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ABSTRACT	 The swift advancement of sensor fusion methodologies in global navigation satellite 
systems (GNSSs) and inertial measurement units (IMUs) presents a significant prospect 
to enhance the practicality, efficiency, and user experience of very precise real time 
kinematic (RTK) GNSS positions. Now that Topcon Integrated Levelling Technology (TILT) 
compensation technology is available, GNSS RTK can be used more effectively and 
adaptably in scenarios with greater constraints by automatically adjusting pole tilt from 
plumb. However, most conventional tilt compensation methods need laborious on-site 
calibrations and are vulnerable to magnetic disturbances. In addition, it is common for the 
tilt correction range to be 15 degrees. This research, instead, looks at the precision and 
repeatability that the RTK GNSS was able to achieve on 20 December 2023, using various 
satellite configurations. The United States' National Standard for Spatial Data Accuracy 
(NSSDA) governs how spatial data accuracy is reported. At 15-degree tilt angles, where a 
three dimensional positioning precision of approximately 1-15 cm that is possible in our 
investigation, the receiver IMU-based tilt correction is appropriate.
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1. Introduction

Many problems are involved in the measuring of building corners with global navigation satellite 
system (GNSS) receivers. Except for reasons such as multipath or signal blockage, it is impossible 
to determine the correct coordinates due to the offset between the GNSS receiver wall contact 
point and the antenna phase centre. The biggest con of an inertial measurement unit (IMU) tilt 
sensor is the compensation that may occur when measuring points with an angle. When accuracy 
is required to be the highest possible, the best solution is to not keep a real time kinematic (RTK) 
GNSS receiver with an IMU tilt sensor at an angle of 60°. If a deviation of a few centimetres is 
irrelevant, then, the matter is of no concern. IMUs typically consist of an accelerometer, gyroscope, 
and, sometimes, GNSS or magnetometer equipment (Nichols and Talbot, 1996; Jekekli, 2001; Hong 
et al., 2005; Kurtovic and Pagan, 2009; Groves, 2013; Luo et al., 2017). To compute movement and 
monitor a device’s location and orientation in space, an IMU detects the inertial gravitational forces 
inside the object. While an inertial navigation system (INS) does not depend on external signals like 
GNSS, it performs the same functions as an IMU. Only in relation to a specified starting point can 
the absolute attitude be computed using the internal sensors. Many papers have been published 
on the determination of the coordinates of building corners (Jekeli, 2001; Hong et al., 2005; Pedley, 
2012; Groves, 2013; Krzyżek, 2014, 2015a, 2015b, 2015c, 2017; Luo et al., 2018; Sveinung et al., 
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2021; Pirti and Yucel, 2023; Gučević et al., 2024). However, in this study, the Topcon Integrated 
Levelling Technology (TILT) system utilised by surveying RTK GNSSs (GPS/GLONASS/Galileo/BeiDou) 
was repeatedly examined with 15° angle values on 13 different times of the day (20 December 
2023). The aim of this study was to determine if the actual method TILT used in practice for the 
execution of building edge/corner surveys was effective or not (by using the NSSDA). This study 
investigates the accuracy and repeatability of RTK GNSSs (TILT) by comparing the coordinates of a 
group of test points (B1, B2, B3, B4, and B5 points) determined from an RTK GNSS and by using a 
total station.

2. Materials and methods

Stake-out or measurement of points, when the survey rod is tilted or tipped, is possible with 
a GNSS receiver equipped with an IMU tilt adjustment. This facilitates precise measuring without 
requiring the antenna to be levelled, resulting in quicker and more effective field operations.

To continually detect its location, rotation, and degree of tilt, as well as to compensate for 
any tilt, the receiver IMU employs data from a GNSS, acceleration sensors (accelerometers), and 
rotational sensors (gyroscopes). When the pole is IMU tilt compensated, it may be tilted at any 
angle, and the software can compute the tilt angle and tilt distance to find the pole tip location 
on the ground. IMU tilt correction may be utilised for any measurement technique (apart from 
observed control point) and is “always on” when enabled. When measuring an observed control 
point, the receiver automatically switches to GNSS-only mode and the GNSS eBubble appears 
automatically, if it is enabled (Yang and Freestone, 2016, 2017; Yang and Gilbertson, 2016; Pirti 
and Yucel, 2023).

A whole new working method is made possible with IMU tilt correction, which enables an 
accurate and rapid measuring of points when walking or standing, without the need to level the 
pole. Focus on the necessary location for the pole tip is particularly helpful during stake-out. 
Difficult spots, such as pipe inverts and building corners, can also be properly surveyed with this 
method. When the pole tip is steady, the receiver automatically adjusts for “pole wobble”, so 
that pole movement while measuring is of no concern.

IMU tilt correction may be employed in locations where magnetic disturbance may be present, 
such as those surrounding heavy equipment, steel-reinforced structures, or automobiles. This as 
its performance remains unaffected by magnetic interference. IMU sensors always determine 
the receiver orientation and tilt angle. When used in conjunction with GNSS, the receiver can 
continually calculate its location and adjust for tilt to any degree.

