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The development of low-cost GNSS receivers with carrier-phase measurement capacity has led to low-budget
GNSS applications of higher accuracy and precision. Recent studies have mainly been carried out with those
low-cost receivers for landslide monitoring and achieved promising results. In this study, the performance of two
closely-spaced high-rate low-cost GNSS receivers was assessed against the robotic total station (RTS) and
geodetic GNSS receiver in monitoring the dynamic response of a major pedestrian suspension bridge at the mid-
span. Potential accuracy improvement by the combination of two low-cost GNSS time-series was also examined.
It was proved that multi-GNSS solution is required to resolve potential outliers and offsets of the low-cost GNSS
time-series, due to cycle slip induced errors. The analysis of the low-cost GNSS time-series showed that the low-
cost GNSS receivers can estimate (i) the main dominant frequencies of the bridge with the same accuracy as the
geodetic-grade GNSS receiver and (ii) the amplitude of the bridge response with difference of ~3 mm with
respect the geodetic GNSS receiver due to higher noise level. This study revealed the prospect of utilising low-
cost GNSS sensors in monitoring dynamic displacement with frequency of 1-3 Hz, corresponding to relatively

rigid structures (e.g., short span bridges, etc.).

1. Introduction

The structural health monitoring (SHM) of civil engineering infra-
structure has greatly evolved over the last two decades, especially with
the contribution of GNSS technology. The application of GNSS for SHM
has frequently been tested and gradually developed, proving to be
reliable in monitoring both low-frequency (<1 Hz) [1-4] and high-
frequency (>1 Hz) [5-7] displacement motion either in real-time kine-
matic (RTK) [3,8] or post-processing kinematic (PPK) mode [1,5,6].
Based on experimental studies and practical applications, GPS/GNSS
measurements have been proved reliable in monitoring dynamic motion
in the range of cm to a few mm [9-12], whereas it can determine the
frequency motion accurately for frequencies up to 4-5 Hz [6,7,10].

Despite the development of GNSS technology, to meet the goal in
many SHM applications to achieve mm-level accuracy [13,14], the
survey-grade GNSS receivers/antennas are conventionally used. How-
ever, one of the major drawbacks is their high cost. For instance, GNSS
receivers have been adopted in the monitoring system of Tsing Ma
Bridge [15] and Forth Road Bridge [8], but the relatively high cost of the
geodetic GNSS receivers has limited the number of installed GNSS

receivers on the bridges. Consequently, the assessment of the bridge
response is based only on few key locations of the bridge (i.e., midspan,
pylons).

The recent development of low-cost GNSS receivers broadens their
potential in high-precision applications thanks to their capacity for high-
frequency sampling rate (up to 10 Hz), multi-GNSS (GPS, GLONASS,
Galileo, Beidou, etc.) and precise carrier phase observations. These ad-
vancements imply that a more precise positioning with low-cost GNSS
receivers could be achievable since the measurement precision is better
than ~2 mm with carrier phase observations [16], while the precision
for code measurements is at centimetre to decimetre level [17].

Compared to the high-cost survey-grade receivers, these recently
emerged low-cost GNSS receiver models are normally small, light, and
compact, making them ideal for establishing monitoring networks in
challenging environments with instruments facing a high risk of damage
or loss. Despite the emergence of dual-frequency low-cost GNSS re-
ceivers, the single-frequency low-cost GNSS receivers still dominate the
current low-cost GNSS market [18]. The single-frequency low-cost GNSS
receivers face problems such as longer ambiguity fixing time and cycle
slip susceptibility, and their available functionalities, such as low noise
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amplifier (LNA), receiver hardware multipath mitigation, oscillators,
etc., leads theoretically to lower quality observables compared to
geodetic GNSS receivers. Furthermore, the low-cost patch antennas also
have weaker multipath rejection performance than geodetic grade an-
tennas [19], and the accurate calibration of the phase centre from low-
cost antennas is usually not conducted.

Although low-cost GNSS measurements are characterised by a
comparatively higher noise level, many studies were conducted on
geodetic monitoring and precise positioning applications. The posi-
tioning accuracy and RTK capability of low-cost GNSS receivers/an-
tennas were evaluated, and it was concluded that the performance of the
single-frequency low-cost receiver could be comparable to that of a
single-frequency geodetic receiver under certain conditions such as long
acquisition time, short baseline length, and use of an external antenna
[20-22]. The low-cost receivers were also tested for monitoring slowly
developed deformation such as landslides or local monitoring projects
[22-24], where the performance of low-cost GNSS receivers was
assessed based on controlled experiments by using a geodetic reference
station (geodetic receiver/antenna) to ensure high-quality reference
observations. Furthermore, experimental studies of the assessment of
low-cost GNSS receivers’ accuracy in monitoring static, slow-motion
[22,25] and dynamic motion [26] have revealed cm to mm-level accu-
racy of the low-cost receivers and the beneficial contribution of multi-
GNSS observations to the accuracy and precision of the GNSS solution.
Also, it was shown that the low-cost GNSS solution could be improved by
deploying the geodetic antenna instead of the patch antenna at the rover
station [22,27], and a geodetic grade antenna at the base station, while
the base GNSS receiver type seemed to have a negligible impact on the
low-cost GNSS rover station performance [25,26].

Despite the surging trend of research in low-cost GNSS receivers for
dynamic deformation monitoring applications, most of the studies were
focused on the experimental assessment of dynamic motion monitoring
[26,28,29], and only a few studies applied low-cost GNSS receivers in
practical SHM cases [30,31]. More specifically, Poluzzi et al. (2020)
[30] focused on the analysis of the precision of low-cost GNSS receivers
for structural monitoring by investigating different parameters (GNSS
data duration, GNSS software), whereas Manzini et al. (2022) [31]
investigated the performance of low-cost GNSS receivers in bridge
monitoring, limiting though the sampling rate to 1 Hz.

