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Abstract

In this study, we validate selected low-cost GNSS receivers, namely u-blox ZED-F9P, and Septentrio
Mosaic-X5, and their fusion with RedShift Labs UM7 MEMS sensor for millimeter-level
displacement retrieval. The observation assessment reveals that low-cost GNSS data's accuracy is
competitive with high-grade receivers. Furthermore, in the case of Septentrio Mosaic-X5 GNSS, we
note the outperformance of its code measurements over those of the high-grade receiver. Next, we
assess the performance of the low-cost GNSS-PPP and coupled low-cost GNSS & MEMS
accelerometer high-rate solutions under vibrations simulated with a shake table. The high
performance of both solutions based on low-cost sensors is confirmed. We report an advantage of the
coupled solution over the GNSS-only one documented with a meaningful reduction of the
displacement error. With a coupled solution of mass-market sensors, we prove the feasibility of
detecting the vibration even of 1 mm amplitude. The time-frequency analyses also indicate that both
coupled and single-sensor solutions may successfully detect the vibration frequencies; however, they
also confirm the outperformance of the former over the latter. Coupled solutions are less noisy for the
high-frequency band than the GNSS-only one.
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1 Introduction

Recently, we have noted progress in low-cost GNSS
receivers that led to their performance being close
to that of high-grade instruments. Consequently, the
capabilities of low-cost GNSS  receivers
complemented with other sensors, e.g., IMU, induce
an increased interest in their application to structural
health monitoring (SHM) and seismogeodesy.
Conventionally, such demanding applications as
SHM or seismic studies were conducted with sole
high-grade  seismometer/accelerometer  sensors.
With the past progress in GNSS signal acquisition
hardware and processing methods, GNSS is now
considered a mature technique that addresses the
requirements of such precise applications (Lovse et
al., 1995). Numerous studies have proved the high
applicability of high-grade GNSS receivers to SHM
or seismogeodesy (Colosimo et al., 2011; Yigit et
al.,, 2017; Hohensinn et al., 2020). The most

essential advantages of GNSS are the feasibility of
providing absolute position changes and both
vibrations and deformation solutions (Im et al.,
2013). Nonetheless, the application of typical
GNSS receivers has its limitations, such as low in
relation to seismometers, sampling rate, non-
negligible temporal correlation of observations,
phase lock loop-induced effects, and high cost of
purchase (Paziewski et al., 2020). Also, the sole
application of professional seismometers results in
outcomes burdened by tilt, rotation, and hysteresis,
which consequently produces the displacement of
the relative nature (Allen et al., 2003). An
integration of GNSS and accelerometer may address
the aforementioned constraints.

Moreover, the advent of mass-market low-cost
GNSS chipsets/receivers and  Micro-Electro-
Mechanical Systems (MEMS) Inertial
Measurement Units (IMU) and Attitude and
Heading Reference Systems (AHRS) motivated us
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to combine such sensors for the precise detection of
dynamic vibrations, at a millimeter level. In this
study, we verify a research hypothesis of whether
integrated solutions of non-professional mass-
market GNSS and accelerometer MEMS sensors
may detect dynamic displacements with millimeter-
level precision. For this purpose, we have conducted
an experiment to retrieve the vibrations induced by
the shake table and provide reliable benchmark
results.

2 Methods

To retrieve the simulated vibrations, we loosely
integrated GNSS and accelerations from IMU
MEMS sensors. Such an approach assumes prior
determination of displacements through the
temporal difference of coordinates derived from
high-rate (HR) GNSS solution. In this step, we
employed a high-rate precise point positioning
technique (HR-PPP). The PPP decoupled-clock
model (DCM) based on uncombined dual-
frequency GPS observations (Teunissen et al.,
2015) was implemented in own-developed software
and employed to process high-rate data. The DCM
model takes advantage of ambiguity datum to
handle the rank deficiency of the observation
system. All the conventional correction models
(antenna phase center corrections, phase wind-up,
pseudorange biases, etc.) together with the precise
orbits and clocks from CNES to retrieve
uncombined phase delays were employed to
provide the feasibility of a PPP solution with integer
ambiguity resolution (PPP-AR/PPP-RTK).
However, due to the extremely short data
acquisition period and lack of precise external
ionospheric corrections, we did not persuade the
ambiguities fixing; thus, float solutions were also
accepted, as the final GNSS PPP solution was
subject to high-pass Butterworth filtering
(Butterworth, 1930).

