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ABSTRACT

This paper presents a method to locate a mov-
ing object with velocities in three dimensional (3D)
spaces by echolocation. This method can deter-
mine the object’s position and velocity measure-
ments, through computation from the original non-
linear model using a linear least square (LLS) - based
approach. To satisfy the navigation problem and deal
with the additive noise, Colored Gaussian Noise was
considered as a performance parameter in computer
simulations. The design system consisted of one loud-
speaker and four acoustical microphones. An echo
received from the microphone was converted into a
one-bit stream, based on four channels, delta-sigma-
modulation board. A field-programmable gate array
(FPGA) was then applied to compute the recursive
cross correlation, using one-bit signal processing. The
object, considered as a flying ball, was positioned in
3D space at x-y-z coordinates. The dilution of preci-
sion and the uncertainty in the object position were
also studied. The velocity of the object was calcu-
lated using a pair of linear-period-modulated ultra-
sonic signals. The validity was evaluated by the prob-
ability density function (PDF) and the cumulative
density function (CDF) from repeated experimental
results. The results of this proposed system using
an LLS-based method can provide better repeatabil-
ity, when compared against the linearization-based
method.

Keywords: Linear-period-modulated ultrasonic sig-
nal, Linear-least-square, Position measurement, Ve-
locity measurements, FPGA.

1. INTRODUCTION

Echolocation is a well-known method for determin-
ing obstacle positions by time-of-flight (TOF) compu-
tation from a reflector to a receiver. Bats possess the
remarkable ability to sense the position of obstacles
by generating a chirp signal at specific frequencies.
The reflected echoes are then received and monitored
by their ears. Bats use echolocation techniques to
calculate their own position relative to objects [1,2]
Echolocation can be useful in a variety of applications
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involving reflections, including non-destructive tests,
medical systems, and, flow measurements, [3-5]. In
addition, echolocation has been developed for a wide
range of applications such as radar, sonar and ultra-
sonic [6-8]. Ultrasonic range measurement, an ex-
ample of acoustic systems, has the significant advan-
tages of acoustic sensors, small size, low cost, and uses
simple hardware. It is a relatively flexible area for
robotics requiring environmental navigation. How-
ever, the most critical disadvantage for robot naviga-
tion results from the determination of obstacles. Pre-
cise identification of an object’s location is required to
support the self-localization process. Advanced tech-
nology which relies on laser ranging is relatively ex-
pensive; moreover, this is not appropriate for real-
time robot navigation, as lasers have very narrow
beams compared with ultrasound for position deter-
mination in 3D spaces. In general, one dimensional
object positioning, using an ultrasonic system can be
easily achieved by multiplication of the sound veloc-
ity and the TOF. Cross correlation is a key idea to
compute TOF because this has advantages compared
with other methods for dealing with signal-processing
problems at low signal-to-noise ratio (SNR) [9]. The
cross correlation method has therefore been used ex-
tensively in ultrasonic ranging measurements [10, 11].
The principle of the cross correlation method is based
on a number of lag products between an echo from an
object, and a reference signal. The TOF of a received
signal is typically estimated from the maximum peak
time in the cross correlation function, and it is there-
fore a simple task to find any object location in an
interesting condition. In the case of concurrent posi-
tion and velocity measurements, the ambiguity func-
tion method used to determine these variables for the
moving object is well known in radar technology. The
delay time and the Doppler shift of a chirp signal are
calculated by the cross ambiguity function. However,
this technique requires fast Fourier transform (FFT)
of the lag products, and has many multiplications and
accumulations compared with the general cross corre-
lation [12]. This paper, therefore, presents a method
for concurrent position and velocity measurements
without computations on the frequency domain, to
satisfy real-time applications.