To bridge the gap of low-cost GNSS receivers in SHM of civil engi-
neering structures also focusing on the dynamic response of the structure
and frequencies larger than 1 Hz, in this study, we deployed two low-
cost GNSS stations on a medium-span suspension bridge to evaluate
their performance in monitoring bridge dynamic response against a
geodetic GNSS receiver and a Robotic Total Station (RTS). The reliable
and mm-level accurate performance of RTS in structural monitoring has
been proved in previous experimental studies [9,32], whereas geodetic-
grade GNSS receivers have been applied successfully in structural
monitoring by improving their performance with adaptation of filtering
techniques of GNSS time-series analysis [14] or combination with other
sensors (e.g. accelerometers [5], RTS [33]). The main aim of this study is
to evaluate how accurate the performance the low-cost GNSS receivers is
against RTS, which is considered the ground truth, and whether low-cost
GNSS receivers can compete with the geodetic-grade GNSS receivers in
structural monitoring. More specifically, we evaluate: (i) the quality of
the low-cost GNSS solutions and potential weaknesses, (ii) the accuracy
of the low-cost GNSS receiver in determining the major modal fre-
quencies and the amplitude of the dynamic response of the bridge, and
(iii) whether the deployment of two closely-spaced GNSS receivers can
improve the GNSS solution, a strategy which has been applied in other
experimental studies [25,26,28,34].
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2. Experimentation
2.1. Experiment design

To assess the feasibility of low-cost GNSS receivers in SHM applica-
tions, a monitoring campaign was carried out at Wilford Suspension
Bridge, a pedestrian bridge which was extensively used in geodetic and
surveying projects of bridge monitoring with well characterised bridge
response [5,13,35,36]. A geodetic GNSS receiver and a robotic total
station (RTS) were also deployed to record the bridge response contin-
uously and simultaneously to validate the performance of the low-cost
GNSS receivers. Based on the mm-level accuracy of the RTS, which
was proved in the experimental studies of Psimoulis and Stiros [9,32]
and previous RTS bridge monitoring applications [37-40], RTS mea-
surements were used as the ground truth for the response amplitude,
while the geodetic GNSS receiver measurements were used as the
ground truth for the modal frequencies due to its constant sampling rate
and its proven capability for modal frequency derivation of major en-
gineering structures [6].

The bridge midspan was selected as one of the key points of the
bridge to be monitored, as it is expected to have a greater response. For a
clearer identification of the bridge response, the bridge was excited by
designated human-imposed loads of various patterns, such as walking,
marching, swinging, jumping etc., to simulate possible loading scenarios
on the bridge and to characterise different modal frequencies when the
bridge was subjected to vertical, lateral, and torsional displacement.

2.2. Experiment implementation

Wilford Suspension Bridge is a 69-m long suspension pedestrian
bridge located in Nottingham. Results from previous studies showed that
the main modal frequency of the Wilford bridge is ~1.69 Hz [13],
corresponding to the first vertical mode, while the 1st lateral modal and
the 2nd vertical frequencies are ~1.44 and ~2.81 Hz, respectively,
based on Finite Element Method (FEM) analysis [41]. Those three modal
frequencies are the only lower than 5 Hz and could be detected by GNSS
measurements, based on the GNSS receivers sampling rate (10 Hz) and
Nyquist frequency limitation [6].

In the experiment, several different sensors were deployed along the
bridge to monitor the bridge response when it was subjected to different
human-induced excitations. The locations of each sensor and corre-
sponding measuring device are illustrated in Figs. 1 and 2 respectively.
Four geodetic-grade GNSS stations, were installed on the bridge, two at
quarter-spans of the bridge on the south side (location A, D) and two at
midspan; one on the north (location B) and one on the south side
(location C) of the bridge. The GNSS antennas mounted at the midspan
(location B, C) were also integrated with 360° reflective prisms under-
neath the antenna used as targets for RTS measurement (Fig. 2). Near
location B, two closely spaced patch antennas, each connected to low-
cost GNSS receiver, were also deployed and orientated to the same az-
imuth. Both patch antennas were attached to a metal ground plane and
clamped firmly to the handrails (Fig. 2). Furthermore, the two patch
antennas had an in-between distance of 20 cm to fulfil the requirement
of more than half-wavelength of GNSS L1 signal (i.e., L1 carrier wave-
length is ~19.0 cm) distance between the two antennas to reduce
mutual coupling impact [26,42]. Two raspberry pi 3 models were used
for data logging and acquisition for the low-cost GNSS receivers with the
help of compiled RTKLIB ‘STRSVR’ module. Two RTSs and a geodetic-
grade GNSS reference station were established at the riverbank, on a
stable ground condition, free from vibrations (Fig. 2).

The geodetic-grade GNSS stations used for the experiment were
consisted of Leica GS10 receiver and Leica AS10 antenna. Leica GS10
receiver has the capacity to record GPS, GLONASS, Galileo and BeiDou
satellite signal, with nominal precision in the horizontal and vertical
components of 8 mm + 1 ppm and 15 mm + 1 ppm, respectively, for
RTK mode [43]. Leica AS10 geodetic antenna has the capacity to receive
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Fig. 1. (top): Wilford pedestrian bridge on River Trent and the location of points 1 and 2 which defined the bridge centreline and points 3 and 4 which were the
locations of the two RTSs. (bottom) The location of the geodetic-grade GNSS stations on the bridge (yellow circles), the location of the low-cost GNSS receivers (red
circle) and the location of the two RTSs (MS60 and TS30) and the location of the geodetic-grade GNSS base station. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

multi-frequency multi-GNSS signals. The low-cost GNSS receiver used
for the experiment was u-blox M8T receiver, which is a single frequency
low-cost GNSS receiver with a nominal accuracy of 2.5 m in autonomous
mode [44]. The RTS Leica MS60 has nominal precision of 1 mm + 1.5
ppm in the distance and 1" in the angular measurements [45].

