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Abstract: Global Navigation Satellite Systems (GNSS)-based technologies have become an indispens-
able part of current structural health monitoring (SHM) systems because of the unique capability of
the GNSS technologies to provide accurate real-time displacement information. GNSS equipment
with a data sampling rate of up to about 20 Hz has been widely used for this purpose. High-rate GNSS
systems (typically up to about 100 Hz) offer additional advantages in structural health monitoring
as some highly dynamic civil structures, such as some bridges, require high-rate monitoring data
to capture the dynamic behaviors. However, the performance of high-rate GNSS positioning in the
context of structural health monitoring is not entirely known, as studies on structural monitoring
with high-rate GNSS positioning are very limited, especially considering that some of the satellite
systems just reached their full constellations very recently. We carried out a series of experiments
with the help of a shaking table to assess the SHM performance of a set of 100 Hz GNSS equipment
and three commonly used GNSS positioning techniques, PPP (precise point positioning), PPP-AR
(precise point positioning with ambiguity resolution), and RTK (real-time kinematic). We found that
the standard deviations of the 100 Hz GNSS displacement solutions derived from PPP, PPP-AR, and
RTK techniques were 5.5 mm, 3.6 mm, and 0.8 mm, respectively, when the antenna was in quasi-static
motion, and about 9.2 mm, 6.2 mm, and 3.5 mm, respectively, when the antenna was in vibration
(up to about 0.7 Hz), under typical urban observational conditions in Hong Kong. We also found that
the higher a sampling rate is, the lower the accuracy of a measured displacement series is. On average,
the 10 Hz and 100 Hz results are 5.5% and 10.3%, respectively, noisier than the 1 Hz results.
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1. Introduction

Civil engineering structures, such as long-span bridges and tall buildings, are critical
components of urban infrastructures. The conditions of these engineering structures are
normally monitored closely as they may deteriorate over time, and the loadings may also
change due to, e.g., increasing traffic loads on a bridge [1,2]. The failure of an engineering
structure may disrupt transport and lead to casualties and economic losses [3]. Global
Navigation Satellite Systems (GNSS)-based technologies have been widely used in monitor-
ing displacements of engineering structures and ground motions (e.g., [4,5]). GNSS-based
technologies have a distinct advantage in that they are able to provide accurate real-time
displacement information. Two main GNSS data processing strategies have been in use
in structural health monitoring: real-time kinematic (RTK) positioning and precise point
positioning (PPP) [6]. Most of the GNSS positioning errors (e.g., clock errors, orbit errors,
and tropospheric and ionospheric effects) can be removed in RTK positioning, resulting in
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up to millimeter-level displacement accuracy [7]. The RTK positioning technique has been
widely used for monitoring engineering structures, including high-rise buildings, bridges,
dams, and wind turbines [8-11]. The accuracy of RTK positioning decreases in general
with the length of the baseline [12]. The PPP positioning technique obtains positioning
information with a standalone GNSS receiver [13]. Aided with a precise ephemeris, the
positioning accuracy of PPP can be up to the centimeter level [14,15]. The technique of
PPP with ambiguity resolution (PPP-AR) can further enhance positioning accuracy [16].
PPP and PPP-AR techniques have also been applied in applications such as seismic wave-
form detection [17]. PPP and PPP-AR have been verified with a low-rate GNSS receiver, a
shaking table, and field experiments for monitoring structural displacements [18].