One-bit signal processing is a well-known tech-
nique used as a digital convertor of Super Audio
CD (SACD), and ensures that SACD has higher
audio quality than other techniques [13], because
the quantization noises from analog to digital con-
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version (ADC) can be decreased by delta-sigma
modulation. Cross correlation with high resolution
based on one-bit signal processing has been pro-
posed for ultrasound [9]. This is an over-sampling
low-computational-cost technique for TOF computa-
tion, using a linear-frequency-modulated (LFM) sig-
nal. However, a significant problem of LFM signals
is that they cannot completely correlate with an echo
reflected from a moving object due to the Doppler
effect. To overcome this, a linear-period-modulated
(LPM) signal was presented, rather than a LFM sig-
nal for ultrasonic systems [14]. The method of apply-
ing LPM signals provided the cross-correlation func-
tionality to achieve the TOF, but the time consump-
tion problem was an important issue for real-time ap-
plications. Accordingly, a low cost, high resolution ul-
trasonic system, involving distance measurements us-
ing pulse compression with two cycles of LPM signals
and Doppler-shift compensation was suggested [15].
This paper developed these earlier ideas to present
a novel ultrasonic position measurement technique,
based on the recursive cross-correlation method em-
bedded on a field-programmable gate array (FPGA),
and the velocity measurement from a pair of LPM
ultrasonic waves including Doppler-shift compensa-
tion. The moving object position was located as x-y-
z coordinates by the linear least square (LLS)-based
method. The validity of the proposed method was
guaranteed by computer simulations and the experi-
mental results.

2. PROPOSED POSITION AND VELOC-
ITY MEASUREMENTS

The ultrasonic system proposed in this paper is de-
picted in Fig. 1. The devices used consisted of a loud-
speaker and four acoustical receivers. A transmitted
signal to the speaker was composed using couple of
two LPM ultrasonic signals. An echo signal from the
flying object was received by the microphone. The
echo was changed into one-bit stream signals by four
delta-sigma modulators. A digital comparator was
used as a reference signal for conversion. Both the
one-bit stream signals were then processed together
to achieve TOF, using the cross-correlation method
according to Fig. 1. The first couple peaks were
recorded directly from the loudspeaker, and the sec-
ond couple peaks were recorded on the microphones.
The length of signals lp and [; were used for velocity
measurement calculation.

2.1 Position measurements

The proposed system (Fig. 1) measured the po-
sition of a flying object, with ranging measurements
from the -X to +X axis, and from the -Z to +Z axis.
The object was set on only +Y axis. The first, second,
third, and fourth microphones were placed on the X
and Z axes. Their locations were (x1,0,0), (x2,0,0),
(0,0,23), and (0,0,z4). The object was assumed as an

Object position
Moving-object-velocity direction

Sound source ‘

===="Relative velocity at microphone

Projection

Microphone position

Fig.2: Velocity vector measurement.

unknown parameter (x,y,z). The distance from the
loudspeaker position to the object was d. The rela-
tion of the microphone position, the object position,
and the TOFs was:

d4+(z —21)2 + 42 + 22 = VeounaTOF, (1)

d + \/(I’ - I2)2 + y2 + 22 = UsoundTOF2 (2)

d —+ \/1'2 + y2 + (Z - 23)2 - UsoundTOFS (3)

d+ \/:c2 + 42+ (2 — 24)%2 = VsoundTOFy  (4)

where TOF; is the time-of-flight at each microphone
position, and ¢ = 1, 2, 3 and 4, respectively. TOF
was computed based on the cross-correlation func-
tion. The four nonlinear equations (1) - (4) were con-
verted into a linear form and expressed as:

2A -b=c (5)

Vsound 18 the velocity of sound. Thus, an unknown
vector b was estimated by the LLS-based method as
Eq.(6), where

—x1 0
—x2 0

UsoundTOFl
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soun

A= b= z

d

and c =

b= (ATA)"'A”c (6)

DN |

Finally, y was computed as y = Vd? — 22 — 22.

