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Abstract

:

The research in this paper is related to the accuracy of the tilt compensation function of the GNSS/IMU receivers, which were examined in an open sky environment. The purpose of the paper is to point out to geodesists the conditions and limitations of using GNSS/IMU technology in precise measurements to not jeopardize the coordinate’s accuracy. The environment in which the measurement is made affects the quality of the GNSS signal and can limit the visibility of the satellite, leading to larger errors in the measurement. In this experiment, the current performance of the GNSS/IMU receivers was checked. Seven GNSS/IMU receivers were used for the realization of the experiment. For six receivers the compensation angle was α = 30°, while for one receiver, the compensation angle was α = 45°. The standard uncertainty of GNSS coordinates of the antenna phase center has values less than 9 mm. The standard uncertainty of the IMU component has values less than 31 mm. The measurement uncertainty of the position of the used GNSS receivers is in the range of 18.1 mm to 31.7 mm. The limit values for the differences along the coordinate axes x and y were determined, and their values are from 26 mm to 44 mm. In the conducted experiment, it was confirmed that three GNSS/IMU receivers have a “Satisfactory” result. The results show that GNSS/IMU measurements with a slope greater than 30° significantly affect the accuracy and reliability of GNSS/IMU technology. A slope greater than 45° has a deviation along the coordinate axes of 121.3 mm. The conducted research is particularly important for geodetic works that require high positioning performance. The testing method of the GNSS/IMU receiver presented in this paper can help its users to make correct conclusions regarding the coordinate accuracy of the measured point of interest.
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1. Introduction


In real-time kinematic positioning (RTK) using the GNSS (global navigation satellite system), it is of the utmost importance to determine the coordinates of the point of interest (POI) with a high degree of accuracy. It is important for geodetic networks, for monitoring objects under construction during their exploitation period, for landslide monitoring, etc. The accuracy of the coordinates is directly related to the errors of the measured values. The errors that follow each measurement are divided into random and systematic.



In GNSS RTK positioning, the pole on which the receiver antenna is mounted should be positioned vertically. A GNSS RTK receiver does not measure the coordinates directly at the point of interest but at the phase center of the antenna, so the position of the antenna phase center (APC) is lowered to the point of interest on the ground, using the value of the vertical displacement (receiver pole height) between the APC and point of interest [1]. Unfortunately, it is not always possible to hold the receiver pole in a vertical position due to human errors, the inaccessibility of the POI (for example: when measuring the corners of a building, when measuring under a canopy, etc.), when the surveyor’s safety is threatened on traffic roads or the edges of deep ravines and pits. Therefore, a GNSS receiver with a tilt compensation function is considered a real advancement in measurement efficiency and reliability.



More than two decades have passed since the first tilt compensation functions were integrated into GNSS rovers. The first tilt compensation was performed using magnetic compass orientation [2], which often required complex calibration procedures. Magnetic compass measurements are affected by magnetic disturbances caused by cars, steel structures and electrical installations that are usually present in environments where measurements are made with a GNSS RTK receiver. The magnetic field measured on the magnetometer varies significantly with the tilt angle, limiting the tilt compensation range up to 15 degrees [3]. Although such features represented gains in efficiency, they were partially accepted by end users and did not find widespread use.



The next generation of GNSS receivers integrates an inertial measurement unit (IMU) for its orientation. The integration of GNSS and IMU technology, often called the GNSS inertial navigation system (INS), provides a precise solution for navigation and positioning in various applications [4]. The latest generations of GNSS RTK receivers are equipped with special sensors for measuring the tilt of the receiver, i.e., the deviation from its vertical position. The role of the sensor is to determine the tilt/incline and to eliminate the resulting error by introducing a correction. A GNSS RTK receiver with a tilt compensation function uses two navigation technologies: a three-axis accelerometer and a three-axis gyroscope in the micro-electro-mechanical sensor (MEMS) component of the IMU. Precise acceleration and angular velocity measurements from the IMU are provided to the INS, along with high-rate position and velocity estimates from the GNSS. “Determining the pole holding based on a built-in inertial navigation system aided by RTK positions has become the mainstream in the latest generation of tilted GNSS RTK receivers”. Figure 1 depicts the data processing scheme of an IMU-based tilted GNSS RTK receiver. The position of the IMU center from the Kalman filter is used in tilt compensation to obtain the position of the pole tip [5]. The Kalman filter is used to integrate information obtained from the GNSS (high-frequency position and velocity estimates) and IMU (acceleration and angular rotation measurements). Kalman filters enable adaptive filtering and data integration, while INS corrections contribute to correcting errors in the inertial navigation system. By combining these two techniques, GNSS RTK receivers with tilt compensation functions achieve high accuracy and reliability in determining position and orientation in various conditions. Based on the GNSS RTK position, INS position and receiver pole length, the software itself calculates the tilt-compensated pole position at the POI.



In practice, the surveyor uses this equipment to perform measurements at inaccessible ground points. The newest tilt compensation technology makes geodetic measurements much more practical and extends the application of GNSS RTK in restrictive environments (such as covered places, dense jungles, buildings, hiding points and dangerous points) [6,7,8].



