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Abstract

The ultrasonic devices for distance measurement in air are simple in exploitation and their price in most cases is one of the smallest. However, high-
precision measurements are affected by deviation of parameters of the surrounding medium, like temperature, relative humidity, CO, concentration and
other parameters. Changes in air temperature by +1°C cause deviation of ultrasound velocity by £0.59 m/s. Such deviation gives the source of the
distance measurement uncertainty of 0.17%, in the case of measurement of relatively long distance (4 m). The change of relative humidity by 5% gives
the source of distance measurement uncertainty of 0.02%. In the case of carbon dioxide CO, concentration increases by 1%, ultrasound velocity decreases
and it gives source of distance measurement uncertainty of 0.3%. In order to eliminate such factors, the additional calibration channel should be used.
Also, the appropriate signal processing technique should be used in order to increase the resolution of time of flight (TOF) measurement. The uncertainty
of TOF measurement was +0.5 ns, which corresponds to the uncertainty of distance measurement +0.18 mm (with a confidence probability 68%) and +

0.36 mm (with a confidence probability 95%).
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Introduction

There are several ways for non-contact distance
measurement in air: infrared light emitters and receivers,
laser-based systems, eddy current methods and etc. to use.
All these methods have their advantages and
disadvantages.

The most reliable and inexpensive methods are based
on application of ultrasonic waves. These methods are
often used in automobiles to detect distance for parking
assistance, in mobile robots to detect the obstacles for
guidance control and in other distance measuring systems.

Application of ultrasonic methods for precise distance
measurements has some restrictions: the speed of sound is
very sensitive to deviations of air parameters along the
measuring distance. In this article the feasibility study of
algorithms for compensation the influence of the air
parameters is presented.

Influence of the air parameters to the ultrasonic
measurements

The ultrasonic distance measurement in air may be
performed by the time-of-flight (TOF) technique, single
frequency continuous wave phase shift, two-frequency
continuous wave method, combining methods of TOF and
phase-shift and etc. [1-9]. Usually, the TOF method based
on transmission of ultrasonic waves along the distance
being measured is used. The ultrasonic pulse is generated
using a piezoelectric transducer (transmitter) and is
received at the distance L by other transducer (receiver).
The time of flight zror of the transmitted ultrasonic waves
is calculated according the equation:

tror =Ljcy, (1)
where ¢ is the speed of sound in air.

The principal factors affecting the speed of sound are
ambient conditions such as temperature, humidity and air
turbulence. Other factors include misalignment of
transducers and signal detection method [8]. The speed of
sound can be expressed in terms of known quantities and

is given by [10]:
o= [P 2L @)
M

where R is the ideal gas constant, 7 is the absolute
temperature (in K), and y is the average molecular weight
of the gas molecules. Here y =Cp/Cp, where Cp is the

heat capacity of the gas at constant pressure and Cy is the
heat capacity of gas at constant volume.

As shown in Eq.2, the speed of sound depends on the
temperature and humidity. Since R and u are the constants,
the dependence of speed of sound on temperature is given
by:

T
273.15° ©)
where ¢;=331.45 m/s is the speed of sound in dry air at
temperature of 0°C and atmospheric pressure of
760 mmHg with 0.03mol% of carbon dioxide [10].
In the case of temperature change by 1°C, the speed of
sound changes by 0.57 m/s at atmospheric pressure of
101,325 kPa. The ultrasound velocity increases in the case
of rising temperature.

The influence of the air humidity to the speed of sound
can be described as [11]:
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where / is the air humidity in %. A significant change in
air humidity (for example, by 50%) corresponds to a slight
change in temperature (by +1°C). Therefore, the influence
of air humidity to the speed of sound can be evaluated
using the empirical formulas.

The dependence of the speed of sound on the
temperature and humidity are presented in Fig.1.