2.2 Velocity measurements

The relative velocity measurements (vq), the in-
stantaneous position of the moving object, and the
microphone positions were all key ideas for estima-
tion. The relative velocity was estimated by the du-
ration between the first peak and the second peak as
(Fig. 1). The relative velocity is defined in Eq. (7).

lo — Iy
= 77 Usoun 7
Va = Vsound (7)
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Vector projection relied on the fundamentals of three-
dimensional Doppler velocimetry [16]. The dot prod-
uct between the two vectors is shown in Fig. 2. An
unknown vector of the moving object, based on x-y-z
coordinates was expressed as u = [ug, uy, u;]T , and
the relative velocities at microphones 1, 2, 3, and 4
were vg = [v41, V42, Vds, vd4]T . Then, the definition
of the vector projection is:

v [UPL B P2 BB WUPur )
Ipill ™ llp2ll ™ llpsll ™ [Ipall

where pi [t1 — z,—y,—2]", p2 = [~z —

x, 7yaiz]Ta P3 [*SU»*ZJ’ZS - Z]Ty and P4 =

[~x, —y, —z4 — 2]T. These are all directions from the
instantaneous position of the moving object to the
microphone positions. Again, the vector u based on
the LLS estimate can be expressed as:

-1
u=(H"H) H"Wg (9)
where

r—n y z 1 1 1 1

| ztn oy z 111 1 1

H x Yy z—m W=3l1 11 1

T y z+m 1 1 1 1
_ T

and g = [va1-[IP1ll,vdz - P2, vas - [P3ll s vaa - [|Pall]

The weighted averaging matrix W was then placed
into Eq. (9) to stabilize the variance of the relative
velocity in all microphones.

3. EVALUATION OF THE PROPOSED
METHOD BY COMPUTER SIMULA-
TION

The moving object position under the proposed
system, determined by one-bit signal processing was
evaluated by MATLAB computer simulations. As-
suming that the period of LPM signal varied linearly
from 20 ps to 50 us, the length of a pair of LPM sig-
nals was 6.548 ms. The sampling frequency rate was

Proposed position and velocity measurements based on the recursive cross correlation.

12.5 MHz. The microphone coordinates were (10,0,0),
(-10,0,0), (0,0,10), and (0,0,-10) cm. The propaga-
tion velocity of an ultrasonic wave in air was 345.1
m/s at 22.4 °C. The attenuation in air was approx-
imately 2.11 dB/m [17]. The smoothing operation
in the cross-correlation function was accomplished by
the 141- tap triangular weighted moving average fil-
ter. The object shape was assumed as a very small
point.

3.1 Position error due to Colored Gaussian
Noise

This paper presented a proposed system to deal
with navigation problems in the fields of radar or
sonar involving Color Gaussian Noise [18, 19].
continue further, it is necessary to provide some back-
ground information on the nature of Colored Gaus-
sian Noise. A particularly useful model for Colored
Gaussian Noise is the autoregressive (AR) model.
This takes the mathematical form with the non-flat
power signal density (PSD) as:

o2

[1+a[l]exp (—j2nf) +

P(f) = (10)

...a[p]exp (—j2n f)[?

where o2 is a variance of random signals. The model
order was realized in the definition by referring to
it as an AR (p) of the PSD model. Tts usefulness
is relied on PSD, as long as the model order p was
chosen large enough. This paper considered the AR
(1) model given by:

2

o
P(f) = . 11
iralen2enp
For a [1] = -0.5 and % = 3, Colored Gaussian Noise

is shown in Fig. 3. Colored Gaussian Noise as pre-
viously explained was added to the LPM signals to
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Fig.3: Realization of Colored Gaussian Noise with
AR (1) model: a [1] = -0.5 and 0® = 3.

account for noise effects with SNR of 10 and 0 dB.
For each SNR, the position of the object was esti-
mated from 100 simulations. The probability distri-
butions of the estimated positions are illustrated in
Fig. 4 and Fig. 5 for SNRs of 10 dB and 0 dB, re-
spectively. Precisions of x-position, y-position, and z-
position are 35.0337 £ 0.0876 cm, 65.0561 £ 0.0715
cm, and 25.0308 £ 0.0854 cm, respectively. Based
on simulations, the precision of the proposed method
was less than 0.1 cm for all unknown parameters.

