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ABSTRACT

A novel chage-basedcomparatorand folding circuit are pre-
sented. Correlateddouble sampling comparisonis performed
using a log-domainintegrator implementedby a subthreshold
nMOS transistowith the sourcecoupledto a capacitor The cir-
cuit producesa currentthat 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 corversionis obtainedby differentially combiningcur
rentsfrom a bankof thesecomparatorsA prototypel28-channel
parallel 4-bit gray-codeanalog-to-digitalcorverter hasbeenim-
plementedn a 0.5 pm CMOS processdelivering 128 MS/secat
76 mW power dissipation.

1. INTRODUCTION

High-performancealatacorversioncanbe achieved either by ex-
pendingpower andareato achieve high precisionin a singleana-
log architecture,or by distributing the architectureover multi-
ple low-resolutionquantizationtaskseachimplementedwith rel-
atively impreciseanalogcircuits, andcombinedin the digital do-
main. The latter approachhasproven superiorin attainingvery
high precision by distributing the quantizatiorprocessover time
usingdelta-sigmanodulation[1]. Both high speedcandhighreso-
lution canbe achieved by distributing the quantizatiorprocessn
space.To this end, it is necessaryo implementvery spaceeffi-
cient,low-resolutionquantizers.

We presenta chage-basedircuit thatimplementsan offset-
compensatedomparatowith onecapacitorandfour nMOS tran-
sistors.Besidesapplicationsn dataconversion thedesigntamgets
applicationsin hybrid analog-digitalcomputingusinglarge-scale
analogarrays[2], whereparallelism,redundang in information
representatiorgndstatisticaldatacoding[3] canbe usedto com-
pensatdor imperfectionsn analogsensingandcomputation.

2. CHARGE-DOMAIN CORRELATED DOUBLE
SAMPLING COMPARATOR

2.1. Capacitor-nMOS Integrator

To obtainhigh densityand high speedin a comparatoandfold-
ing circuit, the challengeis to designa single stageproducinga
current-moder chage-modesignalthatis a saturatinghigh-gain
andoffset-compensatefiinction of a differencein input voltage.
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We shaw that in the chage domainthis can be achiezed using
a circuit incorporatinga capacitorand an exponentialelement,
suchasa diode[4] or a MOS transistoroperatingin subthresh-
old regime [5], wherethe differential voltageis presentedasan
initial conditionat the input. Offsetcompensatioris achievzed in
the chage domain,asfor the CMOS chage-transfeicomparator
describedn [6].

In the circuit of Figure 1(a) the nMOS transistoris source
coupledto a capacitor In the subthresholdndsaturatiorregion,
thedraincurrentis exponentialin gateandsourcevoltage,andthe
large-signaldynamicsof theintegratoraredescribedy:

Cd‘/s =1, = EIoe(anst)/Vt’ (1)

dt L

whereV; is thethermalvoltage. Integratingthe differentialequa-
tion (1) yields:

Vs
OVieVs = %Ioe”VQ/Vtt+C1, )

wherec; is anintegrationconstantDirect substitutionyields:
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At time t = 0, the input voltageis switchedfrom V,(07) to
V,(0™) while the capacitorinstantly retainsthe sourcevoltage
V5(0). The sourcecurrentthereforeswitchesfrom I,(07) to
I,(0™) overthetransitionatthe gate:

I.(07) = I,(07)e 2o/, (4)

whereAV, = V,(0") — V,(07). Theoutputcurrent(3) canthus
be expressedn termsof initial conditions:
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Interestinglyfor ¢ > C’Vt/Is(OJr), I;(t) becomesndependentf
initial conditions:
CV;

Lt) ~ = 6)

2.2. Comparator

Saturationof the outputcurrentof the circuit in Figurel(a) asa
function of a changein the input voltageVj is utilized in the de-
signof thechage-based@domparatomasshavn in Figurel(b). The



Vref

@ (b)

Figurel: (a) CapacitornMOSintegrator and (b) charge-based
compaator.
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Figure2: Contmwol signaltiming diagram for the compaator cir-
cuitin Figure 1 (b).

nMOS capacitoiis initially chagedby pulsingRST asshawvn in

Figure2. Over atime intenval At;, the capacitordischagesto

raiseV; until M1 reachesvell into the subthresholdegion. The

endof theintenal definestheinitial conditionfor the sourcecur-

rentI; (0™ ). Thedifferentialinput voltageis presentedsa tran-

sientonthegate AV, = V;er — Vin, implementedisingananalog
multiplexer M2-M3 andcontrolledby inSel/inSel timing signals
in Figure2. In subthresholY this gatevoltagetransitionproduces
achangen sourcecurrentaccordingto (5). By combiningequa-
tions (4) and(5), theinput-outputcharacteristiof thecomparator
canbeexpresseds:

