Acoustic/Ultrasound

Choosing an Ultrasonic Sensor for
Proximity or Distance M easurement
Part 1. Acoustic Consider ations

February 1, 1999 Byponald P. Massa

Thefirst step toward identifying theright proximity sensor for your
application isto understand the fundamental ultrasonic properties of
the transmission medium and the way they influence the measur ement
and system oper ation.

Ultrasonic sensors are commonly used for a wideetyaaf noncontact presence,
proximity, or distance measuring applications. Ehe@svices typically transmit a
short burst of ultrasonic sound toward a targeictwheflects the sound back to the
sensor. The system then measures the time foctieete return to the sensor and
computes the distance to the target using the splegulind in the mediuifd.,2,3].

The wide variety of sensors currently on the madkiéer from one another in their
mounting configurations, environmental sealing, alettronic features. Acoustically,
they operate at different frequencies and havemfft radiation patterns. It is usually
not difficult to select a sensor that best meetsativironmental and mechanical
requirements for a particular application, or taleate the electronic features
available with different models. Still, many useray not be aware of the acoustic
subtleties that can have major effects on ultrassensor operation and the
measurements being made with them.

The overall intent of this article is to help theeuselect an ultrasonic sensor with the
best acoustical properties, such as frequency eanhlpattern, for a particular
application, and how to obtain an optimum measungrftem the sensor. The first
step in this process is to gain a better understgraf how variations in the

acoustical parameters of both the environment badarget affect the operation of
the sensor. Specifically, the following variabled e discussed:

* Variation in the speed of sound as a functibbath temperature and the
composition of the transmission medium, usuallyamd how these variations affect
sensor measurement accuracy and resolution

* Variation in the wavelength of sound as a fiorcof both sound speed and
frequency, and how this affects the resolutionpesty, minimum target size, and the
minimum and maximum target distances of an ultressensor

* Variation in the attenuation of sound as a fiamcof both frequency and humidity,
and how this affects the maximum target distancaoultrasonic sensor in air
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* Variation of the amplitude of background naoésea function of frequency, and
how this affects the maximum target distance amdmum target size for an
ultrasonic sensor

* Variation in the sound radiation pattern (beamgle) of both the ultrasonic
transducer and the complete sensor system, andhiewaffects the maximum target
distance and helps eliminate extraneous targets

* Variation in the amplitude of the return eclsoaafunction of the target distance,
geometry, surface, and size, and how this afféetsrtaximum target distance
attainable with an ultrasonic sensor

Fundamental Ultrasonic Properties

Ultrasonic sound is a vibration at a frequency &bitve range of human hearing,
usually >20 kHz. The microphones and loudspeaksgd to receive and transmit the
ultrasonic sound are called transducers. Mostsdtre sensors use a single
transducer to both transmit the sound pulse arelvecthe reflected echo, typically
operating at frequencies between 40 kHz and 250 AHariety of different types of
transducers are used in these systeislhe following sections provide an overview
of how the sound pulse is affected by some of timeldmental ultrasonic properties of
the medium in which the sound travels.

Speed of Sound in Air As a Function of Temperature

In an echo ranging system, the elapsed time betiire@mission of the ultrasonic
pulse and its return to the receiver is measurbkd.ringe distance to the target is then
computed using the speed of sound in the transonissedium, which is usually air.
The accuracy of the target distance measuremeiveistly proportional to the
accuracy of the speed of sound used in the calonlakhe actual speed of sound is a
function of both the composition and temperaturthefmedium through which the
sound travels (see Figure 1).
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Figure 1. The speed of sound is plotted as a function of the temperature. At room
temperature, sound travels at ~13,500 ips.

The speed of sound in air varies as a functioemiperature by the relationshig:


http://www.sensorsmag.com/sensors/acoustic-ultrasound/choosing-ultrasonic-sensor-proximity-or-distance-measurement-825
http://www.sensorsmag.com/sensors/acoustic-ultrasound/choosing-ultrasonic-sensor-proximity-or-distance-measurement-825

o(T) = 13,0444 1 +% (1)

where:

c(T) = speed of sound in air as a function of tempeeatuinches per second
T =temperature of the air in °C

The speed of sound in different gaseous medidusdaion of the bulk modulus of
the gas, and is affected by both the chemical caitipn and temperature. Table 1
gives the speed of sound for various gases af]’C

Speed of Sound for Various Gases

Gas Speed, in./s at Gas Speed, in./s at

10°C 10°C
Air 13,044 Helium 38,184
Ammonia 16,332 Hydrogen 49,980
Argon 11,886 llluminating 19,308
Carbon Dioxide 10,152 Gas

(low frequency) Methane 17,004

10,572 Neon 17,124

- (high frequency) Nitric Oxide 12,792

Carbon Disulfide 7,272 Nitrogen 13.152
Carbon 13,272 Nitrous Oxide 10,308
Chlorine 8,088 Crggletn e

Ethylene 12,360 Steam (100°C) 15,876

Wavelength of Sound As a Function of Sound Speed an  d Frequency
The wavelength of sound changes as a function tf the speed of sound and the
frequency, as shown by the expression:

A= clf (2)
where:
A = wavelength
c = speed of light

f = frequency

Figure 2 is a plot of the wavelength of sound &sation of frequency at room
temperature in air.
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Figure 2. The wavelength of sound in air at room temperature is plotted as a
function of frequency.