Low data sampling rate GNSS receivers, typically 1-20 Hz, are the mainstream GNSS
equipment deployed to date partly due to the wide availability of such GNSS equipment
on the market. For example, Yu et al. [19] monitored a bridge using a 1 Hz GPS/GLONASS
RTK system to identify the bridge’s dynamic characteristics. Moschas et al. [20] evaluated
the performance of 10 Hz PPP with the help of a shaking table. Many 10-Hz GNSS RTK
systems have been deployed on several real-world long-span bridges, e.g., the Severn
suspension bridge in the UK, the Tsing Ma suspension bridge, and the Stonecutters cable-
stayed bridge in Hong Kong [21]. However, it is often more desirable to have higher
sampling rate data to better define the dynamic characteristics of engineering structures,
which may be more suitable for monitoring structures with very high-frequency vibrations,
such as the short-span railway bridge, or the bridge with earthquake loading. For example,
Cantieni et al. [22] reported that about one-quarter of the railway bridges in Switzerland
exhibited natural frequencies above 10 Hz, with some of them reaching about 50 Hz,
which is hard to detect based on the GNSS with a normal sampling rate. According to
the Nyquist theorem, the Nyquist frequency of GNSS observations should be generally
higher than the natural vibration frequency of the structures to avoid aliasing problems.
Kaloop et al. [23] indicated that displacement information from very high-rate GNSS was
useful for monitoring structural health conditions. Moreover, with the advance in GNSS
hardware technologies, the high-sampling rate GNSS receivers (typically 20-100 Hz) have
become widely available and emerged as a promising technique for monitoring structural
deformation and health assessment. For example, Yi et al. [24] collected 50 Hz GPS data
by a JAVAD TRIMMPH-1 receiver to monitor the displacement of a two-floor flexible
steel frame model in real-time. Moschas and Stiros [25] used 100 Hz GNSS data (Javad
Delta receiver) to study a stiff pedestrian bridge and then analyze the displacement noise
characteristics [26]. Paziewski et al. [27] showed that 100 Hz PPP (recorded by Topcon Net-
G5 receiver) derived displacements with the help of a filter. In addition, the high-rate GNSS
receivers (model: Javad Sigma-G3TA]) have also successfully been applied in monitoring
seismic responses [28,29].

Since studies on high-rate GNSS systems in structural health monitoring are limited,
it is not entirely clear how high-rate GNSS systems perform when different positioning
techniques are used and different types of displacements are monitored. Although there are
some early studies, it still feels necessary to carry out further investigations as some of the
satellite constellations have changed. For example, the BeiDou system only reached its full
constellation on 23 June 2020 [30]. We aim to evaluate the performance of a high-rate GNSS
system when applied for structural health monitoring in a typical urban environment.
The study tests the performance of the system when the three most commonly used
positioning techniques, i.e., RTK, PPP, and PPP-AR, are used with different sampling rates
and with different combinations of the GNSS satellite systems. A uniaxial shaking table
and a laser transducer are deployed to simulate different motion signals for the tests. The
positioning results are evaluated in both the frequency and time domains.
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2. Methods and Materials
2.1. Real-Time Kinematic Positioning

RTK positioning is based on double-differenced (DD) GNSS observations between
observational stations and the time to reduce the effects of the spatially correlated errors,
such as the ionospheric and tropospheric delays and clock errors, over a short baseline.
The DD equations of the pseudorange and carrier-phase observations are [31]

PUE = Wi, — ol% 1 g, )
ij, ij, ij, ij,

AD)E = w/¥s, — o) — AN + 69, @)
where P and ® are, respectively, the pseudorange and carrier phase DD observations;
6 represents the noise in the pseudorange and carrier phase observations; u is the LOS
(line-of-sight) unit vector from a receiver to a satellite; s is the coordinate components;
p denotes the geometric distance between the receiver and the satellite; N is the integer
phase ambiguity; A is the wavelength of the carrier phase observations; i and j are the two
satellites tracked by both the base (b) and rover (r) stations, where i represents the reference
satellite; and superscript ¢ indicates the satellite system, i.e., Global Positioning System

(GPS), BeiDou navigation system (BDS), or Galileo and GLONASS. Detailed computation
steps for RTK are not given here for brevity. Interested readers may refer to [31].

