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Abstract
Real-time kinematic (RTK) positioning technology is widely used for deformation monitoring,
but the signals of high-frequency band such as velocity and acceleration are easily polluted
due to the bad signal to noise ratio. In order to obtain high-precision and broadband signals for
deformation monitoring, we propose an enhanced RTK positioning algorithm by adding high-
frequency accelerometer observations and estimate the bias of the acceleration as an unknown
parameter in real-time. In addition, a dataset was constructed based on an experiment and
used for the validation of our approach. The experiment is operated on a platform and
includes a dynamic Global Navigation Satellite System (GNSS) antenna, a low-cost micro-
electro-mechanical system (MEMS)-type accelerometer and a slide rail. We conducted
eight simulations by sliding the collocated GNSS antenna and MEMS from one point to
the other point by manual operation to record 2D movements in horizontal components.
A vernier caliper was also set up to estimate the reference displacement for comparison,
the maximum sliding distance of the platform is restricted to about 0.5 m. Our validation
analyses demonstrate that the enhanced RTK positioning algorithm can provide high-precision
displacement, velocity, and acceleration signals in real-time. The average accuracies are
5.0mm, 0.6mm s~! and 1.0mm s~ respectively. Furthermore, the high-resolution acceleration
signal from the MEMS is helpful to improve the RTK ambiguity resolution because the
R-ratio (the ratio of the second minimum to the minimum quadratic form of residuals) values
achieved by the new approach are much larger than the standard RTK approach.

Keywords: real-time kinematic positioning, broadband signals, GNSS, ambiguity resolution,
baseline error, deformation monitoring
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1. Introduction

The real-time kinematic positioning (RTK) technology
that uses double-difference (DD) observations to eliminate
or reduce common errors such as satellite orbit, clock, and
atmosphere errors for the short baselines (Wellenhof et al
2001), and recovers the integer feature of the DD carrier phase
ambiguity, has a positioning accuracy in the range of millime-
ters to centimeters after the fast ambiguity resolution (Rizos
2007). Takasu et al provided an open source program package
named RTKLIB, which can reach to the accuracy of centime-
ters whether for low-cost receivers or long baseline RTK users
(Takasu et al 2009, 2010). The RTK performance with raw
observations for BeiDou Navigation Satellite System (BDS)
has been tested by Tu et al, and the accuracy is 1-2 centimeters
(Tu et al 2017a, 2019). Owing to its characteristics of high
precision, fast initialization, and ease of real-time application,
it has been widely used for local area deformation monitoring
(Tu et al 2017b), including monitoring of landslides, bridges,
dams and buildings (Uhlemann et al 2006).

In particular, for the deformation monitoring application,
both low-frequency and high-frequency signals are considered
important. However, RTK can only provide low-frequency dis-
placement signals with high precision, it cannot provide high-
frequency signals, such as velocity and acceleration precisely
because the Global Navigation Satellite System (GNSS) also
records noise (Genrich et al 2006). Elosegui et al used the
modified sidereal filtering to deal with the noises (Elosegui
et al 2006). Larson et al used the aspect repeat time adjust-
ment method to reduce the multipath noises and improve the
precision of high-rate GNSS (Larson et al 2007).

Nevertheless, a digital accelerometer can measure strong
ground motion with a considerably higher resolution than the
GNSS, especially in the case of high-frequency acceleration;
therefore, it is also widely used for deformation monitoring
(Freybourger et al 1997, Wilson et al 2002). Wang et al used
the digital strong-motion records to recover the static displace-
ment (Wang ef al 2011) and Tu et al used it for integration with
GNSS observations to retrieve broadband ground-motion sig-
nals (Tu et al 2013). Thus, in this study, we present a method
to include high-frequency accelerometer observations into the
RTK estimation model, which might, in turn, resolve the prob-
lems of high-frequency signals pollution.

