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Abstract. The paper examines the characteristics of accuracy when transferring the size of a unit of length from a standard 

to an industrial measuring device. Based on the processing of the calibration results, the peculiarities of using different transfer 

schemes within the limits of the current regulatory document were considered. The problems that arise are studied. To ensure an 

effective scheme of transfer and unity of measurements, the expediency of application of the method of RMS deviations in the 

analysis of the obtained measurement results is shown. 
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1. Introduction and statement of the problem 

Organization of ensuring the transfer of the size of 

a unit of length can be considered an urgent task today. 

This is realized in various sections of the State 

Verification Scheme of Length Measuring Instruments 

[1], where the conception of the transfer of unit size is 

described, namely from working standards to industrial 

measuring means (MMs). At the same time, it is 

considered important to study the built-in standards of 

physical values [2], as well as so-called "intrinsic" [3] 

standards. The latter are often built based on quantum 

effects, both for the generation of a highly stable 

reference signal [4] and for the direct use of physical 

constants [5] to ensure the value of a measure of a 

physical quantity. Here, in addition to the unit of length, 

the unit of electric voltage [6], expressed through the 

value of frequency, can serve as an example. Frequency, 

as we know [7], is measured most accurately of all 

physical quantities. For its reproduction on the spot, a 

special computer-based MM was developed and 

implemented [8] introducing the "comb" effect [9]. 

Previously, in [10] to transfer the size of a unit of 

length from a working standard to an industrial MM, 

attention was focused on a laser interferometer, as an 

applied implementation of a working standard of a unit 

of linear size, and on an ultrasonic smart sensor that can 

serve as a sensor in robotics [11], where is used as a 

rangefinder [12]. Ultrasonic sensors are often used as 

rangefinders [13-15] with their specific drawbacks 

including insufficient accuracy. 

 

2. Drawbacks 

The main drawback is the lack of measurement 

accuracy, as it is caused by the negative effects of the 

environment in which the sound propagates. The 

parameters and values of the characteristics (the main 

one of which is the optical density) cannot be constant 

and have the ability to change during measurements. 

Limiting the measured distance to values from 3 cm to 

40 cm is also considered an important drawback. 

The following disadvantages of ultrasound 

sensors should also be noted. Surfaces with a porous 

structure absorb ultrasound well; therefore, it is difficult 

to measure the distance between them. If you have to 

measure the distance to a surface placed at an angle to 

the beam, or to a spherical surface, then the obtained 

results may turn out to be unreliable [16]. Directionality 

is an important characteristic of the sensor and is 

strongly influenced by the shape of the sensor: for an 

ultrasonic switch, it is 8° – 30°; the mode of vibration of 

the transducer, operating frequency, and type of 

transducer are selected to provide the required range. 

 

 
Fig. 1. Directionality of the radiation diagram 

of the ultrasonic sensor 

 

Surfaces with a porous structure absorb ultra- 

sound well; therefore, it is difficult to measure the dis- 

tance between them. If you need to measure the distance 
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to a surface placed at an angle to the beam, or to a 

spherical surface, the results obtained may turn out to be 

unreliable. The same problems await us when measuring 

the distance to a wall covered with foam. As a result, the 

errors of such rangefinders are 4 cm for the measured 

distance of 20 cm – 1400 cm [13] (or ~20 % error for a 

20 cm distance), which seems to be insufficient for 

sensor usage in work. 

These shortcomings require experimenters not 

only to consider the above-mentioned parameters while 

using ultrasonic range-finder sensors but also to ensure 

the metrological unity of measurements with their help, 

as well as to establish the accuracy of the described sen- 

sors. The latter can be achieved by developing metrolo- 

gical equipment for calibrating ultrasonic sensors. 

 

3. Goal 

The purpose of the work is to intensify the process 

of transferring the size of a unit of length in the range 

from 0.1 mm to 100 mm (secondary standards of [1, 3rd 

part]), where the standard includes special final measures 

of length from 3 mm to 100 mm, suitable for size 

transfer through working standards to industrial ultra- 

sonic sensors by studying the metrological features of 

calibration. 