Next, the PPP-derived displacements are
combined with the acceleration records according to
the algorithm (Paziewski et al., 2025). The state-
space model (x) includes two state variables,
namely displacements (d) and velocities (v) at
epoch (i):

x; = [d; v;]" 1)

in the dynamical system model, which is given as
follows:

Xiy1 = Axi + Bui + w; (2)

with u representing a vector of the accelerations
acquired by the MEMS sensor, w denoting the

vector of the system noise, A referring to the system
state transition matrix, and B indicating the input
matrix.

The measurement model of GNSS-derived
displacements (z) is then given as below:

Zi = Hxi + Vi (3)

where H stands for the design matrix, which shows
the linkage between the measurement and state
vectors, and v refers to the vector describing GNSS
displacement noise.

Such integration is conventionally executed
with the Kalman filter (Grewal et al., 2015), as both
GNSS and accelerometer data are provided with a
different sampling rate (Bock et al., 2011). Finally,
the backward filtering with the Rauch Tung Striebel
algorithm is performed (Rauch et al., 1965).

3 Experiment design

We simulated artificial single-direction horizontal
low-scale vibrations, which we aimed to retrieve
based on GNSS & accelerometer data processing. A
Quanser 1-40 single-axis shake table was used to
induce five harmonic motions of 1 Hz frequency
and amplitudes from 20 to 1 mm (Table 1).

Table 1. Parameters of the vibrations simulated in
the experiment with the shake table.

# of Amplitude Frequency
vibration [mm] [Hz]
1 20 1
2 10 1
3 5 1
4 2.5 1
5 1 1

On the shake table platform, we have mounted
RedShift Labs UM7 AHRS MEMS sensor and
Septentrio PolaNt* MC.v2 antenna, to which, with
a splitter, three GNSS receivers were connected to
record observations. We used two low-cost GNSS
receivers, namely Septentrio Mosaic X5 and u-blox
ZED F9P, operating with a 10 Hz data sampling rate
for GNSS data acquisition. As a benchmark
receiver, we employed high-grade Trimble Alloy,
which was set to acquire GNSS data at the same
rate.
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Figure 1. A set-up used for data acquisition, which
consists of Quanser 1-40 shake table, low-cost and
high-grade receivers acquiring signals from
Septentrio PolaNt* MC.v2 antenna, and RedShift
Labs UM7 AHRS MEMS sensors.

With the algorithms presented in Sect. 2, we
have integrated accelerometer records of 50 Hz and
GNSS PPP-derived high-rate displacements of 10
Hz. We have validated both GNSS-only and
integrated GNSS & accelerometer solutions in
terms of harmonic motion parameters against the
benchmark sets of the simulation scenario (Table 1).

4 Results

We precede validating the solution provided by the
fusion of GNSS & accelerometer with the sensor
data assessment. In this regard, we assess the HR-
GNSS data provided by all the analyzed sensors
regarding phase and code noise and stochastic
characteristics of the accelerations recorded by the
RedShift Labs UM7 AHRS MEMS sensor.

