Acoustic/Ultrasound

Choosing an Ultrasonic Sensor for
Proximity or Distance Measurement
Part 2: Optimizing Sensor Selection

March 1, 1999 ByDonald P. Massa

An understanding of radiation patterns and the target's effect on echoes
is essential to evaluating candidate sensors in tas of frequency
variations, accuracy and resolution, target rangeeffective beam angle,
and the influence of ambient temperature variationn sensor
performance.

Part 1 of this articlewhich appeared in the February issue of Sensa@san

overview of some of the fundamental acoustical patars that affect the
performance of an ultrasonic sensor. In Part 2 dgeess radiation patterns and echo
variation from targets other than flat surfaces e way these parameters can be
used to help optimize the selection and operatfantasonic sensors for different
applications. The figures, equations, and refereace numbered sequentially from
Part 1.

Radiation Patterns of Transducers and Ultrasonic Sesors

Transducer Beam Patterns. The acoustic radiatitterpaor beam pattern, is the
relative sensitivity of a transducer as a functobspatial angle. This pattern is
determined by factors such as the frequency ofatjper and the size, shape, and
acoustic phase characteristics of the vibratingpser The beam patterns of
transducers are reciprocal, which means that tamheill be the same whether the
transducer is used as a transmitter or as a recéiveimportant to note that the
system beam pattern of an ultrasonic sensor itheadtame as the beam pattern of its
transducer, as will be explained later.

Transducers can be designed to radiate sound iy difi@rent types of pattern, from
omnidirectional to very narrow beams. For a tragsdwith a circular radiating
surface vibrating in phase, as is most commonly useltrasonic sensor
applications,
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the narrowness of the beam pattern is @
function of the ratio of the diameter of
the radiating surface to the wavelength
of sound at the operating frequency,
D/A[8]. The larger the diameter of the
transducer as compared to a waveleng
of sound, the narrower the sound bearr
For example, if the diameter is twice thi
wavelength, the total beam angle will b
~30°, but if the diameter or frequency is
increased so that the ratio becomes 10
the total beam angle will be reduced to
~6°.

For most ultrasonic sensor applications
it is desirable to have a relatively
narrow beam pattern to avoid unwante
reflections. The diameter of the
transducers is therefore usually large
compared to a wavelength.

) . ) Figure 7. A transducer with a circular radiating
Figure 7 is a 3D representation of the surface whose diameter is large in comparison
beam pattern produced by a transducero a wavelength produces a narrow, conical

with a diameter that is large compared beam pattern with multiple secondary lobes.

to a wavelength. As can be seen, the

beam is narrow and conical and has a number ohdgacy lobes separated by nulls.
Each of these secondary lobes is sequentially Iowamplitude than the previous
one. (Even though the beam is called conical, ésdwt have straight sides and a flat
top as the word might imply.) The beam angle isallgwefined as the measurement
of the total angle where the sound

pressure level of the main beam

has been reduced by 3 dB on both side

of the on-axis peak. However, the WSS
transducer still has sensitivity at greate N
angles, both in the main beamandintt  ["T7 R
secondary lobes [9]. Figure 8 is a famil’ SRR Ex
of curves reproduced from Acoustic . -

Design Charts for transducers with L LTI [T
circular radiating pistons mounted in ar Sezsii E=Sin
infinite baffle. The curves show the T T
degrees off axis for the beam angle to | | LLLIIL LT | THT]
reduced from the on-axis amplitude by )

dB, 6 dB, 10 dB, and 20 dB as a

function of D [10]. Note that the Figure 8. Chart No. 67 from Acoustic Design
angles on these curves are half of the charts shows the directional radiation

total beam angle. characteristic of circular pistons mounted in an
infinite baffle as a function of D/A.
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When describing transducer beam
patterns, 2D plots are most commonly used. Thes #ie relative sensitivity of the



transducer vs. angtein a single plane cut through the 3D beam patteona
symmetrical conical pattern such as that showrigare 7, a simple 2D plot will
describe the entire 3D pattern. Figure 9

