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Abstract: The development of low-cost dual-frequency global navigation satellite system (GNSS) re-
ceivers in recent years has enabled the use of these devices in numerous applications. In the moni-
toring of natural hazards, such as landslides, these devices can be considered suitable sensors. In
this work, dual-frequency GNSS receivers and antennas were used for setting up near-real-time
continuous low-cost GNSS monitoring systems (LGMSs) under field conditions. The SimpleRTK2B
board, which integrates the u-blox ZED-F9P dual-frequency GNSS chip and the survey-calibrated
GNSS antenna are the main components of the GNSS system. The LGMS was installed and tested
for six months in the Laze landslide located in the northwestern part of Slovenia. A total of four
GNSS systems were deployed, three of which were located in pillars in the landslide itself and one
in a stable area. Open-source software was used to postprocess the acquired data, providing daily
coordinates in static relative and precise point positioning (PPP) positioning modes. The results of six
months of near-real-time monitoring showed that the Laze landslide was stable during this period,
with only minor changes in the vertical component. The trend of decreasing ellipsoid height was
evident at all stations, although it was in the range of a few millimeters. To validate the results in
static relative positioning mode, the coordinate differences between low-cost and high-end geodetic
GNSS instruments were estimated and found to be in the range of 5 mm or less, while the difference
between horizontal and spatial positions was less than 7 mm for all stations. The same data were
processed in PPP, vertical displacements were not detected as in the static relative positioning mode
due to the lower accuracy of the method itself. Considering the six-month performance of a low-cost
GNSS system under field conditions, it can be emphasized that these devices are capable of perform-
ing near real-time continuous monitoring of slow movements with high accuracy and decreased
costs. In addition, an experimental test was performed to identify the size of detected displacements
in real-time kinematic (RTK). Based on the achieved results, it was concluded that 20 mm spatial
displacements are detectable with LGMSs in RTK considering only 15 s of observations.
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1. Introduction

Global navigation satellite system (GNSS) receivers are widely used for geodetic
monitoring applications, for which they are regarded as suitable sensors [1-4]. Geodetic
GNSS devices have advantages over classical geodetic sensors when used in geodetic
monitoring, as they can provide high-quality positioning solutions continuously in all
weather conditions and with less effort. However, the use of geodetic GNSS devices in
monitoring natural hazards such as landslides is not an optimal solution since those devices
come with high costs; additionally, the possibility of instrument damage in such unstable
areas is high [5-7].

Recently, low-cost dual-frequency GNSS receivers and calibrated multiband GNSS
antennas have become available on the market [8,9]. Considering their price, these new
sensors have triggered the interest of many researchers in the GNSS community and
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are considered to be an alternative to high-quality geodetic GNSS instruments for many
applications that have a limited budget.

1.1. Dual-Frequency Low-Cost GNSS Receivers

The positioning performance and data quality from low-cost dual-frequency GNSS
receivers and antennas have been evaluated in numerous tests in recent years [10-15]. Most
of these tests were carried out in open-sky conditions due to the sensitivity of the patch
antennas used for multipath effects [5,16]. Later, these GNSS devices were evaluated in
limited studies in urban areas and harsh conditions [17-20].

Within the study in [21], zenith tropospheric delay (ZTD) was estimated using the
low-cost GNSS receiver ZED-FIP in combination with patch and geodetic antennas. It was
found that these devices, after relative calibration of the u-blox patch antenna used, can
obtain results for ZTD with quality comparable to that of geodetic GNSS antennas. The
estimation of phase center offset (PCO) and phase center variations (PCVs) for low-cost
antennas (u-blox ANN-MB-00) was shown to improve the carrier phase residuals and height
errors while also obtaining more precise positioning solutions in precise point positioning
(PPP) [22]. In the case of [18], low-cost dual-frequency receivers were tested in urban
conditions, with static relative, PPP, and real-time Kinematic (RTK) positioning modes
being considered. Positioning accuracies of a few centimeters were obtained in the static
relative and PPP methods, while in the RTK, the positioning quality was worse compared
to the value reported by the manufacturer. Romero-Andrade et al. [19] highlighted that
dual-frequency receivers are suitable for surveying in urban areas, although the height
component remains a challenge for patch antennas, which are more sensitive to multipath.

