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Abstract: Low-cost Global Navigation Satellite System (GNSS) receivers are currently used in various
engineering applications. These low-cost devices are regarded as suitable sensors for applications in
areas with a high risk of instrument damage. The main objectives of this research were to identify
the size of displacements that can be detected in relative and absolute positioning modes by low-
cost GNSS instruments and to compare the results of selected antennas. Additionally, geodetic
and low-cost GNSS instruments were compared in the level of observations. For this study, low-
cost SimpleRTK2B V1 boards, which house ZED-F9P GNSS chips, and three low-cost antennas,
namely, Survey, Tallysman TW3882, and Survey Calibrated, were selected. While antenna calibration
parameters are known for the last antenna, this is not the case for the first two. For testing purposes,
a geodetic network consisting of four points was established; horizontal and vertical movements
were imposed by a special mechanism with high accuracy. In relative positioning mode, the results
indicate that the Survey Calibrated antenna can detect horizontal and vertical displacements with
sizes of 4 mm, and 6 mm, respectively. In the detection of horizontal displacements, the performance
of the Survey antenna was not as good as that of Tallysman, and the sizes of detected displacements
were 6 mm and 4 mm for the first, and second antennas, respectively. Vertical displacements of 9 mm
were detected using both Survey and Tallysman antennas. In absolute positioning mode, Survey
Calibrated also had better performance than the Tallysman antenna, and spatial displacements of
20 mm or greater were detected by low-cost GNSS instruments. The observations made with low-cost
and geodetic GNSS instruments were compared, and the latter showed better performance. However,
the differences in cycle slips and the noise of phase observations were inferior. Considering their cost
and proven performance, it can be concluded that such sensors can be considered for setting up a
highly accurate but low-cost geodetic monitoring system.
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1. Introduction

Geodetic techniques are widely used for monitoring natural hazards and man-made
structures, which, in cases of failure, can endanger people’s lives. Various geodetic in-
struments and sensors can be used to monitor structures when high accuracy is required.
Global Navigation Satellite System (GNSS) receivers have been classified as appropriate
tools for such tasks, and their accuracy and precision have been improved over time [1-4].
The ability to work in static and dynamic modes is an advantage that makes them suitable
sensors for setting up highly accurate but costly monitoring systems [5,6].

In monitoring natural hazards, geodetic instruments are regarded as expensive and
are at risk of being damaged, making their use questionable. As an alternative, low-cost
GNSS receivers have attracted special attention recently because of the high positioning
accuracy achieved over short baselines [7-15]. Multi-frequency receivers are compatible
with geodetic and low-cost antennas, and can track satellites from all available satellite
constellations. These improvements can provide advantages that may make them appro-
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priate for setting up a low-cost monitoring system, especially in areas with a high risk of
instrument damage.

Low-Cost GNSS Receivers

Low-cost GNSS receivers have been used in various positioning, navigation, and
monitoring applications [7,9,10,13,14,16-18]. Over short baselines and in open-sky environ-
ments, their performance has been excellent and comparable to high-end geodetic GNSS
devices [11,19-21]. Single- and multi-frequency low-cost GNSS receivers in combination
with low-cost antennas have been proven to have satisfactory positioning performance in
static and dynamic modes in open areas, where fewer multipath effects are expected, but
their performance has been found to degrade in harsh environments [7,16,22].

The study in [12] evaluated u-blox single-frequency receivers in combination with
geodetic antennas in static positioning mode. The authors concluded that these sensors
can provide accurate positioning solutions over short baselines. Cina and Piras [10] tested
the u-blox EVK-5T receiver with geodetic and low-cost antennas. The results indicate that
low-cost receivers can have similar performance to geodetic ones when the observations
last longer and the rover-base distance does not exceed 1 km.

Garrido-Carretero et al. [9] tested the NEO-MS8P receiver in Real-Time Kinematic (RTK)
according to the International Organization for Standardization (ISO) standard. It was
shown that the equipment met the conditions specified by the ISO-17123-8 standard over a
short baseline. The uncertainties were 5.5 mm and 11 mm for the horizontal and vertical
components, respectively. High-end geodetic receivers exhibited better performance, and
the uncertainties were 2.5 mm in the horizontal and 4.5 mm in the vertical component. The
study in [17] evaluated low-cost receivers in open-sky conditions, where different criteria,
such as ambiguity fixed rate, the accuracy of relative positioning, time of initialization,
and other criteria were chosen for evaluation. The results showed that for all considered
criteria, low-cost receivers were competitive with geodetic receivers in ultra-short (5 m)
and short baselines (4110 m).