shows a 2D polar plot

from -90° to +90° of the beam of a e
circular radiating piston mounted in an L
infinite baffle with a diameter equal to
two wavelengths of sound. As can be
seen, the pattern is smooth as a functic
of angle, and the -3 dB points are at
+15° and -15° off axis, producing a tota
beam angle of 30°. However, the total
angle of the major radiating lobe
between the first two nulls is ~70°, and
the side lobes peak at approximately
+55° and -55°. When using an
ultrasonic sensor, it is important to be
aware that nearby unwanted targets thia—'t|gure 9. This 2D polar plot represents the
are beyond the beam angle can beam pattern of a transducer with a circular
inadvertently be detected because the disc radiator mounted in an infinite baffle,
transducers are still sensitive at angleswhere D/A = 2.

greater than the beam angle. Some

transducers used in sensing applications are dlysdésigned to minimize or
eliminate the secondary lobes to avoid detectingamed targets.

:

System Beam Patterns. In an echo ranging systentrahsmitting transducer sends
out sound at reduced amplitudes at different angkeslescribed by the beam pattern
of the transmitting transducer. The receiving tdacer has less sensitivity to echoes
received at angles off axis, as described by thenbgattern of the receiving
transducer. The system beam pattern is the surcibels of the transmitter's and the
receiver's beam patterns.

The solid curve of Figure 10 is a plot of the bgaattern of Figure 9 on rectilinear
coordinates for angles from 0° to 30° off axis.sTbeam pattern is the same for the
transducer whether it is transmitting or receivihge dashed curve shows the system
beam pattern for a sensor using this same transtiubeth transmit and receive. As
can be seen, the system beam pattern for theatiasensor is narrower than the
pattern of the transducer alone.



A target located on the acoustic aXis (
= 0°) will produce an echo that is not
reduced in amplitude due to the
transmitting beam pattern, and the
voltage the echo will cause the receivin i
transducer to produce will notbe — _,
diminished due to its beam pattern. If a =" .3
target is 15° off axis, however, the
sound pulse from the transmitter will be - _ T
reduced by 3 dB due to the beam
pattern, which will cause the magnitude
of the resulting echo to be reduced by 3
dB. When the echo reaches the receiver,
the resulting voltage produced will be
reduced by another 3 dB from the Figure 10. The transducer beam pattern of
voltage that the same magnitude of echiigure 9 is plotted on rectilinear coordinates as
would have produced if it had been the solid curve, and the system beam pattern
received on the acoustic axis of the ~ °F & Sensor using the transducer to both

transmit and receive is plotted as the dashed
transducer. Therefore, the 3 dB curve.
reduction in echo level plus the 3 dB
reduction in receive sensitivity result in
a total reduction of 6 dB in the voltage producgdtiarget 15° off axis as compared
to the same target located directly on the acoasis

The magnitude of the voltage in the system prodigea target echo as a function of
angle will therefore be reduced by twice the nunddatecibels as indicated by the
beam pattern of the transducer alone, if the saamsducer is used to both transmit
and receive. Since this difference can obviousihehasignificant effect on ultrasonic
sensor operation, system beam patterns, not treestieam patterns, should be used
when evaluating a sensor application.

Targets' Effect on Echoes

The relative echo levels from large flat surfacé®ere the reflector is larger than the
entire incident sound beam was discussed in RafrtHis article. This type of
reflection is typical for an ultrasonic sensor usedpplications such as liquid level
control. For other types or sizes of targets, tinotige echo levels are affected
differently. Figure 11 illustrates the behavioraodmall sphere as a target. As can be
seen, the sphere intercepts only a portion of tk@d beam and then reradiates the
sound pulse. During this process, the sound pressueduced by spreading loss, 20
log (R/Ry), as it travels from the sensor to the target. Mthe sound reradiates from
the target, the sound pressure is again reducegrerding loss as it travels back
toward the sensor.



