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Abstract: A microphone array provides an effective means of hands-free speech acquisition,flndingapplication in large
roomvideo-conferencing,desktopteleconferencing, and hands-free telephony. Unlike a single omni-directional microphone,
thearrayprovideshighspatialdirectivity,allowing it to attenuate room reverberation and other unwan ted noise. In this
paper,wegiveanoverviewoftheteehniques available for speech acquisition using microphone arrays. In particular we
will focus on methods of frequency-invariant beamfonning, in which the array maintains the same spatial response over a
wide frequency range.

1. INTRODUCTION

Hands-free audio communication finds use in many applica
tions, including desktop teleconferencing and hands-free tele
phony. In these situations the desire is fora high-qualityaudio
input, but without the requirement for the user to either hold
or wear a microphone; this is especially important for hands
free telephones in cars. An effective technique for hands-free
speech acquisition is microphone arrays. This technology was
flrstappliedtolarge-roomteleconferencingintheearlyl980s
[I]. There has been a renewed interest in microphone arrays
because of the increasing capability of cheap digital signal
processors-the computational requirements of simplear
rays will now comfortably fit on a single DSP chip. The
purpose of this paper is to give an overview of the techniques
for speech acquisition using microphone arrays, focusing on
so-called frequency invariant beamforming methods.

2. THE SPEECH ACQillSITION PROBLEM

In hands-free speech acquisition applications thedesiredsig
nal is corrupted by interfering noise, either from independent
sources(suchasfans,othertalkcrs,etc.)orroomreverbera
lion.lngeneral,theseinterferingsignalsoriginatefrompoints
in space separate from the location of the desired source, i.e.,
the talker's mouth. It is this spatial dimension which is ex
ploited by microphone arrays in order to obtain ahigh-quality
speech signal. By forming a directional microphone, the ar
ray is able to pass signals originating from somedesiredloca
tionwhileattenuating signals arriving from other directions.
Unlike a fixed directional microphone (such as a boom mi
crophone), the microphone array is able to adapt to changing
signal environments and automatically follow the talker as he
or she moves about.

In order to make the following discussion more concrete,
consider the linear array shown in Fig. 1. Fora single source,
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the time signal rcccivcdat the nth microphone is given by

Yn(t) = s(t-rn), (1)

wheres(t)isthesourcesignal,andrnisthetimedelaytothe
nth microphone (relative to the origin x = 0). The time delay
tocachmicrophonedepcndson the microphone location as
weU as the sourccposition. Assuming the source signal is in
thefarfJeldofthearray(scc[2,3]fornearfJeldsources),the
delay to the nth sensor is given by

where X n is the location of the nth microphone, c is the speed
of wave propagation, and B is the direction to the source
(measurcdrelativetothearrayaxis).

Figure I. General linear array. The source signal is
denotedbys(t),Yn(t) is the signal received at the nth
microphone (only the first and last microphone in the
array are shown), W n is the weight applied to the nth
microphonesigna1,andz(t) is the array output.
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The generaJ idea of l1lemiaqlhooe llI1'lyis 10 apply a
cornplell weight- more gencrally, a filter - to eoch micro
phone signal, and Ihen sum the resuhing signals 10fonn the
desiredOUlpul; see Fig. I. Thu$,lhe oulpul oflbemicrophooc
ana y is gi"tfl by

%(1) ,. ~W"1Iw(1)
N!; W.. ..(t - T. ). (3)

whele w,. isthecomple. weighl applied 10 the nth micro
ptK:oe;i1 isthedesignoilhesewetgJlS lhalisol~hoe.

The -ny OIltpul is usually expressed in~ ollfequency.

P~'

Zen = Sen ~ w. eib/~_ , (4 )

1Iibes'e Sen is theFolriel'transfonnoilhetime signaI..(t )_
Since~~~wty inlC:l't*d in bow the anay pot .

foms in pa.uing signals fum • giw:RdiRdim. md atmu3I

iog signalsfmmC\Ctlcl"c1irection5. wewi.llc:msilbilS spatial
~O"~aMf1dl'ml,ddincd by

b{')=t ... ~·JC. '•• _ '. (5)

Note !hat the beampauem is giYen by the -ny output. Z(n.
after factorinl OUIee common signal teml. S (f) . For a
SIOUIte•• 1oattioo9. the bel mpallcm gives the ttansfel'tunc·
boo bthe amy ou!plll..

lbelypic'a1propenie1;ol' ~IJe: (i) signaJs

arriving from a certain spadal regio'l (called the "",i.. t-m)
lR passed by thebeamfonncr wilh lillie 0" 110a11efluatim: and
(D)signal s arriving from OIIlttdirectims(ca11cd the sitk lo«J)
ate lllletlualodbylhelleamfonncr. Thus. the beamf (flJ)ef aets
as aspatial fillCf.andil islhisspaliaisela;:tivily wbich makes
the beam fmnel' an dTa.:livelool in removing unwantod noise
fromspeech. Rda to 14] fa- more details cl beamfmni ng.

