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ABSTRACT

A novel charge-basedcomparatorand folding circuit are pre-
sented. Correlateddouble samplingcomparisonis performed
using a log-domainintegrator, implementedby a subthreshold� MOS transistorwith thesourcecoupledto a capacitor. Thecir-
cuit producesa current that is a logistic function of the change
in voltageon the gate,with an input-referredoffset voltagethat
is a logarithmicfunction of time. Folding operationfor analog-
to-digital conversionis obtainedby differentially combiningcur-
rentsfrom a bankof thesecomparators.A prototype128-channel
parallel4-bit gray-codeanalog-to-digitalconverter hasbeenim-
plementedin a 0.5 � m CMOSprocess,delivering128MS/secat
76mW powerdissipation.

1. INTRODUCTION

High-performancedataconversioncanbe achieved eitherby ex-
pendingpower andareato achieve high precisionin a singleana-
log architecture,or by distributing the architectureover multi-
ple low-resolutionquantizationtaskseachimplementedwith rel-
atively impreciseanalogcircuits,andcombinedin thedigital do-
main. The latter approachhasproven superiorin attainingvery
high precision,by distributing thequantizationprocessover time
usingdelta-sigmamodulation[1]. Bothhighspeedandhigh reso-
lution canbeachieved by distributing thequantizationprocessin
space.To this end,it is necessaryto implementvery spaceeffi-
cient,low-resolutionquantizers.

We presenta charge-basedcircuit that implementsan offset-
compensatedcomparatorwith onecapacitorandfour � MOStran-
sistors.Besidesapplicationsin dataconversion,thedesigntargets
applicationsin hybrid analog-digitalcomputingusinglarge-scale
analogarrays[2], whereparallelism,redundancy in information
representation,andstatisticaldatacoding[3] canbeusedto com-
pensatefor imperfectionsin analogsensingandcomputation.

2. CHARGE-DOMAIN CORRELATED DOUBLE
SAMPLING COMPARATOR

2.1. Capacitor- � MOS Integrator

To obtainhigh densityandhigh speedin a comparatorandfold-
ing circuit, the challengeis to designa singlestageproducinga
current-modeor charge-modesignalthat is a saturatinghigh-gain
andoffset-compensatedfunctionof a differencein input voltage.

Thiswork wassupportedby ONRN00014-99-1-0612.

We show that in the charge domainthis can be achieved using
a circuit incorporatinga capacitorand an exponentialelement,
suchasa diode [4] or a MOS transistoroperatingin subthresh-
old regime [5], wherethe differentialvoltageis presentedasan
initial conditionat the input. Offset compensationis achieved in
the charge domain,asfor the CMOS charge-transfercomparator
describedin [6].

In the circuit of Figure 1(a) the � MOS transistoris source
coupledto a capacitor. In thesubthresholdandsaturationregion,
thedraincurrentis exponentialin gateandsourcevoltage,andthe
large-signaldynamicsof theintegratoraredescribedby:
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where �
' is thethermalvoltage.Integratingthedifferentialequa-
tion (1) yields:
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where,�. is anintegrationconstant.Directsubstitutionyields:
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At time � A@ , the input voltage is switchedfrom �CB�/ @ � 0 to� B / @�D 0 while the capacitorinstantly retainsthe sourcevoltage�
	�/ @ 0 . The sourcecurrent thereforeswitchesfrom � 	�/ @ � 0 to� 	)/ @�D 0 over thetransitionat thegate:
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where I �CB  �CBJ/ @KD 0MLN�CBJ/ @ � 0 . Theoutputcurrent(3) canthus
beexpressedin termsof initial conditions:

� 	�/$�40  � 	 / @ *O07  �QP D !R ��% �+*�S  � 	 / @ LT07  �QP<��!R ��% �+* � ���)FG����#"��% ? (5)

Interestingly, for �VU � � 'XW � 	)/ @�D 0 , � 	�/$�10 becomesindependentof
initial conditions:
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2.2. Comparator

Saturationof the outputcurrentof the circuit in Figure1(a) asa
functionof a changein the input voltage �CB is utilized in thede-
signof thecharge-basedcomparatorasshown in Figure1(b). The
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Figure1: (a) Capacitor- � MOSintegrator and (b) charge-based
comparator.
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Figure2: Control signal timing diagram for thecomparator cir-
cuit in Figure1 (b).