Odolinski and Teunissen [11] reported that u-blox EVK-MS8T (L1 + B1) with cost-
effective antennas could obtain ambiguity resolution performance similar to that of dual-
frequency (L1 + L2) geodetic GPS instruments. Five different types of low-cost single- and
multi-frequency GNSS receivers were tested in rural, urban, and suburban environments
in static and dynamic scenarios in RTK mode. In suburban and urban environments, all
equipment showed degraded performance compared with rural environments. The mid-
range receiver Hemisphere Eclipse P307 was better than all other low-cost receivers, and
its price is 4-10 times lower [16]. The study in [19] tested EVK-MS8T with a survey-grade
antenna. The results show that single-frequency receivers can provide comparable results
to geodetic instruments in RTK mode over short baselines. A dual-frequency receiver
(ZED-F9P) with the u-blox ANN-MB-00 antenna was also evaluated in RTK mode, and
the performance was comparable to that of geodetic receivers over a short baseline but
degraded over long baselines [21].

Semler et al. [23] evaluated multi-frequency low-cost receivers in combination with
u-blox and Trimble R10 antennas in RTK mode in both static and dynamic scenarios. In the
static scenario, the results obtained with the u-blox antenna were similar to those obtained
with Trimble R10. In the dynamic scenario, the horizontal accuracy was not greater than
20 mm, and lower accuracy was obtained for ellipsoid height. In the case of [24], the
dual-frequency u-blox receiver (ZED-F9P) was evaluated in Precise Point Positioning (PPP)
Zenith Tropospheric Delay (ZTD) with different types of geodetic and low-cost antennas.
The obtained results indicate that low-cost receivers can provide quality results of ZTD.
The relative calibration of the u-blox antenna was shown to improve the performance of
the GNSS device and provide results comparable to the high-end geodetic antennas used
in the case study. The study in [15] tested the same GNSS devices in different experiments,
in which the relative and absolute positioning modes were evaluated. The ambiguity fixed
rate was around 80% and no more than 60% over baselines of 26 km, and more than 50 km,
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respectively. In PPP, an accuracy of a few centimeters was achieved in short sessions, and
in RTK mode, the precision was lower than that provided by the manufacturer, but the use
of a geodetic GNSS instrument was shown to improve the performance.

Single-frequency C94-M8P receivers with Trimble Bullet 360° antennas were used to
monitor the Mota di Cavezzo bridge in Modena, Italy. Data were acquired at 1 Hz for a
month in static and RTK modes. The daily coordinates obtained in static mode had an
uncertainty of 1-1.5 mm for the vertical component and less than 1 mm for the horizontal
component. The RTK mode provided lower-quality results, which were in the order of
4 mm and 8 mm for the horizontal, and vertical components, respectively [13]. In the study
in [18], the u-blox EVK-5T receiver was tested with the external Garmin GA29F antenna,
and the Italian CORS was used to provide RTK corrections. Displacements of 10 mm were
manually imposed in horizontal and vertical directions. The results were satisfactory, as
the percentage of detected movements was higher than 90%. Caldera et al. [8] evaluated
the EVK-6T u-blox receiver with the ANN-MS antenna, where the test was designed in
such a way that baselines of different lengths were observed, and a few permanent stations
were used as reference stations. The results indicated that sub-centimeter displacements
over short baselines could be detected when long observations were considered. The
single-frequency low-cost receiver NEO-7P was tested in conditions similar to real geodetic
monitoring, and movements of 25 mm and 35 mm were detected in 2D and 3D, respectively,
in short sessions [7]. The u-blox LEA-6T GNSS receiver in combination with Tallysman
TW3742 and Tallysman TW3740 was used to monitor San Gaudenzio’s Cupola in the city
of Novara, located in the northwestern part of Italy. Monitoring was carried out for one
year, and the results showed that the old structure moved 20 mm in the vertical direction
due to temperature changes, while the horizontal movements were smaller, in the range of
a few millimeters [14].

The study in [25] used u-blox EVK8T GNSS receivers and a Garmin antenna for
continuous monitoring of a slope with a few millimeters of movement per year. The
findings show that these devices can be suitable sensors for applications in risky areas
and can be regarded as an alternative to periodic observations that are commonly used for
geodetic monitoring. In the case of [26], a low-cost monitoring system in combination with
other classical geodetic instruments was used to monitor a landslide in northwest Slovenia.
The landslide was monitored for a few months, and displacements were analyzed at nearby
points by both devices used. The results suggest that these GNSS devices are suitable for
setting up an early-warning system and have satisfactory performance considering their
costs.