Low-cost dual-frequency GINSS receivers with calibrated low-cost antennas were
evaluated for displacement detections in open-sky conditions, with both static relative and
PPP methods being considered. Based on the obtained results, it was found that horizontal
and spatial displacements of 4 and 6 mm can be detected in static relative positioning
even through using low-cost GNSS antennas. The magnitude of the detected spatial
displacements increased to 20 mm in PPP [7]. In the case of [5], u-blox patch antennas
were considered while a geodetic GNSS instrument was used as a reference station. The
size of detectable displacements in static relative positioning mode was 10 m, which is still
satisfactory for many engineering applications.

In a few studies, low-cost GNSS receivers have been used for monitoring natural
hazards [23,24], engineering structures [25-29], and even crustal deformation studies [30].
Notti et al. [24] conducted continuous monitoring of the slope which causes deformations
in the Madonna del Sasso Sanctuary in Italy using low-cost GNSS devices. The results
indicated that the sensors used can track slow movements and be used to better explain
the behavior of various unstable objects.

Low-cost single-frequency GNSS receivers have been adopted in geodetic monitoring
of landslides [31,32], and the data combination from GNSS and remote sensing technology
has been shown to ensure more information for landslide dynamics [33,34]. In the case
of [23], low-cost GNSS receivers were used to monitor a landslide over nine months, and
monitoring was also performed in nearby points with a terrestrial positioning system to
evaluate obtained results. It was concluded that the GNSS devices used were suitable for
monitoring surface displacements of natural hazards and obtaining more details for the
landslide surface dynamics. Lin et al. [6] evaluated the multisystem PPP for landslide
monitoring and reported that the combined multisystem PPP fulfilled the centimetric
positioning accuracy and therefore is applicable in landslide monitoring. Cina and Piras [35]
showed that low-cost GNSS receivers can be adopted in landslide monitoring while their
accuracy can be improved in the case of considering the external antenna, proper acquisition
time of observations, and short baselines.

Manzini et al. [25] utilized low-cost single constellation GNSS receivers for structural
health monitoring of Aquitaine Bridge, France. First, several tests were performed to
evaluate different antennas and processing strategies. The results of the experimental work
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showed that subcentimetric displacements can be detected over short baselines and good
weather conditions. Subsequently, some low-cost GNSS stations were installed on the
bridge to monitor the movements for two weeks. The results were worse than those of the
experimental work due to the weather conditions, the humidity caused by the water down
on the bridge, and the complexity of the structure itself. Poluzzi et al. [29] assembled a
low-cost monitoring system using low-cost GNSS devices (C94-M8P) and a Trimble Bullet
360° antenna to perform monitoring of the Ponte Motta Bridge in Cavezzo, Italy. The
low-cost monitoring system was evaluated in both static relative and RTK methods for
31 days with two different open-source software packages being used for data processing.
The uncertainties of the daily coordinates were 1 and 1-1.5 mm for a horizontal and vertical
component in the static relative method, respectively. Higher uncertainties were obtained
in RTK, remaining below 10 mm for both components. In the case of [28], low-cost GNSS
instruments (LEA-6T receiver, Tallysman TW3742, and Tallysman 3740 antennas) were used
to estimate the movements of an ancient structure (San Gaudenzio’s Cupola, Italy) for more
than one year. Movements of 2 cm in the vertical direction (during summer) were detected,
followed by horizontal movements of less than 0.5 cm due to temperature variations.

In another study [30], a low-cost GNSS receiver (ZED-F9P) combined with a geodetic
antenna (Leica LEIAR20) was evaluated for its suitability in crustal deformation studies.
Two other GNSS receivers (Topcon TPS NETG5 and Leica GR25) were used as references
to compare the results. Data were collected for six months, and daily coordinates were
obtained using open-source software in ITRF08. The results indicated that low-cost GNSS
receivers can provide coordinates with a precision of less than 1 mm for the horizontal
component and 2.5 mm for the vertical component. The differences between the coordi-
nates obtained by ZED-F9P and high-quality receivers were in the range of 1-2 mm and
5-8 mm for the horizontal and vertical components, respectively. Therefore, the authors
emphasized that these devices can also be used for crustal deformation studies. Lastly,
Hohensinn et al. [36] tested the performance of ZED-F9P with a patch antenna (u-blox
ANN-MB), a helical antenna (Ardusimple), and a geodetic antenna (JAVAD GrAntT-G3T)
in real-time PPP for kinematic monitoring applications. It was highlighted that ZED-F9P
with helical antenna can obtain positioning with a quality comparable to that of high-grade
GNSS devices. The authors suggested that these devices can be used to detect ground
motion in the centimeter range and therefore can be used in the field of seismology and
earthquake warning.

