Understanding How Frequency, Beam Patterns of Transducers, and Reflection
Characteristics of Targets Affect the Performance of Ultrasonic Sensors
By Donald P. Massa, President and CTO of Massa Products Corporation

Overview of How an Ultrasonic Sensor Functions
Ultrasonic sensors are commonly used for a wide variety of non-contact presence, proximity, or distance
measuring applications. These devices typically transmit a short burst of ultrasonic sound toward a target,
which reflects the sound back to the sensor. The system then measures the time for the echo to return to the
sensor and computes the distance to the target using the speed of sound in the medium. The same transducer
can be used to both transmit and receive the sound, or separate transducers can be used to transmit and
receive.
Figure 1 shows a sensor that uses a single transducer for transmitting and receiving, and Figure 2 shows a
sensor that uses one transducer to transmit and another transducer to receive. A two transducer sensor will
typically be capable of detecting echoes at a closer distance to the device, because the low level echo signal is
not concealed by the larger signal that is still decaying from the transmit voltage pulse.

Figure 2
Photograph of a MassaSonic™ FlatPack™
Sensor That Uses One Transducer to
Transmit the Sound Pulse and a Second
Transducer to Receive the Returned Echo

Figure 1
Photograph of a MassaSonic™ PulStar™
Sensor That Uses the Same Transducer for
Transmitting and Receiving Sound
The range from the sensor to the target is computed by:

𝑅𝑅(𝑡𝑡 ) =

𝑐𝑐𝑐𝑐
2

(1)

where: R(t) is the distance to the target
c is the speed of sound
t is the time from the transmission until the echo returns
To determine the speed of sound, most sensors assume air as the transduction medium, measure the
temperature, and then calculate the speed of sound using:

𝑐𝑐 (𝑡𝑡 ) = 13,044�1 +

𝑇𝑇
273

(2)

where: c(t) is the speed of sound in inches/sec. or a function of temperature
T is the temperature in °C
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A curve showing the speed of sound as a function of temperature using Equation (2) is shown in Figure 3.
Figure 4 contains curves showing the time of echo arrival for different distances to a target for a sensor
operating in 20°C air using Equation (1).

Figure 3
Speed of Sound in Air as a Function of
Temperature Using Equation (2)

Figure 4
Echo Arrival Time as a Function of Target Distance
from the Sensor in 20°C Air Using Equation (1)
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Wavelength of Sound as a Function of Sound Speed and Frequency
The wavelength of sound traveling in a medium is a function of both the frequency and the speed of the sound
wave. The wavelength is:

λ=
Where:

c
f

(3)

λ is the wavelength
c is the speed of sound
f is the frequency

Figure 5 shows a plot of the wavelength of sound in air at room temperature as a function of frequency
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Figure 5
Plot of the Wavelength as a Function of Frequency
for Air at Room Temperature Using Equation (3)

Acoustic Radiating Patterns of Sensors
The transducers in an ultrasonic sensor can radiate sound in different patterns. Most sensors use transducers
that radiate sound in a conical pattern. The beam angle of the conical pattern is defined as the total angle
encompassing where the sound pressure being radiated has been reduced by 3 dB on both sides of the peak
pressure produced directly in front of the transducer. The beam angle generated by a circular radiating
surface is a function of the wavelength of the sound and the diameter of the surface.
The acoustic radiation pattern, or beam pattern, is the relative sensitivity of a transducer as a function of
spatial angle. This pattern is determined by factors such as the frequency of operation and the size, shape and
acoustic phase characteristics of the vibrating surface. The beam patterns of transducers are reciprocal, which
means that the beam will be the same whether the transducer is used as a transmitter or as a receiver. It is
important to note that the system beam pattern is not the same as the transmitting or receiving beam pattern of
the transducers, as will be explained in a later section.
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Transducers can be designed to radiate sound in many different types of patterns, from omnidirectional to
very narrow beams. For a transducer with a circular radiating surface vibrating in phase, as is most
commonly used in ultrasonic sensor applications, the narrowness of the beam pattern is a function of the ratio
of the diameter of the radiating surface to the wavelength of sound at the operating frequency. The larger the
diameter of the transducer as compared to a wavelength of sound, the narrower the sound beam. For example,
if the diameter is twice the wavelength, the total beam angle will be approximately 30°, but if either the
diameter or frequency is changed so that the ratio becomes 10, the total beam angle will be reduced to
approximately 6°. Because the wavelength increases as the frequency decreases, to produce the same beam
angle at a lower frequency, a transducer must have a larger diameter.
A transducer large in size compared to a wavelength not only produces a narrow main beam, but it also
produces secondary lobes separated by nulls. Figure 6 shows a three-dimensional representation of the beam
pattern produced by a transducer with a diameter that is large compared to a wavelength. As can be seen, it
produces a narrow conical beam and a number of secondary lobes of reduced amplitude separated by nulls.
Even though the beam is called conical, it does not have straight sides and a flat top as the word “conical”
may imply. The beam angle is usually defined as the measurement of the total angle where the sound pressure
level of the main beam has been reduced by 3 dB on both sides of the on-axis peak. However, the transducer
still has the sensitivity at greater angles, both in the main beam and in the secondary lobes. The equation for
the radiation pattern of a circular rigid piston in an infinite baffle as a function of spatial angle is:

  D

 2 J 1  π λ sin θ  

P(θ ) =  
D
 π sin θ 


λ



2

(4)

where: P(θ) is the relative sound pressure as a function of angle
θ is the angle of the sound pressure from an axis
perpendicular to the center of the piston
D is the diameter of the piston
λ
is the wavelength of the sound
J1 is the first order Bessel function
Beam patterns are usually plotted on a decibel scale where the sound pressure as a function of spatial angle is:

