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Abstract

The monitoring of bridges is a crucial operation for their structural health examination and maintenance. GNSS technology
is one of the methods which are applied with the main advantage that the direct measurement of the bridge displacement is
conducted in an independent global coordinate system. However, the high cost of the GNSS stations, which are consisted of
dual-frequency receivers and geodetic GNSS antennas, is the main reason of the limited application of GNSS for bridge moni-
toring. In this study, we assessed the performance of low-cost multi-GNSS receivers in monitoring dynamic motion, similar
to that of bridge response. The performance of the low-cost GNSS receivers was assessed based on controlled experiments
of horizontal and vertical motion. For the horizontal motion, controlled experiments of circular motion of various predefined
radius between 5 and 50 cm were executed where the low-cost GNSS receivers were assessed against dual-frequency geodetic
receivers. For the vertical motion, manually controlled experiments of vertical oscillations of amplitude 8 and 15 mm were
executed where the low-cost GNSS receivers were assessed against the Robotic Total Station (RTS). Finally, a low-cost
monitoring system formed by two closely spaced low-cost GNSS receivers was applied in dynamic displacement monitor-
ing of the Wilford Suspension Bridge. The analysis of the low-cost GNSS data revealed the beneficial contribution of (i) the
multi-constellation on the accuracy and precision of the GNSS solution and (ii) the combination of closely spaced low-cost
GNSS receivers, to limit potential cycle slips and the low-cost GNSS noise level and reach accuracy and precision similar to
that of geodetic-grade GNSS receivers. This was confirmed in the bridge monitoring application, where the main modal fre-
quency and the response amplitude of the bridge were identified successfully by the low-cost GNSS receivers’ data analysis.
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Introduction

Conventional structural health monitoring (SHM) associated
with GNSS technology is usually accomplished by high-end
survey-grade dual-frequency receivers and geodetic anten-
nas (Meng et al. 2018), which is the major contribution to
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the high deployment cost associated with GNSS deforma-
tion monitoring. This problem aggravates further especially
when multiple locations of interest need to be monitored,
demanding employment of a large network of sensors.
Therefore, the deployment cost is a concerning problem
for SHM and eventually constrains its broader applications.
However, the recent emergence of certain types of the low-
cost GNSS receivers might provide an alternative cost-effec-
tive approach (Cina and Piras 2015; Xue et al. 2021).

The survey-grade dual-frequency GNSS receivers are
usually priced 10-20 times more than the cheap mass-mar-
ket GNSS receivers, with the latter having properties such
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as light weight, compact, smaller in size, and disposable
(Matias et al. 2015). Furthermore, the advancements of mod-
ern low-cost receivers also include features such as high-
sampling rate and multi-GNSS capacity (Xue et al. 2021).
These features indicate the potential for the low-cost GNSS
receivers in high-precision applications with reduced budget
and make it quite favourable to establish a dense monitoring
network.

However, the trade-off is that the current low-cost receiv-
ers are mostly single frequency, indicating that the integer
ambiguity resolution to reach a ‘fixed’ solution could be
longer compared to dual-frequency receivers especially in
the initial observation phase or after false ambiguity fix,
mostly known as cycle slip. Takasu and Yasuda (2008) found
that the time to first fix (TTFF) was significantly longer for
low-cost receivers than geodetic receivers. Apart from that,
the ionospheric-free linear combination (LC) is also not pos-
sible for single-frequency receivers, and the functionality of
the receivers, such as the low-noise amplifier (LNA), front-
end receiver hardware multipath mitigation, oscillators, and
receiver hardware qualities, is compromised. The low-cost
patch antenna also has less gain and suppressed multipath
rejection performance compared to geodetic grade antennas
(Peppa et al. 2018).

Although comparatively poor signal-to-noise ratio (SNR)
GNSS observations are expected from low-cost instrument,
empirical research has suggested some low-cost receivers
to have the functionality matching with single-frequency
geodetic receivers. The positioning accuracy and its RTK
capability of low-cost receivers were evaluated by Takasu
and Yasuda (2009), and some of the conclusions were that
the performance of the single-frequency low-cost receiver
could be comparable with that of a single-frequency geo-
detic receiver. Similar conclusions were also made by Cina
and Piras (2015) stating that a similar performance between
mass market and geodetic receiver can be achieved under
certain conditions such as long acquisition time, short base-
line length, and use of external antenna.

