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Abstract— In this paper a 10-bit, 40-Msample/secanalog-
to-digital converter (ADC) is presented.A power consump-
tion of 12 mW was achieved by using time-interleaved and
pipelined architecture with shared operational amplifiers.
This circuit wasdesignedfor a 2.5-V0.25-µm technologywith
metal-oxide-metalcapacitors. The proposeddesigncan be a
solution for high-speed,low-power applications lik e portable
wir eless-LANcards.

Index Terms—Low-power, data converter, pipeline ADC.

I . INTRODUCTION

Thenew generationof wireless-LANadaptersbasedon
theIEEE 802.11astandard[1] imposesa significantchal-
lengeto circuit designers.Thewide signalbandwidthde-
mandsa high samplingrate for ADCs and DACs, how-
ever, thepower consumptionmustbekept low in orderto
extend the batterylife of portablewirelessdevices. The
ADC specificationsdependon the receiver architecture.
Fordirect-conversionreceiverstwo 20Msample/secADCs
areneeded,while, for low-IF receiversonly one40Msam-
ple/secADC might besufficient. TheOFDM modulation
usedin theIEEE802.11astandard[1] alsodemandsahigh
resolutionfor theseconverters.At least10 bits areneeded
in typical receiver designsin order to avoid an increased
bit errorratedueto ADC’squantizationerrors.

The power consumptionof state-of-the-artADCs is on
the order of 50 to 100 mW [2–5]. This is a significant
portion of the total receiver power. Oneshouldalsotake
into accountthatthereceiveris activeduringperiodsmuch
longerthanthe transmitterfor client devices,so the total
transceiver power is directly affectedby thechoiceof the
ADC.

Thereareseveral typesof ADC capableof operatingat
video-ratefrequencies. Theseincludesflash converters,
folding andinterpolatingconvertersandsubrangingcon-
verters. flash ADCs are too costly for high resolutions
becausetheir complexity increasesexponentiallywith the
numberof bits. A 10bit flashADC will require1023,low-
offset,comparators.The folding andinterpolatingADCs
use a much reducednumberof comparators,but offset
specificationsarestill stringent.In this paper, we will fo-
cuson thearchitectureof thepipelinedsubrangingADCs.
TheseADCs can use a digital correctiontechnique[6]
to dealwith comparatoroffsets,relaxingsubstantiallythe
comparatordesignandreducingthetotal requiredpower.

Following this introduction, Section II describesthe
ADC’s architecture. SectionIII details the CMOS im-
plementationof its building blocks. Resultsfrom Monte-
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Fig. 1. Block diagramof theADC.
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Fig. 2. Simplified,single-ended,schematicof stages#1 to #8. Stage#9
only includestheflashADC.

Carloandtransistor-level simulationsarepresentedin Sec-
tion IV andexperimentalresultsareprovidedin sectionV.
Thispaperendswith theVI section.

I I . ADC ARCHITECTURE

TheADC presentedin this paperis basenon switched-
capacitor(SC) circuits. Thesecircuits can achieve very
goodaccuracy which is a key factorfor anADC thatcan-
nottoleraterelativeerrorsbiggerthan0.1%.Thedrawback
of SC circuits is their requirementfor linear capacitors.
However, thesecapacitorsare available in most CMOS
technologiesasanoption.

In our converterthepowersupplyvoltageis 2.5V, high
enoughto operateconventionalCMOS switcheswithout
bootstrappingcircuits.Thecircuit usesanon-overlapping,
two-phases,20-MHz clock that is generatedfrom the 40-
MHz clock input via togglingflip-flop.

Theblock diagramof theADC is shown in Fig. 1. It is
a nine-stage,1.5-bit/stage,time interleaved,dualpipeline
converter. Onepipelineprocessestheevensamples,while
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the otherpipelineworks on odd samples.Both pipelines
sharetheiroperationalamplifiers[7]. Thisconstitutesabig
power saving, becauseoperationalamplifiersarethemost
power-demandingblocks,andhelpsto minimizeoffsetand
gainmismatchesbetweenpipelinesthatcoulddegradethe
ADC’s performance[8]. Eachstageprovidestwo bits but
the LSB bit is redundantallowing the implementationof
a digital correctioncircuit thatremovestheeffect of com-
parator’soffsets[6].