1 . DD“"J ' ' ' ' ' ' T ' ' T

1.004

c/cy

~ 1.0035

1.003

1.0025

1.002

1.0015

1.001

1.0005 -

Normalized speed of sound

1 e :
o 10 20 a0 40 a0 B0 70 a0 a0 1c

Relative humidity, %

Fig.1. The dependence of the normalized speed of sound c/c, on the
temperature T and relative humidity h.

Another factor is the quantity of the carbon dioxide in
air. This factor slightly affects the speed of propagating
ultrasonic wave. Most of CO, variation does not exceed
0.1%. Therefore, this affects the sound speed variation
much less than the temperature change by £1°C.
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Fig.2. The dependence of the speed of sound on the CO,
concentration.

One of the main factors is the attenuation of ultrasonic
waves. The sound attenuation in the air dramatically
increases as the frequency increases:

f2
(33+27)1> (6,8 : 109h1’3]

, (5)
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where f'is the frequency of the ultrasonic waves (Fig.3.).
Higher frequencies (up to 5 MHz) have potentially

better resolution, but accordingly to Eq.5 possess

essentially  higher attenuation.  Therefore, lower

a(T.f.h)=

frequencies (20-100 kHz) have the advantage due to low
attenuation and could be used for propagation of long
distances in air. Usually, for ultrasonic distance
measurement, the ultrasonic transducers having central
frequency of 40 kHz are widely used.
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Fig.3. The dependence of the ultrasound attenuation on the relative
humidity and the frequency.

Problems of the precise ultrasonic distance
measurements

In the case of accurate measurements (uncertainty
close to +1 pm) of a relatively long distance (close to 4 m)
some restricting facts should be taken into account:

- In order to evaluate the speed of propagating
ultrasonic wave, it is not enough to used Eq.4
only. The uncertainty of ultrasound speed
estimation should not exceed +83 mm/s. For
example, deviation of temperature of surrounding
medium in 0.01°C gives the source of ultrasound
speed estimation of 2.4 mm/s;

- the uncertainty of the time of flight measurement
of propagating ultrasonic wave should not exceed
+3 ns. Therefore, the stable and reliable detection
of received signals should be performed, also the
appropriate processing technique should be used;

- in order to compensate the influence of the
surrounding medium (deviations of temperature,
humidity, CO, concentration and etc.) the
appropriate calibration (reference) channel with a
fixed distance between the transmitter/receiver
and the planar reflector should be used.

- After the preliminary calculations it was defined
that the optimal distance between the ultrasonic
transducer (transmitter/receiver) and the planar
reflector should be 1 m. Therefore, there are high
requirements for installation of calibration
channel: the uncertainty of the 1 m distance
measurement using the pulse-echo technique
should not exceed £0.25 pm;

Further, the appropriate experimental investigations

concerning the mentioned factors are presented below.

Experimental results
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The experimental investigations of the precise distance
measurement in air have been performed in the laboratory.
The two-channel low-frequency ultrasonic measurement
system developed in Ultrasound Institute of Kaunas
University of Technology was used (Fig.4). For
transmission and reception the commercially available
piezoelectric resonant transducers (MURATA) possessing
frequency of 40 kHz were used. The transducers are
placed face to face with a fixed distance in between
(L=4154 mm). The ultrasonic transmitter was excited by a
pulse of 20 V. The received ultrasonic signals were
amplified by the ultrasonic system with 65 dB gain. The
control of ultrasonic measurement system and data transfer
to PC has been performed via USB 2.0 bus. During the

experimental investigations 100 measurements were
performed with averaging of 64 signals at each
measurement.
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Fig.4. Images of the used ultrasonic measurement system (a) and air-
coupled ultrasonic transducer (b).

The measured ambient temperature was 22°C,
humidity was 80%. These environmental conditions
correspond to the theoretical ultrasound velocity in air
c=345.715 m/s.

In order to compensate the changes of ultrasound
velocity caused by air flow, turbulence, temperature, and
humidity the additional measurements were carried out
using the second channel of the system (calibration).
During the procedure of calibration, the ultrasonic waves
reflected by the planar reflector placed at the fixed distance
of 1 m were registered and the reference time delay was
calculated.

