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ABSTRACT

The choice of sensor positionsplaysasignificant rolein de-
termining the performance of a nearfield microphone array.
In this paper we propose a criterion for sensor placement
that attempts to minimize the effect of reverberation for a
source within a reverberant room. Rather than assuming a
single source position, the criterion attempts to provide the
best performance taking into account the probability density
function of the source position. One result of applying the
proposed method isthat for speech acquisitionin aroom, it
may be better to distribute the microphones throughout the
room rather than placing them together in asingle array (as
conventional farfield array theory would dictate).

1. INTRODUCTION

There has been much work on microphone arrays over the
past 20 or so years [1]. Traditionally, microphone array de-
signs were based on classical array theory, developed for
farfield sources with narrow frequency bands. Such classi-
cal theory suggests that sensors should be placed with half-
wavelength spacing in order to avoid spatia aiasing. Since
speech is broadband in nature, microphone arrays have typ-
ically used a geometry based on harmonic nesting, in which
the array is composed of a set of nested equispaced ar-
rays, with each subarray being designed for a particular fre-
guency range. These considerations are al valid where a
farfield source is assumed.

When the desired source isin the nearfield, however, it
has been shown that the optimum weights (that maximize
the array gain) are effectively inversely proportiona to the
distance from the sensor to the source [4]. In this case the
best performance will be produced by having sensors close
to the desired source. Thus, in this paper we propose a new
criterion for sensor placement in microphone arrays which
isbased on maximizing the array gain by placing the sensors
according to the probability density function (pdf) describ-
ing the expected location of the desired source. Other cri-
teria for sensor placement in microphone arrays have been
considered in [2].

2. SSIGNAL MODEL AND FORMULATION

Consider an array of N microphones. Assume that the de-
sired source is a point source radiator, and the direct-path
acoustic transfer function (TF) from the source to the nth
microphone output is

LN, @

wherew = 2xf isthe angular frequency, ¢ is the speed of
wave propagation, and d,, isthe distance from the source to
the nth microphone which is given by

dp, = ||ps_pn|| (2)

wherep, = [z, ys, z5]7 isthesource positionvector, p,, =
[, Yn, 2n])T isthe position vector of the nth microphone,
and || - || isthe vector 2-norm.!

At agiven frequency w, the vector of signalsreceived at
the array is given by

x(w) = a(w)s(w) + v(w), ©)
where
Jay (w)]" (4)

is the vector of direct-path TFs, s(w) is the desired source
signal, and v(w) is the vector of noise signals obtained at
the array. In this paper we only consider the case where a
single source is used in a reverberant environment. Thus,
the noise vector v(w) contains effects due to reverberation
alone. To simplify notation we drop the explicit dependence
on frequency w in the remainder.
Define the noise covariance matrix as

Q = E{vvi}. (5)

We will model the reverberation as being due to a diffuse
noise field, so the (1m, n)th element of the noise covariance
matrix is given by the well known expression [3]

a(w) = [a1(w), ...

Q(m,n) = SNC(we ™ P — Pl (6)

1This formulation assumes omni-directional microphones. Directional
microphonescan be easily incorporated by including a suitable directional
termin (1).




where sinc(z) = sinz/x. This diffuse model for rever-
beration becomes valid for frequencies above the Schroeder
frequency, fscn = 2000(Ts0/V)'/?, where V isthe volume
of theroom and T, isthe reverberation time (defined asthe
time taken for the sound pressure level to decay by 60 dB
once the source has stopped).

Assume that a set of weightsh isapplied to the received
array signalsto form the signa estimate

§=hx, (7)

where ¥ denotes Hermitian (complex conjugate) transpose.
There are several optimization criteria that have been pro-
posed for design of the weight vector.

One common criterion is to minimize the output noise
power of the array subject to a linear constraint on the re-
sponse of the array to to the desired signal, i.e.,

min h”Qh subjecttoha =r, (8)

where a is the direct-path TF vector for the source loca-
tion (assumed known), and r is the desired response to the
source signal (typically chosen as a suitable delay). The so-
lutionto thisproblem is

Q_lar*

bo= rQTa

9)
where * denotes complex conjugate.

These weights also solve the problem of maximizingthe
array gain, where array gain is defined as

_ hZaafh

Thiswas the problem considered in[4]. The value of h that
maximizes this ratio of two quadratic formsis

hO: Q_la o, (11)

where o isascalar constant. Choosing a = r*/(af Q~1a)
will impose the above linear constraint on the source re-
sponse.