2.2. Precise Point Positioning

The PPP determines the position of a point with a stand-alone GNSS receiver. With
the help of good quality satellite orbit and clock products, the PPP-derived position can
reach a centimeter level. Dual-frequency ionospheric-free (IF) pseudorange and carrier
phase observations are usually used to reduce the ionospheric effects. After the clock, orbit,
and DCB (differential code bias) corrections, the linearized PPP IF observations can be
expressed as:

Pi. = u‘fx—i—c-ﬁfiTg—i-ép 3)
O, = x4 c-dfs + N5 + T8 + Jg
with o B
c-dtf = c-(df + B 1p/c) A
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where P%’F and CID%_- represent the corrected pseudorange and carrier phase observations;
c is the speed of light in the vacuum; x is the 3D receiver coordinates; E‘f and N¢ denote,
respectively, the reformed receiver clock error and phase ambiguity; the slant tropospheric
delay is marked as T¢, which contains the hydrostatic delay Tf and wet delay TS; Eéf, IF

is the code hardware bias and grouped into the receiver clock offsets; Efﬂ and By are
the receiver and satellite phase hardware biases grouped into the ambiguity parameters,
respectively. Based on the assumption that the multi-GNSS code observations share the
same receiver clock, the code-specific inter-system bias (ISB) is considered for each system
except for GPS.

To obtain a PPP ambiguity resolution, three steps can be followed. First, the fractional
cycle biases (FCBs) of the receiver are eliminated by the between-satellite single-difference
(BSSD) algorithm [32], while the FCBs of a satellite can be corrected by the WL/NL FCB
products or the observable-specific signal bias (OSB) products. The WL float phase ambigu-
ity can be fixed by rounding. Finally, the least-squares ambiguity de-correlation adjustment
(LAMBDA) method [33] is adopted to resolve the NL phase ambiguities. When WL and
NL ambiguities are fixed, the IF-combined fixed-phase ambiguity can be derived by the
following equation.

Sgo . Ch o c g
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where Ajr denotes the wavelength of thqv IF combiwned observations; f; and f, are the
frequency of the two-carrier phase; and Nj;;, and Ny, represent the WL and NL fixed
phase ambiguity in cycles, respectively.

2.3. Experiments
2.3.1. Set Up of Shaking Table

A shaking table test was carried out on the 6th floor of Block Z, The Hong Kong Poly-
technic University. Specifically, as shown in Figure 1a, the shaking table was equipped with
a GNSS antenna and a MEMS triaxial accelerometer to record the dynamic displacement
response of the shaking table. An LDT (Laser Displacement Transducer, model: SENPUM
LM-5155) that can record linear displacement at up to 1,000 Hz with an accuracy of 0.01 mm
was used to record the true displacement. Another GNSS receiver was set up in an open
environment about 100 m away from the shaking table to serve as the base station for the
RTK solution, and the location of the base and rover stations is shown in the Figure Al.
A GNSS antenna was connected to the data logger (Figure 1c) to synchronize all the sensors
to GPS time.
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Figure 1. (a) Set up of experimental equipment; (b) Septentrio GNSS receiver (PolaRx5s) used; and
(c) data logger with a GPS antenna.

At the start of the experiment, the shaking table remained stationary for over 1 h to
obtain the initial coordinates of the antenna. Both dynamic and quasi-static motion signals
were then loaded to the shaking table and recorded by the GNSS, accelerometer, and LDT.
Specifically, the quasi-static motion (amplitude of about 6 cm) was firstly loaded with very
low velocity to avoid possible oscillations. Subsequently, following a short stationary time
(about one minute), three sets of sinusoidal motions with different amplitudes and peak
frequencies were loaded successively, with a 50-s interval between any two sets.

