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Abstract. The paper deals with a complete design of a distance measuring module using commercially available piezoelectric ceramic transducers. 
Uniqueness of this module is harmonic signal generation, automatic frequency and amplitude control, automatic gain control and automatic detection 
level control. To reduce module measurement inaccuracy, a polynomial correction algorithm is implemented. Functional verification is performed 
here by a detailed analysis of relative error development. 
 
Streszczenie. W artykule przedstawiono projekt urządzenia do pomiaru odległości wykorzystującego dostępne na rynku czujniki piezoelektryczne. 
Nowością jest inteligentne sterowanie pomiarem. Przedstawiono badania modelu I określono błąd pomiaru. (Inteligentny pomiar odległości z 
wykorzystaniem ultradźwiękowych czujników piezoelektrycznych) 
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Introduction 
Ultrasonic technologies are used in various areas of 

human activities. These areas include, for example, 
healthcare, mechanical engineering, automotive industry, 
security technologies and electro technical industry. 
Significant use is in the area of sensor technologies. The 
most common ultrasonic application is a distance 
measurement [1, 2, 3, 4]. This is used during obstacles 
detection and distance measurement from it in car parking 
assist systems and in unmanned means to collision 
avoidance of obstacles as local closed area navigation [5]. 

This paper is devoted to the description of the module 
that allows to measure distance and can be implemented in 
these applications. The basic principle of a distance 
measurement is to determine the time when the reflected 
acoustic wave returns from an obstacle. The acoustic wave 
is represented by a group of several periods of the 
transmitted signal. Knowing the acoustic wave velocity in 
the air and the measured time, the obstacle distance is 
determined [6]. 

This module uses a piezoelectric ceramic transducer as 
an acoustic wave transmitter and receiver that is easily 
available at the market and is economically undemanding. 
The disadvantage of the piezoelectric ceramic transducers 
is the dependence of their resonant frequency on a 
temperature [7]. The module has designed signal generator 
with the possibility to change the frequency and thus 
respects the variance in the resonant frequency of the 
transducer. It also works with a change of the signal 
amplitude for the range control. It creates a harmonic signal 
for later application of intra-pulse modulations and to ensure 
more accurate distance measurement. It also provides a 
choice of the number of periods of the transmitted signal to 
effectively excite the transducer. The module receiver is 
equipped with a threshold control for efficient extraction of a 
useful received signal from a noise and digitally controlled 
signal amplification. The range is also possible to influence 
by that. These operations are performed by a single-chip 
microprocessor. The above mentioned attributes are not 
implemented in ultrasonic distance measurement systems 
or are not described in the technical documentation [8, 9]. 
 
The module design 

The designed and manufactured module consists of 
Transmitter block that generates an acoustic signal to the 
space. Another block is Receiver that performs analogue 
preprocessing of the acoustic signal reflected from the 
obstacle. Function control block provides setting of required 

module parameters and consists of four micro buttons. The 
LCD block displays the obstacle distance value and module 
setting parameters. A four-line alphanumeric display has 
been selected, where is possible to depict twenty 
characters. This display unit was equipped with a converter 
for serial communication via I2C bus [10]. The Power 
supply block provides electric energy to all module 
subsystems. The linear stabilizers 78M05 and 78M12 [11, 
12] were used for providing the necessary supply voltages. 
A single-chip microprocessor provides reception of 
instructions from the module setup block, the method of 
transmitting the signal, processing the received signal, 
calculating the distance, performing correction, and 
transmitting the necessary information to the display unit. 
The ATmega328 microcontroller on the Arduino Nano 
platform [13] was chosen for this application. The block 
diagram of the complete module is shown in Fig. 1. 

 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. The block diagram of the module 
 

The piezoelectric ceramic transducer that broadcasts an 
acoustic wave to space is very important component in the 
transmitting section. This transducer was soldered from the 
printed circuit board of the additional module HC-SR04 [14] 
for the Arduino platform. The additional module HC-SR04 is 
shown in Fig. 2. The piezoelectric ceramic transducer - 
transmitter operates at the resonant frequency of 40 kHz. 

