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Abstract: In this paper the idea of using a particular signal for exciting an ultrasonic sensor is proposed. The
particular signal is a white noise-like one and the distance measurement is performed by a correlation between the
emitted and the received echo signals. The advantages, from a theoretical point of view, are: distance and attenua-
tion are measured at the same time; each sensor measurement is not affected by the presence of similar sensors in
the same field, being two independent white noises not correlated; once n sensors are used simultaneously, making
use of cross correlation functions between all the emitted and all the reflexed received signals, it is possible to
measure n? distances from each sensor to any other one. Such theoretical results have been tested on a prototypal
realization, here described, and the results are illustrated. They show the real applicability of such idea.
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1 Introduction

Ultrasonic sensors are widely used in several applica-
tions. It is well known how they work ([1, 2]): a burst
(pulse) signal is emitted while a counter is started. If
the sound waves hit a surface, an echo is produced.
Once such an echo is received, the counter is halted
and the time between the emission and the echo re-
turn, multiplied by the sound speed in the air (or
the material in which the measurement is performed)
gives, in a first approximation, the double of the dis-
tance between the sensor and the surface of reflexion.

Such a way to operate needs some attentions
when more that one sensor of this kind operate in the
same area, making interferences between them possi-
ble. Such interferences arise because all those sensors
use the same kind of signal, making impossible for a
sensor to distinguish between its own pulse and the
other’s ones.

The idea proposed in this paper is to let each ul-
trasound sensor emit a different signal, easily distin-
guishable from the one transmitted by any other sen-
sor, without any coordinations between them. In fact,
if this were the case, all the above described problems
in presence of several sensors would be eliminated,
since each sensors could know its own emitted signal.

Such an idea is based, from a theoretical point of
view, on the use of a white noise signal. In fact, let us
consider one sensor and suppose it generates an ultra-

sound signal n(t), being a white noise. Such a signal
propagates in the air, being attenuated by dissipation,
till it hits an obstacle. Then, it is reflected back and,
after a further attenuation, it is received by the sen-
sor. The signal received is of the form An(t—1T') with
A < 1 due to the attenuation and 7" > 0 the flying
time of the sound in the air. Denoting by v, the ve-
locity of the sound in the air, the distance between the
sensor and the obstacle is given by

1
d= 5 ’UQZ‘TT

The way to get the value of T is to compute the cross
correlation ¢(¢) between the emitted signal (e(t) =
n(t)) and the received one (r(t) = An(t — 1)), i.e.

fenll) = /_Ze(r)r(t—i-T)dT _
= /_OO n(r)An(t+ 71 —T)dr

which results to be, theoretically, an impulse cen-
tered in ¢ = T" and with amplitude %, ie.

fert) = 3(1 = 1)

Let us now consider two sensors. The first one
generates the sound e; (t) = ny(t), while the second
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one the sound es(t) = ny(t). Being white noises gen-
erated by two independent generators, their cross cor-
relation is equal to zero, i.e.

Peq,ez (t> = Pnq,ng (t>0 (D

The sound e, after reflexion, reaches the first
sensor, which receives 1 1(t) = A ini(t — Th,q),
and the second sensor, which receives r12(t) =
A172n1(t — TLQ). The same happens with the sec-
ond sound ey, for which the first sensor receives
r21(t) = Asina(t — To 1) and the second sensors
receives 1 2(t) = Ag2na(t — Tz 2). Then, the whole
signal received by the first sensor is given by

T’l(t> = 7’171(t>+7’271(t>=
= Ayt —Tia) + Asane(t —To1)

while for the second sensor one has

T’Q(i) = 7’172(t> + 7’272(t> =
= Aioni(t —Ti2) + Asona(t — To2)

Computing now ¢, ,, () and making use of 1,
one gets

Per i (1) = /°° e1(T)ri(r +t)dr =

—00

o0

:/ n(r) (r1a (7 + £) + ro (7 + 1)) dr =

—00

= / nl(’i‘)ALl’rLl(T—i-t—TLl)dT—i-

—00

+/ TLl(T)AQJ'I’LQ(T—Ft—TQJ)dT:

—00

— —_— — Z
2 5(t 1’1>

In the same way, the computation of @2 y2(t)

gives
A
bers(t) = S520(t = Tz)

Such computations can be performed for any
given number of sensors, giving the same kind of re-
sults. Then, as it can be easily seen, each sensor can
work without any influence from any other one.

