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Abstract: Ultrasonic imaging and tissue characterization is a noninvasive technique widely used in 
medicine for many years to assess body conditions. However, the expertise required to operate the 
equipment and interpret the results is not always available. The medical ultrasonography project is 
developing a system concept for a remotely steerable, multibeam ultrasonic scanner that can be 
operated by skilled medical personnel. The properly chosen ultrasonic sensor and duration of signal 
play an important role in ultrasonography. The choice of the ultrasonic sensor is influenced by a 
variety of parameters among which are: type and frequency of the signal, spectrum width of the signal, 
which in turn depend on the environment and object under consideration. The most frequently used 
signals are short sine burst, Barker code, chirp signal and Golay sequences. Each signal has its own 
IHDWXUHV� DQG� SHFXOLDULWLHV� WKDW� GLVWLQJXLVK� LW� IURP� WKH�RWKHUV� DQG�FRQVLGHUDEO\�GHWHUPLQH� WKH� VHQVRU¶V�
properties. 
 
Keywords: frequency bandwidth of the ultrasonic sensor, composite ultrasonic sensor, burst signal 
selection, coded excitation, Golay sequences 
 
__________________________________________________________________________________ 
 
 
1. Introduction 
 
Ultrasonic sensors are commonly used for a wide variety of noncontact presence, proximity, or 
distance measuring applications. Various sensors that are currently on the market differ one from 
another in their configurations, environmental sealing and electronic features. Acoustically, they 
operate at different frequencies and have different radiation patterns. It is usually not difficult to select 
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a sensor that best meets the environmental and characteristic requirements for a particular application, 
or to evaluate the electronic features available with different models. Still, many errors occur due to 
the lack of awareness about acoustic subtleties that can have major effects on ultrasonic sensor 
operation and the measurements being made with them. 
 
The overall intent of this article is to examine acoustical properties of the ultrasonic sensor for a 
particular application, such as radiation beam pattern, to acquaint with accuracy and resolution 
fundamental concepts, reflection and refraction of the ultrasound wave methods, and how to obtain an 
optimum measurement from the sensor. The first step in this process is to gain a better understanding 
of how variations in the acoustical parameters of both the environment and the target affect the 
operation of the sensor. 
 
 
2. Fundamentals of Electroacoustics 
 
The general scheme of the work of ultrasonic sensor is presented in Fig. 1. 

 

 
 

Fig. 1. The general scheme of the work ultrasonic sensor 
 
,W�ZRUNV�E\�LPSOHPHQWLQJ�ZKDW�LV�NQRZQ�DV�WKH�µWUDQVLW-WLPH�PHWKRG¶��7KH�XOWUDVRQic sensor transmits 
a short pulse towards the object and this signal returns to the sensor after echoing reflected from a 
surface (abdominal organ, bottom of a tank, etc.). Knowing the speed of ultrasound waves in the 
investigated environment and time for the sound echo to return, the distance to the object can be 
determined. Most ultrasonic sensors use a single transducer for both transmitting the sound pulse and 
UHFHLYLQJ�WKH�UHIOHFWHG�HFKR��7UDQVGXFHUV�SURGXFH�EXUVW�RI�XOWUDVRXQG�ZKHQ�D�YROWDJH�µVSLNH¶��of short 
duration) is applied across them. Conversely when a burst of ultrasound enters a transducer, a voltage 
spike is created. These ultrasonic generators make use of the piezoelectric effect to convert electrical 
energy to mechanical sound waves and vice-versa. The piezoelectric effect is the generation of a 
potential difference across opposite faces of certain non-conduction crystals as a result of the 
application of mechanical stress between these faces. 
 
 
2.1. Absolute Accuracy, Relative Accuracy and Resolution 
 
The concepts of absolute accuracy, relative accuracy, and resolution are different in ultrasonic sensors. 
Absolute accuracy is the uncertainty error in the exact distance measurement from the face of the 
ultrasonic sensor to the target. Relative accuracy is the uncertainty error in the change in distance 
measurement when the target moves relative to the sensor. Resolution is the minimum change in 
distance that can be measured by the sensor when the target moves relative to it. Resolution is 
inversely proportional to wavelength of sound. The measurements are affected by factors such as the 
wavelength of the sound, the good quality Q of the transducer, the reflecting characteristics of the 
target, the operation of the target detection electronics in the sensor, and the uncertainty in the assumed 
value of the speed of sound. 
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2.2. Radiation Patterns of Ultrasonic Sensors 
 
The acoustic radiation pattern determines the relative sensitivity of a transducer in space. This pattern 
is determined by factors such as the frequency of operation and the size, shape, and acoustic phase 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 of an ultrasonic sensor is not the same as the beam pattern of its transducer, as 
will be explained later. 
 