No specific measuring technique is needed for IMU tilt adjustment. IMU tilt compensation is 
always enabled when roving, navigating, or measuring points with any measurement technique. 
The degree of tilt of the receiver is electronically represented by the GNSS eBubble. When 
measuring a point, use the GNSS eBubble to make sure the pole is vertical, steady, and stable. 
In recent decades, electronic bubbles, or “eBubbles” emerged, using microelectromechanical 
(MEMS) tilt sensors along with various methods to apply an orientation to compute the position 
of the pole tip relative to the phase centre of the GNSS antenna. In survey mode, GNSS receivers 
and tilt features are enabled. Using a receiver with IMU tilt compensation enables points 
to be measured or staked out while the survey rod is tilted or tipped. This enables accurate 
measurements to be taken without having to level the antenna and a focus on the pole tip during 
stakeout, allowing for faster, more efficient work in the field. Enable eBubble functions in the 
survey style so that you can use the GNSS eBubble to help you keep the receiver's integrated 
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antenna level when measuring a point if you are working in GNSS‑only mode. The GNSS eBubble 
is not shown when the IMU is aligned. Robust and high-sensitivity tracking of GNSS signals in all 
frequency bands is crucial for high-precision RTK positioning with tilt compensation, especially 
at large tilt degrees. The elevation angle of the incoming GNSS signal, with regard to the antenna 
horizon, drops by t, from α (vertical pole) to β (tilted pole), if the pole is tilted away from a satellite 
by t degrees, as shown in Fig. 1. The greater tilt t, the lower angle β for a given elevation angle of 
α. This suggests that, depending on the tilt angle, a GNSS signal received at a high elevation angle 
during traditional RTK surveying with a vertical pole may change into a low elevation signal during 
the tilt compensation scenario. Moreover, multipath or surrounding interferences cause an 
increase in the receipt of noise signals when performing tilt-compensated RTK measurements at 
building corners or in close proximity to walls and fences. The GNSS receivers have sophisticated 
signal tracking capabilities to meet these problems and offer the highest number of observations 
possible for tilt-compensated RTK solutions (Tittertan and Weston, 2004; Wolf and Ghialini, 
2008; Topcon, 2022; Pirti and Yucel, 2023).

Fig. 1 - When tilting a pole away from the satellite, the incoming GNSS signal 
elevation angle decreases (t = tilt angle, α = satellite elevation angle for vertical 
pole, β = satellite elevation angle for tilted pole).

An IMU tilt sensor in an RTK GNSS receiver can be really helpful as it significantly reduces the 
surveying time. 

Fig. 2 - Illustration of TILT system and working schema. 
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Fig. 3 shows both an RTK GNSS receiver with a tilt compensation function and the configuration 
of the IMU body frame (b-frame, lateral view). For analysis purposes, the IMU measurement 
centre is assumed to coincide with the GNSS antenna phase centre (APC) (see Figs. 2 and 3).

Fig. 3 - INS and RTK GNSS receivers.

Fig. 3 shows the illustration of the proposed INS alignment principle for tilted RTK GNSS 
receivers. The alignment involves shifting the pole from tilt position A to tilt position B. The INS- 
and RTK-indicated trajectories are similar in shape in the horizontal plane (top view) due to the 
existence of t (Tersus GNSS, 2021; Topcon, 2022).

3. Description of experiments

To investigate these problems, experiments were carried out in the Davutpaşa region (Yıldız 
Technical University Campus), near Istanbul, in Turkey. For this purpose, two reference points 
(T1 and T2) were located in the study area (clear-line of sight) (Figs. 4 and 5). Static GNSS surveys 
determined the coordinates of T1 and T2. On 18 December 2023, for at least 1.5 hours, the 
static data of the T1 and T2 stations were recorded. The cut-off elevation mask angle for the 
static survey was set to 10°, and the data-receiving and processing rates were set to 30 s. In 
the testing method, between 19 and 25 GNSS satellites were seen, and their locations were 
generally normal. For the static survey, the position dilution of precision (PDOP) ranged from 
0.92 to 1.27. For data processing and network changes, Topcon Magnet Tools v.8.0.0 software 
was used. Table 1 shows that, during the adjustment phase, the PALA station (ISKI-CORS) ITRF 20 
coordinates were fixed. Table 1 displays the coordinates and standard deviations (SDs) of these 
two reference locations (T1 and T2).

Furthermore, the five corners of the one-two-storey structures, about 7-9 m high, in the study 
area were denoted by points B1, B2, B3, B4, and B5 (Fig. 4). The horizontal accuracies obtained 
with the three different positioning methods are as follows: 3 mm + 0.4 ppm (static mode, Topcon 
Hiper VR receivers), 5 mm + 0.5 ppm (RTK), and 1.3 mm/°tilt if tilt ≤ 10° and 1.8 mm/°tilt if tilt > 10° 
(compensator tilt sensor1). The vertical accuracies of the first two methods are 5 mm + 0.5 ppm 
(static mode, Topcon Hiper VR receivers) and 10 mm + 0.8 ppm (RTK), respectively.

1 The maximum angle at which tilt correction is recommended is 15°.
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Fig. 4 - The five corners of two buildings in the study region.

