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ABSTRACT

ARTICLE HISTORY

Skyscrapers cause both limited sky-view and multipath error
when using Global Navigation Satellite System (GNSS) measurements for monitoring structural movements. To reduce multipath
errors, cut-off elevation angle can be set to a high value such as
30 40 . However, in the case of employing high cut-off elevation angles, the use of GPS only may not provide adequate positioning solutions. To overcome this problem, Galileo and
GLONASS observations are combined with GPS observations. This
study experimentally investigates the contribution of multi-GNSS
for studying the effects of different cut-off elevation angles on
the accuracy of high-rate GNSS results for detecting characteristics
of dynamic motions for structural health monitoring (SHM). The
filtration design, noise level and Signal-to-Noise Ratio (SNR) of
high-rate GNSS measurements of GPS-only, GPS/Galileo, GPS/
GLONASS and GPS/GLONASS/Galileo are assessed for different
cut-off elevation angles. The results demonstrate that the SNR of
GNSS solutions for GPS/GLONASS and GPS/GLONASS/Galileo is
the highest, which signifies their use in SHM. The accuracy of the
dynamic movements of structures can be attained to 2 mm, on
average, using multi-GNSS measurements even when using high
cut-off elevation angles up to 40 . The precision of GPS/GLONASS
and GPS/GLONASS/Galileo systems with different cut-off elevation
angles was high when referenced to LVDT.
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1. Introduction
Nowadays, structural health monitoring (SHM) for tall buildings in metropolitan cities is necessarily required for structures safety. Different sensors, such as displacement
and accelerometer sensors, are used to extract the characteristics, amplitude, damping
and frequency of dynamic motions of structures. The Global Navigation Satellite
System (GNSS) is one of these sensors, which can measure accurate positions of the
monitoring points on structures in two or three dimensions. The relative GNSS monitoring system is regularly employed to precisely extract dynamic behaviours of structures. The precise point positioning (PPP) method has been investigated and
improved for dynamic analyses of structures (Yigit 2016; Kaloop et al. 2018, 2019;
Paziewski et al. 2019, 2020; Yigit et al. 2020). The methods that used GNSS positioning for dynamic analysis of structures can be found in Larocca et al. (2005), Moschas
and Stiros (2014), Kaloop et al. (2017), Yu et al. (2018), Shen et al. (2019), Yu et al.
(2020). For instance, Schaal and Larocca (2002) applied the phase-residual method
for estimating dynamic movements of structures based on GPS observations. Souza
and Negri (2017) used multipath effects for estimating movement of structures without installing a receiver on it. Paziewski et al. (2018) proposed a GNSS phase direct
signal-processing approach technique using real-time kinematic (RTK) and PPP
methods for determining dynamic displacements. They assessed the usability of
multi-constellation GNSS signals for high-rate dynamic displacement detection by
focusing on both the processing methodology and practical performance evaluation.
Their results based on comparative analysis confirmed that all the presented method
can be considered as powerful tools for detecting high-rate millimeter-level displacements. Shen et al. (2019) summarized the methods that can be used for estimating
the structures movements based on GNSS-only and integrated sensors with GNSS;
such as, variometric approach, phase-residual method and signal-processing method.
Dabove and Pietra (2019) used the single-baseline RTK positioning to estimate structural displacements using geodetic-grade GNSS receivers and smartphone. The
obtained accuracy from GNSS positioning approaches was at several mm. Paziewski
et al. (2020) proposed a method based on the multi-baseline solution for estimating
seismic movements by using GNSS positioning. Also, high precision dynamic performance was achieved using the relative and PPP-GNSS methods. Likewise, realtime GNSS measurements were observed at a high-rise building in Madrid, Spain,
2016, to detect and evaluate the building performance under wind load effects. A geodetic network was used (Olmo et al. 2016). The construction of La Costanera tower
in Santiago, Chile, was monitored using RTK GNSS, and the results showed that this
technique is suitable for monitoring structures during and after construction periods
(da Silva et al. 2018). The monitoring of the W tower movements in Guangzhou,
China, via GNSS, was carried out and the accuracy of the positions was at the millimetre-level (Zhang et al. 2018). More studies on using GNSS for monitoring structure
movements can be found in Shen et al. (2019), Kaloop et al. (2017, 2019), Yu et al.
(2020), Yigit and Gurlek (2017). However, some errors affect the GNSS accuracy for
structure monitoring; multipath error, in particular, is still the primary source of
error (Shariati et al. 2019; Yu et al. 2018).
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GNSS observations are generally collected with 10 –15 cut-off elevation angle to
eliminate or decrease multipath error and the troposphere delay in case of non-differencing techniques such as PPP (Li et al. 2018; El-Mowafy et al. 2020). In this case,
the GPS is used in different engineering applications (Ruotsalainen and Kuusniemi
2013; Paull et al. 2014) since the number of satellites in the open-sky view is sufficient to extract structural movements with an acceptable accuracy level. Furthermore,