To buy a GNSS RTK receiver with a built-in tilt compensation function, the purchaser has to pay extra to the manufacturer. Due to the high added costs, owners of the private geodetic organization in the Republic of Serbia (RS) often give up on this option. However, in the market of the Republic of Serbia, some manufacturers of GNSS RTK receivers, in order to be more competitive, decided to offer the tilt compensation function for a significantly lower price that is acceptable for the geodetic organization. User experiences with those GNSS/IMU receiver manufacturers vary depending on the specifics of the GNSS receiver model, work environment and the type of work being performed by the geodetic organization. Therefore, everyone agrees that the technology is insufficiently tested and, whenever possible, they measure with the GNSS RTK receiver placed vertically with the receiver pole, i.e., without the tilt compensation function turned on. Users of GNSS/IMU receivers in the Republic of Serbia have confirmed that tilt compensation technology offers a great advantage in restrictive environments but share the common opinion that there is little information about the quality of POI coordinates. Private investment in permanent GNSS network stations in the RS has led to an increased use of GNSS receivers in various sectors, including precision measurement and navigation. Existing studies often focus on general GNSS characteristics and the modeling of atmospheric effects. The purpose of the research in this paper is to check and confirm the accuracy limits of the GNSS/IMU receiver through the analysis of the horizontal and vertical orientation of the instrument with the tilt compensation function. The value of this research is based on the use of different GNSS/IMU receivers that use different data processing software and that provide different tilt and accuracy levels. The positioning performance of the tilt compensation function of the GNSS/IMU receiver was checked in the experiment.



This paper is organized as an introduction to the known positioning performance of the GNSS receivers for static and kinematic positioning, presented in Section 2. In addition to positioning performance, it is important to check and investigate how GNSS/IMU technology works and how reliably this technology is, as presented in Section 3. Section 4 contains the results of checking the GNSS/IMU technology. A discussion of the obtained results is presented in Section 5, followed by a conclusion in Section 6.




2. Positioning Performance


Positioning performance generally refers to the accuracy, reliability and efficiency of determining the coordinates of the point of interest. It is a multidimensional concept that is influenced by various factors and includes the technology used, environmental conditions and specific user requirements. Positioning performance is the ultimate goal, but the steps taken to achieve high performance are calibration and checking. These three concepts are interrelated and are key to maintaining high standards in GNSS technology.



Geodesists use accuracy and precision as statistical methods to describe the quality of coordinates [9]. The difference between these two terms is presented in Figure 2.



The most commonly used measures of position accuracy (Table 1) are distance root mean squared (DRMS) and mean radial spherical error (MRSE). DRMS is a number that expresses 2D accuracy. MRSE is a measure of the accuracy of 3D coordinates extended by one dimension.



“High positioning performance” in GNSS positioning means that the GNSS receiver can reliably and accurately determine the position in different conditions and environments.



GNSS positioning is based on the data from multiple GNSS constellations: global positioning system (GPS—owned and operated by the United States of America), BeiDou (owned and operated by the People’s Republic of China), GALILEO (owned and operated by the European Union), GLObalnaya NAvigatsionnaya Sputnikovaya Sistema (GLONASS—owned and operated by the Russian Federation) and multiple available GNSS frequencies. It is a complex real-time process that aims to ensure centimeter-level positioning accuracy [10,11]. To evaluate the system-level performance, the following key parameters are used:








	
Availability. The absolute number of RTK fixed solutions during a certain period.



	
Accuracy. The deviation of RTK fixed positions from ground truth with a higher degree of accuracy, where the ground truth can be determined by using a total station or by post-processing long-term GNSS data.



	
Reliability. The percentage that the position error (with respect to ground truth) is less than three times the corresponding estimate of the coordinate quality (CQ) [12].








Geodesist considers three types of accuracy:








	(a)

	
Predicted accuracy—the accuracy of position determination by the system relative to the actual values;




	(b)

	
Repeatable accuracy—the level of accuracy that allows the user to return to the coordinates determined earlier by the same system;




	(c)

	
Relative accuracy—the ability to measure (determine) the coordinates relative to a different user within the same system at the same time [13].









Due to the wide application of GNSS technology, it is very important to analyze the methods of testing GNSS receivers and the accuracy achieved by their use. For geodetic surveying, the accuracy of the GNSS receiver is analyzed within static and kinematic positioning modes [14,15,16].



In this regard, UNAVCO (University NAVstar Consortium), a non-profit university-governed consortium that supports geoscience research and education using geodesy, must be mentioned. UNAVCO created the document: “Receiver and Antenna Test Report”, which aimed to help the academic research community to choose the appropriate GNSS receiver for its research [17]. UNAVCO tested several GNSS receivers and antennae in the field and compared the obtained GNSS results with ground truth. After that, all GNSS receivers were placed in an anechoic chamber, where the variations in the phase center of the APC were measured. The calibration method of the UNAVCO research community is considered a high-precision method for the calibration of GNSS receivers [18].



“However, for these procedures special calibration facilities and high expertise are necessary. Since the functionality of the individual components both hard and software is not known in detail anymore to the normal GPS user, for the geodetic practice only remains the system testing. In doing so, it should not be excluded from examining thereby individual influence parameters. Calibration and checking of measuring devices are traditional tasks of all metrological oriented engineers” [19].



The International Organization for Standardization (ISO) describes another method of calibration of GNSS RTK receivers, which is known as the field procedure and is described in the ISO 17123-8 standard [20], according to the model proposed by the National Geodetic Survey (NGS) [21]. The length of the GNSS baseline test field between two GNSS rover points should be from 2 m to 20 m [22].



