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Abstract High-rate GPS has been widely used to construct
displacement waveforms and to invert for source parame-
ters of earthquakes. Almost all works on internal and exter-
nal evaluation of high-rate GPS accuracy are based on GPS
relative positioning. We build an experimental platform to
externally evaluate the accuracy of 50-Hz PPP displacement
waveforms. Since the shake table allows motion in any of
six degrees of freedom, we install an inertial measurement
unit (IMU) to measure the attitude of the platform and trans-
form the IMU displacements into the GPS coordinate sys-
tem. The experimental results have shown that high-rate PPP
can produce absolute horizontal displacement waveforms at
the accuracy of 2–4 mm and absolute vertical displacement
waveforms at the sub-centimeter level of accuracy within
a short period of time. The significance of the experiments
indicates that high-rate PPP is capable of detecting absolute
seismic displacement waveforms at the same high accuracy
as GPS relative positioning techniques, but requires no fixed
datum station. We have also found a small scaling error of
IMU and a small time offset of misalignment between high-
rate PPP and IMU displacement waveforms by comparing
the amplitudes of and cross-correlating both the displacement
waveforms.
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1 Introduction

Space GNSS/GPS technology has been routinely used to pre-
cisely measure crustal deformation (see, e.g., Prescott et al.
1989; Shimada et al. 1990) since GPS was first success-
fully demonstrated to estimate baseline components at the
cm level of accuracy more than three decades ago (see, e.g.,
Counselman and Shapiro 1979; MacDoran 1979; Bossler et
al. 1980). In particular, significant advances in GPS hard-
ware and data processing have enabled GPS measurements
at a very high frequency. Accordingly, we can obtain a
time series of precise positions of an object in motion (see,
e.g., Nikolaidis et al. 2001; Bock et al. 2004), which has
resulted in an interdisciplinary subject of study, namely GPS
seismology. GPS seismology uses GPS as displacement seis-
mometers/instruments at a high sampling rate for earthquake
study (see, e.g., Larson 2009). The major advantages of
GPS seismometers are: (i) they can measure arbitrarily large
dynamic displacements without saturation (see, e.g., Bock et
al. 2004). In other words, with GPS seismometers, we do not
need to worry that displacements are too large to go beyond
the measurement range of GPS and cannot be correctly
recorded, as otherwise inherent with conventional seismome-
ters; and (ii) GPS-derived displacements are free of instru-
mental drift, clipping due to instrumental tilts and rotations
that are inherited with seismometers (see, e.g., Genrich and
Bock 2006; Emore et al. 2007; Graizer 2009, 2010). How-
ever, GPS is a few orders of magnitudes less sensitive than
seismometers, in the sense that GPS can only detect move-
ments at the noise level of a few millimeters or accelerations
at the noise level of sub-centimeter per second squared (see,
e.g., Salazar et al. 2011), while seismometers are able to sense
accelerations at the noise level of 10−6 millimeter per sec-
ond squared in the frequency range between 0.001 and 0.2 Hz
(see, e.g., Wielandt and Streckeisen 1982; Clinton 2004).
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Thus, GPS and seismometers can complement each other
in both sensitivity and large dynamic displacements.

Although the sampling interval of 30 s served almost as
a standard format to collect GPS data at permanent stations
for deformation measurement, Larson et al. (2003) first suc-
cessfully detected the high-rate GPS waveforms of displace-
ments caused by the 3 November 2002 Mw7.9 Denali Fault
earthquake by using relative GPS positioning techniques to
process the 1-Hz GPS data. Kouba (2003, 2005) first applied
GPS precise point positioning (PPP) to process the high-rate
GPS data for the 2002 Denali Fault and 2004 great Sumatra–
Andaman earthquakes and obtained the corresponding wave-
forms of displacements at a number of IGS stations. Recently,
Colosimo et al. (2011) proposed using the time difference
technique and standard GPS broadcast products to position a
single receiver in real time and demonstrated centimeter level
of positioning accuracy with 1 and 5 Hz dual frequency car-
rier phase data. Subsequent works provide more successful
examples of the measurement of displacement wave motions
from different earthquakes (see, e.g., Bock et al. 2004; Ohta
et al. 2006; Bilich et al. 2008; Shi et al. 2010; Avallone et
al. 2011), combine high-rate GPS with strong motion seis-
mographs and propose filtering and smoothing techniques to
further improve the accuracy of relative displacement wave-
forms (see, e.g., Emore et al. 2007; Wang et al. 2007; Bilich
et al. 2008; Davis and Smalley 2009; Bock et al. 2011) and to
invert for source parameters of slip distribution and seismic
moment from high-rate GPS waveforms of displacements
(see, e.g., Ji et al. 2004; Ohta et al. 2008; Yokota et al. 2009;
Avallone et al. 2011; Melgar et al. 2012; Crowell et al. 2012).
For clarity, we may distinguish high-rate GPS from kinematic
GPS. By high-rate GPS, we mean GPS precise positioning
within a short period of time (say, a few minutes) with a
high sampling rate, e.g., 50 Hz in this study, after ambiguity
resolution or after the convergence of floating solutions of
coordinates. In the case of kinematic GPS, we are generally
concerned more about the performance of real-time GPS pre-
cise positioning in a long term (say tens of minutes to days)
with a variety of sampling rates from seconds to minutes or
even longer, depending on specific applications of interest.