 

4. Calibration of the ultrasonic sensor by a 

laser interferometer 

Sensitivity, which is 0.5 mm for the UGT593 

sensor from the IFM company, is also considered 

important [18]. Other metrological characteristics of this 

sensor: range of distances – 60 ... 800 mm with the size 

of the controlled object – 100 x 100 mm2; "blind" zone – 

from 60 mm downwards; the drift of the detection point, 

i.e. relative detection error ± 2 % with a repeatability of 

readings of 1 % and a resolution of 1 mm. This means 

that the absolute detection error of a sufficiently large 

(100 x 100 mm2) object is ±2 mm at a distance of 100 

mm or ±1.2 mm at a distance of 60 mm. At a shorter 

distance, we fall into the "blind" zone, where multiple 

reflections of the acoustic signal lead to unreliable sensor 

readings. These shortcomings require experimenters not 

only to consider the above-mentioned parameters when 

using ultrasonic rangefinder sensors but also to ensure 

the metrological unity of measurements with their help. 

The latter can be achieved by developing metrological 

equipment for calibrating ultrasonic rangefinder sensors. 

The calibration of the UGT593 ultrasonic distance 

sensor (Fig. 2) was carried out with the help of the 

LM20/50 laser interferometer of the SIOS company [19]. 

First, the indications of the ultrasonic sensor were 

studied by the method of self-analysis. The sensor was 

placed on a millimeter scale, to which a counting screen 

was attached. The sensor specifications state that the 

measurement range is 60 mm – 800 mm, and the output 

values are in mA, from 4 to 20. At the next stage of sen- 

sor testing, a standard rail was used to move the 

reflector. To direct the ultrasonic sensor to the rear wall 

of the reflector, the irradiation area was increased by 

attaching the 100 x 100 mm2 partition to the rear wall of 

the reflector (Fig. 3). The optical beam from the laser 

interferometer was directed to the front wall of this same 

reflector. 

 

 
Fig. 2. The design of the UGT593 

ultrasonic rangefinder sensor 

 

 

Fig. 3. Scheme of study of metrological characteristics of the 

ultrasonic sensor on the optical bench: 1 – sensor; 

2 – interferometer; 3 – reflector; 4 – optical beam; 5 – partition; 

6 – rail of the optical bench. 

 

The sensor and interferometer were connected to 

the computer registration unit and data were recorded for 

6 min. Every minute and a half, the reflector was moved 

to the maximum possible distance of 21 mm. Before 

starting the measurement with the help of a laser 

interferometer, the table and the optical bench were 

checked for the presence of vibrations. Checking the 

installation was done as follows: the mirror was placed 

at a distance of ~20 cm, and the interferometer was 

turned on. When starting the program, the distance 

between the mirror and the interferometer was reset to 

zero by software; then they recorded the readings of the 

interferometer, caused exclusively by the action of 

vibrational factors on the set. As a result of the analysis 

of the graph, it was concluded that the obtained data may 

be incorrect, since the method of fixing the reflective 
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mirror with its oscillations, affects it. To eliminate this 

effect, a bearing was inserted into the attachment node 

and the interferometer was moved. This has lowered the 

vibration amplitude to the level of 0.01 μm. For 

comparison, the sensitivity threshold of the ultrasound 

sensor is ~100 μm. 

Then the next problem was discovered – the drift 

of the laser interferometer readings. It was studied for 4 

hours: it turned out to be stable over time at a velocity of 

~1 µk per hour. During the four-hour measurement, 

changes in environmental conditions (temperature, pres- 

sure, humidity) were also recorded, as well as changes in 

the wavelength of laser radiation due to its automatic 

correction. 

The relationship between the drift of impressions 

and the change in environmental conditions was studied. 

To do this, the temperature and wavelength of the 

interferometer were monitored simultaneously (Fig. 4). 

From the obtained results, it can be seen that the change 

in temperature affects the wavelength of the light gene- 

rated by the interferometer laser: the effect is directly 

proportional. 

 

 
 

 

Fig. 4. The impact of the environment on the measurement results (blue color – temperature, 

red color – wavelength of the interferometer, monitored at the same time) [10]. 