L(t) = Lsat 0 (A(AVy = Vor(1))), (7)
where 1
o(z) = Tres (8)

is alogisticfunction,theamplitudesaturate$o I,.; = CV;/t, the
voltageis scaledby A = k/V;, andthe offsetvoltage
Vi lo cv;

97,0 )t

is alogarithmicfunctionof time. Notethatby virtue of correlated
double samplingin the differential transientAV, by switching

Vor(t) =

9)

K

LFor large valuesof AVy, the nMOS may initially enterthe strong
inversionregion. Thisaffectsthetiming but nottheoperatiorof thecircuit,
sinceoncethecapacitohasraisedV to reachsubthresholdheasymptotic
relationship(6) holdsagain.
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Figure3: Theinput-outputcharacteristicsof the charge-based
compaator at differentfixedtimeintervalsAt, afterswitchingthe

inputs, calculatedusingequation(7) (dashedine) and simulated
using SpecteSfor a 0.5 um CMOSprocesg(solid line). (Topto

bottom: At, = 50, 250,450,650,850ns.)
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Figure4: Theoffsetvoltage ofthecompaator asafunctionoftime
after switching the inputs (At» in Figure 2). Theoetical results
obtainedusingequation(9) for differentvaluesof I,(0~). (Topto
bottom: I, (07) = 2,4,6,8,10nA.)

M2-M3, the offset Vo (t) is independenof M1 thresholdvaria-
tionsand,to firstorder 1/ f noise.

Figure3iillustratestheinput-outputcharacteristicef thecom-
paratorfor differenttime interval At» after switchingtheinputs,
calculatedusing equation(7) and simulatedusing SpectreSor a
0.5pm CMOS processTheoffsetof thecomparatoasa function
of time from (9) is plottedin Figure4. It scaledogarithmicallyin
time. It alsodependsn I;(0™) which is controlledby the time
interval, At;, betweenthe momentVi, is applied(after the re-
set)andthe time V¢ is presentedo the gateof M1. Figure5
illustratestheoreticaland simulatedsourcecurrenttransientsfor
differentvaluesof AV.

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

Several solutionsfor gray-codeandchage-based\/D corversion
exist. Corventionalfoldeddifferentiallogic [7] (FDL) canelimi-
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Figure5: Compaator outputcurrenttransientgor differentval-
uesof AV,. Thesolid line showsthe SpecteSsimulationresults
for a 0.5 um CMOSprocess;the dashedine wasobtainedusing
equation(7). Theinitial currentZ,(0~) = 6nA. EffectivenMOS
capacitorvalueis 45fF

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

3.1. Gray-Code Flash ADC Ar chitecture

Figure6(a) shavs thearchitectureof a 3-bit gray-codedifferential
logic ADC. Comparatorproducethe outputcurrent

I¢ = L((f(Vier — Vin) +1)/2), (10)

wherel, is abiascurrent,V," is arespectie referencevoltage
level betweerVies ™™ andV;es ™, n = 1, ..., 7, andf(.) isade-
cisionfunctionsuchassign(.) or alogistic function. Eachoutput
bit, D;,7 = 0, ..., 2, is obtainedby connectingcomparatooutputs
differentiallyin afolding circuit, andthencomparingheaccumu-
lateddifferentialcurrents. The input-outputcharacteristicef the
ADC areillustratedin Figure6(b).

3.2. Folding Cir cuit

An LSB folding circuit for a5-bit flashADC is shawvn in Figure?7.
Theoutputcurrentscanbe expresseds:

(N—1)/4
I =La Y o(A(Via— V™ = Ver(¥)),  (12)
n=0
(N-1)/4
Io=Ta Y, o(A(Via—Vig*® = V(1)) + 1/2, (12)
n=0

where )

Ib = 1sat0 (A(‘/;Ierlfax - rxenfm - VOH(t))) (13)

Theoreticahndsimulatedutputcurrentsasafunctionof theinput
voltagefor a folding circuit of a flashADC are demonstratedh
Figure8.
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Figure6: A 3-bit gray-codeflashA/D corverter: (a) architectue;
(b) characteristic.

