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ABSTRACT

Delta-sigmamodulationfor analog-to-digitatornversionre-
solvesa numberof bits logarithmicin the numberof mod-
ulation cycles, and linear in modulationorder As an al-
ternative to higherorder noise shaping,we presentan al-
gorithmicschemehatiteratively resampleshe modulation
residue, by feedingthe integrator output back to the in-
put. This yields a bit resolutionlinear in the numberof
cycles,similarto analgorithmicanalog-to-digitatorverter
The schemesimplifies the designof the digital decimator
to a single shifting counter and avoids interstagegain er
rors in corventionalalgorithmic analog-to-digitalcorvert-
ers.Experimentatesultsfrom anintegratedCMOSarrayof
128corvertersshow theutility of the designfor large-scale
parallelquantizationin digital imagingandhybrid analog-
digital computing.

1. INTRODUCTION

Delta-sigma AY.) modulationhasemegedasthe architec-
ture of choicefor high-resolutionanalog-to-digital(A/D)

conversionusinglow-precisionanalogcomponent§l]. The
increasedesolutioncomesat the expenseof reducedcon-
versionbandwidthor increasedclock speeddue to over-

sampling,andincreasedligital compleity to decimatethe
modulatoroutputstream.For very low bandwidthapplica-
tions,lowestdigital complexity is achievedwith afirst-order
AY incrementaktorverter[2], wherea counterimplements
arectanguladecimatiorfilter. HigherorderAX incremen-
tal corverterq 3] arecapableof attaininghighercorversion
bandwidthusingadditionalanaloganddigital circuitry. Al-

ternatively, higherbandwidthcanbe obtainedfrom a first-

orderincrementatorverterby furtherrefiningthe modula-
tion residueon theintegratoratthe endof conversionusing
a Nyquist A/D corverter[4, 5, 6]. Theprincipleis similar
to dual-quantizatioroversamplectorverters[7, 8], except
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Fig. 1. (a) First-oder AX. incrementalA/D corverter (b)
AY algorithmic A/D corverter with residueresampling
acrossthe accumulator and shifting counterfor the deci-
mator

the secondquantizeroperatest the corversionrateandre-
quiresno decimation.

The presentedarchitectureusesthe same first-order
modulator with virtually no overheadn analoganddigital
hardware, to incrementallycorvert the modulationresidue
of precedingincrementalcorversion. By using the same
signalpathin ratio-insensitre manneyprecisematchingbe-
tweenmultiple quantizatiorresultsis obtained Matchingis
aconcerrin theprecisionof multiple-quantizatiomversam-
pled datacorverterg[9], usuallyrequiringcompensatiofin
the digital domain[10]. The presentedschemeis similar
to algorithmic A/D corversion,but avoids interstagegain
errorswhen preciselyratioed analogcomponentsare not
available. Very high integrationdensitycanbe achiezed by
virtue of the simplemodulatoranddecimatorarchitecture.

2. AY INCREMENTAL A/D CONVERSION

For clarity of expositionwe startthe formulationwith that
of thefirst-orderincrementalA/D corverter[2], depictedn



Figurel(a). A first-orderAY. modulatorcorvertsananalog
sequenceli] into abitstreany[i], usinga ‘resetable(RST)
analogaccumulator

wl0] = 0 1)
wli+1] = wli] +a (ufi] -y[i]) ,
i=0,...N-1 (2)

wlN+1] = w[N]—ay[N] (3)

andasingle-bitquantizer

ylo] = -1 (4)
y[i] = sign(w[i]), i=1,...N. (5)

A binary counteraccumulateghe bits® y[i] to producea

decimatedutput. Therectanguladecimationwindow, and

initial resetof the accumulatoravoid tonesin the quanti-

zation noise spectrumat DC input that are characteristic
of a corventionalfirst-order A modulatorwith lowpass
decimationfilter [2]. The quantizationerror (conversion
residue)is directly given by the final accumulatorvalue

w[N + 1], asverifiedby summing(2) and(3) over::

Soull= Y ulil-Tulv+1. @

For aninputu[i] within the corversionrange[—1, 1] (in di-
mensionlessinits),w[N + 1] in (3) is boundeddy therange
[—a, a], andaworst-caseesolutionof log, (V) bitsis war-
ranted.

Higherresolutionat lower oversamplingN canbe ob-
tained using higherorder incrementalcorversion[3]. A
lower-compleity alternatveis presentechext.

