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ABSTRACT

Microphonearraysoffer thepotentialof obtaininga high-quality
speechsignal from a remotetalker in a noisy, multi-sourceenvi-
ronment.In many importantapplications,sourcesof interestmay
be locatedanywherewithin a largefocal areaandthusit is desir-
ablethatanarray’s performancebeuniform over thatarea.In this
paper, simulatedandmeasuredresultsarepresentedindicatingthe
performancesof representative small andlargeaperturearraysat
variouspointsin a largefocal area.Fromtheseresults,it is clear
that uniformity over a large focal areais an advantageof large-
aperturearrays.

1. INTRODUCTION

Obtaininghigh-qualityremotespeechdatais an increasinglyim-
portantgoalfor suchaudio-visualapplicationsasteleconferencing
and recordingof meetings. In contrastto small office or desk-
top applications,thesesituationsrequirethat sourcesbe allowed
to move freely over a largefractionof a room. This largeareais
oftencalledthesystem’s focal area. Acceptableperformanceover
a wide focal areacalls for oneof threesolutions: 1) eachtalker
(source)wearsaheador bodymountedmicrophonewith wiredor
wirelessconnectionsto a decisionprogramor humanoperator;2)
a programor humanoperatordirectsa parabolic-reflectoror shot-
gun microphoneat a targetedspeaker; or 3) a fixed,microphone-
arraysystemfocusesautomaticallyon oneor moresimultaneous
sources.Thispaperexploresthedesignof microphonearrayswith
particularemphasisontheiruniformity of responseandspatialres-
olutionover largefocalareas.

Earlier work hasshown throughsimulation[1, 2] and mea-
surement[3, 4] thatarrayswhichcomecloseto surroundingpossi-
ble sources- large-aperture arrays- have betterspatialresolution
neara centralfocus thanspatially compactarrays. Herewe ex-
tendthat work to a wider rangeof practicalarrayconfigurations
andexaminetheuniformity of their behavior over large focal ar-
eas.Measureddatafor a 256microphone,large-aperturearrayis
comparedto simulations,showing that real systemscanachieve
substantialuniformity even thoughoverall performancemay be
limited by sourceradiationpatternsandreverberationsthatarenot
usuallymodeledin simplesimulations.

In Section2, the beampattern [5] is introducedasa measure
both for the simulationsand the measurements.Delay-and-sum
beamformingis usedbecauseof its simplicity androbustnessin
a variety of acousticenvironments. Simulatedresultsareshown
first because,asa practicalmatter, spreadingmicrophonesaround
a room for large numbersof microphonesis a painful exercise!

Thus,in Section3, we indicatewhatperformancetradeoffs make
sense,albeit with an idealizedmodel. Resultsfrom four arrays
subtendingfrom 15 to 360degreesat thecenterof the focal area
arepresented.In Section4, we presentdatafrom our large-array
systemof 256microphones.This systemhasbeenfully described
in [6, 7]. Our experimentalsystemwasa U-shapedarrayof 256
microphonesplacedon the sidesof a 5Mx6M room. Validation
measurementsincludespatialresolutionandSNR responseover
theentireusablefocalareaof this array.

2. PERFORMANCE MEASURE AND ENVIRONMENT

Thebeampatternof anarrayis widely usedasanobservablemea-
sureof anarray’sperformancewhenaimedataparticularlocation.
Thebeampatternshows theenergy of thearray’s outputasa func-
tion of sourcelocation
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where / is the speedof soundand

# � is a setof weights. The
beampatterndependsupon both the distancefrom eachmicro-
phoneto thefixedaiminglocationandthedistancefrom eachmi-
crophoneto thesourceslocation.As thesourceis movedthrough-
out the environment, the individual microphonesreceive signals
that areinverselyproportionalto thedistancefrom sourceto mi-
crophone. In this work we have useda uniform weightingwith# � � #
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observe theperformanceoverarangeof frequenciesin thesimula-
tions,weuseauniformly weightedsumof thesquaredmagnitudes
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Fourarraysof 256omnidirectionalmicrophones,but with dif-
ferentgeometries,aresimulatedin Section3. Theseareshown in
Figure1. In all experiments,thez-directionis ignored.Eachof the
arrayshasthesamez size,0.67M.All actualmicrophonelocations
wereplacedrandomlywith the restrictionthat the randompoints
wereon a 3cmx3cmgrid.V Array I: Planar, small aperture– 0.67M wide. Due to its