The two RTSs of this study were Leica TS30 and MS60, which were
deployed on the north and south of the riverbank from the bridge aiming
at the targets located at Locations B and C, respectively. Both RTSs were
configured to record the position of the prisms with respect bridge co-
ordinate system with a 10-Hz sampling rate. However, due to the un-
stable sampling rate of RTS, the actual acquisition frequency is in the
range of 5-7 Hz [9,38]. To synchronise the RTS measurements with
GNSS time, TS30 was connected to a GNSS antenna forming a GNSS
smart station [43]. The coordinate system used for the RTS was pre-
configured to the bridge axis, with the x-axis parallel to the longitudi-
nal axis of the bridge and the y-axis parallel to the lateral axis of the
bridge. As for GNSS measurements, all GNSS receivers (irrespective of
rover and base) recorded GPS and GLONASS observations. The excita-
tions of the bridge were generated by a group of eight people with
different loading patterns and activities, summarised in Table 1.

3. Data processing and analysis

The RTS measurements were pre-configured to a local Bridge Coor-
dinate System (BCS). This was achieved, by defining two points, point 1

and 2, on the centreline of the bridge, where the RTS was set up at point
1 and used a prism at point 2 as reference point to determine a local
coordinate system with x-axis the longitudinal axis of the bridge. Then,
with RTS at Point 1, Points 3 and 4 at the embankment were defined.
Finally, two RTSs were set up at the known Points 3 and 4 and oriented
to the known Point 1, to determine the coordinate system for the bridge
monitoring. Therefore, the RTS time-series would directly reflect the
displacements regarding the longitudinal, lateral, and vertical axis of the
bridge.

The GNSS measurements were post-processed in RTKLIB to obtain
baseline solutions formed between the rover stations (u-blox and Leica)
and base station. RTKLIB is free, open-source software for GNSS data
processing, which has been tested and applied in several GNSS (geodetic
and low-cost) applications [14,25,26]. In this study, an advanced
version of RTKLIB developed by Everett [46] (RTKLIB 2.4.3(demo 5))
based on RTKLIB 2.4.3 [47] was used to reduce false fixes and add more
constraints for ambiguity resolution enhancement [48]. The GNSS data
were processed in kinematic mode adopting standard configuration for
short-baseline monitoring applications, i.e., continuous ambiguity res-
olution, 15° elevation mask, broadcast ephemeris and ionospheric cor-
rections [14,25,26]. A detailed configuration of the GNSS processing can
be found in supplementary material Table S1 [49]. The output of
RTKLIB processing is the coordinate time-series obtained in a local
Easting (E), Northing (N), Up-vertical (U) coordinate system as baseline
solutions. To have consistency in RTS/GNSS data comparison, the GNSS
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Fig. 2. (a)Top panel: Wilford pedestrian bridge on River Trent and the loca-
tions of GNSS base station and RTS on the riverbank; (b) Leica AS10 antenna on
the midspan of the bridge (location C) with reflective prisms mounted under-
neath as the RTS target (c) the two patch antennas on the ground-plane at
location C; (d) the two u-blox MS8T receivers, with each one connected to the
patch antenna and raspberry pi-3, and the latter was powered by power bank.

computed coordinates were transformed to the BCS based on the angle
formed by the bridge longitudinal axis with the East-West direction
(~12°) via the linear coordinate transformation matrix [9]. Fig. 3 shows
the RTS and GNSS (Leica and u-blox receivers) time-series of the
representative case of excitation 04 in the bridge coordinate system with
respect to the equilibrium point corresponding to the start of the
recordings.

The GNSS and RTS time-series were analysed both in the time and
frequency domain. The GNSS measurements suffered from low-
frequency errors (<0.1 Hz), with the multipath effect being one of the
dominant errors in GNSS SHM applications [50-52]. Furthermore, the
patch antennas used for the low-cost GNSS measurements were

Engineering Structures 284 (2023) 115993

Table 1

The starting and ending time (unit: s) of different excitation events. The time-
stamps for the measurements of all sensors are with respect the starting time of
the experiment, coinciding with the logging time of GNSS base station receiver
(i.e., 22/03/2019 14:44:30.1000 GPS Time).

Excitation  Start End Activity

04 2718 2766  Non-synchronised jump in the bridge midspan

05 2832 2882  Synchronised jump on the north side of the bridge
midspan

06 3056 3096  Synchronised jump on the south side of the bridge
midspan

07 3237 3285  Synchronised jump with the group spread along the
bridge at the bridge midspan

08 3416 3456  Synchronised jump on the north side of the bridge
midspan

09 3616 3672  Synchronised swing of the bridge

uncalibrated, which could lead to phase centre variation (PCV) errors.
PCV errors depend on the elevation and azimuth of the tracked satellites
and the signal frequency, which could generate a low-frequency mm to
cm-level error for the horizontal and vertical components, respectively
[53].

Therefore, to mitigate the low-frequency errors, including the
multipath effect which affects both geodetic and low-cost GNSS time-
series, the GNSS time-series of both geodetic and low-cost receivers
were filtered by using 8th order Chebyshev high-pass filter with a cut-off
frequency of 0.1 Hz and a passband ripple of 1 dB to extract the bridge
high-frequency dynamic response from the GNSS time-series [35]. The
RTS time-series are not affected by low-frequency errors similar to those
of GNSS measurement biases during the bridge monitoring. Hence no
filtering was required for the RTS time-series. Fig. 4 shows the GNSS
time-series of excitation 04 after the application of the high-pass filter. It
is evident that the low-frequency noise of the initial GNSS time-series
has been effectively mitigated, and the filtered GNSS time-series ex-
press mainly the dynamic response of the bridge.