Fig. 5 - The B1, B2, B3, B4, and B5 corner points (panels a and b) and T1 and T2 reference points (panels c and d) in the 
study region and TILT surveying (panel e).
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Table 1 - SD and coordinate values of the three points obtained by using static surveys.

	 Point	 Grid northing (m)	Grid easting (m)	 Elevation (m)	 SD N (m)	 SD E (m)	 SD h (m)

	 PALA	 4550678.003	 412881.99	 170.561	 0	 0	 0

	 T1	 4543654.060	 406382.345	 111.119	 0.002	 0.002	 0.004

	 T2	 4543760.218	 406335.513	 109.705	 0.002	 0.002	 0.004

For each site, 13 RTK GNSS surveys were conducted at different times of the day, with 
considerable alterations made to the satellite configuration to ensure the independence of the 
findings (Tables 2, 3, 4, 5, and 6).

4. Results

Based on GPS+GLONASS+Galileo+Beidou satellite configurations and the T2 reference point, 
RTK GNSS surveys were carried out on 20 December 2023, between 9:26:53 and 9:44:28 hours, 
with 15° tilt angles. We were able to retrieve the coordinates for building corner point B1. The 
recording interval of one second and the epoch value of 10 were selected. During this period, 
4-5 GPS, 3-5 GLONASS, 4-5 Galileo, and 1-3 Beidou satellites were discovered. The range of PDOP 
values for this time frame was 1.206 to 1.819.

Table 2 - RTK GNSS surveys for point B1 conducted using a Topcon Hiper VR receiver.

	 20 December 2023

	 Point	 Satellites	 Tilt angle	 Y	 X	 h	 Epoch	 Sat. number	 PDOP

	 B1	 GNSS	 15⁰	 406369.691	 4543617.227	 110.916	 10	 9	 1.819

	 B1	 GNSS	 15⁰	 406369.683	 4543617.259	 110.893	 10	 10	 1.44

	 B1	 GNSS	 15⁰	 406369.689	 4543617.185	 110.890	 10	 12	 1.219

	 B1	 GNSS	 15⁰	 406369.678	 4543617.223	 110.887	 10	 11	 1.31

	 B1	 GNSS	 15⁰	 406369.683	 4543617.248	 110.887	 10	 11	 1.349

	 B1	 GNSS	 15⁰	 406369.711	 4543617.191	 110.889	 10	 11	 1.246

	 B1	 GNSS	 15⁰	 406369.684	 4543617.245	 110.885	 10	 10	 1.318

	 B1	 GNSS	 15⁰	 406369.685	 4543617.185	 110.892	 10	 13	 1.206

	 B1	 GNSS	 15⁰	 406369.687	 4543617.180	 110.885	 10	 13	 1.298

	 B1	 GNSS	 15⁰	 406369.666	 4543617.229	 110.873	 10	 13	 1.277

	 B1	 GNSS	 15⁰	 406369.666	 4543617.244	 110.870	 10	 12	 1.321

	 B1	 GNSS	 15⁰	 406369.651	 4543617.249	 110.874	 10	 11	 1.457

	 B1	 GNSS	 15⁰	 406369.651	 4543617.223	 110.889	 10	 11	 1.619

Epoch: The measurement interval of a GPS/GNSS receiver for coordinate estimation.

Table 3 shows the results of RTK surveys conducted on 20 December 2023, between 9:49:53 
and 10:06:04 hours, using 15° tilt angles. The coordinates of the B2 building corner point were 
obtained using satellite configurations (GPS+GLONASS+Galileo+Beidou) and the T2 reference 
point. One second was chosen as the recording interval, and 10 was the epoch value. During this 
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time, 4-5 GPS, 2-3 GLONASS, 2-3 Galileo, and 1-3 Beidou satellites were detected. PDOP values 
during this time period ranged from 1.169 to 1.883.

Table 3 - RTK GNSS surveys for point B2 conducted using a Topcon Hiper VR receiver.

