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ABSTRACT

Microphonearraysoffer the potentialof obtaininga high-quality
speectsignalfrom a remotetalker in a noisy multi-sourceenvi-
ronment.In mary importantapplications sourcef interestmay
be locatedanywherewithin alarge focal areaandthusit is desir
ablethatanarray’s performanceébe uniform over thatarea.ln this
paper simulatedandmeasuredesultsarepresentedndicatingthe
performance®f representatie small and large aperturearraysat
variouspointsin a largefocal area. Fromtheseresultsiit is clear
that uniformity over a large focal areais an advantageof large-
aperturearrays.

1. INTRODUCTION

Obtaininghigh-quality remotespeectdatais anincreasinglyim-
portantgoalfor suchaudio-visuabpplicationsasteleconferencing
and recordingof meetings. In contrastto small office or desk-
top applications thesesituationsrequirethat sourcesbe allowed
to move freely over a large fraction of a room. This large areais
oftencalledthe systems focal area. Acceptableperformancever
a wide focal areacalls for one of threesolutions: 1) eachtalker
(source)wearsa heador body mountedmicrophonewith wired or
wirelessconnectiongo a decisionprogramor humanoperator;2)
aprogramor humanoperatordirectsa parabolic-reflectoor shot-
gun microphoneat a tamgetedspealkr; or 3) afixed, microphone-
array systemfocusesautomaticallyon one or more simultaneous
sourcesThis paperexploresthe designof microphonearrayswith
particularemphasigntheiruniformity of responsendspatialres-
olution over largefocal areas.

Earlier work hasshawvn throughsimulation[1, 2] and mea-
suremeni3, 4] thatarrayswhich comecloseto surroundingpossi-
ble sources large-aperture arrays- have betterspatialresolution
neara centralfocus than spatially compactarrays. Here we ex-
tendthat work to a wider rangeof practicalarray configurations
and examinethe uniformity of their behaior over large focal ar-
eas.Measureddatafor a 256 microphone)arge-aperturarrayis
comparedo simulations,shaving that real systemscan achieve
substantialuniformity even though overall performancemay be
limited by sourceradiationpatternsandreverberationghatarenot
usuallymodeledn simplesimulations.

In Section2, the beampattern [5] is introducedasa measure
both for the simulationsand the measurementsDelay-and-sum
beamformingis usedbecausef its simplicity and robustnessn
a variety of acousticervironments. Simulatedresultsare shavn
first becauseasa practicalmatter spreadingnicrophonesround
a room for large numbersof microphoneds a painful exercise!

Thus,in Section3, we indicatewhat performancdradeofs malke

senselbeit with an idealizedmodel. Resultsfrom four arrays
subtendingrom 15 to 360 degreesat the centerof the focal area
arepresentedlIn Section4, we presentdatafrom our large-array
systemof 256 microphonesThis systemhasbeenfully described
in [6, 7]. Our experimentalsystemwasa U-shapedarray of 256

microphoneglacedon the sidesof a 5Mx6M room. Validation

measurementiclude spatialresolutionand SNR responseover

theentireusablefocal areaof this array

2. PERFORMANCE MEASURE AND ENVIRONMENT

Thebeampatterof anarrayis widely usedasanobserablemea-
sureof anarray’s performancevhenaimedataparticularlocation.
Thebeampattershavs the enegy of thearray’s outputasa func-
tion of sourcelocation @ s with a fixed aiming point @,. For a
sphericallyuniform, sinusoidalsource ¢/“¢, the transferfunction
of theacousticsignalto the arrayelectricaloutputfor a weighted
delay-and-sunbeamformeis
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(1)
wherec is the speedof soundand W, is a setof weights. The
beampatterrdependsupon both the distancefrom eachmicro-
phoneto the fixed aiminglocationandthe distancerom eachmi-
crophoneo the sourcedocation. As thesourceis movedthrough-
out the ervironment, the individual microphonegeceve signals
thatareinverselyproportionalto the distancefrom sourceto mi-
crophone. In this work we have useda uniform weighting with
Wom = W choserto male |B| = 0dB at @, = @,. In orderto
obsere theperformancever arangeof frequenciesn thesimula-
tions,we usea uniformly weightedsumof thesquarednagnitudes
of B overtherange[1000H z, 4000H z] in 100Hzstepsor

40
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Fourarraysof 256 omnidirectionalmicrophonesbut with dif-
ferentgeometriesaresimulatedn Section3. Theseareshavn in
Figurel. In all experimentsthez-directionis ignored.Eachof the
arrayshasthesamez size,0.67M.All actualmicrophondocations
wereplacedrandomlywith the restrictionthatthe randompoints
wereon a3cmx3cmgrid.