The shape of the ultrasonic signal measured at a fixed
distance in the air (L=4154 mm) is presented in Fig.5.

At first, the lower sampling frequency of 12.5 MHz
was used to digitize the whole signal and to detect the
informative part. After that, the selected informative part
was digitized with the sampling frequency of 100 MHz.
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Fig.5. Waveform of ultrasonic signal at distance of L=4154 mm.

The digital signal processing (digital filters) and
correlation processing were used to improve the signal-to-
noise ratio. Using the cross-correlation method the delay
time of the signal is measured in two steps. The cross-
correlation function y.(f) between the reference signal
u,(f) and the measured signal u,(f) has been calculated:

T
Vee(7) = % £ s () 1y (¢~ 2)dt ©)

where 7 is the delay time between the signals u;(f) and
uy(t), T is the duration of the rectangularly shaped time
window.

The peak position of cross-correlation function
corresponding to the difference between the delays time of
the signals u;(¢) and uy(¢) is given by:

fcc = arg{maxb}cc (7)]} (7

Maximal values of the cross-correlation function were
revised more precisely by an estimation of the zero-
crossing time instant of the cross-correlation function
derivative, additionally using the 3™ degree polynomial
approximation through 5 neighboring points [12].

Using the above mentioned technique in order to
increase resolution of delay time measurement, the
achieved uncertainty (standard deviation) of the measured
time of flight of ultrasonic wave propagated a long
distance (close to 4 m) was +0.5 ns. This corresponds to
the distance measurement uncertainty of +0.18 pm (with a
confidence interval of 68%) and +0.36 um (with a
confidence interval of 95%).

The histogram of the standard deviation values of the
time delay measurements at the fixed distance of 4154 m is
presented in Fig.6.

The delay times according to Eq.1 were recalculated
into the distance L. The histogram of the standard
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deviation values of the distance measurement is presented
in Fig.7.
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Fig.6. The histogram of the standard deviations of the time delay
measurements at a fixed distance of 4154 mm in the air.
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Fig.7. The histogram of the standard deviations of the distance
measurements at a fixed distance of 4154 mm in the air.

Conclusions

The speed of sound is the main parameter for
characterization of air medium in the case of the precise
distance measurements. The principal factors affecting the
speed of sound are ambient conditions such as
temperature, humidity and air turbulence. The article
investigates the influence of each factor on the uncertainty
of long distance measurements (up to 4 m).

In order to eliminate the sources of uncertainty related
to parameters of the surrounding air, the additional
calibration channel should be used.

The achieved uncertainty of the time of flight
measurement using the interpolation technique was
+0.5ns, which corresponds to the total distance
measurement uncertainty of £0.18 mm (with a confidence
probability of 68%) and +0.36 mm (with a confidence
probability of 95%).

References

1. Marioli D., Narduzzi C., Offelli C., Petri D., Sardini E., Taroni A.
Digital time-of-flight measurement for ultrasonic sensors. IEEE
Transactions on Instrumentation and Measurement. 1992. Vol.41.
No.1. P.93-97.

10

2. Carullo A., Parvis M. An ultrasonic sensor for distance
measurement in automotive applications. IEEE Sensors Journal.
2001. Vol.1. No.2. P.143-147.

3. Nakahira K., Kodama T., Morita Sh., Okuma Sh. Distance
measurement by an ultrasonic system based on a digital polarity
correlator. IEEE Transactions on Instrumentation and Measurement.
2001. Vol.50. No.6. P.1748-1752.

4. WuJ., Chan W., Thomas G. Rapid and accurate inter-robot position
determination in robot teams. IEEE Transactions on Instrumentation
and Measurement. 2001. Vol.50. No.1. P.163-168.

5. Kuang W.T., Morris A.S. Using short-time Fourier transform and
wavelet packet filter banks for improved frequency measurement in a
Doppler robot tracking system. IEEE Transactions on Instrumentation
and Measurement. 2002. Vol.51. No.3. P.440-444.