	 20 December 2023

	 Point	 Satellites	 Tilt angle	 Y	 X	 h	 Epoch	 Sat. number	 PDOP

	 B2	 GNSS	 15⁰	 406412.136	 4543582.617	 110.979	 10	 10	 1.472

	 B2	 GNSS	 15⁰	 406412.171	 4543582.594	 110.944	 10	 12	 1.410

	 B2	 GNSS	 15⁰	 406412.156	 4543582.619	 110.984	 10	 11	 1.341

	 B2	 GNSS	 15⁰	 406412.151	 4543582.625	 110.971	 10	 14	 1.169

	 B2	 GNSS	 15⁰	 406412.186	 4543582.561	 110.970	 10	 11	 1.502

	 B2	 GNSS	 15⁰	 406412.209	 4543582.584	 110.972	 10	 9	 1.883

	 B2	 GNSS	 15⁰	 406412.211	 4543582.600	 110.965	 10	 9	 1.659

	 B2	 GNSS	 15⁰	 406412.185	 4543582.560	 110.993	 10	 12	 1.383

	 B2	 GNSS	 15⁰	 406412.211	 4543582.603	 110.966	 10	 12	 1.461

	 B2	 GNSS	 15⁰	 406412.215	 4543582.601	 110.975	 10	 11	 1.623

	 B2	 GNSS	 15⁰	 406412.209	 4543582.583	 110.973	 10	 11	 1.365

	 B2	 GNSS	 15⁰	 406412.215	 4543582.574	 110.962	 10	 11	 1.424

	 B2	 GNSS	 15⁰	 406412.202	 4543582.584	 110.985	 10	 11	 1.623

On 20 December 2023, between 10:07:31 and 10:22:08 hours, RTK surveys were carried out 
using satellite configurations (GPS+GLONASS+Galileo+Beidou) and the T2 reference point, with 
a chosen 15° tilt angle. We were able to collect the corner point coordinates for the B3 building. 
The epoch value was 10, and the recording interval was set at one second. Satellite detections 
during this period included 4-5 GPS, 2-3 GLONASS, 2-3 Galileo, and 1-3 Beidou satellites. During 
this period, the PDOP values ranged from 1.134 to 1.514.

Using satellite configurations (GPS+GLONASS+Galileo+Beidou) and the T2 reference point, 
RTK surveys were conducted on 20 December 2023, between 10:23:10 and 10:37:33 hours, 
selecting a 15° tilt angle. The coordinates of the B4 building corner point were obtained. One 
second was chosen as the recording interval, and 10 was the epoch value. During this time, 4-5 
GPS, 2-3 GLONASS, 2-3 Galileo, and 1-2 Beidou satellites were detected. PDOP values during this 
time period ranged from 1.311 to 1.915.

RTK surveys were conducted on 20 December 2023, between 10:38:37 and 10:53:14 hours, 
using satellite configurations (GPS+GLONASS+Galileo+Beidou) and the T2 reference point, with 
a 15° tilt angle. The coordinates of the B5 building corner point were determined. The recording 
interval of one second and the epoch value of 10 were selected. 4-5 GPS, 2-3 GLONASS, 2-3 
Galileo, and 1-2 Beidou satellites were found during this period. Throughout this timeframe, the 
PDOP values ranged from 1.342 to 2.663.

The use of GNSS facilitated the quick development of positioning technology. The employment 
of many constellations is important because of the rise of visible satellites, which may improve 
satellite geometry and increase the number of observables that are accessible (Tables 2, 3, 4, 
5, and 6). When the data from all constellations were merged, all configurations showed better 
location accuracy when taking into account the use of GPS/GLONASS/Gaileo/Beidou data (Wolf 
and Ghiliani, 2008). The GNSS technology offers strong RTK position availability and dependability 
by using all available GPS, GLONASS, Galileo, and BeiDou signals.
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5. Analysis of RTK GNSS (TILT) accuracy-repeatability

In this investigation, RTK GPS/GPS-GLONASS/GNSS measurements were made at building 
corner points B1, B2, B3, B4, and B5 at various times of the day (20 December 2023) using a 
15° tilt angle. The precision and repeatability of the acquired coordinates were compared and 
examined. The experiment comprised five ground-marked locations (B1, B2, B3, B4, and B5), 
as previously mentioned. It should be noted that several satellite constellations and times of 
day were used for the studies. A cut-off elevation mask angle of 10° was used for the RTK GNSS 
surveys. The data acquisition (the act of receiving data) and processing rate (the amount of raw 

Table 4 - RTK GNSS surveys for point B3 conducted using a Topcon Hiper VR receiver.

	 20 December 2023

	 Point	 Satellites	 Tilt angle	 Y	 X	 h	 Epoch	 Sat. number	 PDOP

	 B3	 GNSS	 15⁰	 406378.725	 4543573.177	 110.609	 10	 11	 1.241

	 B3	 GNSS	 15⁰	 406378.743	 4543573.150	 110.601	 10	 11	 1.158

	 B3	 GNSS	 15⁰	 406378.790	 4543573.174	 110.590	 10	 11	 1.145

	 B3	 GNSS	 15⁰	 406378.784	 4543573.191	 110.592	 10	 10	 1.225

	 B3	 GNSS	 15⁰	 406378.792	 4543573.174	 110.602	 10	 11	 1.274

	 B3	 GNSS	 15⁰	 406378.776	 4543573.166	 110.577	 10	 11	 1.134

	 B3	 GNSS	 15⁰	 406378.777	 4543573.167	 110.560	 10	 11	 1.200

	 B3	 GNSS	 15⁰	 406378.793	 4543573.210	 110.581	 10	 12	 1.204

	 B3	 GNSS	 15⁰	 406378.739	 4543573.151	 110.570	 10	 12	 1.247

	 B3	 GNSS	 15⁰	 406378.765	 4543573.182	 110.575	 10	 11	 1.288

	 B3	 GNSS	 15⁰	 406378.773	 4543573.174	 110.594	 10	 11	 1.424

	 B3	 GNSS	 15⁰	 406378.791	 4543573.181	 110.582	 10	 11	 1.372

	 B3	 GNSS	 15⁰	 406378.775	 4543573.192	 110.548	 10	 10	 1.514

Table 5 - RTK GNSS surveys for point B4 conducted using a Topcon Hiper VR receiver.