The above results apply to theoretical signals. In
next two sections the description of a prototype for
ultrasound sensor working with an approximation of
a white noise is given and its characterization will be
presented.

2 The prototype

In this section a prototypal realization will be de-
scribed. It is important to underline that the main
scope was to have a sensor (actually two) working ac-
cording to the above presented principles. This means
that circuit can, and will be, improved, but also in the
present simple form it works quite well.

The noise generation is based on a zener diode
that, in particular working conditions, is characterized
by aleatoric changes in the number of mobile charges,
producing casual voltage changes (casual rectangular
pulses of casual length).

The generator section, together with its amplifi-
cation, is shown in figure 1

DZ,

Figure 1: Amplified noise generator

The emitter and the receiver used are depicted in
figure 2; they are based on piezoelectric effect. The
whole scheme is then given in figure 3. The PCB
scheme is also reported in figure 4

Figure 2: Piezoelectric emitter and receiver

The mounted circuit has the aspect as in figure 5

The circuit is closed in a box from which only the
piezoelectric devices and the required connectors are
accessible. It can be seen on figure 6

In this first phase, for which the comparison be-
tween the real behavior of such sensors and the theo-
retical one is the main aspect, two sensors have been
realized.
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Figure 3: Final scheme

Figure 5: Sensor (electronics)

Figure 6: Sensor (full)

3 The sensors at work

As previously said, the aim of the experimental tests is
to validate the behavior of such sensors and compare
it to the theoretical results.

A National Instruments acquisition card, the NI
PXI-6070E, and software Labview 7.1 have been used
for data acquisition from the sensor ([3, 4]).

The main actions were directed toward the cali-
bration of the sensors (subsection 3.1) and the verifi-
cation of the independent measures possibility (sub-
section 3.3).

As previously illustrated, the possibility of the es-
timation of the distance of an obstacle from the sensor
in our case is based on the evaluation of the corre-
lation and autocorrelation functions, from which the
delay must be extracted. In the case that, when a sig-
nal is sent, it hits an obstacle, it will be reflected and
received by the ultrasound transducers (see figure 7).

The real situation differs from the theoretical one
described in the Introduction by two main aspects.
The first is that the received signals have an additional
noise contribution generated by all the environment
around the sensor. The second is that all the compu-
tations of the correlations are performed in a discrete
time form, after a signal sampling, and extended over
a finite time interval A instead of a theoretical infini-
tive one. The results of the presence of such a non
ideal behavior will be discussed after that the experi-
mental results are presented.
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Figure 7: Flying time

3.1 Static Characteristic

The first step in the sensor analysis is the computation
of its static characteristic.

The static characteristic can be given in graphic
form or in analytic form, representing the relation-
ship between the real value of the variable y (the true
distance in our case) and the corresponding value v,
given by the instrument (in our case the distance given
by the sensor).

The set of operations that allow one to obtain the
characteristic is called calibration.

In the present case a measure range from 3 cm to
1 m has been considered.

According to standard procedures, several (in this
case 10) different measurements y,,, ; have been per-
formed for the same distances in the same conditions
and both the mean value 7,,,

1 o
Ym = N;ym,i

and the standard deviation m,,,

1 10

N_1 Z(ym,i — Um)?
i—1

mym -

have been computed. The characteristic y,,, = C(y)
has been obtained noticing that the distribution of the
measured values are distributed in the plane (y, y,,) in
a linear way. So, choosing the function C(y) = ky+h
and minimizing the mean square error

N

e = Z <C<yz> - ymi>2 =

=1
N

= Z ((kyz + h) - ymi>2

one can get the values for k and A and then, making
use of the standard deviations, one can get also the
linearity error of the characteristic.