3.2 Comparison with other methods

The LLS estimate - based method improved from
the nonlinear equations was realized: normally they
can be solved directly by iterative methods [20]. An
earlier work by the authors of this paper involved with
the position measurement relied on linearization and
was presented using three microphones [21]. To assess
the performance of the proposed system, a compari-
son was made with the former methods by varying a
distance from x = 35 to 36 cm, y = 65 to 66 cm, and
z = 25 t0 26 cm with SNR of 0 dB. As shown in Fig.
6, the Newton-Raphson method, the linearization -
based method, and the LLS estimate - based method
have similar accuracy; they are all relatively close to
the reference line. For the LLS - based method, the
accuracy of the x-position was lower than 0.5 mm, the
y-position was lower than 1 mm, and the z-position
was approximately 0.5 mm.

3.3 Position dilution of precision (PDOP)

The study of PDOP involved searching out the ap-
propriate evaluation units to provide a better geo-
metric configuration and estimation. PDOP relates
to the uncertainty in the object position (z,y, z) re-
garding the distance (d). This parameter defined a
ratio of errors, directly affecting the object position
when the distance was varied. With a smaller PDOP,
the proposed method becomes less sensitive to error
[22]. Basically, the PDOP

\Joi+ol+o?
PDOP=‘*—

gd

(12)

can be defined as Eq. (12), where o, 0y, and o, are
the standard deviations of the object position, and og4
relates to the distance. Simulation results as shown
in Fig. 7 explain that at the same y-coordinate, when
the object position was pushed further away from a
central point, errors on the x-z plane became more
sensitive. The results implied that with increasing
distance the object became, more sensitive to errors
in position.

Object position x = 35 cm at SNR = 10 dB Object position y = 65 cmat SNR = 10 dB

Probability

348 349 35 351 352 648 649 65 65.1 65.2
Position (cm)

(a) (b)

Object position =25 cm at SNR = 10 dB

Fig.4: The probability distributions of the estimated
position in the simulations at SNR = 10 dB from
the cross-correlation function (a) x-position (b) y-
position and (c¢) z-position.

3.4 Effect of microphone positions to accuracy

The proposed equations, Eq. (1) - (4) show that,
the position of the object is also derived from the mi-
crophone positions on the X and Z axes. The accu-
racy of the LLS method was investigated by varying
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Object position x =35 cm at SNR =0 dB. Object position y = 65 cm at SNR =0 dB

Probability
Probability

349 35
Position (em)

(a)

Position (cm)

(b)

Object position z = 25 cmat SNR =0 dB.

Probability
3

249 25
Position (cm)

(c)
Fig.5: The probability distributions of the estimated
position in the simulations at SNR = 0 dB from
the cross-correlation function (a) x-position (b) y-
position and (c¢) z-position.

251 252

the microphone positions, while keeping the object
position unchanged. The microphone pattern was re-
arranged according to Fig.8. The first and second mi-
crophones were moved to +X and -X, and the third
and fourth microphones were varied along +7 and -
Z. Then, each microphone position was varied by the
same value, in each line from 0 to 50 cm. Simula-
tion results revealed that the object position showed
high variance when the microphone positions were
changed from 0 to about 10 cm (Fig.9 (a) - (¢)). How-
ever, when the microphone passed through 10 cm, the
object position became more stable. Therefore, the
microphone position for the experimental setup was
established at least 10 cm distant from the speaker
location. This optimal location for the microphones
was then used in the experimental study as illustrated
in Fig. 10.

4. EXPERIMENTAL PROCEDURE
4.1 Experimental setup

The experimental setup to support the LLS
estimate-based method is shown in Fig. 10. In the ex-
periment, the frequency of a pair of transmitted LPM
signals was down chirp tuned from 50 to 20 kHz. The
length of the LPM signal was 3.274 ms. The driving
voltage of the signal generator was 4 Vp-p, and en-
larged 10 times using an amplifier. The loudspeaker
used was a Pioneer PT-R4. The spherical object tar-
get had a diameter of 10 cm. Moreover, the echo
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Fig.7: PDOP in the z-z plane at y = 1 m from the
original point.