the open-sky view provides a small value of satellite position dilution of precision
(PDOP), which affects the position accuracy of GNSS receivers (Guo et al. 2020). In
SHM, the GPS was used to monitor structures that have an open-sky view; for
instance, the movement of many long-span bridges (Kaloop and Kim 2014; Han et al.
2016; G€
okalp and Taşçı 2009). Moreover, it was used to assess movements of tall constructions that have an open-sky view (G
orski 2017; Sofi et al. 2018). On the other
hand, in the areas that comprise crowded buildings, such as metropolitan areas, signal
obstruction and multipath affect the accuracy of GPS observations for SHM even
when using high cut-off elevation angles.
It is well known that the increase of the cut-off elevation angle influences the
number of GPS satellites observed and the achieved positioning accuracy. Therefore,
the use of a combined GNSS, such as GPS/GLONASS, GPS/Galileo, GPS/BDS, GPS/
GLONASS/Galileo, GPS/GLONASS/BDS (BeiDou Navigation Satellite System), GPS/
Galileo/BDS and GPS/GLONASS/Galileo/BDS improves the positioning accuracy of
GPS-only solutions. Single or dual GNSS, with 10–30 satellites were successfully used
for improving the reliability of the positioning system for SHM, particularly in constrained and harsh environments (Liu et al. 2019; Pan et al. 2014; Han et al. 2018).
Consequently, the cut-off elevation angle can be increased (Liu et al. 2019). Xi et al.
(2019) evaluated the integration of GPS, BDS and GLONASS for the evaluation of
bridge movements with rising the cut-off elevation angle up to 40 , and they concluded that the integrated GNSS systems could be used to improve detection of
dynamic movements using high cut-off elevation angles. Paziewski and Sieradzki
(2017) compared RTK positioning performance of GPS-only, BDS-only and combined
GPS and BDS observations with different cut-off angles, from 5 to 40 with 5 step.
The assessment was performed in both ambiguity resolution and coordinate estimation domains. The authors demonstrated that GPS and BDS combined positioning
has advantage over single GPS and single BDS solution for ambiguity resolution,
especially in harsh observing conditions. Most recently, Xi et al. (2021) integrated
GPS, BDS and GLONASS observations for monitoring a bridge movement at different cut-off elevation angles. Their results demonstrated that the bridge movement
characteristics could be derived with an acceptable accuracy at 40 cut-off elevation
angle. Teunissen et al. (2014) assessed the performance of integrated GPS with BDS
satellite systems for estimating RTK positioning with cutting elevation angles from
10 to 40 ; and their results showed that with the multi-GNSS system, much greater
than customary cut-off elevation angles can be applied; and this will increase the use
of multi-GNSS systems in constrained atmospheres. Ge et al. (2019) evaluated the
single-frequency-PPP using multiple GNSS systems with cut-off elevation angles,
from 10 to 40 , and they found the performance of the long-term stability worsen
when increasing the cut-off elevation angle. Liu et al. (2019) used a selection satellite
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system based on ambiguity dilution of precision (ADOP) to improve positioning
using the single-frequency single-epoch multiple GNSS with different cut-off elevation
angles. Their results signified the use of a minimum number of high-elevation angle
satellites based on a proposed method with a success rate close to 100%, consequently
improving the receivers positioning efficiency. Blanco-Delgado and Nunes (2010) and
Zhang et al. (2013) applied a method for selection of satellites based on their geometry to improve positioning results. The effectiveness of cut-off elevation angle on the
accuracy of GNSS positioning with a focus on the computational time was studied in
Luo et al. (2020), Ou et al. (2014), Abedi et al. (2020). However, so far, the application of different GNSS combinations (such as those of GPS, GLONASS and Galileo)
with high cut-off elevation angles has not been thoroughly investigated for extracting
accurate dynamic characteristics of structures and SHM. These points are addressed
in our paper.
The main motivation of this study is to investigate the benefit, efficiency and
usability of high-rate GNSS multi-constellation with high cut-off elevation angle for
SHM and find a suitable method for estimating the dynamic behaviours of engineering structures in urban areas, such as high-rise or skyscraper, especially those surrounded by obstacles causing limited sky view and multipath error for GNSS
observations. The positioning performance of the GPS-only, GPS/Galileo, GPS/
GLONASS and GPS/GLONASS/Galileo combinations were analyzed for different cutoff elevation angles, such as 10 , 20 , 30 and 40 . LVDT data were taken as a reference for time and frequency domain analyses.
This work is organized as follows. In Section 2, experimental dataset and processing strategies are presented. Section 3 demonstrates the experimental results obtained
from GPS-only and the multiple GNSS, GPS/Galileo, GPS/GLONASS and GPS/
GLONASS/Galileo observations. The performance of these combined GNSS is discussed and experimentally evaluated in detail for extracting accurate structures behaviours under different cases of shaking loads. Different dynamic amplitudes and
frequencies are investigated in this study. Furthermore, the results of different cut-off
elevation angles, 10 , 20 , 30 and 40 , are evaluated and assessed. Our conclusions
are presented in Section 4.