2.3.2. Data Collection and Processing

Two Septentrio GNSS receivers (model: PolaRx5s, Figure 1b) were used in the ex-
periments to record the GNSS observations at a sampling rate of 100 Hz (for both the
rover and base stations). The Septentrio PolaRx5 can track multi-frequency and multi-
constellations GNSS signals with 8 logging sessions (more technical parameters can be
found at www.septentrio.com). The sampling rate of the LDT was also set to 100 Hz for
easy comparison. The Phase Lock Loop bandwidth of the GNSS receiver was set to the
default value of 15 Hz. The GNSS data were processed with GPSSHM [34] software and
Net_Diff [35] software in RTK, PPP, and PPP-AR modes, respectively. Some details for the
data processing are given in Table 1. The final ephemerids and 5-min clock products of the
Multi-GNSS Experiment (MGEX) produced by the GeoForschungs Zentrum (GFZ) were
used in the PPP processing [36]. The multi-GNSS rapid ephemerides and clock and phase
bias products produced by Wuhan University (WUM) were adopted for PPP-AR process-
ing [37]. Four computational schemes based on the different GNSS satellite systems were
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adopted. The GPS-only and BeiDou-only solutions were first considered (denoted by ‘G’
and ‘C’, respectively). The combined GPS/BeiDou and GPS/BeiDou/Galileo/ GLONASS
solutions were then computed (denoted by ‘GC” and ‘GCER’, respectively). The accuracies
of the estimated displacements were finally evaluated and compared.

Table 1. Details of PPP, PPP-AR, and RTK data processing.

Parameters PPP PPP-AR RTK
Frequency Dual Dual Dual
Sampling rate 0.01s (100 Hz) 0.01s (100 Hz) 0.01s (100 Hz)
Elevation mask 10° 10° 10°
. Zenith: GPT2w Zenith: GPT2w
Tropospheric Maopine f L Mapbping f .
model apping function: apping function:
VMF1 [38] VMF1 [38]
Ionospheric model IF IF
Orbit Final products from  Rapid products from Broadcast
GFZ (5 min) WUM (1 min) ephemerides
Clock Fmalg;;d(;(c)t:)from Rapl{j\]rg&dégz)ﬁom Broadcast ephemerids
Estimator Kalman filter Kalman filter Kalman filter

3. Results and Discussion
3.1. Displacement Time Series

The displacement time series computed from the 100-Hz GCER observations are
shown in Figure 2. The displacements measured with the LDT (refers to True in Figure 2)
are considered the truth and are also shown in the figure for comparison. The time series
can be divided into three parts, namely stationary (07:00-08:26), quasi-static (08:26-08:28),
and sinusoidal (08:28-08:38) motions. The first part also includes the time for the PPP
convergence. The quasi-static motion simulated permanent deformation and the sinusoidal
motion may correspond to vibrations.
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Figure 2. Displacement time series computed from the GCER observations and (top) PPP, (middle)
PPP-AR, and (bottom) RTK methods.

Figures 2a and 2b show that the PPP and PPP-AR solutions took about 15 min to
converge to a centimeter level. After that, the PPP, PPP-AR, and RTK techniques all captured
both the stationary and dynamic displacement signals well. In general, as expected, the RTK
solutions are the best. The PPP-AR and PPP results show a sub-centimeter to centimeter-
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level accuracy. Further analysis of the performance of the ultra-high-rate GNSS will be
given in the following sub-sections.

3.2. Evaluation of Accuracy of the 100-Hz Displacement Time Series
3.2.1. Stationary Test

We first compared the 3D displacement results during the stationary period to study
the noise level of different displacement time series computed with the PPP, PPP-AR, and
RTK techniques based on different GNSS observations. The standard deviations (STDs)
are calculated for quantifying the noise level of displacement and labeled in Figure 3.
As depicted in Figure 3, the RTK displacement time series show more stability, followed
by the PPP-AR solutions. Apparent oscillations can be observed in the displacement time
series derived by the PPP technique, especially for upward direction, with the STDs being
at 6.98 cm, 5.32 cm, 4.03 cm, and 2.92 cm for G, C, GC, and GCER observations, respectively.
For all three positioning techniques, the GPS-only solutions have the highest noise level
with STD values of up to 6.98 cm, 5.38 cm, and 0.60 cm for the PPP, PPP-AR, and RTK
techniques, respectively. The main reason is that the limited GPS satellites are tracked
during the experiment (about 5 G, Figure A1). With more satellite observations involved,
the other three solutions (C, GC, GCER) show an improvement of up to 75% compared to
the GPS-only solutions. When using four GNSS system observations, the RTK solutions
can achieve a millimeter-level accuracy of 3D displacement (STD = 0.10 cm, 0.09 cm, and
0.22 em for E, N, and U, respectively), followed by the PPP-AR that allowed millimeter-level
accuracy in the horizontal direction and centimeter-level in the vertical direction.