In the process of GNSS RTK calibration, according to the procedure described in the ISO 17123-8 standard, the metrological characteristics of the GNSS RTK receiver should be confirmed. According to Clause 6: “Full test procedure” [20], the series of measurements consists of five measurements at rover points 1 and 2 (ground points of the test polygon). The RTK measurements should be carried out at intervals of five minutes. It takes about 30 min to perform one series of measurements, that is, to determine the horizontal (plane) coordinates (x and y) of ground points 1 and 2. The complete measurement procedure in “Full test procedure” consists of three series of measurements at intervals of five minutes, with the start time of successive series separated by at least 90 min.



It is necessary for each set of x and y coordinates (j = 1,..., 5) in the series (  i    = 1, 2, 3) to calculate the horizontal distance between two rover points (    D   i , j   G N S S   )   as follows:


    D   i , j   G N S S   =        x   i , j , 2   −   x   i , j , 1       2   +       y   i , j , 2   −   y   i , j , 1       2    .  



(1)







Statistical testing involves calculating an arithmetic mean of the horizontal distance between two rover points (      D  ¯    G N S S    ) as follows:


      D  ¯    G N S S   =   1   15     ∑  i = 1   3      ∑  j = 1   5      D   i , j   G N S S       .  



(2)







Subsequently, calculated deviations from the nominal values (    Δ   i , j   G N S S    ) and standard deviations of a single horizontal distance     σ     D   G N S S       can be calculated as follows:


    Δ   i , j   G N S S   =   D   i , j   G N S S   −   D   N    



(3)






    σ     D   G N S S     =      ∑  i = 1   3      ∑  j = 1   5            D  ¯    G N S S   −   D   i , j   G N S S       2           n − 1       



(4)




where the following applies:



n is the total number of distance measurements that equal   n = 15  ;



    D   N     is the nominal value of the horizontal distance.



A verification of metrological characteristics for horizontal and vertical positioning of GNSS RTK should be performed in an accredited laboratory.



Checking involves regularly monitoring the performance of the GNSS to determine whether the system is working properly and providing the expected positioning results. This process includes testing the accuracy of the coordinates in real conditions, comparing the results with reference values and analyzing the performance of the system in different weather conditions and environments.




3. Methods of Testing GNSS Receivers


“In addition to multi-frequency and multi-constellation GNSS positioning, dramatic advances in sensor fusion and computer vision in the last years continuously extend the applicability of cm level RTK through IMU-based tilt compensation and visual positioning technology” [12]. A measurement with IMU-based tilt compensation increases its area of use and efficiency only if the accuracy is satisfied.



The use of GNSS/IMU receivers with tilt compensation functions is a very attractive option for the geodetic profession. This option allows its users to reach an inaccessible POI, which would otherwise be impossible to measure with conventional GNSS receivers. The POIs that cannot be measured by conventional GNSS are known as “hidden” points to the surveyors. The accuracy defined by the GNSS manufacturer in the tilt compensation technology mode can be checked by various non-standard methods.



The accuracy of GNSS positioning is directly related to the geometric parameter and the atmosphere conditions. Geometric parameters refer to the number and position of GNSS satellites in the sky known as dilution of precision (DOP). Atmospheric conditions (ionospheric and tropospheric) are one of the biggest sources of errors in GNSS measurements [23]. Via the careful planning of GNSS measurements, errors arising from the atmospheric conditions and satellite geometry can be reduced [24]. The accuracy of the measured ground point coordinates depends on signal blockage conducted by the objects near the GNSS receiver, both natural and artificial.



To minimize all these effects, the reference point of the test polygon for checking GNSS receivers with the tilt compensation function turned on should be placed in an open sky environment. The measurements should be performed with the same GNSS receiver pole height and controlled tilt value in four cardinal directions/positions: north, south, east and west (N, S, E, W) and while performing the conical motion (M) direction with the GNSS receiver, as presented in Figure 3. To achieve tilt control in all mentioned directions and for all tested GNSS/IMU receivers, the deviation from the antenna phase center to its vertical projection on the ground (  ∆ a  ) could be calculated as follows:


  ∆ a = s i n   α   ·   h   G N S S    



(5)




where the following applies:



α is the tilt angle (defined as the angle between the vertical direction and the pole direction);



    h   G N S S     is the GNSS receiver pole height.



The experiment included three phases (Figure 3):



Phase 1. The GNSS/IMU checking process starts by placing the GNSS receiver pole in a vertical position at the test polygon reference point (Figure 3a). At the GNSS receiver vertical position, the center of the spirit level bubble placed on the GNSS receiver pole is in its center, and the tilt compensation function is turned off, i.e., the GNSS receiver pole is in “Position C” (Figure 3a). In that position, the first series of RTK measurements are performed.



Phase 2. Afterward, the tilt compensation function is turned on, and the GNSS receiver pole is tilted by the angle α toward all four cardinal directions: north, south, east and west (N, S, E, W), i.e., “Position N”, “Position S”, “Position E” and “Position W” (Figure 3b,c). Four consecutive series of RTK measurements at the same test polygon reference point are carried out.



Phase 3. The last coordinate measurements are performed while the GNSS receiver pole is in conical motion tilted by the angle α, i.e., “Position M” (Figure 3d).



3.1. Aspects of Data Processing


The coordinates of the GNSS/IMU receiver are expressed in the UTM coordinate system (B, L, h) and the coordinate system in the plane projection (x and y) [1]. To draw conclusions about the quality of the GNSS coordinates, basic statistics were calculated: the arithmetic mean, sample standard deviation and root mean square value for each coordinate in relation to the point that is defined as a reference point of the test polygon.