In the case of a reradiating target, the
total spreading loss will therefore be 40
log (R/Ry), which is the sum of the
spreading loss for the sound traveling t
the target plus the spreading loss of the
reradiated sound returning to the sensc

The measure of the reflectivity of a
target is called Target Strength (TS)
[11]. It is defined as 10 x the logarithm
to the base 10 of the intensity of the
sound returned by a target at a referen:
distance from its "acoustic center,"
divided by the incident intensity of the
tr.ansmltted SOU!‘ld pulse. The TSs of Figure 11. A small sphere used as a target
simple geometric shapes can be partially reflects the beam and reradiates an
theoretically computed; Table 2 echo.

contains the expressions of TS for a few

types of target forms. When using this table, mHehsional units must be the same,
including the reference range,, Bhe range distance to the target, R, and all
dimensions of the targets.

Such idealized computations of TS should be usédamapproximations of real
targets, since actual targets are usually not simgdlectors but rather are complex
with multiple surfaces of reflection. The soundeefing from each of these multiple
surfaces will produce echoes of different ampligithet will sum together when they
return to the sensor. Since the sound pulse isatefil at different times by the various
reflecting surfaces as it propagates across thettahe individual echoes will be
different in both amplitude and phase. The toteéieed echo will therefore be a
complex summation of these multiple pressure wavbekferent amplitudes and
phases.

Any movement of the target, or any variation in télative velocity of sound due to
air turbulence along the various acoustic pathtleffom the different reflecting
surfaces of the target, will cause a dramatic ckanghe TS. The result can be large
variations in the echo level produced by a targehfone pulse to another during
ultrasonic sensor operation. The extent of theatians in TS for a specific target in a
given environment can be experimentally determimgceasuring the changes in the
magnitudes of echoes from the target for a sefigsilses at all expected variations
of target position and over all expected environtaleconditions.

For reradiating targets, the echo level as a fanatif target range is:
EL: (R) = SPL(R) - 40 log (R/R) - 20:R + TS (6)

where:

EL: (R) = echo level at frequency f

R = range distance to target



SPL(Ry) = sound pressure level of transmitter at refezadistance R

as = attenuation coefficient of sound at frequency f

TS =target strength

Equation (6) can be used to compute the relatifeeethat varying the sound
frequency will have on echoes produced from retadjdargets at different distances
from the sensor. For example, it is assumed tleasdme sound pressure level is
produced by the sensor at all frequencies, andhlieagame target is placed in line
with the acoustic axis of the transducer. For itlason, the target is assumed to be a
sphere with a radius equal to 6 in. (1/2 ft). Frbable 2, this will resultin a TS equal
to -12 dB. Figure 12 shows plots of the relative @) from a reflecting sphere with
a 6 in. radius at different distances from sensepeyating at different frequencies.

Comparing Figure 12 to Figure 6 in Part 1 shows tiexre is a considerable reduction
in level when an echo from a large flat refleceocompared to an echo from a 6-in.-

radius sphere at the same range and frequencyshtwgs that the maximum range of
a sensor can be greatly reduced by different target

TABLEZ

Theoretical Target Strengths for Simple Forms
Rg=reference range; k=2n/A: R=range to target

(2l dimensions, including R and Ry, must be in same units)

t Direction
Form (TS=10log t) Definitions of Incidence Conditions
Sphere ally a = radius any ka>|
of sphere R>a

Cylinder, afu2 2 = radius normal to ka>|
Infinitely Long of eylinder axis of cylinder R>a
Cylinder, L. L = length normal to ka>|
Finite Length 2 = radius axis of eylinder R>LYA
smooth Convex Hlew 5 = total surface average over All dimensions
Obiect area of object all directions =i
Ellpsaid {bef2a)t ab.c = semimajor normal to kakbke>|

axes of elipsoid major axs R>abrc

Selecting and Using Ultrasonic Sensors

When selecting an ultrasonic sensor for a partiaplication, it is important to
consider how the echo will be affected by the aticalsfundamentals. There is a
wide variety of sensors available that operatafarént frequencies and have
different beam angles. In addition, systems care lthifferent electronics options such
as temperature sensing and signal averaging. Tdpepchoice of sensor parameters
will help optimize the system performance.

