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Abstract: An acoustic method that can be used in air has the potential to allow for a fast and
accurate characterization of objects in air. Nevertheless, it is difficult to identify acoustic signals from
small objects clearly because of environmental noise and the scattering of sound on the object surface.
Therefore, a sensing system that enables the measurement of small objects in air must be developed. In
this study, we performed the localization of small objects of size comparable to the sound wavelength
using an M-sequence signal and the phase information of received signals in a noisy indoor
environment. Using the M-sequence signal, we are able to improve the SN ratio and to measure in a
stable manner the reflected waves that cannot be detected using a conventional impulse. The arrival
direction information was used to extract signals reflected by targets from unwanted signals of the floor
or ceiling. Using an M-sequence signal and the arrival direction information, the position detection of
small objects in the indoor environment was enabled.
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1. INTRODUCTION

Many studies on acoustic sensing in air have been

reported as an effective method of acquiring information

about an object such as its distance, shape and surface

configuration, and environmental information such as

temperature or wind velocity [1–8]. Nevertheless, it is

difficult to identify acoustic signals of small objects clearly

in indoor environments because of strong multiple reflec-

tions on the wall, the scattering of signals on the object

surface, and background noise. A sensing system that

enables indoor measurement must be developed. In

particular, it is important to improve the SN ratio in the

measurement system because it is one of the main factors

determining the accuracy of sensing.

In this study, we performed the position detection of

small objects of size comparable to the sound wavelength

using an M-sequence signal in a noisy indoor environment.

Using the M-sequence signal, we were able to improve the

SN ratio and measure in a stable manner the reflected

waves that cannot be detected using a conventional

impulse. In addition, we tried to extract signals reflected

by targets from unwanted signals of the floor or ceiling

using the arrival direction of the received signals, which

was obtained from the phase information of multiple

microphones.

2. METHOD

2.1. M-sequence Signal

An M-sequence signal is a burst signal phase-modu-

lated by a periodic pseudorandom binary control signal

(0 or 1) known as an M-sequence. This signal is often used

in the field of communication, measurement and system

control. In an underwater acoustic measurement, it has

been applied to ocean acoustic tomography [9,10].

The M-sequence of degree n is made using a circuit

operation consisting of a shift register with n stages and

XOR (Exclusive or, �) gates. Figure 1 shows a circuit that

generates the M-sequence. Its sequence length N is given

by N ¼ 2n � 1 when the coefficients fi are chosen suitably.

The sequence whose length is 2n � 1 is the M-sequence

bkðk ¼ 0; 1; 2; � � � ;N � 1Þ. The circuit is represented as a

characteristic polynomial and given by

f ðxÞ ¼
Xn
j¼0

fjx
j ð f0; fn ¼ 1Þ: ð1Þ
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Using this sequence, the M-sequence signal of degree n

is given by

sðtÞ ¼ A sinð!t þ �kðtÞÞ ð2Þ

�kðtÞ ¼
0 (bk ¼ 1)

� (bk ¼ 0)

�
ð3Þ

k
T

N
� t < ðk þ 1Þ

T

N
ðk ¼ 0; 1; 2; � � � ;N � 1Þ; ð4Þ

where A is the amplitude of the carrier signal, ! is the

angular frequency, bk is the value of the M-sequence and T

is the period of the signal. When this signal is correlated

with a discrete M-sequence, the result is given by

pðtÞ ¼ CðtÞ sin!t ð5Þ

CðtÞ ¼
N (lT � t < T=N þ lT)

�1 other

�
ð6Þ

ðl ¼ 0; 1; 2; � � �Þ;

where l is the number of sequence periods. By discrete

cross correlation of the signal, it is possible to achieve a

high resolution that is equivalent to the resolution when a

pulse wave in a digit of the M-sequence is transmitted and

the SN ratio is improved due to the processing gain.

Figure 2 shows an example of the M-sequence signal

of degree 3 and a processing result. The high correlation

value that maintains information about the carrier signal

appears only in the first digit of the sequence. The precise

measurement is enabled because it is able to acquire the

phase information of the signal.