For the measured GNSS coordinates in each position of the GNSS receiver pole in Figure 3, the differences relative to the position of the GNSS receiver pole when the spirit level peaks, i.e., when the tilt compensation function is off and there are five consecutive positions of the GNSS receiver pole when the tilt compensation function is on, are calculated. The coordinate differences (    ∆   i     x   ,     ∆   i     y   )   are calculated for the coordinates in the plane projection for the x and y direction as follows:


    ∆   i     x   =   x   i   −   x   c    



(6)






    ∆   i     y   =   y   i   −   y   c    



(7)




where the following applies:



      x   C   ,   y   C       are the measured coordinates when the GNSS receiver pole is in its vertical direction with the tilt compensation function turned off;



      x   i   ,   y   i       are the measured coordinates when the GNSS receiver pole is in four cardinal directions, and its motion direction with the tilt compensation function is turned on;



  i = N , S , E , W , M   is the GNSS receiver position of measurements, with the tilt compensation function turned on toward the cardinal directions north, south, east and west (N, S, E, W) and while performing the conical motion (M) direction, as presented in Figure 3.



To test the significance of coordinate differences, it is necessary to calculate the sample standard deviation (    σ   x    ,     σ   y    ) of each series as follows:


    σ   x   =      ∑  i = 1   5      ∑  j = 1   5          x  ¯  −   x   i , j       2           n − 1      ,  



(8)






    σ   y   =      ∑  i = 1   5      ∑  j = 1   5          y  ¯  −   y   i , j       2           n − 1      ,  



(9)




where the following applies:



      x ,  ¯    y  ¯      are the arithmetic mean of coordinates from all series of measurement in each GNSS receiver pole position, respectively;



      x   i , j   ,   y   i , j       are a single measurement of the x and y coordinates;



  j   is the number of measurements per each i position (  i = N , S , E , W ,   M  ) of the GNSS receiver pole with the tilt compensation function turned on;



n is the total number of measurements that equal   n = 25  .



Based on the sample standard deviation, the experimental standard deviations (    σ     ∆   x     ,     σ     ∆   y      ) of a single x and y measurement can be calculated as follows:


    σ     ∆   x     =    σ   x   2   +   σ     x   C     2     



(10)






    σ     ∆   y     =    σ   y   2   +   σ     y   C     2     



(11)




where the sample standard deviations     σ     x   C       and     σ     y   C       are calculated via Equations (8) and (9), i.e., when the GNSS/IMU receiver tilt compensation function is turned off.



The total linear deviation of each measurement position (    f     d   i      ), when the tilt compensation function is turned on (    f     d   i      ), can be calculated as follows:


    f     d   i     =        ∆   i     x       2   +       ∆   i     y       2    ,   i = N , S , E , W , M  



(12)




where   i = N , S , E , W ,   M   is the GNSS receiver position of measurements with the tilt compensation function turned on toward the cardinal directions north, south, east and west (N, S, E, W) and while performing the conical motion (M) direction, as presented in Figure 3.



The positioning accuracy in RTK mode is defined by the standard deviation for horizontal and vertical positioning by the GNSS receiver manufacturer. The phase center of the GNSS antenna is located inside the receiver, while the point for which coordinates should be measured (ground point of interest) is located outside the GNSS receiver.



The coordinates of POIs are achieved by applying calculated phase center correction (PCC) to the coordinates of the phase center position. PCC is calculated using equations that are adjusted by manufacturers of GNSS receivers for every type of GNSS antenna they produce. GNSS/IMU receivers change this. “The Phase center correction (PCC) magnitude can reach the decimeter level according to the antenna structure. Therefore, the PCC model must be carefully handled in applications where phase observations are involved” [18]. For many years, GNSS/IMU-based solutions have been used for airborne, waterborne and mobile mapping systems, and now their application is being tested in geodetic class accuracy receivers for horizontal and vertical positioning. The research in this paper is related to the accuracy of the IMU tilt compensation function [3,25].




3.2. Accuracy Aspects of GNSS/IMU


By direct measurement, the coordinates of the GNSS RTK receiver are always related to the phase center of the receiving GNSS antenna, i.e., to the point   P C   of the vector       r  →    E − P C    , shown in Figure 3. However, the point for which GNSS coordinates should be calculated is the point of interest (P) of the vector       r  →    E − P    , shown in Figure 4. Acknowledging the fact that the GNSS receiver is placed on a pole whose height is known in advance and that it indicates the height of the phase center (    h   P C   )  , the position of point P is defined by a vector relation as follows:


      r  →    E − P   =     r  →    E − P C   +   h   P C    



(13)







“Assuming the pole is a rigid body, the error in the tilt-compensated pole tip position is mainly attributed to the GNSS position error and to the INS holding error” [6]. GNSS observation errors and GNSS/IMU component errors are uncorrelated in the measurement domain. The measurement uncertainty of the position of point P can be calculated as follows:


    u   P   2   =   u   G N S S   2   +   u   I M U   2    



(14)




where the following applies:



    u   P     denotes the pole tip position error;



    u   G N S S     is the standard uncertainty of GNSS coordinates of the APC (refers to the GNSS position error);



    u   I M U     is the standard uncertainty of the INS component (refers to the position error induced by the IMU holding error).



