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ABSTRACT

A mixed-signalarchitecturefor estimatingthe3-Ddirectioncosines
of a broadbandtraveling wave impingingon anarrayof four sen-
sorsispresented.Thearchitectureimplementsgradientflow, which
convertstheproblemof resolvingtime delaysbetweensensorob-
servationsinto the problemof estimatingrelative amplitudesof
spatialandtemporalderivativesover thearray. Directioncosines
of thesourceareobtainedthroughleast-squaresadaptationon the
derivativesignals.Least-squaresadaptivecancelationof common-
modeleakthroughandcorrelateddoublesamplingin finite-difference
derivative estimationreducecommon-modeoffsetsand ����� noise
for increaseddifferentialsensitivity. Experimentalresultsfrom an
integratedcircuit for acousticlocalizationdemonstratedecimation
of timedelayswith 5 � s resolutionat 2 kHz samplingrate.

1. INTRODUCTION

Continuedtrendstowardsminiaturizationof integratedsensorspose
the challengeof formulating sourcelocalizationalgorithmsthat
perform robustly with sub-wavelengthdimensionsof the sensor
array[1]. It is well known that theprecisionof delay-basedbear-
ing estimationdegradeswith shrinkingdimensions(aperture)of
the sensorarray [2]. Time-differenceof arrival estimationtech-
niquesbasedon cross-correlationof the signals[3] requirehigh
oversamplingratiosfor estimatingsmalltimedelays[4].

Gradientflow [5] avoidstheproblemof estimatingsmalltime
delaysbetweensensorobservationsby 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,asmanifestedin living biologi-
cal [7, 8] andbiomimeticMEMS/VLSI systems[9].

Section2 presentsthe gradientflow approachto localizinga
singlesourcein thefreefield. Gradientsin time andspacearees-
timatedusingfinite differenceson anarrayof four sensorsin the
plane.Section3 presentsa mixed-signalarchitectureimplement-
ing gradientflow, includingleast-squaresadaptationfor common-
moderejectionandbearingestimation.Experimentalresultsfrom
a fabricatedprototypearepresentedin Section4.

2. GRADIENT FLOW LOCALIZATION

A traveling wave emittedby a sourceis observedover a distribu-
tion of sensorsin space,whichhereweconsiderto bediscretebut
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which could be continuous.We define �	��

� as the time lag be-
tweenthewavefrontat point 
 andthewavefrontat thecenterof
thearray, i.e., thepropagationtime ����
�� is referencedto thecenter
of thearray.

For anintegratedMEMS or VLSI arraywith dimensionstyp-
ically smallerthan1 cm, thethedistancefrom thesourceis much
larger than the dimensionsof the sensorarray, and the far-field
approximationis a sensibleapproximation. In the far field, the
wavefrontdelay �	��
�� is approximatelylinear in theprojectionof
 on theunit vector � pointingtowardsthesource,

����
���� �� 
��
� (1)

where� is thespeedof (acousticor electromagnetic)wave propa-
gation.

Let ����
������ be the signalpicked up by a sensorat position 
 .
As onespecialcasewe will considera two-dimensionalarrayof
sensors,with positioncoordinates� and� sothat 
��� = �!
#"%$&�'
�(
with orthogonalvectors
 " and 
 ( in thesensorplane.In the far-
field approximation(1), thesensorobservationsof thesourceare
advancedin timeby ���� *)+���,"�$-�
�'( , where

�,".) �� 
#"/�0�
�#(1) �� 
�(2�0� (2)

are the inter-time differences(ITD) of sourcebetweenadjacent
sensorson the grid alongthe � and � placecoordinates,respec-
tively. Knowledgeof the anglecoordinates �," and �'( uniquely
determines,through(2), thedirectionvector � alongwhichsource
impingesthearray, in referenceto the 34�5�6�!7 plane.