3.3. Integrating SenseAmplifier

Bit decisionsare madeon integrated,differentially folded com-
paratorcurrentsusinga regeneratre senseamplifier Integration
startsat theendof the At» intenal, timedby the INT clock sig-
nalin Figure2. Thetime-dependertomparatoroltageoffset(9)
is inconsequentiab theintegrationasit is in commonto all com-
paratorcells.

4. EXPERIMENT AL RESULTS

A prototypel28-channe#i-bit chage-basedyray codeADC was
fabricatedin a 0.5 um CMOS process. The die micrographis

shavn in Figure9. The chip contains,besideghe parallelbank
of flash ADCs, a massvely parallel mixed-signalcomputational
array[9]. The ADC bankmeasure®.75mm x 2 mm, anddis-

sipates76 mW of power at 128 MS/secsamplingrate. Output
waveformsfor arampinputsignalarepresentedh Figurel10.

5. CONCLUSIONS

A new chage-basedomparatorand a folding circuit have been
reported. Eachcomparatoperformscorrelateddouble sampling
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Figure7: Foldingcircuit for a charge-basedyray codeflashADC.
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Figure8: Outputcurrentsof thefolding circuit of Figure 7. The
solid line representghe SpecteSsimulationresultsfor a 0.5 yum

CMOS process;the dashedline correspondsto equations(11)
and(12). Thetimeinterval At>=50 ns.
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Figure9: Micrograph of a mixed-signalrocessorcontaininga

computationalarray and a 128-thannelparallel 4-bit gray-code
flash analay-to-digital corverter Die sizeis 3 mm X 3 mm in

0.5 um CMOStechnolay.

of the inputsto avoid mismatcherrors. The circuit operatesn
weakinversionandyieldsbothhigh speedandlow power. Thede-
signis suitedfor paralleldatacorversionon mixed-signakcompu-
tationalarrays,active pixel imagers,andotherdistributedchage
or voltagemodecircuits. A prototypel28-channeparallel4-bit
gray-codeanalog-to-digitakconverter hasbeenimplementedn a
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Figurel10: Recodedgray-codeflashADC outputwaveformsasa
functionof inputvoltage.

0.5 um CMOS processgdelivering 128 MS/secat 76 mW power
dissipation.lt is trivial to extendthe circuit with bipolarjunction
transistordor usein RF ADCs.

6. REFERENCES
[1] J.C.CandyandG.C. Temes,“OversampledMethodsfor A/D and
D/A Corversion, in OvessampledDelta-SigmaData Corverters,
IEEE Presspp 1-29,1992.
R. Genw, G. Cauwenbeghs “Chamge-Mode Parallel Architecture
for Matrix-VectorMultiplication; to appeain IEEET. Circuitsand
Systemd, vol. 48 (10),2001.
R. Genw, G. Cauwenbahs, “StochasticMixed-SignalVLSI Ar-
chitecturefor High-DimensionaKernelMachines, to appeain Ad-
vancesn Neul InformationProcessingSystemsCambridge MA:
MIT Pressyol. 14,2002.
R. Sarpeshkar]. Kramer et. al., “Analog VLSI Architecturesfor
Motion ProcessingFrom FundamentaLimits to SystemApplica-
tions;) Proc.of ThelEEE, vol. 84 (7), pp.969-987,1996.
K. Boahen,;'RetinomorphicVision Systems, Proc.of 5thInt. Conf.
MicroNeuro’96,1996.
K. Kotani, T. Shibata,et. al., “CMOS Chage-TransferPreampli-
fier for Offset-FluctuatiorCancellationin Low-Pawer Corverters,
IEEE J. Solid-StateCircuits,vol. 33 (5), pp. 762-769,1998.
H. Kimura, A. Matsuzava, T. Nakamura“A 10b 300MHz
Interpolated-Bralld A/D Corvertef’ IEEET. Circuitsand Systems
II, vol. 44(2), pp.65-85,1997.
K. Ono, T. Matsuura,et. al., “Error SuppressingncodeLogic of
FDCL in 6-bit FlashA/D Convertet” |IEEE J. Solid-StateCircuits,
vol. 32(9), pp.1460-1464,1997.
R. Genw, G. Cauwenbeghs“Massiely Parallel InnerProductAr-
ray Processgt Proc.of Int. Joint Confeenceon Neurl Networks
vol. 1, pp.183-188,2001.

[2]

(3]

[4]

(5]
(6]

(7]

(8]

[9]