The standard uncertainty of the GNSS coordinate of the APC   (   u   G N S S   )   as a contribution of certain sources of errors can be analyzed in accordance with the standard ISO 17123-8:2015 [20]. Typical influence quantities of the GNSS (RTK) must also be considered. Combined uncertainty (    u   x y    ) in the European Terrestrial Reference System 1989 (ETRS89) datum/Universal Transverse Mercator (UTM) projection horizontal coordinate system in zone 34N is described as follows:


    u   x y   =    u   I S O − G N S S − x y   2   +       h   a   t a n     u   b u b         2   + 2   u   d i s p   2   +   u   c   2   +   u   d E   2   +   u   d N   2   +   u   t r   2     



(15)




while standard uncertainty on the vertical coordinate system is described as follows:


    u   h   =    u   I S O − G N S S − h   2   +   u   d i s p   2   +   u     h   a     2   +   u     h   S     2   +   u   d h   2   +   u   g e   2     



(16)




where the following applies:



    u   I S O − G N S S − x y     is the standard uncertainty of xy coordinates;



    u   I S O − G N S S − h     is the standard uncertainty of h coordinates;



    u   b u b     is the sensitivity of the tubular level on tribrach;



    u   d i s p     is the standard uncertainty of the minimum display digit;



    u   c     is the standard uncertainty of the centering;



    u     h   a       is the standard uncertainty of the antenna height;



    u     h   S       is the stability of the bipod height, neglectable from the budget;



    u   d x    ,     u   d y     and     u   d h     are standard uncertainties of the antenna phase center;



    u   t r     is the transformation;



    u   g e     is the standard uncertainty of the geoid undulation.



Therefore, the standard uncertainties of a single position (    u   I S O − G N S S − x y    ) can be calculated as follows:


    u   I S O − G N S S − x y   2   =   σ     ∆   x     2   +   σ     ∆   y     2    



(17)




where the experimental standard deviations of a single measurement x and y are calculated by Equations (10) and (11).



It should be noted that the combined uncertainty on the horizontal coordinate system and the vertical coordinate system in the ISO 17123-8:2015 standard does not consider the following: the multipath; the clock in the GNSS receiver or satellite; the orbit of the satellite; ionospheric delay; tropospheric delay; and IMU tilt compensation.



The standard uncertainty of the IMU component (    u   I M U    ), which refers to the position error made by using tilt compensation technology, should be taken from the value provided by the GNSS/IMU receiver manufacturer as follows:


    u   I M U   = ±   a + b · t i l t    



(18)




where the following applies:



a is the constant that refers to the standard uncertainty of xy coordinates;



b is the linear change in measurement uncertainty per each tilt (mm/°);



tilt is the value of the GNSS receiver tilt angle in degrees (°).



Position errors 2D of point P (    u   P    ) can be calculated as the sum of two contributions, the first part related to the GNSS coordinate of the APC and the second part related to the IMU component as follows:


    u   P   =    u   G N S S   2   +   u   I M U   2    .  



(19)







Expanded uncertainty   (   U   P    ), with a coverage factor of k = 2, which corresponds to the probability of 95% can be calculated as follows:


    U   P   = 2 ·   u   P      



(20)




and the limit value of the difference (    ∆   l i m i t ( P )    ) can be adopted from the value of expanded uncertainty as follows:


    ∆   l i m i t ( P )   =   U   P   .  



(21)







Limit values for differences along the coordinate axes (    ∆   l i m i t    ) can be calculated as follows:


    ∆   l i m i t   =     U   P      2    .  



(22)







It should be noted that “When taking RTK measurements with tilt compensation at building corners or near fences and walls, the reception of GNSS signals can be significantly degraded by multipath effects. In the case of image-based remote point measurements, multipath reflection appears increasingly while walking close to the object of interest to record the scene” [12]. Focusing on the practical side of using a GNSS receiver, the availability of IMU corrections, accuracy, reliability and correction time are advantages that encourage users to purchase a GNSS/IMU receiver.





4. Results


4.1. The Previously Performed Experiment


The authors of this paper have determined in previous research that the use of a “no name” spirit level placed on the GNSS receiver pole directly affects the accuracy of GNSS horizontal positioning [26]. They pointed out that some further analysis should be performed for GNSS/IMU receivers. The previously performed (i.e., original) experiment was performed with five GNSS RTK receivers. This experiment was performed on a test polygon, which is used for the calibration of GNSS RTK receivers of an accredited laboratory in the Republic of Serbia [27]. The measuring equipment consisted of a bipod for surveying and a pole with a spirit level. The spirit level was mounted on a pole and was used for the vertical positioning of the GNSS receiver pole above the POI on the ground. Before starting the measurement, the GNSS receiver with a movable bipod was centered on a pole with 2 m of height. Centering meant bringing the center of the spirit level to the center of its circle, i.e., “Position C”. The first series of measurements were performed in that position.



Afterward, the GNSS receiver pole was tilted until the spirit level bubble touched the side of the circle that was oriented toward the north direction by using a compass, i.e., “Position N”, and a second series of measurements was performed. Next, the pole was tilted toward the south, i.e., “Position S”, and measurements were performed, and the same operation was performed toward east and west, i.e., “Position E” and “Position W”, respectively. Upon the completion of all measurements and the calculation of the definitive coordinates of the point of interest at the test polygon for each spirit level position toward cardinal directions, the coordinate differences (    ∆   i     x   ,       ∆   i     y   )   were calculated using Equations (6) and (7).



The maximum deviation observed in the north direction was 16.56 mm. The maximum deviation in the east direction was 18.38 mm. These maximum values exceeded the limits of the declared accuracy by the manufacturer of the GNSS RTK receivers. The maximum linear deviation was 21.3 mm. This examination brought the authors to the conclusion that the factors that play the dominant roles in the calculation of coordinates of the point of interest are the position of the spirit level and its tilt value on a GNSS receiver pole.