Even with its advantages, the accelerometer observa-
tions might be biased owing to the so-called baseline errors
that are believed to be caused by ground vibration induced
tilting of instruments (Trifunac et al 1971, Graizer et al 1979,
2006). Furthermore, these baseline errors will be magnified
while integrated into velocity and/or displacement (Wang
et al 2011, Boore et al 2011, Wang et al 2013). To mitigate
these problems, typically, there are two methods for baseline
error correction. The first method is empirical correction, the
baseline shift is usually treated as a constant according to the
time window. The details can be found in lots of literature.
For example, Iwan et al (1985) introduced an average tran-
sient baseline offset by the empirical criterion (Zhu et al 2003,
Zhu 2003, Wu and Wu 2007) developed Iwan’s approach with
different empirically based criterions (Zhu et al 2003, Wu

et al 2007, Chao et al 2009, Wang et al 2011) proposed an
automatic scheme for baseline correction of strong-motion
records (Larson et al 2007, Chao et al 2009, Melgar et al
2013) developed a robust and reliable automated baseline cor-
rections for strong motion seismology. The main difference
between them is how to determine the time windows (Melgar
et al 2013), and the empirical baseline correction approach
can only be applied at the post-solution stage; however, this
method has low precision. The second method involves the
use of other observation results like high-precision GNSS data
as references to estimate the baseline errors. Bock et al (2011)
absorbed it as dynamic noise (Bock et al 2011), Tu et al esti-
mated it by a random walk process (Tu et al 2014a, 2016a,
2016b), while Geng et al (2013a) estimated it by a white
noise and also studied how to recover coseismic point ground
tilts from the collocated high-rate GPS and accelerometers
(Geng et al 2013a, 2013b), Benedetti et al (2017) also used
the mixed GNSS and MEMS by a Kalman filter to estimate
at the same time the accelerometer bias along with the other
parameters like position and velocity (Benedetti et al 2017).
Aside from its suitability for real-time operation application,
the second approach has a considerably higher precision than
the empirical correction method.

Using accelerometer measurements to enhance precise
point positioning (PPP) solution has been studied, but to
enhance RTK solution has never been presented before (Li
et al 2013). Considering the information mentioned above, in
this study, we propose an enhanced real-time kinematic posi-
tioning (E-RTK) algorithm by the integration of GNSS and
accelerometer observation to real-time get high-precision and
broadband displacement, velocity and acceleration informa-
tion. In our proposed approach, the high-frequency accelera-
tion observations from the accelerometer are included in the
E-RTK model; in addition, the baseline errors are estimated
as unknown parameters in real-time. Our validation analyses
show that the E-RTK model can provide high-precision and
broadband signals (displacement, velocity, and acceleration) in
real-time; in addition, high-resolution acceleration can be used
to constrain the RTK solution for better ambiguity resolution.

First, the E-RTK approach is introduced. Then, the exper-
imental datasets used for validation of our method and sub-
sequent analysis are discussed. Finally, the conclusions and
remarks are provided at the end.

2. Methodology

In this study, the DD RTK model is used for our proposed inte-
grated approach along with the high-frequency accelerometer
records; in addition, the baseline error of the accelerometer is
estimated as a random walk process (Tu et al 2016a). In the
following subsections, we introduce the observation equation,
state equation, and parameter estimation strategy in that order.

2.1. Observation equation

The linearized DD pseudorange and carrier phase observation
equations for the GNSS dual frequency observations at epoch
k are expressed as follows:
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where P and ® are the pseudorange and carrier phase observ-
ables, respectively; the subscripts b and r represent the base
and user receivers, respectively, while the superscripts i and j
represent the satellite number. Further, (-){ and (~){;r express
the single-difference (SD) between stations, whereas (-),
is the DD between the stations and satellites. The symbol e
is the unit vectors along the line of sight from the receiver
to satellite. The coordinate baseline components s are to be
solved for, Amb is the integer ambiguity of the carrier phase,
and / andT are the ionospheric delay and tropospheric delay,
respectively. € is the measurement noise with the standard
deviation o, while p is the geometric distance from the satel-
lite to receiver.
As the acceleration records contain baseline shift, the
acceleration equations are expressed as follows:

L, (k) = ax + ug + e, (k), er, ~N(0,07) (3)

where L, is the raw acceleration record, a denotes accelera-
tion of the station, u denotes the baseline error of acceleration,
€1, 1s the measurement noise of L, and its standard deviation
is op,. Usually, the baseline error of acceleration is corrected
by the empirical approach (Iwan et al 1985), we estimated it
as an unknown parameter in this study.