As aforementioned, RTS measurements are non-equidistant in time
due to unstable sampling rate and susceptible to cycle losses in case of
high-frequency oscillations [36]. To compare the GNSS time-series
against the RTS time-series, the RTS measurement were resampled
and linearly interpolated in time to the nearest 0.1 s to synchronise with
the GNSS measurement. Then spectral analysis using Discrete Fourier
Transform (DFT) was applied for both RTS and GPS time-series, aiming
to reveal the frequencies that are present within the time-series, corre-
sponding to the main modal frequencies. Fig. 5 illustrates the spectra of
the RTS and GNSS time-series.

To evaluate the performance of the GNSS time-series (Leica GS10
and u-blox) against the RTS time-series, which was considered the truth
for the determination of the amplitude of the dynamic response of the
bridge, two approaches were adopted: (i) by determining the maximum
dynamic displacement using the peak-picking approach of the filtered
time-series of GNSS and the initial RTS time-series and (ii) by computing
the Moving Root-Mean-Square (MRMS), where the MRMS was
expressed by Eq. (1):

1 .
ﬁzf'xkz (@)

where xi denotes the measurement from the equilibrium point at epoch
k in longitudinal, lateral, and vertical axes, k=1,i+1, ...,j,andj-i+ 1
denotes the size of the sliding window.

The MRMS is a similar approach of using the moving standard de-
viation as an indication of the dynamic response of the bridge [8], since
the RMS gives an indication of the displacement magnitude with respect
to the equilibrium point where it is assumed to be no displacement. By
using the MRMS, the displacement variation can be expressed as a
function of time.

MRMS =
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Fig. 3. Initial time-series of (a) RTS, (b) Leica GS 10, (c¢) u-blox1, and (d) u-blox2 for the longitudinal, lateral and Up-component of excitation 04.

Furthermore, the average combination of two closely-spaced u-blox
rover measurements was also evaluated, which was later compared with
separate u-blox, Leica, and RTS results to detect any potential accuracy
improvement. Both the weighted average and the mean of two low-cost
time-series were conducted for the average combination. The weight of
the weighted average was calculated based on the estimated standard
deviation of the solution obtained from the output from the respective u-
blox time-series.

Also, the noise level for each instrument was determined based on
~20-30 s period before the excitation by defining the +1c noise level,
where sigma is the standard deviation of measurement for the corre-
sponding period. Finally, to evaluate the measurement difference be-
tween the low-cost and geodetic GNSS receivers, the Root Mean Square
Error (RMSE)s were calculated between two different time-series using
Eq. (2):

S (s~ )

sz)
n

RMSE = 2

where x;; and x,; are the respective measurements of two different
techniques at epoch I, and n is the number of elapsed epochs.

4. Results analysis

4.1. Comparison analysis between GPS-only and multi-GNSS
Considering the relatively challenging observation measurement on

the bridge (obstructions, multipath, etc.) and the poor multipath sup-

pressing capability of the patch antenna, the potential beneficial
contribution of multi-GNSS observations was examined. The accuracy

and availability improvement utilising multi-GNSS solutions has already
been proven compared to GPS-only solutions in precise positioning and
SHM [14,54,55]. In the current study, it is evaluated the benefits of
multi-GNSS solutions for the low-cost GNSS in the case of bridge
monitoring.

Fig. 6 shows the Easting, Northing and Up-component of GPS-only
time-series for the low-cost GNSS receivers and Leica GNSS receiver,
and the corresponding number of satellites and Geometric Dilution of
Precision (GDOP). The GDOP is a parameter based on the geometry of
the GNSS satellite constellation and expresses its impact on the GNSS
solution precision [14,25].

Cycle slips are observed in the low-cost u-blox GPS only time-series,
particularly at the beginning of the time-series. In contrast, no cycle slips
are detected in the Leica GPS-only solution time-series. The cycle slips in
the low-cost GPS-only solution are due to a sudden drop in satellite
numbers and/or weakened satellite constellation geometry, as reflected
by the increase of GDOP value (Fig. 6). However, cycle slips could still
occur in periods which are not related to the number and/or geometry of
the satellites, and they are probably due to low satellite(s) signal quality
as reflected in the signal-to-noise ratio (SNR; Fig. 7). For instance, for the
period of the cycle slips occurring between 1650 and 2300 s, significant
SNR fluctuations and reductions are also detected for G32 (Fig. 7).
Furthermore, it was observed that excluding G32 satellites reduces the
occurrence of cycle slips from 1650 to 2300 s significantly.

On the other hand, the global cycle slips are significantly mitigated
by applying the multi-GNSS (GPS + GLONASS) solution for the low-cost
GNSS receivers (Fig. 8). However, a short period of cycle slips around
1800 s could still be detected for u-blox 2 (Fig. 8 right panel), probably
due to low SNR for the G32 satellite (Fig. 7), which can be resolved by
excluding the G32 satellite from the solution. In this study, the multi-
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Fig. 4. (a) Time-series of RTS measurements without any filtering and high-pass filtered time-series for (b) Leica GS-10, (c) u-blox1, and (d) u-blox2 for the lon-

gitudinal, lateral and Up-component of excitation 04.
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Fig. 5. Spectra of u-blox1, Leica GS10, and RTS (Left) initial time-series and (Right) u-blox1, Leica GS10 high-pass filtered and RTS initial time-series of Longitudinal
(top), Lateral (Middle) and Up (Bottom) component of excitation 04 by using DFT analysis, on the top right corner of each figure, a zoomed-in figure for the
corresponding spectra is also presented for frequencies from 1 Hz to 3 Hz for a clearer identification of modal frequencies.