Guided by the previously performed experiment with GNSS RTK receivers and the use of a “no name” spirit level placed on a pole and the results obtained, the authors performed a new experiment using a GNSS/IMU receiver with an integrated tilt compensation function.




4.2. The Accuracy of GNSS/IMU Receivers


For the purpose of calculating the measurement uncertainty of the coordinates of the point of interest measured using the GNSS/IMU receivers with the tilt compensation function turned off/on, a new experiment was performed during the period of 3 months (from November 2023 until January 2024)—Figure 5.



Measurements were performed using seven different types of GNSS receivers and four different software support solutions. The list of receivers with support software and declared accuracy in RTK mode is shown in Table 2. All GNSS/IMU receivers were previously calibrated according to the procedure provided by the ISO 17123-8 standard and had the following parameters determined: deviations from the nominal values (    Δ   i , j   G N S S    ), standard deviations of a single horizontal distance       ∆   G N S S   ±   σ     D   G N S S         and experimental standard deviations of a single measurement of x, y (    σ     ∆   x      ,     σ     ∆   y      ).



The GNSS/IMU calibration process starts by placing the GNSS receiver pole in its vertical direction at the test polygon reference point and with the tilt compensation function turned off. From the calibration results (Table 2), it was concluded that all GNSS/IMU receivers meet the accuracy of horizontal positioning, which is declared by the manufacturer.



In order to show the displacement of measurements in the tilt position from the POI (∆a), the distance between vertical projections of phase center on the ground for the vertical position and tilted position for the tilt angle α = 30° was calculated using Equation (5). In this experiment, the coordinate direction north–east was used with   ∆ a   = 1 m. The authors decided to perform a set of measurements for GNSS receiver AlphaSurvey Alpha 4i, with a tilt angle of α = 45°, where   ∆ a   = 1.41 m was calculated.



After the calibration of GNSS/IMU receivers on a test polygon of the accredited laboratory [27], a series of measurements were performed with the tilt compensation function turned on, using the procedure described in Section 3. of this paper.



Measurements in each of the five positions of the GNSS/IMU receivers with the tilt compensation function turned on (  i = N , S , E , W ,   M  ) lasted up to 20 min. All the necessary measurements per each GNSS/IMU receiver were completed within a period of up to 120 min. The measurements were carried out according to the manufacturer’s instructions and the rules prescribed by the “Rulebook on the application of Global Navigation Satellite System technology in the areas of State Survey and Cadastre” [28] which is the bylaw governing the use of GNSSs in geodetic works in the Republic of Serbia. Deviations of coordinates x and y per series/positions of the measurements   ( i = N , S , E , W ,   M )   relative to the vertical position of the GNSS receiver (“Position C”) with the tilt compensation function turned on and α = 30° are shown in Table 3.



The combined uncertainty (    u   x y    ) of the coordinates of the point of interest was calculated using Equation (15). Values for typical influence quantities of GNSS RTK, for Equation (15), were taken from the ISO 17123-8:2015 standard:     u   b u b    = 3.49 mm (specified by the manufacturer of GNSS receiver);     u   d i s p     = 0.29 mm;     u   c     = 1 mm,     u     h   a       = 1 mm,     u     h   S       = 0.05 mm;     u   d x    ,     u   d y    ,     u   d h     = 1 mm;     u   t r     = 1 mm; and     u   g e     = 0.56 mm.



The standard uncertainties of a single position (    u   I S O − G N S S − x y   )   were calculated for each GNSS/IMU receiver separately, within the calibration process based on Equation (17). The experimental standard deviation of a single measurement of x and y (    σ     ∆   x     ,     σ     ∆   y     )    in an open sky environment had values that were lower than the declared standard uncertainty of the IMU component (    u   I M U    ) (tilt compensation accuracy—Equation (18)), declared by the manufacturers of GNSS/IMU receivers.



For example, for the GNSS/IMU receiver Alpha5i, the following was calculated:     u   I S O − G N S S − x y     = 4.62 mm. By entering this value in Equation (15) and by equalizing influence      u   x y   =   u   G N S S   ,   the value of     u   G N S S   =  6.12 mm was calculated. For the IMU component, the value of the declared manufacturer tilt compensation accuracy was     u   I M U   = ±   8 + 0.3 · 30 °     = 17 mm (Table 4).



Position errors 2D (    u   P    ) for GNSS receiver Alpha5i calculated via Equation (19) were as follows:


     u   P   =    u   G N S S   2   +   u   I M U   2      =    6.12   2   +   17   2    = 18.1 mm.   



(23)







Respectively, expanded uncertainty (    U   P    ) calculated via Equation (20) was as follows:


    U   P   = 2 ·   u   P   = 36.2 mm.  



(24)







The limit value for differences along the coordinate axes (    ∆   l i m i t    ) calculated using Equation (22) for GNSS receiver Alpha5i was as follows:


    ∆   l i m i t   =     U   P      2    = 25.6 mm.  



(25)







Homogeneity testing in the direction of the coordinate axes   x   and   y   was analyzed according to the following criteria: the maximum deviation     x , y − a x i s   ≤   ∆   l i m i t    . If this criterion was met, the evaluation “Satisfactory” was achieved, otherwise it was marked as “Unsatisfactory” (Table 4).



Repeatability as the lower limit of accuracy for the GNSS receivers used in the experiment is graphically shown in Figure 6.