Fig.8:
tions.

The direction of varying microphone posi-

sensed by the four silicon MEMS microphones relied
on a device for hand-held telecommunication instru-
ments (Knowles SPM024UD5). This device was em-
bedded on a signal processing board, having a low-
pass frequency circuit, with 60 kHz frequency cutoff
and a pre-amplifier with 20 dB. Sensitivity was set at
a minimum level of -47 dB. Each microphone position
was set at a distance of 10 cm on the X and Z axes, far
away the original point. The propagation velocity for
LPM signals was approximately 345 m/s. The echoes
sensed by the microphones were changed into one-bit
signals by 7*"-order delta-sigma modulator (Analog
Devices AD7720). The sampling rate of the delta-
sigma modulator was 12.5 MHz. The cross corre-
lation and smoothing operation with 144 taps of a
weighted moving average filter was programmed into
a FPGA board model cyclone V 5CGXFC5C6F27C7.

"0 20 40 60 80 100 0 20 40 60 80 100
Microphone position[cm]

Fig.9: Accuracy when changing microphone posi-
tions at the object position x = 35 c¢cm, y = 65 cm,
z = 25 em (a) z-coordinate error, (b) y-coordinate
error, and (c) z-coordinate error.
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Fig.10: Experimental setup of ultrasonic position
and velocity measurements based on the LLS method.

The total logic of the FPGA board for the cross corre-
lation computation designed to support one-bit signal
processing was 2602 logic elements; the total number
of registers was 5777, and the total block memory
involved was 175,948 bits. The object was driven us-
ing a SIGMA KOKI SGMA46-300 motorized stage
in only the +Y and -Y direction, with a maximum
and minimum speed of £0.4 m/s. The velocity was
adjusted by + 0.1 m/s at each step. To satisfy the
ability of the sound-beam radiation to cover an ob-
ject position, the ball was positioned on the left- and
right-hand sides, away from the sound-beam radia-
tion source.
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4.2 Position measurements of a stationary ob-
ject

The position of the stationary object was repeated
for 50 experiments; the probability distributions of
the measured position are illustrated in Fig. 11. The
object location measurements are depicted by the dif-
ferent color bars. The reference points of the blue bar,
the green bar, the red bar, the black bar, and the pink
bar were (0, 84, 27), (26, 69, 4), (-43, 63, 13), (30, 43,
-17), and (-41, 53, -31) cm, respectively. The exper-
imental results showed that the object position, z =
0 cm, y = 84 cm, and z = 27 ¢m, had the minimum
variance. This can be explained because the posi-
tion was established near the central line of the +Y
axis of sound shown as (Fig. 1). The sound pressure
moved toward the target and then returned to the
receivers with intense sound pressure. The variance
of the point of contact on the surface was low. On
the other hand, when the target was in the other po-
sitions, maximum dispersion of repeatability was no-
ticed, since these locations were positions relatively
far away from the main sound beam, and therefore,
the repeatability of contact at the same place was less
likely.

4.3 Position measurements of a moving object

The position measurement was determined at dif-
ferent velocities from the maximum point to the min-
imum point, according to the performance of the mo-
torized stage. Fifty experiments were recorded at
each position of the moving object driven by the mo-
torized stage. The positions with different velocities
were evaluated using the cumulative density functions
(CDFs), (Figs. 12 - 13). The first reference position
was assumed to be x = 20 cm, y = 94 c¢cm, z = 7 cm,
and the second was z = 23 cm, y = 68 cm, 2z = -30 cm.
The position and velocity of the determined moving
object were measured concurrently by the proposed
method, based on one-bit signal technology. For the
experimental results at the first reference point near
the x-y plane (x = 20 cm, y = 94 cm, z = 7 cm),
the maximum position errors were approximately O -
2 c¢m for all x, y, and z parameters. Next, the moving
object position was considered to have a location far
away from the x-y plane at (x = 23 cm, y = 68 cm, z
= -30 cm). The experimental result at this position
showed an error interval at 0-3 cm. The errors at
this location were larger than at the former position
of about 1 cm. Thus, as the object position moved
further from the x-y plane, the error in the position
also increased. In practice however, the deviations
between the assumed reference position and the mea-
sured position observed from the experimental results
were probably caused by the moving object used in
this paper, which was a rigid body, while the object
computed from the proposed method was assumed to
be a very small point. Accordingly, the sound beam
moving toward the moving object, and incident on