 

 
 
 
 
 
 

 
 
 
Fig. 2. The additional module HC-SR04 
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The detailed block diagram of the transmitting part is 
shown in Fig. 3. The whole transmitting part works with an 
asymmetrical supply voltage of +5 and +12 V. As the 
harmonic signal generator is used here in the Oscillator 
block Wien bridge [15], based on the operational amplifier 
TL072 [16]. This generator allows to generate a harmonic 
signal with frequency in the range of 10 - 100 kHz and also 
to stabilize the frequency at the desired value. This 
frequency range is due to the possibility of using another 
piezoelectric ceramic transducer - transmitter, as well as 
due to the change of the resonant frequency of the 
transducer as a function of a temperature. The amplitude of 
the generated signal is adjustable to the value of 2.5 V. The 
required settings and value stabilization are controlled by 
the microcontroller through the Amplitude control and 
Frequency control blocks based on the digital 
potentiometers TPL0501 [17]. Subsequently, the signal is 
amplified by the operational amplifier TL072. This amplifier 
is set to gain the amplitude of the output signal is 6 V. The 
Modulator block ensures that the harmonic signal is applied 
to the piezoelectric ceramic transducer - transmitter with the 
required number of periods and subsequent disconnection. 
The selection of the number of periods is again controlled 
by the microcontroller. The core of the Modulator block is a 
transistor manufactured with MOSFET technology. 

 

 
 
 
 
 
 
 
 
 

 
Fig. 3. The detailed block diagram of the transmitter 
 

In the receiving part of the module, the key device is a 
piezoelectric ceramic transducer that is sensitive to an 
acoustic wave reflected from an obstacle. This transducer 
was soldered again from the HC-SR04 addition module and 
operates again at the resonant frequency of 40 kHz. 
Detailed scheme of the receiving section is shown in Fig. 4. 
The whole receiving part works with an asymmetrical supply 
voltage at the value of +5 V. The signal from the 
piezoelectric ceramic transducer - receiver enters the 
Preamplifier block, where it is amplified to the required level 
for further processing. Operational amplifier TL072 is used 
here. A Filter block follows to ensure that only the signal 
with the frequency corresponding to the resonant frequency 
of the transducer passes through. The basis of this block is 
an active RC band-pass filter of the fourth order created by 
two operational amplifiers in the TL072 package. Then the 
signal enters the Amplifier block, where the final 
amplification of the signal is performed. This block is again 
formed by operational amplifier TL072. The signal is then 
rectified. A one-way rectifier was chosen here using a fast 
Schottky diode BA159 [18]. To create the received signal 
envelope, a passive low pass filter is implemented here. 
Here, the Comparator block serves for the returned acoustic 
wave detection, which compares the voltage level of the 
received signal with a constant threshold value or with a 
value that is set according to the noise level. The choice of 
these methods is done in the Threshold and Adaptive 
threshold setting blocks, which a user selects. The signal 
from the Comparator block is routed to the microcontroller. 
Here the distance from the obstacle is calculated and the 
necessary corrections are processed. Distance calculation 
solves the equation: 

 

(1)                      d = vt/2, 
 

where: d – distance from an obstacle, v – velocity of an 
acoustic wave in an open space (air), t – time of an acoustic 
wave propagation to the obstacle and back (time measured 
by microcontroller). 
 

The sound velocity of 346.3 ms-1 [19] is considered 
here, which corresponds to the speed of the acoustic wave 
in dry air at the temperature of 25 ° C. 

 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
Fig. 4. The detailed block diagram of the receiver 

 

The entire module is made in a compact 
accomplishment on printed circuit boards significantly using 
surface mount technology of the components for 
miniaturization. 
 