If themicrophones lJteequally spacod,l heft equation (S)
reduces10 I FOlllleu eries. and digital nJ.IC'J"IhCU)' can be used
10design the alla Yweights. The use of digital fdlCfdesign
IOOIs ts e vcf)' IlscfllllcChnique fa- natrowballdarray design.
However. iftheanay is 10be usedfel"troadhand signals(sl1'h
as spea;h),moresophi~ticaled designlcCmiques areJtllUircd.

3. BROADBAND BEAMFO RML"IG

The results presen ted so far have hoen for a narrowbandar
rayopera ling at a single frequeocy. In many classical array
problems (soch as radar ... digital oommunications). lhis nar
rowbandimllrnJXion is valid. and rwrowband techniques are
effective. However. speech is a broodband signal covering
several octaves, and narrowband tochniques are ineffective.
Tolln dersland whylh is is so.coosidct again lbe linear array
shown in Fig. I.
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F~ 2. Spltilimp;:mc mln.om:nriwldornyop.
onIedo:Ml" ....... blndwidth (wll'llplibtde~ lht!- ,

At I gi~ flequency. l !arge anay willlmanydcmcnts has
1 "l:I}"1WJUW maiJl~Whcreasl smallana y hasI tKuad
main bc2m; the irrqlooanl dimension in meastrin,an anay
isit5sizeintennsofwaldalgth. Tbus.fa- high flequency
signals (having:a small wavdeflgtb ) I fi.led ana y ...m Ioolr.
large. and lhe rnain beam will !:enarmw.~.f(r1ow

~ signals (1arJe WI>deftgth) the same ~ysical anay
appears smal1,anclthemain bcam wiU spn:ad eu.

Thillis iIllJSmlled in fig. 2. whidl shows Ihc bcampanem
dan anaydesigned fm 1-' kH1~ bul oper.uedOVC£ .fre
quency range oCSOJ Hz 102 tHz. The lfequcncyv.lriaDoo01
ttas beampalll:mis~fCI"speccbappticalions. If
an iIllefferinlspeech siplal isprelll:RI.6O"say, lhaltdeaI1y
it shoukl be allmualcd oomplddy by ue l1TIy. However.
because the beam is troaderal lO""freqoencies !han 1Ilhigh
~the inte:rfc:ringspecdl sig:nalwillbelow-pass

filll:m1 ra11u thall unifonnly anenualed O¥el" iuClltitt band.
T1risu speclTa1 ti1lu resuhs in , di.sturbing artifal:.1 in the amy
OUlpul.

Onecommon approar;h 10oveccee Ihis p-obkm is 10usc
harmonically nestcdsubarrays (S.6J . In ues cese. Ihc array is
composedcl ,llCI of neslod oqually-sp3lXdsubarrays, each of
which is a singJo-fmj uency design. The OUI pulScr u e sub
arrays are then combined by appropriate bandpass filtering.
Theeffoct cl twmonk nesting is 10 reduce the beamwidlh
vari3lionlOlhalwhich occUfS...ithin a single oclave. A sct
ot suberray filters can be used lo inlClpOlale 10 frt:quenti es
between the subarray de3ign rmjuenti es (7, 8].

The first successful design for a broadband array with
a constant spatial response in terms of frequency. was pre
sented by Doles and a enedcr [9], They used the a\)'IJlptotic
theoryofunoq ua1ly-spal;ed arrays lo dcri...e relationships be
tweenbeampanemcharactensucs and functional requirements
on Sl:II S(I" ~ings and weighting:;. This results in an 3mly
wilh fl1tel11oo each senSOl:.th eoutp ulsofwhicharesurruncd
to Ierm the fmal beamfOl1llCf OIllpUI.ThC$C sensa" nIlcrScrt 
ate aspace -!apefOJarray; ateal:hfrequency thenon-zero lilter
respcmes idenlifYlsubarrayh.avinglOla1lenglha nd spacing
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appropriat eforthatfn:quency. A1lboughtheirdesignmethod
providesa frequency invariant beampanem over . spec ined
frequellCy band. it i.. based on a speciflc 8JJlly geometJy and
beampauern shape.

PKmpted by the work of Doles and Benediet. we de
rived in ( IOJ a very general de!lign methodfm-broadband fR:
qumcy invariant btamfmncn. suitable for linear. planarand
evm three-d imensional 8JJllY'. Our appnu:: h was to~\ql

a fu:quency invarian t bampatlcm propedYforalbeaetical
continlJOld smsor. andthai to approximate this tcnSU" by an
array of discrtte sensors. Th us. the prOOI.em of designing
a boodbandfrequency invariant beamlormcrm:luces to me
of providing an approximation lO a lhcuuicaIlyeontinuous
~.