With this optimum value of h,, the output noise power
is
|r|”

J= o

(12)
where |r|? = 1 if r ischosen as apure delay. In the remain-
der we will assume that |r|* = 1.

3. SENSOR PLACEMENT CRITERION

Observe from (1) and (6) that the output noise power (12)
will depend explicitly on the sensor positions, and one could
therefore choose the sensor positionsto minimize the output
noise power. For a single source position, this would be
found by minimizing (12).
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Figure 1: Variation of output noise power (12) versus inter-
sensor spacing D, for three different positions of the source
signd (z; = 0,0.25,0.5 m).

As an example, consider an array with two micro-
phones, located a p; = [-D/2,0,0]7 and p, =
[D/2,0,0]", respectively. Assume the desired sourceis lo-
cated at p, = [z,,0.5,0]7. At afrequency of 1000 Hz,
the variation of the cost function (12) with D for different
values of z, is shownin Fig. 1. For each value of z,, the
optimum spacing D, is marked by an asterisk. Notice that
the optimum spacing varies significantly for different source
positions.

In practice one will never know a priori where the
source is located, and in fact, the source will typicaly be
moving within some region. Therefore, in this paper we
propose to choose the sensor positions to minimize the ex-
pected output noise power, where expectation is taken with
respect to the distribution of the source position. In the
remainder we assume that the probability density function
(pdf) of the source locationis known. Thisislessrestrictive
than designing the array assuming that the source position
is fixed. For example, one could design the array to give
reasonable performance for a source at any position within
a specified region; in this case the pdf would be chosen as a
uniform distribution. In other cases (for example, a micro-
phone array placed on a computer monitor where the user
will typically be located directly in front of the screen but
may move slightly away from this position) a Gaussian pdf
may be more appropriate.

Assume that the source location vector p, has a known
probability density functiong(p ). Using (12), the expected
noise power is given by

p = [ e dee @3

w afQ-la

The proposed criterion is to choose the set of sensor loca
tionsto minimize the expected output noise power:

e 1
w aTQ~1a

{pn} = arg min/
Pr

H(Ps) dps. (14
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Figure 2: Variation of (16) versus intersensor spacing D at
a frequency of 1000 Hz for a two-element array, with four
different source distances (y; = 0.25,0.5,0.75, 1 m).

Even for the simple two-sensor example considered above,
the problem of finding the sensor positions p,, that solve
(24) isnonlinear, and finding a closed-form solution appears
to be nontrivial. We will therefore consider numerical solu-
tionsin the remainder of this paper.

Returning to the two-sensor example considered in
Fig. 1, assume that the source is positioned along a line par-
alel to the array at a distance of y, = 0.5 m, and that the
source position is uniformly distributed within a region of
zs € [-L/2,L/2]. The sourcelocation pdf istherefore

L —L/2<x,<LJ2
s) = L =" = 15
9(p:) {0 otherwise, (15)
and we have
E{J} = —/ J dzx,. (16)
LJ_ 1

A plot of the cost function (16) versus spacing D, for L =
1 mand at afrequency of 1000 Hz is shown by the solid line
in Fig. 2.2 The optimum spacing (marked by an asterisk) is
givenby Do = 0.39 m.

Clearly, the optimum spacing also depends on the dis-
tance from the source to the array. To investigate this, the
resulting values of (16) for different source distances are
showninFig. 2. Asonewould expect, the further the source
is away from the array the worse the noise performance.
However, notice also from Fig. 2 that for a source distance
of 0.25 m the optimum sensor spacing is D = 0 m.2 In
other words, in this case it appears to be better to have only
a single sensor rather than two! This result seems surpris-

ing.

2Theintegral in (16) was cal culated by summing over 21 equally spaced
source locationswithin theregionz , € [-L/2,L/2].

3In fact, the minimumwas D = 1 x 10~% m, since Q is singular if
D =0.
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Figure 3: AsinFig. 2, but using a four-element array.

This experiment was repeated using a four-element ar-
ray. Again the sensors were equally spaced, and the source
was positioned along the same line parallel tothe array. The
variation of the cost function (16) as a function of intersen-
sor spacing D, for L = 1 m and a frequency of 1000 Hz,
is shown in Fig. 3 for different source distances. As one
would expect, increasing the number of sensors improves
the noise performance (i.e., reduces the value of E{J}). In
comparing Figs. 2 and 3, notice that for the optimum spac-
ingthevalueof E{J} isapproximately proportionalto 1/N
(where N isthe number of sensors). Simulations with dif-
ferent numbers of equispaced sensors confirm that this re-
lation holds approximately. However, thisis not true for all
valuesof D, and infact, for large values of D increasing the
number of sensors provides very little improvement in the
expected output noise power.