Attenuation of Sound As a Function of Frequency and Humidity

As the sound travels, the amplitude of the souregdsarre is reduced due to friction
losses in the transmission medium. Knowing the evaliuthis absorption loss, or
attenuation, is crucial in determining the maximwamnge of a sensor. The attenuation
of sound in air increases with the frequency, d@rahg given frequency the
attenuation varies as a function of humidity. Th&re of humidity that produces the
maximum attenuation is not the same for all frequesj7]. Above 125 kHz, for
example, the maximum attenuation occurs at 100%dRHQ kHz, maximum
attenuation occurs at 50% RH.

Since an ultrasonic sensor usually is requiredoerate at all possible humidities,
target range calculations should use the largése\a attenuation. A good estimate
for the maximum attenuation in air at room tempeeabver all humidities for
frequencies up to 50 kHz is given by:

a(fy=0.01 f (3a)

where:

a(f) = maximum attenuation in dB/ft
f =frequency of sound in kHz

Between 50 kHz and 300 kHz, the maximum attenuaii@r all humidities is:
a(f) =0.022f-0.6 (3b)

Figure 3 and Figure 4 illustrate the attenuatiosafnd as a function of frequency
and humidity.
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Figure 3. The maximum attenuation of sound in air at room temperature can be
plotted as a function of frequency over all humidities for frequencies between 40
kHz and 250 kHz.
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Figure 4. This family of curves shows the variations in the attenuation of sound in air
at room temperature as a function of humidity for frequencies between 40 kHz and
200 kHz.

Background Noise

The level of background ultrasonic noise diminisagshe frequency increases. The
reason is that less noise at the higher frequerc@®duced in the environment, and
the noise that is produced is greatly attenuatetites/els through the air.

Effects of Frequency, Distance, and the Transmissio n
Medium on the Magnitude of Sound Pressure

In an ultrasonic sensor, the transducer produsté®d pulse of sound. The magnitude
of the sound pressure generated will vary fromtgpe of sensor to another. In
acoustics, sound pressures are typically expreassidetibels because of their large



dynamic ranges. Sound pressure is usually measuraitropascals (uPa) at a
reference distance oRfrom the sensor, usually 12 in. (30 cm). The sbpiressure
level (SPL) at Ris then converted to dB referenced to (//) 1uP@alasvs:

SPL(R) = 20 log(p) (4)

where:

SPL(Ry) = sound pressure level at distangarRdB//1uP¢
p = sound pressure at distancgiRpuPa

As the sound travels through the medium, the magdaibtf the sound pressure is
reduced due to both absorption (attenuation) arebsiing loss caused by the
expanding surface of the radiating beam as thedspulse travels from the
transducer. The SPL at a distance R from the ttasesds given by:

SPL(R) =SPL(R - 20 log (R/R) -a (f) R (5)
where:

SPL(R) = sound pressure level at distance R inlgia
SPL(Ry) = sound pressure level at distangerRiB//1uPa
a(f) = attenuation coefficient in dB/unit distance &dguency

Relative Echo Levels From a Flat Surface for
Different Ultrasonic Frequencies

If the sound pulse is reflected from a large
flat surface, then the entire beam is reflecte
(see Figure 5). This total beam reflection is
equivalent to a virtual source at twice the
distance. Therefore, the spreading l0ss for ' mawsouce
the sound reflected from a large flat surface
is equal to 20 log (2R), and the absorption
loss is equal todR. For this to hold, it is I
important that the reﬂecting surface be botftyigure 5. A sound beam reflected from a flat surface is

X equivalent to the sound as generated from a virtual
Iarger than the entire sound beam to ensureansducer at an equal range behind the reflecting plate.
total reflection, and perpendicular to the
sound beam.
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Equation (5) can be used to compute the relatifeeebdf varying the sound
frequency on echoes produced from a flat refleatalifferent distances from the
sensor. In Figure 6, it is assumed that each sgmeduced the same SPL at a range
of 1 ft.
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Figure 6. The relative echo levels from a flat reflecting target at varying distances are
plotted against range for different frequencies.

Therefore, the variations in EL are only a functadrihe varying attenuations due to
the different frequencies of sound. The maximuraratation for all humidities was
used for the value af for each frequency.

Summary

Part 1 of this article has provided an overvievhaf some of the fundamental
acoustical parameters that affect the operati@nafltrasonic sensor. Part 2 will
address the use of these acoustical data to optitmézselection of an ultrasonic
sensor for a particular measurement.
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