Based on previous studies, it has been shown that in a short-
baseline network, the grade of rover antenna is important for the
solution precision, as when geodetic antenna is used with a low-
cost receiver, the solution is more precise than when a patch
antenna is used (Zhang and Schwieger 2016). However, for the
reference stations, the receiver grade has negligible impact on
baseline solutions, whereas better antenna grade would result
in better precision (Xue et al. 2021).

Despite the surging research interest into the low-cost
GNSS sensors, only few studies have tested their applica-
tions in practical deformation monitoring applications. Jo
et al. (2013) analysed the feasibility of displacement moni-
toring using low-cost GPS receiver. Other studies mostly
focused on geohazard monitoring such as landslide monitor-
ing (Biagi et al. 2016; Cina and Piras 2015; Heunecke et al.
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2011). Also, few studies tested the low-cost GNSS receivers
in civil engineering-related SHM applications requiring con-
tinuous monitoring apart from Manzini et al. (2022), Poluzzi
et al. (2019), and Xue et al. (2022). Therefore, we conducted
an experimental study to assess the performance of the low-
cost GNSS receivers in monitoring the dynamic horizontal
and vertical motion of different amplitudes and frequencies
against the performance of geodetic-grade GNSS receivers
or the Robotic Total Station (RTS). The performance of the
low-cost GNSS receivers was assessed (i) for GPS-only and
multi-GNSS solutions, to evaluate the potential contribution
of additional GNSS systems on GPS, and (ii) by combin-
ing two closely spaced low-cost GNSS receivers, to model
the site-specific common errors of the two GNSS receivers
(e.g., multipath) and improve the performance of the low-
cost GNSS receivers in monitoring dynamic motion. Finally,
the performance of the low-cost GNSS receivers was also
examined in a bridge deformation monitoring application to
conclude whether the bridge response characteristics can be
determined accurately.

Experiments: horizontal motion
Experiment design

The aim of the circular horizontal controlled experiments
was to assess the performance of the low-cost GNSS meas-
urements in determining the amplitude and frequency of
dynamic motion scenarios (i.e., different motion amplitude)
against that of dual-frequency geodetic GNSS receivers. The
experiments were conducted on the roof of the Nottingham
Geospatial Institute (NGI), where the GNSS base station
was set up on a control point and the rover receivers/anten-
nas were mounted on the rotation device creating a short
baseline of approximately 20 m (Fig. 1). A geodetic GNSS
receiver and geodetic antenna were used for the base station,
since it has been proved in previous studies the benefit of
adopting a geodetic antenna in the base station configuration
for the low-cost GNSS receivers’ short baseline performance
(Xue et al. 2021). Two symmetrical blades were appended
on the rotation motor. Driven by the motor, a circular pla-
nar motion of constant speed (angular velocity 2.275 rad/s),
corresponding to the constant frequency of 0.362 Hz, was
executed. Two low-cost u-blox M8T EVK GNSS receivers
were used with two patch antennas being deployed on the
same side of the blade, closely-spaced and orientated with
the same azimuth. On the other side, a Leica GNSS GS10
receiver connected to a Leica AS10 antenna was deployed
as the geodetic-grade GNSS rover. The low-cost rovers and
geodetic GNSS rover were setup so that they co-rotate with
same rotation radius with respect the rotation centre. There
were executed experiments of different rotation radii ranging
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Fig.1 Top panel: the plan view of the experiment site (in courtesy
of Google map): where the rover was placed at NGB3 and the base
located at NGBS5. Bottom panel: the layout of the GNSS rovers on the
rotation device which was placed at NGB3 (two u-blox rovers on one
side and one geodetic rover on the other side)

between 5 and 50 cm. Both u-blox and Leica receivers were
configured to record GPS, GLONASS, and Galileo constel-
lation observations with 10 Hz sampling rate.

GNSS data processing and analysis

The GNSS data of the base and rover stations were pro-
cessed using the double difference process mode and the
open-source software RTKLIB 2.4.3 (demo5 b33c). The
RTKLIB 2.4.3 (demo5 b33c) is an improved and modified
version of RTKLIB 2.4.3, which was developed by Ever-
ett (2020), with the main improvement to be the additional
constraints for ambiguity resolution to reduce false fixes.
Further details of the RTKLIB version used in this study
can be found in Everett (2016). The GNSS solutions led to
coordinate time series of the GNSS rovers in Northing (N),
Easting (E), and Up (U) components with respect to the
GNSS base station. Then, the time series of the low-cost
GNSS receivers were compared against the Leica receiver
time series, in terms of the precision of the E/N/U coordi-
nates and the R (radius) of the circular motion executed in
each experiment.