The accuracy of high-rate displacement waveforms
derived from GPS has been reported in the literature through
internal and external comparisons. By internal and external
comparisons, we mean that the accuracy of GPS displace-
ment waveforms is derived from analyzing GPS (observed
minus estimated) residuals of carrier phase data only and
by comparing the GPS-only displacement results with those
from instruments other than GPS such as strong motion seis-
mometers, respectively. Remondi (1985) demonstrated that
kinematic positioning at the centimeter level of accuracy can
be obtained in seconds by applying difference methods to
process GPS carrier phase data. Genrich and Bock (2006)
used instantaneous geodetic positioning to analyze 10- to

50-Hz GPS measurements. By removing outliers, which can
range from 1.8 to 16.8 % (Bock et al. 2000), and by aver-
aging the positions over a number of epochs, Genrich and
Bock (2006) reported that relative positioning accuracy for
baselines up to 10 km can be from 1.1 to 5.8 mm in the east
component, 1.4 to 7.6 mm in the north component, and 3.4 to
43.7 mm in the vertical component. By averaging 20-Hz data
into 2-Hz data, the accuracy can even be as high as 0.5 mm in
the horizontal components and 3–4 mm in the vertical com-
ponent. Nevertheless, for baselines longer than 39 km, the
accuracy is worsened to 6.1–8.1 mm in the east component,
6.9–9.9 mm in the north component and 38.6–51.8 mm in the
vertical component. Since averaging data may significantly
distort displacement waveforms, the high accuracy by aver-
aging may not apply to high-rate GPS displacements. Bilich
et al. (2008) reported that the accuracy of horizontal com-
ponents was about 4.0–10 mm and that of the vertical com-
ponent about 10–20 mm. Ohta et al. (2008) showed that the
internal PPP accuracy of positions was 5.2 mm in the east
component, 4.3 mm in the north component and 10.4 mm
in the vertical component. Since wide-lane ambiguities and
phase biases are freely available for most of the IGS global
GPS stations, Bertiger et al. (2010) proposed using these
data to constrain local ambiguities at a local station of inter-
est. They showed with GPS data at the sampling interval of
30 s that after the ambiguity resolution, kinematic solutions
of a single point positioning can be repeated at the level of
7.7, 8.4 and 11.7 mm in the east, north and vertical compo-
nents, respectively. The accuracy of high-rate GPS displace-
ments was also confirmed by comparing them with those
from strong motion seismographs in a nearby seismic station
(see, e.g., Bock et al. 2004; Ohta et al. 2006; Wang et al.
2007; Bilich et al. 2008; Bock et al. 2011).

However, only a few works have conducted external qual-
ity evaluation of high-rate GPS displacement waveforms by
comparison with results from instruments other than GPS.
Ge et al. (2000) conducted an experiment with both GPS
antenna and seismometers installed on a shaking simulator.
By processing 20-Hz GPS data in a relative positioning mode,
with a reference station being about 10 m away from the sim-
ulator, they reported that the accuracy of the high-rate GPS-
derived displacements was about 20 mm in the horizontal
components and 30 mm in the vertical component. Elósegui
et al. (2006) evaluated the accuracy of GPS-derived displace-
ments by installing a GPS antenna on a very precise, one-
dimensionally displaced shake table. Since the shake table
can only be displaced in one direction, they analyzed the
north component data and reported an accuracy of about
2.5 mm for 1-Hz GPS-derived relative displacements over
a baseline of 10 m. Ning et al. (2009) used a controlled robot
arm to evaluate the accuracy of 20 Hz GPS displacements
and concluded from the two baselines of 400 m and 60 km
that the accuracy of the relative displacements are 3.5 mm
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in the east component, 5.6 mm in the north component and
8.1 mm in the vertical component. While this paper is under
revision, thanks to one of the reviewers, we are brought to the
attention of the work by Bock et al. (2011), which showed
with the uniaxial large high-performance shake table that the
accuracy of displacements by GPS relative positioning with
a nearby reference station can be as good as 2.6–4.0 mm.
When the GPS displacements are combined with those from
seismometers, the accuracy of combined displacements can
be further improved (Bock et al. 2011).