2.2. Stochastic model

The stochastic model is determined by the observation
noise and satellite elevations (Guo et al 2016), which can be
expressed as follows:

o /sin(E)
D=0} /siznz (E) 4)
oy .

a

op, 04 and or, are the standard deviations of the measure-
ment noise for the pseudorange, carrier phase and acceleration
observations respectively, and E is the satellite elevation in
unit of rad.

2.3. State equation

Because RTK is typically used for local area monitoring
involving just several kilometers, the DD ionosphere and tro-
posphere residuals can be neglected in this condition. The car-
rier phase ambiguity is a constant in a continuous period so it
can be ignored in the state equation. Thus, here, we only dis-
cuss the state equations for the displacement, velocity, accel-
eration, and baseline error.

The state equation of the standard RTK (S-RTK) can be
represented using the two-order Gaussian—Markov process as
follows:

s 1 7 172 S
Vv =1{0 1 T Y] + oy, Qp ~ N(O’ QS)
a 0 0 1 a
¢ ! ®)
VT qa st 6T ga
[Qs] = 1/87'4%1 l/37'3%1 1/27'2%1 (6)
VT qn 0T Taa

where 7 is the sample rate of the GNSS, « is the dynamic
noise, and v denote the velocity of the station. Q5 represents the
dynamic state noise, while g, is the variance of acceleration.

With the addition of the acceleration measurements, the
new state equation for our enhanced RTK algorithm can be
represented in a new form.

K 1 7 a2 0 K
vi [0 1 T 0 v E
a - 0 0 1 0 a +/8k7 BkNN(()rQ)
ul . 0 0 0 1 ul o
T qn s 6T 0
(0] = Vstlqe 5T q 1 am g 0 ®)
VT q /0T Tqa O
0 0 0 Tqu

where 3 is the dynamic noise, QF represents the dynamic state
noise, and g, is the variance of the baseline error.

2.4. Parameter estimation strategy

Parameter estimation is performed based on the observation
equations (1)—(3), stochastic model [4] and state equations (7)
and (8), using a Kalman filter (Yang et al 2006), the estima-
tion details can be referenced to the former studies (Bock et al
2011, Tu et al 2014b). The solution parameters include the
receiver’s displacement, velocity, acceleration, baseline error,
and DD carrier phase ambiguities. The standard deviations for
carrier phase, pseudorange and acceleration observations are
set as 0.002 m, 0.2 m and 0.01m according to the empirical
signal to noise ratio, respectively. In addition, the dynamic
noises ¢y, ¢a, and gy, in this study are set as 0.06 m s—1
0.006 ms~2,0.00l ms—2 according to the motion state, respec-
tively. For the data solution, the displacement and velocity are
estimated at each epoch based on the dynamic noise, while
the baseline errors are treated as a random walk process; the
carrier phase ambiguity is estimated as a constant in a con-
tinuous period; nevertheless, it is reinitialized when a cycle
slip occurs. It should be noted that the GNSS sampling fre-
quencies (1 Hz) are traditionally lower than accelerometer’s
sampling frequencies (100 Hz); therefore, the filter needs to
be adapted to this multi-rate environment (Smyth ez al 2006)
by performing the prediction stage at every time step and



Meas. Sci. Technol. 31 (2020) 035007

RTuetal

) 0
¢ 15
30
45 00
60
75
0
i o 04/
€ 002 s <ol -
N
0/3 sl QCJ\
s

Figure 1. Experimental platform (left side) and satellite geometry
(right side). (Left) Adapted with permission from Tu et al (2017b).
© The Authors 2017. Published by Oxford.

applying the filter update stage only when a GNSS sample
becomes available.

Using the filter system, high-precision displacement,
velocity, acceleration and baseline errors can be directly
obtained in real-time.

