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Abstract

Nowadays, many ultrasonic sensory systems are being developed to operate outdoors, where they are finding a variety of applications,
such as local positioning, vehicle navigation or obstacle detection. To assure the reliable operation of these systems under any meteo-
rological condition, it is necessary to achieve a thorough comprehension of the effects that the different atmospheric phenomena can have
on the propagation of these acoustic waves. This paper deals with one of these phenomena, atmospheric refraction, and its influence on
the performance of an ultrasonic system whose signals are detected by matched filtering.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Ultrasonic sensory systems have experienced a remark-
able development in the last decade, since the signal coding
and the pulse compression techniques used in radar theory
were adopted by these systems. These techniques notably
improve essential properties of these systems such as their
spatial resolution, the time precision and the robustness
to noise, what makes them very suitable for high precision
tasks that have been traditionally reserved for other tech-
nologies. Furthermore, the high performance achieved in
this way encourages the development of new systems
intended for outdoor operation, where the classical systems
based on threshold detection of the signal envelope cannot
reliably operate under any meteorological condition.

However, the use of ultrasonic signals outdoors must
face new problems that do not exist in more controlled
environments. One of these problems is the refraction
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caused by sound speed dependence on height. This phe-
nomenon brings about not only a variation in the Sound
Pressure Level (SPL) of the received signals, but also can
distort them as a consequence of the filtering effect associ-
ated with the emission pattern of the transducers. Needless
to say, this distortion could have a dramatic effect on the
performance of the pulse compression system, where the
emitted signals are detected by recognition of a certain
pattern.

This paper deals with the influence that atmospheric
refraction can have on the performance of an ultrasonic
pulse compression system designed to operate in the sur-
face layer of the atmosphere, regardless the final applica-
tion of the system, whether it be obstacle detection,
ranging or local positioning.

The paper begins in Section 2 with a thorough analysis
of the refraction phenomenon. Starting with the wind
and temperature profiles, a simplified expression for the
apparent sound speed is obtained through the linearization
of these profiles in the first Fresnel ellipsoid. This expres-
sion allows us to determine the departure angle of an
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ultrasonic ray received at a certain distance under particu-
lar meteorological conditions. As the calculations neces-
sary to obtain the wind and temperature profiles from a
set of meteorological parameters are many and tedious, a
computation algorithm has been developed to automate
this process. This algorithm is described in detail in the last
part of Section 2.

Section 3 studies the effect that the previous phenome-
non can have on the emission of encoded signals through
ultrasonic transducers that are characterized by a particu-
lar emission pattern, and how this effect can affect the
proper detection of these signals by matched filtering.

Section 4 shows some results obtained from the analysis
of a real ultrasonic pulse compression system; and finally,
the main conclusions of this work are outlined in Section 5.

2. Refraction of an ultrasonic beam in the surface layer of the
atmosphere

2.1. Phenomenon description

Temperature and wind are the two meteorological
parameters that have a stronger influence on sound speed
propagation, whose apparent value s can be given as:

T
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where v}, is the component of the wind in the direction of
propagation and 7 is the temperature in Celsius. Eq. (1)
is a good approximation provided the normal component
of the wind v, is small compared to the wave speed ¢ [1].
In the atmosphere, both temperature and wind speed are
strongly dependent on height, a dependency inherited by
sound speed that causes the refraction of acoustic waves
propagating outdoors.

This phenomenon can be quantitatively analyzed using
the well-known Snell’s law to calculate the trajectory fol-
lowed by an acoustic ray:

cosf = S(—Z), (2)
S0

where 0 is the angle between the acoustic ray and the hor-
izontal plane; s(z) is an expression for the apparent sound
speed as a function of height and s, represents the propaga-
tion speed at a reference height. The expression for s(z) can
be obtained from (1) if the profiles for the temperature 7(z)
and wind velocity v(z) are known. In the surface layer of
the atmosphere, whose height may vary from 10 m on clear
nights to 100 m on strongly windy days, these profiles can
be obtained from Monin—-Obukhov similarity theory [2]:

! (3a)
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In these expressions K, is the Von Karman’s constant,
whose value is approximately 0.4; ¢, is the air specific heat
at constant pressure; and Gy is the gravitational accelera-
tion module. Constants 7" and v represent two scale val-
ues for temperature and wind speed respectively and,
although they have a clear physical meaning, their values
are usually experimentally adjusted through (3) if one wind
measurement and two temperature measurements are
available at known heights. Constant z, is the roughness
length, and it is a measure of the minimum height below
which the profiles above are not valid. Its value depends
on the roughness characteristics of the terrain and can be
obtained with enough accuracy from Table 1 by simple
inspection of the terrain [3].