PPP PPP-AR RTK
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Figure 3. 100-Hz 3D displacement time series from G, C, GC, and GCER observations, respectively,
and PPP, PPP-AR, and RTK techniques. The upper, middle, and lower panels represent displacements
in the East, North, and Up directions, respectively, while the left, middle, and right columns represent
results from PPP, PPP-AR, and RTK, respectively. The standard deviation (in cm) of each time series
is given in the corresponding color.

We also calculated the amplitude spectra of the displacement for the stationary test
calculated by the Fast Fourier Transform (FFT) to identify the noise spectral characteristics,
shown in Figure 4. According to the FFT results of the background noise analysis, more
significant attenuation of the noise level can be found in the RTK-derived displacement
solutions, especially for using the GCER observations. In the low-frequency band, results
computed with GCER show better performance for all three positioning techniques.
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Figure 4. Amplitude—frequency spectra of 3D displacement results from G, C, GC, and GCER
observations and PPP, PPP-AR, and RTK techniques in the stationary test. The upper, middle, and
lower panels represent displacements in the East, North, and Up directions, respectively, while the
left, middle, and right columns represent results from PPP, PPP-AR, and RTK, respectively.

3.2.2. Quasi-Static Motion Test

Figure 5 shows the 100-Hz displacement time series corresponding to the quasi-static
motion test computed with the PPP, PPP-AR, and RTK techniques. Significant discrepancies
can be seen among the different solutions. The GPS-only solutions have the lowest accuracy,
with the RMSE value being 21.56 mm, 7.07 mm, and 6.51 mm for the PPP, PPP-AR, and RTK
techniques, respectively. The BDS-only solutions show an improvement of up to 70% compared
to the GPS-only solutions due mainly to the much smaller number of GPS satellites observed
than that of BDS satellites (about 15 C and 5 G, Figure A2). The combined use of the GPS
and BDS observations improved the accuracy by about 10% over the BDS-only solutions as
judged by the RMSE value. When data from all four systems were used, the accuracy of the
displacements was enhanced significantly for all three positioning techniques where the RTK
technique achieved a sub-millimeter level of accuracy (RMSE = 0.75 mm), followed by the
PPP-AR which allowed millimeter-level measurements of the quasi-static and abrupt motions.

The histograms of the displacement errors of the different processing techniques
are shown in Figure 6 where the rows and columns represent the different processing
techniques and the different combinations of GNSS observations, respectively. The range of
the G and C solution errors from the PPP (first row in Figure 6) was from -4.62 to 2.27 cm,
which was reduced significantly after the GC (—1.40-1.75 cm) and GCER (—0.83-1.48 cm)
observations were used. The majority of the errors from the GCER observations were
greater than 1 cm. When the PPP-AR technique was applied, the errors were reduced
markedly to the range of —1.58-2.78 cm. The distribution pattern of the PPP-AR errors was
similar to that of the PPP error; although, more errors were centered around 0 even for the
GPS-only solutions. The GCER solutions achieved the best results with most of the errors
within 1 cm. All the errors of the RTK results were within £5 mm except for the GPS-only
results that ranged between —0.40 and 1.40 cm.
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Figure 5. Displacement time series from the quasi-static motion test computed with observations from the
different satellite systems and (a) PPP, (b) PPP-AR, (c) and RTK techniques (starting from 08:26:00 GPST).
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Figure 6. Histograms of displacement errors. From top to bottom, results from PPP, PPP-AR, and

RTK; from left to right, results calculated by G, C, GC, and GCER, respectively. Statistics (maximum,

minimum, and median) of each time series are given in each plot (in cm).

