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ABSTRACT

Since the distance to target is very important information, we have proposed an acoustic distance measure-
ment (ADM) method using a standing wave, which is generated by interference between transmitted and
reflected waves. The proposed method is very simple in that the distance between the microphone and the
target is estimated as the peak position of the range spectrum (i.e., the absolute value of the Fourier transform
with respect to the power spectrum of the observed wave). The ADM method can be used to measure distance
under the assumption that the transmitted and reflected waves are plane waves, even if the target is placed
in a very close range and the reflection coefficient of the target is unknown. The ratio of the magnitude of
the reflected wave to that of the transmitted wave (which is referred to as the equivalent reflection coeffi-
cient) can be estimated for the special case of a single target. The equivalent reflection coefficient contains
the reflection coefficient and the distance decay. The present paper describes a new method for calculating
the equivalent reflection coefficient using the ADM method based on phase interference in the actual sound
field. We also examine the validity and effectiveness of the proposed method through a computer simulation
and by applying the proposed method to an actual sound field.
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1. INTRODUCTION

In many engineering fields, the distance to the target is fundamental and contains very important informa-
tion. Several methods that use sound to measure distance have been prap2seddst of these methods
use the time delay of the reflected wave, which is measured in reference to the transmitted wave. However,
this method cannot be used to measure short distances because the transmitted wave will not be sufficiently
attenuated when the reflected wave is received and will suppress the reflected wave. Therefore, we have pre-
viously proposed an acoustic distance measurement (ADM) method that uses a standing wave generated by
the interference between the transmitted and reflected waves, which can be used to measure short distances
(3, 4). The proposed method is very simple in that the distance between the microphone and the target is es-
timated as the peak position of the range spectrum, which is the absolute value of the Fourier transform with
respect to the power spectrum of the observed wave. The ADM method can be used to measure the distance
under the assumption that the transmitted and reflected waves are plane waves, even if the target is placed at
a very short distance and the reflection coefficient of the target is unknown.

On the other hand, it is very important to know the acoustic characteristics, such as the reflection coeffi-
cient, the acoustics impedance, and the absorption coefficient of, for example, humans, absorbing materials,
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Figure 1 — Geometric positions of the sound source, the target, and the single microphone.

and all other objects in a sound environment. However, evaluation of such acoustic characteristics requires
special rooms (e.g., a reverberant room) or special apparatuses (e.g., an impedance tube) for measurement
(5). Moreover, the actual sound field is so complicated that the acoustic characteristics measured in an ideal
situation do not always match those of the real sound environment. Confining our discussion to the reflec-
tion coefficient, since the proposed ADM method is based on the interference between the transmitted and
reflected waves, we can estimate the reflection coefficient using the ADM method under the assumption
that the transmitted and reflected waves are plane waves. Therefore, the reflection coefficient estimated by
the ADM method is referred to as the equivalent reflection coefficient rather than the strictly defined reflec-
tion coefficient. This equivalent reflection coefficient involves the distance decay as well as the ratio of the
reflected wave to the transmitted wave.

The present paper describes a new method for calculating the equivalent reflection coefficient using the
ADM method based on phase interference in the actual sound field for the special case of a single target. We
also examine the validity and effectiveness of the proposed method through a computer simulation and by
applying the proposed method to an actual sound field.

2. THEORETICAL CONSIDERATION

2.1 Principle of distance estimation using phase interference ( 3,4)

Figurel shows the geometric positions of the observation position (microphone), the sound source (loud-
speaker), and the target assumed in the present study. Denoting the horizontalxeigsasnd letting the
origin be an arbitrary position, the microphone and target are set at positiorxg [m] andd [m], respec-
tively.

Let transmitted waver(t,x) be a function of positiorx [m] and timet [s], where the sound pressure is
expressed as:

f _ ‘
vilt = [ " AfeE g, @
f1
where f [Hz] denotes the frequencyfy( and fy correspond to the lowest and highest frequencies, respec-
tively), A(f) = |A(f)|el®(") is the frequency characteristics of the transmitted wave cdms] is the speed

of sound. For simplicity, let us consider the transmitted wave to be reflected by a single target. The wave
Vr(t,X) reflected by the target can be expressed as follows:

fn . -
Ve(t,X) = [ Af)p(felZrit="E @, 2)
f1
whered is the distance to the target, apcf) = |y(f)|el?(") is the reflection coefficient of the target.
Letting the observation position be= 0 [m], the observed waw:(t,0), which is the composition of all
transmitted and reflected waves, is formulated as:

Vc(t,O) :VT(t70)+VR(t70)' 3)
By applying the Fourier transform:
Ve(f,0) = / ve(t, 0)e 12t gt @)

to vc(t,0), the power spectrum af:(t,0) can be easily obtained:

p(fvov):|VC(f70)|2‘ (5)
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Figure 2 — Power spectrum of composite signgl, 0) for single target.