1bebas1tSUlldure ol OUl"frequcncy invariant beamformc:r
is shovm in Pi, . 3. Th is bIod di.agJ;Im illustrates the impor
ta ll properties of the beam former . First. the f,l ter response
required on each miaqlhMe ean be separated oto n>~ torn
po:neru; (i) the priMDry {beam-sbapin J} niter. and (Ii) the
uroN1ary (nonnalir.ltion) fihel". lbe primaryfi lters,den«ed
by H {::..I::'*'.f) in the figln. peri"orm tile role of maintain
ing a emstant bl:ampanem $hape as a functionof frequency;
!hey have . Iow-passeJwacICristicand are aUrdated by a
~ dilatioo pupcn y. The0UIpd of tIl; h pimary fiitel
is rnul1iplied.by .eonstantsptJtiaI ,,~iI1rlilllttT1tl. g,. (..rnch

isdcpcndet'(onIyon tlle~locations).andtbl:se

signalslR tIlensurruned. Finally. the-'ClXlndary f,lta.de

DOfedby a/.(whith is~y .diflcrmtiatorlndserves lO

normalize Iht peak bcam patlem respuue) is eonunon1O.al1
IlIicropbooesand is implernerlled after the summalicn

From an emplemcJJtaUooSIaIldpoiIM.the mntI impmant of
uese pIl.lleft~ is the dilalion prqaly of tile primaryfillers.
Th is prqlM)'~ thal all pOmary filleR lR derived from a
single secoffillCl"coe{fkients.calledthe rtft rt tKt t «!fit it flU
I l l ). I-Iml;:e,. 1D change lhc: t-ampallCnl il is only lll'lCe5~ 1O

cIwl ge the reference coe lfti:'nts. and the tramrorm ing SlnJt·

tin ensuresthat the n:sultin g bc::ampalkm will be frequency
invariard. Th is is an imjXlUlll prqlCt1y for~ve beam
form ing. sirceil reduces the number of adapli ve parameters

FigureJ. Block di. grom d. frequency UlVU;.,..1bum_
f<l11'lel". Th~ loClIlionof lhe nth rnlaop/uIIl is l iven

~~~n~ ~"~~ .~;,~:;f=~
~Jhting Ie111'W deperdcn t IDly m the m lY e-
Iry, and a ia l l>lXma!izl tion CUldanL.
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Figun: 4. Mapoilllde d. boampallan d. .. nampIe
frrqumtyinv.iMllbeamfOl""lQ,

wlLictlmust be updatcd aleacftsqr, anadaptive:a1pthm
expk)itingthis prqlM)'was pmJCIIbI in 112).

A lypieaJspaliaI responseobtainedwilIt a frequencyin·
variant~ormer is shown in Pil . 4. The de!lign is rora
frcquencyrange of 300-3OOlHz.. requitinl 20 micropMnes.
Notice that.as~ 1he t>campat:lcm ts (a1tnnU) frtqumey
invar1ltq oYe:r the entire band., exh ibitinl an almost: eonstant
main bcam.and onl y siigltt ripple in 1he siddobe region (tJ.
Pig. 2 fora naftoedesi gn).

4. SOME OTHER ISSUES

'Thtaboveeonsidcnt1ions lUl:entiR:ly thoordical. Cartme ll:
ltIaI1y impkmtnl microphone: atTays with real microphones?
ln particolat. can one aclti~ lhethtoretitaUydetermintd

pcrlonnanceusing cbeapmicrophooc:s? \\' e bave anon-going
e~pe:rirnenaI programlOtk1cnnine this. andeenainly have i1.
lusttakd somesiqJlt desi gns in p3Ctice. S<Jnedtllefaclmi
lhatare impc:nantinpnaically implementinlrnicropbonear·
rays using di gital signal pmcessina toeItnoIogy ate:

. \3riability betw«n microphones _ th ill afJCC1S thc: nllU
depth coosidentb ly. but the main beam panem and width
little . II is also amena ble lO!he<Jr'eticalanalysis.

• Beamsrcering -in orda-l o ela:tro nically diroct the main
beam wbere desired, ittWll5 0111 lhat one needs10 imple
rnentfnICtional delayftlun [ 13]. These atrl bc oombincd
with the pimary rutes.

• H the miaophone array is used in a smaU room then the
planar wavefron t assumption is not valid. In la ter work
[2.3 . 14) we have extended the Iarficl d broadband beam
fooner 10 the nearfltld case. This wOOl; makes use of a
standard representation or the signalsin asp/terit al har
monic expans ion. The resulting beamformct sttutlurt has
an addition al set of ftlttts wltich wecaU /o t llSiflg /i lltrJ .
Adjustmen l of a single paramet er allows the array 10be f~

cussed at arbi trafy distanees (although ecre are JX&Clicai
limilalions lOoperat ing c lo5c1'th3l1abou tonewaveltnglh
from the array and main tainingthe desin:d lctmlDttern ).
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s. CONCLUSIONS

Microphoneamt)'llprovide oneof lhe mostelfedivemeans
of eliminaling noiseand~~lionfromacquired~h.

We have given a brief overview of how they may be used10
~ahigh-qualily front~ tos)'Slem5 n:qu iring hand5.

~ speech input.
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