Thesignalobservedat sensorwith positioncoordinates� and� canbeexpressedas

�%�� ��8���/):9��8�;$<�
�� ��=$?>;�� ��8��� (3)

where>��� ��8�@� representadditive noisein thesensorobservations.
A gradientflow formulationis obtainedby evaluatingspatialgra-
dientsof � �� alongthe � and � positioncoordinates,aroundthe
origin �A)B�C)+D :
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where T FHG arethe correspondingspatialderivativesof the sensor
noise> �� aroundthecenter. Takingspatialderivatives

E�FVG
of orderW $BXZY\[ , anddifferentiating

E FHG
to order [S]^� W $BX'� in time



yields a numberof different linear observationsin the [ th-order
time derivativesof thesignals 9 . Theadvantageof this technique
is thatit effectively reducestheproblemof directlyestimatingtime
delaysto linearregressionof thederivative signals.

As an example,considerthe first-ordercase [^)_� , corre-
spondingto (3):

E O`O �8�@�J) 9��8���5$ZT O`O �8���4�E "�O0�8�@�J) �a"!b9��8���=$cT#"�O0�8���4� (5)E O@" �8�@�J) � ( b9��8���=$cT O@" �8���4d
By time-differentiatingtheexpressionfor

E O`O , theproblemof es-
timatingtimedelaysconvertsto standardlinearregression

E "�O �8���J� � " bE O`O �8���E O@"Q�8���J� �'( bE O`O0�8��� (6)

in theunknown delays�a" and �'( . Fromleast-squareestimatesof
thetimedelays,wecandirectlyobtainestimatesof azimuthanglee

andelevationangle f angleaccordingto (2):

� " ) ���g 
 " gPh�i�j e j`kHl f
� ( ) ���g 
 ( gPj`kHl e j`kml f (7)

An interestingobservation is thattheestimateof azimuthangleis
independentof thespeedof soundasit involvesspatialgradients
only; estimationof theelevationangleon theotherhandrequires
knowledgeof thespeedof soundin relatingspatialandtemporal
derivatives.Theestimateof azimuthanglecanbeobtainedsimply
from theratioof delayestimates� " and� ( :

ne )po4q h�r o l � "�'( d (8)

In the caseof multiple sources,the observed sensorsignals
containmixturesof delayedsourcesignals,which gradientflow
converts to linear mixturesof temporalderivativesof the source
signals. Underthe assumptionsthat the sourcesignalsare inde-
pendent,this formulation is equivalent to standardindependent
componentanalysis(ICA), anda numberof approachesexist for
solving this problem. An interestingcorrolaryis that the mixing
coefficientsobtainedfrom ICA on gradientflow transformedsen-
sor datadirectly yield the anglesof incomingsourcewavesrela-
tive to the array, performingblind separationand localizationof
multiple sourcesat once. Detailsaregiven in a precursorof this
paper[5].

3. SYSTEM OVERVIEW

The systemblock diagramimplementinggradientflow for bear-
ing estimationis shown in Figure1. Thedifferentialamplification
block approximatesspatialandtemporalgradientsby computing
finite differenceson a planargrid of four sensors.Common-mode
error correctionof the first-orderspatial gradientscompensates
for gainmismatchbetweensensorsobservations.Usingtemporal
derivativeandfirst-orderspatialgradientsestimatesof timedelays�a" and�#( areobtained.
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Figure1: Systemdiagram

3.1. Spatial and temporal derivative sensing

Theproposedgradientflow techniquerequirescomputationof tem-
poralderivative andfirst-orderspatialgradientsalong � and � di-
rectionsof thesignalimpingingon thesensorarray. EstimatesofE O`O , E "�O and

E O@" areobtainedby finite-differencegradientapprox-
imationon agrid, usingaplanararrayof four sensors:

E O`O � "w	x �2y "`z O $?� "`z O $?� O@z y " $?� O@z "|{E "�O}� "( x �2"`z O~]-� y "`z O { (9)E O@" � "( x � O@z " ]-� O@z y " {
Computationof thegradientsis implementedusingsampled-data
switched-capacitor(SC)circuits.Theadvantageof thisrealization
is applicationof correlated-doublesampling(CDS), a technique
that stronglyreducescommon-modeoffsetsand ����� noise[10].
The spatialgradientsarecomputedin fully differentialmode,to
provide increasedclockandsupplyfeedthroughrejection.