In this work, the low-cost ZED-F9P receiver in combination with three types of
low-cost antennas, namely, Survey, Survey Calibrated, and Tallysman TW3882 antennas,
was tested in an open-sky environment for displacement detection. The objectives of
the study were to identify the range of detected displacements in relative and absolute
positioning modes and compare the selected low-cost antennas for their future use in
monitoring a real natural or man-made object. Additionally, observations made with
low-cost devices were compared with those obtained using geodetic GNSS devices. The
structure of the paper is organized as follows: A review of different tests using low-cost
GNSS equipment with a special focus on deformation monitoring is presented (Section 1).
The study area, the equipment used, the established geodetic network, the methods used
to detect displacements, and the statistical hypothesis are described in Section 2. Then, the
results are presented (Section 3) and discussed (Section 4). Finally, the derived conclusions
are provided (Section 5).

2. Materials and Methods
2.1. Study Area

The roof of the building of the Faculty of Civil and Geodetic Engineering, University of
Ljubljana (UL FGG), was chosen to perform the tests. It is an open sky, where less multipath
error is expected, and pillars with a force-centering system are established, which is useful
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for such tests. A geodetic network consisting of four points (pillars) named FGG1, FGG2,
FGGS3, and FGG4 was used to perform the test (Figure 1). The last three points were used
as known points, while movements were imposed with a special mechanical device on
point FGG1.

Figure 1. Study area: roof of UL FGG building.

2.2. GNSS Instruments

In this study, we used the multi-frequency ZED-F9P GNSS chip integrated into a
simpleRTK2B V1 board. The ZED-F9P chip is supplied by u-blox and can receive satellite
signals in L1 and L2 frequencies from GPS, GLONASS, Galileo, and BeiDou satellite
constellations [27]. However, in the case of GPS satellites, the L2 signal is tracked only from
Blocks IIR-M, IIF, and III. Further details and specifications related to the SimpleRTK2B V1
board and the u-blox ZED-FO9P module are listed in Table 1.

Table 1. Specifications for GNSS devices used.

Specifications SimpleRTK2B V1
GNSS chip ZED-FoP
Constellations GPS, GLONASS, Galileo, BeiDou
Frequencies L1/L2
Signals L1C/A, L10OF, E1, B1l, L2C, L20OF, E5b, B21
Channels 184
Weight 195¢g
Size 69 mm X 53 mm
Ports 5
Messages UBX, NMEA, RTCM3
Supply voltage range 45-55V
Supply current 80 mA

The board used is compatible with different GNSS antennas, and three low-cost
antennas were selected. Survey and Survey Calibrated are supplied by the manufacturer
Ardusimple, where calibration parameters from National Geodetic Survey [28] are known
for the Survey Calibrated antenna. Both antennas are reported to have small phase center
errors that are in the range of -3 mm for Survey and +1 mm for Survey Calibrated, and
they have low energy consumption [29]. The multi-band Tallysman TW3882 antenna can
also track all of the same satellite signals as the first two, and it is light and has low phase
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center variation, but the calibration parameters are not known [30]. Further details of the
antennas used are shown in Table 2 and also presented graphically in Figure 2.

Table 2. Specifications for GNSS antennas used.

Antenna Survey Calibrated Survey Tallysman
Weight 535¢g 535¢g 185 g
Frequency L1/L2 L1/L2 L1/L2
Price 150 EUR 90 EUR 300 EUR
Calibration Yes No No
LNA Gain 40 db 40 db 35 db
LNA Noise figure <1.5db <15db <25db
Supply voltage range 3-12V DC 3-55VDC 2.5-16 V DC
Supply current 50 mA 45 mA 24 mA
Phase center error 1 mm 3 mm /
Ingress protection P67 1P66 1P67
Mounting method Screw Screw Screw
Size 151.5mm X 61.5mm  146.5 mm X 62.5 mm 66.5 mm X 48 mm
Operating temperature —40°Cto+85°C —40°Cto+85°C —40°Cto +85°C

Figure 2. Low-cost GNSS antennas: Survey (left), Tallysman TW3882 (middle), and Survey Cali-

brated (right).

2.3. Displacement Analysis: Relative Positioning

To analyze the sizes of detected movements, static observations were acquired at 1 Hz
for four weeks, from 19 October 2020 to 19 November 2020. Three satellite constellations
were tracked, namely, GPS, GLONASS, and Galileo. The open-source software RTKLIB
(demo5_33b) was used to process the data; the adopted processing parameters are presented
in Table 3 [31]. The established geodetic network (Figure 1) consisted of four points and six
baseline vectors. Each baseline was observed for one hour at 1 Hz, which was found to be
an appropriate interval to detect displacements [32].
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Table 3. Parameters used in the data processing.

