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ABSTRACT

Circular microphone arrays have a broad range of applications in
teleconferencing and hands-free telecommunication systems. Direc-
tional microphones are extensively used to construct the circular ar-
rays to obtain superior sound quality. However, the 360-degree cov-
erage ability of this type of circular arrays is seldom investigated.
In this paper, we develop a circular array with the use of fourfirst-
order supercardioid microphones to obtain 360-degree coverage of
sound recording in teleconferencing environments. Through analyz-
ing the directional response of this array, we derive an optimal range
of the array radius for uniform 360-degree coverage of soundcap-
turing. Experiments are carried out in an anechoic chamber to test
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 signals,are ex-
tensively employed in voice communication systems, noise control
systems, and machine learning systems [1]–[3]. Commonly used
arrays include linear, circular, planar, spherical, and distributed con-
figurations. Among these configurations, circular arrays can work in
full circle range to capture sound signals from 360-degree azimuth,
and so they are widely employed in teleconferencing systems. This
paper is concerned with this type of arrays.

In teleconferencing systems, some microphone arrays are made
up of omnidirectional microphones [1]–[6], which have the same
gain at different directions. Another type of arrays uses directional
microphones which have large gain at some directions but small gain
at other directions [7]. Directional microphones can be viewed as
differential array with different orders [8], and widely used such mi-
crophones include the types of cardioid, hypercardioid, and super-
cardioid [9]–[11]. Due to the directivity of directional microphones
and significantly superior sound quality provided by arraysusing di-
rectional microphones [12], this class of microphones can be used
by distributed ways to capture and enhance sound signals from dif-
ferent directions. For instance, a popular product in teleconferencing
system market is a triangular array with cardioid microphones [13],
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which situates at the center of a conference table to capturethe sound
signals of voiced participants. However, fewer efforts have been re-
ported to show their performance behavior.

A circular array with hypercardioid microphones was proposed
to capture and reproduce interaural time delay and interaural level
difference cues that a listener would experience in an actual sound
field [14]. This work was extended by De Senaet al. to design a
multichannel system for perceptual sound field reconstruction [15].
To obtain a preferable array diameter, the authors analyzedthe influ-
ence of the diameter of the circular microphone array on the width
and naturalness of the reproduced phantom images [16]. However,
the 360-degree coverage ability of a circular array with unidirec-
tional microphones in teleconferencing systems was not examined.

In this paper, the 360-degree coverage ability of a circulararray
with unidirectional microphones is investigated. First, the directivity
of the unidirectional microphone is discussed. Then, an equispaced
circular array with four supercardioid microphones is constructed.
The directional response of this array and the effect of the array ra-
dius on its directivity are analyzed. Finally, experimentsare carried
out in an anechoic chamber to measure the 360-degree coverage abil-
ity of the constructed array.

2. DIRECTIVITY OF A CIRCULAR ARRAY WITH
SUPERCARDIOID MICROPHONES

2.1. Unidirectional Microphone

The physical structure of a typical unidirectional microphone is il-
lustrated in Fig. 1 [17]–[19]. This type of microphones is a com-
bination of both the pressure and pressure difference microphones
(so, the unidirectional microphones can be viewed as the first-order
differential microphones [9], [10]). The diaphragm with equivalent
acoustic resistanceZAD is fixed in front of a cavityV with acoustic
capacitanceCa. At the back of this cavity, there is a hole as the sec-
ond acoustic entrance, in which the acoustic material with resistance
Ra is filled. The sound pressure of the incidence wave in front of
the diaphragm isp1, and the angle between the direction of the inci-
dence wave and the vertical line of the diaphragm isφ. The sound
pressure of the second acoustic entrance isp2. The acoustic path
difference between the front of the diaphragm and the acoustic hole
at the back of the cavity is denoted as∆.