Assuming that the rotating device was executing a pre-
cise circular trajectory, a model was fitted using the actual
measurements of the GNSS time series. The comparison
between the circle characteristics (radius and frequency) is
defined by the GNSS measurements against the real circle
characteristics defined by the accuracy of the measurements,
while the residuals of the GNSS time series are defined by

the precision of the measurements. To calculate the circle
radius R, the circular fitting by Pratt method (Pratt 1987) was
used to simulate a circle with estimation of the centre and
radius based on the actual measurement fulfilled by Chernov
(2021). The radius residuals were thence derived as the dif-
ference of the measurements and the estimated circle radius
R, examining the planar precision from the GNSS measure-
ment (Nickitopoulou et al. 2006).

To assess the precision on separate components, E/N/U
residuals were computed. The reference model constructed
for the E/N components were based on a sinusoidal model
(Seibold 2021), in which the parameters are estimated by
the discrete Fourier transform (DFT) and nonlinear fitting
where frequency, amplitude, and phase of the most domi-
nant peak of the DFT spectrum are used as initial values for
the regression analysis (Psimoulis et al. 2015). For the Up
component, since there were no movements in the vertical
direction, it was assumed as stable during the test. Hence,
the mean average of Up solutions was chosen as reference
for the computation of the residuals in Up-component.

Results and discussion

All measurements regarding different rotation amplitudes
were analysed for GPS, GPS + Galileo, and GPS + GLO-
NASS + Galileo constellations. In this section, we show
several representative results regarding the rotation radius
of ~20 cm for GPS + GLONASS + Galileo solutions. It
should be mentioned that the inter-frequency bias (IFB)
associated with GLONASS ambiguity resolution, due to
using receivers of different manufacturers in the rover and
base (Msaewe et al. 2017; Wanninger 2012), was accounted
by configuring the hardware bias term (i.e. —0.055) in the
RTKLIB, as suggested by Everett (2018). The GNSS solu-
tions for different rotation amplitudes (5-50 cm) and the
three different GNSS constellations (GPS-only, GPS + Gal-
ileo, and GPS + GLONASS + Galileo) were analysed to
evaluate the performance of the low-cost GNSS receivers.
In Fig. 2 the E and N coordinates of the GPS + GLO-
NASS + Galileo u-blox solution for the 20-cm radius experi-
ment and the fit of the circle are presented. Figure 3 shows
the £ and N components time series of the 20-cm radius
experiment and the corresponding spectra for the whole
oscillation duration. In the spectra, it is evident that domi-
nant frequency of 0.362 Hz corresponds to the rotation fre-
quency. However, there are less dominant frequencies occur-
ring at multiples of the dominant frequency, which might be
caused by harmonics induced by distorted magnetomotive
forces due to imperfectly sinusoidal-distributed winding
slots in the rotation machine (Wakileh 2003; Psimoulis and
Stiros 2008; Hohensinn et al. 2020). Based on the circular
model fitting and the GNSS N/E time series, the radius of
the circle was estimated, and the radius N/E residual time
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Fig.2 The scatter plot of Northings versus Eastings for GPS + GLO-
NASS + Galileo solutions of u-blox1 receiver and patch antenna as
rover and Leica receiver and AS10 antenna as base with ~20 cm rota-
tion radius, and the fitted circle based on Pratt method (orange) with
the corresponding centre

series were derived. In Figs. 4 and 5, the residual time series
of the radius and N/E components are presented, respec-
tively. Based on the u-blox GPS + GLONASS + Galileo
solution, the standard deviations of the R, N, and E residuals
during rotation period are approximately 2.5 mm, 3.2 mm,
and 2.3 mm, whereas for GPS + Galileo solution, the cor-
responding values are 3.5 mm, 3.9 mm, and 3.2 mm. The
error ranges are about + 1.0 cm for both R residuals and N/E
components residuals. It is also noted from both spectra in
Figs. 4 and 5 that the periodic pattern with frequency cor-
responding to the rotation frequency could be identified even
in the residuals of R and E/N.