The microcontroller algorithm 
After the variables and registers declaration and 

definition, the required frequency, which corresponds to the 
resonant frequency of the piezoelectric ceramic transducer 
– transmitter is first checked and alternatively tuned up. The 
microcontroller then applies a harmonic signal on the 
specified number of periods to the transducer and starts the 
time measurement. As soon as it receives a returned 
reflected acoustic wave signal from the Comparator block, it 
turns off the time measurement. This time measurement 
process continues until the selected number of samples is 
taken to calculate the moving average and thus eliminate 
inaccurate time measurement. During the measurement, it 
may happen that the time evaluation is meaningless. The 
program is equipped with an evaluation algorithm that does 
not include these values in the moving average. After this 
process, the distance is calculated. The calculation does 
not implement a correction for the current barometric 
pressure, ambient temperature and air humidity, because 
the designed module does not have the relevant sensors 
included. The key correction of the calculated distance 
value is made by a mathematical apparatus using a 
polynomial correction. The result of the distance 
measurement is displayed on the LCD. The program also 
allows entering the menu using the micro buttons and 
setting the required parameters by a user. After pressing 
these buttons, the automatic measurement is stopped and 
the user has the possibility to set the transmission time of 
the harmonic signal group, the number of periods in the 
group and the amplitude of the transmitted signal. During 
each change made, this value is immediately displayed on 
the LCD. If it is not necessary to set these parameters, it is 
possible to switch back to automatic mode and the 
processor works with the initial setting values. 
 

Verification of correct functionality of the module 
After the production of printed circuit boards, mounting 

and cleaning it was necessary to verify the correct 
functionality and especially the accuracy of measuring the 
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distance of an obstacle. Testing was performed under 
laboratory conditions at the temperature of 25 °C. Flat 
object 50 x 30 cm placed in front of the module was used as 
an obstacle. First, the range of the proposed module was 
determined. It has a value of 5 m. A tape meter was used 
as a reference distance gauge. After determining the range 
of the designed module, its static characteristic was 
measured, thus the dependence of the measured distance 
value on the reference value. The relative error was 
determined as the precision parameter. The dependence of 
the relative error of the distance measurement on the 
reference value is represented in Fig. 5. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Dependence of the relative error of the distance 
measurement on the reference value 
 

The module showed the greatest relative error when the 
obstacle was in its close proximity. Consequently, the 
relative error decreased rapidly. At a distance of 0.5 m it 
was already below 20.0%. Within the distance of 2.0 m, the 
relative error was decreasing more slowly. At the distance 
of 2.0 m, it was 4.0%. From the distance of 2.5 m to 5.0 m 
the module measured the most accurately. Significant 
statistical characteristics were calculated for accuracy 
analysis. The maximum relative error was 120.0%, the 
minimum relative error was 0.2%, and the mean value of 
relative error was 7.6%. 

Subsequently, it was necessary to refine this 
measurement and apply a correction algorithm. Polynomial 
correction was used. Thus the aim was to find a correction 
polynomial. The MATLAB® development environment was 
used for this operation. The real distance array Ref and the 
measured distance array Meas have been defined. Using 
the polyfit function, the array of the polynomial coefficient 
PolKoef was calculated according to the relation: 

 

(2)  PolKoef = polyfit(Meas,Ref,n), 
 

where: n – is polynomial degree. 
 

The membership of the coefficients from the PolKoef 
array to the individual members of the polynomial has a 
decreasing character. The mentioned polyfit function uses 
the mathematical apparatus - least squares method [20]. 
Three arrays of the correction coefficient for linear, 
quadratic and cubic polynomials were calculated for the 
subsequent correction of the measured values. This is 
presented in the Table 1. Individual polynomials can also be 
read from this table. 
 