3. Results and validations

In order to validate the performance of E-RTK algorithm,
a dataset was constructed based on an experiment. The left
image in figure 1 shows the platform that we used in the exper-
iment, which was conducted in August 2016 at Xi’ An, China
(Tu et al 2017b). The platform, which can slide along a table,
includes a dynamic GNSS antenna (Receiver type: UR380,
Antenna: HX-GG486A) and low-cost micro-electro-mechan-
ical system (MEMS)-type accelerometer (Type: EWM 1580)
(Fleming et al 2009), and a slide rail. The distance between
the reference station and experimental platform is about 10 m.
As previously mentioned, the sampling rates for the GNSS
and accelerometer are 1 Hz and 100 Hz, respectively. It should
be noted that we only used the BDS data in this study to test
the performance of BDS, and the multi-GNSS systems will
get a better results as the better satellite geometry (Tu et al
2017b). The maximum sliding distance of the platform is
restricted to about 0.5 m and the slide capability in term of
frequency is about 1-5 Hz, the time span of the experiment
is about one hour. Furthermore, the right subfigure in figure 1
shows the geometric satellite distribution during the experi-
ment; in particular, observations from eight BDS satellites
(CO01, C02, C03, C04, CO5, C07, CO8, C10) were used. The
average geometric dilution of precision (GDOP) value is 2.8.

We conducted eight simulations (namely, T1, T2, T3, T4,
TS, T6, T7, and T8) by moving the platform from one point
to another point along the rail. In the experiment, the plat-
form is installed by manual operation, so it is not really in
the horizontal state. In addition, while moving the instrument,
the platform will cause a small waggle. These small tiltings
will cause the baseline error. The reference displacements are
measured using a vernier caliper that was fixed on the table;
the precision of the caliper was better than 2mm. For each
experiment, we held the rig static at the starting point for
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Figure 2. Comparison of displacement (top) and velocity (bottom)
time series obtained using different approaches.

several minutes; then, we slid the combined instruments from
the starting point to end point in about one or two minutes,
after this, the rig was kept stationary again at the end point
for several minutes before starting the next experiment. In
summary, we conducted eight experimental simulations in the
horizontal component; in particular, three times in the south—
north direction, three times in the east—west direction, and two
times in the south—west to north—east direction.

For the combined data solution, we need to align the coor-
dinate reference frames and time reference frames. Firstly,
transform the accelerometer’s east, north and up (ENU) coor-
dinates to the platform’s local ENU coordinates, secondly,
the local coordinates are converted to GNSS conventional ter-
restrial system coordinates (Xu et al 2013, Tu et al 2016b,
Benedetti er al 2017). There is also a small GNSS device
inside the accelerometer, which is used for the clock synchro-
nization between accelerometer and GNSS, thus the two time
systems are aligned, the time synchronization error is better
than 1 microsecond (Fleming et al 2009).

All the data are processed using three different approaches,
including the standard RTK estimation (S-RTK), the empir-
ical accelerometer solution (E-ACC) proposed by Wang et al
(2011), and the enhanced RTK estimation (E-RTK) approaches.
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Figure 3. Comparison of the acceleration (top) time series obtained
using different approaches and baseline error (bottom) time series in
terms of acceleration, velocity and displacement.

3.1. Analysis of the displacement and velocity time series

Figure 2 shows the comparison of the displacement and
velocity time series obtained using the different approaches
by the whole experiment data. It is clear that the displacement
obtained using the E-ACC approach has a large offset (several
meters) owing to the baseline error; in addition, the estimated
displacements using both the S-RTK and E-RTK approaches
have no significant difference. In the bottom of figure 2, we
can see the spikes are occurred while there with motions for
the E-RTK, but the spikes for the S-RTK are not obvious.
In the case of the high-frequency velocity information, the
S-RTK approach involves considerable noise; in addition, the
details of the motion are not accurately obtained. Further, the
E-ACC approach still involves a large offset (several meters
per hour for the displacement); however, the acceleration not
only with much lower noise, but also with high-resolution
(100 Hz), can be helpful to constrain RTK solution, thus the
E-RTK approach gets more motion details to show the real
velocity variation. The root mean square (RMS) values of the
noise for the velocity in the static period are approximately
1.2mm s~ !, 1.8mm s~ !, and 2.0mm s~! in the case of the
S-RTK approach for the East, North, and Up components,

10 10 10 10™" 10 10
Frequency (Hz)

Figure 4. Comparison of the velocity PSD in the case of different
approaches; the graphs are for the S-RTK, E-ACC and E-RTK
approaches (top to bottom).
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150
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(42
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Figure 5. Comparison of ratio values in the case of different
approaches.

respectively, whereas, for the E-RTK approach, these are
0.3mm s, 0.4mm s~', and 0.5mm s~!, correspondingly.