2. Experiment description and GNSS data processing
2.1. Experiment description
In this study, a shake table that can produce a sinusoidal harmonic movement with
different frequencies and amplitudes was used (Figure 1). The shake table has a flat
plate that can be subjected to a maximum displacement of ±190 mm. Four GNSS
receivers were mounted on it to capture harmonic oscillations (cf. Figure 1). An electric motor was attached to the shake table and used to generate dynamic movements.
The stability of the table was maintained using weights placed on both sides of the
platform to prevent unwanted oscillations when studying high-rate movements. The
position of the table on the frame rails was controlled by software running on a
Windows computer platform; where the controller verifies the position information
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Figure 1. Shake table and the GNSS receivers attached on it.

using an LVDT that measures the position of the table with mm precision, collecting
100 samples per second (100 Hz).
Five dual-frequency CHC I80 GNSS receivers were used to test the performance of
high-rate GNSS positioning for SHM under different elevation cut-off angle. The four
GNSS receivers mentioned above that were mounted on the shake table to collect
GNSS observations with 10 , 20 , 30 and 40 satellite cut-off angle. The fifth GNSS
receiver was installed approximately 60 m away from the shake table as a base-station
for the relative GNSS positioning. GPS (L1 and L2), GLONASS (L1 and L2) and
Galileo (E1 and E5) satellite observations were collected at a 20 Hz (0.05 s) sampling
rate. The experiment was carried out on 4 April 2019, at the Gebze Technical
University and lasted approximately 2 h. The experiment was conducted under opensky and with calm weather conditions. In order to evaluate the performance of the
relative positioning under different satellite elevation cut-off angle, a broad harmonic
oscillation set with different amplitudes and frequencies was generated to cover a
wide range of possible structural movements. Six experiments with different harmonic
oscillations were selected and performed where GNSS results were compared with reference LVDT data. Table 1 summarizes these harmonic oscillation events with their
frequency and amplitude values. Furthermore, superimposed harmonic oscillation
with three frequencies, namely 0.8, 3.4 and 7.6 Hz, were generated.
2.2. GNSS data processing
2.2.1. Processing method
The GNSS relative positioning data were processed using the open-source software
RTKLIB 2.4.3 b33 (Takasu and Yasuda 2009). Dual-frequency measurements were
used. Double differences of the carrier phase signals were used to eliminate the effect
of the spatially correlated troposphere and ionosphere delays and orbital errors, in
addition to the satellite and receiver clock offsets. A GNSS integer-ambiguity fixed
solutions were estimated. The parameters used in the solution are described in
Table 2.
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Table 1. Frequency and amplitude of the selected events in this study.
Oscillation amplitude
Oscillation frequency (Hz))
0.1
0.6
1.5

5 mm

10 mm

Event 1
Event 3
Event 5

Event 2
Event 4
Event 6

Table 2. The settings of RTKLIB for the GNSS relative solution.
Positioning mode
Frequency
Filter type
Data sampling period/frequency
Cutoff elevation angle
Observations
Integer-ambiguity resolution
Min. ratio to fix ambiguity
Reject threshold of GDOP

Kinematic
GPS (L1 and L2)
GLONASS (L1 and L2)
GALILEO (E1 and E5)
Combined
(smoother combined solution with
forward and backward filter solutions)
0.05 s/20 Hz
10 , 20 , 30 and 40
Carrier phase and code
Fixed
(ambiguities
are estimated and fixed)
2.0
20

2.2.2. Filtering the obtained GNSS positions time series
At this step, the GNSS coordinates are transferred to a local coordinate system
defined by one axis aligned along the movement direction of the testing plate and
another axis is perpendicular to it; such that the position along the direction of
movement was calculated and evaluated. After that, any position outlier was detected
by comparing the position error with a threshold determined by three times the
standard deviation. The dominant frequency was determined using spectral interval
analysis, which can be used to estimate the statistically and structurally significant
information of structures movements. Here, the observation noise and multipath
error can be detected in the frequency domain and are used to define the frequency
band of structure movements. Multipath effect may reach up to several centimetres,
which adversely affects the kinematic position accuracy (Paziewski et al. 2019). The
instantaneous impact of multipath is typically merged with phase noise. The longerterm multipath effects have relatively long periods (several minutes and more) and
low frequency with respect to the frequency band of structure movements. This
implies that multipath effect can be effectively mitigated with a high-pass, band-pass
or band stop filtering to obtain high-accuracy displacements (Paziewski et al. 2019,
Kaloop et al. 2019). In this study, an 11-order Chebyshev band-pass filter with appropriate parameters for each event was implemented. The filter was designed using
band-pass frequencies and pass- and stop-band ripples 1 and 20 dB, respectively. For
stability of the filter, the zero-pole-gain filter parameters were converted to secondorder sections (Shenoi 2005). Figure 2 illustrates the filter of the superimposed harmonic oscillation. Based on the filter parameters, noises corresponding to the frequencies that were out of the pass-band range frequencies defined previously were
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Figure 2. Design of the 11-order Chebyshev filter used to de-noise the GNSS apparent oscillation
of superimposed harmonic signal.

removed. Various studies applied low-pass or band-pass/high-pass filters to remove
noises or subtract frequencies from GPS/GNSS or accelerometer time series (G
orski
2017; Moschas and Stiros 2011). Here, for estimating the amplitude and frequency of
the oscillations, first, filtration processing was designed to remove the noises; then,
the Fast Fourier Transformation (FFT) was used.