  D

 2 J 1  π λ  sin θ 


PdB (θ ) = 20 log  
 π D sin θ 


λ



(4a)

where: PdB(θ) is the relative sound pressure in dB as a function of spatial angle
When describing the beam patterns of transducers, two-dimensional plots are most commonly used. They
show the relative sensitivity of the transducer vs. angle in a single plane cut through the three-dimensional
beam pattern. For a symmetrical conical pattern, such as that shown in Figure 6, a simple two-dimensional
(2D) plot will describe the entire three-dimensional pattern. Figure 7 shows a 2D polar plot from –90° to
+90° of the beam of a circular radiating piston mounted in an infinite baffle with a diameter equal to two
wavelengths of sound. As can be seen, the pattern is smooth as a function of angle, and the –3 dB points are
at +15° and -15° off axis, producing a total beam angle of 30°. However, the total angle of the major
radiating lobe between the first two nulls is approximately 70°, and the side lobes peak at approximately +55°
and –55°.
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Figure 6
Three Dimensional Representation of the
Beam Pattern Produced by a Transducer with a
Diameter Large Compared to a Wavelength
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Figure 7
A Two Dimensional Polar Plot is Shown
which Represents the Beam Pattern of a
Transducer Mounted in an Infinite Baffle
with a Circular Disk Radiator
(Diameter/Wavelength = 2)

Figure 8 shows 2D plots on rectilinear coordinates of the beam patterns of circular piston radiators for several
different values of D/λ.

Figure 8
2D Plots on Rectilinear Coordinates Showing the Beam Patterns of
Four Different Circular Piston Radiators in an Infinite Baffle Having
Diameter to Wavelength Ratios, D/λ, of 1, 2, 4 and 10
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When using transducers, it is important to be aware that nearby unwanted targets that are beyond the beam
angle can inadvertently be detected, because the transducers are still sensitive at angles greater than the beam
angle. Some transducers used in sensing applications, such as MassaSonic™ Sensors, are specially designed
to minimize or eliminate the secondary lobes to avoid detecting unwanted targets.

System Beam Patterns
In the operation of an echo ranging system, the transmitting transducer sends out sound at reduced amplitudes
at different angles, as described by the beam pattern of the transmitting transducer. The receiving transducer
has less sensitivity to echoes arriving at angles off axis, as described by the beam pattern of the receiving
transducer. These off angle echoes will therefore be reduced by both the lower sound pressure of the
transmitted pulse and the lower sensitivity of the receiving transducer. This produces a system beam pattern
that is the sum in dB of the beam patterns of the transmitter and the receiver.
The solid curve of Figure 9 shows a plot of the beam pattern of Figure 7 on rectilinear coordinates for angles
from 0° to 30° off axis. This beam pattern is the same for the transducer whether it is transmitting or
receiving. The dotted curve shows the system beam pattern when the transducer is used to transmit a sound
pulse and a transducer with the same beam pattern is used to receive the reflected echo. As can be seen, the
system beam pattern is narrower than the pattern of the transducer alone.

Figure 9
The Transducer Beam Pattern of Figure 7 is Plotted on Rectilinear Coordinates
as the Solid Curve, and the System Beam Pattern for a Sensor Using the
Transducer to Both Transmit and Receive is Plotted as the Dotted Curve

Should Sensors Have Narrow or Broad Beam Patterns?
Figure 10 contains an illustration of a typical ultrasonic sensor application. It shows the sensor installed on a
tank to measure the level of liquid inside. The sensor utilizes an ultrasonic transducer with a narrow 10°
radiation pattern. Narrow beam angles are preferable in an application such as this where the reflecting
surface is flat and smooth. A narrow beam angle will typically produce a longer detection range, because all
of the sonic energy from the transducer is radiated into a small sector of space, thus increasing the sound
pressure of the transmitted pulse.
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Figure 10
Illustration Showing an
Ultrasonic Sensor Mounted on
a Tank Transmitting a Conical
Ultrasonic Beam That Reflects
From the Liquid Surface

(a)
Narrow Beam Reflects Away from
Sensor and Echo is Undetected
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(b)
Broader Beam Reflects Back to
Sensor and Echo is Detected

Figure 11
Illustration Showing a Narrow Beam Sensor and a Broader Beam
Sensor Mounted on Tanks with Their Conical Beams Reflecting
from the Sloped Surface of Solid Material Such as Grain

Sensors with broader beam patterns, however, are more desirable for measuring levels of uneven solids or
turbulent fluids. The sound pulse reflects in many different directions from the many irregular surfaces of the
target, so the portion of the pulse that points straight down from the sensor will most likely not reflect straight
back to the sensor. However, if the sound beam is hitting a larger area of the surface, there is a greater chance
that some of the sound energy will reflect back to the sensor. Also, solid material in a tank, such as grain,
can form a sloped surface, instead of a flat level surface created by a liquid. This can cause the sound beam to
reflect away from the sensors, so that the echo cannot be detected. Lower frequency sensors will also
function better on rough surfaces because of the longer wavelengths of the sound.
Figure 11 illustrates two tanks containing a solid material such as grain with a slightly sloped surface caused
by the grain entering the tank from the top. Figure 11(a) shows how the echo from a narrow beam sensor
reflects from the sloped surface of the material in the tank away from the transducer, so it cannot be detected.
Figure 11(b) shows that the echo from a broader beam sensor returns to the transducer after reflecting from
the same sloped surface of the material in the tank, and it is detected.
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