4.1 Low-cost GNSS and MEMS
accelerometer data assessment

We analyze the quality of GNSS phase data, being
a key factor driving the accuracy of the PPP
solution. For this purpose, we used zero- and short-
baseline (1.6 m) experiments built of homogeneous
pairs of the low-cost receivers (Septentrio Mosaic-
X5 and u-blox ZED-F9P) and the set of Trimble
Alloy instruments serving as a benchmark. The tests
were conducted in an unobstructed sky view. The
double-differenced (DD) data time series for the
selected arcs of GPS satellites were detrended with
third-order polynomials to eliminate the ambiguity
terms and slow changes of satellite geometry (only
the short-baseline scenario). Finally, we computed
the standard deviation (STD) of such time series for
particular receivers (Table 2).

Table 2. Phase noise levels for different scenarios
and instruments.

STD of DD GPS phase residuals [mm)]
Trimble Sept.
L1 | L2 | L1 | L2 | L1 | L2
Zero-bas.| 1.2 | 14 | 06 | 1.0 | 10| 13
Short-bas.| 39 | 58 | 32 | 50 | 3.8 | 6.0

u-blox

The results for the zero-baseline, depicting the
levels of thermal noise, reveal the superiority of
Septentrio Mosaic-X5. Also, the statistics for the u-
blox ZED-F9P are slightly better than for the
Trimble Alloy. This unexpectedly high quality of
the low-cost data is believed to be driven by the
receiver settings. According to our preliminary
analysis in a frequency domain, the power spectrum
for Trimble Alloy is almost flat, corresponding to
white noise. In contrast, the high-frequency
components for the low-cost receivers are
approximately an order of magnitude lower, which
explains the better statistics in the latter case. This
high-frequency noise reduction also propagates to
results for the short-baseline scenario, where the
obtained deviation corresponds to a sum of thermal
noise and phase multipath. While the comparison of
results for both tests indicates that the latter factor
has a dominant role, the difference of STD for
Septentrio Mosaic-X5 and Trimble Alloy is similar.
Thus, we find the multipath impact for both
receivers to be comparable. The results for u-blox
ZED-F9P are slightly more degraded for the short-
baseline scenario but still should be considered a
good quality.

For IMU sensors, random walk is typically
used to quantify the randomness associated with
inertial sensors. It represents the direct influence of
uncorrelated noise on computed velocities in
accelerometers. This phenomenon arises from
integrating white noise from inertial sensors,
leading to a standard deviation that increases
proportionally to the square root of time. In the case
of accelerometer readings, this phenomenon is
called velocity random walk (VRW). A method that
is most commonly used for estimating the value of
VRW is the Allan Variance (AV). AV analysis was
fed with the RSX data collected for 72 hours. The
AV analysis in Figure 2 confirmed that the RSX
module can be considered a suitable component for
precise vibration monitoring.
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Figure 2. Allan Variance graph for leveled RSX
IMU accelerometer.

4.2 Assessment of the vibration
retrieval

In Figure 3, we show an example of a displacement
time series retrieved from GNSS-only and
integrated GNSS & accelerometer solutions. The
figure clearly shows how the GNSS-only solution
may provide overestimated amplitudes. However,
such an effect is not observed for the accelerometer-
only and combined GNSS+Acc solutions.
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Figure 3. Time series of retrieved displacements
during harmonic motion #1 of 20 mm amplitude
for GNSS-PPP-only (GNSS), accelerometer-
only (acc), and integrated GNSS &
accelerometer (GNSS&acc) solutions with
Trimble Alloy receiver.

Figure 4 presents the example results of the
Fast Fourier Transform (FFT) for the displacement
time series retrieved during simulated excitation #1
of 10 mm amplitude and 1 Hz frequency. Again, the
results confirm the overestimation of the GNSS-
only derived displacements. On the contrary, the
integrated solution is not subject to such undesired
effects.
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Figure 4. FFT spectra for excitation #1 (10 mm
amp., 1 Hz freq.) for GNSS-only solution (left)
and GNSS+Acc. (right) with Trimble, Septentrio,
and u-blox in the top, middle, and bottom panels.

The results of retrieved amplitudes for GNSS-
PPP-only and integrated GNSS & accelerometer
solutions are given in Table 3. We show the
benchmark (simulated) amplitude and the true error
of the mean amplitude retrieved from the
displacement time series.