 

Fig. 5. Study of the change in readings for calibration without thermostatic [10] 
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Changes in the wavelength of the light generated 

by the interferometer laser were preliminarily estimated. 

The results of installation testing are shown in Fig. 5. As 

can be seen, the temperature causes a drift estimated as 

10-7 nm in 3.5 h, which is insignificant when calibrating 

the ultrasound sensor with an interferometer. 

As a result of conducting tests, the drift of the 

interferometer readings, as the working standard for 

calibrating the ultrasound sensor, did not exceed 1 µM. 

That is, the preparation of the developed installation 

based on the LM-20/50 laser interferometer with the 

main reduced error not exceeding 1 nM [20] and some 

additional errors totaling 1 μM, confirmed the possibility 

of its application for calibration of the ultrasonic sensor 

UGT593 [21]. The results of the studies, repeated 5 

times, are listed in Tables 1 and 2. 

 

Table 1. Results of calibration of the ultrasonic sensor using a laser interferometer (the first reference point is in the 

middle of the rail of the optical bench) 
 

Number of calibration Sensor’s reading Iiz, mA Interferometer reading lsz, mm 

1 6.63 0.0000002 

2 6.63 0.0000001 

3 6.63 0.0000003 

4 6.63 0.0000001 

5 6.63 0.0000001 

Table 2. Results of calibration of the ultrasonic sensor using a laser interferometer (the second reference point – 

displacement from the first point) 
 

Number of calibrations Sensor’s reading Iiz , mA Interferometer reading lsz, mm 

1 5.76 21.0663187 

2 5.76 21.0663163 

3 5.76 21.0663137 

4 5.76 21.0663109 

5 5.76 21.0663085 

Table 3. Converted results of ultrasonic sensor calibration while using a laser interferometer 
 

 

 

 

 

№ 

Location of the reflector mirror at the 

zero point in the middle of the rail of 

the optical bench, mm 

The shift of the reflector mirror from the zero point in the middle of the rail of 

the optical bench, mm 

initial 

distance from 

the sensor to 

the back wall 

of the 

reflector liz 

the initial distance 

from the 

interferometer to 

the reflector, 

lsz 

minimal 

displacement 

of the 

reflector from 

the sensor, lid 

 

maximal 

displacement of the 

reflector from the 

interferometer, lsd 

distance li, by 

which the 

reflector was 

moved, 

according to the 

sensor data 

distance lS, by 

which the reflector 

was moved, 

according to the 

interferometer data 

1 135.75 0.0000002 114 21.0663187 21.75 21.0663185 

2 135.75 0.0000001 114 21.0663163 21.75 21.0663162 

3 135.75 0.0000003 114 21.0663137 21.75 21.0663134 

4 135.75 0.0000001 114 21.0663109 21.75 21.0663108 

5 135.75 0.0000001 114 21.0663085 21.75 21.0663084 

 

The values obtained from the ultrasonic sensor are 

given in mA. Therefore, you need to convert them into mm 

using a linear relationship: liz, mm = 70 + ((Iiz, mA – 4)  

400)/(20 – 4). Processing of the obtained results, in 

particular the 5th and 6th columns of the Table, is given 

below. First of all, at one point of the optical bench (for the 

same location of the mirror) we find the average value of 

the interferometer reading ls = 21.06631346 mm and the 

ultrasonic sensor li = 21.75 mm. The results of the trans- 

formation are recorded in Table 3. Next, we determine the 

calibration error of the ultrasonic sensor at one of the above- 

mentioned points of the optical bench repeating 

measurements at this same point five times: ∆l = li – ls = 

0.6836 mm; with the dispersion of the average value of the 

interferometer readings S = 1.6555610-11 mm; the RMS 

(Root-Mean-Square) deviation of interferometer readings is 

S1 = 4.0688610-6 mm; the uncertainty of interferometer 

readings U = 1.8196510-6 mm. 

As a result of the 5-fold calibration of the 

ultrasonic sensor UGT593, its metrological indicators 
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were determined, including the errors of distance 

measurement. For the size of the controlled object 100 x 

100 mm2, the RMS error of measurement was defined as 

0.6836 mm or 3.5 % at a distance of ~21 mm. 