Parameters RTKLIB
Observations L1, L2
Duration 1h
Constellations GPS, GLONASS, Galileo
Ambiguity Fix and hold (LAMBDA)
Elevation mask 15°

Control movements were imposed in the horizontal and vertical directions using a
mechanical device and Vernier scale with high accuracy (0.05 mm) (Figure 3). The moving
antenna was set on point FGG1 and was observed in the first position for one hour, after
which we moved the antenna to a new position and again observed it for one hour. The
procedure was repeated 7 times. The difference between consecutive positions was 2 mm,
and in total, 6 movements were observed; starting from the first (session 1) to the seventh
position (session 7), the rover was moved 12 mm. The same scenario was then repeated
for the vertical direction, but the imposed movements between consecutive positions were
3 mm, and from the first (session 1) to the sixth position (session 6), the rover was moved
15 mm upwards. In total, six movements were imposed in the horizontal plane, and five
movements were implemented in the vertical direction. The experiment was repeated for
three selected low-cost antennas in the same conditions. The movements were applied
to point FGG1 only, and all other points in the GNSS network remained stable. Firstly,
horizontal and vertical displacements were estimated from coordinates obtained on the
basis of baseline vectors only, which were estimated from points FGG4, FGG3, and FGG2
to point FGG1. Summary statistics, such as minimum, maximum, and Mean Absolute
Error (MAE) of the differences between estimated and true displacements were obtained to
show the differences from true movements.

(b)

Figure 3. Imposed controlled movements: (a) Horizontal movements; (b) vertical movements.

Computed baseline vectors were used afterward to define a geodetic network (Figure 1).
The geodetic network adjustment was carried out for each session to estimate displace-
ments more accurately. In total, the geodetic network was adjusted 39 times, among which
18 adjustments were for vertical and 21 were for horizontal displacements. The points
FGG2, FGG3, and FGG4 were used as datum points since we know a priori that they are
stable. In the network adjustment, the following conditions were fulfilled [33]:

ol Pv; = min, 1)
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T

x; x; = min and £; = xg; + x; 2)

where v; is the residual vector for the i-th session, P; is the weight matrix for the i-th
session, xo; is the vector of approximate coordinates for the i-th session, x; is the parameter
correction vector for the i-th session, and #; is the vector of adjusted coordinates for the i-th
session.

The data screening method (t-test) with a significance level of 5% was used afterward
for outlier detection. To analyze whether statistical equality of network precision was
achieved between the corresponding sessions, the following hypothesis was established:

o= 5() ()
= i(e7) #2(0)
where 07 is a posteriori variance from the i-th session, and CT]-Z is a posteriori variance from
the j-th session.

To determine whether the null hypothesis could be rejected, the F test was performed,
defined as follows [34]:

02
F= 712 < Hh-opp ®G)
i
fi=ny —u+d 4)
fo=ny—uy+d )

where f; is degrees of freedom for a certain session, 7; is the number of observations for
a certain session, u; is the number of unknowns for a certain session, d is the geodetic
network datum defect, and « is the significance level.

To determine the size of the detected 1D, 2D, and 3D displacements, statistical tests
were used to test the hypothesis [33-36]. Displacements were analyzed by defining the
following hypothesis:

Hy. d = 0; Point did not move between two sessions;
Ha. d # 0; Point moved between two sessions.

To determine whether the null hypothesis could be rejected, the following statistical

test was performed [35]:
T=—
o ©)

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 are defined based
on the displacement dimension: the critical values are 1.96, 2.45, and 2.80 for 1D, 2D, and
3D displacements, respectively, for a significance level of 5% (« = 0.05).

The imposed 1D, 2D, and 3D movements were estimated as follows:

dip = h; — b @)
dop = \/(Ei —e))’ + (n; — n))? ®)
dsp = \/(e,- — e]-)z + (Tli — 71]‘)2 + (hi — h]')z 9)

where e;, n;, h; are FGG1 coordinates from the i-th session in the topocentric coordinate
system, and e;, nj, hj are FGG1 coordinates from the j-th session in the topocentric coordinate
system.
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The network adjustment was performed in a global coordinate system, and the
variance-covariance matrix for the point FGG1 was transformed to its topocentric co-
ordinate system as follows [37]:

Y1, = REGRT (10)
—sinA; COSA; 0
R = | —singjcosA; —sing;sinA; cos@; (11)
COSQ;cOSA;  cos@;sinA;  sing;

where ¥, is the variance-covariance matrix in the global coordinate system in the i-th
session, R is the rotation matrix, ¢; is the latitude of the point in the i-th session, and A; is
the longitude of the point in the i-th session.

The displacement precision ¢; was estimated considering the error propagation law
as follows [38]:

07 = JaZ1,]q (12)

Based on the error propagation law, Jacobi matrices were defined for 1D, 2D, and 3D
displacements; more details can be found in [36].

The mechanical devices could not impose spatial movements, but in order to analyze
spatial displacements, the imposed horizontal movements were estimated in 3D. Move-
ments were imposed with high accuracy (0.05 mm), and their true values are known. The
MAE with respect to their true values was estimated for all displacements. Therefore,
the displacement accuracy was estimated, and the difference in displacement accuracy
was mainly attributed to the antenna since the other conditions (location, duration of
observation, receiver type, observations) were almost the same.