GNSS (GPS + GLONASS) solutions were applied for low-cost GNSS re-
ceivers and the Leica receiver due to the improved data availability and
potential accuracy improvement compared to GPS-only solutions,
especially for the low-cost receivers. However, it should be noted that
the availability of multi-GNSS satellites (NSAT*) when a 15 elevation
mask is applied is quite unstable for the low-cost GNSS solution (Fig. 8)
with respect to the same Leica GNSS solution.

4.2. Data analysis — Excitation 04

All RTS/GNSS time-series corresponding to excitations 04-09 were
analysed following the same methodology presented in Section 3. The
analysis focused on the vertical component, where the main bridge
response was expected for all “jumping” excitations (04-08) apart from
excitation 09 (“swaying”), where the lateral component was analysed.
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Fig. 6. E/N/U time-series of the GPS-only solution for the three GNSS receivers, (left) u-blox1, (middle) u-blox2 and (right) Leica after the y coordinate are shifted to
around zero, and the corresponding number of satellite (NSAT*) and GDOP time-series. The NSAT* expresses the number of available satellites used in coordinate
computation when applying the 15° elevation mask. The occurrence of cycle slips can be clearly identified in the two low-cost GNSS receivers from the beginning of
the record until 2300 s, whereas the Leica GPS-only solution is not affected by cycle slips. The missing data prior to around 1700 s is due to the delayed Leica GNSS

measurement.
50 o I ‘IM L ll e} | [N} i ]
, F ” LY . 7I
! ; M “*” H T /) II,qI IJI\ h”\lﬂ | T lq ’IJ
40 + I}‘ !‘I'* M'ﬂ’ ﬂq "F
~
<
%/ 30 — G2 ]
@ — G6
Z G12
920+ ——G14
G25
G26
10 —G29
—G31
—G32
0 | . L L ! L .
1600 1700 1800 1900 2000 2100 2200 2300
Time (s)

Fig. 7. Signal to Noise Ratio (SNR) of GPS satellites from 1600 s to 2350 s, from
Fig. 6 middle panel, it could be seen that cycle slips occur during the period
from 1650 s to 2300 s were probably due to the reduction of SNRs of G32
during that period.

The RTS time-series and the high-frequency (10 Hz) GNSS time-series
were analysed for the estimation of the response amplitude and the
modal frequencies. For every time-series, a period of ~30 s before and
after excitation was included, which was considered as the period of
relatively stable state of bridge response for evaluating the noise level of
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the time-series. In the following demonstration, the RTS and GNSS time-
series of excitation 04 are used as a representative case of the data
analysis and results.

From the initial time-series of excitation 04 (Fig. 3) and the corre-
sponding spectra (Fig. 5), it can be seen that the original RTS time-series
has a relatively low noise level compared to the GNSS measurement. In
contrast, a clear trend of long-period noise is shown in the GNSS time-
series for Leica and low-cost GNSS receivers. The relatively low noise
of the RTS time-series is also evident in the spectrum where the low-
frequency noise, mainly for frequencies lower than 0.1 Hz, is at a level
of ~10~* m, whereas the long-period noise of GNSS time-series is of one
order higher than RTS (i.e., 102 m) probably due to the multipath bias,
phase centre variation, etc. The relative higher noise level of the GNSS
time-series is more evident on the longitudinal axis where no excitation
occurred, with a higher noise level also at the band of higher frequency
(i.e., >2 Hz). It should also be noted that the u-blox GNSS spectra
indicate slightly higher noise but of the same order as the Leica GNSS
spectra.

After the application of high-pass filtering, the noise level of the RTS/
GNSS time-series was evaluated based on the 1-6 (¢ denotes the standard
deviation) prior to the excitation (Table 2). For excitation 04 vertical
components, the 1-6 is 0.3 mm, 1.4 mm, 2.3 mm and 2.1 mm for RTS,
Leica GNSS, u-blox1 and u-blox 2, respectively. It is evident that after
filtering the GNSS time-series, they are still of one order higher than the
noise of RTS and that u-blox receivers’ noise is slightly higher than Leica
GNSS receivers. Regarding the response amplitude during the excitation
period, it is evident that the dynamic response is reflected in all time-
series, with the GNSS time-series having slightly higher amplitude
potentially due to the impact of the GNSS measurements noise. More
specifically, the peak amplitude during the excitation period is 9.8 mm,
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Fig. 8. Same as Fig. 6, for the multi-GNSS (GPS + GLONASS) solution of the low-cost (Left) u-blox1 and (Right) u-blox2 receivers. The occurrence of cycle slips has

been mitigated significantly.
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Table 2
The standard deviation o for the high-pass filtered vertical time-series of the 20-s
period before excitation for excitations 04-09 (unit: mm).

Excitation RTS Leica U-blox1 U-blox2 (Weighted) Ave
04 0.3 1.4 2.3 2.1 1.8
05 0.2 1.8 2.7 2.6 2.2
06 0.1 1.3 1.4 1.5 1.2
07 0.8 1.6 2.2 1.7 1.7
08 0.3 1.2 1.2 1.1 1.0
09 0.1 1.3 1.7 1.8 1.3

11.4 mm, 13.8 mm and 13.4 mm for RTS, Leica GNSS, u-blox1 and u-
blox2, respectively (Fig. 4). Furthermore, the spectra of the filtered
GNSS time-series are characterised by limited noise levels, and the main
peak of RTS and GNSS (Leica and u-blox) spectra are in agreement with
each other, indicating the frequency of 1.680 Hz, as the dominant fre-
quency of the vertical response.