3. Results and discussion
3.1. Assessment of some GNSS positioning parameters
Figure 3 depicts the average number of satellites observed during the six experiments
carried out in this study and Figure 4 shows the sky-view plot during these experiments. During the time of the test, the number of GLONASS satellites observed was
more than the number of Galileo satellites. Therefore, the contribution of GLONASS
satellites to GPS observations is higher than that of Galileo satellites for the 40 cutoff elevation angle. When using the three GNSS, it can be observed that the satellite
numbers with cut-off elevation angle 10 were decreased by 25%, 40% and 60% on
average, relative to the number of satellites, in the cases of using cut-off elevation
angles of 20 , 30 and 40 , respectively.
As an example, Figure 5 shows the average PDOP values observed during all the
studied events. The best PDOP under 10 , 20 and 30 cut-off elevation angles were
obtained by multi-GNSS observations. GPS/Galileo under the 20 and 30 cut-off elevation angle has larger PDOP values compared to GPS/GLONASS. However, under
the 40 cut-off elevation angle, the GPS/Galileo combination has poor geometry due
to bad constellation geometry. The PDOP values shown are equal on average for the
GPS/GLONASS and GPS/Galileo/GLONASS under 40 cut-off elevation angle.
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Figure 3. The number of GNSS satellites for the selected events for different elevation cut-off
angles (10 top-left, 20 top-right, 30 bottom-left, 40 bottom-right) (G: GPS, GR:
GPS þ GLONASS, GE: GPS þ Galileo, GRE: GPS þ GLONASS þ Galileo).

Figure 4. Sky-view plot during testing.

3.2. Time-domain processing evaluation
This section evaluates the performance of unfiltered and filtered GNSS results for
three dynamic behaviours, namely; low, medium and high structural movements with
different frequencies and amplitudes presented by the six tested events. Appendices A
and B (see Supplementary material) include more results for the events. Here, events
1–6 for multi-GNSS were evaluated at 10 , 20 , 30 and 40 cut-off elevation angles.
As mentioned earlier, the LVDT data were used as a reference trajectory to assess the
GNSS results. The LVDT measures the position of the table at the mm level with 100
samples per second (100 Hz). Figure 6 illustrates the unfiltered and filtered
(smoothed) multi-GNSS results for events 1 (low frequency and amplitude event) and
6 (high frequency and amplitude event) for the GPS-only at 10 cut-off elevation
angle and GPS/Galileo/GLONASS at 40 cut-off elevation angle, respectively, as the
two extreme examples. In addition, Figure 7 and Appendix A (see Supplementary
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Figure 5. The PDOP values for the selected events at different cut-off elevation angles (10 topleft, 20 top-right, 30 bottom-left, 40 bottom-right).

Figure 6. LVDT, filtered and unfiltered (top), zoom in (bottom), GNSS results for the (a) event 1
(for GPS-only) and (b) event 6 (for GPS/Galileo/GLONASS).

material) present the accuracy improvement of filtered GNSS results in terms of root
mean square error (RMSE) and the correlation between smoothed (filtered) GNSS
signals and LVDT, respectively. Figure 8 shows the SNR of the whole events before
and after applying the filter processing. The SNR ¼ 20log(S/N), where S and N are
the sums of squared magnitudes of measured signals (structure movements) and their
noises (the variation between structure movements that measured by GNSS and
LVDT techniques). The RMSE and SNR values of the GNSS results were evaluated
relative to those from the LVDT. More results can be seen in Appendix A (see
Supplementary material).
From Figures 6–8, it can be shown that the noise level and RMSE increases with
increasing the cut-off elevation angle for all GNSS combinations. For instance, the
RMSE of movements increased by 63.7% when comparing their values at 10 and 40
using GPS/GLONASS/Galileo case at event 1. In the same time, the SNR value
decreased by 42.9% for the same event. Figure 7 shows the RMSE of both filtered
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Figure 7. Accuracy (RMSE) assessment of the GNSS results before (top panel) and after (bottom
panel) applying the filter process at different frequencies (0.1–1.5 Hz) and amplitudes (5–10 mm).

Figure 8. SNR of the unfiltered (top) and filtered (bottom) GNSS results for the events.