Thecommon-modecomponent
E O`O is computedin thefollow-

ing manner

E LO`O0� >P��) �� �8� "�O � >&] �� �P$?�2y "�O � >?] �� �
$�� O@" � >?] �� ��$<� O y " � >?] �� �6� (10)

E yO`O � >P��) ] �� �8� "�O � >5�P$<�2y "�O � >5�P$<� O@" � >P�5$?� O y " � >P�6�4�
andthe computationis illustratedin Figure2. Positive contribu-
tion

E LO`O to
E O`O representsthe estimateof averagesignalat time

instance>5��]�� ( , while negative contribution
E yO`O representsthe

invertedestimateat time instance>5� . The differencebetween
both contributions signalsproducesan unbiasedestimateof

E O`O
centeredat time >5��] � w , by takingtheaverageof theestimatesat
times>5��] � ( and>5� .

An estimatefor thetemporalderivative signal bE O`O centeredat
sametime instance>=��]�� w is computedin similar manner, by
taking the differenceof estimates

E O`O at time instances>5��] � (
and>=�

bE LO`O0� >5��) D
bE yO`O0� >5��) ] �� �8� "�O � >P�5$?�2y "�O � >5�=$-� O@" � >P�5$?� O y " � >P�6�

$�� "�O � >?] �� ��$<�2y "�O � >?] �� � (11)

$�� O@" � >?] �� ��$<� O y " � >?] �� ��d
Thetemporalderivativecomputationis illustratedin Figure3.

The first orderspatialgradientin � direction
E "�O , againcen-

teredat time >5��]�� w , is computedby differencingestimatesof
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Figure2: Evaluationof common-mode(average) signal
E O`O .
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Figure3: Evaluationof temporal derivativecommon-modesignalbE O`O .
E "�O at time instances>5��] � ( and>5�

E L"�O � >P��) �� �8�2"�O � >?] �� �5]-� y "�O � >P�6�
E y"�O0� >P��) ����8� y "�O � >?] �� �P]?��"�O � >P�6� (12)

Thecomputationis illustratedin Figure4. First orderspatialgra-
dientin � direction,

E O@" , is computedin thesamefashion.
As anexample,switched-capacitorrealizationof thecompu-

tationof thefirst-orderspatialgradientis shown in Figure5.

3.2. Common-mode suppression

Beforebearingestimationof directioncosinesusingtemporaland
spatialgradients,commonmodeoffsetcorrectionis performedon
theestimatedspatialgradients.Commonmodeoffsetsarisefrom
gainmismatcherrorsin thesensorsandin thecircuitscomputing
thegradients,andcanberepresentedto first orderasnE "�O � E "�O $?� " E O`O� � " b9��8���=$?� " 9��8��� (13)

From secondorderstatistics,the correlationbetweenany signal
andits time-derivative is zero

� � b9��8���49��8�����	)�D5� (14)

whichimpliesthatthecorrelationbetweencommon-modeandgra-
dientvariableis alsozero

� � E O`O E "�O���)+DPd (15)
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Figure4: Evaluationof first-order spatialgradientalong � direc-
tion,
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Figure5: Switched-capacitordifferential realizationof the first-
order spatialgradient

E "�O .
Thespatialgradientwith eliminatedsystematiccommon-modeer-
ror is thenestimatedusing

E "�O � nE "�O ] � � E O`O
nE "�O �� � E (O`O �
E O`O d (16)

