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ABSTRACT

Acoustic and sonaranalogsignal processingapplications
requiredesignof operationaltransconductanceamplifiers
(OTAs) that canbe configuredover wide frequency range
in multiple bandsandyet achieve low power consumption
and low harmonicdistortion. A fully differential, linear
OTA is presentedwith digitally programmabletransconduc-
tancerangingover threedecadesof dynamicrange. Mea-
surementsfrom a prototypefabricatedin a ��� ��� m CMOS
processdemonstratea 0.4 nA/V to 0.8 � A/V transconduc-
tancerange,40dB common-moderejectionratio (CMRR),
and-48dB third-orderharmonicdistortion,at12 � W power
dissipation.

1. INTRODUCTION

One of the advantagesof field programmableanalogar-
raysis its flexibility in reconfiguringcircuit topologiesand
adaptingthemto specificationsof differentapplications.In
filter bankanalogdesign,specificationsmaydictateadjust-
mentof bandwidthparametersrangingoverawiderangeof
frequenciescoveringaudioto ultra-sonicrange.Theadjust-
mentof filter parameterscanbeachievedeitherthroughdig-
itally addressedcapacitorarraysor throughprogrammable
OTAs whosetransconductancecanbedigitally variedover
a largerange[1]. For very low frequency applications,dig-
itally programmablecapacitorsizingandresolutionis lim-
itedby availablesiliconarea,henceamoreviableapproach
is to designwiderangefield programmableOTAs. Previous
work in thisfield hasfocusedonwiderangeanalogtunabil-
ity [2] usingMOS transistorsoperatingin subthreshold,or
high-frequency applications[3] with tunability limited to 2
decadesof transconductance.Limiting factorsin increasing
the rangeof tunability to several decadeshave beencon-
flicting requirementsof high linearity anddynamicrange.
This paperproposesan OTA architecturewhosetranscon-
ductancecanbevariedover 3 decadeswithout appreciable
degradationof its linearity or dynamicrange. The design
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Fig. 1. Fully differential digitally programmableOTA.
Transistordimensionsaregivenin units 
�� ��� ����� .

presentedin this paperbuilds uponthe tunablelinearOTA
architecturein [4, 1] andis augmentedby usingtwo-level
digital currentscalingtechniquestoobtainawide-rangelin-
eartransconductance.

Thepaperis organizedasfollows. Section2 describes
different elementsusedto designthe digitally adjustable,
fully differentialOTA includingcurrentscalingtechniques
andcommon-modefeedback.Section3 describesexperi-
mentalresultsobtainedfrom a prototypefabricatedin 0.5�
CMOS technology, andsection4 providesconcludingre-
marks.
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Fig. 2. Variablecurrentratioingfor transistorpairsM1-M2
andM3-M4 in Figure1.

2. DIGITALLY PROGRAMMABLE OTA DESIGN

Figure1 shows thearchitectureof the OTA. Thedesignis
fully symmetricfor high noiseimmunity and high power
supplyrejectionratio. The key elementsin the designare
the input transistors������� ���"! , the currentsensingtran-
sistors �����#�$� and the mirror transistors�$%��#�$& . The
currentmirror ratios �����#�$% and �$���#�$& aredigitally se-
lectablethroughbits ')( and '+* ( '+* ) asclarifiedin Figure2.

Denote,-�/. the transconductanceand ,�01. the output
conductanceof theinputstagetransistors���2���#���3! . Also
let ,-�/4 thetransconductanceof thecurrentsensingtransis-
tors �����#�$� . Thenthe relative currentchange5761894 with
respectto a changein thedifferentialinput voltage 5�: 8;4 is
expressedas

5761894=<�5�:>894@?A��<2B (1)

where B denotesthe sourcedegenerationlinear resistance
shown in Figure1. Condition(1) is valid aslongas

BACD%�,�0 . <",-� . ,-� 4 � (2)

RatherthanadjustingthelinearresistanceB usingactiveel-
ements,it is moreconvenientto obtaina variabletranscon-
ducancethroughscalingof the outputcurrentof the OTA
first stage,in a secondstage. Coarselevel scalingis per-
formedby thedigitally programmablemirrors ����� �$% and
�$��� �$& andfine level scalingis performedat the output
stageby thecurrentdivider in Figure1,detailedin Figure3.