2.4. Displacement Analysis: Absolute Positioning

To evaluate low-cost devices in PPP mode, Survey Calibrated and Tallysman antennas
were placed near point FGG1, and static observations were acquired from 1 February to 29
March 2021. In this static test, the antennas did not move. The acquired data were used
to define 96 sessions, each of which contained observations for 8 h at 0.25 Hz. Then, a
dynamic test was carried out in which the same mechanism was used to impose horizontal
movements in steps of 10 mm. In total, seven positions were observed for 24 h, and
displacements in the range of 10-60 mm were defined. As in the static test, the duration of
the session was 8 h. The IGS-MGEX products, precise ephemeris (15 min, “sp3” format),
and clock correction (30 s, “clk” format) were used. The satellite and receiver phase center
variations were determined by using the “igs.atx” file from IGS. The Iono-Free LC and
Estimated ZTD were used to eliminate the ionospheric error and the tropospheric delay;,
respectively. The elevation mask was set to 15°, and the DCB products from the Center of
Orbit Determination in Europe were also considered.

For each session in the static test, east (e), north (n), and ellipsoid height coordinates (h)
were estimated. The 30 method was used to detect outliers, and then the RMSE, minimum,
and maximum values of coordinate residuals were estimated. In monitoring applications,
the movements can be in any direction; thus, we estimated them in the 3D coordinate
system. The statistical hypotheses for spatial movements defined in the previous subsection
were used to identify the range of detected displacements.

2.5. Low-Cost and Geodetic GNSS Instruments: A Comparison in Terms of Observations

To use low-cost GNSS instruments for displacement detection purposes, they must be
able to perform with a similar level of quality and reliability to geodetic GNSS instruments.
In the test described in this sub-section, comparisons were made between two low-cost
(simpleRTK2B V1 receiver and Survey Calibrated antenna) and two geodetic (Leica G518
receiver and LEIGS18 antenna) GNSS instruments. Data used for comparison comprise
almost 48 h of static observations that were acquired at 1 Hz (Figure 4).
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Figure 4. Geodetic and low-cost GNSS devices in the four-point metal arm.

The performance of all instruments used was analyzed with the help of several linear
combinations of raw GNSS observations, where the geometry-free linear combination (L4)
is of particular interest. All of the previously mentioned linear combinations can also be
used for cycle slip detection and repair [39—41]. One of the parameters that indicate the
reliability of the GNSS instrument is the number of cycle slips (i.e., ambiguities) that occur
during the survey, where the lowest possible number of cycle slips is desirable.

The most important quantity for precise position determination in the case of GNSS is
the quality of phase observations with both carriers. The noise of phase observations can
be determined with the geometry-free linear combination L4. However, since L4 slowly
changes over time due to temporal changes in ionospheric bias, this linear combination
must be filtered to remove the low-frequency trend [41]. For each satellite tracked by four
GNSS devices, the L4 linear combination was filtered with a simple 3-point high-pass filter
as follows:

HP =14, 1 —2L4;+ L4, (13)

where i represents the index of an epoch. The variable HP contains only amplified (by 1/6)
noise of linear combination L4.

3. Results

Displacements were first estimated only from baseline vectors and then from the
coordinates obtained after geodetic adjustment of the network. The differences from the
true values of the estimated 1D, 2D, and 3D displacements on the basis of only baseline
vectors are shown in Figure 5. Table 4 presents the summary statistics for the obtained
differences, such as MAE, the minimum, and the maximum values of differences, for all
low-cost GNSS antennas used.
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Figure 5. Differences between estimated and true movements from baseline vectors only: (a) 1D
differences, (b) 2D differences, and (c) 3D differences.
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Table 4. Statistics for 1D, 2D, and 3D displacements estimated from baseline vectors only.
Antenna Survey Calibrated Survey Tallysman
Dimension 1D 2D 3D 1D 2D 3D 1D 2D 3D
MAE (mm) 1.9 1.2 1.3 2.3 1.0 1.6 3.3 1.7 2.5
Max (mm) 5.4 3.8 3.8 6.6 3.7 6.2 11.6 4.4 7.6
Min (mm) 0.1 0.0 0.1 0.2 0.0 0.0 04 0.0 0.0

The geodetic adjustment was carried out for each of the selected antennas separately,
and the a posteriori standard deviation was estimated for sessions in which vertical (Table 5)
and horizontal movements (Table 6) were imposed.

Table 5. A posteriori standard deviation: vertical displacements.