Assuming that the spectrum of the transmitted wave and the reflection coefficient are colstant A,
y(£)el?") = yel?), the powermp(f,0) of the composite wave can be approximated as

pﬁ,m:4AF{1+¢2+2yaB(4Zfd—¢>} (6)

In Eq. ), the first and second terms represent the power of the transmitted wave and that of the reflected
wave, respectively, and the third term corresponds to the power fluctuation induced by the interference be-
tween the transmitted and reflected waves. Fi@uskows an illustration of the idegl f,0) observed in the
presence of a single target located at a distanoa fof the case in which the amplitude is constant over

all frequencies (i.e|A(f)| = A) and the phase(f) of the reflection coefficient is also assumed to be con-
stant. From this figure and EcB)( it is obvious thatp( f,0) is periodic with respect to the frequentyand

its period is inversely proportional to the distartteetween the microphone and the target, so the distance

d can be estimated by the Fourier transformp¢f,0). More concretely, since the DC compongait ,0)

(i.e., the average power) of the composite wave is cumbersome in investigating the relationship between the
transmitted wave and the reflected wave, we can subtract the averagegdw®rfrom the powemp(f,0)

to remove the DC component from the composite wave:

Ap(f,0) = p(f,0)—p(f,0)
2|A| ycos<4nfd qo) @

We refer to thisAp(f,0) as theA power spectrum.
Thus, in the formula of the Fourier transfor(f) = [ h(t)e~127dt, replacingf by ,t by f, and
h(t) by Ap(f,0), and considering the frequency bandW|dth the speci®(xhcan be obtamed as follows:

N —jomZ
P(x) = f Ap(f,0)e7 17T df. (8)
1

The absolute valugP(x)| is referred to as the range spectrum, and its peak position is the estimated distance
d from the microphone to the target. Figud@) shows an example of the range spect{Bx)| for a single
target.

The minimum measurable distandgi, is defined by the frequency bandwidfly and the velocity of
soundc as @):

C
dmin == m- (9)
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Figure 3 — Examples of range spectra for single target: (a) for the conventional method and (b) for the purpose
of evaluating the reflection coefficient.

2.2 Equivalent reflection coefficient obtained by the ADM method

As mentioned above, it is clear that the distance between the microphone and the target can be obtained
using the ADM method based on interference. Conversely, since the range spectrum contains information
on the reflection coefficient of the target as well as the distance between the microphone and the target, the
reflection coefficient can be obtained based on the range spectrum. In this case, the reflection coefficient is
not the formally defined reflection coefficient, but rather the equivalent reflection coefficient, which contains
the distance decay, for example. First, the power spectruaifoD) in Eq. (6) can be rewritten as follows:

p(f,0) =|A[? {1+ y2+2ycos<4’zfd - (p) }
W%wn@m@d@}

:|A|2{1+y2+2ye 5 (10)

Thus, the spectrun?(x) with respect to the distancecan be obtained through Fourier transform of
p(f,0), as follows:

P(x) =|A2{(1+ V) 3(X) + y(8(x—d)e 12+ 5(x+d)el?) }, (11)

whered(x) denotes the Dirac delta function (i.e., strictly speaking, Sinc function). Thus, the range spectrum
|P(x)| can be approximated as follows:

IP(X)| =|A2{ (14 V?)E(X) + yd(x—d) + y&(x+d) } (12)

In Eq. (12), the first term represents the peak at 0 m caused by the transmitted and reflected waves. The
second term corresponds to the peak at distaneebetween the microphone and the target, and the third
term represents the spurious peak at negative distada® between the microphone and the target. Figure
3(b) shows an illustration of the ideal range spectriiix)| used to evaluate the reflection coefficient.

Thus, the equivalent reflection coefficigmbm, which is estimated using the ADM method, can be ob-
tained by letting the ratio of the first term to the second term in E®).ife p(= y/(1+ y?)), as follows:

1-/1-4p? (13)

YabDMm = T
3. VERIFICATION OF ESTIMATING THE EQUIVALENT REFLECTION COEFFI-
CIENT USING THE ADM METHOD

3.1 Computer simulation

We verify the estimation of the equivalent reflection coefficient by simulating the assumed audible spec-
trum as a fundamental problem. We adopted a band-limited impulse wave of uniform ampljtlide 1
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Figure 4 — Transmitted signat(t,0) atxs = 0. Figure 5 — Observed signat(t,0) atxs = 0.
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Figure 6 — Power spectrump(f,0) for simula- Figure 7 — Range spectruj(x)| for simulation.

tion.

