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The distance to a target is basic information in many engineering fields. Recently, the acoustic
distance measurement (ADM) method based on the phase interference between transmitted and
reflected waves has been proposed. The power spectrum of an observed signal is a periodic
function whose period is inversely proportional to the distance between microphone and target.
So this ADM is a practical method that just applies Fourier transform to the power spectrum.
Furthermore, the theoretically expanded ADM method has been proposed, which can measure the
distance from 0 m by introducing analytic signal instead of power spectrum, where the analytic
signal is derived from the power spectra of observed signals of two-channel (2ch) microphones.
However, when the distance from a target is very close, the expanded ADM method has error due
to Direct Current (DC) components of the power spectra. Besides, authors attempted to implement
the ADM method measurable from 0 m with the power spectra into compact system. However, the
compact system did not have enough computational power. This paper describes a fundamental
study on the ADM method by using the phase spectra of observed signals of 2ch microphones
instead of the power spectra and an implementation of the ADM method into prototype compact
system introducing high speed microcomputer system, considering DC component of the power
spectra. More concretely although the phase spectrum is also a periodic function whose period is
inversely proportional to the distance between microphone and target, it has no DC components.
We confirmed the validity of the new ADM method measurable from 0 m with phase spectrum by
performing a computer simulation and by applying it to an actual sound field and also confirmed
the effectiveness of prototype compact system by implementing this ADM theory.

Keywords: Distance measurement measurable from 0 m, prototype compact system, phase inter-
ference, range spectrum, phase spectrum

1. Introduction

The distance to target is basic information in various engineering fields. Until now, distance
measurement technique has been proposed from various viewpoints. For example, there is microwave
or milliwave radar, using radio waves. Although these techniques are used widely (e.g. for vehicle),
these are regulated by the Radio Law. Besides, there is also distance measurement technique with
acoustic signal. This technique is referred to as Sonar and is widely used. Naturally, this is not
regulated the Radio Law.
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As one of well-known distance measurement methods, there is distance measurement using TOF
(Time of Flight) between transmitted signal of pulse wave and its reflected signal [1, 2]. However,
when targets are placed in a close range such as the transmitted wave overlapping with its reflected
signal, this method cannot estimate the distance [3].

For close range target, in the field of microwave radar, the distance measurement method using
standing wave by phase interference between transmitted and reflected waves has been proposed and
can measure the distance from 0 m [4]. We apply this method to audible signal and have proposed the
acoustic distance measurement (ADM) method based on phase interference [5, 6].

The ADM method measures the distance using a power spectrum of observed wave. The power
spectrum is a periodic function, whose period is inversely proportional to the distance between mi-
crophone and target. By applying a Fourier transform to the power spectrum and taking its absolute
value, range spectrum | P(z)| can be obtained. The peak position of range spectrum corresponds to
the distance between microphone and target. However, since the power spectrum is real, the com-
ponents in the positive and negative regions of the range spectrum are symmetric with respect to the
| P(x)|-axis. When there exists a target at close position such as overlapping the components in the
positive and negative regions to each other, the distance between microphone and target cannot be es-
timated correctly by interference of the components. Therefore, we have expanded the ADM method
measurable from 0 m [7, 8] and implement this expanded method into prototype system [9, 10].

The expanded ADM method eliminates the negative component of the range spectrum by intro-
ducing an analytic signal instead of power spectrum, where the analytic signal is derived from the
power spectra of two-channel (2ch) microphones. However, when there exists a target at close range
such that only the power spectra within one period are obtained, Direct Current (DC) components
of the power spectra cannot be eliminated perfectly, since DC components are estimated with each
average of power spectra.

In this paper, we propose ADM method measurable from 0 m considering DC component. The
proposed ADM method starts with the analytic signal using phase spectra of 2ch microphones, since
the phase spectra have no DC components and the analytic signal can be obtained correctly. When
the ADM methods are implemented with personal computer, we may need some space and cost.
Therefore, to overcome this problem, we actually built a prototype compact system. We confirmed
the validity of the proposed ADM method by performing a computer simulation and by applying it to
an actual sound field and also confirmed effectiveness of prototype compact system by implementing
the proposed ADM method.

2. Theoretical consideration

2.1 Principle of ADM method based on phase interference [5, 6]

Sound Source Microphone Target |P (x)l
N
I
i |
X d X
5 > X

Figure 1: Geometrical position of sound source,
microphone and target. Figure 2: Example of range spectrum | P(z)|

Figure 1 indicates the geometrical position of sound source, microphone and target. Let trans-
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mitted wave vr (¢, x) be a function of position z[m] and time ¢[s] which expresses sound pressure as
follows:

f . fzs
vr(t,xy) = / NA(f)ey(%rft—%Jr@(f))df, (1)

where x,[m] is arbitrary position of microphone, f[Hz] is frequency (f; and fy correspond to the
lowest and highest frequencies, respectively), c[m/s] is the velocity of sound, A(f) is the magnitude
and 6( f)[rad] is the initial phase.