In Fig. 2 asimplifiedpipelinestageschematicis shown.
While thisschematicshowsasingle-endedcircuit for clar-
ity, the actual implementationusesfully-dif ferential cir-
cuits in orderto reducetheeffectsof supplyandsubstrate
noise. Eachstageincludesa 3-level flashADC, a 3-level
DAC anda sampleand hold amplifier (SHA). The flash
ADC only needstwo low-accuracy comparatorsto gen-
eratethe 1.5-bit digital output of the stage. The 1.5-bit
DAC is basicallyan analogmultiplexer controlledby the
flash ADC’s output. It must be notedthat, in the fully-
differentialcircuit, thevoltage � Vref is obtainedby swap-
pingthetwoVref linesand,thereforeit is accurategiving a
linearDAC.TheSHA providestheanalogmemoryneeded
for pipelininganddoessomeanalogarithmetic.Its output
voltage,assumingidealcomponents,is:

Vres
� 2Vin

�
Vref for Vin � � Vref

�
4

2Vin for � Vref
�
4 � Vin � Vref

�
4

2Vin
� Vref for Vin � Vref

�
4

Theinput gainof theSHA mustbe2 for a properADC
operation,but this only happensif the two capacitorsCs

areperfectlymatchedandtheopen-loopgainof theopamp
is infinite. Gain errorsbiggerthan0.1%will give an un-
acceptablehigh ADC nonlinearity. Therefore,greatcare
must be taken to ensurethe bestpossiblematchingbe-
tweencapacitorsandhigh-gainopampsareneeded.

Thevalueof thesamplingcapacitorCs is obtainedfrom
noiseandmatchingconstrainsandit is differentfor each
stage.First,wewantatotalsamplingnoisebelow theADC
quantizationnoise:

2
KT
Cs

� 1�
12

Vswing

2N � i

In this inequalityVswing is the maximumsignalampli-
tude(2Vref ) that is limited by the supplyvoltageandthe
operationalamplifierdesign,N is thenumberof bitsof the
ADC and i is the stagenumber. Note that, the minimum
valueof Cs is divided by 4 eachtime we go to the next
pipelinestage.

Ontheotherhand,therelativestatisticalerrorof N iden-
tical, parallel-connectedcapacitorsis:

σN
� σunit�

N

This meansthattherelativeaccuracy improveswith the
squarerootof thecapacitance,andtherefore,theminimum
requiredcapacitanceis alsodividedby 4 whenwegoto the
next pipelinestage.
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Fig.4. Common-modefeedbackcircuitsfor operationalamplifiers.Left:
Input stageCMFB circuit. Right: OutputstageCMFB circuit.

In our designthe samplingcapacitanceis limited by
matchingrather than noisebecausewe still have a high
voltageswing (2Vswing= 3.2 V peak-to-peak,differential).
Accordingto our technologymatchingdata,thesampling
capacitorswerechosenas0.8pF for thefirst stage,0.2pF
for the secondstageand0.1 pF for the remainingstages.
Thesevaluesgive a 3σ mismatchof about0.05%for the
first stage,andthereforethey guaranteea maximumnon-
linearity of about0.5 LSB without any calibrationtech-
nique. Theminimum0.1 pF capacitorvaluewasselected
to be still substantiallylarger than the parasiticinput ca-
pacitanceof opamps,thusavoiding thedegradationof the
opamp’sbandwidth.

I I I . FUNCTIONAL BLOCKS DESCRIPTION

A. OperationalAmplifiers

Operationalamplifiersmustmeetseveralspecifications:
	 Open-loopgain: Av > 60 dB. Low gain gives high

ADC nonlinearity.	 Slew rate: SR > 128 V/µs. This allows a full output
excursionduring1/4thof aclock cycle (12.5ns).	 Gain-bandwidthproduct: GBW > 200 MHz. This
givesa small-signalsettling time shorterthan 1/4th
of aclock cyclewith betterthan0.1%accuracy.