Although there exist a large number of reports on the inte-
gration of GPS and inertial navigation systems, their major
focus is on use of low-cost IMU to aid in GPS navigation and
enhance the reliability of such integrated navigation systems,
in particular, in the case of GPS outages, for anti-jamming or
when GPS measurements are not available to position (see,
e.g., Farrell et al. 2000; Wendel et al. 2006; Naranjo et al.
2009; Hwang et al. 2011). Since navigation will generally
last for a long time, no performance evaluation of such sys-
tems over a short period of time, e.g., within a few minutes,
has been reported. In this study, our major purpose is to inves-
tigate the accuracy of high-rate PPP to measure seismic wave
motion over a short period of time, say, up to a few minutes.
We will show that high-rate PPP displacement waveforms
can reach millimeter accuracy in the horizontal components
and sub-centimeter accuracy in the vertical component within
a short period of time without any reference or fixed station.

2 Design of high-rate GPS/IMU experiments

The current external evaluations of the accuracy of GPS-
derived displacement waveforms (Ge et al. 2000; Elósegui et
al. 2006; Ning et al. 2009) are obviously based on GPS rel-
ative positioning with a reference station located nearby. In
practical seismic observations on a large earthquake, a fixed
reference station is undesirable (see, e.g., Davis and Smalley
2009), since relative positioning results do not contain any
information on whether the reference station moves or not
during the earthquake. Although a very short baseline can be
determined very precisely, it is not practically useful in field
seismic observations. As for a long baseline, further work
may be required to check whether the high accuracy reported
by Ning et al. (2009) can be attained routinely, because high
accuracy of long baselines is generally not warranted, as can
be seen in Genrich and Bock (2006). Except for Ge et al.
(2000); Elósegui et al. (2006) and Ning et al. (2009) used pre-
cise robot arms instead of seismometers to externally assess
the GPS-derived displacement waveforms. Although relative
positioning has always been used to externally evaluate the
accuracy of high-rate GPS seismometers (Ge et al. 2000;
Elósegui et al. 2006; Ning et al. 2009), bearing in mind that
PPP technology would become a key technique to measure

dynamical deformation, the purpose of this research is to
investigate how precisely high-rate PPP can measure seis-
mic wave motions.

A large earthquake may generate large strong motions in
the frequency range between 0.01 and 10 or 20 Hz (Shibu-
tani 2012, personal communication). As is well known, GPS
is a powerful tool to precisely measure static or dynamic
displacements. Therefore, to evaluate the accuracy of high-
rate PPP positioning, we will attempt to simulate real-life
seismic observations in the case of a large earthquake and
conduct a new external evaluation of the accuracy of high-
rate GPS PPP displacement waveforms. More precisely, we
design new external experiments by fully taking into account
the following four factors:

(i) Datum: In the case of large earthquakes, it may not be
reasonable to assume a fixed reference station without
any displacement (see, e.g., Davis and Smalley 2009).
Thus, it is highly desirable to process GPS data in prac-
tice by using GPS PPP techniques. Bearing in mind that
all external evaluations of high-rate GPS displacement
waveforms are based on GPS relative positioning with a
fixed datum (Ge et al. 2000; Elósegui et al. 2006; Ning
et al. 2009), we decide to process GPS data in the PPP
mode and conduct external evaluation of the accuracy
of high-rate PPP displacement waveforms in this new
experiment.

(ii) Problems in seismic observation: When seismometers
are set up for observation, they may not be correctly
aligned to the local reference frame. In addition, they
may be subject to tilts and rotations in the recording of
large earthquakes, as theoretically discussed by Graizer
(2009, 2010) and practically observed, e.g., by Takeo
(2009). However, since a triaxial seismometer is actu-
ally an inertial measurement unit (IMU) with only three
degrees of freedom on translational motion, it lacks three
more degrees of freedom on rotational motion to correct
the effect of tilts and rotations. Thus, we decide to directly
use a fully operational IMU in our experiment.

(iii) Sampling rate: Although 1-Hz GPS data have been rou-
tinely recorded and used in seismological study (see,
e.g., Larson et al. 2003; Kouba 2003), Smalley (2009)
suggested that sampling at 10 Hz be required to obtain
aliasing-free observations close to the fault for M7 and
larger earthquakes. Genrich and Bock (2006) collected
GPS data up to 50 Hz and obtained sub-millimeters of
accuracy by averaging data of many epochs. Because
the averaging process will automatically mix up the
displacement signals, we will directly examine the accu-
racy of independent 50-Hz epoch-by-epoch PPP dis-
placement waveforms. More specially, we use Trimble
Net R8 receiver and sample GPS data at 50 Hz in the
experiment. The antenna forTrimble Net R8 receiver
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Fig. 1 The experiment platform with the shake table, Trimble Net R8
antenna and IMU

has embedded choke rings to mitigate the effect of mul-
tipath.