2.2. Experiment

Figure 3 shows a schematic diagram of the measure-

ment system. In this measurement, the phase modulated

M-sequence signal, centered at 25 kHz, is transmitted from

a card speaker (Panasonic, WM-R57A). The wavelength is

about 14mm. The degree of the M-sequence is 10 and there

are 3 cycles per digit. This transmitting frequency was

chosen by considering the acoustic attenuation in the

medium, the spatial resolution and the card speaker

characteristics [11]. The sequence is repeated 3 times

during each transmission to eliminate the effect of a

sequence truncation. It is theoretically predicted that the

SN ratio is improved by 30.1 dB using the M-sequence of

degree 10. The characteristics of the transmitted signal are

summarized as follows:

a) carrier frequency f0 ¼ 25 kHz,

b) digit length = 3 cycles of 25 kHz carrier = 0.12ms,

c) sequence length N ¼ 1; 023 digits (122.76ms), and

d) transmission length = 3, sequence period = 368.28ms.

The signal received by microphones (B&K, Type4939)

is amplified and filtered by a high-pass filter with a cutoff

frequency of 10 kHz, then digitized at a sampling rate of

250 kHz. Figure 4 shows the configuration of an experi-

ment in an indoor space. The targets were 5 stainless

steel pipes with diameters of 13mm, which were of size

comparable to the sound wavelength, and they were

located at distances between 1 and 2m from the micro-

phone and positioned in the measurement space shown in

Fig. 4.

ja j+1a j+2a j+n−1a

0f 1f 2f n−1f

Fig. 1 Circuit for generating M-sequence of degree n.
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Fig. 2 M-sequence signal of degree 3.
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The speaker and the microphone were located at a

height of 1,200mm and pipes were 1,840mm high. All

experiments were performed under stable room temper-

ature. The measurement of distance is calculated using the

speed of sound and the travel time. An approximate value

of the speed of sound, c (m/s), can be calculated from

c ¼ 331:5þ 0:6� Tc; ð7Þ

where Tc is the temperature in �C.

2.3. Acoustic Imaging

For the accuracy validation, we formed the image of a

circumference space by applying a simple acoustic imaging

method for impulsive sound [12]. At each coordinate

position ðx; yÞ on the image, the amplitude values of each

channel at a corresponding travel time are arranged and

accumulated. The travel time is given by

t ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxs � xÞ2 þ y2

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxri � xÞ2 þ y2

p
c

; ð8Þ

where xs is the source position and xri is the position of

each receiver. c is the speed of sound, that was estimated

from the measured temperature. To form the image, we

captured reflected signals while moving the microphone

horizontally every 10mm from 0 to 300mm.

3. RESULTS AND DISCUSSION

3.1. Comparison between M-Sequence Signal and

Conventional Impulsive Signal

To validate the effect of the M-sequence signal, we

compared it with the received signals produced by trans-

mitting the conventional impulsive signal. The received

signal and the correlated signal of the M-sequence signal

are shown in Fig. 5. Because the M-sequence signal of 3

sequence periods is transmitted, 3 similar signals appear in

the correlated signal. Figure 6 shows the received signal

produced by transmitting the conventional impulsive signal

and a part of the correlated signal of the M-sequence signal

in the second sequence period. For comparison, the

conventional signal, centered at 25 kHz and 3 cycles, is

transmitted. The direct wave, which traveled from the

speaker to the microphone directly, was received at 1.5ms

(124.3ms) in both signals. On the other hand, it is

confirmed that the various reflected signals which cannot

be detected using the conventional impulsive signal can be

detected by transmitting the M-sequence signal. In addi-

tion, the SN ratio was improved by approximately 30 dB

when the correlated signal of the M-sequence signal is

compared with the conventional impulsive signal, where

signal amplitude is estimated the effective value of the

amplitude of the direct wave and noise level is estimated

from the standard deviation of the amplitude of the signal

during the period 20ms before the direct wave is received.

The noise was an acoustic background noise that contained

broadband components. The measured 30 dB improvement

of the SN ratio agrees well with the predicted value,

30.1 dB, for the M-sequence of degree 10.

In this result, it is thought that the measurement using

the M-sequence signal is an effective method in such an

environment.

3.2. Estimation of the Arrival Directions

We can estimate the arrival direction of the signals

using the travel time difference and/or the phase difference

of the signals received at two microphones. Figure 7 shows

the configuration of receivers for the measurement of

arrival direction. We can measure the arrival direction

more precisely using the phase information. From two

received signals riðtÞ given by

riðtÞ ¼ AiðtÞ sinð!t þ �iðtÞÞ ði ¼ 1; 2Þ; ð9Þ

we can get the demodulated complex signals diðtÞ

diðtÞ ¼ AiðtÞ expð j�iðtÞÞ ði ¼ 1; 2Þ; ð10Þ

where i is the number of microphones. When the phase

difference of the two received signals ��ðtÞ (rad) is given
by
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Fig. 5 Received signal and correlated signal of M-sequence.
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��ðtÞ ¼ �1ðtÞ � �2ðtÞ ¼ argðd1ðtÞ � d2ðtÞ�Þ; ð11Þ

the arrival direction �ðtÞ can be calculated using

�ðtÞ ¼ arcsin
�

2�d
��ðtÞ; ð12Þ

where � is the wavelength and d is the spacing of two

microphones [13].