1.2. Objective and Study Organization

In this study, a low-cost dual-frequency GNSS receiver ZED-FOP that was integrated
into simpleRTK2B board in combination with a survey-calibrated GNSS antenna was tested
for continuous near-real-time geodetic monitoring of an active landslide (Laze) in Slovenia.
The main objectives of the study were twofold: to test the capability of low-cost GNSS
equipment for setting up a low-cost GNSS monitoring system (LGMS) under real field
conditions and to analyze the size of detectable displacements in RTK.

This paper is organized as follows: Section 1 presents an overview of the use of low-
cost dual-frequency GINSS receivers in various applications; Section 2 presents the case
study, GNSS equipment, and methods used; Section 3 presents the results and discussion;
and Section 4 lists the derived conclusions.

2. Material and Methods
2.1. Laze Landslide

The Laze landslide is located in the northwestern part of Slovenia, 35 km northwest
of Ljubljana, more precisely between Robidnica (west) and Leskovica (east) (Figure 1). It
occupies an area of 105.5 ha and has the shape of the letter S with a slope of 10° (Figure 1).
The landslide is divided into two parts: the upper part, which is more active; and the
lower part in the village of Laze, which poses a direct threat to buildings, local roads,
and residents. Precipitation is the main triggering factor for landsliding in Slovenia. Ac-
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cording to the observations from Slovenian Environment Agency (ARSO), the average
precipitation in the Leskovica station, which is the nearest one to the Laze landslide, is
about 1700 mm/year [37]. Usually, the movements occur after heavy rainfall. The largest
movement took place in January 2014, and after that, various activities and investigations
started [38].

Legend
— Landslide borders

; 42800&‘_ ; .x \ 420000
Figure 1. Laze landslide location and shape.
Initially, monitoring was conducted only by visual inspections, then some boreholes
were drilled in 2014 to determine the landslide depths, and later larger boreholes were
installed in 2015 with equipment to pump out the water and measure the groundwater

level. Lastly, three monitoring stations (Figure 2) that can perform tilt measurements were
mounted, which can also send an alarm when deep displacements occur [38].

o

Figure 2. Measuring station used for tilt measurements.
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2.2. Geodetic Network

In 2016, the geodetic monitoring network was established, and it consists of seven
pillars with force-centering systems. Five pillars are located in the stable area near the
village of Laze (STI to STV) and can be used for GNSS observations. Due to vegetation
and trees, only two of them (STI and STII) have a good sky view for continuous GNSS
observations throughout the year (Figure 3). Later, in spring 2021, two additional pillars
were constructed in the lower part of the landslide. In addition, there are more than
80 ground geodetic points that are measured periodically with GNSS devices to estimate
displacements. The geodetic network used in this work consists of four points and six
baseline vectors (Figure 3). STI has been used as a known point, while the coordinates of
stations ST1, ST2, and ST3 are estimated for each day.

428750

Figure 3. Geodetic network in the Laze landslide.

2.3. GNSS Equipment

The market for low-cost GNSS receivers has grown rapidly in recent years, and several
manufacturers now offer low-cost GNSS devices at low prices. The u-blox company, which
has been in the market for many years, has developed the ninth generation of low-cost
receivers, with the ZED-FIP classified as a high-precision GNSS module [9]. This was
an interesting moment for the GNSS community, as high-quality positioning, could be
achieved at a low cost (170 EUR). The ZED-F9P GNSS chip is integrated into various GNSS
boards such as the C099-F9P (u-blox), simpleRTK2B (Ardusimple), SparkFun GPS-RTK2
(Sparkfun), and others.