A Posteriori Standard Deviation (mm)

Antenna
Survey Calibrated Survey Tallysman

Session 1 0.9 1.8 22
Session 2 0.9 2.1 19
Session 3 0.8 1.6 2.0
Session 4 14 1.5 2.0
Session 5 1.3 2.0 1.8
Session 6 14 1.3 2.3

Table 6. A posteriori standard deviation: horizontal displacements.

A Posteriori Standard Deviation (mm)

Antenna

Survey Calibrated Survey Tallysman
Session 1 1.1 1.7 1.7
Session 2 1.1 1.6 1.6
Session 3 1.3 1.6 1.6
Session 4 1.3 19 1.2
Session 5 1.0 1.5 1.8
Session 6 14 2.0 1.5
Session 7 1.2 1.2 1.9

Coordinates obtained from the geodetic adjustment were used to calculate displace-
ments, and the presented statistical tests were applied to identify the sizes of detected
movements for the selected antennas. Vertical movements were imposed in steps of 3 mm,
while horizontal movements were imposed in steps of 2 mm and were also estimated in a
3D coordinate system. The results from the detection of 1D (vertical), 2D (horizontal), and
3D (spatial) displacements are shown in Tables 7-9, respectively.

Table 7. Vertical displacements.

Antenna Survey Calibrated Survey Tallysman
3 mm 60% 20% 20%
6 mm 100% 75% 75%
9 mm 100% 100% 100%

12 mm 100% 100% 100%
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Table 8. Horizontal displacements.
Antenna Survey Calibrated Survey Tallysman
2 mm 17% 33% 50%
4 mm 100% 60% 100%
6 mm 100% 100% 100%
8 mm 100% 100% 100%

Table 9. Spatial displacements.

Antenna Survey Calibrated Survey Tallysman
2 mm 17% 17% 17%
4 mm 100% 60% 100%
6 mm 100% 100% 100%
8 mm 100% 100% 100%

For the estimated movements, the MAE was obtained to present the accuracy of 1D,
2D, and 3D displacements for each of the used antennas. These results are presented
in Table 10 and show that the Survey Calibrated antenna outperforms the others. The
differences in the displacements from the true values are also shown graphically in Figure 6.

Table 10. Mean Absolute Error (MAE) for 1D, 2D, and 3D displacements.

Antenna Survey Calibrated Survey Tallysman
Dimension 1D 2D 3D 1D 2D 3D 1D 2D 3D
MAE (mm) 0.9 0.2 0.3 1.2 0.9 1.0 1.3 1.0 1.1

Low-cost devices were evaluated in PPP mode. The residuals of the obtained coordi-
nates are presented in Figure 7, while the related statistics are reported in Table 11. In a
dynamic test, movements of known size were imposed, and statistical tests were used to
analyze the range of detected movements in PPP (Table 12). The MAE values of differences
from true values are presented in Table 13 and are also graphically shown in Figure 8.

Table 11. Statistics in static test (PPP) for Survey Calibrated and Tallysman antennas.

Antenna Survey Calibrated Tallysman
Statistics e (mm) n (mm) h (mm) e (mm) n (mm) h (mm)
RMSE 6.1 3.1 10.8 6.3 51 11.7
Max 12.9 6.9 23.7 12.8 14.7 25.2
Min —17.6 -7.7 —24.2 -17.1 —14.0 —30.2
Table 12. Detection of 3D displacements (PPP).
Antenna Survey Calibrated Tallysman
Displacement (mm) 20 30 40 20 30 40
Detected 91.7% 100% 100% 88.9% 100% 100%
Table 13. Mean Absolute Error (MAE) for 3D displacements (PPP).
Antenna Survey Calibrated Tallysman

MAE (mm) 5.4 7.4
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Figure 6. Differences between estimated and true movements: (a) 1D differences, (b) 2D differences,
and (c) 3D differences.
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Calibrated; (b) Tallysman.
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Observations obtained using low-cost devices were additionally compared with those
obtained with high-end geodetic GNSS instruments. The final number of determined phase
ambiguities (after cycle slip detection and repair) is shown for all satellites in Figure 9,
where the top graph represents the number of ambiguities for GPS satellites, the middle
presents the values for GLONASS satellites, and the bottom shows the results for Galileo
satellites. Both geodetic GNSS instruments (denoted as GD 1 and GD 2) are represented
with blue bars, whereas the low-cost GNSS instruments (denoted as LC 1 and LC 2)
are indicated by red bars. The Root-Mean-Squared (RMS) values of variable HP (high-
pass-filtered L4 linear combination) were estimated for each satellite and are shown in
Figure 10. Geodetic (GD1 and GD2) and low-cost (LC 1 and LC 2) instruments are denoted
in Figure 10 as in Figure 9.
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4. Discussions

Imposed 1D, 2D, and 3D movements were estimated from baseline vectors only to
show the differences from the true movements in a case where adjustment of the geodetic
network is not carried out (Figure 5). The MAE of 2D displacements is in the range of
1.0-1.7 mm; for 3D displacements, the MAE is in the range of 1.3-2.5 mm, while the value
of MAE is greater for 1D displacements, ranging from 1.9 to 3.3 mm (Table 4). However,
the differences between MAE of used antennas are at the millimeter level or even smaller.