The wave vg(t, z,) reflected by the target can be expressed as follows:

N ) 2
v(t,z) = / A(f)y(f)edCrit= 2 Qa0 +6(1) g )
1

where (f)e??/) is the reflection coefficient of the target.

The composite wave of transmitted and reflected waves, v (t, x5) = vr(t, x5) + vr (¢, x4), causes
a standing wave. By applying the Fourier transform to the composite wave vc(t, zs), the power
spectrum p(f, ) = |V (f, z5)|? can be approximated as follows, assuming that the magnitude of the
reflection coefficient is sufficiently small (v < 1),

drfd

c

ot~ 2 {1420 eos - o) ®
The first and second terms in Eq. (3) pertain to the transmitted and standing waves, respectively. Since
p(f, xs) is a periodic function with period inversely proportional to the distance between microphone
and target, the distance can be obtained by applying the Fourier transform again.

Concretely letting a A-power Ap(f, z,) be the power spectrum after subtracting DC component

p(f,xs) from p(f, z,), we have

Ap(f,xs) :p(faxS)_p(faxS)v (4)

where p(f,x;) is an average of p(f,xs). We call Ap(f,x;) A-power spectrum. By applying the
Fourier transform to Ap(f, z), we get

P(z) = /TN Ap(f,x)e” < df. ®)

The absolute value |P(x)| is referred to as range spectrum, whose peak positon corresponds to the
estimated value d — x of the distance between microphone and target.

Due to the Fourier transform of the finite frequency bandwidth, the range spectrum is not a line
spectrum but rather has some width, which corresponds to twice the minimum measurable distance
dpmin as shown in Fig. 2. The minimum measurable distance d,,;, is defined in terms of the frequency
bandwidth fy (= fy — f1) and the velocity of sound c as:

c

dmin = 37 6
5w (6)

2.2 ADM method measurable from 0 m [7, 8, 9, 10]

Since the A-power spectrum Ap( f, x;) is real, the components in the positive and negative regions
of the range spectrum are symmetric with respect to the | P(x)|-axis. When there exists a target at a
position closer than the minimum measurable distance, the components in the positive and negative
regions of the range spectrum overlap to each other, as shown in Fig. 3 (a).
To eliminate the component in negative region, an analytic signal p,(f,xs) is introduced for
Ap(f, ) as
Pa(f,35) = B(f)eOV), ()
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1P ) [P ()] Sound Source Microphones Target
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(a) (b) 1 ;
Figure 3: Example of range spectra:  Figure 4: Geometrical position of sound
(a)|P(x)| and (b)| P, (x)]- source, 2ch microphones, and target.

where ®(f) and ©( f) is amplitude information and phase information respectively, and thus the range
spectrum in the negative region is eliminated.

When two microphones are placed at x; and x5 as shown in Fig. 4, phase information is obtained
as follows:

A ey — A dnf
(_)(f) — tan_l ( p(f? Il) C.OS<4TCrf:I;2) p<f7 $2) C.OS(47ff xl)) , (8)
Ap(f,x2)sin(ZLxy) — Ap(f, 1) sin( =L xz)
and amplitude information is obtained as follows:
(I)(f) _ Ap(f? Il) or Ap(f? x2) (9)

cos(@m —0(f)) COS(%M - (/)

Equations (8) and (9) mean that the amplitude and phase informations can be calculated by using
A-power spectra at two microphone positions.

Since this p,(f, z1) is also a periodic function, the period of which is inversely proportional to the
distance between microphone and target, the Fourier transform P,(x) can be obtained using Eq.(5).
The absolute value | P,(x)] is also referred to as a range spectrum, whose peak positon corresponds to
the estimated value d — 2522 of the distance between microphone and target. Figure 3 (b) shows an
example of range spectrum | P, (x)|. It is clear that a peak of the range spectrum in negative region is
eliminated.

2.3 ADM method measurable from 0 m considering DC component

When the distance to target is very close, the power spectrum p(f, z,) has information shorter
than one period though p( f, z,) is a periodic function. So, since average (or DC component) of power
spectrum p( f, z,) cannot be obtained correctly, A-power spectrum Ap(f, z,) have error in Eq. (4).
Therefore, p,(f, 1) does not yield the distance estimation correctly.

