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1. Introduction 
 

The improvement of Global Navigation Satellite 
Systems (GNSS) data processing and the availability of data 
of high sampling rate, 10 Hz or higher, make GNSS an 
indispensable and powerful sensor for monitoring dynamic 
displacements of engineering structures, such as tall 
building and long-span suspension bridges that are exposed 
to winds, traffic loads, earthquakes and ground wave 
motions caused by large earthquakes. The relative GNSS 
positioning method, which requires simultaneous data 
collection with at least two GNSS receivers, have been 
widely used for structural monitoring studies (Çelebi 2000, 
Erdoğan et al. 2007, Yigit et al. 2010, Moschas and Stiros 
2011, Pehlivan and Bayata 2016, Pehlivan 2018). However, 
in case of large (mega) earthquakes, the condition of the 
reference point in relative positioning might be 
compromised and the relative GNSS positioning method 
will fail to capture the absolute displacement movements 
caused by the earthquake (Shu et al. 2017). The limitation 
of relative positioning can be overcome by the use of 
precise point positioning (PPP) technique, which can 
provide absolute 3D position using a single GNSS receiver 
without the need for a reference receiver (Zumberge et al. 
1997, Kouba and Heroux 2001). To facilitate single point 
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positioning, the PPP requires external precise satellite orbit 
and clock corrections (products), and it applies a number of 
corrections, such as satellite antenna phase center, phase 
wind-up, solid earth tides. Additionally, the conventional 
float-ambiguity PPP method takes a long time to reach a 
converged solution. After convergence, the post-mission 
PPP method can offer near accuracy to the relative 
positioning method (Grinter and Janssen 2012). 

Previous studies show that high-rate GNSS PPP has 
been demonstrated to be a powerful and efficient method 
for earth-crustal deformation (Calais et al. 2006, 
Tiryakioglu et al. 2017), deformation monitoring (Martin et 
al. 2015, Yigit et al. 2016, Psimoulis et al. 2015), GPS 
seismology (Avallone et al. 2011, Xu et al. 2013, Nie et al. 
2016, Paziewski et al. 2018, Xu et al. 2019), earthquake 
early warning systems (Li et al. 2013) and structural health 
monitoring (Moschas et al. 2014, Yigit 2016, Yigit and 
Gurlek 2017, Tang et al. 2017, Kaloop et al. 2018, Gatti 
2018). Moreover, seismic waves produced by large 
earthquakes can be detected by GPS PPP at 1 Hz frequency 
(Kouba 2003, Xu et al. 2013). Their results demonstrated 
that high-frequency PPP could capture seismic waves with 
an accuracy of 2-4 mm in horizontal component and sub-cm 
level in the vertical component. The performance of the 
post-processed kinematic-PPP method for capturing 
dynamic movements in the horizontal and vertical 
directions was also analyzed based on experimenting on 
flexible model bars (Moschas et al. 2014, Yigit 2016, Yigit 
and Gurlek 2017, Kaloop et al. 2018). In these studies, the 
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Abstract.  The use of final IGS precise orbit and clock products for high-rate GNSS-PPP proved its effectiveness in capturing 
dynamic displacement of engineering structures caused by earthquakes. However, the main drawback of using the final products is 
that they are available after approximately two weeks of data collection, which is not suitable for timely measures after an event. In 
this study, the use of ultra-rapid products (observed part), which are available after a few hours of data collection, and rapid 
products, which are available in less than 24 hrs, are investigated and their results are compared to the more precise final products. 
The tests are designed such that harmonic oscillations with different frequencies and amplitudes and ground motion of a simulated 
real earthquake are generated using a single axis shake table and the PPP was used to capture these movements by monitoring time-
change of the table positions. To evaluate the accuracy of PPP using ultra-rapid, rapid and final products, their results were 
compared with relative GNSS positioning and LVDT (Linear Variable Differential Transformer) data, treated as reference. The 
results show that the high-rate GNSS-PPP solutions based on the three products can capture frequencies of harmonic oscillations 
and dynamic displacement with good accuracy. There were slight differences between ultra-rapid, rapid and final products, where 
some of the tested events indicated that the latter two produced are more accurate and provide better results compared to the ultra-
rapid product for monitoring short-term dynamic displacements. 
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PPP-derived displacement time series and the derived 
fundamental natural frequency of the bars were compared 
with the results obtained using relative GNSS. Most 
recently, the high-rate GPS PPP method has been applied to 
real bridge monitoring, and its performance was also 
compared with the relative GNSS results (Tang et al. 2017). 