Functions ¥/ and , appearing in the equations above
depend on the type of atmosphere. These functions have
been empirically adjusted to obtain the following expres-
sions [3]:
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being x = (1 — 162/ Lo ).

Finally L, is the Monin—Obukhov length that depends
basically on the vertical flux of heat at the surface. Since
this flux cannot be easily measured experimentally, L, is
not directly calculated in practice. Instead, its value is
inferred from the relation of this magnitude with the
roughness length and Turner classes found by Golder [4].

Turner classes constitute a classification method for dif-
ferent types of atmospheres, which is based on the relative
importance that thermal convection and mechanical turbu-
lence have on a particular atmosphere. There exist seven
classes numbered from 1 to 7. The first three classes corre-
spond to unstable atmospheres, where thermal convection
prevails over mechanical turbulence (sunny days with weak
winds), class 4 represents neutral atmospheres where ther-
mal convection does not exist and only mechanical turbu-
lence is present (days and nights with strong winds), and
the last three classes correspond to stable atmospheres char-
acterized by an inversion of the temperature gradient (clear

Table 1

Typical values for z, shown in [3]

Type of terrain Zo (m)
Water or ice 1074
Mown grass 1072
Long grass, rocky ground 0.05
Pasture land 0.20
Suburban housing 0.6
Forests, cities 1-5
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nights with weak winds). The class a certain atmosphere
belongs to, may be directly calculated from the solar alti-
tude (that determines the intensity of the radiation
received), the cloud cover, and the wind speed at a reference
height. The relation experimentally obtained by Golder
between z(, Ly, and Turner classes is represented in Fig. 1.

2.2. Linearization of s(z)

As stated before, this work is focused on the influence
that atmospheric refraction has on the signals emitted by
an ultrasonic system that uses the air as transmission chan-
nel. These systems are characterized by a very high atmo-
spheric absorption, since this attenuation mechanism is
proportional to the squared value of the acoustic fre-
quency, and values of some dB/m for the absorption coef-
ficient are common in the range of frequencies between
20 kHz and 100 kHz [5]. Hence, a signal horizontally emit-
ted can cover a maximum distance of several tens of meters
before being detected, and the maximum vertical deviation
caused by refraction cannot exceed a few meters even in the
most unfavorable conditions. In this situation, it can be
assumed as a good approximation that the apparent sound
speed depends linearly on height, and thus, the trajectory
followed by an acoustic ray is an arc of circumference, as
shown in Fig. 2. From this figure, and taking Eq. (2) into
account, the departure angle 6, of the ray detected at a dis-
tance r from the emitter in the same horizontal plane can be
easily obtained as:
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Fig. 2. Trajectory followed by an acoustic ray under a constant sound
speed gradient.

where g = % is the constant speed gradient and s¢ is the

apparent sound speed at the emitter height.

The linearization method used in this work is the one
proposed by L’Esperance and Daigle [6], where the con-
stant gradient is obtained as the average sound speed var-
iation in the first Fresnel ellipsoid. This ellipsoid is
represented in Fig. 3, and it is defined as the region of
the space where the differences between the length of the
direct path and the length of any diffracted path is less than
half wavelength:
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g. 1. Relation between zj, L, and Turner classes [4].
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Fig. 3. Fresnel ellipsoid.

From this figure, the constant gradient can be expressed
as:

g= S(hmax)}; S(hmin) 7 (7)

where /i represents the ellipsoid height, that depends both
on the wavelength 1 and on the emitter—receiver distance r
as:

hg = §<r+§) (8)

2.3. Computation algorithm

The evaluation of (5) is a tedious task that involves
many previous calculations necessary to obtain the con-
stant speed gradient g. All these calculations have been

System parameters

Meteorological parameters

automated by programming an algorithm that obtains
the desired angle starting from a set of input parameters.
For the sake of clarity, these parameters have been classi-
fied into three groups:

System parameters: emitter—receiver distance, emitter
height, signal frequency and type of terrain.
Meteorological parameters: wind speed, temperature,
cloud cover and dew point.
Spatio-temporal location parameters:
coordinates of the site, date and time.

geographical

Fig. 4 is an schematic representation of the steps fol-
lowed by this algorithm to perform all the computations.
As can be seen in this figure, in the first stage the algorithm
calculates three new magnitudes:

(1) The size of the Fresnel ellipsoid, from the input
parameters emitter—receiver distance, frequency and
emitter height.

