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ABSTRACT

A 12-b 20-MS/s pipelined ADC is calibrated using
an algorithmic ADC, which is itself calibrated. With
background calibration, the peak SNDR and SFDR of the
pipeline are 70.8 dB and 93.3 dB, respectively. The total
power dissipation is 254 mW from 3.3 V. The active area
is 7.5 mm

�
in 0.35� m CMOS.

I . INTRODUCTION

Backgroundcalibration improves ADC linearity without
interruptingtheinputconversion.Previouslyusedbackground-
calibrationtechniqueshave: (1) limited the input signalband-
width below half the samplingrate [1]; (2) reducedthe input
dynamicrangethroughthe additionof a calibrationinput [2],
and/or(3) usedanalogtechniquesthat do not readily scaleto
new processtechnologies[3], [4]. In principle,theseproblems
canbe eliminatedby comparingthe outputof the ADC under
calibrationto that of a referenceADC. However, the linearity
of the referenceADC limits the accuracy of this approach.
To overcomethis limitation, the referenceADC can use an
algorithmicarchitecturethat is itself calibratedto achieve the
required linearity. The calibration of algorithmic ADCs is
simple becausetheir performancedependsprimarily on one
parameter:the residuegain [5–7].

I I . PIPELINED ADC CALIBRATION

The block diagramof the systemis shown in Fig. 1. The
combinationof the input sample-and-hold�������
	���
�� (SHA),
the pipelined ADC core (which has thirteen 1.5-b stages),
andthedigital-correctionblock formsaconventionalpipelined
ADC that producesthe uncalibratedpipelined output by re-
moving redundancy to overcomethe effects of comparator
offsetson the pipelinedADC linearity. The raw codeof the
pipelinedADC consistsof two comparatoroutputsper stage
and containsinformation about interstagegain errors in the
pipeline. This information is extracted in the digital error
estimation(DEE) block and combinedwith the uncalibrated
outputto producethe calibratedoutputof the pipelinedADC.
Meanwhile,the algorithmic ADC samplessomeof the SHA
outputs.Correspondingpipelinedandalgorithmicoutputsare
subtracted,producing an error, � , which adjusts the DEE
output for a given input. Negative feedbackandaccumulators
in the DEE block minimize the averagevalue of � � , and the
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Fig. 1. Block diagramof pipelinedADC with calibration.

calibratedoutputapproachesthe algorithmicoutput in steady
state.

In conventional1.5-b/stagepipelines,interstageSHAs use
feedforward that gives an ideal input gain of MONQPSRUT�PSV
and a DAC gain of PSRUTWPXV , where PSR and PSV are the
samplingand feedbackcapacitors,respectively. As a result,
mismatchand ��Y�	�Z�
 op-ampgain both causethe input gain
error to differ from the DAC gain error. Therefore, each
stagecontainsthreeerror sourcesthat are to be removed by
calibration:input gain error, DAC gain error, andSHA offset.
With redundancy, interstageSHA offsetscanbecombinedinto
oneequivalent input-referredoffset.Therefore,onecorrection
termcancompensatefor all the interstageoffsets,and [�\]N^M
parametersseemto be requiredto calibrate \ stages._a`Db�cadfe
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Fig. 2. Calculationof theinput of a two-stagepipelinedADC for calibration.
In stage� , ��� is the raw digital output; �}��� is the the outputgain error, and�}�}� is the DAC gain error. The quantizationerror or residueof the last stage
is �A� .

The calibration conceptfor the pipelined ADC is to cal-
culate the input that correspondsto each raw output code.
Fig. 2 shows how the input ���D� of a 2-stagepipelinedADC
can be calculatedfrom the quantizationerror or residueof
the last stage �}� and the raw digital outputsof the ����� Z and
secondstages�A� and � � , respectively. Although therearefour



independentgain errors, only three parameters( � � , � � , and�D� ) are requiredfor calibration.The detailedexpressionsfor
thesethreeparametersareunimportant.Instead,the key point
is thatoneparameteris associatedwith eachraw digital output
plus one more parameteris associatedwith the quantization
error. This resultcanbeextendedto any numberof stages,and\�N�[ parameters(including one parameterto remove offset
mismatch)canbe usedto calibrate \ stageswithout any loss
in generality.

Fig. 3 shows the DEE block. Sincethe ������Z�����
 pipelined
stagesare calibratedin the prototype,seven parametersare
requiredfor calibration.Eachaccumulator��Y���� one param-
eter. For example, the bottom accumulator��Y���� the part of
the error � that is correlatedwith the raw output of the ����� Z
stagein the pipelinedADC. The result is �a� , which accounts
for DAC gain error in the ������Z stageas in Fig. 2.
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Fig. 3. Structureof theDEE (digital errorestimation)block. É Ê
Ë�ÌÎÍ3ÏmÐ~ÑÓÒÕÔ
and � is the Ö,×.ØDÙÎÚ bits of the digital codeof �A� , which is the residueof theÖ,Û3Ù.Ü stage.All accumulatorsare20-bitswide.