To demonstrate the multi-GNSS impact on the results,
the precision of GPS-only, GPS + Galileo, and GPS + GLO-
NASS + Galileo solutions were analysed from R, E/N/U
residuals, respectively, and expressed in terms of standard
deviation as shown in Table 1. It is observed that the rela-
tively low precision of GPS-only solution of u-blox receiver,

reaching 8.1 mm for the radius residuals, is enhanced sig-
nificantly with the contribution of additional satellite sys-
tems, reaching 4.4 mm and 3.3 mm for GPS + Galileo and
GPS + GLONASS + Galileo solutions, respectively. The
beneficial contribution of the additional satellite systems is
also observed in Leica GNSS solutions, which, however,
is not that significant as for the low-cost GNSS receivers.
For instance, the standard deviation of the R residuals was
reduced from 5.2 mm for the GPS-only solution to 2.4 mm
for the GPS + GLONASS + Galileo.

The analysis of the three GNSS solutions were applied
for all the rotation radii, and it was confirmed the enhance-
ment of the precision of the low-cost GNSS solution with
the contribution of additional GNSS systems, reaching the
highest precision for the GPS + GLONASS + Galileo solu-
tion. Figure 6 presents the precision of the GNSS solutions
for R/E/N/U component for all the experiments. The preci-
sion enhancement is significant especially when Galileo is
added in GPS-only solution. Also, the precision is the high-
est in £ component due to the geometric restriction of the
DD solution since the baseline direction is constrained to
EW orientation (Habboub et al. 2020). Finally, the U com-
ponent has the lower precision (i.e. highest standard devia-
tion) due to the susceptibility of the patch antenna of the
low-cost GNSS receivers to error sources such as multipath
(Xue et al. 2021).

Low-cost GNSS receivers coupling

To investigate the consistency between the two closely cou-
pled low-cost GNSS receivers for the low-frequency compo-
nent and consequently model their potential common low-
frequency biases due to error sources such as multipath, the
E/N/U component of the low-cost GNSS time series were
filtered. A low-pass Chebyshev filter of 0.1-Hz cut-off fre-
quency was applied in E/N/U GNSS time series, which is
a common approach applied in previous GNSS studies of
similar applications (Msaewe et al. 2021). Then, the derived
low-frequency component GNSS time series of the two low-
cost GNSS receivers were analysed using cross-correlation.
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Fig.4 (Top) R residual time series for GPS+GLONASS + Gali-
leo solution of ~20 cm rotation radius test when u-blox1 and patch
antenna are adopted as rover, Leica receiver and AS10 antenna as
base. (Bottom) DFT spectral analysis for the R residual time series
during rotation period

Figure 7 shows the low-frequency component of the E/N/U
time series of the two low-cost GNSS receivers, revealing
the similarity between the low-frequency component of the
two low-cost GNSS receivers. The correlation coefficient
between the two low-cost GNSS E/N/U low-frequency com-
ponent time series were also summarised for GPS-only and

multi-GNSS solution (Table 2). The low-frequency compo-
nent of the low-cost GNSS receivers time series is strongly
correlated, since the correlation coefficient is larger than 0.8,
indicating a common pattern of low-frequency error in the
two low-cost GNSS receivers. Thus, the application of the
CME filter (Xue et al. 2021) partly mitigated the common
low-frequency errors of the two low-cost GNSS receivers
from the E/N/U time series, and the corresponding residual
E/N time series was derived with higher precision. Table 3
presents the precision (standard deviation) of u-blox receiver
after CME filtering, which is of similar level of that achieved
after the high-pass filter in each u-blox receiver indepen-
dently. The CME filtering is probably not that effective for
the U component because of the weaker correlation between
the two low-cost GNSS receivers in U component as indi-
cated from the lower correlation coefficient.

Experiment of vertical motion
Experiment design

To assess the performance of the low-cost GNSS receiv-
ers in vertical dynamic motion, an experiment took place
on the roof of NGI, by applying the experimental layout
adopted in the study of Peppa et al. (2018). Figure 8 shows
the heavy-duty tripod with the height-adjustable platform
on top, where vertical motion of oscillation-type can be

Fig.5 (Left) E/N residual 2
time series for GPS + GLO- 1
NASS + Galileo solutions with
u-blox1 receiver and patch
antenna as rover and Leica
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Table 1 Precision of radius (R) and E/N/U components for GPS-
only (G), GPS+Galileo (G+E), and GPS+GLONASS + Galileo
(G+R+E) measurement for u-blox and Leica rover with respect to

