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ABSTRACT

In a number of engineering fields, information on the distance
to the target is very important. We previously proposed an
acoustic distance measurement method based on interference
between the transmitted and reflected waves, which can be
used for distance measurement over a short range. In the pre-
viously proposed method, a sound source of the transmitted
wave must be known in advance. In the present paper, we pro-
pose a new acoustic distance measurement method based on
phase interference obtained using the cross-spectral method
with adjacent microphones, which does not require the condi-
tion that a sound source of the transmitted wave is known. Fi-
nally, we confirmed the validity and effectiveness of the newly
proposed method through both computer simulation and eval-
uation experiment in a real environment.

Index Terms— Acoustic distance measurement, Phase
interference, Short range, Cross-spectral method, Adjacent
microphones

1. INTRODUCTION

Estimating short distances to targets is important in a num-
ber of engineering fields. In particular, the distances must
be known for practical use of hands-free speech interfaces
and nursing-care robots. A number of distance measurement
methods, which use the time delay of a reflected wave mea-
sured with reference to the transmitted wave, have been pro-
posed [1, 2]. However, these methods cannot measure short
distances because the transmitted wave, which has not at-
tenuated sufficiently at the time of a reflected wave recep-
tion, suppresses reflected waves for short distances [3, 4, 5].
Therefore, we previously proposed an acoustic distance mea-
surement method based on interference between transmitted
and reflected waves that can measure short distances [6, 7, 8].
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The previously proposed method requires equipment such as
a loudspeaker and a microphone for a cancellation processing
of background components due to the spectrum of the trans-
mitted wave and the transfer function of the measurement sys-
tem in real environments.

Meanwhile, the cross-spectral method has been proposed
as a measurement method for the acoustic transfer function
[9]. This method can measure the transfer function between
two microphones using reference and measurement micro-
phones. Thus, the cross-spectral method does not require
the condition that a sound source of the transmitted wave is
known because the frequency responses of the sound source
and measurement system are whitened. This suggests that
we can estimate the distance to targets without known infor-
mation of a sound source by introducing the concept of the
cross-spectral method to the acoustic distance measurement.

Therefore, in the present paper, we propose a new acous-
tic distance measurement method based on phase interference
using the cross-spectral method with adjacent microphones,
which does not require the condition that a sound source
of the transmitted wave is known. In the newly proposed
method, unlike in the conventional cross-spectral method,
the measurement microphone is placed near the reference
microphone. Thus, the power of the whitened cross spectrum
captures the fluctuation of the periodic function, which is
inversely proportional to the distance between each micro-
phone and a target, due to interference between transmitted
and reflected waves. The distance to a target can be measured
by extracting and analyzing this power fluctuation, which
is the phase interference. Finally, we confirm the validity
and effectiveness of the newly proposed method through
both computer simulation and evaluation experiment in a real
environment.

2. PRINCIPLE OF THE PROPOSED METHOD
In this section, we describe the theory behind the new acous-

tic distance measurement method based on phase interference
obtained using the cross-spectral method with adjacent micro-
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Fig. 1. Measurement environment of the proposed method.

phones.

Let the transmitted wave v, which expresses the sound
pressure, be a function of position x [m] and time ¢ [s], as
follows:

f

A(f)ed iy, 1)

vr(t,z) =
f1
where f [Hz] is the frequency, f; [Hz] and fy [Hz] cor-
respond to the lowest and highest frequencies, respectively,
A(f) is the spectrum of the transmitted wave, and ¢ [m/s] is
the speed of sound.
Assuming that the transmitted wave is reflected by m tar-
gets, the wave reflected by the n-th target can be expressed as
follows:

Iy ot

A(f)’Yn@j(2ﬂft7 ¢

R, (t,2) = @dn=m)ton)qf, (2)

f1
where d,, [m] is the distance to the n-th target, and ~,, and
¢n, [rad] are the amplitude and phase of the reflection coeffi-
cient for the n-th target, respectively.
Figure 1 shows the measurement environment of the pro-
posed method. As shown in Fig. 1, g1 (¢) is assumed to be
approximated by g2(¢), as follows:

g(t) =g1(t) = g2(t), 3)

where g(t) is the impulse response of the measurement sys-
tem. For m targets, the composite wave, which is a composi-
tion of all transmitted and reflected waves at x; (= 0 m) and
o m, is formulated as

ve(t, O)zg(t)*{vT(t, O)—i—z VR, (1, 0)} , “4)

n=1
ve(t, ) R g(t)* {UT(t, x2)+z uR,,(t, xg)} )
n=1

where * is a convolution operator.
By applying the Fourier transform to v¢ (¢, 0) and vc (¢, z2),
Fourier spectra Vo (f,0) and Vo (f, x2) can be easily obtained
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as follows:

Vo(f,0) =A(HG()
#30ADG( e CE 200,
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where G(f) is the transfer function of the measurement sys-
tem.

By applying vc (¢, 0) and vc (¢, 22) as the input and output
signals, respectively, in the cross-spectral method, the cross
spectrum is obtained as follows:

Vé(fa O)VC(f7 I2)
Vé(.ﬂ O)VC(f7 O) '

where V¢ (£, 0) is the complex conjugate of Vi (f,0).

For the case in which the observation point is located
near a sound source, we can assume that v, < 1. Thus,
from 7, < 1, Euler’s formula, and Eqgs. (6) through (8),
C(f,0,z2) is approximated as follows:

C(f7 Oa 132) = (8)
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Furthermore, for the case in which ~,, < 1, we have the
following approximation: 1 + 23 ", v, cos (8.(f)) ~ 1.
Thus, the power of C(f,0, 2:2) is approximated as follows:

p(f,O,l’z) ~1+ ZZ'Yn{COS (ﬂdn - ¢n>

c
n=1

+ cos (47;f (dp — x2) — <Z5n> }, (13)

where p(f, 0, z2) is the power of C(f, 0, z2), and the terms of
cos indicate phase interference. Therefore, Eq. (13) indicates
that p(f,0,z2) is periodic with respect to frequency f and



that the period of p(f, 0, x2) is inversely proportional to the
distances between the observation points and the target. Here,
we can extract phase interference corresponding to distance as
follows:

Ap(f707x2) :p(fa07$2)7p(f707$2)7 (14)

where p(f,0, z2) is the average of p(f, 0, z2). Consequently,
the distances between the observation points and the target
can be determined by applying the Fourier transform again to
Ap(f,0,z2). Namely, in the Fourier transform formula:

F(f) = [ h f(t)e ?mitae, (15)

replacing f with 2z/c, t with f, and f(t) with Ap(f,0, z2),
P(z) can be obtained by the following formula:

N

P(z) = Ap(f,0,25)e 727y, (16)

1

where this transform differs from the cepstrum [10] in that
this transform is not the inverse Fourier transform, but rather
the Fourier transform. The peaks of the range spectrum
| P(z)| correspond to the distances d,, m and d,, — 22 m to be
estimated.

In addition, minimum measurable distance (MMD) dnin
is defined by the frequency bandwidth fw (= fx — f1) [6, 7]
Namely, the period of C'(f) must be shorter than fy in order
to find peaks of | P(x)| exactly. Thus,

c
2fw’
In addition, the length of targets should be sufficiently longer
than the minimum wavelength of the transmitted wave.

a7

dmin =

3. COMPUTER SIMULATION

In order to confirm the validity of the proposed method, we
performed the computer simulation of the proposed method.

3.1. Simulation conditions

Table 1 shows the simulation conditions. In this simulation,
we employ a small reflection coefficient because we assume
that ,, < 1. When the reflection coefficient is large, the peak
of range spectrum tends to arise at x5 m. Fourier transform
is performed with the fast Fourier transform (FFT). The an-
alyzed data length of Ap(f,0,z2) is 256 samples (5.5 kHz).
Applying zero padding to Ap(f,0,x2), FFT data length of
Ap(f,0,xz2) is 2048 samples (44.1 kHz). The step size of
distance axis can be obtained as follows:

cL

Ad= ———
=S

(18)
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Table 1. Simulation conditions.
Transmitted wave source Band-limited impulse