Following the same procedure, the averaged u-blox1l and u-blox2
time-series were also analysed both in the time and frequency domain. It
is noticed that the weights, which ranged between 0.45 and 0.55, used in
the weighted average have negligible impact on the solution and would
result in a similar time-series as simply averaging. From the combination
u-blox1 and u-blox2 time-series, it is clear that the derived time-series
lies between the u-blox1 and u-blox2 time-series limiting the main er-
rors of the two u-blox time-series. The 1-c noise level prior to the exci-
tation for the combined u-blox time-series is 1.8 mm, smaller than the
corresponding values of the two individual u-blox receivers, while the
peak amplitude of the combined u-blox time-series is 13.5 mm, closer to
the smaller value (and probably less noisy) of the two u-blox receivers
time-series (Fig. 9). The spectra of the averaged time-series were
compared to separate low-cost results (Fig. 9). An improvement in the
high-frequency band (larger than 1 Hz) is shown by averaging separate
solutions, which implies the random errors (white noise) are mitigated
by averaging.

The next step of RTS/GNSS data analysis was to calculate the MRMS
of the corresponding time-series and analyse the consistency of the
GNSS against the RTS, with the RTS being considered the most accurate.
The moving window of the MRMS was selected as 5 s, corresponding to
50 samples (epochs) for GNSS data. Fig. 10 shows the RTS and GNSS
time-series of the vertical component, the corresponding MRMS, and the
ratio of the MRMS of the GNSS estimated MRMS to the RTS estimated
MRMS.

Based on the MRMS time-series, it is obvious that the MRMS value of
the RTS time-series follows the pattern of excitation. The MRMS starts
increasing at t = 2720 s and reaches peak values three times (i.e., 4.9
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mm at ~2729 s, 2.1 mm at ~2749 s and 4.0 mm at 2760 s) until the
excitation stops (i.e., t = ~2780 s). The MRMSs of the GNSS time-series
follow the same trend as the RTS MRMSs but have higher values, indi-
cating that the GNSS time-series are consistent with the RTS observa-
tion, but the higher noise level of the GNSS time-series results in a larger
amplitude of the bridge response and consequently higher MRMS
values. Furthermore, the MRMSs of the two u-blox time-series have
slightly larger values than the MRMSs of the Leica GNSS time-series,
especially for the period prior to and after the excitation.

By analysing the ratio of the MRMS GNSS time-series to the MRMS of
the RTS time-series, it is obvious that prior to the excitation, the ratio
ranges between 2.5 and 11, with the ratio of Leica GNSS time-series
having the lower values (ranging between 2.5 and 6), proving the
higher noise level of u-blox time-series compared to Leica GNSS time-
series. Furthermore, the averaged u-blox ratio time-series has the
lowest value among u-blox time-series indicating increased accuracy by
averaging operation. In general, during the excitation period, the ratio
of the MRMS is reduced significantly, ranging between 1 and 2. The only
period during the excitation where the ratios exceed the value of 2 is
between t = 2741 s and t = 2746 s when the excitation was temporarily
paused. For the period after t = 2775 s, the ratios are increased again,
coinciding with the period when the excitation has stopped and the
response of the bridge is attenuating. The ratios of the MRMS of low-cost
GNSS to RTS are significantly reduced during the excitation period,
which is because of the stronger GNSS displacement signal relative to
the GNSS noise level. This characteristic has also been used for GNSS
deformation monitoring, such as seismic motion [56].

4.3. Data analysis from other excitations

All excitations were analysed following the same methodology as for
excitation 04 to analyse the accuracy and performance of u-blox GNSS
receivers with respect to Leica GNSS receiver and RTS. More specifically,
it was computed: (i) the 1-c of the RTS/GNSS time-series of the 20-s
period prior to the excitations as an indication of the noise level of
each time-series, (ii) the peak amplitude of the RTS/GNSS time-series
during the excitation, (iii) the MRMS of RTS/GNSS and the corre-
sponding peak value during the excitation, iv) RMSE between u-blox and
Leica GNSS receivers and v) the main frequencies as revealed from the
spectral analysis of RTS/GNSS time-series.

Table 2 also presents the noise level of the RTS/GNSS time-series
based on the 1-6 computation of the time-series corresponding to the
period 20-s prior to the excitation for other excitations. It is observed
that the lowest noise level is for RTS measurement, whereas the highest
noise level is for one of the low-cost u-blox receivers. However, for most
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Fig. 9. Comparison between (Left) u-blox1, u-blox 2, and the high-pass filtered averaged time-series and (Right) corresponding DFT spectra for Lon/Lat/ Up for
excitation 04, on the top right corner of the spectra figure, a zoomed-in figure for frequencies from 1 Hz to 3 Hz were presented for a clearer identification of modal

frequencies.
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reference to RTS results.

of the excitations (e.g., 06-09), the difference between the noise level of
u-blox and Leica GNSS is <0.6 mm. Furthermore, the combined aver-
aging u-blox solution reduces the noise level of the u-blox time-series
even lower than that of the Leica GNSS time-series (i.e., excitations 06
and 08), reaching even 1 mm-level.

Then, based on the analysis of the RTS time-series and GNSS high-
pass filtered time-series, Table 3 presents the peak amplitude and the
peak-MRMS derived from the time-series for each excitation 04-09 of
the corresponding excitation period. It is shown that the peak ampli-
tudes derived from the Leica GNSS time-series are normally within 2.6
mm from that of RTS for each excitation. Regarding the u-blox GNSS
time-series, their difference of peak-amplitude from the corresponding
RTS ranges from 0.2 to 9 mm depending on the u-blox receiver and the
excitation. However, the combined averaging u-blox time-series

mitigates the error of the least accurate u-blox time-series and limits the
deviation of the peak amplitude up to 4.7 mm. Likewise, the peak MRMS
of Leica and u-blox GNSS receivers vary about 0.9-2.3 mm and 0.9-3.3
mm from the RTS value, respectively. The MRMSs of Leica GNSS and u-
blox GNSS are within 1.9 mm difference. The averaging combined u-
blox solution are even in closer proximity to the Leica GNSS results, with
the deviation not exceeding 0.6 mm.