3.2. Analysis of the acceleration and baseline error time
series

Figure 3 shows the comparison of acceleration and baseline
error time series obtained using the different approaches. The
spikes in the E-ACC show the largest acceleration observed
by the accelerometer which contains the initial baseline
error. The spikes in the E-RTK show the largest acceleration
estimated by the combination of GNSS and accelerometer
observations which not contain the initial baseline error. As
expected, in the case of the S-RTK approach, the estimated
acceleration includes nearly no signals because of consider-
able noise, considering that the raw acceleration that is pro-
vided by the accelerometer has high resolution, but includes
initial baseline errors; in contrast, the obtained acceleration
signal using the E-RTK approach is good because it not only
reflects the motion status but also does not include baseline
errors. The estimated baseline errors in the case of the dif-
ferent approaches are clearly shown in the bottom subfigure
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Table 1. Quality statistics for the E-RTK and S-RTK approach in the case of all the simulations (‘D’ indicates displacement (mm), ‘V’

indicates velocity (mm s~!) and ‘A’ indicated acceleration (mm s~2)).

E-RTK/S-RTK (East)

E-RTK/S-RTK (North)

E-RTK/S-RTK (Up)

Test D \% A D \Y% A D \Y% A

T1 3.3/3.5 0.3/1.3 0.6/2.4 4.8/5.0 0.4/1.3 0.8/3.0 4.9/5.0 0.5/1.6 0.9/4.0
T2 3.3/3.4 0.3/1.2 0.6/2.4 4.0/4.1 0.4/1.3 0.8/3.3 5.0/5.2 0.5/1.7 0.8/3.6
T3 3.9/4.0 0.3/1.2 0.5/2.1 4.5/4.6 0.4/1.4 0.9/3.5 4.8/5.0 0.5/1.7 0.9/3.8
T4 3.2/3.4 0.3/1.2 0.6/2.3 4.8/4.8 0.4/1.4 0.8/3.2 4.6/4.7 0.5/1.7 0.9/3.7
T5 3.5/3.6 0.4/1.3 0.6/2.5 4.6/4.7 0.5/1.5 0.8/3.3 4.8/4.9 0.6/1.9 0.9/3.8
T6 3.2/3.4 0.4/1.3 0.5/12.3 4.1/4.2 0.5/1.5 0.8/3.4 4.3/4.3 0.5/1.7 0.9/4.0
T7 3.6/3.8 0.4/1.2 0.5/2.5 4.5/4.6 0.5/1.5 0.9/3.6 4.5/4.6 0.5/1.8 0.9/4.1
T8 3.013.2 0.4/1.3 0.5/2.5 4.1/4.3 0.5/1.6 0.9/3.8 4.6/4.7 0.5/1.8 0.8/4.0

in figure 3. The bias of the acceleration is approximately sev-
eral centimeters, whereas the velocity bias is expanded to sev-
eral decimeters; further, the displacement bias is expanded to
several meters. As the baseline bias is changeable due to the
tilting, rotation of instrument (Iwan er al 1985), it is difficult
to precisely model it, thus real-time estimation is the most
optimal approach.

3.3. Analysis of the power spectral densities (PSD) of the
velocity

Figure 4 shows the power spectral densities of the velocity in
the case of the different approaches; in particular, the black,
red and blue colors in the figure represent the East, North and
Up components, respectively. It can be clearly seen that the
E-RTK algorithm adds to the advantages of the other two
approaches because it can not only reflect the high-frequency
details of the motion but also does so with no system biases.