3

	 Total input-referrednoise: Vn< 2i � 1 1

12

VLSB. This
noise must be lower than the i-stage quantization
noise.

Theseparametersdependson the loading capacitance,
which, in turn, dependson the pipeline stagenumber.
Thus,threedifferentoperationalamplifiersweredesigned:
one for first stage,one for secondstage,andonefor the
remainingstages.

Theoperationalamplifierschematicis shown in Fig. 3.
It is a two-stagefully-dif ferential opampwith cascoded
Miller compensation.The input stageis a telescopiccas-
codeamplifier, which givesa reasonablehigh gain with
short-channeldevices. This stageis followedby inverters
which providesa rail-to-rail outputswing and30 dB ad-
ditional gain. The typical opampopen-loopgainexceeds
80dB.It is well known thatcascodedMiller compensation
improve the GBW with respectto a conventionalMiller
compensation[9]. Splitting the compensationcapacitor
into two capacitors,CC1 andCC2, connectedto M3 and
M5 sources,we canachievea furtherGBW improvement.
If gm5

�
CC1

� gm3
�
CC2, we can representthe opampby

an equivalentcircuit with a single compensationcapaci-
tor CC

� CC1
�

CC2 and a single cascodetransistorwith
total transconductancegm

� gm5
�

gm3. Thus, having a
biggertransconductancefor a givencompensationcapaci-
tancehelpsto movenon-dominantpolestowardshigh fre-
quency, improving thestability. Alternatively, we canuse
a smallercompensationcapacitancefor thesamestability
specifitationsobtaininga higherGBW.

Theoperationalamplifiersarefully differentialcircuits,
therefore,they requirecommon-modefeedback(CMFB).
Eachopampstagehasits own CMFB circuit. Thesecir-
cuits areshown in Fig. 4. Having a CMFB loop on each
stagegivesvery stableCMFB responsewithout any com-
pensationcapacitors.The input stageCMFB circuit is a
differentialamplifier-like circuit thatonly worksproperly
for low amplitudedifferentialsignals. This circuit is not
appropriatefor the output stagebecausethere the volt-
ageswing is muchhigher. In this casetwo highly linear
switched-capacitornetworks areused. During oneclock
phaseonenetwork providesthe common-modefeedback
while theotheris refreshingits capacitorvoltagesandroles
changesduringtheotherclock phase.

Spectresimulationsshow thatthefirst stageopampcon-
sumeabout1.93mW. This is about16%of thetotal ADC
power. Thepowerconsumptionof all opampsis 6.43mW.
Sharingthe opampsbetweenthe two ADC pipelineswe
aresaving about55%of thefinal ADC power.

From our simulationswe alsoknow that the first stage
opampnoiseis about15 dB below the ADC quantization
noise.

B. FlashADCsandComparators

Each stage includes a 3-level flash ADC whose
schematicis shown in Fig. 5. The circuit complexity is
dueto thefactthatbothreferenceandinputaredifferential
signals.A switched-capacitornetwork is usedto subtract
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the referencefrom the input and, then,a comparatorde-
cidesif the result is positive or negative. This circuit has
the advantagethat the subtractingcapacitors,CS, remain
chargedfrom onecycle to thenext. Therefore,thereis not
charge-pumpingthroughcapacitors,so, a very little cur-
rent flows even for large capacitors.On the other hand,
this circuit is sensitive to clock feedtroughfrom switches,
but this problemis minimizedthanksto digital correction.
Thevalueof CS is 0.1pF.