Transducers can be designed to radiate sound in many different types of pattern, 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, 
D/l [1]. The larger the diameter of the transducer as compared with a wavelength sound, the narrower 
the sound beam can been obtained. For example [2], if the diameter is twice the wavelength, the total 
EHDP�DQJOH�ZLOO�EH�a�����EXW�LI�WKH�GLDPHWHU�RU�IUHTXHQF\�LV�LQFUHDVHG�VR�WKDW�WKH�UDWLR�EHFRPHV�����WKH�
WRWDO�EHDP�DQJOH�ZLOO�EH�UHGXFHG�WR�a����)RU�PRVW�XOWUDVRQLF�VHQVRU�DSSOLFDWLRQV��LW�LV�GHVLUDEOH�WR�KDYH�
a relatively narrow beam pattern to avoid unwanted reflections. The diameter of the transducers is 
therefore usually large compared to a wavelength. 
 
When describing transducer beam patterns, 2D plots are most commonly used. Fig. 2 shows a 2D polar 
SORW�IURP������WR������RI�WKH�EHDP�RI�a circular radiating piston mounted in an infinite baffle with a 
diameter equal to two wavelengths of sound. 
 

 
 

Fig. 2. The 2D polar plot of the beam pattern of a transducer with a circular disc radiator mounted in 
an infinite baffle, where D/l=2 

 
As can EH�VHHQ��WKH�SDWWHUQ�LV�VPRRWK�DV�D�IXQFWLRQ�RI�DQJOH��DQG�WKH����G%�SRLQWV�DUH�DW������DQG������
RII� D[LV�� SURGXFLQJ� D� WRWDO� EHDP� DQJOH� RI� �����+RZHYHU�� WKH� WRWDO� DQJOH� RI� WKH�PDMRU� UDGLDWLQJ� OREH�
EHWZHHQ� WKH� ILUVW� WZR�QXOOV� LV� a����� DQG� WKH� VLGH� OREHV�SHDN�DW� DSSUR[LPDWHO\������ DQG� ������:KHQ�
using an ultrasonic sensor, 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 are specially designed to minimize 
or eliminate the secondary lobes to avoid detecting unwanted targets. 
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2.3. Spreading, reflection and refraction of the ultrasound wave 
 
For each application, it is important to select a sensor that will detect the desired targets when they are 
located within a specified area in front of the sensor, but ignore all targets outside this area. As 
previously noted, a lower frequency sensor should be selected for longer ranges of detection and a 
higher frequency sensor should be used for shorter range, higher resolution measurements. Sensor 
beam angles should be selected to cover the desired detection geometry, and to reject unwanted 
targets. 
 
In the Fig. 3a the simplest case is shown when the entire beam is reflected from a large flat surface. In 
that case the reflected sound beam is equivalent to the sound generated by a virtual transducer at an 
equal distance placed behind the reflecting plate. This type of reflection is typical for an ultrasonic 
sensor used in applications such as liquid level control. 
 
For other types or sizes of targets, though, the echo levels are affected differently. The behaviour of a 
small sphere as a target is illustrated in Fig. 3b. As can be seen, the sphere intercepts only a portion of 
the sound beam and then reradiates the sound pulse. 
 

  
 

Fig. 3. a) The sound beam reflected from a large flat surface is equivalent to the sound as generated 
from a virtual transducer at an equal distance placed behind the reflecting plate 

b) A small sphere used as a target partially reflects the beam and reradiates an echo 
 
When choosing an ultrasonic sensor for a particular application, it is important to consider some 
points, namely how the echo will be affected and property of the tissue. There is a wide variety of 
sensors available that operate at different frequencies and have different beam angles. Tissue 
parameters are essential on choosing an ultrasonic sensor for ultrasonography. 
 