I I I . ALGORITHMIC ADC CALIBRATION

Calibration of algorithmic ADCs has been demonstrated
previously [5–7]. In [5], a trim array is used to adjust the
residuegain to be ascloseto two asrequired.In [6], a digital
calibration techniqueis describedin which the ideal output
of eachstageduring calibrationwas zero,allowing a residue�W������	
��
A� stagewith gain error to calibrate itself for errors
introducedby capacitormismatch.In [7], a digital calibration
techniquewas describedthat could compensatefor residue-
gain errors introducednot only by capacitormismatch,but
also by ��Y�	
Z#
 op-amp gain. The key was to examine the
ADC outputinsteadof thestageoutputandadjustthe relative
weightingof consecutive digital outputsuntil the major-carry
jump is one LSB. The major-carry jump was measuredby
setting the ADC input to zero and ��Y���	�Y�Ý the ADC output
when the MSB was set to one (which is ÞO� ) and when the
MSB wassetto zero(which is Þ»ß ). Then Þà�9á�ÞâßäãåM LSB
under ideal conditions. An error Þà�æáçÞ»ßèáéM LSB was

computed,and negative feedbackadjustedthe weighting of
the comparatoroutputsto minimize the mean-squarederror.

With this approach,a single comparatoris used in the
algorithmic ADC, and the residue��������	
��
�� gain is reduced
so thatnonidealities(suchasnonzerooffset in thecomparator
and the residue �������
	
��
�� and residue ��������	
��
�� gain error)
do not produceresidueoutputs that saturatethe remaining
conversion range[8]. To increasethe amountof comparator
and residue ���ê����	
��
A� offset that can be tolerated without
reducingthe residuegain, the algorithmic ADC describedin
this paperusestwo comparatorsin a 1.5-b/stageë�ì�Y���ÝWí�����Z#	
ì�Y
[9], [10]. This approachallows the core of the algorithmic
ADC to consistof onestageof thepipelinedADC, increasing
modularity. Fig. 4 shows an ideal plot of the residuever-
sus the input. Since two comparatorsare used,two residue
jumps are present.To calibrate,the algorithmic ADC input
is set approximatelyequalto the uppercomparatorthreshold
( ��îïT�ð ), and the output is measuredtwice yielding Þà� when
the MSB is forced to NñM and Þ»ß when it is forced toò
. Then the processis repeatedfor the lower comparator

threshold( áâ��îïT�ð ), yielding Þ»� when the MSB is forced toò
and Þ � when it is forced to áóM . Under ideal conditions,Þ»�óáôÞ � ã�ÞO�õáôÞâßöã ò

. This result stemsfrom the fact
that the 1.5-b/stagearchitectureprovides redundancy. As a
result,thealgorithmicADC outputshouldbeunchangedif the
outputof eithercomparatoris reversedfor aninput closeto the
thresholdof thatcomparator. With constantresiduegain error,Þ � á÷Þ � ãåÞ � áøÞ ß , but the differencesarenot equalto 0.
Someerrors,suchascommon-mode-to-differentialconversion
in the residue �������
	
��
�� , cause Þ»�OáùÞ �ûúãüÞO�»áùÞ»ß . To
compensatecompletelyfor constantgain errorsand partially
for asymmetryin the residue��������	
��
�� transfercharacteristic,
the calibrationadjuststhe digital weightingbetweenadjacent
bits to minimize ý�ÞO�Õá÷Þ»ßEþ � N÷ý�Þ»�ÿá÷Þ � þ � .
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Fig. 4. Residueplot for 1.5b/stageresolution.

The algorithmic ADC rotates through the following se-
quence.First, it samplesanddigitizes the outputof the SHA
in Fig. 1 ( ���D� ). Then, it samples��îïT�ð to ��Y�� ÞO� . Then, it
samples ���D� again followed by ��îïT�ð to ��Y�� Þ»ß . Next, it
samples ���D� again followed by áâ��îïT�ð to ��Y��ûÞ»� . Then,
it samples ���=� again and ��Y����
��( á»��î*T�ð to ��Y�� Þ � . This
sequencerepeats	
Y���
A��Y�	
Z�
���( . Therefore,thealgorithmicADC
alternatesbetweenoperatingon the output of the SHA in
Fig. 1 ( ���=� ) and on a calibration input. A feature of the



nestedcalibrationstructureusedhere is that the algorithmic
ADC inherentlyoperatesin thebackgroundfor all theseinputs
becauseits outputis usedonly to calibratethepipelinedADC.

IV. PROTOTYPE

Folded-cascodeop-amps[11] areusedin both thepipelined
andthealgorithmicADCs.Thecomparatorsin bothADCs use
a preampand the sameschematicas in [12]. The input SHA
usesa )�	�� -aroundstructurewith a folded-cascodeop-ampto
provide high common-modeinput range[13].