Comparison with product data is following. The 

relative detection error specified by the manufacturer 

does not exceed 2 % with a repeatability of 1 % of 

readings and a resolution of 1 mm. This means that the 

absolute error of object detection is equal to 8 mm for a 

distance of 400 mm or 1.2 mm for a distance of 60 mm 

at a resolution of 1 mm. The RMS value of these two 

factors is 2.57 mm or 4.4 % for a distance of 60 mm. 

 

5. Calibration methodology and use 

of other reference means 

Unfortunately, the specified interferometer is a 

rather rare MM. In addition, the actual adjustment of 

both the optical bench and the laser interferometer is a 

long-term process, while the application of portable 

standards can significantly (several times) speed up the 

process. Therefore, regulatory documents recommend 

using special ring measures to transfer the size of a unit 

of length (p. 2.2.3.1 [1]). Also, bar length measures in 

the range from 0.001 mm to 1000 mm are proposed as 

working standards of the 2nd category for the calibration 

of working MMs. 

The involvement of the partition as a reflector for 

the laser beam, on the one hand, as well as for the ultra- 

sonic beam, on the other hand, introduces a significant 

systematic component of error due to differences in the 

zero-reference point of dimension, as well as the 

roughness of the reflecting surface. Errors caused by the 

slight rotation of the sensor while mounting it on the 

optical bench and, accordingly, its directionality of the 

radiation diagram, falling of certain areas of the 

directionality on shifted areas of the reflection surface, 

etc., are accumulated. 

As a result of the occurrence of additional impact 

factors, the traceability of calibration results changes. 

There is a need to ensure that each calibration result 

obtained would be reported with the correct uncertainty 

value. 

Finally, we focus on the calibration methodology: 

direct or indirect. The standard [1] mainly recommends 

the direct method. For the above-described calibration of 

ultrasonic sensors concerning the readings of the laser 

interferometer, the calibration method is defined as direct. 

An indirect method of calibration is also 

recommended. Here, the interferometer is calibrated in 

advance and the distance to the screen is determined 

with its help. Then the interferometer is removed and a 

sensor to be calibrated is installed in its place on the 

optical bench.  However,  additional  problems arise 

related to a) the point of attachment of the sensor to the 

optical bench, b) the attachment of the sensor; c) the 

appearance of a new type of error, and, accordingly, the 

appearance of an additional component of measurement 

uncertainty caused by a possible shift in the position of 

the sensor relative to the previous location of the interfe- 

rometer; c) with re-attachment of the interferometer on 

the optical bench during calibration at the next point of 

the scale and so on. 

Therefore, the method of simultaneously deplo- 

ying a laser interferometer and an ultrasonic sensor to 

the rail of an optical bench is accepted in the issue. Here, 

the optical radiation of the laser and the sound signal of 

the sensor simultaneously act on the screen installed 

between the two MMs, the position of which is per- 

ceived as a conditional zero. The distance to the screen is 

determined. If an error occurs at one point of the scale, it 

is considered as consisting of systematic and random 

components. The first of them is eliminated or mini- 

mized during the analysis of the results, and the second 

one serves as a basis for calculating the RMS deviations 

characterizing the quality of measurements according to 

[22]. 

Moreover, the approach of eliminating the syste- 

matic component of error in the form of bias was pre- 

viously considered in the work [23] and justified as an 

approach to combining the two parameters "inaccuracy" 

and "bias" into a complex characteristic parameter that 

describes the general deviation of the measurement from 

the target value. It is shown how the established 

maximum permissible values of error and bias can be 

transformed into a new maximum permissible value for a 

new inspection parameter, considering the experience 

with the pre-established needs, as well as the technical 

limitations to meet these requirements. 

Reducing the two control rules for “bias” and 

“error” of the results to one common parameter can be 

considered as a clear simplification of the evaluation 

procedure, which, however, provides certain flexibility 

to fulfill the requirements. So, in our case, there may 

arise an additional component of error and, accordingly, 

the uncertainty of the obtained results, due to the uneven 

thickness and unevenness of the screen with its possible 

displacement relative to the centering and rotation of the 

axes of the laser and ultrasound beams. Therefore, the 

profile of the screen was additionally studied, taking into 

account the work [24]. 