To obtain the distance between microphone and target considering the DC component error, A-
phase spectrum A/ Vi (f, z5) instead of A-power spectrum Ap( f, x;) is introduced. Letting Vi (f, x5)
be the Fourier transform of transmitted wave vy (¢, z5), we obtain approximately A-phase spectrum
A/Vo(f, xs) as follows, assuming that the magnitude of the reflection coefficient is sufficiently small
(v <D,

AZVC(f,ZL'S) = ZVC(f,JZS)—ZVCO(f,(L'S)

() sin( L — (), (10)

Q

where /Vo(f, xs)(= tan‘%%)) and /Vo, (f, zs)(= tan_l(%)) respectively.

4 ICSV24, London, 23-27 July 2017



ICSV24, London, 23-27 July 2017

Similar to the case of power spectrum, an analytic signal p,(f, z,) is introduced for Ap(f, z) as
in Eq. (7). Phase information is obtained as follows:

o(f) = tan-t 2ol za) (o) - AVelf, o) sinraa) | o
AZVC(f? 1'2) COS(%le) - AZVC(fa xl) COS(%ZL‘Q)
and amplitude information is obtained as follows:
a(f) = - 2evelfn) ALVe(f, 2) (12)

= — or ——~ .
sin(*lay — O(f))  sin(*Lay — 6(f))
Equations (11) and (12) mean that the amplitude and phase informantion can be calculated by using
A-phase spectrum A/Ve(f,zs) at two microphone positions. The absolute value |P,(x)| is also
referred to as a range spectrum, whose peak positon corresponds to the estimated value d — %2””2 of

the distance between microphone and target.

3. Prototype compact system

Microphone Loudspeaker Microphonel Microphone2
LCD Amplifier 80

CP CP
|
Micro-
Power +46dB +46dB phone
Amp +26dB Amp
DAC ADC ADC

ch1 ch 2
R e v RX63N
) /O Ports
GR-SAKURA Power
/RXG3N Amplifier [ e | [ swich |
() (b)

Figure 5: Prototype compact system; (a)Appearance and (b)Block diagram.

To realize compact ADM system based on the proposed method, we built a prototype compact
system. Figures 5 (a) and (b) indicate appearance and block diagram of prototype compact system.
The prototype compact system has RX63N which is 32bit CPU with 96MHz clock frequency and has
floating point unit. Therefore, signal processing is performed by 32bit floating point operation.

Transmitted signal is generated through 10bit DA converter built-in RX63N. Signals observed
with two-microphones are also imported by 12bit AD converter built-in RX63N. Sampling frequency
is 44.1kHz.

4. Computer simulation

4.1 Simulation condition

Table 1 shows simulation conditions. A transmitted signal is a band-limited impulse signal as
shown in Fig. 6. Since bandwidth is 5.5kHz(=fy ) from 2.1kHz(=f;) to 7.6kHz(=fx), dwin = 0.03
m by Eq. (6). Since the number of data points in frequency domain are 256, in processing FFT,
data points in frequency domain increase to 2048 by 0-padding. Thus, the step width on the distance
axis is 3.8 x 1073 m. In addition, if A-phase spectrum has a value out of range £, we performed
phase-wrapping so as to make it within £.
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Table 1: Simulation conditions.

Sound source Band-limited impulse signal 300
Sampling frequency 44.1kHz 200 -
Data points in time domain 2048 2 100 |-
Data points in frequency domain 256 ;él o ﬂ ™
Data points in frequency domain g_l oo |
(after 0-padding) 2048
Frequency bandwidth 5.5kHz(2.1kHz~7.6kHz) 200 ¢
Magnitude of reflection coefficient v 0.05 5

-309Q 61-0.005 0 0.005 0.01 0.015 0.02 0.025 0.03 0.03
Timelsl

Phase of reflection coefficient ¢ /2 rad

Minimum measurable distance 3.8x 1073 m . .

Position of microphone 1 1, 0.0m Figure 6: An example of transmitted wave.
Position of microphone 2 x5 -0.006 m

Distance from microphone to target 0.0l m

4.2 Simulation results

Figures 7 (a) and (b) show the observed wave and its A-phase spectrum at microphone 1 position
(z1). Figures 7 (c) and (d) show the amplitude information and the phase information derived from
A-phase spectra at 1 and x,. Figures 7 (e) and (f) show range spectrum and its enlargement around
peak position. In Fig. 7 (f), the estimated distance is 0.0115 m. The error between the estimated
distance and the true distance is smaller than the step width on distance axis 3.8 x 1073 m. Therefore,
this result could show the validity of considering the DC component by using the phase spectra.
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Figure 7: Simulation results; (a)Observed wave at x1, (b)A-phase spectrum at x;, (¢)Amplitude
informantion, (d)Phase information, (e)Range spectrum and (f)Enlargement of range spectrum around
peak position.