e Array |: Planar small aperture- 0.67M wide. Dueto its
smallaperturemuchof thefocal areais in thefar-field. We
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Fig. 1. Top View of theRoomShawing the Placemenof the Four
Arraysandtheir CommonFocal Area

would expectthe array’s beampattermo have only angular
discriminationwith little rangeselectvity.

e Array Il: Planar, "medium aperture”™- 6.0M wide. This
array subtends80° for a sourceat the centerof the focal
area. We expectthis configurationto performbetterthan
the smallerarraysincea larger proportionof the focal area
will bein thenearfield, enhancingangeselectvity.

e Array IIl: U-shapedonthreewalls), large aperture- An-
gle subtended-= 186°.

e Array |IV: Fully enclosedlarge-aperturarray

3. RESULTSFROM SIMULATIONS

Figure 2 shavs the beampatternproducedby placingthreeaim-
ing locationswithin thefocal areaof Array I. Thebeamformeiso-
latessourcesoorly, having inadequateangediscrimination.The
maximumresponseslo not even occurwhenthe sourceis at the
aiming points. While the peakresponsés in the correctdirection,
theonly attenuatiorwith distanceresultsfrom theinversedistance
factorin (Equationl). Thereis insufiicient variationin the source-
to-microphonedistanceso producesignificantattenuationfrom
phasemismatch.Therapid accumulatiorof phasemismatchwith
a changeof sourcepositionis critical to ary satishctory spatial
discrimination.

Figures3, 4 and5 presensimilar datafor the otherarrayge-
ometries.

We seethatthe mediumapertureplanararray Array I, does
not exhibit uniformity in its beampattern Although the peakre-
sponse®ccurnearthe aiming points,therearestill somefar-field
effectsthat stretchthe contours. Thereis poor rangediscrimina-
tion in the directionsof theseelongations Aiming pointsnearthe
array are lessaffectedby this phenomenorsincethey arein the
nearfield of thearray

For the U-shapedArray Ill, thefour evaluationaiming points
were selectedio be as separateds possible,but easily measur
able (i.e,, no interferencefrom cabinetsand furniture). As seen
in Figure 4, Array Il hasbetterperformancethan either planar
array The sidesof the U substantiallyimprove selectvity in the
X-direction andto a lesserextentin the Y-direction. While still
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Fig. 2. ContourPlotfrom Simulationfor Array | for ThreeAiming
pointsIndicatedby PlusSigns. Contoursarefor -3, -6, -9, and-
12dBbelav the MaximumResponse
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Fig. 3. ContourPlotfrom Simulationfor Array Il for Four Aiming
Pointsin the Focal Area. Contoursarefor -3, -6, -9, and-12dB
belowv the MaximumResponse.

partially elongated beampatternsire substantiallynearerto ap-
proximatecircularsymmetry

Twenty differentaiming pointswere usedto illustratethe ef-
fectivenessof Array IV, the onethat entirely surroundshe focal
area. The highestgain, dark-colorregions surroundthe aiming
points tightly. Thereis little asymmetryin the contour shapes.
The elongationof the -12dB contoursnearthe edgeof the room
is causedby proximity to individual microphones. Perhapshis
implies that the definition of the focal area— 0.5M from eachof
thesurroundingwalls — is too large for applicationswith the most
demandinguniformity requirements.

4. MEASURED RESULTS

Theroomin whichthe HugeMicrophoneArray (HMA) is located
is 8.4M on eachsidewith a ceiling heightof 3 meters.Walls and
floor arehardacousticmaterialsandthe room hasa long (450m-
s) reverberationtime. Somepartitionsdivide the room, so that
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Fig. 4. ContourPlotfrom Simulationfor Array lll for FourAiming
Pointsin the Focal Area. Contoursarefor -3, -6, -9, and-12dB
belav the MaximumResponse
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Fig. 5. ContourPlot from Simulationfor Array IV for 16 Aiming
Pointsin the Focal Area. Contoursarefor -3, -6, -9, and-12dB
belav the MaximumResponse

the 256-microphonerray is placedon threeadjacentsidesof a
5Mx6M rectangle.Array Il usesexactly this setof microphone
locationsand so the resultsin Figure4 arethe point of compari-
sonwith our measurementd-urtherdescriptionsof theroomand
testingervironmentaregivenin [3] and[6].