In this case study, we used simpleRTK2B (Figure 4a) as the main component to build
up the LGMS. The ZED-FIP can receive satellite signals in both frequencies from all
constellations and output UBX messages which can be converted to RINEX format for
further processing. The board was connected by cable to the dual-band survey-calibrated
GNSS antenna (Figure 4b). A solar panel (25 W) was used to charge a lithium battery with
a capacity of 30 Ah. The power consumption of the low-cost GNSS equipment used is low,
and the battery used can provide power for more than a week when fully charged. The
cost of an LGMS did not exceed the value of 500 EUR. The installed LGMSs are shown for
all stations in Figure 5 while more details for used equipment are given in Table 1.
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(a) (b)

Figure 4. GNSS equipment: (a) SimpleRTK2B receiver and (b) the survey-calibrated GNSS antenna.

(b)

Figure 5. LGMS installed in the Laze landslide: (a) LGMS in ST I, (b) LGMSin ST 1, (¢) LGMS in ST
2, and (d) LGMS in ST 3.



Remote Sens. 2023, 15, 2287

7 of 22

Table 1. Specifications for LGMS.

Characteristics
GNSS board SimpleRTK2B
GNSS antenna Survey Calibrated GNSS antenna

Constellations and frequencies

Observations
Channels
Antenna calibration
Configuration
Data storage
Basic system price
Operating temperature
Interfaces
Raw messages

Positioning accuracy

Power consumption
Antenna IP rating
Solar panel
Lithium battery

GPS (L1C/A, L2C), GLONASS (L10F, L20F), Galileo (E1-b/C, E5b), BeiDou (B1l, B21),
QZSS (L1C/A, L2C)

Code, Carrier phase, Doppler frequency, SNR
184

Yes (NGS)

U-center
32GB

500 EUR

—40to +85 °C
Micro USB, UART

UBX

Hz, Hv <1 cm, 1 km baseline,
RTKLIB postprocessing

150 mA@5 V
P67
25W

30 Ah, 12V

2.4. Data Processing

To estimate the movements of points on the landslide and test the functionality of
LGMS under field conditions, GNSS static observations were acquired for six months
starting on 25 March 2022. The UBX messages outputted by the receiver were converted to
RINEX format. The point ST I was used as a reference point, the initial coordinates of which
were estimated in the static relative processing method from the observations acquired with
Slovenian Continuously Operation Reference Stations (CORS) and high-quality geodetic
GNSS receivers (Leica GS18T). The coordinates of the other points (ST1, ST2, and ST3) were
estimated for each day based on 24 h observations to achieve the highest possible precision,
and the minimally constrained geodetic network adjustment was performed while the
following conditions were fulfilled:

ol Pv; = min, (1)
where v; and P; are the residual vector and weight matrix for the i-th session, respectively.
For outlier detection, the data screening method was used with a significance level of 5%.
Baseline vector postprocessing was conducted by using the open-source software RTKLIB
by using the parameters provided in Table 2 [39].

Table 2. Parameters used for baseline processing in RTKLIB [39].

Parameters RTKLIB
Filter type Combined
Elevation mask 10°
Iono correction Broadcast
Troposphere correction Sastamoinen
Satellite ephemeris/clock Broadcast
Ambiguity Continuous
Satellites GPS, GLO, Galileo

Antenna AS-ANT2BCAL
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Daily coordinates for points in the landslide body were also estimated in PPP. MGEX
products, precise ephemerides (15 min), and clock corrections (30 s) were considered;
the “igs.atx” (IGS) file was used for receiver and satellite phase center variations [40].
The tropospheric delay was corrected with the “Estimated ZTD” model, while for the
ionospheric error the “Iono-Free”, model LC was considered.

To validate the LGMS static relative positioning performance, the same geodetic
network was measured with high-ended geodetic GNSS receivers (Leica GS18T) for 5 h at
1 Hz on 23 June 2022, and afterward, the minimally constrained adjustment was performed.
The difference in the coordinates obtained from geodetic (eg-easting, ng-northing, hs-
ellipsoid height) and low-cost GNSS receivers (erc-easting, nc-northing, iy c-ellipsoid
height), and the horizontal and spatial positions were estimated as follows:

Ah = hpc —hg 2)

Ae =ejc —eg 3)

An =nic —ng 4)

Aop = \/ Aé* + An? (5)
Asp = \/ A + An® + AKW? (6)

2.5. Rainfall Data

Precipitation is the main triggering factor for the movements in the Laze landslide [38].
Therefore, daily precipitation data from the Leskovica station were used to analyze whether
certain movements occur after rainy days. Dry conditions lasted from spring through
summer, and states of drought emergency were declared in all parts of the country. The
drought was over after heavy rains in mid-September that lasted for three days.