	 20 December 2023

	 Point	 Satellites	 Tilt angle	 Y	 X	 h	 Epoch	 Sat. number	 PDOP

	 B4	 GNSS	 15⁰	 406367.390	 4543562.409	 107.656	 10	 9	 1.915

	 B4	 GNSS	 15⁰	 406367.400	 4543562.454	 107.638	 10	 11	 1.490

	 B4	 GNSS	 15⁰	 406367.380	 4543562.481	 107.635	 10	 11	 1.430

	 B4	 GNSS	 15⁰	 406367.385	 4543562.408	 107.648	 10	 11	 1.536

	 B4	 GNSS	 15⁰	 406367.373	 4543562.518	 107.653	 10	 11	 1.453

	 B4	 GNSS	 15⁰	 406367.378	 4543562.414	 107.650	 10	 11	 1.311

	 B4	 GNSS	 15⁰	 406367.386	 4543562.427	 107.662	 10	 11	 1.405

	 B4	 GNSS	 15⁰	 406367.359	 4543562.463	 107.669	 10	 12	 1.417

	 B4	 GNSS	 15⁰	 406367.366	 4543562.418	 107.672	 10	 12	 1.381

	 B4	 GNSS	 15⁰	 406367.371	 4543562.497	 107.661	 10	 11	 1.493

	 B4	 GNSS	 15⁰	 406367.403	 4543562.523	 107.643	 10	 12	 1.538

	 B4	 GNSS	 15⁰	 406367.376	 4543562.542	 107.641	 10	 10	 1.564

	 B4	 GNSS	 15⁰	 406367.353	 4543562.432	 107.642	 10	 12	 1.446
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Table 6 - RTK GNSS surveys for point B5 conducted using a Topcon Hiper VR receiver.

	 20 December 2023

	 Point	 Satellites	 Tilt angle	 Y	 X	 h	 Epoch	 Sat. number	 PDOP

	 B5	 GNSS	 15⁰	 406411.860	 4543537.739	 110.872	 10	 9	 1.685

	 B5	 GNSS	 15⁰	 406411.890	 4543537.735	 110.884	 10	 11	 1.839

	 B5	 GNSS	 15⁰	 406411.889	 4543537.722	 110.868	 10	 9	 1.377

	 B5	 GNSS	 15⁰	 406411.902	 4543537.751	 110.871	 10	 8	 1.743

	 B5	 GNSS	 15⁰	 406411.904	 4543537.761	 110.864	 10	 10	 1.342

	 B5	 GNSS	 15⁰	 406411.887	 4543537.762	 110.851	 10	 9	 1.405

	 B5	 GNSS	 15⁰	 406411.843	 4543537.717	 110.842	 10	 8	 1.869

	 B5	 GNSS	 15⁰	 406411.894	 4543537.732	 110.874	 10	 9	 2.122

	 B5	 GNSS	 15⁰	 406411.897	 4543537.791	 110.906	 10	 9	 1.840

	 B5	 GNSS	 15⁰	 406411.924	 4543537.834	 110.988	 10	 9	 2.457

	 B5	 GNSS	 15⁰	 406411.918	 4543537.758	 110.829	 10	 10	 2.491

	 B5	 GNSS	 15⁰	 406411.888	 4543537.770	 110.807	 10	 8	 2.700

	 B5	 GNSS	 15⁰	 406411.862	 4543537.754	 110.798	 10	 8	 2.663

materials or process intermediates used or products made by any equipment, source operation, 
or control apparatus) were set to one second and 10 epochs, respectively. Utilising Topcon Hiper 
VR receivers, the integer ambiguity was solved for each point, within the range of 1 to 10 s. The 
first survey was conducted on 20 December 2023 and the other surveys were conducted on the 
same day (morning, noon, and afternoon) using identical RTK GNSS receivers. The coordinate 
discrepancies between the five places in the RTK GNSS survey findings are shown in Figs. 6 
and 7. Additionally, included in the figures are the mean and SD of the coordinate differences 

Fig. 6 - Comparison of the B1, B2, B3, B4, B5 corner point coordinates obtained from RTK GNSS surveys on 20 December 
2023 by using the T2 reference point.
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between the first and the subsequent surveys. The horizontal coordinates of the locations, as 
independently established by these tests, seem to be similar when the outcomes of the RTK 
GNSS surveys are compared, with occasional SDs ranging from a few millimetres to 20 cm. The 
height component, on the other hand, varied less consistently throughout all RTK GNSS sessions, 
sometimes by up to 20 cm at the same locations.

Additionally, Fig. 6 displays the coordinate discrepancies between the B1, B2, B3, B4, and B5 
points (marked in the corners of the two buildings) of the RTK GNSS survey data on 20 December 
2023. For the five points, the findings from the remaining five RTK GNSS surveys are compared 
with the coordinates acquired from the first RTK GNSS scan for B1, B2, B3, B4, and B5. Overall, 
the five location coordinates (northing and easting) were satisfactory, with mean values of less 
than 5.1 cm and SD values of less than 6.5 cm. Height variations between RTK GNSS readings of 
up to 6.5 cm occurred at the same location. Fig. 6 shows the mean and SD of the heights of the 
five locations, which were 2.2-2.6 cm and 1.6-6.5 cm, respectively.