280 300 Frequency(Hz)

rotation amplitude of ~20 cm for a period with 600-s duration during
rotation; the precision of U is computed after applying the high-pass
filter

Precision (mm) u-blox Leica
G G+E G+R+E G G+E G+R+E
R 8.1 44 33 5.2 2.8 24
E 5.4 32 2.5 3.1 1.7 1.5
N 7.3 44 3.6 44 2.7 2.3
U 9.3 6.5 6.2 43 2.4 2.2
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Fig.6 The radius, E, N, and U precision bar chart for 5 to 50 cm
rotation radii multi-GNSS solutions (GPS-only (G), GPS + Galileo
(G+E), and GPS + GLONASS + Galileo (G+R+E))

executed manually. At the top of the adjustable platform, a
Leica 360° prism is installed with a patch antenna attached
to it via a metal plate. The metal plate was used to mitigate
the multipath effect on the patch antenna and fix the position
of the antenna firmly on the top of 360° prism. The tripod
was levelled to ensure the verticality of the oscillation. The
patch antenna was connected to a u-blox MS8T receiver to
monitor the vertical motion. A base station consisting of a
Leica GR10 receiver and Leica AR25 antenna was installed
about 10 m away to form a short baseline.

The GNSS receivers were configured to track and
record GPS + GLONASS + Galileo signal at a sampling
rate of 1 Hz. The Robotic Total Station (RTS) Leica TS30
was also set up on a control point on the roof at a distance
of ~ 10 m, tracking and measuring prism motion at 10-Hz
sampling rate. However, due to delays on distance measur-
ing, the sampling-rate was not constant ranging between
4 and 7 Hz (Stiros et al. 2008). Since the patch antenna
and the prism were appended to a rigid system, they both

Fig. 7 Low-frequency com- 1
ponent time series during the —~ G+R+E
20 cm rotation test oscillation S

period for u-blox1, u-blox3, é

and the CME low-frequency L
common mode error (CME),

G+E G

for GPS + GLONASS + Galileo

(G+R+E), GPS +Galileo 15
(G+E), and GPS only solution
(GPS only)

G+R+E

G+E

0 200 400 600 O 200 400 600 0O 200 400 600
Time (s) Time (s) Time (s)
CME u-blox 1 u-blox 3
Table2 Correlation coefficient g (9 GPS only GPS + Galileo GPS + GLONASS + Gali-
between the low-frequency leo
components of the close
spaced station time series for E N U E N U E N U
5-50 cm radius rotation for
GPS_iny, GPS + Galileo, and 5 0.9 1.0 0.8 1.0 1.0 0.8 0.9 0.9 0.6
GPS + GL_ONASS + Galileo 10 0.9 0.7 0.3 1.0 1.0 0.5 0.8 1.0 0.5
constellation 20 1.0 0.9 1.0 1.0 1.0 0.9 0.9 0.9 0.9
30 0.9 0.9 0.9 0.8 1.0 0.9 0.8 0.8 0.9
40 0.9 0.9 0.9 0.9 0.8 0.9 0.8 0.7 0.9
50 1.0 0.9 0.9 1.0 1.0 1.0 0.9 0.7 0.7
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Table 3 Precision of radius (R) and E/N/U components for GPS-
only (G), GPS+Galileo (G+E), and GPS+GLONASS + Galileo
(G+R+E) measurement for u-blox after the application of CME fil-
tering and Leica rover with respect to rotation amplitude of ~20 cm
for a period with 600-s duration during rotation; the precision of U is
computed after applying the high-pass filter

Precision (mm) u-blox 1
G G+E G+R+E
R 7.6 4.3 33
E 54 32 24
N 7.3 4.4 3.6
U 10.9 7.5 6.9

Fig.8 The rover configuration of the vertical oscillation test

executed the same motion and the RTS measurements were
used as the referencing truth for monitoring the vertical
oscillation thanks to its high mm level of accuracy (Psi-
moulis and Stiros 2008). Hence, by comparing the low-
cost GNSS with the RTS (TS30) results, the accuracy of
the low-cost GNSS could be assessed.

The vertical oscillatory motion of the platform was
achieved by rotating the handle manually in a uniform pace
by referring to a metronome. Two experiments of vertical
motion were executed of different amplitude and frequency:
(i) a vertical motion of 0.2 Hz and ~ 8 mm amplitude and (ii)
a vertical motion of 0.1 Hz and amplitude ~ 15 mm.