(iv) Shake table: Bearing in mind that earthquakes could
cause motions in all six degrees of freedom (see, e.g.,
Graizer 2009, 2010; Takeo 2009), we design a more
flexible shake table to allow motion in all six degrees of
freedom in the experiment, instead of precisely control-
ling movements in one direction and/or translationally
(see, e.g., Elósegui et al. 2006; Ning et al. 2009; Bock et
al. 2011). The shake table is tightened to a fixed frame
with eight springs. By changing the springs with differ-
ent stiffness, we can also readily change the frequency
of the shake table.

The experiment platform with these four factors materialized
has been constructed on the roof of a 16-story building inside
the Campus of Wuhan University and is shown in Fig. 1.
We may note that this 16-story building is one of the tallest
buildings in its surrounding.

3 PPP and IMU data processing

With the experiment platform shown in Fig. 1, we push the
shake table to move and conduct a number of experiments.
The states and ranges of motion of the shake table can be
readily manipulated by pushing and/or pulling it along dif-
ferent directions. Trimble Net R8 antenna/receiver on the
platform records GPS data at the sampling rate of 50 Hz
and the IMU collects the three-dimensional attitudes of the
platform and the three-dimensional accelerations at the sam-
pling rate of 200 Hz. The GPS data from Trimble Net R8
antenna/receiver on the shake table are processed in the PPP
mode by using the software package PANDA for Positioning
And Navigation Data Analyst, which was developed by the

GNSS Research Center, Wuhan University (see, e.g., Liu and
Ge 2003; Shi et al. 2008).

Like other popular GPS software systems such as GIPSY
and GAMIT, PANDA is a powerful and multi-functional GPS
software system, which can be used for precise orbit deter-
mination, adjustment of GPS CORS networks, GPS baseline
processing and PPP. For the purpose of this experimental
research, we only use the PPP component of PANDA. The
basic equations of PANDA for PPP are ionospheric-free
combinations of dual frequency P-code and carrier phase
observables. Although there are a number of different weight-
ing schemes in the literature (see, e.g., Eueler and Goad
1991; Dach et al. 2007), PANDA implements the following
elevation-dependent formula

w(Ae) =
{

1, if Ae > 30◦

2 sin(Ae), if Ae ≤ 30◦,
(1)

to determine the weights of ionospheric-free observables,
where Ae is the elevation angle. PANDA also follows the
IERS conventions 2003 to correct tidal effects and antenna
phase center. Tropospheric delays are corrected using the
Saastamoinen model with the global mapping function of
Boehm et al. (2006). Residual zenith total delays are approx-
imated by a random walk process with prior constraint of
10 cm on its initial state. For each continuously tracked
orbital arc, we assume one ambiguity. Station coordinates
and receiver clock errors are estimated epoch by epoch.

We set the cutoff angle to 7◦. We also use the IGS final
precise orbit and 5-s satellite clock products. At this moment,
PANDA does not implement the function to fix ambiguities in
the PPP mode. In other words, we PPP-solve the positions of
the GPS antenna by using floating solutions only. In general,
the solution of coordinates for a static station will take about
25 min of data to converge. The parameters of interest are the
absolute displacement waveforms of the GPS antenna, which
are independently estimated epoch by epoch by using the
weighted least squares method. By absolute displacements,
we mean that they can be determined without reference to
any fixed station.

In our experiments, we use an IMU-FSAS inertial mea-
surement unit made by iMAR GmbH, Germany, which con-
sists of three closed-loop fiber-optic gyros and three servo
accelerometers. According to the specifications from the
manufacturer, the IMU measures the attitudes of the plat-
form with the accuracy of about 29′′, 29′′ and 43′′ for roll,
pitch and yaw, respectively. In order to compare the PPP dis-
placements with those from the IMU, we integrate the accel-
erations twice to obtain the displacement waveforms. Since
the measurements by the IMU unit are all taken on the body
frame, we have to use the attitudes of roll, pitch and yaw
from the IMU output and transform the displacements from
the IMU body frame into the local coordinate system. All
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these computations are performed by using the software sys-
tem provided by the instrument maker. Although we asked
for technical details on the software system, we did not get
them from the manufacturer for commercial reasons. Never-
theless, to get some (even rough) idea on the noise level of the
IMU, we select two almost linear segments from the IMU dis-
placement waveforms collected on 2 April 2011 for each of
the three coordinate components, fit the IMU displacements
to straight lines and use the fit residuals to compute the stan-
dard deviations. The standard deviations obtained are 1.151
and 1.329 mm in the east component, 0.831 and 0.829 mm
in the north component and, finally, 0.686 and 0.440 mm in
the vertical component, respectively.