� MOS capacitoris initially chargedby pulsing `8acb asshown in
Figure2. Over a time interval I � . , the capacitordischargesto
raise �
	 until d S reacheswell into thesubthresholdregion. The
endof the interval definesthe initial conditionfor thesourcecur-
rent � 	 / @ � 0 . Thedifferentialinput voltageis presentedasa tran-
sientonthegate,I �CB  �
e$fhg�Li�
j k , implementedusingananalog
multiplexerM2-M3 andcontrolledby l � a ��m / l � a ��m timing signals
in Figure2. In subthreshold

.
, thisgatevoltagetransitionproduces

a changein sourcecurrentaccordingto (5). By combiningequa-
tions(4) and(5), theinput-outputcharacteristicof thecomparator
canbeexpressedas:
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where o /zy�0  SS{* � �p| (8)

is a logistic function,theamplitudesaturatesto � 	Xn '  � � 'vW � , the
voltageis scaledby r ~} W � ' , andtheoffsetvoltage
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is a logarithmicfunctionof time. Notethatby virtueof correlated
doublesamplingin the differential transient I �CB by switching. For large valuesof ��� B , the � MOS may initially enterthe strong
inversionregion. Thisaffectsthetimingbut nottheoperationof thecircuit,
sinceoncethecapacitorhasraised� 	 to reachsubthreshold,theasymptotic
relationship(6) holdsagain.
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Figure 3: The input-outputcharacteristicsof the charge-based
comparator at differentfixedtimeintervals I �1� afterswitchingthe
inputs,calculatedusingequation(7) (dashedline) andsimulated
usingSpectreSfor a 0.5 � m CMOSprocess(solid line). (Top to
bottom: I �4� = 50,250,450,650,850ns.)
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Figure4: Theoffsetvoltageof thecomparator asa functionof time
after switching the inputs( I �4� in Figure 2). Theoretical results
obtainedusingequation(9) for differentvaluesof � 	�/ @ � 0 . (Top to
bottom: � 	�/ @ � 0 = 2, 4, 6, 8, 10nA.)

M2-M3, the offset �
tvuw/$�40 is independentof M1 thresholdvaria-
tionsand,to first order, S WK° noise.

Figure3 illustratestheinput-outputcharacteristicsof thecom-
paratorfor differenttime interval I �1� afterswitchingthe inputs,
calculatedusingequation(7) andsimulatedusingSpectreSfor a
0.5 � m CMOSprocess.Theoffsetof thecomparatorasa function
of time from (9) is plottedin Figure4. It scaleslogarithmicallyin
time. It alsodependson � 	)/ @ � 0 which is controlledby the time
interval, I �<. , betweenthe moment �
j k is applied(after the re-
set)andthe time �
e$f±g is presentedto the gateof d S . Figure5
illustratestheoreticalandsimulatedsourcecurrenttransientsfor
differentvaluesof I � B .

3. CHARGE-BASED FOLDING CIRCUIT AND
GRAY-CODE ADC

Severalsolutionsfor gray-codeandcharge-basedA/D conversion
exist. Conventionalfoldeddifferentiallogic [7] (FDL) canelimi-
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Figure5: Comparator outputcurrent transientsfor differentval-
uesof I �CB . Thesolid line showstheSpectreSsimulationresults
for a 0.5 � m CMOSprocess;thedashedline wasobtainedusing
equation(7). Theinitial current � 	)/ @ � 0 ×Ö � r . Effective� MOS
capacitorvalueis 45fF.

natecodeerrorsdueto its wired gray-codeencodingscheme.An
improvementof FDL, folding cascodeddifferentiallogic (FCDL),
wasintroducedin [8]. It allows for highernumberof comparators
in anencodeblock.