Based on Table 3, due to discrepancies in one of the two u-blox GNSS
time-series, some relatively large differences between the peak ampli-
tude and MRMS of the two u-blox GNSS receivers were observed. More
specifically, for excitation 05, 06 and 07, larger amplitude discrepancies
from two u-blox could be seen (with a range of differences between 4.3
and 6 mm) than that of other excitations (with a range of 0.4-2.7 mm)
(Table 3). The reason was further investigated in Fig. 11, where it can be
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Table 3

Vertical displacement amplitude determined by maximum peak picking from (i)
high-pass filtered time-series, and (ii) corresponding MRMS of (i) expressed in
parenthesis, with respect to equilibrium point for Excitation 04-09 (unit: mm).

Excitation ~ RTS Leica U-blox1 U-blox2 (Weighted) Ave

04 9.8 (4.9) 11.4 13.8 13.4 13.5 (6.4)
(6.3) 6.49) (6.9)

05 6.3 (3.6) 8.9 (4.5) 8.8 (4.5) 13.2 10.5 (4.6)
(5.5)

06 12.5 14.5 9.5 (6.3) 13.8 14.5 (6.9)
(5.1) 7.9 (7.8)

07 7.4 3.1) 7.9 (4.5) 16.5 10.5 12.1 (4.8)
(5.5 (4.5

08 10.0 10.0 10.2 11.0 10.6 (5.7)
4.1) (5.8) (5.6) (6.0)

09 8.8 (4.0) 9.1(5.4) 10.3 13.0 10.4 (6.0)
(5.3 (7.3

seen that for both excitation 05 and 07, a small transient spike occurs in
the time-series during the excitation period (around 2840 s for excita-
tion 05 and around 3268 s and 3270 s for excitation 07), which could
correlate to the number of satellite variations. As a result, such transient
jumps, probably due to receiver hardware, would finally degrade
amplitude determination. However, such discrepancies could be miti-
gated based on the combined averaging of the two u-blox GNSS time-
series.

To evaluate the performance difference between low-cost GNSS and
geodetic GNSS measurements, the RMSE is adopted for the 20 s before
and during excitation. As is shown in Table 4, the maximum RMSE be-
tween geodetic GNSS and low-cost GNSS measurement is observed for
the excitation period with an average value of 2.5 mm, while for the
period prior to the excitation, the RMSE is about 2 mm. In any case, the
RMSE of the two u-blox GNSS receivers does not exceed 3.2 mm.
Moreover, with the average combination, the RMSEs are further reduced
to about 1.7 mm and 2 mm for the period before and during excitation
respectively. The latter confirms the overall accuracy improvement by
mean/weighted averaging of the two low-cost u-blox GNSS receivers’
time-series.

Finally, the modal frequencies derived from the spectral analysis of
the RTS and GNSS time-series are presented in Table 5. More specif-
ically, the main modal frequencies derived from the lateral (excitation
09) and the vertical (excitations 04-08) excitations of the bridge are
presented. In general, within the same excitation, the modal frequencies
detected from RTS and Leica measurement could also be detected from
u-blox measurement with a maximum discrepancy of ~0.02 Hz. The
frequencies derived from the spectra of both u-blox1 and u-blox2 time-
series were in agreement, with some slight deviations (~0.02 Hz) for
excitations 06 and 09. Furthermore, the derived frequency from the
averaged u-blox time-series were also in close agreement with each low-
cost GNSS result.

For the vertical excitations, the main modal frequency was deter-
mined in the range of 1.67-1.68 Hz by all instruments (RTS, GNSS Leica
and u-blox), also confirming the results from the previous studies
[13,35,36]. However, there is a second modal frequency ranging be-
tween 2.840 and 2.860 Hz, which corresponds to the first torsional
modal frequency produced by the non-synchronised vertical excitation
across the width of the bridge in some of the excitations. This frequency
was also observed in previous studies [35]. However, it could not be
picked up by the RTS time-series due to the relatively low real sampling
rate of the RTS (i.e., 5-7 Hz), resulting in a Nyquist frequency of about 3
Hz, which is very close to the targeted modal frequency.

For the lateral excitation (i.e., 09) produced by swaying, the first
lateral modal frequency of 1.394 Hz was revealed and confirmed by all
the time-series (RTS, Leica and u-blox GNSS), which proves that the u-
blox GNSS receivers also perform well to identify the dynamic motion of
the horizontal components. The second frequency of 0.801 Hz probably
corresponds to the excitation frequency of the swaying-type motion of
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Fig. 11. Occurrence of unexpected spikes in correlation to satellite number
drop, u-blox1 Vertical and NSAT time-series (Blue) and u-blox2 Vertical and
NSAT time-series (Red) for (Top) excitation 05, (Middle) excitation 06, and
(Bottom) excitation 07, where large amplitude deviation between u-blox1 and
u-blox2 is identified. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

the group of people. The presence of the excitation frequency in the
spectra has also been observed in previous bridge monitoring studies
[38].

5. Discussion

From the analysis of the u-blox GNSS time-series and comparison
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Table 4

RMSE value (unit: mm) for u-blox1, u-blox2, and mean/weighted averaged u-
blox time-series with respect to Leica time-series for the 20-s period prior to the
excitation and the period during excitation.

Excitation u-blox1 u-blox2 Mean/weighted average
Before During Before During Before During
04 2.2 2.4 2.2 2.9 1.9 2.1
05 3.1 2.9 2.5 3.2 2.4 2.4
06 1.8 2.6 1.6 2.3 1.5 2.0
07 2.2 3.0 1.9 2.6 1.8 2.4
08 1.4 1.7 1.2 1.5 1.2 1.4
09 1.9 2.5 2.1 2.7 1.6 2.2
Table 5

Frequency (unit: Hz) detected from DFT spectral analysis from excitation event
04-09 (Lat: Lateral, Ver: Vertical).