Thecomparatorcircuit is shown in Fig. 6. It consistsof
a low-gainpreamplifier, a full-swing latch,andtwo NOR
gates.Themainpurposeof thepreamplifieris to isolatethe
subtractingcapacitorsfrom thelargevoltagepulsesof the
latch. Its gainis not muchbiggerthanone,becausebigger
gainswould requiretoo muchGBW andpower consump-
tion, andwe cantoleratelarge comparatoroffsets. Latch
regenerationis very fastdueto thebig overdrive voltages
of m6 andm7 andthesmall loadingcapacitance.Its time-
constant,τ, is about 70 ps. Therefore,the chancesof
metastability, thatareproportionalto exp � � tsetup

�
τ � , with

tsetup 
 25 ns,aretotally negligible [10]. TheNOR gates
givesalogic-oneoutputduringthesamplingperiod,avoid-
ing intermediatevoltagelevelsthatotherwisewill increase
thepowerconsumptionof thefollowing digital circuitry.
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C. Digital circuitry

Digital circuitry includesdelayequalizingregistersand
digital correctionfor eachADC pipeline. Fig. 7 shows
theschematicof thesecircuits. All registersaredynamic,
of C2MOS type, allowing a very compact layout and
low-power operation. The digital correctionalgorithmis
merely the additionof all redundantbits together. These
circuitsareimplementedas9-bit, serial-carry, adders.No
fast-carrylogic is neededfor this clock frequency.

Digital circuitry runs on a separatepower bus. An
additional3.3 V power line is provided for pin drivers.
Thepowerconsumptionof thedigital logic, excludingpin
drivers,wasestimatedat 1.75mW from extractedcircuit
simulation.

IV. SIMULATION RESULTS.

Two differenttypesof simulationwerecarriedout in or-
derto testthedesignrobustness.First,a behavioral model
simulatorwaswritten in C language.This simulatorin-
cludesthe effectsof capacitormismatching,finite opamp
gain andcomparatoroffset. The digital correctionalgo-
rithm wasalsoincludedin thesimulation.A Monte-Carlo
simulationwascarriedout by simulatinga large number
(10000)of different ADCs with Gaussianrandomvaria-
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tions in their capacitorvaluesandcomparatoroffsets. In
this simulationthekey componentvalueswere:

Cs , Fist stage 0.8pF
Cs , Secondstage 0.2pF

Cs, Stages3-8 0.1pF
opamp’sDC gain 70 dB
comparatoroffset σ = 10 mV

The nonlinearityof eachADC was analyzedby find-
ing thethresholdvoltageof eachADC code.Fig 8 shows
a typical integral nonlinearity graph (INL) for an ADC
with randomvariationsin its componentvalues.Thehis-
togramsof Fig. 9 werebuilt by finding the maximumab-
solutenonlinearityof eachADC. This figure shows that,
usingthe proposeddesignparameters,the 99% of ADCs
haveamaximumINL andDNL below 0.5LSB.

Othersimulationswerecarriedout afterthecompletion
of the testchip layout by usingSpectreandan extracted
netlist from the layout. This netlist includedabout45000
devices,mostof themparasiticcapacitances,and, there-
fore, thesesimulationswere very time consuming. The
correctbehavior of the ADC, at the transistorlevel, was
provenin thisway. Fig.10showstheoutputspectrumafter
A-to-D conversionfor a full-scale,singletoneinput. Due
to the long time required,only 400 ADC sampleswere
recorded,but they areenoughto show that the harmonic
distortionis lessthan-60 dB. In thissimulationthecapac-
itor mismatchingwasnot included. The observeddistor-
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Fig. 11. Chipphotograph.
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tion is dueto finite opampgain,incompleteopampsettling
dueto finite bandwidth,andotherdynamicfenomenalike
chargeinjectionfrom switches.Theextractedcircuit sim-
ulation also gave us a confidentestimationof the power
consumptionof thechip.

V. EXPERIMENTAL RESULTS

TheproposedADC wasfabricatedin theAgere’s 0.25-
µm CMOS technology. The chip photographis shown in
Fig. 11. Theunpackageddie wasbondedto a PCBboard
that included, amongother components,decouplingca-
pacitorsfor powersuppliesandbuffersfor digital outputs.
several testwerecarried-outto measuretheADCś perfor-
mance.