We performed the arrival direction measurement in the

same configuration as that of Fig. 4. In this measurement,

we used two microphones arranged in the vertical

direction, and the distance between the two microphones

was 7mm. The measurement results are shown in Fig. 8.

Signals reflected from a target in correlated M-sequence

signals are shown in Figs. 8(a) and (b). The estimated

arrival direction is shown in Fig. 8(c). A signal reflected

from a target is recognized at approximately 128.8ms.

The arrival direction of sound from a target is estimated

to be about 0�, which means that sound comes from the

horizontal direction. The M-sequence signal enables not

only the detection of small objects but also the measure-

ment of the arrival direction.

The arrival direction information is useful for extract-

ing reflected signals of targets from unwanted signals of the

floor or ceiling. The details will be described later.

3.3. Acoustic Imaging Using M-Sequence Signal

Figure 9 shows an acoustic image of targets produced

using signals while moving a microphone horizontally

every 10mm from 0 to 300mm. The origin of the imaging

area agrees with the initial position of the moving receiver.

An acoustic image over an area of 2,000mm (x ¼ �1;000

to 1,000mm) � 2,000mm (y ¼ 400 to 2,400mm) was

formed in this figure. This measurement configuration is

equivalent to a one-dimensional array, in which the vertical

directivity of each element is wide.

Figure 10 shows the configuration of five targets for

Fig. 9. The five targets t1, t2, t3, t4 and t5 were located at

(0, 1,000), (50, 1,200), (100, 1,500), (150, 1,750) and (200,

2,000), respectively. t1, t2 and t3 were arranged at uneven

intervals for accuracy verification. t3, t4 and t5 were

arranged at even intervals.

In the acoustic image (Fig. 9), the reflection from the

ceiling and the floor at around (�200, 1,400) is also

included as well as that from the five targets. The

localization of small objects was realized using an M-

sequence signal. Because the reflection from the ceiling

and the floor is strong, the image intensity of targets is

relatively weak.
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Fig. 7 Arrival direction of acoustic signals.
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3.4. Imaging of the Selected Directional Response

To remove signals from the ceiling and/or the floor

in Fig. 9, a resolution power in the vertical direction is

required. Imaging of the three-dimensional space can be

performed using a two-dimensional array, but a system

becomes complicated, and it becomes a problem in

practical use. The signals from the ceiling and/or the floor

arrive at the microphone from the vertical direction, which

is different from the direction of the targets. We used the

arrival angle in the vertical direction to remove the images

of the ceiling and/or the floor.

It was confirmed that the arrival direction of the

received signal can be acquired using two microphones;

thus, we formed the acoustic image using two microphones

placed in the vertical direction. The two microphones,

which were configured vertically, were moved horizontally

every 10mm from 0 to 300mm. From a pair of correlated

results of two received M-sequence signals, we can

calculate the arrival direction of reflected sound as shown

in Fig. 8.

Figures 11–13 show the images constructed by consid-

ering the vertical arrival direction. Figure 11 shows the

generated image using signals that come from �30� to 30�

with respect to the vertical direction. The signals from the

targets are emphasized by suppressing the signal from the

ceiling and/or the floor.

Figure 12 shows the image produced using signals that

come from angles greater than 30� from the vertical

direction. Figure 13 shows the image produced using

signals that come from angles less than �30� from the

vertical direction. Compared with the real environment, it

was confirmed that white dots at around (�200, 1,400) in

Fig. 12 were signals reflected from the ceiling and the

responses in Fig. 13 were from the floor and the aliasing

image of the ceiling.

Using an M-sequence signal and the arrival direction

information, the position detection of small objects in an

indoor environment was realized.

4. CONCLUSIONS

In this study, we presented results on the position

detection of small objects of size comparable to the signal

wavelength using an M-sequence signal and the phase

information of the received signals in a noisy indoor

environment. Using the M-sequence signal, we were able

to measure in a stable manner the reflected waves that

could not be detected by using a conventional impulsive

signal. We were able to acquire the arrival direction of

sound in the vertical direction precisely by using the phase

information measured using multiple microphones. Small

targets were successfully detected in the image, which was

generated from the extracted signals without unwanted

signals.
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