(2) The cloud cover height, from the input parameters
temperature and dew point which can be more easily
measured experimentally.

(3) The solar height, from the input parameters geo-
graphical coordinates, date and time.

Next, the algorithm obtains the Turner class from the

input parameters wind speed and grade of cloudiness, and
from the cloud cover height and solar height calculated in

Location parameters

Emitter-receiver Emitter Type of

: Frequenc ! i Wind
distance AU eight  terrain I0g emperin
Fresnel
Ellipsoid

Wind speed
bound values

Cloud cover
height

Monin-Obukov

Constant
speed gradient

: r 1
Dew  Grade of

: ’ Geographical .
point cloudiness

: Time
coordinates

length

Temperature
bound values

Fig. 4. Computations performed by the developed algorithm.
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the first stage. This calculation is based on the algorithm
used in [3] to calculate the net radiation index. In the third
stage, the algorithm calculates the Monin—Obukhov length
from the input parameter type of terrain (roughness length)
and the Turner class. This calculation is based on the relation
between these magnitudes shown in Fig. 1. For known val-
ues of zg and the Turner class, the inverse of L,,, is obtained
as the average between the border values of this magnitude in
the corresponding class for the fixed value of z,.

From the Monin—Obukhov length, the Turner class and
the size of the Fresnel ellipsoid, the algorithm calculates the
values of temperature and wind speed in the lower and
upper extremes of this ellipsoid making use of (3) and
(4). Finally, the constant gradient of the apparent sound
speed is obtained by evaluating (1) in both boundaries of
the Fresnel ellipsoid and then using (7). The departure
angle is finally calculated through (5) taking into account
the emitter—receiver distance.

3. Pulse compression of refracted emissions

As stated in the introduction, signal coding and pulse
compression techniques used in radar theory were intro-
duced in airborne sonars in the nineties, in the field of
mobile robotics [7,8]. Since then, these systems have been
in continuous evolution and many codes and new signal
processing techniques have been proposed to improve their
basic capabilities as well as to incorporate new ones.

Signal detection in pulse compression systems is based on
the recognition of a certain waveform through correlation
with a known pattern. The main advantage of this technique
is that the signal-to-noise ratio at the output of the detector
can be enhanced by increasing the length but not the ampli-
tude of the emitted signal, and thus, it is not necessary to
increase the emitted power to assure the detection of signals
in noisy environments. Moreover, since the arrival of the
signal is determined by a single pulse that collects all the
emitted energy, and not by the envelope of the signal as in
the case of a classical system, temporal precision is notably

improved. Also, pulse compression allows the detection of
two signals received overlapped, since two different pulses
are generated after correlation. This implies a significant
improvement in the spatial resolution with respect to sys-
tems based on threshold detection of the signal envelope.

Nevertheless, signal detection by pulse compression is
much more sensitive to all these phenomena that can cause
the distortion of the emitted waveforms, like atmospheric
refraction analyzed in the previous section. Every ultra-
sonic transducer is characterized by a particular emission
pattern D(¢,0), showing the dependence of the acoustic
pressure field on the direction. Fig. 5 shows the emission
pattern of a typical piston-shaped transducer, that can be
expressed as follows:

2J,(k - asin 0)
Dlg,0) = D(0) = =T 2200, ©)
where a is the radius of the piston; k = 2rn/) is the wave-
number; 6 is the angle respect to the acoustic axis; and J;
is the first order Bessel function of the first kind. Fig. 5
shows the particular case of a Polaroid series 600 trans-
ducer where a¢=1.7cm [9], assuming 7 =20°C and
f=50KkHz. As can be seen, the emission pattern presents
four notches at the angles 6 = 14.27°, 26.83°, 40.87° and
58.98°.

Eq. (9) admits another interpretation that is very useful
for our purposes. For a fixed angle 0, it gives the response
of the transducer as a function of the wavenumber k, or
equivalently, it represents the frequency response of the
transducer in a given direction. It is easy to see from this
expression that, for any angle different from 0 = 0° (prop-
agation along the acoustic axis), D is a function of k and
the transducer behaves as a filter of the emitted signal.
Depending on the severity of this filtering, an encoded sig-
nal leaving with this angle of departure could be so dis-
torted as to be completely unrecognizable by its matched
correlator.