3. AX ALGORITHMIC A/D CONVERSION

The corversionresiduel w[N + 1] in (6) is corvertedfur-
ther into digital form to obtain higher resolution. As in
othermultiple-quantizatioroversampledorverterg3]-[8],
gain mismatchbetweenquantizationsignal pathsis a lim-
iting factorin the precisionavailable[9]. Ratio-insensitie
matchingis achiezedby resamplingheresiduethroughthe
samesignalpathasusedfor accumulatior(2), andemploy-
ing the samemodulatorto corverttheresidue.

Assumea constaninput (or its average): presentedo
the incrementalcorverterfor N initial cycles,u[i] = =,
i=0,...N —1,

N

. 1
Zy[z]:Nx——w[N+1]. (7)
=0 a
1y = —1 correspondso logic O for notationalcorvenience.

2Notethat the lastmodulationcycle (3) contritutesonefull bit of res-
olution, sincew(i] for # < N in (2) is boundedby 2« in amplitude.
The extra zero-inputmodulationcycle (3) canbe avoided by quantizing
w(i] + au[i] insteadof w[] in (5).
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Fig. 2. Invertable resetableanalog accumulator (a) Cir-
cuit diagram. (b) Opemationalmodes.

At theendof corversion,theresiduew[N + 1] is fed back
to theinputfor subsequenncrementatornversionover N'
additionalcycles,v'[i] = fw[N +1],4 = 0,...N' — 1,
whereg representtheresidueresamplinggain. Thus

.
>l = NG ulN +1] - WV (@

which under the matchingcondition a3 = 1 combines
with (7) to cancelthefirst residuew[N + 1]:

N N' 1
N> ylil+ > ylil=NN'z - aw'[N' +1). (9)
=0 =0

Theleft-handsideof (9) is readilyavailablein digital form,
andtheright-handermsconformto (6) with effective N N'-
level resolution. Therefore the residuecorversion(8) en-
hancegheresolutionof (7) by anextralog,(N') bits. The
algorithmicrecursioncanbe continuedo producelog, (N)
bits for every corversionof the precedingresidueover N
incrementalcycles. The recursioncorrespondso a radix-
N algorithmicA/D corverter, but without the needfor N-
ratioedanalogcomponents.

The matchingconditiona8 = 1 for ratio-insensitie
operationis metusinganinvertablecircuit topologyfor the
analogaccumulatordescribechext.

4. IMPLEMENTATION

The hardwarecompleity of the AX algorithmicA/D con-
verter, depictedin Figure 1(b), is essentiallyidentical to



that of the AY. incrementalcorverterin Figurel1(a). The
accumulatoris extendedto samplethe residuein ratio-
insensitve mannerandthe counteris extendedto shift bits
in betweenresiduecorversionsfor properscalingin the
decimation.

4.1. Invertable, Resetable Analog Accumulator

Critical to attainingratio-insensitie samplingof theresidue
is the designof theaccumulatarA simplecircuit achieving
multiple objectivesis depictedn Figure2 (a), with different
modesof operationillustratedin Figure2 (b). The circuit
is shavn with minimum numberof componentsising an
inverting amplifier, but can be directly extendedto differ-
entialdesigngor higherresolution.Correlatecddoublesam-
pling (CDS)in theaccumulatiorof thedifferenceu[i] — y[i]
accordingto (2) offersthe advantageof 1/ f noiseand off-
setcancellation. The switched-capacitoaccumulatoras
ratio-dependerdaina = C /C, thatis proneto mismatch;
howeverthis mismatchis immaterialin the operationof the
first-ordermodulatorwith single-bitquantizer For ratio-
insensitve samplingof theresiduethe signalandfeedback
pathof theaccumulatois invertedby interchanginghe C;
and C> componentsn the circuit topology, shown in Fig-
ure 2 (b). As aresult,the matchingconditionag = 1 be-
tween(7) and(8) is satisfiedindependentf C; andCs, to
a precisionlimited by the finite gain of the amplifier, and
noiseandchageinjectionin thesampling.