3.4. Analysis of the ambiguity resolution

Fixing ambiguities is a prerequisite in the case of RTK to
achieve high precision positioning results in a short time. In
our study, the ratio of the second minimum to the minimum
quadratic form of residuals (R-ratio) is used to evaluate the
correctness and confidence level of integer ambiguity candi-
dates (Teunissen et al 2009). In particular, the ratio value can
be considered as an index to denote the reliability of ambiguity
resolution; thus, a larger ratio value denotes a more reliable
ambiguity resolution. The success rate and the correct-fixing
rate of the ambiguity resolution were also assessed, the suc-
cess ratio threshold is set as 3, and their correctness is based
on a discrimination test. As it is a short baseline RTK, and
there are also enough BDS satellites, the success rate is 100%
and the correct-fixing rate is also 100% for both the S-RTK
and E-RTK.

Figure 5 shows the comparison of the ratio values between
the S-RTK and E-RTK approaches. The ratio values for the
S-RTK approach are shown in black, while the ratio values
for the E-RTK approach are shown in red; in addition, their
differences are shown in blue. As is clear from figure 5, the
ratio values for the S-RTK approach are generally smaller

than those of the E-RTK approach, especially during the start
period, where the difference is more than 50; this higher ratio
is considered important for fast convergence of the RTK solu-
tion. As the estimates converge, their difference becomes
smaller, and finally, the ratio values are nearly the same in the
case of solutions over a long time.

3.5. Analysis of the displacement, velocity, and acceleration
for the all simulations for the proposed approach

Figure 6 shows the displacement, velocity, and acceleration
details for all the eight simulations using our proposed E-RTK
approach and the traditional S-RTK approach. As expected,
the baseline errors of the acceleration values are precisely
corrected by the E-RTK; and the high-resolution acceleration
measurements are useful in reducing the GNSS noises. Thus,
the high-precision and broadband deformation signals (dis-
placement, velocity and acceleration) are recovered in real-
time by the E-RTK approach, and for the S-RTK approach, the
estimated velocity and acceleration signals with large noises
due to the bad signal to noise ratio.

Further, table 1 lists the RMS values for the corresponding
estimated values and references. In our study, the static dis-
placement references were provided by the vernier caliper
measurements performed on the experiment platform; in
addition, the velocity and acceleration references were set
as zero when there is no motion. It should be noted that the
RMS values are generally less than 5.0 mm for the displace-
ment, better than 0.6 mm s~! for the velocity and smaller than
1.0mm s~2 for the acceleration.

4. Conclusions and discussions

In this study, we proposed an enhanced RTK positioning
algorithm by adding high-frequency accelerometer observa-
tions; in addition, the baseline error of the acceleration was
estimated as an unknown parameter in real-time, which was
accounted for in the algorithm. Based on our experiment,
we constructed a dataset, which was used for the validation.
Based on our analyses, we draw the following conclusions:

(1) Compared with the standard RTK approach, which can
only provide high-precision displacement signals, the
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proposed E-RTK algorithm can provide high-precision
and broadband velocity and acceleration signals as well.

(2) Based on the constraint of high-precision BDS, the base-
line error of the accelerometer can be precisely estimated;
thus, the high-resolution acceleration can be used to con-
strain the RTK solution for better ambiguity resolution.

(3) The E-RTK used the broadcast ephemeris, it it easy for
real-time operation.

Because the scope of RTK is limited to local areas (<5
km), the E-RTK approach is not suitable for large areas, which
is a limitation of our proposed algorithm. As the experiment
platform is only an artificial platform, the slide capability in
term of frequency is about 1-5 Hz, and the much higher fre-
quency motion (>>>1 Hz) should be tested in the future by the
automatic platform. Additionally, for the observation noises,
dynamic noises are determined by the empirical values in this
study; the least-squares variance component estimation can
be performed for the robust estimation. In addition, for more
robust results, the integration of multi-GNSS and accelerom-
eter data is required.

As the E-RTK can real-time obtain high-precision dis-
placement, velocity and acceleration, it would be interesting
to do more works for its application in the future, such as for
local area deformation monitoring.
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