Because the IMU is not collocated exactly with the Trim-
ble Net R8 antenna, we have to further convert the coordi-
nates collected by the IMU to those at the site of the GPS
antenna such that the displacements from both the GPS PPP
and the IMU are exactly in the same local coordinate sys-
tem and exactly at the same location. Given the series of
GPS coordinates xt = (xt , yt , zt ) and the initial coordinates
x0 = (x0, y0, z0) at the site of the GPS antenna, we can trans-
form them into the coordinates in the local east, north and
vertical (ENU) system through the following formula
⎡
⎣ Et

Nt

Ut

⎤
⎦=

⎡
⎣− sin(Lt ) cos(Lt ) 0

− sin(Bt ) cos(Lt ) − sin(Bt ) sin(Lt ) cos(Bt )

cos(Bt ) cos(Lt ) cos(Bt ) sin(Lt ) sin(Bt )

⎤
⎦

⎡
⎣ xt − x0

yt − y0

zt − z0

⎤
⎦, (2)

where (Et , Nt ,Ut ) stands for the coordinates at the time
t in the local east, north and vertical system (see e.g., Grewal
et al. 2001), (Lt , Bt ) the geodetic longitude and latitude at
the time t . To convert the ENU coordinates at the IMU site
into those at the site of the GPS antenna, we have to assume
the initial vector from the IMU unit to the GPS antenna at
the body frame, which is measured before the experiments
are started. More precisely speaking, the ENU coordinates
at the GPS site computed from the IMU measurements are
computed by using the following formula

⎡
⎢⎣ Ei2g

t

N i2g
t

U i2g
t

⎤
⎥⎦ =

⎡
⎣ E imu

t
N imu

t
U imu

t

⎤
⎦ +

⎡
⎢⎢⎣

1T
E

1T
N

1T
U

⎤
⎥⎥⎦ δb, (3)

where δb is the initial vector from the IMU to the GPS
antenna in the body frame and measured before the exper-
iments are started, (Ei2g

t , N i2g
t ,Ui2g

t ) stands for the ENU
coordinates at the GPS site computed from the IMU mea-
surements, (E imu

t , N imu
t ,U imu

t ) for the ENU coordinates of
the IMU, and the three unit vectors 1E , 1N and 1U are given
as follows (see also Grewal et al. 2001):

1E =
⎡
⎣ sin(ψt ) cos(θt )

cos(φt ) cos(ψt )+sin(φt ) sin(ψt ) sin(θt )

− sin(φt ) cos(ψt )+cos(φt ) sin(ψt ) sin(θt )

⎤
⎦, (4a)

1N =
⎡
⎣ cos(ψt ) cos(θt )

cos(φt ) sin(ψt )+ sin(φt ) cos(ψt ) sin(θt )

sin(φt ) sin(ψt )+ cos(φt ) cos(ψt ) sin(θt )

⎤
⎦ , (4b)

1U =
⎡
⎣ sin(θt )

− sin(φt ) cos(θt )

− cos(φt ) cos(θt )

⎤
⎦ , (4c)

where φt , θt and ψt stand for the roll, pitch and yaw at the
time epoch t , respectively.

Since an IMU device is essentially a strong motion seis-
mometer with six degrees of freedom, we expect the same
problem of distortions and shifts of a seismometer, as well
described and explained in Boore and Bommer (2005). As
a result, we apply the piecewise linear baseline correction
technique of Boore and Bommer (2005) to correct the IMU-
derived displacement waveforms. For more techniques of
baseline correction with nonlinear functions, the reader is
referred to Boore and Bommer (2005). A consequence of
baseline correction is that long-term trends of displacements
and permanent offsets are removed and cannot be recovered
from IMU data. We note that the IMU has a small scale factor
error. Because GPS measurements have never been reported
to have any scaling problem, we adjust the IMU scale factor
to GPS and apply the corresponding corrections to obtain the
final IMU-derived displacement waveforms.

4 Experimental results and discussions

We have conducted a number of experiments to compare
the displacement waveforms from the 50-Hz PPP and the
200-Hz IMU. In this paper, we will focus on the experi-
ment conducted on 2 April 2011. The satellite geometry and
the corresponding horizontal and vertical DOP (Dilution Of
Precision) values, namely, HDOP and VDOP, are shown in
Fig. 2 with a minimum cutoff elevation angle of 7◦. Most
of the time, we have nine satellites for positioning. Since the
satellite PRN18 is of a low elevation angle, it is neither shown
in Fig. 2 nor used in the HDOP/VDOP computations. It is
clear from Fig. 2 that the HDOP values are between 1.01 and
1.26, and the VDOP values between 1.81 and 2.59; both the
HDOP and VDOP values indicate that the satellite geome-
try is excellent during the experiments. The VDOP values
are roughly larger than those of HDOP by a factor of two
throughout the experiment.