Now, if we assume that the sound source is a point source located
in the far field, we have

p1 =
A

r
ej(ωt−kr), (1)



Fig. 1. Physical structure of a unidirectional microphone.
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Fig. 2. Directivity pattern of a supercardioid microphone.

whereA is some constant,r is the distance from the sound source to
the microphone,j is the imaginary unit withj2 = −1, k = ω/c0,
c0 is the sound velocity in air, and

p2 = p1 +
∂p1
∂r

∆cos φ = p1(1− jk∆cos φ). (2)

The sound pressure difference on both sides of the diaphragmcan be
derived as

pDMic =
A+Bcosφ

1− jC/ω
· 1
r
ej(ωt−kr), (3)

whereB = A∆
c0CaRa

, C = β+1
CaRa

, β = Ra

ZAD
. Then, the amplitude of

the sound pressure difference is

|pDMic | =
ω

r
√
ω2 +C2

(A+B cos φ). (4)

Therefore, the directional response of the unidirectionalmicrophone
is

DMic(f, φ) =
2πf

r
√

4π2f2 +C2
(A+B cos φ). (5)

When the parametersA andB take different values, the direc-
tivity pattern of the unidirectional microphones has different shapes,
such as cardioid, hypercardioid, supercardioid [9], [10].For a typi-
cal unidirectional microphone such as the supercardioid microphone
9750L [20], the parameters in (5) are chosen asA = 0.0033(

√
3 −

1)/2, B = 0.0033(3−
√
3)/2, andC = 1802.4. The directional re-

sponse of this type of supercardioid microphones is shown inFig. 2,

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 large gain
in front of the diaphragm. A fundamental characteristic of the super-
cardioid microphones is that its directivity pattern has the maximum
front-to-back ratio [9].

2.2. A Circular Array With Supercardioid Microphones

Circular microphone arrays, which can capture sounds from 360-
degree azimuth, are widely applied to hands-free voice communi-
cation systems. We use unidirectional microphones to construct a
circular array due to superior sound quality provided by thearray
with the unidirectional microphones [12]. In such an array,each
microphone points outward along the radial direction. If the main
lobe of the directivity pattern of a unidirectional microphone is sharp
enough, multiple such microphones can be used to construct an eq-
uispaced circular array to capture sounds from all directions in the
form of switching. Consequently, this array has good ability to re-
duction of spatial noises and reverberation. However, mostcommer-
cial unidirectional microphones have wide main lobe, such as the
first-order cardioid, hypercardioid, and supercardioid microphones
[10], [11]. Among the three types of unidirectional microphones, the
first-order supercardioid microphones obtain a good compromise be-
tween the main lobe width and the front-to-back ratio. So, wechoose
the first-order supercardioid microphones to construct thecircular
array.

If the distance from the sound source to the array center is fixed,
both the array radius and the number of microphones can affect the
array performance. It is, therefore, important to determine an appro-
priate array radius and number of microphones when one designs
the circular array for a teleconferencing system based on the use of
unidirectional microphones. For the array radius, we will discuss
later on. As to the second concern, since the gain of the first-order
supercardioid microphones largely diminishes beyond the main lobe
of 120 degrees (which can be seen from Fig. 2) [8], [9], four su-
percardioid microphones are sufficient to capture sounds from the
whole 360-degree azimuth in consideration of some margins to cir-
cumvent the sound leakage at the gap between two adjacent main
lobes. Our array configuration is shown in Fig. 3. The diaphragms
of the microphones M1, M2, M3, and M4 point outward along the
radial direction, respectively. The array radius isρ. The azimuth
angle of the sound source S isθ. The distance between the sound
source and the array center isr.



2.3. Directional Response of the Circular Array

In light of the physical structure of unidirectional microphones
shown in Fig. 1 and the sound pressure difference in (3), it can be
derived from Fig. 3 that the sound pressure difference on both sides
of each microphone diaphragm is

pDMici
=

A+Bcosφi

1− jC/ω
· 1

ri
ej(ωt−kri), i = 1, 2, 3, 4, (6)

where

r1 =
√

r2 + ρ2 − 2rρcosθ, (7a)

r2 =

√

r2 + ρ2 − 2rρcos
(π

2
− θ

)

, (7b)

r3 =
√

r2 + ρ2 − 2rρcos (π − θ), (7c)

r4 =

√

r2 + ρ2 − 2rρcos
(π

2
+ θ

)

, (7d)

and

φ1 = π − cos−1

(

r21 + ρ2 − r2

2r1ρ

)

, (8a)

φ2 = π − cos−1

(

r22 + ρ2 − r2

2r2ρ

)

, (8b)

φ3 = π − cos−1

(

r23 + ρ2 − r2

2r3ρ

)

, (8c)

φ4 = π + cos−1

(

r24 + ρ2 − r2

2r4ρ

)