It should be noted that the rationale for the 

introduction of a new complex control parameter is the 

provision of the theory of processing measurement 

results [25]. According to it, the variance D of a random 

variable X is the mathematical expectation of the square 

of the deviation of this value from its mathematical 

expectation (average value). The variance is invariant to 
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X =  ∑ X 

 

changes in the shear/displacement coefficient. Thus, 

adding a constant to the values of the random variable 

does not change the variance: 

The uncertainty associated with the dispersion of 

readings of the MM being calibrated was calculated by 

type A according to the well-known formula: 

D (X + a) = D (X) (1) 𝑢A(𝑋¯ 𝑖) 
= 

1 
� 

1 
 ∑𝑛 (X − X ) × 100 (2) 

𝑋 𝑖 𝑋 𝑖 
 

(𝑛−1) 𝑖−1 𝑖 𝑖 

On this basis, an approach for the validation of 

individual measurements of the control sample was 
1   

𝑖   1   , (3) 

proposed. It enables rapid evaluation and is better suited 

to detect critical measurement deviations as early as 

possible and can be adapted to define custom control 

rules using control samples with known target values. 

5.1. The root-mean-square deviation approach 

In this work, we implemented the approach based 

on RMS deviations, which, on the one hand, corresponds 

to the provisions of [26-27], and, on the other hand, is 

effectively developed in [23]. Optimization of the 

uncertainty calculation procedure during the calibration 

of ultrasound sensors and working standards while 

processing of results was carried out following the 

Guidelines for the evaluation of measurement 

uncertainty [26-27]. First, the uncertainties of the 

calibration coefficient and the sensitivity of the MM 

characteristics at each calibration point were calculated. 

For this, the standard uncertainties of the input above- 

mentioned values were estimated. 

Table 4. The budget of uncertainty 

here Xi was the result of individual observations; X𝑖 was 

the average value of multiple observations. Other 

uncertainties are determined by type B. 

 

The uncertainty introduced by the working 

standard: 
(𝐻) 

= 
𝑈𝑈ет

, (4) 
𝐻 2 

here Uet is an expanded uncertainty of the reference 

value from the calibration/product certificate or previous 

studies. The uncertainty of the distance correction factor 

is calculated by: 
(𝑘𝑟𝑟) 

= 
0,2 

𝑘𝑟𝑟 𝑟 

here r is the distance, m. We accept the input values as 

uncorrelated. In the following, the total standard 

uncertainty of the calibration coefficient for the direct 

calibration method is calculated, and the uncertainty 

budget is summarized in Table 4. 

 

Input quantity 
Assessment of 

input quantity 

Standard 

uncertainty, % 
Type of uncertainty 

X1 – ambient temperature   A 

X2 – environmental humidity   A 

X5 – the distance between the screen 

and the interferometer 

  
B 

X6 – the scattering angle of the 

sensor’s directionality 

  
B 

X7– the scattering angle of the screen’s 

directionality 

  
B 

X8 – the limits of the deviation angle of 

the screen mounting 

  
B 

X9 – distortion of the sensor reception 

signal by multiple reflections 

  
B 

Output quantity 
Measurement 

result 

The average standard 

uncertainty, % 

Extended uncertainty, %, 

while k=2, P=0.95 

    

 

Calculation of the total standard calibration uncertainty for direct measurements: 

 

𝑢(𝑁) 
= �(

𝑢A(𝑋)
)2 + (

𝑢𝐵(𝐻)
)2 + (

𝑢𝐵(ℎ)
)2 + (

𝑢𝐵(𝑘𝑡)
)2 + (

𝑢𝐵(𝑘𝑟𝑟)
)2 + (

𝑢𝐵(𝑘𝑇)
)2 

(6)
 

𝑁 (𝑋) 𝐻 ℎ 𝑘𝑡 𝑘𝑟𝑟 𝑘𝑇 

 

The uncertainty budget is given in Table 5. 