Table 3. Amplitude (A) true errors as a difference
between the benchmark and the amplitude retrieved
from the GNSS-PPP-only (GNSS) and the
integrated (GNSS+acc) solutions.

Amplitude error [mm]

Trimble Sept. u-blox
A GNSS GNSS GNSS
rmm] CNSS| ace [GNSS| ace [GNSS| ace

20 | 89| -14 |36 |-16[ 18| -19
10 | 47| 04 |11 |-07| 20| -0.7
35| -05 |11 |-05|]18]| 06
25133 03 /03]-03]03] -03
1 36| -02 |04 |-02] 33| -02

gB|WNF|
ol

Considering the GNSS-PPP solutions, we may
conclude that the Trimble Alloy receiver provided
the displacements of the lowest accuracy, as the
errors of the retrieved amplitudes were the highest,
between 3.3 and 8.9 mm. The retrieved amplitudes
for this receiver consistently exceed the simulated
ones. This aligns with the example displacement
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time series, as they also exhibit overestimation. For
the low-cost receivers, the amplitude errors were
mostly below 2 mm. Again, the low-cost GNSS-
only solution always provided slightly magnified
amplitudes with regard to the benchmark values.
After the integration of the GNSS-PPP solution with
the MEMS acceleration records, the errors have
dropped significantly. In the case of excitations #2-
5 with the designed amplitudes of 10-1 mm, the
errors of the retrieved amplitude have not exceeded
0.7 mm. Even the vibrations of 1 mm (#5) could be
reliably detected with the error of 0.2 mm.
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Figure 5. PSD for displacement time series
during excitation #5 of 1 mm amplitude and 1 Hz
frequency for GNSS-only and integrated
solutions. The black line corresponds to the
displacements double integrated from the
accelerometer readings.

Figure 5 shows Welch’s power spectral density
(PSD) of the vibrations retrieved with GNSS-only,
accelerometer-only, and integrated solutions under
the most challenging excitations of 1 mm amplitude.
The results tell us how including the accelerometer
records reduces the noise in the coupled solution
compared to GNSS-only, for high-frequency bands
(> 1 Hz).

5 Conclusions

We verified the research hypothesis on the
feasibility of recovering mm-level dynamic
displacements with the integrated low-cost GNSS
and MEMS accelerometer sensors. In the
experiment, we used u-blox ZED-F9P and
Septentrio  Mosaic-X5 and fused them with
RedShift Labs UM7 MEMS sensor as observation
acquisition devices. The low-scale vibrations of the
amplitude between 20 and 1 mm were induced with
Quanser 1-40 shake. A high-grade GNSS receiver -
Trimble Alloy, was used as a benchmark receiver
for GNSS data assessment and high-rate GNSS
solution provider.

The observation assessment revealed that low-
cost GNSS data's accuracy is competitive with high-
grade receivers. More specifically, in the case of
Septentrio  Mosaic-X5 GNSS, we note the
outperformance of its phase measurements over
those of the high-grade receiver.

Next, we assessed the performance of the low-
cost GNSS-only and coupled GNSS & MEMS
accelerometer high-rate solutions under vibrations
simulated with a shake table. We report an
advantage of the coupled solution over the GNSS-
only one documented with a meaningful reduction
of the displacement error. After the integration of
the GNSS-PPP solution with the MEMS
acceleration records, mostly the errors of the
retrieved amplitudes did not exceed 0.7 mm, and
even the vibrations of 1 mm amplitude could be
reliably detected, as the amplitude errors equaled
0.2 mm. The GNSS-only solution, in turn, always
provided overestimated amplitudes. The time-
frequency analyses also indicated that both coupled
and single-sensor solutions may successfully detect
the vibration frequencies; however, they also
confirm the outperformance of the former over the
latter. Coupled solutions are less noisy for the high-
frequency band than the GNSS-only one.
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