Toestimate� " , digitalsign-signLMS (SS-LMS)adaptationisused.��" is updatedusinga12-bitdigital counterandit is representedin
two’s complement

� L "	� >&$B�4��) � L "%� >P�$ j`¡�l � E
L"�O�� >P�%] E y"�O0� >P��� j`¡�l � E

LO`O0� >P�=] E yO`O�� >P���� y" � >&$B�4��) � "�( ]��*]-� L" � >-$��|� (17)

The8 mostsignificantbits arepresentedto a multiplying D/A ca-
pacitorarrayto constructtheLMS errorsignal,in thiscase

E "�O ,E L"�O � >5��) nE L"�O � >P�=]��8� L " E LO`O � >P�5$?� y" E yO`O � >5�6�E y"�O0� >5��) nE y"�O0� >P�=]��8� y" E LO`O�� >P�5$?� L " E yO`O0� >5�6�4d (18)

Therangeof common-modeerrorcorrectionis designedto com-
pensatefor at most5 percentof the averagesignal in the spatial
gradients.

3.3. Bearing estimation

For bearingtime-delayestimation,digital SS-LMSdifferentialon-
line adaptationis usedin implementationsimilar to the oneused
for common-modeerror correction.Bearingestimatesarerepre-
sentedas12-bit valuesin two’scomplement

� L"*� >-$B�|�¢) � L"*� >P�$ j`¡�l �8£
L "�O � >P�=]-£ y"�O � >P��� j`¡�l � E

L"�O � >P�=] E y"�O � >5�6�� y" � >-$B�|�¢) � "�( ]+�¤]-� L" � >-$��4��� (19)



Figure6: Computationof spatialgradient.Top: delayedsinewave
inputs � "�O and �2y "�O . Bottom: differencedgradientsignal

E "�O )E L"�O ] E y"�O .
with 8 most significantbits usedfor computationof LMS error
signal

£ L "�O�� >P��) E L"�O0� >P�=]��8� L" bE LO`O�� >5�=$-� y" bE yO`O0� >P�6�
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Onecharacteristicof thediscrete-timeimplementationis that
the ratio of computedspatialand temporalderivative is propor-
tional to samplingfrequency of the systems.If for examplethe
samplingfrequency is 16 kHz, the minimumtime delaythat can
beresolvedis 0.375�29 .

4. RESULTS

Thearchitecturewasintegratedonasinglechipfabricatedin 0.5� m
CMOStechnology. To demonstratethegradientflow bearingesti-
mation,thefollowing experimentalsetupwasused.Thesampling
frequency of thesystemwas2 kHz. A sinewave signalof 200Hz
wasfed to the inputswhich representthe signalobserved at sen-
sors� "�O and� O@" . Thesinewave waspassedthroughlow-pass¥S¦
filter, which introducesa delay. Thedelayedsinewave wasfed to
chip input representingsensorsignals��y "�O and � O y " . Figure6
illustratescomputationof the spatialgradientfor a given delay.
By varying the resistance,the delay is changed.Amplitude dif-
ferencesbetweenthe two sinewavesarecompensatedon-chipby
common-modecancelation.The delaywasvariedfrom 20 � s to
400 � s, in 20 � s increments.The chip outputsbit-serialdigital
estimatesof � " and � ( , obtaineddirectly from the bearingregis-
ters(19). The recordeddelay � " asa function of actualdelayis
shown in Figure7.

5. CONCLUSION

We presenteda robustmixed-signalarchitecturefor gradientflow
bearingestimation,thatcombatsproblemsof gainmismatchand����� noiseoriginatingfromthesensorarrayandpreamplifiers.The
principle wasdemonstratedon an experimentalprototypewith 4
sensoranaloginputsand2 digital estimatedtime delayoutputs.
The chip canpotentiallybe integratedwith the sensorarray, for
a small,compact,battery-operated“smart” sensorapplicationsin
surveillanceandhearingaids.
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Figure7: Experimentalresults
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