A preliminary assessment of accuracy was performed for each GNSS/IMU receiver. This included an analysis of instrument performance, as shown in Table 2. Position errors 2D (    u   P    ) were used as a reference and indicator for assessing the limit value for differences     ∆   l i m i t     in all five measurement positions: N, S, E, W and M. Figure 6 presents an acceptable range for     ∆   l i m i t     for each GNSS/IMU receiver used in the experiment. This serves as the basis for the discussion of the achieved results.





5. Discussion


Technological innovations in the production of GNSS receivers and antennas have enabled the use of GNSS/IMU equipment in geodetic RTK surveying. The increased number of GNSS satellites, advanced signal structure and application of sensors have enabled GNSS measuring in situations where it was not suitable before.



The use of tilt compensation technology is increasing rapidly, and for this reason, the practical limits of its use are under discussion. The authors of this paper had seven GNSS/IMU receivers available for the experiment. Measurements were performed with the same tilt compensation function in an open sky environment with the intention of checking the coordinate deviations on the point of interests that are part of the test polygon used for GNSS RTK calibration. Deviations in the direction of the coordinate axes are shown in Table 3. For a tilt of   α =   30°, the maximum deviation was noted in the direction of the x-axis and was equal to −64.92 mm for GNSS receiver SinoGNSS N3. For a tilt of   α =   45°, GNSS receiver AlphaSurvey Alpha 4i was examined, and the maximum deviation was noted in the direction of the y-axis and was equal to −121.3 mm. These deviations confirm the manufacturer’s instruction that GNSS/IMU receivers are best to be used with a tilt angle of up to   α =   30°.



The experimental standard deviation of a single measurement of x and y in an open sky environment in the short baseline test polygon (distance ≤ 5 m) had values ≤ 5.57 mm (Table 2). For all used GNSS/IMU receivers, the standard uncertainties of GNSS coordinates of the antenna phase center are presented in Table 4, and they were within the range of   5.0   m m ≤   u   G N S S   ≤ 8.5   m m   for a tilt of   α =   30°.



The standard uncertainty of the IMU component was within the range of   17   m m ≤   u   I M U   ≤ 31   m m  . The pole tip position error was within the range of   18.1   m m ≤   u   P   ≤ 31.7   m m   (Table 4). These values were calculated in the calibration process from a single measurement of x and y and used to calculate the limit value for the differences along the coordinate axes x and y. These limit values were within the range of   25.6   m m ≤   ∆   l i m i t   ≤ 44.6   m m  . The GNSS/IMU receivers with characteristic values of position errors 2D marked as “Satisfactory” were e-Survey E300pro, RUIDE RENO 1 and SOUTH G3. In this way, the standard uncertainties of a single position (x, y) accuracy aspect of GNSS/IMU were determined, and the practical limits of using the tilt compensation technology of GNSS/IMU receivers were examined (Table 4).




6. Conclusions


In this paper are presented the results of an experiment that was conducted with the aim to determine the accuracy and reliability of seven GNSS/IMU receivers. Before carrying out the experiment, each GNSS receiver was calibrated, and the metrological characteristics of GNSS RTK were confirmed.



The monitoring of GNSS signals is of great importance, especially in situations where the tilt compensation function of GNSS/IMU receivers is to be used and in conditions of densely built-up areas. The authors of this paper work with a laboratory that is accredited according to the ISO 17025 standard and is in daily contact with distributors and users of geodetic equipment in the Republic of Serbia since the laboratory provides calibration services for total stations, levels and GNSS receivers. Purchasers of GNSS/IMU receivers look for answers to the following questions:




	
For which tasks is the tilt compensation function most useful?



	
What are the tasks that they cannot be used for?








The authors looked for answers to these questions in communication with distributors of GNSS receivers and with purchasers and users in the Republic of Serbia and also through available research in scientific works and publications of the professional community. Users of GNSS/IMU receivers emphasize its importance in increasing productivity for the cadastral surveying of large areas while using the tilt compensation function. The use of GNSS/IMU receivers with the tilt compensation function turned on is less tiring (data collection is faster), but the use of this measurement option is viable only in situations where the required coordinate accuracy is not better than 5 cm.



Users of GNSS/IMU receivers in the Republic of Serbia pointed out that sometimes they have problems when performing IMU initialization requests. Certain movements with the pole, walking in circles, swinging back and forth, or circular movements must be performed for IMU initialization. Once the GNSS/IMU receiver is initialized, the function of the IMU is not easily lost even if the GNSS receiver pole is carried on the shoulder, held horizontally or facing downwards. Since GNSS/IMU equipment manufacturers work on improvements of the tilt compensation function and lowering its cost, it is natural to expect that more and more of its users will choose this convenient feature, rather than GNSS receivers without IMU components installed.



The scientific and professional community emphasizes the importance of the calibration of geodetic equipment. Calibrations should be conducted in accredited laboratories and according to standard methods. The testing method of the GNSS/IMU receiver presented in this paper can help its users to make correct conclusions regarding the coordinate accuracy of the point of interest measured.



The conducted research can be used to check the internal accuracy and functionality of GNSS/IMU receivers in the permanent GNSS network stations. The use of different permanent GNSS networks has an impact on the accuracy, reliability and convergence time of obtaining the RTK solution. In the Republic of Serbia exists three permanent GNSS networks: AGROS (Active Geodetic Reference Network of Serbia) [29], “Vekom Net” [30] and “GentooARS” [31]. Each of them has different geographic distributions of reference points and uses different processing software. This means that GNSS RTK receivers connected to GNSS networks that have reference GNSS points near the POI will provide more accurate corrections in that region (correction information for satellite orbits, clock errors, ionospheric delay, etc.). Permanent GNSS networks have different detections and corrections for atmospheric effects, which affects the accuracy of RTK solutions [24]. In order to make these influences negligible, the entire experiment was performed by connecting the GNSS receivers to the same GNSS network, i.e., AGROS [29].