First, the linearity of both ADC’s pipelinesweremea-
suredfollowing the code-densityapproach[11]. The re-
sultsaredisplayedonFig 12. Themeasurednonlinearities
have anaveragevalueabout0.5 LSB, but thepeakvalues
arehigher. ThesecurvesshowsthattheADC is monotonic
andtherearenomissingcodes.Themismatchbetweenthe
INL of thetwo pipelinescangeneratetonesat frequencies
fn � fs

�
2 � n � fin. Theoffsetandgaindifferencesarere-

sponsiblefor tonesat fs
�
2 and fs

�
2 � fin respectively [8]

while higherordermismatchesgeneratespurtonesfarther
apartfrom the Nyquist frequency. Becausethe INL error
is lower than1 LSB thesespursarealwayslower than-60
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Fig. 13. Measuredsignal to noiseand distortion ratios (SNDR) for
several input frequenciesandconditions.

TABLE I
ADC PERFORMANCE

Resolution 10 bits
SamplingRate 40 MHz

Power ADC: 11.7mW
consumption Pin drivers:1.3mW

(CL � 4.5pF)
Technology 2.5V 0.25-µm CMOS(MOM cap.)

ChipArea(w. pads) 1.5 � 0.88mm2

Nonlinearity(max) DNL: 0.77LSB
INL: 1.15LSB

SNR(max) 61.3dB @ 10.6MHz
SNDR(max) 57.6dB @ 1 MHz

57.8dB @ 19.3MHz†

ENOB(max) 9.3bits @ 1 MHz
9.3bits@ 19.3MHz†

† Sampledinput,without staticINL correction.

dB.TheINL tablesof Fig 12canbeusedto correctthelin-
earityof theconverterin thedigital domainby subtracting
themeasuredlinearity error to theoutput. This technique
canachieve an improved linearity andmatchingbetween
pipelines,but requirescalibration.

The dynamicperformanceof the ADC was measured
by applyinga singletoneto the inputsandanalyzingthe
recordedcodestreamin the frequency domain. Fig 13
shows the measuredsignal to noiseand distortion ratio
(SNDR)for several input frequenciesandconditions.The
SNDR curvesshows an abruptdrop for input amplitudes
around-12 dB. This is due to the big INL transitionsof
onepipelinefor input amplitudesof 1/4 of full scale.The
SNDRalsodropsgraduallyfor highfrequency inputs.This
problemwasfoundto bedueto thenonlinearresistanceof
theswitchesin thefirst pipelinestage,andit is only present
if theinput is acontinuous-time(CT) signal.To provethis
point a sampledsinusoidwasappliedto the input andthe
resultingSNDR curve showed no performancedrop. Fi-
nally, afterapplyingtheINL correctionmentionedbefore,
theobtainedSNDRcurve shows a very little performance
loss,evenfor input frequenciescloseto Nyquist,if thein-
put signalis sampled.

ThemeasuredADC performanceis summarizedon Ta-
ble I. It worth mentionthelow powerachieved.
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VI. CONCLUSIONS

In this work a dual-pipeline,time-interleaved, CMOS
ADC is designedin a 0.25 µm CMOS technologywith
metal-oxide-metalcapacitoroption. This ADC hasa sam-
pling rateof 40MHz, andit provides10bitsof resolution.
Thepowerconsumptionis only 12mW. This low power is
achievedmainlyby sharingoperationalamplifiersbetween
pipelinesandby theuseof digital correctionfor compara-
tor offsets.Our simulationsshows thatgoodlinearity and
high yield canbe achieved without applyingany calibra-
tion technique.

Theexperimentalresultswereclosetosimulationswhen
theinputsignalis sampled.In orderto improvethelinear-
ity for high-frequency,continuous-timeinputsaSHA must
beinsertedbeforetheADC. Ourpowerestimationfor such
SHA is about4 mW. Alternatively, theswitchesof thefirst
pipeline stagescan be replacedwith highly linear, boot-
strappedswitches. The matchingbetweenpipelinesand
the linearity of the ADC canbe improved by using INL
correction. This techniquecanraisethe resolutionof the
measuredconverterby about0.5 effective bits. Because
the INL of the converterhave to be measuredbeforethe
correctioncanbeimplemented,theincreasedcircuit com-
plexity would beonly justifiedfor critical applications.
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