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ABSTRACT

A mixed-signahrchitecturdor estimatinghe3-D directioncosines
of abroadbandraveling wave impingingon anarrayof four sen-
sorsis presentedT hearchitecturémplementgradientflow, which
corvertsthe problemof resolvingtime delaysbetweersensormb-
senationsinto the problemof estimatingrelative amplitudesof
spatialandtemporalderivativesover the array Directioncosines
of the sourceareobtainedthroughleast-squareadaptatioron the
derivative signals.Least-squaresdaptve cancelatiorof common-
modeleakthroughandcorrelatedloublesamplingn finite-difference
derivative estimatioreducecommon-modeffsetsand1/ f noise
for increasedlifferentialsensitvity. Experimentatesultsfrom an
integratedcircuit for acoustidocalizationdemonstrateéecimation
of time delayswith 5 usresolutionat 2 kHz samplingrate.

1. INTRODUCTION

Continuedrendsowardsminiaturizatiorof integratedsensorpose
the challengeof formulating sourcelocalizationalgorithmsthat
performrobustly with sub-wavelengthdimensionsof the sensor
array[1]. It is well known thatthe precisionof delay-basedtear
ing estimationdegradeswith shrinkingdimensiong(aperture)of
the sensorarray [2]. Time-differenceof arrival estimationtech-
niquesbhasedon cross-correlatiorof the signals[3] requirehigh
oversamplingatiosfor estimatingsmalltime delays[4].

Gradientflow [5] avoidsthe problemof estimatingsmalltime
delayshetweersensonbserationsby relatingamplitudesof spa-
tial andtemporalgradientsin the signalacrossthe sensorarray
The ideaof wavefront sensingin spacefor localizing soundwas
first introducedby Blumlein in the 1930s[6]. Thedirectionof a
traveling wave canbe inferreddirectly by sensingspatialdiffer-
entialson a sub-wavelengthscale asmanifestedn living biologi-
cal[7, 8] andbiomimeticMEMS/VLSI systemg9].

Section2 presentghe gradientflow approacho localizinga
singlesourcein thefreefield. Gradientsn time andspacearees-
timatedusingfinite differenceson anarrayof four sensorsn the
plane. Section3 presentsa mixed-signalarchitecturémplement-
ing gradientflow, includingleast-squareadaptatiorfor common-
moderejectionandbearingestimation.Experimentatesultsfrom
afabricatedorototypearepresentedh Sectiond.

2. GRADIENT FLOW LOCALIZATION

A traveling wave emittedby a sourceis obsered over a distribu-
tion of sensorsn spacewhich herewe considerto be discretebut
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which could be continuous. We definer(r) asthe time lag be-
tweenthe wavefrontat point r andthe wavefront at the centerof
thearray i.e., thepropagatioriime 7 (r) is referencedo thecenter
of thearray

For anintegratedMEMS or VLSI arraywith dimensiongyp-
ically smallerthan1 cm, thethedistancerom the sourceis much
larger than the dimensionsof the sensorarray and the far-field
approximationis a sensibleapproximation. In the far field, the
wavefrontdelayr(r) is approximatelylinearin the projectionof
r ontheunit vectoru pointingtowardsthesource,

T(r)~ -r-u (1)
wherec is the speedf (acousticor electromagneticjvave propa-
gation.

Let z(r,t) bethe signalpicked up by a sensorat positionr.
As onespecialcasewe will considera two-dimensionahrray of
sensorswith positioncoordinate® andq sothatr,q = pri + gra
with orthogonalvectorsr; andr; in the sensoiplane. In thefar-
field approximation(1), the sensorobsenrationsof the sourceare
advancedn time by 7, = p71 + ¢72, Where
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are the inter-time differences(ITD) of sourcebetweenadjacent
sensoron the grid alongthe p and ¢ placecoordinatesrespec-
tively. Knowledgeof the angle coodinatesr; and > uniquely
determinesthrough(2), thedirectionvectoru alongwhich source
impingesthearray in referenceo the {p, ¢} plane.

Thesignalobsered at sensomwith positioncoordinatep and
q canbeexpresse@s

Tpq(t) = 8(t + Tpq) + Npqg(t) 3

wheren,,(t) representdditive noisein the sensombsenrations.
A gradientflow formulationis obtainedby evaluatingspatialgra-
dientsof z,, alongthe p andq positioncoordinatesaroundthe
originp = ¢ =0:
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wherev;; arethe correspondingpatialderiatives of the sensor
noisen,q aroundthecenter Takingspatialderivativesé;; of order
i+ j < k, anddifferentiating¢;; to orderk — (i + j) in time



yields a numberof differentlinear obserationsin the kth-order
time dervativesof thesignalss. The advantageof this technique
is thatit effectively reducesheproblemof directly estimatingime
delaysto linearregressiorof the derivative signals.