. (8d)

To capture the voiced signals by this circular array, it is advis-
able to emphasize the signals of some microphones facing to voiced
participants while attenuate those of other microphones facing to un-
voiced participants. To this end, the sound pressure difference on
both sides of each microphone diaphragm is added in some weight-
ing way to obtain a total one, i.e.,

pDArray =

4
∑

i=1

wipDMici

=
4

∑

i=1

[

wi
A+Bcosφi

1− jC/ω
· 1

ri
ej(ωt−kri)

]

. (9)

wherewi(i = 1, 2, 3, 4) is the weighting coefficient corresponding
to channeli, which can be determined by comparison of the short-
time energy between all the channels [21]. In this paper, we focus
attention on the investigation into the 360-degree coverage ability of
the directional response of the array, and so the coefficientwi(i =
1, 2, 3, 4) is set to 1.0. If the time variablet is omitted, we can obtain

pDArray =

4
∑

i=1

(

A+Bcosφi

1− jC/ω
· 1

ri
e−jkri

)

. (10)

Then, we achieve the directional function of the circular array with
four supercardioid microphones as

DArray(f, θ) =

∣

∣

∣

∣

∣

4
∑

i=1

[

A+Bcosφi

1− jC/(2πf)
· 1

ri
e−j2πfri/c0

]

∣

∣

∣

∣

∣

. (11)

Fig. 4. Directivity pattern of the circular array with the radiuses of
(a) 1 m, (b) 2 m, (c) 4 m, and (d) 8 m.

It can be seen from (11) that the array radius has an effect on the
directional response of the array. The directivity patternof the array
with different radiuses is shown in Fig. 4 , from which it can be seen
that as the array radius is increased, the directivity of thearray at
the whole 360-degree azimuth is more and more uneven. For low
and moderate frequencies, the array gain at the whole 360-degree
azimuth is basically equal.

3. EXPERIMENTS

3.1. Experimental Environments

Experiments are carried out in the anechoic chamber at Nanjing Uni-
versity of China to validate the directional response of theproposed
circular array. The temperature and humidity are 10◦C, 88%, re-
spectively. Four supercardioid microphones with type 9750L are
employed to construct the circular array, as shown in Fig. 3.The
gain and phase of these microphones are calibrated. The distance
from the sound source to the array center is 1 m. The B&K Pulse
3560 and Turntable 5960 are used to measure the directivity pattern
of the microphone and array.

3.2. Results

First, the directivity pattern of the supercardioid electret microphone
with type 9750L is measured. The comparison between the simula-
tion and experimental results is shown in Fig. 5(a), from which it can
be seen that the directional response from the simulations coincides
with the measurement results for the frequencies under 4 kHz.

Figs. 5(b) through (d) make a comparison of the directivity pat-
tern of the circular array between the simulations and experiments
when the array radius is 2 cm, 4 cm, and 8 cm, respectively. We



Fig. 5. Comparison of the directivity pattern of the supercardioid microphone and circular array with different radiuses between simulations
and experiments, where SR denotes the simulation results and ER stands for the experimental results. Plot (a) depicts the supercardioid
microphone; plots (b), (c), and (d) illustrate the circulararray with the radiuses of 2 m, 4 m, and 8 m, respectively.

can see that when the array radius is 2 cm the experimental results
are similar to the simulation results for the frequencies from 500
Hz to 4 kHz. When the array radius is increased, the directional re-
sponses from the experiments are basically comparable to those from
the simulations for low and moderate frequencies. It can also be seen
that when the array radius is small, the directional responses for the
typical frequencies of speech signals are basically a circle, which
indicates that a small array radius is preferable for even 360-degree
coverage of sound capturing.

4. CONCLUSIONS

Microphone arrays are extensively employed to capture sounds in
hands-free communication systems. Unidirectional microphones are
commonly used to form microphone arrays for superior sound qual-
ity. In this paper, an equispaced circular array with four supercar-
dioid microphones was constructed. The directional response of this
array and the effect of the array radius on its directivity were inves-
tigated. Experiments were carried out in an anechoic chamber. The
results demonstrate that a small array radius is preferablefor even

360-degree coverage of sound capturing. When the array radius is
less than 4 cm, the array obtains even gain at the whole 360-degree
azimuth for the dominant frequencies of speech signals.
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