The performance of the used GNSS receivers is shown in Figure 6. All tested GNSS/IMU receivers are compatible with the correction format provided by the permanent GNSS networks of the Republic of Serbia. The external accuracy of the model can be checked by successively connecting it to available permanent GNSS networks. In this case, based on the research previously conducted by the author [32], it is justified to expect variable levels of coordinate accuracy.
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Figure 1. “Basic data processing schematic of the IMU-based tilted RTK receiver” [5]. 
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Figure 2. Accuracy versus precision [9]. 
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Figure 3. (a) GNSS receiver pole “Position C”—tilt compensation function is turned off; (b) GNSS receiver pole “Position N” and “Position S”—tilt compensation function is turned on; (c) GNSS receiver pole “Position E” and “Position W”—tilt compensation function is turned on; (d) GNSS receiver pole conical moving “Position M”—tilt compensation function is turned on. 
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Figure 4. The principle of tilt compensation function of GNSS/IMU receiver. 
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Figure 5. Measurements performed on a test polygon for calibration of GNSS RTK receivers [28]. 
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Figure 6. Graphical representation: position errors   (  u p  )  ; the limit value for differences   (   ∆   l i m i t    ) along coordinate axes and deviation of coordinates     ∆   x     and     ∆   y     for each GNSS/IMU receiver. 
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Table 1. Position accuracy measures [9].
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	Accuracy

Measures
	Formula
	Probability
	Definition





	DRMS
	      σ   x   2   +   σ   y   2      
	65%
	The square root of the average of the squared horizontal position errors.



	2DRMS
	   2 ·    σ   x   2   +   σ   y   2      
	95%
	Twice the DRMS of the

horizontal position errors.



	MRSE
	      σ   x   2   +   σ   y   2     + σ   z   2      
	61%
	The radius of the sphere

centered at the true position,

containing the position

estimate in 3D with a

probability of 61%.










 





Table 2. Calibration results of GNSS/IMU receiver with the tilt compensation function turned OFF.
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	GNSS Receiver/

Software Support
	Horizontal/

Vertical

Accuracy
	Tilt

Compensation

Accuracy

(mm)
	     ∆   G N S S   ±   σ     D   G N S S       

(mm)
	     σ     ∆   x        σ     ∆   y       

(mm)





	e-Survey E300pro/

SurPad 4.2
	8 mm + 1 ppm/

15 mm + 1 ppm
	30
	−0.04 ± 0.59
	2.15

3.68



	SinoGNSS N3/

Survey Master
	8 mm + 0.5 ppm/

15 mm + 0.5 ppm
	20
	−0.57 ± 0.86
	5.00

5.57



	AlphaSurvey Alpha5i/

Alpha DiMap Pro
	8 mm + 1 ppm/

15 mm + 1 ppm
	8 + 0.3·tilt
	−2.64 ± 1.35
	2.94

3.57



	AlphaSurvey Alpha4i/

Alpha DiMap Pro
	8 mm + 1 ppm/

15 mm + 1 ppm
	8 + 0.3·tilt
	1.20 ± 0.78
	2.97

2.37



	RUIDE RENO 1/

Surv X
	8 mm + 1 ppm/

15 mm + 1 ppm
	10 + 0.7·tilt
	0.24 ± 0.55
	1.43

2.57



	SOUTH G3/

Surv X
	8 mm + 0.5 ppm/

15 mm + 0.5 ppm
	10 + 0.7·tilt
	−1.61 ± 1.31
	4.04

3.69



	RUIDE ROVA 1/

Surv X
	8 mm + 1 ppm/

15 mm + 1 ppm
	10 + 0.7·tilt
	−1.38 ± 0.67
	1.67

2.67










 





Table 3. Deviation of coordinates x and y per series/positions of measurements   i = N , S , E , W ,   M   relative to the vertical position of the GNSS/IMU receiver.
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Deviation of

Coordinates per Series

	
   N − C   

[mm]

	
   S − C   

[mm]

	
   E − C   

[mm]

	
   W − C   

[mm]

	
   M − C   

[mm]






	
GNSS receiver:

	
e-Survey E300pro




	
x-axis

	
−2.87

	
8.33

	
13.73

	
−11.87

	
−7.07




	
y-axis

	
9.33

	
−25.27

	
8.73

	
3.33

	
−8.07




	
GNSS receiver:

	
SinoGNSS N3




	
x-axis

	
0.50

	
−39.90

	
36.28

	
−64.92

	
−2.76




	
y-axis

	
10.32

	
49.48

	
18.26

	
−26.88

	
−48.02




	
GNSS receiver:

	
AlphaSurvey Alpha 5i




	
x-axis

	
2.60

	
−13.60

	
−35.40

	
−7.00

	
−16.20




	
y-axis

	
−3.60

	
−3.40

	
−9.20

	
0.20

	
−4.20




	
GNSS receiver:

	
AlphaSurvey Alpha 4i (for α = 45°)




	
x-axis

	
11.50

	
48.50

	
−72.90

	
−32.50

	
15.30




	
y-axis

	
10.50

	
−121.30

	
−79.90