6. Total station surveys and comparisons

By comparing RTK GNSS data with coordinates obtained from terrestrial measurements, 
data correctness may be ascertained. A complete station was used to measure the angles and 
distances between the sites in order to compare the outcomes of the RTK GNSS techniques. 
For the total station surveys, the T1 and T2 reference sites were used as control points (Fig. 3). 
By setting reference point PALA (ISKI-CORS), the T1 and T2 coordinates were calculated using 
the static GNSS data (measurement durations of about 90 minutes). Five corner points (B1, B2, 
B3, B4, and B5) were seen from the T1 and T2 locations, as was previously mentioned. The 
coordinates of the five locations were ascertained by observing the horizontal angles, zenith 
angles, horizontal distances, and slope distances using Topcon GTS-701 (angle accuracy: 2”, 
distance measurement accuracy: 2 mm + 2 ppm). The coordinate values for the five stations (B1, 
B2, B3, B4, and B5), derived from total station surveys (using T1 and T2 reference points), are 
shown in Table 7.

Table 7 - Coordinate values of points B1, B2, B3, B4 and B5 obtained by using a total station.

	 Total station

	 Point	 Northing (m)	 Easting (m)	 Elevation (m)	

	 B1	 406369.647	 4543617.211	 110.883

	 B2	 406412.129	 4543582.562	 110.978

	 B3	 406378.701	 4543573.152	 110.582

	 B4	 406367.305	 4543562.539	 107.650

	 B5	 406411.775	 4543537.745	 110.838

For points B1, B2, B3, B4, and B5, the RTK GNSS results were 1 to 5 cm lower in height and 1 
to 20 cm lower in horizontal coordinates than the total station results (Fig. 7). With an SD of less 
than 11 cm and a mean of less than 7 cm, the coordinates (northing and easting) of the B1 point 
were generally satisfactory. Less consistently, height variations between RTK GNSS readings of 
up to 5 cm occurred at the same location. Fig. 8 shows that the height of the B1 point had an 
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Fig. 7 - Comparison of the B1, B2, B3, B4, and B5 coordinates obtained from RTK GNSS surveys on 26 May 2022 and 
1 June 2022 with the coordinates of points B1, B2, B3, B4, and B5 obtained from the T1 and T2 reference points by 
using a total station.

Fig. 8 - Comparison of the coordinates of the five building corners (B1, B2, B3, B4, and B5) on 20 December 2023 using 
T1 and T2 reference points (Topcon Hiper-VR) with the coordinates of the five building corners (B1, B2, B3, B4, and 
B5) using a total station.
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SD of 1.8-3.5 cm and a mean value of 2.2-2.6 cm. Upon comparing the RTK GNSS findings with 
the total station surveys, the differences were found to be greater in height (1-35 cm) and less in 
horizontal coordinates (1-20 cm) for the B2 location (Fig. 7). With an SD of less than 7 cm and a 
mean of less than 13 cm, the coordinates (northing and easting) of the B1 point were generally 
satisfactory. With SDs of up to 20-35 cm at the same location between RTK GNSS readings, the 
height component showed less consistency. The height of the B1 point had an SD of 1.9-6.3 cm 
and a mean of 18-21 cm, as shown in Fig. 7.

All of the findings also demonstrate that buildings hindered the RTK GNSS location as they 
regularly interfered with radio signals and prevented low-medium satellite transmissions. 
Therefore, signal blocking caused by buildings may be regarded as the primary issue influencing 
the usage of RTK GNSS in regions with buildings, even in the presence of adequate satellite 
windows. Fig. 8 displays the average SDs of the five tests of building corner points B1, B2, B3, 
B4, and B5 in the northing, easting, and elevation coordinate directions. With a SD of less than 
3.5 cm, the coordinates (northing and easting) of all five corner points were generally excellent. 
With a SD of 3 cm on average, a precise height accuracy was obtained in this study. However, 
the height component showed less consistency between the RTK sessions using the T2 reference 
point, with SDs as high as about 15 cm (Fig. 8). The results unequivocally demonstrate that the 
RTK GNSS method is a stable system and that the centimetre accuracy level is typically achievable 
under a variety of operational settings, given the dynamics of these tests and the changing 
geometry of satellites at the five corners of a building environment on a given day (Fig. 8).

7. Accuracy reporting for RTK GNSS experiments

The NSSDA is applied to completely georeferenced maps and digital geospatial data in raster, 
point, or vector format acquired from sources such as aerial photography, satellite imaging, and 
ground surveys. It is used by United States transportation organisations such as the Minnesota 
Department of Transportation. In order to estimate the positional accuracy of points on maps and 
in digital geospatial data with relation to georeferenced ground locations of greater precision, 
the NSSDA applies a statistical and testing approach. The root-mean-square error (RMSE) is used 
by the NSSDA to compute positional accuracy. The horizontal accuracy statistic worksheet is 
utilised if the planimetric accuracy, i.e. the X and Y accuracy, of the data set is being assessed (see 
Table 8). The vertical accuracy worksheet is used while evaluating height (H) accuracy (see Table 
9). To compute the NSSDA statistic, the relevant tables (Tables 8 and 9) should be completed with 
the needed data (Positional Accuracy Handbook, 1999). To obtain the NSSDA statistic, the RMSE 
must be multiplied by the standard mean error at the 95% confidence level, which is 1.7308 
for horizontal accuracy and 1.9600 for vertical accuracy. As can be seen in Tables 8 and 9, the 
difference between input Xdata and check Xcheck equals ΔX, and the square of ΔX yields the “(1)” 

Table 8 - Horizontal accuracy statistic worksheet.