smallaperturemuchof thefocalareais in thefar-field. We
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Fig. 1. TopView of theRoomShowing thePlacementof theFour
ArraysandtheirCommonFocalArea

would expectthearray’s beampatternto have only angular
discriminationwith little rangeselectivity.V Array II: Planar, ”mediumaperture”– 6.0M wide. This
arraysubtendsX 0AY for a sourceat the centerof the focal
area. We expect this configurationto performbetterthan
thesmallerarraysincea largerproportionof thefocal area
will bein thenearfield, enhancingrangeselectivity.V Array III: U-shaped(on threewalls), largeaperture– An-
glesubtended

� 6ZX8[ Y .V Array IV: Fully enclosed,large-aperturearray.

3. RESULTS FROM SIMULATIONS

Figure2 shows thebeampatternsproducedby placingthreeaim-
ing locationswithin thefocalareaof Array I. Thebeamformeriso-
latessourcespoorly, having inadequaterangediscrimination.The
maximumresponsesdo not even occurwhenthe sourceis at the
aimingpoints.While thepeakresponseis in thecorrectdirection,
theonly attenuationwith distanceresultsfrom theinversedistance
factorin (Equation1). Thereis insufficientvariationin thesource-
to-microphonedistancesto producesignificantattenuationfrom
phasemismatch.Therapidaccumulationof phasemismatchwith
a changeof sourceposition is critical to any satisfactoryspatial
discrimination.

Figures3, 4 and5 presentsimilar datafor theotherarrayge-
ometries.

We seethat themediumaperture,planararray, Array II, does
not exhibit uniformity in its beampattern.Although the peakre-
sponsesoccurneartheaimingpoints,therearestill somefar-field
effectsthat stretchthe contours.Thereis poor rangediscrimina-
tion in thedirectionsof theseelongations.Aiming pointsnearthe
arrayare lessaffectedby this phenomenonsincethey are in the
near-field of thearray.

For theU-shapedArray III, thefour evaluationaimingpoints
were selectedto be as separatedas possible,but easily measur-
able (i.e., no interferencefrom cabinetsand furniture). As seen
in Figure 4, Array III hasbetterperformancethan either planar
array. The sidesof the U substantiallyimprove selectivity in the
X-direction and to a lesserextent in the Y-direction. While still
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Fig. 2. ContourPlotfrom Simulationfor Array I for ThreeAiming
pointsIndicatedby PlusSigns. Contoursarefor -3, -6, -9, and-
12dBbelow theMaximumResponse
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Fig. 3. ContourPlot from Simulationfor Array II for FourAiming
Pointsin the Focal Area. Contoursarefor -3, -6, -9, and-12dB
below theMaximumResponse.

partially elongated,beampatternsare substantiallynearerto ap-
proximatecircularsymmetry.

Twentydifferentaimingpointswereusedto illustratetheef-
fectivenessof Array IV, the onethat entirely surroundsthe focal
area. The highestgain, dark-colorregions surroundthe aiming
points tightly. There is little asymmetryin the contourshapes.
The elongationof the -12dB contoursnearthe edgeof the room
is causedby proximity to individual microphones.Perhapsthis
implies that the definition of the focal area– 0.5M from eachof
thesurroundingwalls – is too largefor applicationswith themost
demandinguniformity requirements.

4. MEASURED RESULTS

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

the 256-microphonearray is placedon threeadjacentsidesof a
5Mx6M rectangle.Array III usesexactly this setof microphone
locationsandso the resultsin Figure4 arethe point of compari-
sonwith our measurements.Furtherdescriptionsof theroomand
testingenvironmentaregivenin [3] and[6].

The sourceusedfor thesemeasurementsis a 5cm diameter,
long-throw, full-rangespeaker in a sealedenclosure,the forward
responseof which is known to vary lessthan 3dB over the fre-
quency rangeof 1-4kHz. It wasmountedona tripodandmovedat
a fixedheightasneeded.A continuoussweptsinewave changing
linearly with time from 1kHz to 4kHz in

!]_^ wasusedasthesig-
nal. Measurementsof energy weretakenover roughly35 sweeps
or about5s. As the chirp startedits sweepat 1kHz, and room
backgroundnoisefrom fansandcomputersis predominantlylow
frequency, a linear phaseFIR highpassfilter with cutoff at about
400Hzwasusedto reducethebackgroundeffectsin themeasure-
ments.