 
3. Choosing an Ultrasonic Sensor  for  Ultrasonography 
 
In medical diagnostic the transducers at frequencies between 500kHz and 20MHz are widely used. The 
different frequency ranges are presented in Fig. 4. 

 
 

Fig. 4. Division of the ultrasound waves depending on frequency 
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Nowadays, the frequency range for medical diagnostics moves slowly towards higher frequencies 
together with the development of the new technologies and sensitivity of the ultrasonic sensors 
opening the new areas in ultrasonic medical diagnostics. The medical diagnostic equipment works 
more and more rarely at frequencies below 2MHz except the diagnostic of the osteoporosis bone (in 
this case the frequency range between 200kHz to 800kHz since the attenuation of the ultrasound wave 
is high). Increasing the frequency up to 100MHz allows the skin and outer structures of the eye to be 
examined. 
 
 
3.1. Frequency Bandwidth of the Ultrasonic Sensor  
 
Frequency bandwidth of the ultrasonic sensor in ultrasonography plays an important role in the 
creating of images. This has decisive influence on time duration of the burst signal which has an 
influence on the axial resolution and penetration on the whole. In the Fig. 5 the signals with central 
frequency 5MHz which were received of the sensors with different frequency bandwidth [3] are 
shown. 
 

 
 

Fig. 5. a) The signal of the time duration 0.4 mS received by ultrasonic sensor 
with frequency bandwidth 2,5MHz 

b) The signal of the time duration 0.22 mS received by ultrasonic sensor 
with frequency bandwidth 3.4MHz 

 
Fig. 5 illustrates dependence of the pulse duration on the frequency bandwidth of the ultrasonic sensor. 
In practice the pulse duration depends on two parameters, namely the central frequency of the signal 
and the frequency bandwidth of the sensor with sending-receiving path. The piezoceramic ultrasonic 
sensors have frequency bandwidth about 50% but composite ultrasonic sensors have over 80% or even 
100% for multifrequency sensor. 
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3.2. Composite Ultrasonic Sensor  
 
Among ultrasonic sensors which are used in ultrasonography composite sensors evoke more and more 
interest in comparison with piezoceramic sensors. The reason of that lies in the fact that composite 
sensors work in wider range of frequencies or, in other words, have the frequency bandwidth greater 
than 80%. Creating such a sensor one should take into account that during the registration of the 
dispersed signal it should not experience any other, even very small, interfering signals. This puts very 
serious restrictions on the way of loading for sensors and on the choice of the piezoelecrtic material. 
The impedance of the loading material should be very close to the impedance of the sensor and 
simultaneously be characterized by the very strong suppressing of the low frequencies ultrasounds in 
order to eliminate all internal reflections of the loading. 
 
Composite ultrasonic sensors of the type 1-3 are frequently used in ultrasonography. The general 
model of the composite sensor is represented in the Fig. 6. This model puts together three couples of 
the composite sensors made from piezoelectric material of the type PZT by Ferroperm company. The 
VHQVRUV¶� GLDPHWHUV� HTXDO� ��PP�� ��PP� DQG� ��PP� UHVSHFWLYHO\� DQG� UHVRQDQFH� IUHTXHQFLHV� DUH�
0.45MHz, 0.58MHz and 0.5MHz. Internal structure of each sensor is formed by periodical chain of 
parallelepipeds of the square cross-section 400 mm. The distance between neighbour parallelepipeds 
equals 400 mm too and this results in 25% contents of piezoceramic in composites obtained. The 
matching quarter-wave layers have been produced from epoxide resin, providing an availability of the 
'H6LOHW¶V�FRQGLWLRQ�RQ�WKH�DFRXVWLF�LPSHGDQFH�OD\HU�WR�EH�IXOILOOHG��5HDU�VXUIDFH�RI�WKH�VHQVRU�LV�ORDGHG�
with resin-cork mix. 
 

 
 

Fig. 6. The lump of the composite ultrasonic sensor 
 
Experimental result in Fig. 7 shows a comparison of the frequency response spectrum of the ultrasonic 
sensors PZT and composite, respectively. This plot shows how these sensors response on the delta-like 
pulse. 
 