and unfiltered GNSS results. In all events/cases, the RMSE values of unfiltered GNSS
results increase with increasing the cut-off elevation angle. The figure clearly reveals
the benefit of the integrated GPS/GLONASS, GPS/Galileo and GPS/GLONASS/
Galileo. Note that in all events and all cut-off elevations, the RMSE of the integrated
GPS/GLONASS/Galileo is smaller than GPS-only, GPS/GLONASS and GPS/Galileo
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due to the use of more satellites and the improvement in the satellite geometry. In
case of the 40 cut-off elevation angle, GPS/GLONASS and GPS/GLONASS/Galileo
still provide positioning for all events while GPS-only and the integrated GPS/Galileo
do not produce positioning solution for some events. After filter implementation to
GNSS results, the RMSE values of all satellite combinations improve significantly for
all cut-off elevations, as presented in Figure 7. Differences between the RMSE values
of filtered low and high cut-off elevations get smaller when compared to those of the
unfiltered low and high cut-off elevations. Moreover, the RMSE differences between
GPS-only and all other combinations get closer after filtering. However, GPS/
GLONASS/Galileo combination for all events and all cut-off elevation angles still provide the most accurate results (see Appendix A, see Supplementary material). As the
results of both unfiltered and filtered GPS/GLONASS and GPS/GLONASS/Galileo
combined systems are very promising, it can be concluded that a combined system
would allow the use of higher cut-off elevations.
To further analyze the performance of all GNSS solutions the SNR values are presented in Figure 8. The SNR values of 40 cut-off elevation angle were lower than
that for the 10 cut-off elevation angle. This was expected as the number of satellites
should be small when using a 40 cut-off elevation angle, as well as the PDOP value,
which affects the positioning accuracy. In addition, the noise level of low amplitude
events (5 mm) was high compared with the large amplitude events, see Figure 8. This
indicates that the measurement noises are low with large amplitude movements.
Furthermore, the SNR for GPS/GLONASS and GPS/GLONASS/Galileo combinations
were better than the other cases for all events before removing the noise. In addition,
from Figure 8, it can be shown that at a 40 cut-off elevation angle, the movements
cannot be detected by using GPS-only and GPS/Galileo because the number of GPS
and Galileo satellites is not enough for positioning. This reveals that the GPS/
GLONASS combination provides a more continuous and accurate solution than GPS/
Galileo combination in this study as shown in Figure 1 where the number of Galileo
satellites was less than that of GLONASS.
The use of the filter has improved the GNSS results as presented in Appendix A
(see Supplementary material) and Figures 6–8. The correlation between the filtered
GNSS results and LVDT signals is high, more than 0.99 for all events, for all cut-off
elevations and all GNSS combinations. The amplitude of filtered movements is lower
than that of the unfiltered movements, which were contaminated by noises, as presented in Figure 6. The use of the filter increased the accuracy of GNSS results for all
GNSS systems and cut-off elevation angles by 70%, on average, in terms of the
RMSE, as presented in Figure 7 and Appendix A (see Supplementary material).
Furthermore, the RMSE of GNSS observations at 40 for the GNSS movements of
0.6 Hz with 5 mm and 10 mm has improved by 84.5% and 83.9%, respectively. This
indicates the effectiveness of the filter in detecting the effects of the high noise. In
addition, from Figure 8, it can be observed that the level of noise was decreased by
110.67%, 128.47%, 238.22% and 281.29%, on average, for the 10 , 20 , 30 and 40
cut-off elevation angles, respectively. Furthermore, the improvement of SNR is high
for GPS/GLONASS and GPS/GLONASS/Galileo combinations, especially at 40 cutoff elevation angle (see Figure 8).
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Figure 9. Smoothed signals (top-whole data and bottom-zoom in) for the (a) event 2; (b) event 4
and (c) event 6 for the GPS/GLONASS/Galileo case.

Figure 9 presents the filtered GNSS signals under different cut-off elevation angles
for events 2, 4 and 6. The correlation between time series amplitudes of signals at different cut-off elevation angles is also high, 0.98 on average, as presented in Figure 9.
This indicates that the GNSS can be accurately used to detect the time series of the
amplitudes of structural movements. Besides, the maximum error of the filtered signals at different cut-off elevation angles for the GPS/GLONASS/Galileo was 2 mm, on
average, relative to LVDT. Thus, the band-pass filter is a powerful tool that can be
used to decrease the noise level caused by high cut-off elevation angles. As a result, it
can be concluded that the band-pass filter can be used to estimate accurate signal
performances in the time domain for different cut-off elevation angles with different
multi-GNSS. A limitation of this kind of filters is that the dominant frequency of
monitoring structures should be known in advance through the use of finite element
models or accurate dynamic measurements, such as acceleration measurements.
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Table 3. Dynamic performance (amplitude and relative displacement change with respect to
LVDT) of different GNSS combinations with different cut-off elevation angles.
10
Events
1

2

3

4

5

6

Method
G
GR
GE
GRE
G
GR
GE
GRE
G
GR
GE
GRE
G
GR
GE
GRE
G
GR
GE
GRE
G
GR
GE
GRE

Amp
(mm)
4.95
5.05
5.00
5.07
10.00
10.11
10.00
10.10
5.02
4.97
4.97
4.95
9.98
9.94
10.01
9.96
5.73
5.80
5.74
5.78
10.65
10.94
10.86
10.95

Relative
change (%)
0.69
2.71
1.85
3.09
1.78
2.94
1.79
2.84
6.41
5.32
5.35
4.98
5.37
4.94
5.74
5.16
0.19
0.98
0.05
0.63
3.45
0.82
1.54
0.73

20
Amp
(mm)
5.06
5.02
5.08
5.05
10.70
9.93
10.10
9.97
5.19
4.99
5.20
5.06
9.88
9.77
9.96
9.86
6.39
6.26
6.24
6.20
11.62
11.59
11.42
11.48

Relative
change (%)
3.01
2.18
3.42
2.73
8.95
1.09
2.84
1.56
10.03
5.92
10.37
7.21
4.35
3.23
5.23
4.15
11.25
9.09
8.66
8.00
5.35
5.08
3.54
4.08

30
Amp
(mm)
4.94
4.89
4.94
4.86
10.12
9.99
10.13
9.97
4.50
4.66
4.49
4.62
9.49
9.70
9.51
9.63
5.98
6.03
5.74
5.83
11.30
11.44
10.98
11.12

Relative
change (%)
0.53
0.43
0.47
1.08
3.04
1.76
3.15
1.51
4.60
1.27
4.86
2.02
0.19
2.41
0.42
1.70
4.16
5.11
0.04
1.52
2.45
3.72
0.45
0.82

40
Amp
(mm)
–
5.20
5.29
5.20
10.60
10.37
10.60
10.37
–
4.72
–
4.72
–
9.85
–
9.84
–
6.09
–
6.09
–
11.66
–
11.66

Relative
change (%)
–
5.86
7.76
5.84
7.93
5.59
7.93
5.59
–
0.00
–
0.04
–
3.99
–
3.98
–
6.17
–
6.15
–
5.71
–
5.71