GNSS and RTS data analysis

The GNSS data were processed using the double difference
method and the same version of RTKLIB open-source soft-
ware as for GNSS data processing of the horizontal motion
experiments. The same configuration and settings were
applied which resulted to the baseline E/N/U GNSS time
series as output. The RTS data were analysed and trans-
formed in a local Cartesian coordinate system, resulting to
E/N/U time series of the prism positioning, with respect the
position of the RTS (Psimoulis and Stiros 2007).

In the data analysis, the E/N/U GNSS time series results
were compared against the E/N/U RTS time series, which
was considered as the truth. In this case, the analysis was
focused on the U component time series, which corresponded
to the vertical motion, whereas the E/N component time
series expressed only noise. Due to the unstable sampling
rate of the RTS time series (Stiros et al. 2008), RTS data were
initially linearly interpolated based on GNSS time to achieve
synchronisation of the RTS and GNSS time series.

Results and discussion

The GPS-only solution of the low-cost GNSS receiver suf-
fered from frequent false fixes, creating cycle slips which
was resolved only by the contribution of additional satellite
systems (Fig. 9). Thus, in this study, it was analysed only the
GPS + Galileo and GPS + GLONASS + Galileo solutions of
the low-cost GNSS receiver.

Figure 10 shows the Up-component of the GPS + Gali-
leo, GPS + GLONASS + Galileo, and RTS time series of
the two vertical motion tests. It is evident that in both tests,
the excitation frequency can be detected equally accurately
(i.e. 0.200 and 0.101 Hz) from both multi-GNSS solutions
as from RTS time series. However, both multi-GNSS spec-
tra are characterised by higher noise level, represented as
(i) low-frequency coloured noise for frequency less than
0.1 Hz due to error sources such as multipath effect (Xue
et al. 2021) and (ii) white noise for frequencies larger than
0.4 Hz, due to the higher noise level/random errors of the
u-blox GNSS measurements.

To remove the low-frequency component of the GNSS
time series, which expressed GNSS measurement noise,
a Chebyshev type I high-pass filter of 8th order with
cut-off frequency of 0.05 Hz was applied. The passband
cutoff frequency of 0.05 Hz effectively extenuate the
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Fig.9 GPS-only (G), GPS+Galileo (G+E), GPS+GLO-

NASS + Galileo (G+R+E) time series for 8-mm vertical oscillation
test and number of satellite (NSAT). The GPS-only solution, with
NSAT around 6, suffers from frequent cycle slips

Up (mm)
Amplitude (m)
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3
o
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Fig. 10 Top panel: (left) the original u-blox G+R+E and RTS Up
time series and (right) corresponding DFT spectra; bottom panel:
(left) the high-pass filtered u-blox and RTS time series and (right)
corresponding DFT spectra, for the 8 mm, 0.2-Hz vertical oscillation
test

multipath while still included the signal of the oscillatory
motion. From the spectra of the high-pass filtered GNSS
time series, it is evident that (i) the dominant frequency
is detected as accurately as in the initial time series, (ii)
the low-frequency error has been removed reaching the
level of RTS time series, and (iii) the high-frequency
(i.e.> 0.4 Hz) noise remains in the GNSS spectra.
Regarding the vertical motion amplitude, it is evident
from Figs. 10 to 11 that the RTS time series could track
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the vertical motion to a high accuracy of mm level, indi-
cating the oscillation amplitude of ~8 mm and ~ 15-16 mm,
respectively. On the other hand, the oscillation amplitude
derived from the high-pass filtered low-cost GPS + GLO-
NASS + Galileo time series ranged between ~9 and ~20 mm
for the 8-mm oscillation test and between ~20 and 30 mm
for the 15-mm oscillation test. Based on these time series,
the root mean squares (RMS) of u-blox and RTS were cal-
culated, from which the amplitude of u-blox and RTS time
series were estimated by multiplying the RMS with square
root of 2 assuming a sinusoidal wave. From Table 4, it is
shown that the RTS could accurately determine the ampli-
tude of oscillation with mm-level accuracy. Regarding the
low-cost GNSS time series, it seems that the GPS + GLO-
NASS + Galileo is the most accurate since the oscillation
amplitude deviates about 4-5 mm from the true oscillation
amplitude, while for the GPS + Galileo solution, the cor-
responding deviation is 5—6 mm.