The amplitude—frequency spectra of the displacement errors from each positioning tech-
nique computed with Fast Fourier Transform (FFT) are shown in Figure 7 where the smaller
amplitude indicates higher accuracy. The results indicate that the RTK results are more accurate
than the other two positioning techniques, especially for those in the low-frequency band (less
than 1 Hz). The displacement error spectra of PPP-AR are similar to that of PPP. The main
discrepancies among different satellite system results are in the low-frequency band, where
the GPS-only results have the worst performance for all positioning techniques due to limited
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satellites. The results suggest that using the combination of the multi-GNSS observations could
improve the displacement estimation performance effectively.
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Figure 7. Amplitude—frequency spectra of displacement errors from quasi-static motion test com-
puted with observations from the different satellite systems G, C, GC, and GCER, respectively. From
left to right, results from PPP, PPP-AR, and RTK.

3.2.3. Sinusoidal Motion Test

As shown in Figure 2, a sinusoidal motion was simulated over three time periods.
The motion had multiple vibration frequencies. Figure 8 shows the displacement times
series from the different satellite systems and positioning techniques. The GPS-derived
displacements from all the techniques are significantly biased due to the limited number of
visible satellites, resulting in the RMSE being 4.59 ¢m, 3.60 cm, and 2.20 cm for PPP, PPP-AR,
and RTK techniques, respectively. Similar to the quasi-static motion results, the BeiDou
results were better than the GPS results due to much more satellites being tracked. Solutions
from multi-GNSS observations (the last two rows in Figure 8) were improved noticeably
compared to solutions from single satellite systems. A millimeter-level accuracy could be
achieved with the RMSE of the solutions from the PPP, PPP-AR, and RTK techniques being
0.92 cm, 0.62 cm, and 0.35 cm, respectively.
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Figure 8. Sinusoidal displacement time series from the LDT (purple) and different satellite systems
derived from (left column) PPP, (middle column) PPP-AR, and (right column) RTK techniques
(starting from 08:32:00). From top to bottom, results, respectively, were computed from G (red),
C (dark blue), GC (orange), and GCER (yellow) observations, respectively.

The histograms and spectra of the displacement errors from the different techniques are
given in Figures 9 and 10, respectively. The displacement errors from PPP and GPS-only
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observations distribute fairly evenly over the range of —8.71-1.20 cm, while a uni-modal
structure centered around £0.5 cm can be observed for displacement errors from Beidou-only
and multi-GNSS observations. The distribution patterns of the errors from PPP-AR and PPP are
similar, although the error ranges of the PPP-AR results are narrower. The errors of the RTK

results concentrate much more around 0 except for the GPS-only solutions that have a bias.
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Figure 9. Histograms of displacement errors. From top to bottom, results correspond to PPP, PPP-AR, and
RTK techniques while from left to right, results correspond to G, C, GC, and GCER observations, respectively.
The maximum, minimum, and median values of each time series are given in each plot (in cm).
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Figure 10. Amplitude—frequency spectra of displacement errors from sinusoidal motion test com-
puted with observations from the different satellite systems G, C, GC, and GCER, respectively.
From left to right, results from PPP, PPP-AR, and RTK.

The results in Figure 10 show the FFT spectra of the displacement errors. The RTK
results have the best performance, especially for those in the low-frequency band (less than
1-Hz), followed by the PPP-AR technique. For different GNSS observation combinations,
in terms of the low-frequency band, better results can be observed based on Beidou-only
and multi-GNSS observations, while GPS-only solutions have the worst performance due
to the biases (also see Figure 9). In addition, the results from different observations systems
have similar accuracy in the high-frequency band.

