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Abstract—In many engineering fields, distance to target is «—Milicrophone
very important and fundamental information. Acoustical sig-
nal often plays an essential role in measurement of distance.
Though there are distance measurement methods using a time Target
delay between transmitted and reflected waves, it is difficult to
measure short distance because the transmitted wave suppresses Loudspéaker
the reflected waves for short distance. Recently, in a research
field of microwave, a method for measuring the short distance

has been proposed using interference (i.e., standing wave) of 0 d €T
transmitted and reflected waves. We applied the fundamental
principle of this method to the estimation of short distance using Fig. 1. Positions of loudspeaker, microphone and target.

audible sound as a transmitted wave. Until now, this method
supposed that microphone was set at the straight line between

a sound source and a target. However, we can not estimate . . .
exactly the distance between the microphone and target when the t0 the radio law. However, since this method supposed that

microphone is not set on the straight line due to the restriction of microphone was set at the straight line between a sound
measuring environment. This paper describes a principle and its source and a target, we can not estimate exactly the distance
correction method for the distance estimation when a microphone petween the microphone and target when the microphone is

is not set on the straight line between the sound source and . . - .
microphone. Then, we perform a computer simulation under not set on the straight line due to the restriction of measuring

the condition that audible sound is used as a transmitted wave. €nvironment.
Finally, we experimentally confirm the validity and effectiveness  This paper describes a principle and its correction method
of the method proposed by applying it to the distance estimation for the distance estimation when a microphone is not set on
problem in an actual sound field. the straight line between the sound source and microphone.
I. INTRODUCTION Then, we perform a computer simulatio_n under the qondition
In many engineering fields, distance to target is very i tr_1at a_udlble sound is used as gltransmltted wave. Finally, we
' rTéxpenmentally confirm the validity and effectiveness of the

e e ACouSlE e o Hipposec meod by spplying 0 te disance estmaton
piay : blem in an actual sound field.

there are distance measurement methods using a time delay

between transmitted and reflected waves, it is difficult to mea- Il. THEORETICAL CONSIDERATION

sure short distance because the transmitted wave suppresses . . ) .

the reflected waves for short distance [2], [3], [4]. Recentlf} Distance estimation based on interference

in a research field of microwave, a method for measuring For example, as shown in Fig.1, we supposed that a micro-

the short distance has been proposed using interference (pbgne was set on a sound source (loudspeaker) and a target

standing wave) of transmitted and reflected waves [5], [Blas set at the position af = d m by denoting the horizontal

[7]. The interference enables us to estimate the distanceatds asz-axis and letting the position of sound source be the

target, because the interference includes the information angin. If the microphone is set at an arbitrary point, we can

the distance to targets. estimate the distance between the microphone and target using
We applied the fundamental principle of this method to thihe same technique, as long as positions of microphone and

estimation of short and multi-target distances using the audilsleund source are known. If we measure the distance in such a

sound as a transmitted wave [8], [9], [10], [11], [12]. Bysituation, the estimated valu® obtained as a result becomes

extending this method to audible sound instead of microwavahorter than distancé between the microphone and target.

we can measure the distance easily without restriction duibis is why it is possible that the distance from the center
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Fig. 2. Geometrical positions of sound source, microphone and target. Fig. 3. Power spectrum of composite sigral (¢, z) for single target.

of a sound source surface to a microphone is not considereg, g (6). the first term represents the power of transmitted
[12]. Consequently, in order to exactly estimate the distange, e ang the second term represents the power fluctuation
between the ml?rophone and target, we need to correct [hg,;ceq by interference between the transmitted and reflected
estimated valuel'. waves. Then, since the power of transmitted wave does not

If 25 m denote the distance from the center of a sound. de the information of target, we subtract the average
source (loudspeaker) surface to a microphoney4€t, =) be of power p(f,x,) from the powerp(f,z,) to remove the
a transmitted wave, which is emitted from a sound source #Qnsmitted wave component

a target, observed at microphone positionm as : Figure 3 shows an ideal illustration of f, z;) observed in