Table 1. Coefficients of the correction polynomials 
Meas3 Meas2 Meas1 Meas0 

  1.0128 -0.0812 
 9.3713·10-4 1.0080 -0.0771 

-0.0030 0.0238 0.9612 -0.0567 
 

These polynomials were then applied to the measured 
values and an analysis of how relative errors could develop 
was performed. The dependence of relative errors on the 
reference value after the application of individual 

polynomials together with the original dependence for 
comparison is represented by Fig. 6. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Dependence of the relative error of the distance 
measurement on the reference value after the application of 
individual polynomials with original dependence 
 

In general, it is possible to see that correction 
polynomials significantly reduce the relative error values 
compared to the original values. Most significantly, relative 
errors are suppressed at short distances of the obstacle 
from the module. With relatively high accuracy it would be 
possible to measure the distance of 0.3 m when the relative 
error is already below the level of 1.5%. From the distance 
value of 1.5 m, the relative error is distinctly below the level 
of 1.0% in the vast majority of values. From the above 
depicted image it is also possible to evaluate that the cubic 
polynomial best suppresses the relative measurement error, 
especially in the area of the smallest distances of the 
obstacle from the module. Some statistical indicators were 
identified as an evidence of the progression analysis of the 
relative error dependence on the reference value. These 
statistical indicators included minimum, maximum, and 
mean relative error values for individual polynomials. These 
values are represented in Table 2. 
 

Table 2. Statistical indicators of the relative errors progression 
Polynomial Linear Quadratic Cubic 

Min [%] 0.0060 0.0024 0.0057 
Max [%] 39.5861 32.3774 11.9783 

Mean [%] 2.1347 1.8825 0.8287 
 

After this evaluation, the cubic polynomial was 
implemented to the single-chip microprocessor of the 
designed module. The applied correction algorithm has the 
following form: 

 

(3)  DistCor = -0.0030·Meas3 + 0.0238·Meas2 + 
0.9612·Meas - 0.0567, 
 

where: DistCor – is corrected distance, Meas – is measured 
value of distance. 
 

After programming of this correction algorithm into the 
single-chip microprocessor of the module, the static 
characteristic was again measured and the relative error 
analysis was performed. The dependence of the relative 
error of the distance measurement on the reference value is 
shown in Fig. 7. 

Again, the original curve in blue is depicted here, further, 
the expected progress of relative errors in red, and real 
measured dependence of the relative error on the reference 
value in yellow, are shown. As it is possible to see in the 
graph, implementation of the correction algorithm into the 
microprocessor, the module shows even better values after 
the overall evaluation than the simulation performed. This is 
best seen in the smallest distances of the obstacle from the 
module, even below the distance of 0.3 m. A significantly 
worse area of the measurement accuracy was in the range 
of 0.5 - 0.7 m. Statistical indicators were again evaluated as 
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a proof of the correct measurement of the module distance. 
The minimum value of the relative error was 0.0%, the 
maximum relative error was 4.1%, and mean relative error 
was 0.6%. 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 7. Dependence of the relative error of the distance 
measurement on the reference value after applying the correction 
algorithm to the module 
 
Conclusion 

The paper presented complete design of the distance 
measurement module using piezoelectric ceramic 
transducers commonly available at the market. An 
important part of the article was thorough description of the 
transmitting and receiving part of the module. The individual 
parts have their specifics. The module allows controlling the 
amplitude and frequency of the transmitted signal. It allows 
generating a harmonic signal for the future possibility of a 
phase modulation. It is also equipped with a device for 
automatic signal amplification and setting a threshold for 
signal detection. The entire module is made in a compact 
design on printed circuit boards with surface mount 
technology to miniaturize the entire device. 

Relative errors analysis was chosen to verify the correct 
function of the module. The initial dependence of the 
relative error of distance measurement on the reference 
value was measured. As a correction algorithm, the 
application of polynomial was selected. Simulation of 
relative errors progression was performed using three 
correction polynomials. According to the simulation the best 
properties reached the cubic polynomial. It significantly 
reduced relative error values even at small distances of the 
obstacle from the module. After implementing of this 
correction polynomial into the module microcontroller, the 
algorithm showed even better properties than simulations. 

The aim of possible further work on the issue is to 
increase the range of the module while maintaining the 
achieved accuracy. This would be possible to achieve by 
implementing signal modulation, especially phase 
modulation, even at the cost of greater signal generator 
complexity. The distance measurement is also possible to 
be refined with this method. 
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