Excitation  Axis = RTS Leica u-blox1 u-blox2

04 Ver 1.680 1.680 1.680 1.680

05 Ver 1.676 1.676 1.676 1.676

06 Ver 1.685 1.673/2.846  1.673/2.846  1.685/2.846
07 Ver 1.657 1.646/2.860 1.646/2.838 1.646/2.826
08 Ver 1.673 1.673/2.859  1.673/2.859  1.673/2.859
09 Lat 0.801/1.394  0.801/1.394  0.801/1.394  0.801/1.415

against the performance of geodetic-grade GNSS receiver (i.e., Leica
GNSS receiver) and the more reliable RTS measurements, some key
points were identified in the performance of u-blox GNSS receivers.

Firstly, it was observed that multiple cycle slips occurred at the
beginning of GNSS u-blox observations or after a sudden change of the
measuring conditions (see the time interval between 1650 s and 2300 s
of Fig. 6 left and middle panel), such as (i) variation of the satellite
number, (ii) the quality of satellite signal in one of the satellites (re-
flected in SNR) and (iii) the change of satellite geometry (reflected by
DOP). The cycle slips were more evident for the case of GPS-only solu-
tion. Once a second satellite system was applied, leading to multi-GNSS
solution (in this study GPS + GLONASS), the cycle slips were reduced
significantly.

Then, based on the multi-GNSS solution, the accuracy of the low-cost
GNSS receivers in estimating the amplitude and frequency of the bridge
response was assessed. The noise level of the high-passed filtered low-
cost GNSS time-series was between 1.1 and 2.7 mm, slightly larger
than the noise level of the geodetic GNSS time-series and one scale larger
than the RTS noise level (Table 2). The estimated peak amplitude using
the low-cost GNSS time-series is usually larger than that of the RTS and
geodetic GNSS time-series due to higher noise level, with the difference
varying from 0.2 mm to 9 mm for the case of RTS (Table 3). However,
the estimated MRMS differences between the low-cost GNSS and RTS,
and between the geodetic GNSS and RTS, are about 0.9-3.3 mm and
0.9-2.3 mm, respectively. It indicates that there is a greater impact of
low-cost receiver noise on the amplitude estimation when a single
sample (peak-picking approach) is being used. In contrast, by using
MRMS for amplitude estimation this effect is mitigated. Furthermore,
the low-cost GNSS noise seems to have a smaller impact for excitations
with large amplitude response since the noise level is proportionally
smaller than the displacement signal, as reflected in Fig. 10c.

Regarding the estimation of the modal frequency(ies), the low-cost
GNSS time-series proved to be as reliable and accurate as the geodetic
GNSS time-series, which was also proved in previous experimental
studies [26,28]. The performance seemed not to be affected by different
modes (lateral or vertical) and the difference between the estimated
modal frequency of low-cost GNSS receivers and geodetic GNSS re-
ceivers did not exceed 0.03 Hz. The larger differences in modal fre-
quencies seem to occur mainly for the higher modal frequencies
potentially due to the relatively higher noise level of the low-cost GNSS
data with respect to the response amplitude of the corresponding mode
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[6]. Moreover, the low-cost GNSS receivers proved to be more suitable
than RTS in estimating frequencies higher than 2.5 Hz due to the higher
sampling rate, which has also been proved for GNSS time-series in
previous studies [33,57].

Finally, the average combination of the two closely-spaced low-cost
GNSS receivers’ time-series, led to time-series of a lower noise level,
which is even lower than that of the geodetic GNSS results for some
excitations. In the estimation of the response amplitude (Table 3), the
least accurate result from one of the u-blox was also effectively corrected
with the average combination, which increased the robustness of the
amplitude estimation.

6. Concluding remarks

In this paper, we presented the first study of the application of low-
cost consumer-grade GNSS receivers in a short-medium span bridge
SHM. The performance of low-cost GNSS receivers was analysed against
a geodetic GNSS receiver and RTS in estimating the bridge response
characteristics (amplitude and modal frequency).

Two main weaknesses of the low-cost single-frequency GNSS
receiver measurements were faced in the challenging application of
bridge monitoring. The first weakness was the susceptibility of the
single-frequency low-cost GNSS receivers to cycle slips, especially when
the single GPS satellite constellation was used, whichwas effectively
mitigated by applying multi-GNSS (GPS + GLONASS) solution. The
second weakness was the relatively higher noise level of the low-cost
GNSS time-series compared to the geodetic GNSS time-series, due to
the higher susceptibility of the low-cost GNSS antennas to multipath
effect and the higher noise level of the low-cost single-frequency GNSS
receivers. In this regard, the approaches of filtering the lower frequency
components (<0.1 Hz) of the low-cost GNSS time-series, which is a
common approach even for geodetic GNSS time-series, and the combi-
nation of two low-cost GNSS receivers were used, to significantly limit
the noise level of the low-cost GNSS time-series. Overall, the noise level
of the low-cost GNSS receivers introduced an error of 2-3 mm to the
estimated bridge response, with respect to the geodetic GNSS time-
series, However, the low-cost GNSS time-series proved to be equally
accurate to the geodetic GNSS time-series for the determination of the
modal frequencies, for a range between 1.5 and 3 Hz.

Hence, the first study of the application of low-cost GNSS receivers in
structural monitoring led to promising results indicating that they can be
comparable with the geodetic-grade GNSS receivers. Although recent
developments of low-cost GNSS receivers have equipped them with
dual-frequency GNSS observation capability and potentially more reli-
able performance [58]. future studies need to shed more light on how to
limit the main weaknesses of low-cost GNSS stations even further, such
as the impact of low-cost GNSS antennas (multipath effect susceptibility,
antenna phase centre calibration) and the higher noise level of low-cost
GNSS receivers.
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