To increase the accuracy of estimated displacements, the geodetic adjustment of the
network was carried out, where the data were defined by three points of the geodetic net-
work that did not have movements between sessions. The a posteriori standard deviations
were estimated (Tables 5 and 6) for sessions when vertical and horizontal movements were
imposed. With a significance level of 5%, we could not reject the null hypothesis, and
homogenous network precision was obtained in all combinations between sessions. The a
posteriori standard deviation is in the range of 0.9-2.3 mm for all sessions. The results from
Tables 5 and 6 show that using the Survey Calibrated antenna, where antenna calibration
parameters are known, results in higher precision of estimated positions. The improvement
may be as much as 50%. However, the differences are in the order of millimeters or even
smaller.

Vertical movements were imposed in steps of 3 mm and ranged from 3 to 15 mm,
and horizontal movements were in steps of 2 mm and ranged from 2 to 12 mm. For 1D
displacement detection, we were not able to detect 3 mm with statistical significance (more
than 95%) with any of the used antennas in combination with the ZED-F9P GNSS chip
(Table 7). Displacements were detected in 60%, 20%, and 20% of cases for Survey Calibrated,
Survey, and Tallysman antenna, respectively. The Survey Calibrated antenna can detect
6 mm displacements; however, this does not hold true for Survey and Tallysman antennas
(only 75%). Displacements with a size of 9 mm were detected (100%) with all three GNSS
antennas.

Horizontal displacements were imposed in steps of 2 mm. Based on the results
presented in Table 8, it can be concluded that 2 mm displacements cannot be detected by
low-cost GNSS instruments. The Survey Calibrated and the Tallysman antennas were able
to detect 4 mm displacements, while the Survey antenna did not. Horizontal displacements
of 6 mm or larger could be detected (100%) by the three used GNSS devices.

In monitoring natural objects and man-made structures, movements can occur in any
direction (spatially), so we estimated the imposed horizontal movements in a 3D coordinate
system. From the results presented in Table 9, we can conclude that 6 mm displacements
can be detected by all antennas, while a low percentage (60%) of 4 mm displacements were
detected with the Survey antenna. The smallest imposed movements (2 mm) were not
detected by low-cost GNSS instruments. Only 17% of considered displacements of the
magnitude 2 mm were detected. The results presented in Tables 7-9 indicate that the Survey
Calibrated antenna had better positioning performance. The Survey Calibrated antenna
outperformed the others in terms of the sizes of detected 1D, 2D, and 3D movements. The
Tallysman antenna was better than the Survey antenna in detecting 2D and 3D movements,
while they provided the same results when detecting 1D movements. Neither antenna
performed as well as the Survey Calibrated antenna.

Horizontal and vertical movements were imposed by a special mechanism with high
accuracy. Therefore, the true values of displacements are well known. The MAE values
with respect to the true values were estimated for all displacements (Table 10).

The Survey Calibrated antenna has a smaller MAE (0.9 mm) of 1D displacements
than both uncalibrated antennas. For the Survey and Tallysman antennas, the MAE values
are 1.2 mm, and 1.3 mm, respectively. The results from Table 10 for 2D displacements
also highlight the superior performance of the Survey Calibrated antenna, as its MAE
is 0.2 mm, while the MAE values are 0.9 mm and 1.0 mm for the Survey and Tallysman
antennas, respectively. For 3D displacements, the MAE values of Survey and Tallysman are
1.0 mm and 1.1 mm, while for Survey Calibrated, the value is smaller (0.3 mm). It can be
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emphasized here that the MAE of 2D displacements is smaller than that of 3D in all cases,
while for 1D, the value of MAE is greater since the number of imposed movements (sample
size) differed between the two tests. The Survey Calibrated antenna has known calibration
parameters even though it is a low-cost antenna. Based on the results presented in Table 10,
Survey Calibrated had higher displacement accuracy in all cases, and its performance was
better than the two uncalibrated antennas: The displacement accuracy was almost the same
between them but lower than that of Survey Calibrated. Differences between true and
estimated 1D, 2D, and 3D movements are shown graphically in Figure 5. The variations
are again in favor of Survey Calibrated for 1D, 2D, and 3D displacements. Variations are
larger for 1D differences, while the 2D and 3D differences have almost the same variations.
The differences from the true values of displacements obtained with geodetic network
adjustment (Figure 6) are smaller compared with those estimated from baseline vectors
only (Figure 5).