The sourceusedfor thesemeasurements a 5cm diameter
long-thraw, full-rangespealkr in a sealedenclosurethe forward
responseof which is known to vary lessthan 3dB over the fre-
queng rangeof 1-4kHz. It wasmountedon atripod andmovedat
afixedheightasneeded.A continuoussweptsinevave changing
linearly with time from 1kHz to 4kHz in %s wasusedasthe sig-
nal. Measurementsf enegy weretaken over roughly 35 sweeps
or about5s. As the chirp startedits sweepat 1kHz, and room
backgrounchoisefrom fansand computerds predominantiylow
frequeng, alinear phaseFIR highpasdilter with cutoff at about
400Hzwasusedto reducethe backgrounceffectsin the measure-
ments.

In Figure6 a contourplot of the beampatteris shovn for the
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Fig. 6. MeasuredContourPlot for Array Il for 4 Aiming Points
in the Focal Area. Contoursarefor -3, -6, -9, and-12dBbelow the
MaximumResponse

samefour locationsshown for the simulation,Figure4. Thequan-
tization of the measuredlatais aboutthreetimescoarserthanin
the simulations(~ 15cmvs 5cm). The shapesf the measured
volume-selectie peaksin the top 6dB are quite uniform andare
similarin sizeto thosein thesimulation.(RemembetheU-shaped
arraydoesnotshav thesameuniformity over thefocal areathatis
seenin thefully enclosedarray Array IV.) While thecontourlines
at -9 and-12dB shawv the samedirectionalityin both simulation
andmeasurementhe measuredontoursshav significantspread-
ing. Thisis notsurprising.Theidealassumptionsf thesimulation
ignorel) thereverberation®f this highly-reverberentoom, 2) the
spectralcolorationandvery non-sphericatadiationpatternof the
spealer, 3) the variationsin the gainsof the microphones4) the
slight errorsin aiming, and even with high-pasdiltering, 5) the
residualeffectsfrom acoustichackgrounchoise. All thesefactors
tendto spreadhebeampatterfunction.

In Figures7 and8 we shav theresultsof measurementsade
over mostof thefocal areato characterizéheuniformity of ampli-
tuderesponsdor tracked sources.Figure 7 shavs a contourplot
of the variationin the signalenegy measuredsthe sourcewas
placedat a successiomf aiming pointson a uniform coarsemesh
acrossthe focal area. Becauseof the choiceof weighting coefi-
cient W in equationl, theidealarrayoutputshouldbe precisely
constantTheobsenredvariationof + 2dB is quitegoodconsider
ing the effectsmentionedabove thatarenotincludedin eitherthe
simulationor the calculationof weights.

Becausef therenormalizatiorof amplitudeby the weighting
coeficient, the amplituderesponseés not an adequateneasurenf
the effective sensitvity of the array Onehasto considerhow the
signal-to-noiseatio variesfrom point to point. To determinethe
noise,a measuremenvasmadeat eachaiming pointin the same
meshwith the sourceturnedoff. In Figure8, we shav changes
in the SNR asthe sourcemaoved over the samelarge focal area.
The meanSNRfor thesemeasurementwas30.3dB, andthefig-
ureshaws atotal variationof only 4dB acrosghe entirearea.The
darkest contourrepresenta 32dB SNR. The generalbias of s-
lightly higherSNRin thedirectionof increasingy is theresultof
adiscretesourceof acousticnoisefrom computerfansnearthethe
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Fig. 7. MeasuredContourPlot for Array Il for PeakSignalRe-
sponseover a Large Focal Area. Contoursarefor -1, -2, -3, and
-4dB below the MaximumResponse

upperleft corner This is betterthanexpectedperformancegiven
all thecomplicatingfactorsmentionedabove.

5. CONCLUSIONS

We have investigatedhe performanceof microphonearrayswith

small, mediumand large aperturesover a wide focal area. It is

clearthatsmallandmediumapertureplanararrayssuffer from an
inability to selectvolumetricallydueto poorrangediscrimination.
Simulationsshawv that ideally a large-aperturearray that totally

enclosegotentialsourceswill provide the uniform responseand
high spatialselectvity neededor demandingapplications.Mea-
surement®f alarge U-shapedarrayconfirmthe conclusiongrom

thesesimulations. However, the measuredesultsare somevhat
differentfrom thoseof the simulationprimarily due to the non-
sphericalradiationpatternof the sourcetransduceandthe rever-

berationpatternsof theroom. Improved uniform performancen a
realervironmentmightbeachieved by takingthetransferfunction
for the sourceangulardispersioninto accountasa sourcemoves
aboutthefocal areaandchange®rientation.Futurework will ex-

tend measurementto arraysthat totally surroundthe focal area
andwill try to exploit sourcedispersioraswell.
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