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ABSTRACT

Circular microphone arrays have a broad range of applicatin
teleconferencing and hands-free telecommunication systBirec-
tional microphones are extensively used to construct tleleir ar-
rays to obtain superior sound quality. However, the 36Q-@gov-
erage ability of this type of circular arrays is seldom irigeted.
In this paper, we develop a circular array with the use of fost-
order supercardioid microphones to obtain 360-degreerageeof
sound recording in teleconferencing environments. Thnautalyz-
ing the directional response of this array, we derive amegitrange
of the array radius for uniform 360-degree coverage of saam
turing. Experiments are carried out in an anechoic chambésst
the performance of the developed microphone array.

Index Terms— Circular microphone arrays, supercardioid mi-
crophones, directivity.

1. INTRODUCTION

Microphone arrays, which are used to capture sound siga@£x-
tensively employed in voice communication systems, nos#rol
systems, and machine learning systems [1]-[3]. Commondg us
arrays include linear, circular, planar, spherical, ardritiuted con-
figurations. Among these configurations, circular arrayswark in
full circle range to capture sound signals from 360-degzath,
and so they are widely employed in teleconferencing systéins
paper is concerned with this type of arrays.
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which situates at the center of a conference table to cafiteround
signals of voiced participants. However, fewer effortsénbeen re-
ported to show their performance behavior.

A circular array with hypercardioid microphones was pragubs
to capture and reproduce interaural time delay and intataevel
difference cues that a listener would experience in an astuad
field [14]. This work was extended by De Seetaal. to design a
multichannel system for perceptual sound field reconstmdt5].
To obtain a preferable array diameter, the authors analyeeithflu-
ence of the diameter of the circular microphone array on tiakthw
and naturalness of the reproduced phantom images [16]. Vtowe
the 360-degree coverage ability of a circular array withdirec-
tional microphones in teleconferencing systems was nohaed.

In this paper, the 360-degree coverage ability of a circateay
with unidirectional microphones is investigated. Firsg tlirectivity
of the unidirectional microphone is discussed. Then, anspqaed
circular array with four supercardioid microphones is ¢onged.
The directional response of this array and the effect of theyaa-
dius on its directivity are analyzed. Finally, experimeaits carried
out in an anechoic chamber to measure the 360-degree ce\atidg
ity of the constructed array.

2. DIRECTIVITY OF A CIRCULAR ARRAY WITH
SUPERCARDIOID MICROPHONES

2.1. Unidirectional Microphone

In teleconferencing systems, some microphone arrays ade maThe physical structure of a typical unidirectional micropk is il-

up of omnidirectional microphones [1]-[6], which have treme
gain at different directions. Another type of arrays usesalional
microphones which have large gain at some directions but gaia

at other directions [7]. Directional microphones can beveié as
differential array with different orders [8], and widelyadssuch mi-
crophones include the types of cardioid, hypercardioid| super-
cardioid [9]-[11]. Due to the directivity of directional arophones
and significantly superior sound quality provided by arnasisig di-
rectional microphones [12], this class of microphones canised
by distributed ways to capture and enhance sound signatsdif

ferent directions. For instance, a popular product in teiéerencing
system market is a triangular array with cardioid microg®[3],
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lustrated in Fig. 1 [17]-[19]. This type of microphones isam
bination of both the pressure and pressure difference pticioes
(so, the unidirectional microphones can be viewed as thiedider
differential microphones [9], [10]). The diaphragm withuégalent
acoustic resistancgap is fixed in front of a cavityl” with acoustic
capacitanc&’,. At the back of this cavity, there is a hole as the sec-
ond acoustic entrance, in which the acoustic material vésistance
R, is filled. The sound pressure of the incidence wave in front of
the diaphragm ig;, and the angle between the direction of the inci-
dence wave and the vertical line of the diaphragns.isThe sound
pressure of the second acoustic entrancg:is The acoustic path
difference between the front of the diaphragm and the aiohiste
at the back of the cavity is denoted As