3.1. Gray-CodeFlashADC Ar chitecture

Figure6(a) showsthearchitectureof a3-bit gray-codedifferential
logic ADC. Comparatorsproducetheoutputcurrent
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where ��Ù is a biascurrent, �
e$fhg Ø is a respective referencevoltage
level between�
e$fhg:Ü j k and �
e$fhgvÜwÝvÞ , �  S & ?Q?�? &Hß , and ° / ? 0 is a de-
cisionfunctionsuchas à1áQâKã / ? 0 or a logistic function. Eachoutput
bit, äæå , l E@J& ?Q?�? & Û , is obtainedby connectingcomparatoroutputs
differentiallyin a folding circuit, andthencomparingtheaccumu-
lateddifferentialcurrents.The input-outputcharacteristicsof the
ADC areillustratedin Figure6(b).

3.2. Folding Cir cuit

An LSB folding circuit for a5-bit flashADC is shown in Figure7.
Theoutputcurrentscanbeexpressedas:
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where � Ù �� 	Xn ' oTqXr /±� ÜwÝvÞe�f±g Lî� Ü j ke$fhg LÚ� tvu /$�40101x ? (13)

Theoreticalandsimulatedoutputcurrentsasafunctionof theinput
voltagefor a folding circuit of a flashADC aredemonstratedin
Figure8.
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Figure6: A 3-bit gray-codeflashA/D converter: (a) architecture;
(b) characteristic.

3.3. Integrating SenseAmplifier

Bit decisionsare madeon integrated,differentially folded com-
paratorcurrentsusinga regenerative senseamplifier. Integration
startsat theendof the I �1� interval, timedby the �Jû b clock sig-
nal in Figure2. Thetime-dependentcomparatorvoltageoffset(9)
is inconsequentialto theintegrationasit is in commonto all com-
paratorcells.

4. EXPERIMENT AL RESULTS

A prototype128-channel4-bit charge-basedgraycodeADC was
fabricatedin a 0.5 � m CMOS process. The die micrographis
shown in Figure9. The chip contains,besidesthe parallelbank
of flash ADCs, a massively parallelmixed-signalcomputational
array[9]. The ADC bankmeasures0.75mm ü 2 mm, anddis-
sipates76 mW of power at 128 MS/secsamplingrate. Output
waveformsfor a rampinputsignalarepresentedin Figure10.

5. CONCLUSIONS

A new charge-basedcomparatoranda folding circuit have been
reported. Eachcomparatorperformscorrelateddoublesampling
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Figure7: Foldingcircuit for a charge-basedgraycodeflashADC.
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Figure8: Outputcurrentsof thefolding circuit of Figure 7. The
solid line representstheSpectreSsimulationresultsfor a 0.5 � m
CMOS process; the dashedline correspondsto equations(11)
and(12). Thetimeinterval I � � =50 ns.

Figure9: Micrograph of a mixed-signalprocessorcontaininga
computationalarray and a 128-channelparallel 4-bit gray-code
flashanalog-to-digital converter. Die sizeis &(')' ü*&(')' in
0.5 � m CMOStechnology.

of the inputs to avoid mismatcherrors. The circuit operatesin
weakinversionandyieldsbothhighspeedandlow power. Thede-
signis suitedfor paralleldataconversiononmixed-signalcompu-
tationalarrays,active pixel imagers,andotherdistributedcharge
or voltagemodecircuits. A prototype128-channelparallel4-bit
gray-codeanalog-to-digitalconverterhasbeenimplementedin a

Figure10: Recordedgray-codeflashADCoutputwaveformsasa
functionof inputvoltage.

0.5 � m CMOS process,delivering 128 MS/secat 76 mW power
dissipation.It is trivial to extendthecircuit with bipolar junction
transistorsfor usein RFADCs.
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