 
 

Fig. 7. The frequency response of the ultrasonic sensors PZT and composite, respectively 
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4. Optimising Burst Signal Selection 
 
The properly chosen burst signal plays as much important role as the sensor does. The mutually 
matched sensor and signal allow one to obtain the images of the best possible quality. The coded 
excitation signals with the pulse length exceeding two-cycle are most frequently used in 
ultrasonography. There are several reasons for using excitation signals in preference to single pulses. 
First of all longer coded excitations have less frequency bandwidth in comparison with two-cycle. 
Secondly, the usage of coded excitation increases the signal-to-noise ratio (SNR) that plays the main 
role in ultrasonography imaging. Increase of SNR gives possibility of penetration deeper inside the 
human body. Also obtained images can be of the better contrast/resolution. Another, of not less 
importance reason of using excitation signals is that using the longer signals and compressing them 
later on with the help of matched filter, a short compressed signal can be obtained, similar to that 
obtained using single short pulse but with much higher amplitude. It makes it possible to explore the 
VLJQDOV�ZLWK�ORZHU�DPSOLWXGH�WKDW�LQ�LWV�WXUQ�LV�YHU\�LPSRUWDQW�VLQFH�LW�GHFUHDVHV�WKH�SDWLHQWV¶�H[SRVXUH�
to danger. Among coded excitations there are the signals with linear frequency modulation, so-called 
µFKLUS¶� VLJQDOV�� SKDVH-modulated signals such as Barker codes and the Golay pairs (side-lobe 
cancelling codes). 
 
As an example two images of a tissue RMI 415 phantom in the Fig. 8 are shown. It consists the nylon 
wires of 0.374mm in diameter, positioned every 1 cm axially. Additional wires are placed at a 30 
degree angle at the top of the phantom. Also some wires are placed in depth 3 cm with decreasing 
distance down from 3mm to 0.5mm. 
 
The two-cycle pulse and the Golay codes of the length 16 bits of the frequency 3.5MHz were used. 
The power levels of the excitation signals on the transducer were set as low as possible to visually 
detect the echoes received using burst transmission. The same peak amplitude was used for coded 
transmission. The lateral resolution depends on the wide of the sound beam and lateral distance (step) 
that in this case is 0.25mm. In that case the piezoelectric ultrasonic sensor at central frequency 3.5MHz 
and bandwidth 50% was used. 
 

 
 

Fig. 8. Images of a wire phantom with attenuation of 0.7dB/[MHz´ cm] 
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These images clearly demonstrate that abdominal ultrasound imaging can benefit from longer coded 
excitation such as Golay sequences yielding a higher SNR and therefore deeper penetration, while 
maintaining both axial and lateral resolution. The range resolution that can be achieved is generally 
higher or comparable to that of a conventional system, depending on the available frequency 
bandwidth of the sensor with sending-receiving path. 
 
 
5. Conclusions 
 
In this paper, a brief overview of some fundamentals principles that help to choose ultrasonic sensor 
has been presented. As was shown, on the wide beam of the ultrasonic sensor has influence the 
frequency of the sound wave and diameter of the sensor. For a higher frequency, the radiation beam 
pattern of the sensor is narrower and the less susceptibility to unwanted targets at the sides of the 
sensor. It is usually desirable to use a sensor with narrowest possible radiation pattern that can detect 
the required targets. However, a very narrow radiation pattern of the sensor will require more accurate 
orientation of the sensor's axis with regard to the acoustic beam's perpendicularity to a flat target. Note 
that effective beam angle changes with the distance to the target and the strength of reflection from the 
target. 
 
From the result, as one can see, the resolution and penetration are two important parameters in creating 
ultrasound images. A long pulse is preferred to extend penetration, while a short pulse is preferred to 
improve the depth resolution. A mutually reconciliation of the parameters of the ultrasonic sensor and 
coded excitation signal increase the transmission power and applied correlation technique to compress 
the received signal into a narrow pulse.  
 
One of the biggest sources of error in an ultrasonic position measurement is the variability of sound 
speed in the transmission path between the sensor and the target. Maximum measurement accuracy is 
therefore obtained when temperature compensation is used within the ultrasonic sensor. Note that 
temperature uncertainty affects absolute accuracy substantially more than it does the relative accuracy 
of an incremental measurement. 
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