Now, if we assume that the sound source is a point sourcesldcat
in the far field, we have
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Fig. 2. Directivity pattern of a supercardioid microphone.

whereA is some constant, is the distance from the sound source to
the microphonej is the imaginary unit withi? = —1, k = w/co,
¢o is the sound velocity in air, and

%A cosd = p1(1 — jkA cos ¢).
aor

The sound pressure difference on both sides of the diaphcagrhe
derived as

p2 =p1+ 2
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whereB = —£2--,C = C?a;}a , B = 7= Then, the amplitude of

the sound pressure difference is

w
rvw? 4+ C2

Therefore, the directional response of the unidirectiomiairophone
is

(A+ Bcos ¢). 4

|pDMic| =

2 f
ry/4n2 f2 + C?

When the parameterd and B take different values, the direc-
tivity pattern of the unidirectional microphones has difiet shapes,
such as cardioid, hypercardioid, supercardioid [9], [1&dr a typi-
cal unidirectional microphone such as the supercardio@aphone
9750L [20], the parameters in (5) are chosemas 0.0033(v/3 —
1)/2, B = 0.0033(3—+/3)/2, andC = 1802.4. The directional re-
sponse of this type of supercardioid microphones is shovirign2,

Daiice(f, ) = (A + Bcos o).

®)

Y
N
M2 r
o
M3 2] M1 T
(0]
M4

Fig. 3. Configuration of an equispaced circular array with four su-
percardioid microphones.

from which one can see that this type of microphones has a ¢
in front of the diaphragm. A fundamental characteristichaf super-
cardioid microphones is that its directivity pattern has iraximum
front-to-back ratio [9].

2.2. A Circular Array With Supercardioid Microphones

Circular microphone arrays, which can capture sounds fr66 3
degree azimuth, are widely applied to hands-free voice conivm
cation systems. We use unidirectional microphones to oactsa
circular array due to superior sound quality provided by dhay
with the unidirectional microphones [12]. In such an arregch
microphone points outward along the radial direction. H thain
lobe of the directivity pattern of a unidirectional micrapte is sharp
enough, multiple such microphones can be used to constnusd-a
uispaced circular array to capture sounds from all direstio the
form of switching. Consequently, this array has good apifit re-
duction of spatial noises and reverberation. However, masimer-
cial unidirectional microphones have wide main lobe, sustihe
first-order cardioid, hypercardioid, and supercardioi¢nophones
[10], [11]. Among the three types of unidirectional microples, the
first-order supercardioid microphones obtain a good comjz® be-
tween the main lobe width and the front-to-back ratio. Soch@se
the first-order supercardioid microphones to constructciheular
array.

If the distance from the sound source to the array centeres fix
both the array radius and the number of microphones cant dlffec
array performance. ltis, therefore, important to deteman appro-
priate array radius and number of microphones when one riesig
the circular array for a teleconferencing system based emnsk of
unidirectional microphones. For the array radius, we wiglcdss
later on. As to the second concern, since the gain of thedidss
supercardioid microphones largely diminishes beyond thie fhobe
of 120 degrees (which can be seen from Fig. 2) [8], [9], fowr su
percardioid microphones are sufficient to capture souras fihe
whole 360-degree azimuth in consideration of some margimcdt
cumvent the sound leakage at the gap between two adjacent mai
lobes. Our array configuration is shown in Fig. 3. The diaghms.
of the microphones M Ms, M3, and M; point outward along the
radial direction, respectively. The array radiuspis The azimuth
angle of the sound source Sds The distance between the sound
source and the array centerris



2.3. Directional Response of the Circular Array

In light of the physical structure of unidirectional mictumes
shown in Fig. 1 and the sound pressure difference in (3),nthm
derived from Fig. 3 that the sound pressure difference oh bides
of each microphone diaphragm is