Sampling frequency 44.1 kHz, 16 bit
Measurement time 46 ms

Frequency bandwidth 5.5kHz (2.1 kHz ~ 7.6 kHz)
MMD 0.03 m

Sound speed 340 m/s

Reflection coefficient y1 =0.05,¢1 =7

Sound d, =1.00m
souree d, =050m Target 2
~ %
< x
X, mi
2 Target 1
Microphone 1 Microphone 2
(rp=0m)  (x2)

Fig. 2. Computer simulation environment.

where L is the analyzed data length of Ap(f,0,z2), and L’
is FFT data length of Ap(f,0,z2). Therefore, the step size
of distance axis can be set arbitrarily. However, the distance
resolution depends on MMD, although the step size of the
distance axis can be arbitrarily small. Here, if 2o m is smaller
than the distance resolution, the peak of the range spectrum
is detected as a single peak rather than two peaks. In this
simulation, the step size of the distance axis is Ad = 0.003 m.
In calculating the cross spectrum shown in Eq. (8), a number
of synchronous addition is 1 times.

Figure 2 shows the computer simulation environment. As
shown in Fig. 2, in this simulation, we evaluate two condi-
tions in which the interval between microphones 1 and 2 is
set as 2 = 0.006 m. Figure 3 shows the transmitted wave for
this simulation. This band-limited impulse is created using
Eq. (1).

3.2. Simulation results

Figures 4(a) and 4(b) show Ap(f,0,z>) and the range spec-
trum under the simulation condition of x5 = 0.006 m and
two targets, respectively. As a result of Fig. 4, the peaks of
the range spectrum are detected at d; m and ds m.
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Fig. 3. Transmitted wave.
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Fig. 4. Simulation results (zo = 0.006 m).

Table 2. Experimental conditions.
Transmitted wave source Band-limited impulse
Sampling frequency 44.1 kHz, 16 bit

Measurement time 46 ms

Frequency bandwidth 5.5kHz (2.1 kHz ~ 7.6 kHz)
MMD 0.03 m

Sound speed 340 m/s

Reverberation time 0.7s

Ambient noise level La=32dB

Target Plywood square

(H30cm x W22.5¢cm x D0.5cm)

4. EVALUATION EXPERIMENT

In order to confirm the effectiveness of the proposed method,
we performed the evaluation experiment of the proposed
method in a real environment.

4.1. Experimental conditions

Tables 2 and 3 list the experimental conditions and the ex-
perimental equipment, respectively. In the experiment, the
frequency bandwidth is expanded by zero padding of the fre-
quency axis to 44.1 kHz. Therefore, the step size of the dis-
tance axis is Ad = 0.003 m. In order to reduce multiple
reflection between the loudspeaker and the target, a sound ab-
sorption panel is placed in front of the loudspeaker. The trans-
mitted wave is the same as the band-limited impulse for the
simulation conditions, as shown in Fig. 3. The experimental
environment is similar to the computer simulation as shown
in Fig. 2.

4.2. Experimental results

Figure 5 shows the experimental results. Based on result of
5, the proposed method is effective for multiple targets. As
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Table 3. Experimental equipment.
Audio interface ROLAND, UA-25EX

Loudspeaker BOSE, 101MM
Power amplifier BOSE, 170511
Microphone AUDIO-TECHNICA, AT9904

Microphone amplifier =~ PAVEC, MA-2016B
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(b) Range spectrum.

Fig. 5. Experimental results (x5 = 0.006 m).

shown in Fig. 5, the peaks are detected exactly at d; m and
do> m because these are detected within the distance resolution
of MMD.

5. CONCLUSIONS

In the present paper, we proposed a new acoustic distance
measurement method based on phase interference obtained
using the cross-spectral method with adjacent microphones,
which does not require the condition that a sound source of
the transmitted wave is known. We confirmed the validity and
effectiveness of the proposed method through both computer
simulation and evaluation experiment in a real environment.
In future, for practical use of the proposed method, we intend
to perform evaluation experiments with different types of tar-
gets in noisy environments.
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