This situation is depicted in Fig. 6, where the emission of
a 13-bit Barker code through a Polaroid electrostatic trans-

dB 0 -20 -40 -60

-60 -40 -20

Fig. 5. Emission pattern of the Polaroid transducer for f= 50 kHz and 7'= 20 °C.
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(a) Pattern: 13-bit Barker code with BPSK modulation (2 cycles per bit)
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Fig. 6. Filtering effect of the Polaroid transducer in two different directions.
(a) Correlation with the signal emitted along the acoustic axis (6 = 0°)
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Fig. 7. Correlation of the pattern with the emitted signals.

ducer has been simulated for two different angles. This
code has been BPSK' modulated with a symbol of two
cycles of a 50 kHz ultrasonic carrier, adjusting the spec-
trum of the emission to the bandwidth of the transducer.

Fig. 6a shows the ideally modulated code before being
transmitted, and Fig. 6b and ¢ show the signal emitted at
the angles 6 = 0° and 14.27°, respectively. Since the Polar-

! Binary Phase-Shift Keying.

oid transducer is characterized by a radius of ¢ = 1.7 cm,
this last angle corresponds to the first notch in the emission
pattern at the frequency of the carrier (f= 50 kHz) for a
temperature 7 = 20 °C — see Fig. 5. In this case, the filter-
ing effect is maximum and the signal is notably distorted
with respect to the one emitted along the acoustic axis.
The consequences of this distortion on the performance
of the pulse compressor system are evident in Fig. 7, where
it has been represented the correlation of signals from
Fig. 6b and c with the pattern in 6a.
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After some simulations covering all the angles between
0° and 90° in increments of 1°, it was confirmed that only
in the immediate neighbourhood of the notches the filtering
is so severe that the emitted signals cannot be properly
detected by correlation, a fact first observed in [10]. It can
be stated then that atmospheric refraction can have a con-
siderable effect on the performance of an ultrasonic pulse
compression system whenever the departure angle of the
signal received by the detector is close to a notch in the emis-
sion pattern of the transducer at the carrier frequency.

4. Results derived from the study of a particular system

The algorithm presented in Section 2.3 has been used to
study the influence of atmospheric refraction on the perfor-
mance of a real system for outdoor applications that has
been recently proposed by the authors [11].

This system is composed of a Polaroid transducer [9]
placed at 1.5 m over the ground as the emitter, and a high
frequency microphone placed at 14 m from the emitter in
the same horizontal plane, as the receiver. This microphone
has a reception pattern broad enough as to ignore its filter-
ing effect on the received signal, and thus, it can be assumed
that the only distortion of the signal comes from the emit-
ter. The system has been installed over a terrain of short
grass (zo = 1 cm) in a place of geographical coordinates lat-
itude = 30° 47’ N, longitude = 6° 15'W.

Let us investigate first the effect of temperature-induced
refraction. The larger differences of temperature between
the ground and the air layers close to it occur at the end
of a calm clear night, when the ground has been cooling
by radiation and the higher density of cool air reinforce
the positive gradient of temperature. In a cold night, with
no wind and no clouds, the difference of temperature
between the heights of 5 cm and 150 cm above the ground
— this last called thermal shield temperature by meteorolo-
gists — can be as large as 3-4 °C. According to [3], these
meteorological conditions corresponds to a Turner class
of 7, and thus from Fig. 1 our algorithm predicts a value
of [0.0572 + (0.1 — 0.0572)/2]"' = 12.72 m for the Monin—
Obukhov length. A value of 0.2861 °C was obtained for
the scale parameter 7" assuming temperatures of 1 °C and
5 °C at the heights of 1 cm and 150 cm respectively. The val-
ues of these parameters lead to a constant speed gradient of
0.450 ms~'/m that translates into a departure angle of 0.54°
for the signal received by the microphone placed at 14 m
from the emitter. This angle is well into the main lobe of
the Polaroid emission pattern, and thus, no effect is
observed in the receiver. Obviously, this situation could
get worse with a wind blowing in the direction of propaga-
tion, but in this case mechanical turbulence would attenuate
the thermal gradient. On the other hand, in a sunny summer
afternoon it is possible to find a strong negative gradient of
temperature near the ground, but this gradient is never in
magnitude as large as the positive one considered before,
since the rising tendency of warm air — thermal convection
— attenuates the intensity of the thermal gradient.