Variations in Frequency of Sensorsin general, the lower the frequency of the
sensor, the longer the range of detection, whilegher frequency sensor will have

greater measurement resolution and less suscépttbil



background noise. The background
noise produced under most conditions - -
lower in amplitude at higher
frequencies, and will attenuate more at
higher frequencies as it travels toward
the sensor. Because most sensors :
produce relatively narrow beam angles :
the physical size of the transducer in th :
sensors will typically become larger as
the frequency decreases.

Absolute Accuracy, Relative
Accuracy, and Resolution.The
concepts of absolute accuracy, relative .
accuracy, and resolution are different irf'9ure 12. The relative echo levels from a 6-
) JIn.-radius sphere at varying distances are
ultrasonic sensors. Absolute accuracy i
the uncertainty error in the exact
distance measurement from the face of the ultrassamsor to the target. Relative
accuracy is the uncertainty error in the changdistance measurement when the
target moves relative to the sensor. Resolutidhgsninimum change in distance that
can be measured by the sensor when the target melaése to it. These
measurements are affected by factors such as teemgth of the sound, the Q of
the transducer, the reflecting characteristicheftarget, the operation of the target
detection electronics in the sensor, and the uaicgytin the assumed value of the
speed of sound.

ﬁlotted against range for different frequencies.

Uncertainty in accurately knowing the exact spefesband over the entire
transmission path is usually the major contributmmaccuracy in the absolute
measurement of the range to the target. FigurePhrh1l shows the speed of sound in
air as a function of temperature based

on Equation

1). During operation, the ultrasonic

sensor measures the time interval from
when the sound pulse is transmitted to §
when the echo is receivedt, and l—
computes the target range. i

In the vicinity of room temperature, a
1°C change in temperature will produce

f';m u_?ﬁ.ertamty in sound S?e.e? of ~23. Figure 13. The uncertainty errors in inches are
IPS. IS calises an uncernain y error Inplotted for different absolute range

the accuracy of the absolute distance measurements for a 1°C uncertainty in

measurement for a 1°C temperature temperature. The solid curve is used if range R
change of: is in feet; the dashed curve is used if R is in
inches.

erzin(R) = 0.0017 R (7a)

erz(R) = 0.0204 R (7b)



where:

erzin(R) = uncertainty error in target range in inchasd 1°C uncertainty in
temperature when target range R is in inches

erze(R) = uncertainty error in target range in inch@s°C uncertainty in
temperature when target range R is in feet

Figure 13 plots the uncertainty error in the abisotarget range measurement in
inches as a function of target range for a 1°C udac#y in temperature, as computed
by Equations (7a) and (7b). The solid curve shdwsteasurement error if the target
range R is in feet; the dashed curve is for targege in inches.

Uncertainties in the average value of the speeboind along the acoustic path can
occur for a variety of reasons. A sensor with darimal temperature probe will
obviously have less uncertainty in sound speedaopation than a sensor that does
not measure the temperature. In some applicatimveever, the temperature in the
transmission medium between sensor and targetecdiffbrent from the temperature
at the sensor, which therefore will cause an esven if a temperature probe is used.

If there is air turbulence along the path fromskasor to the target, then the average
speed of sound will randomly change, causing trgetaange computed by the
sensor to randomly vary from pulse to pulse. Simvliations in the arrival time of a
target echo will appear if the target surface ivimg, such as when a liquid surface
contains waves. For these applications, measuremeentacy will increase if the
sensor is capable of averaging a number of measumtsrbefore providing a target
range output.