In the static test (PPP), low-cost devices showed satisfactory performance. The RMSE
for horizontal components is at the sub-centimeter-level for east (6.1 mm) and north
(3.1 mm) components for the Survey Calibrated antenna. The ellipsoid height estimated
with GNSS observations has lower precision compared with the horizontal components,
and the uncertainty of the ellipsoid height for Survey Calibrated is 10.8 mm (Table 11). For
the Tallysman antenna, the values of RMSE are 6.3 mm, 5.1 mm, and 11.7 mm for the east,
north, and ellipsoid height, respectively (Table 11). Spatial displacements of 20 mm were
detected by both antennas: The Tallysman antenna detected 88.9% of imposed movements,
while Survey Calibrated detected 91.7% (Table 12). Displacements greater than 20 mm
were detected by both antennas in all cases. The MAE is 5.4 mm for Survey Calibrated and
is greater (7.4 mm) for Tallysman (Table 13).

The comparison of low-cost and geodetic instruments showed better performance
for the latter. In all cases (all satellites from all systems), the number of cycle slips is
higher for the low-cost instruments compared with the geodetic ones, but the increase is
not significant (Figure 9). After all, there are still enough continuous GNSS data for each
ambiguity to be estimated with sufficient quality. The represented RMS values in the graphs
in Figure 10 show slightly higher values of phase noise for low-cost GNSS instruments
(red bars) compared with the noise of phase observations obtained with geodetic GNSS
instruments (blue bars). However, the noise level of low-cost GNSS instruments is still
at the millimeter level, which assures a millimeter level of derived results, i.e., adjusted
coordinates or baseline components.

5. Conclusions

Low-cost GNSS receivers have been tested in different applications for positioning and
navigation purposes. Taking into account their cost and the demonstrated performance,
these GNSS devices can be suitable sensors for geodetic monitoring in areas with a high risk
of instrument damage. Recently, multi-frequency GNSS receivers and calibrated low-cost
antennas have become available on the market, which makes them more comparable to
high-end geodetic GNSS instruments.

In this study, the u-blox ZED-FIP multi-frequency receiver in combination with Survey
Calibrated, Survey, and Tallysman antennas was tested for displacement detection. The
main objectives were to identify the range of displacements detected by low-cost devices
in relative and absolute positioning modes and analyze the differences between these
low-cost antennas. The results from this study lead to the following conclusions:

e  The low-cost Survey Calibrated antenna performed better in relative positioning than
the non-calibrated antennas Survey and Tallysman. The smallest MAE for 1D, 2D, and
3D displacements estimated after the geodetic adjustment was obtained by the Survey
Calibrated antenna, which also had the best performance in terms of the magnitude of
detected displacements.

e  For 1D displacement detection, Survey and Tallysman antennas had similar perfor-
mance. The MAE for 1D was almost equal between the two, and the size of detected
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displacements was 9 mm. The Survey Calibrated antenna had a slightly smaller MAE,
and the size of detected displacements was 6 mm.

e  The Tallysman antenna and Survey Calibrated antenna detected 2D displacements of
4 mm, which was not the case for the Survey antenna. The size of displacements that
were detected at a high percentage by the Survey antenna was 6 mm.

e  For spatial displacement (3D) detection, the size of detected displacements was the
same for all antennas as for 2D displacements. Displacements of 4 mm were detected
by Survey Calibrated and Tallysman, while for the Survey antenna, the size of detected
displacements was 6 mm.

e Displacements of 20 mm or greater were detected by low-cost GNSS devices in abso-
lute positioning mode. The performance of Survey Calibrated was also slightly better
than that of Tallysman in PPP.

e  All three antennas were able to detect spatial displacements smaller than 10 mm in
relative positioning mode and can be used to monitor many engineering buildings. In
absolute positioning mode, displacements of 20 mm were detected, which is adequate
for monitoring natural objects (landslides).

o  Geodetic GNSS instruments had better performance than low-cost instruments. The
number of cycle slips and the noise of phase observations were best with geodetic
GNSS instruments. However, the difference in cycle slips among them was not very
large, and the noise of phase observations was at a level of a few millimeters for
low-cost devices.

All tests were carried out in an open-sky area and over short baselines to evaluate
the antenna’s impact on positioning performance and compare low-cost uncalibrated
and calibrated antennas. The presented results from this study should be treated as
preliminary. To better evaluate low-cost GNSS instruments, more tests will be carried
out over medium and long baselines, and geodetic and low-cost GNSS instruments and
different combinations thereof will be used. For a more in-depth analysis of the potential
of these sensors for geodetic monitoring purposes, we will attempt to test them in harsh
environments, and a more detailed analysis will be carried out, in terms of observations. A
real natural object (landslide) or man-made object will be monitored, and other geodetic
instrumentations may be used to evaluate the performance of low-cost GNSS devices.
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