N (O fut T g the case of single target which is located at a distahd&gom
op(t,ae) =y A Ot TR0, (1) Fig.3 and Eq.(6), it is obvious thal f, z,) is periodical with
i=1 respect to frequency and its period is inversely proportional

wheret s denote a time andm/s a sound velocity. Alsad;, to/— 2. This means that the distance between the microphone
fi Hz and@; denote the amplitude, frequency and phase ahd target can be estimated by applying Fourier transform to
ith frequency, respectively. Andi and fx correspond to the p(f,x,) again as a function of.

lowest and highest frequencies, respectively. Thus, in the formula of Fourier transform
The sound propagates from the sound source to the target as
shown in Fig.2 and let denote the 1/2 length of propagation [ —jonft
path. The reflected wawez (¢, «) observed at the microphone Gl = e 9(t)e at, 0
positionz, can be expressed as follows :
N replacing f to 2, ¢ to f, andg(t) to p(f, z), we transform
vr(t, ) = ZAifyejdiej(Qﬂ'fit* L @)+6:) (2) p(f,zs) by the following formula :
=1 ¥
N . "
where ve/® denote reflection coefficient for a target. From P(x) :/ p(f, xs)e*ﬂ”%fdf. (8)
1

Fig.2, it should be noted that= ,/d” + (%) is not the true
distanced between the microphone and target.

Thus, the composite wave: (¢, z;) observed at microphone
positionz, is formulated as :

As a result, we can obtaih— % from this spectrumP(z).

B. Correction method of estimated distance

vo(t,xs) = vp(t,xs) + vr(t, ). 3)
. . . The peak of the absolute value &z), which is called a
By applying Fourier transform to the above composite Wavr%nge spectrurP(x)| here, corresponds to the distarieets
ve (t,za) - namely the estimated valug.
Ve sbs) = t; s _jQTrftdta 4
o) = [ wcltne @ PR ©

we can easily obtain the power spectrumeat ;.
Figure 4 shows an ideal illustration of the range spectrum

2
p(f,xs) = [Vo(f,=s)|". ®) |P(x)| in the presence of single target which is located at a

Assuming that magnitudes of the reflection coefficigris ~ distanced.
sufficiently small ¢ < 1) and amplitudesd; are constant for ~ Consequently, from Eq.(9) and the relatioh =
any i (i.e., 4; = A), from Eq.(1) to (5), the power of the \/d? + (5 )? in Fig.2, we can calculaté which is the distance

composite wave(f,zs) can be approximated as between the microphone and target.
A f T
p(f, zs) NA2{1+2'VCOS<?(Z—3) —¢)}. (6) d= /()2 +z.d (10)
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Fig. 4. Range spectrum for single target. Fig. 6. Simulated composite wave with single targetiat= 0.6 m.
300 r : : T T T
8 200t
210
%_ 0
g0 1
~200 - J
) 006 001 005 00 005 006 08B 004 00 15 50 3000 3500 4000 4500 5000 5500 5000 6500 7000 7500
Time (s) Frequency (Hz)
Fig. 5. Transmitted impulse wave. Fig. 7. Power spectrum of composite wave with single target.
1. EXPERIMENTAL CONSIDERATIONS spectrum corrected by Eq.(10) which has the peak at 0.59 m.

To confirm the validity and effectiveness of this methodoOnseguently, it is found that the proposed correction method
especially for audible sound, computer simulation and actdglProves the estimated distance between the microphone and
measurement have been performed. The sampling frequenc{fget: especially taking the geometrical information on the
set to 44,100 Hz, the data length 2,048 points, and the sourRyind source and microphone.
velocity 342.48 m/s. The band-limited sound from the Ioweg_ Actual measurement

frequency fi = 2,153 Hz to highest frequencyy = 7,644 ) ) . o
Hz is adopted as a transmitted wave and the distandeom We carried out experiment of the distance estimation in an