As an example, considerthe first-ordercasek = 1, corre-
spondingto (3):

Eoo(t) = s(t) + voo(t),
§wo(t) = m8(t) +vio(t), (5)
EOl(t) = TQé(t) + vo1 (t)

By time-differentiatingthe expressiorfor £, the problemof es-
timatingtime delayscorvertsto standardinearregression

T1§'00 (t)
72€00(t) (6)

§0(t) =~
§or(t) =~

in the unknavn delaysr andr.. Fromleast-squarestimatesf
thetime delayswe candirectly obtainestimate®f azimuthangle
0 andelevationangle¢ angleaccordingo (2):

1
71 = —|ri| cosfsin¢
c

T2 =

%[r2| sin fsin ¢ (7)

An interestingobserationis thatthe estimateof azimuthangleis

independenof the speedof soundasit involvesspatialgradients
only; estimationof the elevation angleon the otherhandrequires
knowledgeof the speedof soundin relatingspatialandtemporal
derivatives. Theestimateof azimuthanglecanbe obtainedsimply

from theratio of delayestimates; andr,:

f = arctan—-. (8)
T2

In the caseof multiple sourcesthe obsered sensorsignals
containmixturesof delayedsourcesignals,which gradientflow
corvertsto linear mixturesof temporalderivatives of the source
signals. Underthe assumptionsghat the sourcesignalsareinde-
pendent,this formulationis equivalentto standardindependent
componengnalysis(ICA), anda numberof approachesxist for
solving this problem. An interestingcorrolaryis thatthe mixing
coeficientsobtainedfrom ICA on gradientflow transformedsen-
sordatadirectly yield the anglesof incomingsourcewavesrela-
tive to the array performingblind separatiorand localizationof
multiple sourcesat once. Detailsaregivenin a precursorof this

paper(5].

3. SYSTEM OVERVIEW

The systemblock diagramimplementinggradientflow for bear
ing estimations shawn in Figurel. Thedifferentialamplification
block approximatespatialandtemporalgradientsby computing
finite differencesn a planargrid of four sensorsCommon-mode
error correctionof the first-order spatial gradientscompensates
for gainmismatchbetweensensorobsenations. Usingtemporal
derivative andfirst-orderspatialgradientsestimate®f time delays
71 andrz areobtained.
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Figurel: Systendiagram

3.1. Spatial and temporal derivative sensing

Theproposedjradientlow techniqueequirecomputatiorof tem-
poral derivative andfirst-orderspatialgradientsalongp andq di-
rectionsof the signalimpingingon the sensomarray Estimateof
&oo, €10 and&op; areobtainedy finite-differencegradientapprox-
imationon agrid, usinga planararrayof four sensors:

oo = %(x,l,o + 1,0 + xo,—1 + wo,l)
10 =~ %(m,o - 9071,0) )

o =~ 3(zo1—T0,1)

Computatiorof the gradientss implementedisingsampled-data
switched-capacito{SC)circuits. Theadwantageof thisrealization
is applicationof correlated-doublsampling(CDS), a technique
that strongly reducescommon-modeffsetsand 1/ f noise[10].
The spatialgradientsare computedin fully differentialmode,to
provide increasealock andsupplyfeedthroughrejection.

Thecommon-modeomponentqo is computedn thefollow-
ing manner

gl = (el — 3] +o 1ol — 3]
+zo1[n — %] + zo-1[n — %]) (10)
§ooltl = —g(@roln] +—soln] + 71 o] + o),

andthe computatiornis illustratedin Figure2. Positve contriku-
tion £, to oo representshe estimateof averagesignal at time
instancenT" — % while negative contrilution £, representshe
inverted estimateat time instancenT’. The differencebetween
both contrikutions signalsproducesan unbiasedestimateof £qo
centeredattimenT — %, by takingthe averageof the estimatesit

timesn? — £ andnT.

An estimatefor the temporalderivative signaléoo centeredat
T

sametime instancenT’ — 7 is computedin similar manney by

taking the differenceof estimatesto at time instancesyT’ — £
andnT’

&l = 0
Eoltl =~ (@0l + 2-10ln] + w01 [n] + z0-1 ]
+10[n — %} +z-10[n — %] (11)

o1l — 2]+ z0-1[n — ]
01 2 0—-1 2 .
Thetemporalderivative computatioris illustratedin Figure3.
Thefirst orderspatialgradientin p direction¢:, againcen-
teredattime nT" — %, is computedby differencingestimatesof
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The computationis illustratedin Figure4. First orderspatialgra-
dientin ¢ direction,&o1, is computedn the samefashion.

