designof operationaltransconductancamplifiers
(OTAs) that canbe configuredover wide frequeng range
in multiple bandsandyet achieve low power consumption
and low harmonicdistortion. A fully differential, linear
OTA is presentedvith digitally programmabléransconduc-
tancerangingover threedecade®f dynamicrange. Mea-
surementdrom a prototypefabricatedn a 0.5um CMOS
processlemonstrata 0.4 nA/V to 0.8 uA/V transconduc-
tancerange 40 dB common-modeejectionratio (CMRR),
and-48dB third-orderharmoniadistortion,at12 yW power
dissipation.

1. INTRODUCTION

One of the advantagesof field programmableanalogar
raysis its flexibility in reconfiguringcircuit topologiesand
adaptingthemto specification®f differentapplications.in
filter bankanalogdesign,specificationsnay dictateadjust-
mentof bandwidthparametersangingoverawide rangeof
frequenciegsoveringaudioto ultra-soniaange.Theadjust-
mentof filter parametersanbeachievedeitherthroughdig-
itally addressedapacitorarraysor throughprogrammable
OTAs whosetransconductanceanbe digitally variedover
alargerange[1]. For verylow frequeng applicationsdig-
itally programmableapacitorsizing andresolutionis lim-
ited by availablesiliconareahencea moreviableapproach
is to designwide rangefield programmabl®©TAs. Previous
work in thisfield hasfocusedonwide rangeanalogtunabil-
ity [2] usingMOS transistoroperatingin subthresholdor
high-frequeng applicationqd3] with tunability limited to 2
decade®f transconductancéimiting factorsin increasing
the rangeof tunability to several decadeshave beencon-
flicting requirement®f high linearity and dynamicrange.
This paperproposesan OTA architecturewhosetranscon-
ductancecanbe variedover 3 decadesvithout appreciable
degradationof its linearity or dynamicrange. The design
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Fig. 1. Fully differential digitally programmableOTA.
Transistodimensionsregivenin units A\ = 0.3um.

presentedn this paperbuilds uponthe tunablelinear OTA
architecturen [4, 1] andis augmentedy usingtwo-level
digital currentscalingtechniqueso obtainawide-rangdin-
eartransconductance.

The paperis organizedasfollows. Section2 describes
differentelementsusedto designthe digitally adjustable,
fully differential OTA including currentscalingtechniques
and common-moddeedback. Section3 describesxperi-
mentalresultsobtainedrom a prototypefabricatedn 0.5u
CMOS technology and section4 providesconcludingre-
marks.
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Fig. 2. Variablecurrentratioingfor transistopairsM1-M2
andM3-M4 in Figurel.

2. DIGITALLY PROGRAMMABLE OTA DESIGN

Figure 1 shows the architectureof the OTA. The designis
fully symmetricfor high noiseimmunity and high power
supplyrejectionratio. The key elementdn the designare
the input transistorsM 17, M 18, the currentsensingtran-
sistorsM 1, M3 andthe mirror transistorsM 2, M4. The
currentmirror ratiosM 1, M2 andM 3, M 4 aredigitally se-
lectablethroughbits S; andS, (Sy) asclarifiedin Figure2.

Denotegm,, the transconductancand gd,, the output
conductancef theinput stagetransistors\/ 17, M 18. Also
let gm,, thetransconductanasf thecurrentsensingransis-
tors M1, M 3. Thentherelative currentchangedI;,, with
respecto a changen the differentialinput voltagedV;,, is
expresse@s

8Iin/6Vin ~ 1/R 1)

where R denoteghe sourcedegeneratioriinear resistance
shavnin Figurel. Condition(1) is valid aslong as

R > 2gdp/gmpgmn . (2)

Ratherthanadjustingthelinearresistance? usingactveel-
ementsijt is morecorvenientto obtaina variabletranscon-
ducancehroughscalingof the outputcurrentof the OTA
first stage,in a secondstage. Coarselevel scalingis per
formedby thedigitally programmablenirrors M 1, M2 and
M3, M4 andfine level scalingis performedat the output
stageby thecurrentdividerin Figurel, detailedin Figure3.