During the experiment on 2 April 2011, we placed the plat-
form in motion several times after collecting the GPS data in
static mode for about 50 min. As a result, we obtained sev-
eral sets of PPP and IMU displacement waveforms. Without
applying any corrections to the IMU-output displacements,
we simply subtracted the IMU displacements from the cor-
responding PPP displacements. Since we observe the same
behaviour among all the differences in any of the east, north
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Fig. 2 The GPS satellite geometry and the horizontal and vertical DOP values during the experiments. The left plot—the GPS satellite distribution
in the sky, with the arrows showing the trajectories of the GPS satellites; the right plot—the horizontal (red line) and vertical (blue line) DOP values

Fig. 3 Displacement wave
motions directly computed from
PPP and IMU without any
corrections. The upper plot—the
PPP-computed (red line) and
IMU-output (blue-dotted line)
displacement wave motions in
the east component, together
with the errors or differences
(black line) between the
PPP-computed and IMU-output
displacements without any
corrections; the lower
plot—showing the black line in
the above panel in a larger scale
(black line). Also plotted in this
lower panel are the errors or
differences (green line) between
the PPP-computed and
IMU-derived displacements
after baseline and other
corrections are applied to the
IMU displacements
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and vertical components, we only show one segment in the
east component in Fig. 3. We can clearly observe two fea-
tures from Fig. 3: (i) In the upper panel, although PPP and
IMU displacement waveforms appear to match very well,
their difference (black line) clearly shows a wave motion
signal, with the same period as those of PPP and IMU dis-
placement waveforms, but with a much smaller magnitude.
From the physical point of view, this should indicate that the
PPP and IMU displacement waveforms have a small shift

of phase. Since both GPS and IMU observe the same wave
motion, such a small shift should imply that GPS timing and
IMU timing do not match exactly. Thus, we cross-correlate
PPP and IMU waveforms and find a 0.01-s time shift for cor-
rection to be applied to all the IMU-output displacements.
Actually, since the sampling rate of the IMU is 200 Hz, the
corresponding time increment is 0.005 s. As a result, we can
left- and/or right-shift the IMU displacement waveform on
the basis of this minimum time increment, cross-correlate
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Fig. 4 The displacement
waveforms from PPP (red line)
and IMU (blue line) and their
corresponding differences in
displacements between PPP and
IMU (green line): the upper
panel—the east component; the
middle panel—the north
component; and the lower
panel—the vertical component
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the shifted IMU waveform with the PPP displacement wave-
form and output the time offset/shift when the maximum
correlation coefficient is attained. (ii) The black line in the
lower panel clearly shows piecewise linear trends, which
have been often reported to be due to distortions, tilts and
shifts in the literature of seismology and earthquake engineer-
ing (see e.g., Boore and Bommer 2005). This lower panel also
clearly indicates that baseline correction must be applied to
the IMU-derived displacement waveforms. We follow Boore
and Bommer (2005) and use piecewise linear functions for
baseline correction. The errors with correlation and baseline
corrections are then shown in the green line, which has a
much smaller magnitude but still exhibits some wave sig-
nals. This latter phenomenon is due to the fact that because
of the limit of IMU sampling rate (200 Hz), we can only find
the minimum time shift of 0.005 s from cross-correlation.

With the importance of the above corrections in mind, we
investigate whether IMU might have any problem in scaling.
In order to determine the IMU scaling relative to GPS, we
sum up the absolute values of all the displacements in the
east and north components, induced by shaking the platform
and derived from PPP and IMU, which are denoted by dGPS

and dIMU, respectively. As a result, we can determine the
single scaling factor s = dGPS/dIMU for all the experiments
on 2 April 2011 to correct the IMU-derived displacements.
The value of s is equal to 1.0248. The displacements in the
vertical components are not used in the computation of the
scaling, because GPS vertical components are of poor accu-
racy. Thus, we finally apply all the correlation, baseline and

scaling corrections to the IMU-derived displacements at the
site of GPS antenna for comparison with PPP displacements
in the remainder of this paper. More specifically, we obtain
four to six displacement waveforms for each of the east, north
and vertical components. One set of displacements is plotted
in Fig. 4. The differences in displacements between PPP and
IMU are also shown in Fig. 4 in green lines. It is obvious from
the red and blue lines of Fig. 4 that the displacement wave-
forms from PPP match those from IMU very well, as can
also be confirmed by the green lines of displacement errors
between PPP and IMU. The errors in the horizontal compo-
nents are much smaller than those in the vertical component.
It is also clear from Fig. 4 that the lines from the IMU look
much smoother than those from GPS PPP, which may indi-
cate that the noise of IMU is smaller than PPP. A small signal
wave motion can also be seen from this figure, again, due to
the fact that we cannot resolve a time shift better than the
sampling limit of the IMU from the correlation of PPP and
IMU displacements, as explained above. Two more sets of
displacements for each component are shown in Fig. 5, with
PPP in red lines and IMU in blue dotted lines. The results are
consistent with those reported in Fig. 4 and provide strong
support of the fact that both PPP and IMU displacements
match very well.