the center of the sound source (loudspeaker) surface to @fdual sound field. Figure 9 shows the experimental setup
microphone is 0.06 m. Also, the magnitude in Eq.(1) is W|_th a smgle target ar_1d Table | shows equipment used in
fixed as 1.0 and the phadgas O rad. Here, distance resolutionthis experiment. The microphone was set on the sound source

which depends on the bandwidth of transmitted sound, hd@udspeaker) and the target was a plywood square.
been about 0.03 m. Figures 10 and 11 show the composite wave and power

spectrum in this experiment, respectively. In terms of the range
A. Computer simulation spectrum, at first, the peak of range spectrum appeared at 0.03

A computer simulation is performed in order to confirni" other than around 0.60 m, since in the actual sound field
the theoretical principle. From Eq.(1), Figure 5 shows tH&€ frequency response of the system between the loudspeaker
transmitted wave observed at the microphone positian gnd m|crophone.|s not uniform. Wherein, for I|ghter_1|ng_the

Let a single target be located dt= 0.60 m. Here, the influence of equipment, the power spectra shown in FIg.lO
reflection coefficienty is set to 0.05 and the phageto =. Were the result that the power of observed wave without

From Eq.(2), the reflected wave is simulated at the microphone

positionz, and we obtain the composite wave shown in Fig.6,

which is a sum of the transmitted wave and the reflected wave.
Power p(f,zs) was obtain by Fourier transform of this —

composite wave, and for the purpose of removing the effect [ A

of the transmitted wave op(f, z,), we subtract the average

of power p(f,xs) from the powerp(f,xs). Figure 7 shows

the power fluctuation after subtraction in frequency domain.
From Eq.(8), we obtained the range spedidxr)| shown

in Fig.8. The dashed line corresponds to the range spectrum

for the powerp(f, zs) and the peak of range spectrum before

correction is located 0.56 m. The solid line denotes the range Fig. 8. Range spectra in simulation with single target.

——————— Experimental result
—— Experimental result after correction
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Fig. 9. Experimental setup with single target. Fig. 11. Power spectrum of actual composite way=0(60 m).
TABLE | E . tal It
EQUIPMENT USED IN EXPERIMENTAL SYSTEM | 7 xper!men alresu .
Microphons T A OSE —— Experimental result after correction
i - 10
Loudspeaker Fostex,FES7E — |
Speaker Box Daito-Voice,SV-70 /E?e | |
Power Amplifier YAMAHA,A100a L
Preamp M-Audio,MOBILE PRE USB A, 4'; 1
Personal Computer  IBM,ThinkPad T60(Core 2 Duo) 2§ ‘\ﬁ/x_____f__ ]
Target Plywood square % oz o041 o8 o8 1 T2 14 16 18 2
(H30cm x W22.5cmx D0.5cm) Distance (m)

Fig. 12. Range spectra in experiment0.60m).

setting target was subtracted from the power of observed wave
with target. In this way, the distance spectrum was obtained,
denoted by the dashed line in Fig.11. The peak of range
spectrum was located at 0.56 m. The correction method BY D. Marioli, C. Narduzzi, C. Offelli, D. Petri, E. Sardini, and A. Taroni:

: S lima in Digital Time-of-Flight Measurement for Ultrasonic SensdEEE Trans.
Eq.(10) gives us the solid line in Fig.11 for the range spectrum. =" Means.Vol.41, No.1, February, 1992

The peak of range spectrum after correction was located[#t M. Parrilla, J. J. Anaya, and C. Fritsch: Digital Signal Processing
0.59 m. Consequently, even in the actual sound field, the Techniques for High Accuracy Ultrasonic Range MeasuremdBtsE

. . . . Trans. Instrum. Means\ol.40, No.4 pp.759-763, August, 1991
geometrical information on the sound source and mlcropho[}? M. Yang, S. L. Hill, B. Bury. and J. O%’ray:AMultifreguencyAM_Based
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