The peak frequency and vibration amplitude of the results from each positioning tech-
nique computed with Fast Fourier Transform (FFT) are shown in Figure 11 and Table 2. The
frequency and amplitude derived from the LDT solutions are regarded as benchmarks. The
length and resolution of the FFT were 30,000 and 0.0033 Hz, respectively. The results indi-
cate that the two peak frequencies could be well detected by all the positioning techniques,
i.e., PPP, PPP-AR, and RTK; although, there are slight differences in the derived amplitudes.
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The BeiDou-only results provided more accurate amplitude estimations than the GPS-only
results, which is likely due to the BeiDou satellites being more available. The errors in the
amplitudes estimated with RTK, PPP-AR, and PPP are within 0-0.3 mm, 0-0.6 mm, and
0.1-0.7 mm, respectively. In addition, the errors in the estimated amplitudes of the first
peak are slightly larger than those in the second peak, which may be attributed to the fact
that the second vibration frequency is more dominant and has a larger signal-to-noise ratio
with respect to the first frequency [39].

G ¢ GC GCER
10°
-9
&5
& 10
E _10° -
" -4
g <
2 .5
= 10"
E‘ (-™
<
107 — —
¥4
= 5
1073
107 10" 10° 107 10" 10" 107 10" 10" 107 10" 10°
Frequency (Hz)

Figure 11. Amplitude-frequency spectra of displacement results from sinusoidal motion test.
From top to bottom, results correspond to PPP, PPP-AR, and RTK techniques, while from left to right,
results correspond to G, C, GC, and GCER observations (starting from 08:32:00 GPST).

Table 2. Peak frequencies and displacement amplitudes of the different data processing techniques.
(in Hz and cm, respectively).

GNSS 1st Peak (Ref: 0.11/1.04) 2nd Peak (Ref: 0.34/2.68)
System PPP PPP-AR RTK PPP PPP-AR RTK
G 0.11/0.97 0.11/0.98 0.11/1.07 0.34/2.63 0.34/2.64 0.34/2.65
C 0.11/1.02 0.11/1.03 0.11/1.03 0.34/2.64 0.34/2.66 0.34/2.67
GC 0.11/0.99 0.11/0.99 0.11/1.05 0.34/2.66 0.34/2.69 0.34/2.67

GCER 0.11/1.00 0.11/1.02 0.11/1.04 0.34/2.69 0.34/2.68 0.34/2.68

3.3. Comparison of Displacement Results from Data of Different Sampling Rates

There has been a general understanding that high-sampling rate GNSS measurements
may be noisier (e.g., [26]). We first tested data acquired when the antenna was stationary
to study the accuracies of the displacement time series computed from data of different
sampling rates. The 3D displacement time series are given in Figure 12 together with the
standard deviations of the results. In general, the higher-rate results are slightly noisier;
although, the differences are not very significant, and there are also some exceptions.
The results indicate that PPP and PPP-AR are more sensitive to the increase in the sampling
rate. There is also a bias that can be observed in the eastern and vertical PPP-AR results, in
addition to noisier data for higher-rate observations. The possible reason is that high-rate
observations not only contain white noise but also have relatively high levels of color
noise [28], which may degrade the accuracy of the PPP-AR solutions [40]. There are not
any noticeable differences in the RTK results.
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Figure 12. Three-dimensional displacement time series from multi-GNSS data of 100-, 10-, and 1-Hz,
respectively, and PPP, PPP-AR, and RTK techniques. The upper, middle, and lower panels represent
displacements in the East, North, and Up directions, respectively, while the left, middle, and right
columns represent results from PPP, PPP-AR, and RTXK, respectively. The standard deviation (in mm)
of each time series is given in the corresponding color (Starting from 07:25:00 GPST).