71

100

80F

601

Probability

40l 1

0 . . . . . L m
-50 -40 -30 -20 -10 0 10 20 30 40
X position [em]

(a)

100

69 cm
sob s cm i
53 cm
. 53 cm
60 -43 cm 7

a0k 1

60 65 70 75 80 85 90
v position [cm]

(b)

he
=]
.
b
n
=]
w
by

100

04 cm
sof |27 cm |
13 cm
£ cof |HE-S1em
Z -7 en
2 a0} 1
20} .
0 ‘ ‘ ‘
40 -30 20 10 0 10 20 30
z position [cm]
(©)
Fig.11: Probability of the position of the station-

ary object: (a) x position, (b) y position, and (¢) z
posttion.

the surface was propagated from many points, which
then resulted in many different TOFs at the micro-
phone [21]. This noticeably affected the efficiency,
producing an uncertainty due to the variance of the
proposed position and velocity measurements.

4.4 Velocity measurements of a moving object

Fig. 14 shows the velocity measurement deter-
mined in the £ Y direction (u,) in the probability
density function (PDF), in the same direction of the
motorized stage movement. The component vectors
of u; and u, were determined at close to zero. The
velocity measurement results for the first position are
shown as Fig. 14 (a). The accuracy of the u, velocity
component for the first case agreed with the reference.
The velocity measurement results for the second case
are shown as Fig. 14 (b). The accuracy of the u,
velocity component for the second case was smaller
than the reference by about £0.05 m/s for the higher
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Fig.12: Cumulative density function of position er-
ror at x = 20 cm, y = 94 cm, and z = 7 cm when
varying the velocity (a) x-position, (b) y-position, and
(¢) z-position.
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Fig.13: Cumulative density function of position er-
ror at x = 23 cm, y = 68 cm, and z = -30 cm when
varying the velocity (a) z-position, (b) y-position, and
(¢) z-position.

velocity £0.4 m/s. The deviations of measurement
can be explained as a rod connecting the object and
the motorized stage, and swung with higher vibra-
tion when the moving object was accelerated to the
maximum velocity in each turn. Therefore, the mov-
ing object did not completely stop, and was not at a
static condition during the next measurements [21].
The higher vibration velocity on surface, due to the
moving object, strongly affects to the repeatability.
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Fig.1/4: Probability density function of velocily mea-
surement: (a) first position, and (b) second position.

5. CONCLUSIONS

This paper presented an optimal method of con-
current position and velocity measurement that relied
on the LLS estimate - based method. The proposed
method consisted of one-bit signal processing for TOF
computation with low-computation costs. The object
position was assumed as x-y-z coordinates. The ac-
curacy of the proposed method was verified by simu-
lation under Colored Gaussian Noise. The positions
measured in this system were determined by 50 ex-
periments for each position. The maximum error was
determined at about 0.3 cm for a sound velocity of
345 m/s, and an oversampling rate of 12.5 MHz. The
results indicated that a position considered near the
central line of the sound beam and the x-y plane
achieved the lowest variance of repeatability. In ad-
dition, the deviation in the actual results occurred
because the object was assumed to be a very small
point, but in reality, a spherical object was used as the
rigid body object. The exact position of the reference
point on the surface that the sound beam approached
was not known. Thus, the sound beam might not be
incident on the assumed reference point. This was
a possible reason for deviations from the measure-
ments. Moreover, the vibration on the surface of the
moving object directly affected the velocity measure-
ments. However, the results of the proposed system
using the LLS-based method can locate the obsta-
cle with the higher repeatability compared with the
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linearization-based method [21].
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