There is one other comment to make regarding these re-
sults. Although in each case an optimum value of D can
clearly be found by minimizing (16), one might ask whether
thisisindeed necessary. Referring to Figs. 2 and 3, one no-
tices that a spacing of a half-wavelength (or 0.17 m) results
in avalue of F{J} that is negligibly different from that
obtained using the optimum spacing. It therefore appears
that even for nearfield arrays, a spacing of ahalf-wavelength
is a reasonably good choice for a linear array with equally
spaced sensors designed for operation at a single frequency.

4. BROADBAND DESIGN

The formulation considered so far has considered operation
at asinglefrequency. However, microphonearraysdesigned
for speech pickup must cover awidefrequency band of sev-
eral octaves. In this section we extend the previous formu-
lation to a broadband design and consider an example for
speech pickup in aroom.

For a broadband design, the proposed criterion for sen-



Figure 4: Geometry for broadband example. Source loca
tions are indicated by the shaded region, microphone loca-
tion are denoted by the circles.

sor placement can be modified to yield:

{pn}:argngin/ / aHQ 1 dp, dw, (17)

where wy, and wy, respectively, are the lower and upper
band edges of the desired frequency range.

We now consider an example to demonstrate application
of the broadband criterion (17). Consider an array of four
microphones, equally spaced with a spacing of D m. The
source position is uniformly distributed within a square re-
gion at the same height as the array, and the center of the
source distributionis equidistant from the z and y axes and
is collinear with the center of the array. Refer to Fig. 4 for
the geometry. The frequency band of interest was chosen as
300 Hz to 3400 Hz, and the integration over frequency in
(17) was performed by summing over the band in intervals
of 100 Hz.

Results of applying (17) to find the optimum spacing D
are shown in Table 1(a), in which D, isthe optimum spac-
ing and .J, is the corresponding minimum value of the dou-
bleintegral in (17). Two different sizes of the source region
are considered, 1 m x 1 mand 2 m x 2 m. For each case,
four different positions of the source region are considered,
where the (z, y) location of the center of the source region
isgiven in the left hand column. In each example, the array
is positioned along the z-axis with its center collinear with
the center of the source region. As one would expect, per-
formance improves (i.e., J, decreases) as the source region
moves closer to the array.

We also consider an alternative array geometry with two
separate arrays, each containing two sensors separated by a
distance D, where one array islocated along the z-axisand
the other along the y-axis of Fig. 4. The center of each
array is collinear with the center of the source region. Re-
sults are shown in Table 1(b). In comparing Table 1(a) and
(b), note that in each case the two perpendicular 2-element
arrays perform better than the single 4-element array, with
normalized improvements ranging from 3% to 20%.

Center of Imx1Im | 2mx2m
sourceregion | Jo | Do | Jo | Do
(3.0,3.0) 232 | .38 | 247 | .36
(25,2.5) 164 | 32| 178 | .34
(2.0,2.0) 107 | .28 | 122 | .32
(1.5,1.5) 063 | .24 | 0.77 | .32

(a) 4-element array

Center of
sourceregion | Jo | Do | Jo Dq
(3.0,3.0) 225 | 52| 226 | .52
(25,2.5) 157 | 50 | 1.59 | .48
(2.0,2.0) 101 | .46 | 1.04 | .46
(1.5,1.5) 0.57 | .40 | 0.61 | .48

(b) Two perpendicular 2-element arrays

Table 1. Broadband design example (refer to text for de-
tails).

5. CONCLUSIONS

A new criterion for sensor placement in microphone arrays
has been proposed in which the microphones are |located
to minimize the expected output noise power. Rather than
assuming the source is in a fixed position, the source is as-
sumed to be located within a certain region with a given
probability density function. One new result is that for
speech acquisition in a room, it may be better to distribute
the sensors throughout the room rather than placing them
together in a conventional array geometry. Finally, it must
be pointed out that the present investigation is preliminary
and has been based on numerical simulations. Further in-
vestigation is required to enable one to draw more general
theoretical conclusions.
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