Case study: monitoring Wilford Suspension
Bridge using low-cost GNSS receivers

To assess the performance of the low-cost GNSS receivers
in monitoring bridge response and estimate its characteris-
tics (response amplitude and modal frequency), the Wilford
Suspension Bridge was used as the case study. The Wil-
ford Suspension Bridge has been used as testbed in several
previous studies of GPS/GNSS bridge monitoring applica-
tions, and its main characteristics are well-defined (i.e. main
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Fig. 11 Top panel: (left) the original u-blox G+R+E and RTS Up
time series and (right) corresponding DFT spectra; bottom panel:
(left) the high-pass filtered u-blox and RTS time series and (right)
corresponding DFT spectra, for the 15 mm, 0.1-Hz vertical oscilla-
tion test
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Table 4 The RMS computed for u-blox and RTS time series in 8-mm and 15-mm vertical displacement and the estimated amplitude from RMS
by multiplying the square root of 2 assuming sinusoidal waveform (unit: mm)

u-blox (GPS + GLONASS + Galileo) u-blox (GPS + Galileo) RTS

RMS Amplitude RMS Amplitude RMS Amplitude
8 mm 8.8 124 9.5 134 6.0 8.5
15 mm 144 20.3 15.1 21.3 10.2 144

Fig. 12 a Location of the equipment and sensors along the river-
bank and bridge (Leica TS30 and Leica MS60 are RTS); b the AS10
antenna at the midspan of the bridge with a 360° prism underneath; ¢
deployment of the closely spaced low-cost patch antenna at midspan
location C (red point)

modal frequency ~ 1.64 Hz, Psimoulis et al. 2016; Peppa
et al. 2018). Therefore, it would be sufficient to evaluate

the feasibility of the low-cost GNSS receivers in monitoring
high-frequency (> 1 Hz) dynamic displacement of bridges.

Figure 12a presented the Wilford pedestrian suspension
with the sensors location which were deployed along the
bridge. In this study we focused at the sensors of point
C, where the low-cost GNSS receivers were deployed
(Fig. 12c¢), with a dual-frequency Leica station (Leica
GS10 with AS10 antenna) and a prism set up in~ 1 m dis-
tance from the low-cost receivers (Fig. 12b). A GNSS ref-
erence station (Leica GS10 and AS10) and a Robotic Total
Station were set up on stable ground along the west river-
bank of River Trent, free from excitations. RTS TS30 was
tracking and recording the prism coordinates with 10-Hz
sampling rate. However, due to unstable sampling rate of
RTS, the actual acquisition frequency was in the range of
5-7 Hz as aforementioned (Stiros et al. 2008). RTS was
recording in a pre-defined Cartesian coordinate system,
with x-axis parallel to bridge longitudinal axis and y-axis
parallel to bridge lateral axis. The GNSS receivers, geo-
detic and low-cost, were recording with 10-Hz sampling.
The GNSS base station did not record Galileo satellites,
and therefore, GPS-only and GPS + GLONASS solutions
were feasible. The GNSS data were processed using the
version of RTKLIB that was used in the experiments, pro-
ducing the baseline results in E/N/U coordinates of the
local coordinate system, which then was transformed to
the bridge coordinate system aligned to the RTS coordi-
nate system. The excitation of the bridge was generated
by imposing the load by a cohort of people with different
loading patterns and activities, such as walking, jumping,
swinging, and marching.

Fig. 13 (Left) GPS-only and 02 I L,
(right) GPS+GLONASS E/N/U B
time series, the corresponding 2 o e AT
number of satellite (NSAT) and 3
GDOP time series for the whole ookl i L oot ... .
measurement period for u-blox1 © 500 1000 1500 2000 2500 3000 3500 4000 “ 500 1000 1500 2000 2500 3000 3500 4000
at Fhe Wilford Suspension 20 i i i 0 2 . i i 10
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Figure 13A and B show the respective GPS-only and
GPS + GLONASS E/N/U time series along with the cor-
responding satellite numbers and GDOPs during the moni-
toring period. It can be observed that the large offset-type
deviations of the GPS-only solution is the result of cycle
slips, occurred as a combination of the low number of
satellites and poor quality of one or more GPS satellites
signals. This cycle slips of the GPS solution was resolved
by adding GLONASS satellite system and applying
GPS + GLONASS solution. The latter was also observed
in the geodetic-receiver solution confirming the results of
previous studies (Msaewe et al. 2021). Therefore, for the
following time-series analysis, GPS + GLONASS solu-
tions were used

In the experiment, a total of 12 excitation activities with
different loading pattern were carried out. In this case study,
we present the analysis of the geodetic data (RTS, GNSS)
for the excitation event 05, which corresponds to jumping
activity at the mid-span of the bridge.