The measured displacement time series when the antenna was in quasi-static and
sinusoidal motions (starting from 08:26:00 (GPST) and lasting for 720 s) are shown in
Figures 13 and A3. It can be seen from the results that the four simulated motion signals,
starting at about 80 s and lasting about 570 s, can be clearly observable in all the results.
Before testing the accuracies of the GNSS solutions with different sampling rates during
the vibration period, we first validated whether there was any phase shift due to the time
synchronization errors between the GNSS solutions and the LDT time series. Figures 14
and A5 show the 10-s comparison results between the GNSS and the LDT solutions from
the different sampling rates, which are taken from the last two sinusoidal vibrations (also
see Figure 13). In Figures 14 and A5, no obvious phase shift can be found between GNSS
and LDT solutions for different sinusoidal oscillations.
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Figure 13. 100-Hz, 10-Hz, and 1-Hz displacement time series corresponding to quasi-static and sinusoidal
motions derived from multi-GNSS observations and RTK technique (starting from 08:32:00 GPST).
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Figure 14. Comparison between 100-Hz, 10-Hz, and 1-Hz GNSS time series (red dots) and laser
displacement transducer (yellow dots) for the third sinusoidal motion.

The RMSE of each of the time series in Figure 13 is given in Table 3. It is clear from the
results that the higher the sampling rate is, the lower the accuracy. On average, the 10 Hz
and 100 Hz results are 5.5% and 10.3% noisier than the 1 Hz results, respectively. Among
the three positioning techniques, the accuracy of RTK is the highest and that of PPP is the
lowest. The 1-Hz displacement results are significantly different in some parts of the time
series, especially during the first two sinusoidal motion sections. This is considered due to
the aliasing problem. The amplitude—frequency spectra of the first two sinusoidal motion
sections calculated by the LDT solutions are shown in Figure A4. The peak frequencies
of the two displacement signals were 0.50 Hz and 0.68 Hz, respectively, which could not
be fully detected by the 1 Hz displacement series. Parts of the displacement time series
were enlarged and shown in Figure 9b,c. The 10-Hz solutions were nearly the same as
the 100-Hz solutions, although the 100-Hz solutions provided more detailed deformation.
The advantage of 100 Hz solutions (i.e., the redundancy of data) is important in case of data
filtering and data analysis, such as estimating the high-frequency parameters in certain
loads (e.g., pre-dominant frequency of earthquakes loading [41] and accurate peak ground
velocity in the near field [42]).

Table 3. RMSE of 100-, 10-, and 1-Hz displacement time series derived with PPP, PPP-AR, and RTK
techniques (in mm). The values in the brackets are the percentage increases compared to the 1-Hz
standard deviations.

Sampling Rate PPP PPP-AR RTK

1-Hz 16.34 6.06 4.66
10-Hz 17.18 (5.1%) 6.58 (8.6%) 4.79 (2.8%)
100-Hz 17.96 (9.9%) 7.01 (15.6%) 4.91 (5.4%)

4. Conclusions

We have systematically assessed the performance of high-rate GNSS position ob-
servations computed with PPP, PPP-AR, and RTK techniques in monitoring structural
deformation and dynamics based on a set of controlled experiments carried out in Hong
Kong. When high-rate positioning was carried out, the RTK technique with observa-
tions from all the available GNSS offered the best accuracy among the tested positioning
techniques and different combinations of satellite systems, followed by PPP-AR, which
could potentially be an alternative approach to the commonly used RTK technique for
millimeter-level SHM applications. The standard deviations of the 100 Hz GNSS displace-
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ment solutions derived from PPP, PPP-AR, and RTK techniques were 5.5 mm, 3.6 mm, and
0.8 mm, respectively, when the antenna was in quasi-static motion, and were about 9.2 mm,
6.2 mm, and 3.5 mm, respectively, when the antenna was in vibration (up to about 0.7 Hz),
under typical urban observational conditions in Hong Kong. We have also shown that the
higher a sampling rate was, the lower the accuracy of a measured displacement series was.
On average, the 10 Hz and 100 Hz results were 5.5% and 10.3% noisier than the 1 Hz results,
respectively. However, since the high-rate data series offered more detailed displacement
information, it is still critical to deploy the high-rate systems to monitor highly dynamic
civil infrastructures despite the lower accuracy.
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Figure A1. Location of the rover and the base stations.
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Figure A5. Comparison between 100-Hz, 10-Hz and 1-Hz GNSS time series (red dots) and laser
displacement transducer (yellow dots) for the second sinusoidal motion.
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