LVDT
Amp
(mm)
4.91

9.82

4.72

9.47

5.74

11.03

Therefore, a benchmark solution should be studied and evaluated for different cut-off
elevation angles with different multi-GNSS when monitoring behaviours of real structure movements.
3.3. Frequency-domain processing evaluation
In this section, the performance of the GPS-only, GPS/GLONASS, GPS/Galileo and
GPS/GLONASS/Galileo combinations are evaluated in the frequency domain. Table 3
presents the FFT amplitude and relative change of different GNSS combinations for
different cut-off elevation angles for the six events and the LVDT, similar to Section
3.1. Figure 10 illustrates the dynamic properties of the different GNSS combinations
at the 10 cut-off elevation angle of event 3 as a representative example. The changes
relative to LVDT were estimated. The frequencies of multi-GNSS of all events were
the same as that extracted from LVDT. Furthermore, the correlation of the signals
between LVDT and filtered GNSS combinations are high (0.98, on average) for all
events and for different cut-off elevations, as seen in Figure 10 and Appendix B (see
Supplementary material). This reveals that the power contents of GNSS estimated
movements are almost the same from the LVDT. Thus, the GPS-only, GPS/Galileo,
GPS/GLONASS and GPS/GLONASS/Galileo can be safely used to extract the frequency contents of structural movements.
The movement amplitude calculated by FFT shows that its relative change is small
for all events. From Table 3, Appendices A and B (see Supplementary material), the
average relative differences between LVDT and the GPS-only, GPS/GLONASS, GPS/

2252

M. R. KALOOP ET AL.

Figure 10. Dynamic characteristics (displacements, amplitudes with frequencies) of structural movements for the event 3, with 10 cut-off elevation angle (G: top-left, GR: top-right, GE: bottom-left,
GRE: bottom-right).

Galileo and GPS/GLONASS/Galileo at the 10 cut-off elevation angle for all events
are 2.98%, 2.95%, 2.72% and 2.90%, respectively. In addition, the standard deviations
of the corresponding relative changes are ±2.53%, ±1.90%, ±2.29% and ±1.97%,
respectively. Thus, the result of using a GPS/GLONASS combination is slightly better
than when using GPS/GLONASS/Galileo combinations. Moreover, during the test
period, where a smaller number of Galileo satellites were observed than that of
GLONASS, the performance of GPS/GLONASS is relatively better than GPS/Galileo
for extracting the dynamic movements. Here, it should be mentioned that the average
change of movement amplitudes for the GPS-only is higher than its combinations
with other GNSS for higher cut-off elevation angles (see Appendix B, see
Supplementary material). The average relative change of the amplitude for the combined three GNSS was 2.90% and 4.55% for the 10 and 40 cut-off elevations,
respectively. The maximum relative change of all events for the GPS-only, GPS/
GLONASS, GPS/Galileo and GPS/GLONASS/Galileo are 8.61%, 7.83%, 8.51% and
6.78%, respectively. These results denote that the use of GNSS combinations improves
the accuracy of detecting dynamic movement characteristics of structures.
Furthermore, Figure 11 demonstrates a comparison between multi-GNSS systems
for event 2 and event 5, as examples, at 10 cut-off elevation angle. From Figures 10

GEOMATICS, NATURAL HAZARDS AND RISK

2253

Figure 11. Time series of filtered and unfiltered (top) with zoom in (bottom) of (a) event 2 and (b)
event 5 (using a 10 cut-off elevation angle).

and 11, and Appendix B (see Supplementary material), it can be observed that the
correlation between LVDT and filtered multi-GNSS signals is high (greater than 0.99
for all events); and is higher for all system combinations than that generated by GPSonly. Furthermore, the performances of GPS/GLONASS and GPS/GLONASS/Galileo
combinations were shown the best with higher cut-off elevation angle to estimate the
dynamic amplitude and frequency of structural movements (see Appendices A and B,
see Supplementary material).
In conclusion, from these results, it can be noted that the performance of GPS/
GLONASS/Galileo is the best to estimate the dynamic characteristics of structures
since the distribution and number of satellites allow this combination to detect accurate dynamic parameters. The signal powers and amplitudes are shown highly correlated, and the relative changes are low with the LVDT results.
Moreover, in general, it is known that the low elevation satellites are influenced by
the residual tropospheric delays and multipath errors; thus, the accuracy of the positioning solution is affected by these errors. Consequently, increasing the number of
satellites for multi-GNSS systems with rising cut-off elevation angles could improve
positioning; since the PDOP values can be reduced to an acceptable level, as presented in the above sections.
From Table 3, the percentage of the average relative changes for all events and all
cut-off elevation angle cases for the GPS-only, GPS/GLONASS, GPS/Galileo and
GPS/GLONASS/Galileo combination are 5.14%, 3.60%, 4.45% and 3.38%, respectively.
These results indicate that the combined GPS/GLONASS/Galileo gives slightly better
SHM performance than GPS-only, GPS/GLONASS and GPS/Galileo. In the case of
using a 10 cut-off elevation angle, there is no significant difference between the four
combinations. However, GPS/GLONASS and GPS/Galileo give more accurate results
than GPS-only for 20 , 30 and 40 cut-off elevation angle whereas GPS/GLONASS/
Galileo provide the best and more accurate results. According to results of the relative
changes, when comparing results from different cut-off elevation angles, the 30 cut-
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Figure 12. Performance of GPS/GLONASS/Galileo system for the event 4 dynamic case with (a)
10 , (b) 20 , (c) 30 and (d) 40 cut-off elevation angles.