2.6. RTK Displacement Detection

The RTK engine of LGMS was additionally tested for displacement detection while a
mechanical device was used to impose controlled movements with high accuracy on the
rooftop of the Faculty of Civil and Geodetic Engineering of the University of Ljubljana
building (Figure 6). The imposed movements were in the range of 5-55 mm, while the
test aimed to identify the smallest displacements that can be detected in RTK. In total,
22 positions were observed, and each position was measured for 15 s only. The distance
between consecutive positions was 5 mm while the time difference was 20 min to account
for changes in satellite geometry. The CORS base station named GSR1, located 4 km far
from the rover named FGGI1, was used to provide corrections. Additionally, we used the
virtual reference station (VRS) generated from the CORS of the SIGNAL network, which
used GNSS observation from the GPS, GLONASS, and Galileo satellite constellations. The
VRS was generated approximately 2 m from the rover FGG1 to analyze the improvement
in the size of the detectable displacements.

To determine the statistical significance of the estimated 1D vertical, 2D horizontal,
and 3D spatial movements, statistical tests were used [41-43], and the following hypotheses
were set:

Hy. d = 0, Point remained stable between sessions.

Ha. d # 0; Point moved between sessions.
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The rejection of the null hypothesis was analyzed with the following statistical test [41]:

d
T=— 7
. @
Imposed movements (d) were calculated from the provided coordinates of each mea-

sured position as follows:
dip = h; — h; 8

dop = \/(ei — 6]‘)2 + (Vll‘ — le)2 9)

dsp = \/<ei — o)+ (nl- — )+ (hl- —hj)? (10)

where the ¢;, n;, h; and ej,1j, h]- are the coordinates of positions used to calculate the dis-
placement. The displacement precision (¢;) and 1D, 2D, and 3D Jacobi matrices were
estimated based on the error propagation law; more details are provided in [44]. The
estimated value of the statistical test (T) was compared with its corresponding critical value
from the normal (N, in the case of 1D displacements) and chi-squared (x?, in the case of
2D and 3D displacements) distributions. The critical values were defined based on the
displacement dimension: the critical values were 1.96, 2.45, and 2.80 for the 1D, 2D, and 3D
displacements, respectively, for a significance level of 5% (x = 0.05).

Figure 6. Special device for imposing controlled movements.

Considering that movements were imposed with high accuracy (0.05 mm), their true
values are well known. The mean absolute error (MAE) was estimated for all imposed 1D,
2D, and 3D movements for both baselines.

3. Results and Discussion

In this section, the results of the previous section are shown: first, for static relative
method (Section 3.1); then forPPP method (Section 3.2) and rainfall (Section 3.3); and finally
for RTK displacement detection (Section 3.4).

3.1. Static Relative Method

The LGMS was tested in the Laze landslide for six months starting on 25 March 2022,
and the equipment used worked properly and continuously. However, some difficulties
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were encountered at ST2, where no observations could be recorded for three weeks due
to technical problems with SimpleRTK2B, which were later resolved by installing a new
GNSS receiver. Based on the tests performed, it can be stated that the power consumption
of the LGMS is too low. The solar panels (25 W) used and the battery (30 Ah) were able to
provide power during the whole period.

In the static relative processing method, daily coordinate differences (Figure 7) for
easting (Ae), northing (An), and ellipsoid height (Ah) were estimated for ST1, ST2, and ST3
from the coordinates which were calculated with submillimeter precision. Variations of the
horizontal coordinate differences (Ae and An) were in the range of 5 mm or even lower
for all stations. Somewhat larger variations were determined for the ellipsoid height (Ah)
(Figure 7), which decreased continuously and slowly at all three stations, although this was
more evident at ST2, where the difference reached a value of almost 10 mm.
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Figure 7. Coordinate differences for ST 1, ST2, and ST3 obtained in static relative method: (a) Ae ST1,
(b) An ST1, (c) Ah ST1, (d) Ae ST2, (e) An ST2, (f) Ah ST2, (g) Ae ST3, (h) An ST3, and (i) Ah ST3.