The uncertainty in sound speed over the acoustithms much less effect on the
sensor's relative accuracy when a change in tesigge is being measured. For this
situation, equation (7a) becomes:

erzin(AR) = 0.0017AR (8)
where:

erkin(AR) = uncertainty error in relative change in tangetge in inches for a 1°C
uncertainty in temperature when target range chahgaR inches

If the temperature is unknown by 5°C, and a taagj@trange of 100 in. moves 0.500
in. toward the sensor, the error in the absolutgetarange measurement of 100 in.
will be 0.85%, or 0.85 in. However, the error ie telative distance measurement of
0.500 in. will be only 0.004 in.

The resolution of a range measurement made withteasonic sensor is influenced
by many factors. Since the sensor is measuringrinal time of an acoustic pulse,
the higher the ultrasonic frequency the greaterg¢lelution because both the
wavelength and period of the echo signal are smatlkigher frequencies. The
accuracy of the time-measuring circuits in the eeasso affects the resolution, as
will the averaging capabilities of a sensor if thex turbulence along the sound path.



The best way to measure the true resolution ofltaasenic sensor for a particular
application is to place a target at a fixed distaaed obtain a stable range
measurement. Then slowly move the target forwatohokward until the sensor
indicates a measurable change in target range.raigty measure the distance the
target moved. This change in distance is the résolof the sensor. Compare the
actual distance the target moved to the changaniger measured by the sensor. This
is the error in the resolution of the device.
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Ranges for the Relative Echo Levels from Flat and Spherical
Targets to Reach - 60 dB// 1 Pa for Different Frequencies
(From Figures 6 and 12)

Target Range for EL - 60dB//|uPa
...... e -1 . sl Se———
Target Large Target & in. Radius Target Range for
Frequency Flat Reflector Sphere Spherics| Target
200 kHz 51f I5h 1.7 fe (33%)
160 kHz 65 Mt 40 15 ft (38%)
100 kHz [ s6f 49 ft (47%)
63 kHz | 182k 1B 10.4 fi (57%)
40 kHz | 021 } 100f 20.2 ft (67%)

Target Range MeasurementFor each application, it is important to seleseasor
that will detect the desired targets when they@rated within a specified area in
front of the sensor, but ignore all targets outsie area. As previously noted, a
lower frequency sensor should be selected for loregeges of detection and a higher
frequency sensor should be used for shorter rdmngeer resolution measurements.
Sensor beam angles should be selected to covdefived detection geometry, and to
reject unwanted targets.

The maximum range at which an ultrasonic sensodeaect a target is affected by
attenuation of the sound and the target strendtbs@ effects can be illustrated by
using the data in Figure 6 in Part 1 and Figureabd, setting a minimum echo
detection threshold. Table 3 was

prepared by arbitrarily choosing for

illustration
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Figure 14. The relative echo levels of a 100
khz sound pulse from a flat rflective target at



-60 dB//1uPa as the minimum echo - .
varying distances are plotted against a range
level the sensor can detect. It shows thal, gos and 90% RH.

the range at which the echo level
reaches

-60 dB//JuPa will vary for sensors operating at differengjfrencies between 40 kHz
and 200 kHz for both a large flat target and a.&adius sphere. These range values
are therefore the maximum detection ranges fosémsors and targets used in this
illustration.

As can be seen from Table 3, the lower the sowsgl&ncy, the longer the detection
range. The maximum detection range of a sensoe#lg reduced, however, when
the target is spherical rather than a large fif¢ctor, and the percentage of range
reduction is greater for lower frequencies. At 6z, the maximum range between
the targets is decreased by 33%, while at 40 klzahge reduction is 67%.

Humidity can also have a significant effect on tdaget range. The curves of Figure 6
in Part 1 and Figure 12 use values of attenuabiahdre greater than the maximum
attenuation that would be caused by humidity vemiet at each frequency. Figure 4 in
Part 1 shows that there is a large variation enathtion at any particular frequency as
the humidity varies. For example, at 100 kHz theratation varies from 0.5 dB/ft at
0% RH to 1.3 dB/ft at 90% RH. This means thattéhr@et is at a range of 10 ft from
the sensor, the echo level will change a totaléofii if the humidity changes from

0% to 90%.