Based on the differences in the displacement waveforms
between PPP and IMU, we then compute the accuracy of dis-
placement differences, which are listed in Table 1, with the
first three columns corresponding to Figs. 4 and 5, respec-
tively. The displacement waveforms from PPP differ those
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Fig. 5 The displacement waveforms from PPP (red line) and IMU (blue dotted line) and their corresponding differences in displacements between
PPP and IMU (green line): the upper panels—the east component; the middle panels—the north component; and the lower panels—the vertical
component

from IMU in the horizontal components within a standard
deviation of 2.76–4.17 mm. The accuracy of displacement
differences in the vertical component is between 7.31 and
9.07 mm, which is worse than those in the horizontal com-
ponents by about a factor of two. Based on the accuracy
results in Table 1, we can compute the ratios of the accu-
racy in the vertical component to the horizontal accuracy,
with both the east and north components being taken into
account, which are equal to 2.02, 1.66, 1.51 and 1.83 for
the four examples in the table, respectively. Since all these
examples are experimented between 3,000 and 4,000 s in the
DOP plot of Fig. 2, we can see that these ratios are very close
to the mean value 2.10 of VDOP/HDOP over the time inter-
val [3,000, 4,000]. Although it is widely accepted that PPP
is less precise than GPS relative positioning techniques (see,
e.g., Davis and Smalley 2009), the accuracy results in Table 1
clearly indicate that high-rate PPP is as precise as high-rate
relative positioning, when compared with the external exper-
iments by Elósegui et al. (2006) and Ning et al. (2009). Actu-
ally, the accuracy results in Table 1 are even better than GPS
internal accuracy evaluation in relative positioning mode,
e.g., by Bock et al. (2000, 2004) and Bilich et al. (2008).
The external experiments also clearly indicate that high-rate

Table 1 Accuracy of displacement differences between PPP and IMU
(mm)

Experiment examples 1 2 3 4

East 3.10 3.55 3.62 2.76

North 3.14 4.07 3.22 4.17

Vertical 8.89 8.95 7.31 9.07

PPP can accurately detect absolute millimeter-horizontal and
centimeter-vertical displacement waveforms, respectively.

To further study the nature of displacement errors, we
compute the power spectral densities (PSD) of the differences
of the three displacement waveforms between PPP and IMU
shown on the left side of Fig. 5, which are plotted in Fig. 6.
The PSD values shown in the vertical axis in dB/Hz are com-
puted by the transformation 10 log10(PSD cm2). Roughly
speaking, the three PSD curves look more or less flat, though
they show slightly stronger power values up to 10 Hz. To be
more precise, we fit the PSD values of all the three compo-
nents to the power law f β , where f is the frequency and
β is to be estimated. The values of β are equal to 0.198,
0.174 and 0.201 for the east, north and vertical components,
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Fig. 6 Power spectral densities
of the displacement errors
between PPP and IMU: upper
panel (red line)—the east
component; middle panel (blue
line)—the north component; and
lower panel (black line)—the
vertical component. In this
figure, dB = 10 log10(PSD cm2)
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respectively. Obviously, these values are not very far away
from zero. From this point of view, we may say that the dis-
placement errors between PPP and IMU are roughly of white
noise nature. At least, these errors are much closer to white
noise than to noise of other types, with β = −2,−1, 1 and 2,
respectively, standing for red, pink, blue and violet noises.
The white noise behavior of high-rate displacement errors
here is consistent with that of high-rate relative positioning
of short baselines reported by Genrich and Bock (2006). It
is also clear from Fig. 6 that the powers of the displacement
errors in the vertical component are much stronger or larger
than those in the horizontal components (compare the blue
line with the red and green lines), which is consistent with
the accuracy results in Table 1. Nevertheless, we can still see
three to four peaks in the frequency range between 0 and
5 Hz, in particular, in the north and vertical components. We
do not find any sources of errors to explain them.

The above comparison between high-rate PPP and IMU
has clearly shown that high-rate PPP can accurately detect
wave motions at the millimeter level of accuracy in the hor-
izontal component and at the sub-centimeter level of accu-
racy in the vertical component within a short period of time.
Even though currently PANDA PPP does not fix the ambi-
guity unknowns to their integers, these accuracy results are
still better than the repeatability of kinematic precise point
solutions with ambiguity constraints reported by Bertiger et
al. (2010). This phenomenon could further imply that high-
rate PPP can be powerful to remove more errors, which may
behave like systematic errors within minutes, but otherwise