A4 Bcosdi 1 jwt—kr,) -
= — Vi =1,2,3,4
pDM]cl 1_ jC/UJ T € 50 ) 4y 37 ’ (6)
where
1 =12+ p? — 2rpcosb, (7a)
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(4 =P It can be seen from (11) that the array radius has an effechen t
¢a =T+ cos (T) (8d) directional response of the array. The directivity patrthe array

with different radiuses is shown in Fig. 4 , from which it caandeen

To capture the voiced signals by this circular array, it isigd  that as the array radius is increased, the directivity ofaivay at
able to emphasize the signals of some microphones facingitedr  the whole 360-degree azimuth is more and more uneven. For low
participants while attenuate those of other microphoneisdgeto un-  and moderate frequencies, the array gain at the whole 3g@ele
voiced participants. To this end, the sound pressure diffez on  azimuth is basically equal.
both sides of each microphone diaphragm is added in soméntwveig

ing way to obtain a total one, i.e., 3 EXPERIMENTS

4
PDarray = ZwiPDM;ci 3.1. Experimental Environments
i=1

. Experiments are carried out in the anechoic chamber at hgabjni-
- Z {wv A+ Beos¢; lej(m,k”) ©) versity of China to validate the directional response offit@posed
- — 1= jClw : circular array. The temperature and humidity are°@) 88%, re-

! spectively. Four supercardioid microphones with type @756
wherew; (i = 1,2, 3,4) is the weighting coefficient corresponding e€mployed to construct the circular array, as shown in FigTBe
to channek, which can be determined by comparison of the short-gain and phase of these microphones are calibrated. Thendest
time energy between all the channels [21]. In this paper,agag  from the sound source to the array center is 1 m. T&e&B°ulse
attention on the investigation into the 360-degree covesdility of 3560 and Turntable 5960 are used to measure the directaitgmp
the directional response of the array, and so the coefficigfit =  Of the microphone and array.
1,2,3,4)issetto 1.0. If the time variableis omitted, we can obtain

3.2. Results

Y /A4 Beosp; 1 _, »
PDprray = Z (%C/fz ’ r_l,e " 7’) : (10) First, the directivity pattern of the supercardioid elettnicrophone
=1 with type 9750L is measured. The comparison between thelaimu

tion and experimental results is shown in Fig. 5(a), fromalahit can
be seen that the directional response from the simulatioingides
with the measurement results for the frequencies under 4 kHz

Figs. 5(b) through (d) make a comparison of the directivayp
(11)  tern of the circular array between the simulations and empts

when the array radius is 2 cm, 4 cm, and 8 cm, respectively. We

Then, we achieve the directional function of the circulamgmwith
four supercardioid microphones as

4
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Fig. 5. Comparison of the directivity pattern of the supercadimicrophone and circular array with different radiuseseetn simulations
and experiments, where SR denotes the simulation result&€RBnstands for the experimental results. Plot (a) depiasstipercardioid
microphone; plots (b), (c), and (d) illustrate the circidaray with the radiuses of 2 m, 4 m, and 8 m, respectively.

can see that when the array radius is 2 cm the experimentdtses 360-degree coverage of sound capturing. When the arraysasli

are similar to the simulation results for the frequenciesnfr500

Hz to 4 kHz. When the array radius is increased, the direatios

sponses from the experiments are basically comparablese fhom
the simulations for low and moderate frequencies. It camladsseen
that when the array radius is small, the directional resg®ifsr the
typical frequencies of speech signals are basically aesinehich

indicates that a small array radius is preferable for evéhr@8jree
coverage of sound capturing.

4. CONCLUSIONS

Microphone arrays are extensively employed to capture dsum
hands-free communication systems. Unidirectional miconyes are
commonly used to form microphone arrays for superior sowrad-q
ity. In this paper, an equispaced circular array with foypesear-
dioid microphones was constructed. The directional respof this
array and the effect of the array radius on its directivityevieves-
tigated. Experiments were carried out in an anechoic chanthe
results demonstrate that a small array radius is prefefableven

less than 4 cm, the array obtains even gain at the whole 3g§@ele
azimuth for the dominant frequencies of speech signals.
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