4.2. Decimating Shifting Counter

For every algorithmic iteration, the precedingdecimated
outputneedgo bescaledby afactorV, thenumberof incre-
mentalcyclesin the residuecorversion,prior to continued
counting. It is particularly corvenientto assumeN to be
radix-2, sothatthe scalingis simply performedby a binary
shift in the decimationcount, as suggestedn Figure 1(b).
A shift registeris readily incorporatedn a binary counter
with little overheadn the circuit complexity of the imple-
menteddecimator

5. EXPERIMENTAL RESULTS FROM
INTEGRATED A/D ARRAY

To demonstratehe advantagesof the approachto large-
scale,denselyintegratedquantizationin an embeddedp-
plication, we implementeda bankof 128 AY. algorithmic
corvertersas part of a mixed-signalcomputationalarray
The 256 x 128 array performsexternally digital matrix-
vector multiplication using internally analogelementsfor
very large enegetic efficiency (102 multiply-accumulates
perWattof power)[11]. Thearraycoreperformsanalogac-
cumulationof binary-binarypartialproductsrequiringrow-
parallel A/D corversionfor eachof the 128 outputvector
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Fig. 3. Micrograph of mixed-signalarray processor12],
containingan array of 256 x 128 CID/DRAM multiply-
accumulatecells [11], and a row-parallel bankof 128 al-
gorithmic AY. A/D corvertess. Die sizeis 3 mm x 3 mm in
0.5 um CMOStednology.

componentsThe micrographof the integratedsystem[12]
isshovnin Figure3. Eachof the128A/D channelsneasure
14 ym by 850 pm.

To maximizeintegrationdensity the analogpathof the
AY algorithmic architectureof Figure 1(b) usessingle-
stagecascodethMOSinvertingamplifiersthroughoutwith
nominalgain of —300. Capacitance¢’; andC> arenom-
inally 0.25 pF and 0.5 pF, respectiely, with @ = 0.5.
Sample-and-hol@nd comparatorblocks areimplemented
in standardswitched-capacitocircuitry, with CDS 1/ f
noiseandoffsetcompensationDynamiclogic implements
binary counterandregisters.

Examplecornversionwaveformsfrom the fabricatedar-
ray areillustratedin Figure 4. Least-squarefits of inte-
gral quantizationerror obsered over one channelof the
array configuredboth for 8-bit incrementaland algorith-
mic AY. corversion, are within the LSB level as shovn
in Figure 5. However, incrementalcorversion requires
28 + 1 = 257 cycles,while 2-stepalgorithmic corversion
takes2 x (2*41) = 34 cycles.With a300nsclockin 2-step
8-bit algorithmicmode,the 128-channe”A/D bankdelivers
12.8 Msamples/sat 2.6 mW power dissipation,including
decimation.

Resolutiondarger than 10-bit require highergain am-
plifiers at the costof decreaseéhtegrationdensityandin-
creasegbowerdissipation.In digital imagingandotherinte-
gratedsensingmodalities,maintaininghigh spatialresolu-
tion is usuallyamorestringentrequirementhanincreasing
amplituderesolution.

Note that matchingis at stale even at low (8-bit) res-
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Fig. 4. Observedwaveformsfor two-stepAY. algorith-
mic A/D corversion. Top: Integrator voltage w[i]. Cen-
ter: Sample-and-holgoltage u[i]. Bottom: Outputbits y[]
prior to decimation.

olution. Precisematchingbetweencapacitorswith up to
12-bituncalibratedprecisioncanbe achievedthroughcare-
ful layoutin centroidgeometry but not within dimensions
pitch-matchedo, say a45 A (14 um) photosensopixel.

6. CONCLUSION

The proposedechniquecombinesadvantage®f AY. mod-
ulationandalgorithmic(cyclic) A/D corversionin asingle,
simple architecture. Both are includedas speciallimiting
cases:a single algorithmiciterationreduceso AY incre-
mentalcorversion,and N = 2 cyclesperiterationyield a
ratio-insensitre form of algorithmicA/D corversion.

The reducedhardware complexity andimproved com-
ponenttoleranceof the architectureoffer a major advan-
tagein integratedapplicationscalling for large-scalepar
allel quantizatioratlow to mediumresolution(8 to 12 bits)
but very high integrationdensitieswith a potentialfor ex-
tremely large combinedquantizationthroughputs(Gsam-
ple/srangeat mW power levels). Bandwidthcanbetraded
for resolutionin reconfigurablemannerthrough external
control of clock waveforms. Ratio-insensitie matching
males the architectureespecially suited for applications
of integrated digital acquisitionin spatial sensorarrays.
An 128-elementintegrated array prototype demonstrated
theprinciplefor applicationdn mixed-signaknalog-digital
computing[12].
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Fig. 5. Integral quantizatiorresiduerecoidedfroma single
channelof the VLSIA/D array in Figure 3, configued for
8-bit corversion. Top: AY. incrementalcorversion (N =
256). Bottom: AY; algorithmic A/D corversion (N = 16,
2-step).
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