, (5) 
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Similarly, the total standard uncertainty of calib- 

ration for the indirect calibration method is calculated. 

The uncertainty budget is given in Table 6. 

 

Calculation of the calibration uncertainty of the 

working standard 

Here, the uncertainty of the calibration of the 

working standard – the laser interferometer – changes 

Table 5. The budget of uncertainty 

slightly compared to the direct calibration method, since 

the process is significantly stretched in time due to the 

need to constantly (at each calibrated point) reinstall 

either the standard MM or the calibrated sensor on the 

optical bench. The uncertainty associated with the 

dispersion of readings of the working standard used 

during calibration is calculated by type A, other 

uncertainties are determined by type B (Table 7). 

 

Input quantity 
Assessment of input 

quantity 
Standard uncertainty, % Type of uncertainty 

X1   A 

X2   B 

X3   B 

X4   B 

X5   B 

X6   B 

Output quantity Measurement result 
The average standard 

uncertainty, % 

Extended uncertainty, %, 

while k=2, P=0.95 

Table 6. The budget of uncertainty 
 

Input quantity 
Assessment of input 

quantity 
Standard uncertainty, % Type of uncertainty 

X1   A 

X2   A 

X3   B 

X4   B 

X5   B 

X6   B 

X7   B 

Output quantity Measurement result 
The average standard 

uncertainty, % 

Extended uncertainty, %, 

while k=2, P=0.95 

Table 7. The budget of uncertainty 
 

Input quantity 
Assessment of input 

quantity 
Standard uncertainty, % Type of uncertainty 

X3 – laser temperature, outside   A 

X4 – time effects of the laser   A 

X8 – the limits of the deviation angle 

of the screen mounting 

  
B 

X9 – distortion of the reception signal 

by multiple harmonics 

  
B 

Output quantity Measurement result 
The average standard 

uncertainty, % 

Extended uncertainty, %, 

while k=2, P=0.95 
 

6. Conclusions 

1. The possibilities of direct and indirect methods 

of calibrating the working measuring mean of distance 

measurement – the ultrasonic sensor – have been studied. 

According to the results of laboratory testing, it was 

established the feasibility of the application of a direct 

calibration method when transferring the size of a unit of 

length, from a laser interferometer, as a working standard 

of the 2nd category, to the mentioned sensor. 

2. According to the manufacturer of the studied 

sensor UGT593, the absolute error of setting the distance to 

the object is ± 8 mm at a distance of 400 mm or ± 1.2 mm 

at a minimum distance of 60 mm with a resolution of 

±1 mm. The RMS value of the 2 factors is ± 2.57 mm or 

± 4.4 % for a distance of 60 mm. Following the results of 

the calibration, the limit value of the absolute error of the 

calibrated MI is ± 0.6836 mm at a distance of 20.2 mm with 

a resolution of 1 μm. So, the RMS value of the 2 factors is 
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unchanged which is ± 3.3 %. Otherwise, the accuracy of the 

ultrasonic sensor calibration increased by 25 % (the RMS 

values have decreased from 4.4 % to 3.3 %). This 

emphasizes the correctness of the chosen methodology and 

the selection of MIs for transferring the size of a unit of 

length from the working standard to the working mean, 

even in its "blind" zone. 

3. It is shown that the direct method of 

transferring the size of a unit of length from the laser 

interferometer to the ultrasonic sensor requires significant 

time costs. While performing, it seems to be easier and 

faster to comply with the transfer of the size of a length 

unit by the mentioned method. However, to improve the 

quality of calibration and eliminate the systematic 

component of the error, the set values of the error and bias 

should be converted to a new permissible value of another 

verification parameter. Reducing the "bias" and "error" of 

the results to a common parameter can be considered a 

clear simplification of the evaluation procedure, which 

provides a certain flexibility in the fulfillment of the 

requirements. This is justified by the position of the theory 

of processing measurement results, according to which the 

variance of a random variable is invariant to changes in 

the "bias", i.e., adding a constant to the values of a random 

variable does not change its variance. 
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