In Figure6 a contourplot of thebeampatternis shown for the
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Fig. 6. MeasuredContourPlot for Array III for 4 Aiming Points
in theFocalArea.Contoursarefor -3, -6, -9, and-12dBbelow the
MaximumResponse

samefour locationsshown for thesimulation,Figure4. Thequan-
tization of themeasureddatais aboutthreetimescoarserthanin
the simulations( ef6�g cm vs g cm). The shapesof the measured
volume-selective peaksin the top 6dB arequite uniform andare
similar in sizeto thosein thesimulation.(RemembertheU-shaped
arraydoesnotshow thesameuniformity over thefocalareathatis
seenin thefully enclosedarray, Array IV.) While thecontourlines
at -9 and-12dB show the samedirectionality in both simulation
andmeasurement,themeasuredcontoursshow significantspread-
ing. Thisis notsurprising.Theidealassumptionsof thesimulation
ignore1) thereverberationsof thishighly-reverberentroom,2) the
spectralcolorationandvery non-sphericalradiationpatternof the
speaker, 3) the variationsin the gainsof the microphones,4) the
slight errorsin aiming, andeven with high-passfiltering, 5) the
residualeffectsfrom acousticbackgroundnoise.All thesefactors
tendto spreadthebeampatternfunction.

In Figures7 and8 weshow theresultsof measurementsmade
overmostof thefocalareato characterizetheuniformity of ampli-
tuderesponsefor tracked sources.Figure7 shows a contourplot
of the variation in the signalenergy measuredasthe sourcewas
placedat a successionof aimingpointson a uniform coarsemesh
acrossthe focal area. Becauseof the choiceof weightingcoeffi-
cient

#
in equation1, the idealarrayoutputshouldbeprecisely

constant.Theobservedvariationof h 2dB is quitegoodconsider-
ing theeffectsmentionedabove thatarenot includedin eitherthe
simulationor thecalculationof weights.

Becauseof therenormalizationof amplitudeby theweighting
coefficient, theamplituderesponseis not anadequatemeasureof
theeffective sensitivity of thearray. Onehasto considerhow the
signal-to-noiseratio variesfrom point to point. To determinethe
noise,a measurementwasmadeat eachaimingpoint in thesame
meshwith the sourceturnedoff. In Figure8, we show changes
in the SNR asthe sourcemoved over the samelarge focal area.
ThemeanSNRfor thesemeasurementswas30.3dB, andthefig-
ureshows a total variationof only 4dBacrosstheentirearea.The
darkest contour representsa 32dB SNR. The generalbias of s-
lightly higherSNRin thedirectionof increasingY is theresultof
adiscretesourceof acousticnoisefrom computerfansnearthethe
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Fig. 7. MeasuredContourPlot for Array III for PeakSignalRe-
sponseover a LargeFocal Area. Contoursarefor -1, -2, -3, and
-4dBbelow theMaximumResponse

upperleft corner. This is betterthanexpectedperformance,given
all thecomplicatingfactorsmentionedabove.

5. CONCLUSIONS

We have investigatedtheperformanceof microphonearrayswith
small, mediumand large aperturesover a wide focal area. It is
clearthatsmallandmediumapertureplanararrayssuffer from an
inability to selectvolumetricallydueto poorrangediscrimination.
Simulationsshow that ideally a large-aperturearray that totally
enclosespotentialsourceswill provide the uniform responseand
high spatialselectivity neededfor demandingapplications.Mea-
surementsof a largeU-shapedarrayconfirmtheconclusionsfrom
thesesimulations. However, the measuredresultsaresomewhat
different from thoseof the simulationprimarily due to the non-
sphericalradiationpatternof thesourcetransducerandthe rever-
berationpatternsof theroom.Improveduniformperformancein a
realenvironmentmightbeachievedby takingthetransferfunction
for the sourceangulardispersioninto accountasa sourcemoves
aboutthefocalareaandchangesorientation.Futurework will ex-
tend measurementsto arraysthat totally surroundthe focal area
andwill try to exploit sourcedispersionaswell.
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