To compare the results provided by the LGMS in the static relative positioning mode,
additional observations were conducted with GNSS geodetic instruments, and the coordi-
nate differences were estimated (Table 3). The results show that the coordinate differences
for easting, northing, and ellipsoid height were less than 6 mm and are within the accuracy
range of GNSS technology (Table 3). The differences between geodetic and low-cost GNSS
instruments for horizontal and spatial positions were in the range of 5-7 mm (Table 3).

Table 3. Coordinate differences between low-cost and geodetic GNSS devices.

Station Ae An Ah A2D A3D
Station 1 —2.7 mm 3.7 mm 0.2 mm 4.6 mm 4.6 mm
Station 2 —2.3 mm 6.0 mm 0.1 mm 6.3 mm 6.3 mm
Station 3 —4.8 mm 49 mm —0.8 mm 6.9 mm 6.9 mm

Horizontal displacements (estimated from the initial and following positions) re-
mained below 5 mm for all three stations and are presented in their absolute values, while
the vertical displacements (Ah) following a decreasing trend, which is further highlighted
in ST2 (Figure 8).
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Figure 8. Horizontal and vertical displacements obtained in static relative method: (a) ST1, (b) ST2,
and (c) ST3.

3.2. PPP Method

The acquired observations for six months were processed in PPP for ST1, ST2, and ST3
which are shown in Figure 9. Similar results as those derived from static relative processing
were obtained for the horizontal and vertical displacements (Figure 10).

The precision of position determination in PPP was lower than that in static relative
positioning mode. Variations of the daily coordinate differences are higher for all stations,
especially for the easting value of ST2. Considering the lower quality of the PPP solutions,
the decreasing trend for the ellipsoid height was not noticeable (Figure 9). Similar results
were obtained for the horizontal and vertical displacements; again, the displacements
were slightly larger in ST2, which was due to larger variations in the daily east coordinate
differences for ST2 (Figure 10). This could be related to the technical problems we had with
the GNSS receiver itself. However, after installing the new GNSS receiver, the coordinate
differences decreased and were similar to the variations in ST1 and ST3 (Figure 9).
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3.3. Rainfall

Precipitation data from the Leskovica station were used to relate the possible dis-
placements to precipitation. The precipitation data showed that the rainfall in 2022 was
below average in almost all months. The drought conditions continued throughout the
summer when a state of emergency was declared due to the extreme drought, ending in
mid-September with extreme rain. During the monitoring period, there were only three
rainy days when precipitation exceeded 40 mm (Figure 11, red bars). From 16 September
2022 to 18 September 2022, 210 mm of rain was recorded on three days due to continuous
rain, which is almost half of the value for the entire monitoring period (519 mm) [37].
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Figure 11. Precipitation at the Leskovica station.

Precipitation is a trigger factor for the movements in the Laze landslide [38]. The pre-
sented results emphasized that seven days after the record precipitation, no displacement
occurred and the coordinate trend continued as previously.

3.4. RTK Displacement Detection

In this section, results from the statistical tests used in the 1D, 2D, and 3D displacement
detection are presented in Tables 46, respectively. In the case of 1D displacements, the
rover antenna was not moved vertically; therefore, we failed to reject the null hypoth-
esis. As seen in the results presented in Table 5, there was no significant difference in
displacement detection when using GSR1 or VRS as a reference station. However, the
results confirmed that in more than 90% of the cases (276 imposed displacements), no
displacement was detected.

Table 4. Vertical displacement (1D) detection results.

Station GSR1-FGG1 VRS-FGG1
Not detected 95% 94%
Detected 5% 6%

Table 5. Horizontal displacements (2D) detection results.

Displacements GSR1-FGG1 VRS-FGG1
5mm 7% 0%
10 mm 28% 30%
15 mm 79% 81%
20 mm 94% 100%

25 mm 100% 100%
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Table 6. Spatial displacements (3D) detection results.

Displacements GSR1-FGG1 VRS-FGG1
5mm 9% 2%
10 mm 25% 15%
15 mm 56% 75%
20 mm 97% 100%
25 mm 100% 100%

In the case of horizontal (2D) and spatial displacement (3D) detection, displacements of
20 mm or greater were successfully detected in more than 90% of the considered movements
(248 imposed movements). On the other hand, displacements greater than 25 mm are not
presented because all of them were reliably detected. A slightly better performance is
noticed for the VRS-FGG1 baseline, but the difference was not significant (Tables 5 and 6).