Figure 14 presents the original time series of the three
components (i.e. longitudinal, lateral, and vertical) and the
corresponding spectra for excitation 05. The spectrum of the
vertical component revealed the main modal frequency of
1.680 Hz, even though the spectra of the lateral and vertical
component were characterised by low-frequency noise.
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To mitigate the low-frequency noise, we extracted the
bridge dynamic response by applying a high-pass filter.
The derived time series of u-blox1, Leica, and RTS meas-
urements and the corresponding spectra are presented
in Fig. 15. From the spectra of the vertical component, it
was observed more clearly the main modal frequency for
all three instruments (u-blox, Leica, RTS). In general, the
GNSS spectra are noisier than the RTS as it was expected,
whereas the u-blox seemed to be slightly noisier than Leica
receiver, especially in the high-frequencies, characterised
by larger white noise. However, the estimation of the modal
frequency was clear and reliable with the u-blox measure-
ments as with the other two techniques. Table 5 illustrates
several parameters derived from excitation 05: (i) the modal
frequency, which was detected from the spectral analysis; (ii)

Table 5 Frequency (Freq), amplitude (Amp), and noise level (repre-
sented by 1-sigma for 20 s before excitation period) in vertical com-
ponent for excitation 05 using different measurement approaches

RTS Leica u-blox1 u-blox2
Frequency (Hz) 1.676 1.676 1.676 1.676
Amplitude (mm) 3.6 4.5 4.5 5.5
Noise level (mm) 0.2 1.8 2.7 2.6
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Fig. 16 (Left) u-blox1, u-blox2 low-pass filtered vertical time series,
and simulated low frequency noise model based on CME for excita-
tion 05. (Middle) weighted average combined original time series

the noise level, as the standard deviation of the period before
the excitation; and (iii) amplitude estimation, corresponding
to the maximum value of the standard deviation calculated
adopting a 5-s moving window during the excitation period.

Based on the analysis of the two closely spaced low-cost
GNSS receivers experiments, a high correlation (i.e. ~0.8)
was detected for the closely spaced station low-frequency
component, indicating a potential for common mode error
(CME) filtering application to mitigate the long period noise
usually present in GNSS time series (such as multipath; Peppa
et al. 2018; Msaewe et al. 2021). It could be seen from Fig. 16
that the correlation between the low-frequency errors of the
two closely spaced stations and the application of the CME
filter is proved efficient in mitigating the low-frequency error
within the time series and spectrum. The CME filtered aver-
age combined results was also capable to reduce the noise
level from 2.7 mm of the individual u-blox high-pass filtered
result to a value of 2.3 mm. The amplitude identified by adopt-
ing CME filter were also consistent and comparable with the
high-pass filtered results with a value ~5.3 mm as compared
to 5.5 mm from u-blox2 from Table 4.

Summary

In this paper, the low-cost GNSS receivers were assessed
for their performance in monitoring dynamic response of
civil engineering structures, such as bridges. The u-blox
receivers were assessed based on controlled experiments in
horizontal and vertical motion and a real bridge monitoring
application. From the controlled experiments it was proved
that the low-cost receiver is less precise than the dual-fre-
quency GNSS receiver when GPS-only solution is applied,
but the gap in the precision of the two receivers is signifi-
cantly reduced for the multi-GNSS solution. The precision
difference is reduced to a few mm. Furthermore, the u-blox

before and after CME filtering. (Right) spectra of weighted average
original time series before and after CME filtering

receivers proved to be accurate in the estimation of the motion
frequency. In the real bridge application, it was confirmed the
beneficial contribution of the multi-GNSS solution for the
low-cost GNSS receiver, as it was proved accurate with devia-
tion of a few mm in the estimation of the bridge amplitude
response and reliable in the estimation of the modal frequency
(1.680 Hz). Also, the benefit of using multi-constellation was
also shown with the improvement of the ambiguity fix rate.
Therefore, future works could be conducted to examine the
application of using the low-cost GNSS monitoring for a
longer span bridge and assess different multi-constellations
impact on the monitoring accuracy. The latter is in accordance
with the application of low-cost sensors (MEMS, cameras,
etc.) for the deformation monitoring of structures (Charalam-
bous et al. 2015).
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