		  (1) + (2)

	 SUM	 = (1) + (2)

	 Average	 = SUM / n

	 RMSEr	  = √Average

	 Accuracy per NSSDA	 = 1.7308 × RMSEr
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output. Conversely, the difference between input Ydata and check Ycheck equals ΔY, and the square 
of ΔY yields the “(2)” output, and the square root of the sum of the two inputs is obtained [(1) + 
(2)], (Positional Accuracy Handbook, 1999).

The repeated measurement of the same amount will often result in different results due 
to errors. The difference between two or more measurements of the same quantity is called a 
discrepancy. When there are minor differences between recurrent measurements, the general 
consensus is that there are relatively minor errors. Tables 10 and 11 (Positional Accuracy 
Handbook, 1999) provide report accuracy at the 95% confidence level for data generated by 
using methods that have been shown to yield data with certain horizontal and vertical accuracy 
values. According to the NSSDA, the results of the experiments provide horizontal and vertical 
accuracy results. Nonetheless, in the experiments the horizontal and vertical accuracy values per 
the NSSDA tend to be 2 cm and 20 cm (Tables 10 and 11).

Tables 10 and 11 indicate that five points have a greater horizontal positional accuracy. The 
vertical accuracy was determined by using the formula shown in Tables 8 and 9. The NSSDA may 
only use the vertical accuracy values of the experiment (see Tables 9 and 11). Upon examining all 
test points from the experiments, it is evident that the vertical positional errors are less than 15 
cm. The accuracy of all test points in 13 tests was reported in this study in accordance with the 
NSSDA. Regarding the results, the horizontal and vertical accuracy of all test points are adequate 
(refer to Tables 10 and 11).

Table 9 - Vertical accuracy statistic worksheet.

Table 10 - Horizontal accuracy statistic worksheet (between B1, B2, B3, B4, and B5 points).

	 Point	 	 Exp.1	 Exp.2	 Exp.3	 Exp.4	 Exp.5	 Exp.6	 Exp.7	 Exp.8	 Exp.9	 Exp.10	 Exp.11	 Exp.12 
	 	 	 [cm]	 [cm]	 [cm]	 [cm]	 [cm]	 [cm]	 [cm]	 [cm]	 [cm]	 [cm]	 [cm]	 [cm]

	 B1	 RMSEr	 3.3	 5	 4.3	 3.2	 4.5	 4.7	 4.4	 4.8	 4.5	 3.8	 4.6	 4 
	 	 accuracy per 	 5.6	 8.6	 7.4	 5.5	 7.7	 8.2	 7.5	 8.2	 7.9	 6.6	 8	 6.8 
	 	 NSSDA

	 B2	 RMSEr	 6.3	 3.5	 5	 6.4	 4.4	 3.6	 4	 4.4	 4	 3.8	 4.3	 2.9 
	 	 accuracy per	 11	 6	 8.7	 11	 7.6	 6.3	 6.9	 7.5	 7	 6.6	 7.4	 5.1 
	 	 NSSDA

	 B3	 RMSEr	 5	 4.8	 3.1	 3.1	 2.9	 2.7	 4	 4.6	 3.6	 25	 3.2	 2.9 
	 	 accuracy per	 8.7	 8.2	 5.3	 5.4	 5	 4.6	 7	 8	 6.2	 4.4	 5.5	 5.2 
	 	 NSSDA

	 B4	 RMSEr	 6.7	 5.2	 4.9	 7.7	 6.3	 6	 5.8	 5	 7	 7.5	 8.8	 6.4 
	 	 accuracy per 	 12	 9	 8.5	 13	 11	 10	 10	 8.6	 12	 13	 15	 11 
	 	 NSSDA

	 B5	 RMSEr	 4.7	 4	 4.8	 3.8	 3.7	 4.8	 5.9	 5.6	 8.1	 5.5	 4	 4.4 
	 	 accuracy per	 8.2	 7	 8.3	 6.7	 6.4	 8.2	 10	 10	 14	 9.6	 6.9	 7.5 
	 	 NSSDA

	 ∆H	 ∆H×∆H

	 SUM	 = (1)

	 Average	 = SUM / n

	 RMSEr	  = √Average

	 Accuracy per NSSDA	 = 1.9600 × RMSEr
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In recent years, there has been a growing recommendation for the use of GNSS technology 
as a means of monitoring displacements in structural health monitoring systems for structures 
and infrastructures. Recent studies have identified some critical issues in the use of satellite 
data for precision measurements in structures that are particularly sensitive to temperature-
related effects (Ponzo et al., 2024), including bridges. It is evident that these effects are more 
pronounced in structures with greater slenderness. Additionally, the magnitude of daily thermal 
fluctuations and the extent of solar radiation exposure on surfaces are crucial factors that must 
be taken in consideration. 