Figure 14 shows plots of the relative echo levelsfa large flat target that can be
obtained with a sensor operating at 100 kHz for iditres of 0% RH and 90% RH.
As can be seen, the magnitude of the echoes atraagh changes dramatically
between the two humidities, so the maximum detéetamnge of the sensor for a
given target will also be greatly affected by huityidit is therefore possible to
successfully install a sensor for a particular mgion, and at a later date find that it
is no longer detecting targets if the humidity apeehenough to cause the target
echoes to attenuate below the detection threshdlesensor.

Effective Beam Angle It is important to consider an ultrasonic sersseffective
beam angle, which is the angle around the acoasiscwhere a target will be
detected. If the target moves closer to the sewsdfra target with a greater TS is
used, then the effective beam angle will increaAs@nly one range for a particular
target will the effective beam angle be equal ®odlassical beam angle that is
obtained from the polar radiation pattern. Therefte classical beam angle can be
used only as a first order guide in determining tivbetargets will be detected or
ignored by the sensor.

At the maximum detection range, the amplitude eftdrget echo is just barely large
enough to be detected by the sensor electronica Wieetarget is directly in line with
the transducer's acoustic axis. Reducing the exhe by rotating the target slightly
off the beam's acoustic axis will lower the ampléLof the echo below the sensor's
detection threshold. Under these operating conttithe effective beam angle of the
sensor will therefore be essentially 0°.



As a target moves closer to the sensor, the ecled ilecreases dramatically. For a
sensor operating at 100 kHz and using a largekdé as a target, the echo level can
increase more than 60 dB as the target moves frange of 10 ft to a range of 1/2
ft. This means that at a range of 1/2 ft, for angla off the acoustic axis where the
sensor beam pattern has not reduced more than ,G0elBat target will produce an
echo larger than that from the target on axisrange of 10 ft. For a sensor with a
transducer radiation pattern as shown in Figuras®10, a large flat target at a 1/2 ft
range would be detected almost continuously aseéheor is rotated £90°. Some
sensors have variable gain amplifiers that lowerdétection levels for close targets,
and therefore reduce the tendency to widen thetefeebeam angle of the sensor.

Summary

This two-part article has provided a brief overvieixssome of the fundamentals that
influence the operation of ultrasonic sensors. As shown, the maximum detection
range of an ultrasonic sensor is typically longeriéwer frequencies, while the
resolution and accuracy are typically better abhbigrequencies. The strength of the
target echo, however, is greatly affected by tregery and reflectivity of the target,
thereby affecting the range and resolution of tiseadce measuring system.

One of the biggest sources of error in an ultrasposition measurement is the
variability of sound speed in the transmission fetween the sensor and the target,
largely caused by uncertainty in the average teatper along the path. Maximum
measurement accuracy is therefore obtained whepei&ture compensation is used
within the sensor. Note that temperature uncesaffects absolute accuracy
substantially more than it does the relative acoud an incremental measurement.

It is not unusual for the amplitude of echo lewelshange by large amounts from
pulse to pulse due to variations in sound spedldemrmedium, caused by factors such
as air turbulence or target movement. Also, lomgitehanges in humidity can have a
significant effect on the strength of an echo fratarget.

It is usually desirable to use a sensor with theowaest possible radiation pattern that
can detect the required targets. For a greateudrsry, the narrower the radiation
pattern of the sensor, the longer the maximum rangjee sensor and the less
susceptibility to unwanted targets at the sidebhefsensor. However, a very narrow
radiation pattern from a sensor will require morewsate orientation of the sensor's
axis with regard to the acoustic beam's perpendliitylto a flat target. In any event,
the user must understand the effective beam arigiee sensor when determining
which targets will be detected and which will baoged. This effective beam angle
changes with the distance of the target and tleagtin of the reflection from the
target.
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