off elevation angle for the four combinations provide the closest amplitude values
to LVDT.
Figures 12 and 13 illustrate the performances of GPS/GLONASS and GPS/
GLONASS/Galileo combinations in time and frequency domains with different cut-off
elevation angles for events 4 and 3, respectively. The noise level for the 40 cut-off elevation angle results is high as shown in Figure 12. Meanwhile, the filter overcame this
high noise, and the correlation between LVDT and GNSS were more than 0.99, as presented in Appendix B (see Supplementary material), Figures 10 and 12. In addition, the
obtained frequencies from LVDT and GNSS were almost equal for all events when
using different cut-off elevation angles, as presented in Appendix B (see Supplementary
material) and Figure 12.
Finally, from the above results, it can be concluded that the accuracy of GPS/
GLONASS/Galileo in the frequency domain is slightly higher than other combinations. The performance accuracy of GPS/GLONASS and GPS/GLONASS/Galileo
combinations is high, and they can be used to extract the dynamic characteristics in
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Figure 13. Correlation of (a) GPS/GLONASS and (b) GPS/GLONASS/Galileo positioning with LVDT at
different cut-off elevation angles (for event 3) (top: whole data, bottom: zoom in).

the time and frequency domains. These results imply that the multi-GNSS systems
with high cut-off elevation angle can make excellent benefits for monitoring structural
movements in metropolitan cities.
3.4. Superimposed harmonic oscillation test
In this section, the performance of GNSS solutions was assessed for extracting three
modes of structure’s movements, which represent dynamic movements of three different frequencies (0.802, 3.405 and 7.613 Hz) with different amplitudes, generated by
the test shake table to simulate a superimposed structural vibration. Tables 4 and 5
illustrate the performance of all GNSS combinations in time and frequency domains,
respectively. Figure 14 illustrates the observed and filtered signals of GPS/GLONASS
system for different cut-off elevation angles and the calculated frequencies for each
event. Moreover, Figure 15 presents a comparative result of the filtered signals of the
GPS/GLONASS system at the 10 , 20 , 30 and 40 cut-off elevation angles.
Table 4 shows the RMSE and SNR values of all GNSS solutions for different cutoff elevations. As can be seen from the table, like previous results, the GPS/
GLONASS/Galileo combination has the smallest RMSE values and the largest SNR
values for all cut-off elevation angles. These results reveal again that the triple combination system is the most accurate than GPS-only and double combinations.
Moreover, GPS/GLONASS and GPS/Galileo show better performance than the GPSonly and their results are generally close to each other. Note that GPS-only did not
provide a positioning solution in case of the 30 and 40 cut-off elevations. These
results indicate that the double or triple satellite combinations ensure the reliable and
accurate positioning even with 40 cut-off elevation. Similar to the previous harmonic
events, the filter was applied to all GNSS results. The filter improved the RMSE values by 2.01%, 1.77%, 5.63% and 4.38%, on average, for all GNSS combinations, for
the 10 , 20 , 30 and 40 cut-off elevation angles, respectively. Considering the SNR
values, the filter decreased the noise level by 1.85%, 1.58%, 7.0%, 5.71%, on average,
for all GNSS combinations, for these cut-off elevation angles, respectively. Again,
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Table 4. RMSE and SNR values of all GNSS combinations (b and
after filtering).
Angle ( )
10

20

30
40

a

denote before and

Method

RMSEb (mm)

RMSEa (mm)

SNRb (dB)

SNRa (dB)

G
GR
GE
GRE
G
GR
GE
GRE
G
GR
GE
GRE
G
GR
GE
GRE

2.72
2.44
2.40
2.30
3.06
2.64
2.62
2.45
–
3.32
3.07
2.99
–
3.44
–
2.85

2.63
2.39
2.37
2.27
3.00
2.60
2.57
2.40
–
3.10
2.91
2.83
–
3.24
–
2.76

8.50
9.44
9.55
9.92
7.50
8.76
8.82
9.40
–
6.80
7.48
7.70
–
6.51
–
8.12

8.79
9.60
9.68
10.01
7.64
8.88
8.97
9.53
–
7.40
7.93
8.17
–
7.02
–
8.40

Table 5. Dynamic characteristics of movements using different GNSS combinations.
Mode 1
(Freq 0.802 Hz)
Method

Angle ( )

LVDT
G
GR
GE
GRE
G
GR
GE
GRE
G
GR
GE
GRE
G
GR
GE
GRE

–
10

20

30

40

Mode 2
(Freq 3.405 Hz)

Mode 3
(Freq 7.613 Hz)

Amp
(mm)

Relative
change (%)

Amp
(mm)

Relative
change (%)

Amp
(mm)

Relative
change (%)

8.97
7.77
7.83
7.98
7.97
7.63
7.87
7.88
7.97
–
8.25
8.48
8.43
–
8.59
8.13
8.11

–
13.45
12.77
11.04
11.22
15.03
12.26
12.24
11.23
–
8.03
5.56
6.04
–
4.30
9.43
9.61

4.96
4.98
5.11
5.29
5.28
5.09
5.25
5.29
5.34
–
5.73
5.67
5.69
–
6.17
5.80
5.94

–
0.42
2.99
6.72
6.48
2.62
5.91
6.76
7.67
–
15.61
14.32
14.77
–
24.55
17.01
19.91