2.1. Current Divider

Thecurrentdivider scalestheinput current6 894 by a binary
codeddigital factorwith bits EF8 , generatinganoutputcur-
rent:

61G7HJI � 6�8;4
4
8LKM( EF8N%=O 8 (3)

Thecurrentdivider describedin [6] andshown in Fig-
ure 3 offers the advantageof compactnessin implementa-
tion, with four transistorsfor eachbit of digital resolution.
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Fig. 3. 8-bit currentdivider[6]. All transistorareidentically
sized(8/8 
 units).
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Fig. 4. Regulatedcascodecurrentconveyor for thecurrent
divider.

Critically importantin achieving uniform scalingin the
circuit of Figure 3 are low impedancesnodes :UT and :>V ,
ideallyat samepotential.This is achievedby usingthereg-
ulatedcascodecurrentconveyor [7] architectureshown in
Figure4. Thenode6�GWH1I is connectedto theoutputcurrent
sourceof the OTA asshown in Figure1 to establishhigh
output impedanceas essentialto a transconductanceam-
plifier. Theoutputcommonmodeat this high impedances
nodeis determinedby acommon-modefeedbackcircuit de-
scribedbelow.

2.2. Common Mode Feedback

The common-modestabilizationfor the OTA is achieved
usingthesimplecircuit shown in Figure5. Thecircuit reg-
ulatesthe biaslevel :>XZY to maintainthemaximumof :\[
and : O to apredeteriminedlevel, neartheupperendof the
range. Nonlinearitydueto the maximumoperationaffect
theoutputs:][ and : O , but not their differenceto first or-
der. In contrastto moreinvolved circuits to maintaintrue
commonmode,e.g., [8], thecommon-modecircuit of Fig-
ure5 usesfewer transistorsandyet is effective. OTAs with
commonoutputnodes: [ and : O shareasinglecommon-
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Fig. 5. Common-modefeedbackcircuit.

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

modestabilizationcircuit.

3. EXPERIMENTS

A prototypearrayof OTAs implementinga reconfigurable
32-channelfilter-bankwasfabricatedin a 0.5� CMOSpro-
cess. The 3 _ 3mm chip shown in Figure 6 consists
of mainly 320 OTAs for different configurationsof filter
topologies.

Figure7 presentslinearityanddynamicrangemeasure-
mentsfrom the OTA. The resultsindicatedifferential in-
put dynamicrangeof 1.2V andcommon-modeinput range
of 1.5V. The CMRR (common-moderejectionratio) mea-
sures40 dB. Figure8 demonstratesthewide digitally pro-
grammablerangeof the OTA. The four different curves
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Fig. 7. Inputdifferentialandcommon-modevoltagerange.

0 50 100 150 200 250 300
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Digital input

G
m

 (
µA

/V
)

S1,S0 = 00
S1,S0 = 01
S1,S0 = 10
S1,S0 = 11

Fig. 8. Tuningcurves: ` Y asa functionof digital control
bitsB7...B0andS1,S0.

shown correspondto different 'M� and 'a� bit settingswhich
achieve coarse-level scalingby approximatefactors1, 2, 4
and8. Figure8 alsoillustratestheeffectof fine-levelscaling
indicatedby the digital valuesin b coordinatesto achieve
a scalingby a factor of 255. In conjunctionboth stages
of scaling result in an overall transconductancerangeof
0.39nA/V to 0.8 � A/V, coveringmorethanthreedecades.
Table1 summarizestheoverall specificationandmeasured
performancefiguresof a singleOTA.

OTAs andcapacitorscanbe combinedon-chipto gen-
eratevariousfilter topologies.As anexample,a first-order
low-passfilter wasrealized.The low-passfilter comprises
two OTAs anda capacitorasshown in Figure9. Thefilter
was programmedto unity gain at low frequency (by pro-
grammingthetwo OTAs to haveidenticaltransconductance
value)andwith variablecut-off frequency. The measured
frequency responsefor variousprogrammedvaluesof the
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Fig. 9. Two OTAs and one capacitorconfiguredas first-
orderlow-passfilter.
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Fig. 10. Measuredfrequency responseof first-orderlow-
passfilter.

cut-off frequency is illustratedin Figure10.

4. CONCLUSION

A fully differentialoperationaltransconductanceamplifier
with three decadesof digitally programmablerangehas
beenpresented.TheOTA demonstratedlow third orderhar-
monic distortion, large CMRR anda large input dynamic
range.Theflexible designallows theOTA to operatewith
smallbiascurrentswhich resultsin a minimumpowercon-
sumptionof 12� W. This designcanbe adaptedfor usein
differentapplicationswith centerfrequenciesrangingfrom
subsonicto ultrasonicfrequencies(10Hz-120kHz).
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