6. Young M.S., Li Y.C. A high precision ultrasonic system for
vibration measurements. Review of Scientific Instruments. 1992.
Vol.63. No.11. P.5435-5441.

7. Gueuning F., Varlan M., Eugene Ch., Dupuis P. Accurate distance
measurement by an autonomous ultrasonic system combining time-
of-flight and phase-shift methods. IEEE Instrumentation and
Measurement Technology Conference. Brussels, Belgium. June 4-6,
1996. P.399-404.

8. Tong Ch.-Ch., Figueroa J.F., Barbieri E. A method for short or
long range time-of-flight measurements using phase-detection with
an analog circuit. IEEE Transactions on Instrumentation and
Measurement. 2001. Vol.50. No.5. P.1324-1328.

9. Huang S.S., Huang C.F., Huang K.N., Young M.S. A high
accuracy ultrasonic distance measurement system using binary
frequency shift-keyed signal and phase detection. Review of
Scientific Instruments. 2002. Vol.73. No.10. P.3671-3677.

Wong G. S. K. Speed of sound in standard air. The Journal of the
Acoustical Society of America. 1985. Vol.75. No.5. P.1359-1366.

Wong G., Embleton T. Variation of the speed of sound in air with
humidity and temperature, J. Acoust. Soc. Am. 1985. Vol.77. No.5.
P.1710-1711.

Kazys R., RaiSutis R., Sliteris R., MaZeika L., Jasitiniené E.
Ultrasonic thickness measurement of the aluminium plate with wavy
surface. Ultragarsas. 2004. Vol.50. No.1. P.11-16.

10.

11.

12.

R.Raisutis, O.Tumsys, R.Kazys

Ultragarsinio metodo taikymo tiksliesiems dideliy atstumy
matavimams ore atlikti galimybiy studija

Reziumé

Atstumu matuoti ore $iuo metu naudojama daug ir jvairiy prietaisy.
I8 ju pladiai paplito ultragarsiniai atstumo matuokliai. Siuos prietaisus
nesudeétinga eksploatuoti, o jy kaina daugeliu atvejy yra viena maziausiy.
Taciau atliekant tiksliuosius matavimus susiduriama su tokiy prietaisy
parametrams turinciais jtakos veiksniais: matavimy rezultaty neapibréztis
salygoja aplinkos temperatiiros, santykinés drégmés, CO, koncentracijos
ir kity parametry pokyciai.

Straipsnyje nagriné¢jama kiekvieno S§iy veiksniy jtaka bendrai
atstumo matavimo neapibréz¢iai. Oro temperatiirai pakitus +1°C,
ultragarso greitis pakinta +£0,59 m/s, dél to matuojant 4 m atstuma
atsiranda papildoma 0,17 % atstumo matavimo neapibrézties Saltinio
dedamoji. Santykinés drégmés 5 % pokytis sukelia papildoma 0,02 %
atstumo matavimo neapibrézties Saltinio dedamaja. Anglies dvideginio
CO, koncentracijai padidéjus 1 %, sumazéja ultragarso greitis ir kartu
atsiranda 0.3 % atstumo matavimo neapibrézties Saltinio dedamoji.
Atsizvelgiant { Siuos tyrimus, pateikiamas nagrinéjamy veiksniy jtakos
pasalinimo algoritmas. Jis paremtas tuo, kad naudojamas papildomas
kalibracinis kanalas dideliam atstumui (iki 4 m) matuoti ore. Naudojant
straipsnyje apraSytas skiriamumo padidinimo priemones ultragarsiniy
signaly suvélinimo laikui matuoti tikétinoji suminé neapibréztis sumazinta
iki £0,5 ns, o tai atitinka suming +0,18 pm (esant 68% pasikliovimo
tikimybei) ir +0,36 um (esant 95% pasikliovimo tikimybei) atstumo
matavimo neapibrézti.
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