The sampling capacitanceis scaled in several of the
pipelined stagesto reducepower dissipation[14], [15]. The
samplingcapacitancein the input SHA in Fig. 1 is 6 pF. For
the next four SHAs in the pipelinedADC, the samplingca-
pacitanceis 2 pF, 0.9 pF, 0.4 pF, and0.2 pF, respectively. The
rest of the stagesin the pipeline usea samplingcapacitance
of 0.1 pF. The samplingcapacitancein the algorithmic ADC
is 0.2 pF. As a result,thermalnoiselimits its SNDR to about
a 9b–10blevel. However, noisein thealgorithmicADC is not
a limitation herebecauseits effect is reducedby averagingin
the accumulatorsin Fig. 3.

Fig. 5 showsaphotographof thefully differentialprototype,
which wasfabricatedin 0.35� m CMOS. It includesthe input
SHA, a pipelined ADC with 14 outputsand an algorithmic
ADC with 16 outputs. Other blocks in Fig. 1 have been
implementedin software.

Fig. 5. Die Photo.

V. EXPERIMENTAL RESULTS

Fig. 6 shows the INL of the algorithmic ADC without
and with calibration. The sampling and conversion rate of
the algorithmic ADC is 1.25 MS/s, but half of its outputs
correspondto samplesof ���D� in Fig. 1, and the other half
stemfrom calibrationinputs.Therefore,the input samplerate
is 0.625MS/s.

Fig. 7 shows the INL of the pipelined ADC without and
with calibration and the DNL with calibration. The sample
rate is 20 MS/s.
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Fig. 6. Integral nonlinearity (INL) of the algorithmic ADC: (, ) without
calibrationand(� ) with calibration.The input samplerate is 0.625MS/s.
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Fig. 7. (, ) Integral nonlinearity (INL) of the pipelined ADC without
calibration,(� ) INL of thepipelinedADC with calibration,and(- ) Differential
nonlinearity(DNL) of the pipelinedADC with calibration.The samplerate
is 20 MS/s.

Fig. 8 shows the measuredoutput spectraof the pipelined
ADC without and with calibration. The sampling and con-
versionrate of the pipelinedADC is 20 MS/s, but its output
was down-sampledby a factor of 4 on chip to reducethe
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Fig. 8. PipelinedADC outputspectrafor /
0 Ñ2143 MS/s (down-sampledby
a factor of 4), 576�8 Ñ 1.6 Vp-p and /96�8 Ñ;:4< kHz: (, ) without calibration
and(� ) with calibration.
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Fig. 9. (, ) SNDR and (� ) SFDR versusinput frequency for the pipelined
ADC with /
0fÑ2143 MS/s.

requirednumberof output pins. (Eachoutput buffer handles
3 or 4 bits.) Therefore,the plots in Fig. 8 extend to half the
pipelined down-sampledrate, or 2.5 MHz. With calibration,
the SNDR of the pipelined ADC is 70.8 dB; the SFDR is
93.3 dB, and the THD is –92.9dB.

Fig. 9 shows the measuredSNDR and SFDR of the
pipelinedADC versusfrequency without andwith calibration.
The measuredresultsaresummarizedin Table I.

VI . CONCLUSION

A pipelinedADC with nesteddigital backgroundcalibration
basedon LMS algorithmhasbeenpresented.With calibration,
theSNDRof thepipelinedADC is 70.8dB; theSFDRis 93.3
dB, and the THD is –92.9dB at 20 MS/s.

TABLE I

MEASURED PERFORMANCE (3.3V AND 25> C)

Without Cal. With Cal.
Process 0.35? m 2P4M CMOS
Samplingrate 20 MS/s
Active area 7.5 mm�
Full-ScaleInput 1.6 Vp-p
Resolution 9 b 12 b
Analog Power Diss. 190 mW 226 mW
Total Power Diss. 217 mW 254 mW
Max. @ INL @ (Alg. ADC)* 10.9 LSB 0.55 LSB
Max. @ DNL @ (Alg. ADC)* 0.99 LSB 0.28 LSB
Max. @ INL @ (Pip. ADC)* 4.21 LSB 0.47 LSB
Max. @ DNL @ (Pip. ADC)* 0.60 LSB 0.41 LSB
SNDR (Alg. ADC)* 49.6 dB 59.6 dB
SFDR(Alg. ADC)* 50.9 dB 78.4 dB
SNDR (Pip. ADC)* 58.2 dB 70.8 dB
SFDR(Pip. ADC)* 59.4 dB 93.3 dB
THD (Pip. ADC) * –59.4dB –92.9dB
PSRR* 65.0 dB 64.8 dB
CMRR* 73.6 dB 73.4 dB
* /96A8 =58 kHz
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