(constant) and zero initial phad¥ f) = 0 given by Eq. {) as the transmitted wave. Figudeshows the
waveform of the transmitted wave.

In the simulation, since the observation positi@ris taken as the origin, we consider the reflected wave
for the case in which the distandeo be measured is#9 m, where the magnitudé f) is set to range from
0.01 to 0.99 at 0.01 intervals and the phagé) of the reflection coefficient is set to ierad. The speed of
soundc is 340 m/s. Figur® shows a composite wave fgr= 0.1, as an example.

The sampling frequency is set to be 44,100 Hz, and the number of sampling points is 2,048. The lowest
frequencyf; is 2,153 Hz, and the highest frequenfpyis 7,644 Hz. The frequenci of thei-th frequency
component islo%# x 44,100 (i = 1,2,...,N), and the numbeN of sampling points in the frequency
domain is 256. Here, from EQ), the minimum measurable distance is 0.031 m. To realize Fourier transform
in Egs. @) and @), the FFT is introduced.
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Figure 8 — Simulation results.

Figures6 and 7 show the power spectrum of the composite waveyfer 0.1 and the range spectrum,
respectively. The range spectrum has peaks-at0 m and 049 m (the distance in the negative region
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is omitted). Based on these results, the equivalent reflection coefficient can be calculated by the proposed
method. Figure3 shows the true and estimated magnitudes of the reflection coefficiémthis figure, the
horizontal and vertical axes represent the true and estimated reflection coefficients, respectively. There is
good agreement between the experimentally observed values and the values determined theoretically using
the proposed method, except at high reflection coefficients. This might be because the range spectrum peaks
of the sinc function overlap.

3.2 Measurement in an actual sound field

The validity and effectiveness of the proposed method were experimentally confirmed by applying the
method to an actual sound field.

Figure9 shows an overhead view of the experiment setup, and Tatlews the experimental equipment
used in the experiment. The microphone was placed on the top of the loudspeaker, and the other conditions
were the same as in the simulation. Here, we used a plywood square (H30/¢g82.5 cmx D0.5 cm) as
a target. In this experiment, we used the impulse response of the measurement system, which was measured
using the Time Stretched Pulse (TSP) meth®)d The distancel from the microphone to the target was set
to range from 0.1 mto 1.5 m at 0.1 m intervals. Figlifesshows an actually observed wave composed of the
transmitted and reflected waves b= 0.5 m as an example.

Target
Microphone
0.1~1.5 m,
Ad=0.1 m
Loudspeaker

(Transmitted source)

Figure 9 — Experimental environments.

Table 1 — Experimental equipment.

Microphone SONY, ECM-88B
Microphone amplifier PAVEC, MA-2016C
Loudspeaker YAMAHA, MSP5 STUDIO
Audio interface ROLAND, UA-55
1.5
L
, 05
g -0.5
at

. . . .
0 0.01 0.02 0.03 0.04
Times [s]

Figure 10 — Observed signat(t,0) atxs = 0.

Figureslland12show the power spectrum of the composite wavelfer0.5 m and the range spectrum,
respectively. The range spectrum has peaks-at0 m and 05 m (the distance in the negative region is
omitted). Based on these results, the equivalent reflection coefficient can be calculated even in the actual
sound environment using the proposed method.

Figure13 shows the true and experimentally estimated values for each distance obtained using the range
spectrum. The estimated distances match the true distances well. Based on the range spectrum, the equivalent
reflection coefficient data, which was obtained using the proposed method, are shown by filled circles in
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Figure 11 — Power spectrum( f,0) for an ob- Figure 12 — Range spectrufR(x)| for the ob-
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Figure 13 — Experimental results (target: ply- Figure 14 — Estimated reflection coefficient.

wood square).

Figurel4. For reference, the theoretical curve of the distance decay is shown in the same figure. The estimated
equivalent reflection coefficient has a similar tendency to the theoretical distance decay curve. The estimation
of the phase of the reflection coefficient is left as a problem for future study.

4. CONCLUDING REMARKS

In the present paper, we have proposed a new method for calculating the equivalent reflection coefficient
using the ADM method based on phase interference in an actual sound field for the special case of a single
target. In order to confirm the validity and effectiveness of the proposed method, we performed a computer
simulation and applied the proposed method to an actual sound field. The experimental results indicate that
the proposed method is valid and effective for use in an actual sound field. In the future, we intend to perform
experiments using several other types of target with various reflection coefficients. Also, we intend to test the
proposed method in a noisy environment. Note that it might be difficult to measure the equivalent reflection
coefficient at very short distances using the proposed method, because the distance decay property changes
abruptly at close range. Thus, we intend to perform experiments in which the distance to the target is very
short.
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