The MAE of the imposed displacements represents their accuracy (Table 7), and
displacements were estimated with subcentimetric precision in RTK. Based on the presented
results (Table 7), it can be emphasized that better performance was achieved for baseline
VRS-FGGL1. The MAE of the 2D displacements was lower than that of the 3D displacements
due to the error in the height component. In the case of 1D displacements, the values were
higher than those of 2D and 3D since the number of imposed movements was not the same.
The differences between the estimated 1D, 2D, and 3D displacements from their true values
are presented graphically in Figure 12 from where it can be noticed that greater variations were
obtained for the GSR1-FGG1 baseline which corroborates the results presented in Table 7.

Table 7. Mean absolute error (MAE) for the 1D, 2D, and 3D displacements.

Antenna GSR1-FGG1 VRS-FGG1
Dimension 1D 2D 3D 1D 2D 3D
MAE (mm) 7.7 4.0 4.3 5.8 2.4 3.5
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Figure 12. Cont.
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Figure 12. 1D, 2D, and 3D differences between estimated and true displacements in RTK: (a) 1D,
GSR1—FGG1 baseline; (b) 1D, VRS—FGG1 baseline; (¢) 2D, GSR1—FGG1 baseline; (d) 2D, VRS—FGG1
baseline; (e) 3D, GSR1—FGG1 baseline; and (f) 3D, VRS—FGG1 baseline.

4. Conclusions

In this work, low-cost dual-frequency GNSS receivers and antennas were tested to set
up a low-cost GNSS monitoring system for near-real-time continuous monitoring under
field conditions. The Laze landslide, located in northwestern Slovenia, was selected as a
case study for conducting the six-month test. The following conclusions can be drawn from
the results obtained:

o  Low-cost GNSS receivers are suitable for setting up a low-cost GNSS monitoring sys-
tem with high positioning accuracy and provide near-real-time continuous monitoring
of landslides or other buildings while meeting the accuracy requirements.

e  Low-cost GNSS instruments are several times cheaper than are geodetic instruments;
therefore, a denser monitoring network can be established, providing more informa-
tion on landslide dynamics.

e  The positioning quality of low-cost GNSS instruments over short baselines is com-
parable to high-end GNSS receivers and comes with decreased costs. Coordinate
differences obtained in the static relative positioning mode between low-cost and
high-end geodetic GNSS receivers are within the accuracy range of GNSS technology.

e  The estimated daily coordinate differences in the static relative positioning mode in the
Laze landslide did not show displacements of the measuring stations in the horizontal
direction. In the vertical direction, the determined ellipsoid heights decreased over
time, which could be seen more clearly in one monitoring station (ST 2). These changes
were not detected in PPP due to the lower accuracy of the method itself. However,
low-cost GNSS receivers can be used to achieve positioning solutions with a quality
that meets landslide monitoring requirements.

e  The extreme rainfall in mid-September did not trigger movements in the Laze land-
slide, as the coordinate differences variations obtained with LGMS were in the same
range as previously observed for both horizontal and vertical components.

e  Low-cost GNSS instruments are more sensitive and of lower quality compared to
geodetic GNSS ones. This could lead to difficulties in data collection and consequently
in the functioning of the GNSS monitoring system itself. Therefore, more reliable,
rigorous, and longer tests must be conducted to evaluate their performance.

e  Low-cost GNSS receivers have integrated RTK engines. The experimental test showed
that these sensors can detect 20 mm spatial displacements and therefore may be
suitable for developing real-time GNSS monitoring systems.

e  Low-cost GNSS technology could be the solution to the increased monitoring needs
caused by extreme weather events, reducing costs and thus enabling surface move-
ments monitoring of more natural hazards in the future.

All tests were conducted to evaluate the ability of low-cost GNSS receivers for develop-
ing a low-cost GNSS monitoring system that can help to better understand and explain the
surface dynamics of landslides. More tests will be performed in the future, with research
focusing on automating the monitoring process and investigating data combinations from
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different sensors used in landslide monitoring, for which the Laze landslide may be a
suitable case study.
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