Let us focus now on the effects of wind-induced refrac-
tion. After six months of measurements, comprising from
November 2004 to April 2005, the largest value of wind
speed registered in this place at the height of 150 cm was
7.8 m/s. Regardless the grade of cloudiness and the cloud
cover height, this wind always corresponds to a Turner class
of 4, since the solar height never exceeds 60° in the period
of the year previously referred.” In this case, the algorithm
predicts a Monin—Obukhov length of [—0.0235+
(0.0064 +0.0235)/2] ' = — 116.96m, and a value of
0.6227 m/s for the scale parameter v*. Assuming a practi-
cally negligible temperature gradient, a constant speed gra-
dient of 1.0333 ms~'/m and a departure angle of 1.2° are
obtained when a wind of this magnitude blows in the direc-
tion of propagation. A similar angle but with negative sign
corresponds to a wind blowing in the opposite direction.
With these wind velocities, it would be necessary to separate
the microphone 165 m from the emitter in order to have a
departure angle close to the first notch of the emission pat-
tern. In this case, the total attenuation due to geometrical
spreading and atmospheric absorption is so high that the
only way to detect the signal after matched filtering is
through the emission of longer codes. But then, the effect
of atmospheric turbulence on the phase of the modulated
signal would be even worse than the filtering associated to
the emission pattern, as it has been recently observed by
the authors in [11].

In order to verify these results experimentally, the
continuous emission of a 50 kHz ultrasonic carrier has
been conducted under different conditions of wind paral-
lel to the direction of propagation. The main objective
of this analysis is to determine whether the presence of
wind causes significant differences between the experimen-
tally measured attenuation A, and the theoretical one
Ay, this last one obtained as the sum of the geometrical
spreading attenuation 4, and the atmospheric absorption
Aabsa i.e.,

A = Ags + Ay = 20logr + 8.67a,r  (dB), (10)

where r is the traveling distance and o, represents the
absorption coefficient, a function of frequency, tempera-
ture, humidity and pressure that can be easily obtained
through the formulation presented in [12].

The amplitude of the received tone has been accurately
measured by sampling this signal at a rate of 800 kHz
and then digitally filtering these samples to remove the
presence of undesired signals. Next, the energy contained
in every set of 16 consecutive samples has been calculated
to obtain a measure of the instantaneous amplitude as
one-eighth the square root of this energy. All the measure-
ments have been conducted under solar height and cloud
cover conditions corresponding to neutral atmospheres
(Turner class of 4), thus minimizing the effects of tempera-
ture-induced refraction. Different values of temperature T
and humidity H have been considered during the experi-

2 Actually, this limit is surpassed for a few minutes the last days of April.
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Fig. 8. Relative differences between the theoretical 4y, and the experimental 4., attenuations as a function of the parallel component of wind ov,,.

mentation, with theoretical values of atmospheric absorp-
tion ranging from 0.870 dB/m (7= 6° and H = 56%) to
1.497 dB/m (T = 12° and H = 86%)).

The results of this analysis are represented in Fig. 8,
where it can be seen that the relative differences between
the experimental and the theoretical attenuation never
exceed 10%, and also, and more important, that there is
no apparent correlation between these differences and the
magnitude of the parallel wind, a fact that confirms the
negligible effect of atmospheric refraction on the system
under analysis.

5. Conclusions

In this paper the effect of atmospheric refraction on the
performance of an ultrasonic pulse compression system has
been addressed. First, this phenomenon has been thor-
oughly studied to obtain a general formulation that allows
the calculation of the departure angle of an horizontally
emitted ray depending on the particular meteorological
conditions. Since the obtaining of this angle involves many
previous calculations, a computation algorithm has been
proposed to automate all the process, and the structure
of this algorithm has been described.

Second, the influence of the departure angle of an ultra-
sonic ray on the detection of the encoded signal by matched
filtering has been analysed assuming the emission of a 13-
bit Baker code BPSK modulated through a Polaroid elec-
trostatic transducer. It has been seen that the detection of
these signals could fail whenever the departure angle is
close to a notch in the emission pattern of the transducer.

Next, a real system has been experimentally and theoret-
ically studied making use of the algorithm previously
devised. The main conclusion that can be drawn from the
results of these studies is that atmospheric refraction seems
not to have a significant influence on the performance of an
ultrasonic pulse compression system provided the emission
pattern of the transducers is wide enough, this width
depending on the maximum desired range of operation
and the maximum wind speed expected at the height of
the emitter. In most practical situations, with maximum
ranges of operation of several tens of meters and maximum
wind speeds of about 8 m/s at the emitter height, the first
notch of the emission pattern is always far from the critical
departure angle.

Finally, it is important to remark that the main advan-
tage of the algorithm presented in this paper is its parame-
terized codification, a feature that allows the analysis of the
refraction effects in any other configuration with different
values of geographical coordinates, type of terrain, emitter
height, maximum range or signal frequency.
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