Environmental factors can influence measurement accuracy by causing variations in the 
conditions under which measurements are taken.

Environmental factors such as temperature, humidity, pressure, light, and even magnetic fields 
can significantly influence the accuracy of measurements. For instance, in physics experiments, 
these factors can cause changes in the properties of the materials or equipment used, leading to 
variations in the results obtained. Ionospheric delay varies with solar activity, time of year, season, 
time of day, and location. This makes it very difficult to predict how much ionospheric delay will 
impact the calculated position. Variations in tropospheric delay are caused by changing humidity, 
temperature, and atmospheric pressure. On the other hand, weather phenomena, from dense 
cloud cover to solar storms, can significantly affect the performance of GNSS receivers. Weather 
conditions, including ionospheric disturbances, tropospheric delays, heavy rain, and snow can 
significantly affect GNSS receiver accuracy by distorting or delaying satellite signals. The solar 
cycle, also known as the solar magnetic activity cycle, sunspot cycle, or Schwabe cycle, is an almost 
periodic 11-year change in the Sun’s activity measured in terms of variations in the number of 
observed sunspots on the Sun’s surface. Over the period of a solar cycle, levels of solar radiation 
and ejection of solar material, the number and size of sunspots, solar flares, and coronal loops 
all exhibit a synchronised fluctuation from a period of minimum activity to a period of maximum 
activity, and back to a period of minimum activity (Ponzo et al., 2024).

Table 11 - Vertical accuracy statistic worksheet (between B1, B2, B3, B4 and B5 points).

	 Point	 	 Exp.1	 Exp.2	 Exp.3	 Exp.4	 Exp.5	 Exp.6	 Exp.7	 Exp.8	 Exp.9	 Exp.10	 Exp.11	 Exp.12 
	 	 	 [cm]	 [cm]	 [cm]	 [cm]	 [cm]	 [cm]	 [cm]	 [cm]	 [cm]	 [cm]	 [cm]	 [cm]

	 B1	 RMSEH	 3	 1.2	 1.1	 1	 1	 1.1	 0.9	 1.2	 1.7	 1.9	 1.6	 1.1 
	 	 accuracy per 	 6	 2.4	 2.2	 2	 1.9	 2.2	 1.8	 2.4	 3.3	 3.7	 3.2	 2.2 
	 	 NSSDA

	 B2	 RMSEH	 1.6	 2.9	 1.4	 1	 1.1	 1.1	 2	 1.7	 1.2	 1.1	 1.4	 1.7 
	 	 accuracy per	 3	 5.7	 2.7	 2	 2.2	 2.2	 4	 3.3	 2.3	 2.2	 2.7	 3.4 
	 	 NSSDA

	 B3	 RMSEH	 2.9	 2.3	 1.7	 1.8	 2.7	 2.5	 1.8	 2	 1.8	 1.6	 1.8	 3.7 
	 	 accuracy per	 5.6	 4.6	 3.3	 3.4	 5.2	 4.9	 3.5	 3.9	 3.4	 3.2	 3.5	 7.3 
	 	 NSSDA

	 B4	 RMSEH	 1.2	 1.7	 1.9	 1.2	 1	 1.4	 1.8	 2.1	 1.8	 1.6	 1.4	 1.4 
	 	 accuracy per 	 2.4	 3.3	 3.6	 2.3	 2	 2.8	 3.5	 4.1	 3.4	 3.1	 2.8	 2.7 
	 	 NSSDA

	 B5	 RMSEH	 4.3	 4.6	 4.3	 4.3	 4.4	 4.7	 4.6	 5.2	 10.4	 9.6	 7	 7.6 
	 	 accuracy per	 8.5	 9	 8.4	 8.5	 8.6	 9.1	 9	 10.2	 20.4	 18.8	 13.7	 15 
	 	 NSSDA
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8. Conclusions

It is simply not possible to use the TILT approach in all situations or with the same degree 
of accuracy. As previously stated, surveyors are deeply concerned about quality assurance. The 
results of the experiments demonstrate that the TILT system accuracy, precision, and performance 
are significantly impacted by building, which, due to their reflection and blockage, negatively 
affect GNSS signals. In this study, all point coordinates were measured by means of a TILT receiver 
with excellent precision and accuracy in both the horizontal and vertical directions. The TILT 
system has a horizontal precision of 7-10 cm and a vertical accuracy of 7-15 cm, according to 
the investigation findings. These findings demonstrate that TILT technology is practical, efficient, 
and successful for placement and other uses in building corners and do not lead to unfavourable 
circumstances. Furthermore, with the Topcon Hiper VR receiver, fewer ground control points are 
needed for survey applications. The many comparisons between all the methodologies shown in 
this research demonstrate how well the accuracy of the TILT method and the total station survey 
match up. A 3D positioning precision of around 15 cm is possible in this investigation at tilt angles 
of 15°, where the receiver IMU-based tilt correction is relevant. The appropriate tilt for the GNSS 
receiver should be considered when using tilt-compensated equipment. Although, in general, a 
lower tilt angle is preferred, in rare circumstances, elevating the tilt may be beneficial or even 
necessary, depending on local restrictions.
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