3.2 Calibration of first sensor

The above described procedure has been applied to
the first of the two sensors. The results are reported in
table 8

MISURE SENSORE 1 Valor |, . | Deviaz.
dio Varianza Standard
1 1 [ 3 4 5 ] 6 T [ 8 9 T 10 |m

3| 775|775 s rose] 7rs|  rrs]  r7se]  qs6] 8250] 9074 7937 [048422]0429211

5 10560 10.@ 105600 9736 10560] 10.560) 10560 10.560] 10.560] 10.560[ 10,478 J0,068062 0,260888

10| 14850] 15510] 140685 13860 14685 14685 14605 14,665 14.685 15510[ 14,784 | 021901 [0,467965

00 24750 24.75% 24255 25080] 25905 24265 25.% 8430 428 23.595F 24,536 0,544802)0,738107

30| 35310] 34485 34485 34485 34015) 33495 34815 33.990] 34485 34485 34485 | 0,23595 | 0,485747

40| 46200] 42900 44550] 45375 429000 45870) 44200 4420 45045 45.04%F 44,633 |1,47812]1,117055
52,800 53625  54450| 54450 51610 63460 53460] 54285 62635 2 GHEF

53,361 | 078774 | 0,86753
60 62636 64185 62535 63690 62040) 62535 63360] 62535 63360] 64185
10| 7145|7325 T34 THA4E] TASA0| 71445) 718400 T2270) TAMMG| 714450 71,990 |0,683952]0,627014

63,096 | 0,58201 | 0,762896

80 82005 82005 2005 82170] 81180) 82005 8035 81.180] 82500 62004 81,741 | 040656 |[0,637621
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80
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DISTANZA (cm)
=

Figure 8: Table of measurements for first sensor

The static characteristic obtained is reported in
figure 9

Caratteristica statica sensore 1
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Figure 9: Characteristic of first sensor

Together with the time delay, and then the dis-
tances, for every measurement also the autocorrela-
tion amplitude has been computed. Applying the
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same procedure as above, the resulting characteristic
with respect this variable is reported in 10

Ampiezze Sensore 1

+ Valor medio

——Potenza (Valor|
medio)

Ampiezza

0 20 40 60 80 100 120
Distanza (cm)

Figure 10: Characteristic w.r.t. the amplitude of the
autocorrelation

The measured values used for the calibration
(time delays and amplitudes) have been obtained mak-
ing use of Matlab 7.1 for the correlations computa-
tions. Two examples are reported in figures 11 and 12
for a distance of 30 cm and 90 cm respectively; they
show the correlation functions obtained.
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Figure 11: Cross correlation for a distance of 30cm

3.3 Simultaneous usage

The possibility of computing also the flying times be-
tween different sensors has been investigated. Clearly
in this case each sensor must know the signal emit-
ted by any other one. Computing the cross correlation

Crosscomelazions dal rumone iningresso @ del segnake rioevuto - Secondo Sonson
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Figure 12: Cross correlation for a distance of 90cm

between the signal generated by the first sensor and
the signal received by the second sensor the following
table 13 has been obtained for the distances

As far as the characteristic is concerned, the result
is reported in figure 14

A the same time it is possible to perform the dual
operations, i.e. the cross correlation between the sig-
nal generated by the second sensor and the signal re-
ceived by the first one. The results obtained are in
15 for the distances The characteristic in this case is
reported in figure 16
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Figure 13: Table of measures from cross correlation
between emission of the first and reception of the sec-
ond sensor: distances



Proceedings of the 5th WSEAS International Conference on Signal Processing, Istanbul, Turkey, May 27-29, 2006 (pp228-233)

Crosscorrelazione(l1,R2)
120,000

100,000 y= n’nd.‘l'hr + ﬁ’d.n')') -

50.000
@@
o /
7 60,000
= /

S / + Valor medio

20,000 . —— Lineare (Valor medio)

0,000

0 20 40 60 50 100 120

Distanza (cm)

Figure 14: Cross characteristic sensor one - sensor
two: distances
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Figure 15: Table of measures from cross correlation
between emission of the second and reception of the
first sensor: distances
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Figure 16: Cross characteristic sensor two - sensor
one: distances

4 Conclusions

In this work the possibility of using a multi device
measurement system based on ultrasound sensors has
been presented. Using the white noise spectral char-
acteristics, it has been illustrated how it is possible to
estimate the distance from the target obstacle by com-
puting correlations, being able to estimate at the same
time also the material in which the sound propagates,
measuring the attenuation produced.

Prototypal realizations have been produced to
perform all the validating tests which have evidenced
the real possibility of the use of parallel measurement
with ultrasound sensors.

The use of correlations to compute the required
measurements makes the sensor very robust w.r.t. any
kind of perturbation noise present in the area under
measurement.
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