1.02
0.70
0.68
0.67
0.66
0.76
0.71
0.67
0.67
–
0.86
0.73
0.76
–
0.88
0.57
0.67

–
31.56
32.97
34.48
35.17
25.54
30.28
33.64
34.38
–
15.77
28.21
25.61
–
13.50
43.84
33.84

both filtered and unfiltered results reveal that the multi-GNSS systems can be accurately used to measure the movements of structures in the time domain with a 40
cut-off elevation angle.
Furthermore, the evaluation of dynamic movements shows that the frequency
obtained from LVDT and multi-GNSS systems are equal at all frequency modes with
different cut-off elevation angles (see Table 5). The accuracy of the integrated GNSS
positioning systems for estimating the frequency models of structures movements can
approach 100% for all events. For detection of the movement amplitude, from
Table 5, it can be seen that the large amplitude values can be accurately detected by
GNSS systems. The errors in small amplitude movements are high due to the noise
level of GNSS output. Furthermore, the performance of GPS/GLONASS and GPS/

GEOMATICS, NATURAL HAZARDS AND RISK

2257

Figure 14. Performance of using GPS/GLONASS observations for extracting dynamics with (top-left)
10 , (top-right) 20 , (bottom-left) 30 and (bottom-right) 40 cut-off elevation angles.

Figure 15. Comparison of the performance of different cut-off elevation angles using GPS/
GLONASS (bottom: zoom in).
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GLONASS/Galileo was high in extracting the dynamic amplitude of structures with
average relative changes about 15% and 18%, respectively. This means that the overall
accuracy of integrating GPS, Galileo and GLONASS is 82–85%. In addition, the combination of these systems always has the lowest noise level in the whole tested frequency bands. Although the best performance was observed with low-frequency
modes, it is still beneficial for the high-frequency modes. In conclusion, the combination of GNSS positioning systems can improve the accuracy of monitoring structural
movements up to 100% and 82% for the frequency and amplitude, respectively, comparing by LVDT measurements, at a 40 cut-off elevation angle.

4. Summary and conclusions
This study investigates, for the first time, experimentally the benefit, efficiency and
usability of high-rate multi-GNSS system with high cut-off elevation angles for monitoring dynamic behaviours of engineering structures, such as high-rise or skyscrapers
in urban areas, especially when surrounded by obstacles causing limited sky view and
multipath errors for GNSS observations. The positioning performance of the GPSonly, GPS/Galileo, GPS/GLONASS and GPS/GLONASS/Galileo combinations were
analyzed for different cut-off elevation angles, namely 10 , 20 , 30 and 40 . LVDT
data was taken as the reference for time and frequency domain analyses. A processing
steps for estimating accurate movements amplitudes and frequencies were proposed
by using band-pass filter and FFT methods. The RMSE and the signal-to-noise ratio
were computed to evaluate the accuracy of GNSS solutions in the time domain. The
observed satellites during experimentation showed that the number of satellites could
be decreased by 25%, 40% and 60% on average, relative to the number of satellite
with cut-off angle 10 , in the cases of using 20 , 30 and 40 cut-off angles, respectively. Moreover, the PDOP evaluation showed that the best satellite position geometry
under 10 , 20 and 30 elevation cut-off was obtained by using multi-GNSS observations, and the PDOP was equal on average for the GPS/GLONASS and GPS/Galileo/
GLONASS under the 40 cut-off elevation angle.
According to the time-domain analysis, the results showed that the noise level and
the RMSE values of all events increased with increasing the cut-off elevation angle for
all unfiltered GNSS solutions. However, the noise level and RMSE of the integrated
GPS/GLONASS/Galileo were smaller than GPS-only, GPS/GLONASS and GPS/
Galileo for all cut-off elevation angles. In case of the 40 cut-off elevation angle, GPS/
GLONASS and GPS/GLONASS/Galileo still provide positioning for all events while
the GPS-only and integrated GPS/Galileo, at the time of the test with a low number
of Galileo satellites, do not produce positioning solutions for some events. After filter
implementation to GNSS results, the RMSE values of all satellite combinations significantly improved for all cut-off elevations. The differences between the RMSE values
of the filtered GNSS results for all cut-off elevations were small when compared to
that of unfiltered GNSS results. However, GPS/GLONASS/Galileo combination for all
events and all cut-off elevations still provide the most accurate results after filtering
(see Appendix A, see Supplementary material). The filter has improved the results of
the multi-GNSS system with different cut-off elevation angles, where the accuracy of
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GNSS signals for all GNSS combinations and cut-off elevation angle increased by
70%, on average, and the level of noise decreased by 110.67%, 128.47%, 238.22% and
281.29%, on average, for cut-off elevation angles 10 , 20 , 30 and 40 , respectively.
As the results of both unfiltered and filtered GPS/GLONASS and GPS/GLONASS/
Galileo combined systems are very promising.
A combined system would allow the use of high cut-off elevations and increases
the GNSS applicability in constrained environments, where low-level multipath is present (Han et al. 2018) and can be used effectively in SHM and seismology. According
to the frequency domain analysis, results demonstrated that the dominant frequencies
obtained from all GNSS solutions and LVDT are very consistent with each other and
were the same for all cut-off elevation angles, but there are small differences in the
amplitudes ranging from 0.1 to 0.6 mm. This implies that the natural frequency of
engineering structures or dynamic motion can be captured by multi-GNSS observations with high cut-off elevation angles.
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