show random nature in kinematic precise point solutions over
a long time of, say, tens of minutes to days. Thus, we will fur-
ther show the performance of high-rate PPP in static mode
within a short period of time. In other words, we keep the
experiment platform motionless, but use the PPP software to
process the collected GPS data as if the platform were shaken
or in motion. Actually, the first several tens of minutes of GPS
data in our experiment on 2 April satisfies this requirement
exactly. Thus, we randomly or arbitrarily take five segments
of GPS data, each with a length of 3 min, to demonstrate the
performance of PPP errors in static mode. Shown in Fig. 7
are the error performances of two static PPP examples: one
with a 1-min length of data and the other with a 3-min length
of data. Note, however, that for clarity, we shift the mean val-
ues of the east, north and vertical components by 10, 30 and
50 cm, respectively. With these five segments of 3-min data,
we can also compute the standard deviations for all the three
components, which are listed in Table 2. With these standard
deviations, we also compute the mean value of VDOP/HDOP
for these five examples. Actually, the mean VDOP/HDOP
value is equal to 1.542 in the case of 1-min data and 1.538 in
the case of 3-min data, both of which are quite close to the
mean VDOP/HDOP value of 1.893 computed from the first
half hour of GPS satellite geometry (compare Fig. 2).

The standard deviations in Table 2 clearly indicate that
high-rate static PPP can reach millimeter level of accuracy
for both the horizontal and vertical components and can be
as precise as daily relative positioning solutions. We should
warn, however, that these results are only valid for high-rate
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Fig. 7 The error performances of static PPP in the east (blue line), north (green line) and vertical (red line) components. The left plot—with 1 min
of GPS data; the right plot—with 3 min of GPS data

Table 2 The standard deviations of static PPP errors (mm)

Experiment examples 1 2 3 4 5

1 min data

East 2.14 2.00 2.44 2.15 1.80

North 2.39 2.49 2.31 2.07 1.49

Vertical 4.57 4.19 5.40 4.42 4.41

3 min data

East 2.49 3.38 2.22 3.21 2.40

North 2.42 2.36 2.71 3.11 2.10

Vertical 4.41 7.42 6.38 4.83 5.48

PPP over a short time of minutes. When comparing a high-
rate static PPP solution with the daily relative positioning
solution, an offset can be exhibited. However, high-rate PPP
over a short period of time is particularly advantageous for
applications where precise positioning information over a
short time is fundamental. Such applications include, for
example, the measurement of seismic wave motions, vol-
cano eruption, storm wind (or earthquake)-induced defor-
mation of sky-high building or tower, and safety monitoring
of large bridges and dams. When high-rate PPP technology
is applied to CORS stations and/or Japanese GEONET, all
the GPS stations will automatically serve as displacement
seismometers.

Table 2 also confirms the above experimental results of
millimeter level of accuracy obtained from the comparison
between high-rate PPP and IMU. When comparing the stan-
dard deviations in Table 2 with those in Table 1, we see that

the errors of static PPP performs better than those from the
comparison between PPP and IMU. There may be three rea-
sons for this: (i) the standard deviations in Table 1 contain
both errors from both GPS and IMU; (ii) PPP positioning
with the platform in motion could be also affected by the
changing environment conditions such as multipath, which,
otherwise, remain unchanged in the case of static PPP; and
(iii) the process of converting IMU accelerations to displace-
ments and its inherent problems.

5 Concluding remarks

High-rate precise relative GNSS positioning has become a
key technology in earth sciences and civil engineering. In
GNSS seismology, however, a fixed datum is neither avail-
able nor desirable, since an absolute determination of seismic
wave motion is fundamental to invert for the source physics
of an earthquake (see, e.g., Aki and Richards 2002). Although
PPP techniques have been reported to have mm to cm level
of accuracy in static mode (see, e.g., Ge et al. 2008; Kouba
and Héroux 2001), to our best knowledge, no external exper-
imental comparison of PPP with other independent instru-
ments has previously been reported to understand the error
nature of high-rate PPP within a short period of time. In this
paper, we have designed such an experimental platform and
conducted a number of experiments to compare the absolute
waveforms of motion by 50-Hz PPP with those from an iner-
tial measurement unit. The results have clearly demonstrated
that high-rate PPP can achieve an accuracy of 2–4 mm in the
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horizontal components and a sub-centimeter accuracy in the
vertical component within a short period of time, indicat-
ing that high-rate PPP is capable of detecting seismic wave
motion with an amplitude of sub-centimeter horizontally
and/or 1.5–2.0 cm vertically with a confidence level of 95 %.
The experimental results obtained in this paper immediately
imply the feasibility of precisely measuring an absolute seis-
mic waveform in GPS seismology, potential applications of
real-time tsunami monitoring for hazard prediction and mit-
igation, and real-time safety monitoring of structures in civil
engineering, all at the accuracy of millimeter level horizon-
tally and sub-centimeter level vertically.
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