5. Evaluation of the prototype comapact system and the proposed method
in an actual sound field

5.1 Experimental condition

The experimental conditions are basically same as the simulation conditions. To obtain A-phase
spectrum in Eq.(10), we need the phase spectrum /V¢,(f, xs). In actual sound field, we obtain the
phase spectrum / V¢, (f, zs) by measuring the observed wave without target. This time, a plywood
square is adopted as a target. Letting the position of microphone 1 be the origin (1 = 0 m), mi-
crophone 2 is placed on -0.006 m. The velocity of sound is 342.9 m/s (i.e. Room temperature is

6 ICSV24, London, 23-27 July 2017



ICSV24, London, 23-27 July 2017

19°C). Table 2 indicates the experimental apparatus and system specification and Figure 8 shows the
experimental environment. Experiment is performed in a part of room (Depth:5.97 m, Width:6.18 m,
Height:2.56 m).

Prototype
compact system

Loudspeaker

Table 2: Experimental apparatus and system specification.

Target Plywood square

(H:30cm x W:30cm x D:0.5cm)

Noise meter

Microphone

Loudspeaker

Speaker Drive amplitude
Microphone amplifier Gain
Sampling frequency
Quantization

Briiel&Kjer, Type2236
AUDIO-TECHNICA, AT9904
8Q8W

3V (max)

46dB

44.1kHz

12bit(AD), 10bit(DA)

Figure 8: Experimental environment.

5.2 Experimental results

Figures 9 (a) and (b) show the observed wave with target by recording with microphone 1 (x1)
and the its A-phase spectrum. Figures 9 (c) and (d) show the amplitude information and the phase
information derived from A-phase spectra at x; and x5. Figures 9 (e) and (f) show range spectrum
and its enlargement around peak position. In Fig. 9, the estimated distance is 0.0117 m. The error
between the estimated distance and the true distance is smaller than the step width on distance axis
3.8 x 1073 m. Also, the processing time in this experiment is about 0.1 sec. Therefore, even in
an actual sound field, we were able to confirm the validity of the proposed ADM method and the
effectiveness of prototype compact system.

3
2.5 [ 1 =L y
2.3 — = a
£ =2 |
=21 ¢ nf\/h o e 4 = ©° " A q
\‘ Wy S L0 PPNV ST AN AN A W w H
1.9 4 AN AN M/\m% M
= | VA
1.7 q VW
G  ©.005 6.01 6.015 0.02 0.025 0.0 6.035 0.04 0.0a5 -= Soc00 Z000 5000 [5lsI=]s} 70060
Fimerst Preausncvi TH=1
(a) (b)
a.0 1.s
[
|
3.0 N H ﬁ AJ\’ ser I
N“ \ -5.0 | M~ ‘,
= 1 | / 1A = b M\ A W A
S=.ol va\\ﬁ /H‘ m W\/A/MW\/\N\AM\ﬁ F/L’/v\/ 15,1 ﬁ ‘m V‘\J" \\\” P |
vV - |
L W MY WA WS | Ll |
1.0 wj\\nﬁ /x/\,fv\~ /\/v ‘\,M, ‘V‘\ﬁ U\M‘\‘\ﬁ(\w =S AIAA A W/W |
©.o 3000 4000 5000 6000 7000 -3.5 3000 4000 5000 6000 7000
FreauencviHz=l FreauencviHz=l
(©) (d)
350 350
=00 | 4 =00 - —
— —
250 J‘r 4 2s0 T
==oo | -
= =
o150 ‘{ — o150
100 4 100 |
s0 VV‘ I B 50 - T~
o LYWW n A~ A WA s o —
) ©.5 T T = =5 = S [SHeER <) = o=

5 = ER
Distnacermil

(e)

o= o. O
Distnacermil

®

Figure 9: Experimantal results; (a)Observed wave at x;, (b)A-phase spectrum at z, (¢c)Amplitude
information, (d)Phase information, (e)Range spectrum and (f)Enlargement of range spectrum around
peak position.

6. Concludion

We have proposed the ADM method measurable form 0 m considering DC component and im-
plement this method to prototype compact system. In simulation, we could confirm the validity of the
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proposed theory. In experiment in an actual sound field, we could obtain the distance between micro-
phone and target. The error between the estimated value and the true value is smaller than the step
width on distance axis 3.8 x 1072 m. Therefore, we could confirm the effectiveness of the proposed
theory in the actual sound field. Also, a processing time of the experiment was about 0.1 sec. It can
be considered that the prototype compact system can be sufficiently withstood in real environment. In
the future, we confirm the validity of the proposed ADM method by applying to the various environ-
ment and also comfirm the effectiveness of the prototype compact system by implementing various
ADM methods.
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