2.1. Current Divider

The currentdivider scalegheinput current/;,, by abinary
codeddigital factorwith bits B;, generatingan outputcur-
rent:

Tout = 1in »_ B2 (3)
i=1

The currentdivider describedn [6] andshowvn in Fig-
ure 3 offers the advantageof compactness implementa-
tion, with four transistorgor eachbit of digital resolution.
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Fig. 3. 8-bitcurrentdivider[6]. All transistoiareidentically
sized(8/8 \ units).
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Fig. 4. Regulatedcascodeurrentconveyor for the current
divider.

Critically importantin achieving uniform scalingin the
circuit of Figure 3 are low impedancesnodesV, andV},
ideally at samepotential. This is achiezedby usingthereg-
ulatedcascodecurrentcornveyor [7] architectureshown in
Figure4. Thenodel,,; is connectedo the outputcurrent
sourceof the OTA asshawvn in Figurel to establishhigh
output impedanceas essentialto a transconductancam-
plifier. The outputcommonmodeat this high impedances
nodeis determinedy acommon-moddéeedbaclcircuit de-
scribedbelow.

2.2. Common M ode Feedback

The common-modestabilizationfor the OTA is achieved
usingthe simplecircuit shavn in Figure5. Thecircuit reg-
ulatesthe biaslevel V,,, to maintainthe maximumof V*
andV ~ to apredeteriminedevel, neartheupperendof the
range. Nonlinearity due to the maximumoperationaffect
theoutputsV+ andV —, but not their differenceto first or-
der In contrastto moreinvolved circuits to maintaintrue
commonmode,e.g., [8], thecommon-modeircuit of Fig-
ure5 usedfewer transistorsaandyetis effective. OTAs with
commonoutputnodesl/ T andV ~ shareasinglecommon-



Fig. 6. Photomicrograplof programmableand reconfig-
urableOTA-C array

modestabilizationcircuit.

3. EXPERIMENTS

A prototypearrayof OTAs implementinga reconfigurable
32-channefilter-bankwasfabricatedn a 0.5, CMOS pro-
cess. The 3 x 3mm chip shovn in Figure 6 consists
of mainly 320 OTAs for different configurationsof filter
topologies.

Figure7 presentdinearity anddynamicrangemeasure-
mentsfrom the OTA. The resultsindicate differential in-
put dynamicrangeof 1.2V andcommon-modénput range
of 1.5V. The CMRR (common-modeejectionratio) mea-
sures40 dB. Figure 8 demonstratethe wide digitally pro-
grammablerange of the OTA. The four different curves
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Fig. 7. Inputdifferentialandcommon-modeoltagerange.
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Fig. 8. Tuningcurves: G,,, asa function of digital control
bitsB7...B0andS1,S0.

shawn correspondo differentS1 and.S0 bit settingswhich
achieve coarse-lgel scalingby approximatdactorsi, 2, 4
and8. Figure8 alsoillustratesheeffectof fine-level scaling
indicatedby the digital valuesin x coordinateso achieve
a scalingby a factor of 255. In conjunctionboth stages
of scalingresultin an overall transconductanceange of
0.39nA/V to 0.8 uA/V, coveringmorethanthreedecades.
Table1 summarizeshe overall specificatiorandmeasured
performancdiguresof a single OTA.

OTAs and capacitorscan be combinedon-chipto gen-
eratevariousfilter topologies.As anexample,a first-order
low-passfilter wasrealized. The low-passfilter comprises
two OTAs anda capacitorasshavn in Figure9. Thefilter
was programmedo unity gain at low frequeng (by pro-
grammingthetwo OTAs to haveidenticaltransconductance
value) andwith variablecut-off frequeng. The measured
frequeng responsdor variousprogrammedsaluesof the
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Fig. 9. Two OTAs and one capacitorconfiguredas first-
orderlow-pasdfilter.
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Fig. 10. Measuredrequeng responseof first-orderlow-
pasdilter.

cut-off frequeng is illustratedin Figure10.

4. CONCLUSION

A fully differentialoperationakransconductancemplifier
with three decadesof digitally programmablerange has
beenpresentedThe OTA demonstratetbw third orderhar

monic distortion, large CMRR and a large input dynamic
range. The flexible designallows the OTA to operatewith

smallbiascurrentswhich resultsin aminimumpower con-
sumptionof 12uW. This designcanbe adaptedor usein

differentapplicationswith centerfrequenciesangingfrom

subsonido ultrasonicfrequencie¢10Hz-120kHz).
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