As an example,switched-capacitorealizationof the compu-
tationof thefirst-orderspatialgradientis shavn in Figure5.

3.2. Common-mode suppression

Beforebearingestimationof directioncosineausingtemporaland
spatialgradientscommonmodeoffsetcorrectionis performedon
the estimatedspatialgradients.Commonmodeoffsetsarisefrom
gainmismatcherrorsin the sensorsandin the circuits computing
thegradientsandcanberepresentetb first orderas

fl0 = &0+ e1foo
~ Tlé(t) + 615(t) (13)

From secondorder statistics,the correlationbetweenary signal
andits time-dervative is zero

E[5(t)s(t)] = 0, (14)

whichimpliesthatthecorrelatiorbetweercommon-modandgra-
dientvariableis alsozero

E[€00&10] = 0. (15)
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Figure4: Evaluationof first-order spatial gradientalong p direc-
tion, 510-

Figure5: Swithed-capacitordifferential realizationof the first-
order spatialgradient&;q.

Thespatialgradientwith eliminatedsystematicommon-moder-
ror is thenestimatedising

E[fooéclo]
E[&5]
To estimate, digital sign-signLMS (SS-LMS)adaptatioris used.

€1 is updatedusinga 12-bitdigital counterandit is representeth
two’s complement

&oo- (16)

&10 = €10 —

efn+1 = &[]
+sgn(&o[n] — &o[n])sen(€oo[n] — &ooln])
ein+1 = 22 —1—¢efn+1] (17)

The 8 mostsignificantbits arepresentedo a multiplying D/A ca-
pacitorarrayto constructhe LMS errorsignal,in this casef1o,

Eio[n] &[] = (7 &aoln] + 1 &ooln])
Eoln] = &oln] — (61 &holn] + el éoln]).  (18)
The rangeof common-moderror correctionis designedo com-

pensatdor at most5 percentof the averagesignalin the spatial
gradients.

3.3. Bearing estimation

For bearingtime-delayestimationdigital SS-LMSdifferentialon-
line adaptatioris usedin implementatiorsimilar to the oneused
for common-modeerror correction. Bearingestimatesarerepre-
sentedas12-hitvaluesin two’'s complement

nn+1 = 7
+sgn(efy[n] — exg[n))sgn (& [n] — Epln)
mn+1 = 2¥ —1-7[n+1], (19)



Figure6: Computatiorof spatialgradient.Top: delayedsinewave
inputszip andx_10. Bottom differencedgradientsignal {10 =

&lo — &io-

with 8 mostsignificantbits usedfor computationof LMS error
signal

&oln] — (11 €pln] + 11 &ooln))
&oln] — (1 &Qoln] + i ooln]). (20)

Onecharacteristiof the discrete-timemplementatioris that
the ratio of computedspatialand temporalderiative is propor
tional to samplingfrequeng of the systems.If for examplethe
samplingfrequeny is 16 kHz, the minimumtime delaythatcan
beresohedis 0.375us.

e1+0 [n]

ero[n]

4. RESULTS

Thearchitecturavasintegratedonasinglechipfabricatedn 0.5um
CMOStechnology To demonstratéhe gradientflow bearingesti-
mation,the following experimentaketupwasused.The sampling
frequeny of the systemwas2 kHz. A sinevave signalof 200Hz
wasfed to the inputswhich representhe signalobsered at sen-
sorszio andzo:. Thesinevave waspassedhroughlow-pass
filter, which introducesa delay Thedelayedsinevave wasfedto
chip input representingensorsignalsz_1o andzq_1. Figure6
illustratescomputationof the spatialgradientfor a given delay
By varying the resistancethe delayis changed. Amplitude dif-
ferencesetweerthe two sinavavesare compensatedn-chipby
common-mode&ancelation.The delaywasvariedfrom 20 us to
400 us, in 20 us increments. The chip outputsbit-serial digital
estimateof 7, and ., obtaineddirectly from the bearingregis-
ters(19). Therecordeddelayr; asa functionof actualdelayis
shawvn in Figure?.

5. CONCLUSION

We presented robust mixed-signalarchitectureor gradientflow

bearingestimation that combatsproblemsof gain mismatchand
1/ f noiseoriginatingfrom thesensomarrayandpreamplifiersThe
principle was demonstrate@n an experimentalprototypewith 4

sensoranaloginputs and 2 digital estimatedime delay outputs.
The chip can potentially be integratedwith the sensorarray for

a small,compact battery-operatetbmart” sensompplicationsn

suneillanceandhearingaids.

Figure7: Experimentatesults
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