Both real-time service (RTS) and post-mission GNSS-
PPP have been tested for structural health-, earthquake-, 
tsunami-, landslide-monitoring in the last a few years. 
While the real-time mode is suitable for natural hazard early 
warning systems, it has a major drawback, where in the 
event of a quake, the infrastructure (e.g. Internet) that 
broadcast RTS might not be available. Post-mission mode, 
on the other hand, does not need real-time reception of the 
corrections, and it is used in assessing the detailed health 
condition of structures and in understanding the behaviour 
and mechanism of ground motions after the natural events 
(e.g. earthquake). The assessment of the health condition of 
any engineering structures after a natural event is vital and 
necessary for preventing future disasters and saving lives. 
For this reason, post-mission GNSS-PPP is also required to 
obtain precise and accurate displacement history since its 
accuracy is typically better than real-time GNSS-PPP.  

In the past studies, the International GNSS Service 
(IGS) final orbit and clock corrections (products) were used 
in post-mission processing as they have the highest quality 
among all available product types. However, this product is 
available 13-17 days after the last observation. Thus, it is 
not suitable for a timely response, where assessment should 
be carried out as soon as possible in order to determine the 
danger level in the structure and make a decision on the 
actions that need to be taken. However, along with the final 
products, there are the ultra-rapid (observed part) and rapid 
products, the former in available after a few hours and the 
later in less than 24 hrs. Therefore, in this study, the use of 
ultra-rapid (observed) and rapid products, are investigated 
and their results are compared to the more precise final 
products. The evaluation will focus on the ability of PPP 
using these products in capturing dynamic displacements 
for structural monitoring and seismo-geodetic applications. 
The study, therefore, will show to practitioners the 
performance differences of using the different available 
post-mission PPP products in this unique field. A shake 
table with the ability to move in the horizontal plane and in 
a single direction was used to generate harmonic motions 
and to simulate a real earthquake. The GNSS data collected 
at 10 Hz rate. The PPP results using the three products 
(final, rapid, and ultra-rapid) are compared to reference data 
from relative GNSS Positioning and Linear Variable 
Differential Transformer (LVDT) results to assess their 
accuracy. 

 
 

2. PPP mathematical model 
 
The conventional ambiguity-float PPP solution usually 

uses ionosphere-free (IF) observation combinations along 
with corrections to the broadcast clock corrections, and 
precise orbits in post-mission, or orbit corrections to 
broadcast orbits in real-time processing. The observation 
equations for code pseudorange and carrier phase 

measurements for satellite s in length units can be expressed 
as (El-Mowafy et al. 2016):  + c	 =	 + 	 +	 +	  (1)  + 	c	 =	 + 	 +	 +	 	 +   (2) 

and the biased (real-numbered-float) ambiguity term 
( 	 ) is expressed as:  	 = [(		 − 		) +			, − 			, + (		 − 			)− 		, − 		,] (3) 

where  	 and  	 are the ionosphere-free code and 
carrier-phase observations, respectively;  is the satellite-
to-receiver geometric range; c is the speed of light in 
vacuum. It is assumed here that the IGS products for L1 and 
L2 GPS observations are used and similarly are Natural 
Resources of Canada (NRCan) products, such that the 
biased ionosphere-free combination satellite clock offset 		includes the satellite code biases (	and	), such 
that 	 = 	  + (	 − 		),  where 	   is the 
original satellite clock offset,  =   and  =  , 

where  is the L1 carrier frequency (1575.42 MHz), and  is the L2 carrier frequency (1227.6 MHz). Similarly, the 
biased ionosphere-free combination receiver clock offset 		includes the receiver code biases (,	and	,), such 
that 	 = 	 + 	, − 		,, where		  is the 
unknown receiver clock offset; ,  and ,  are the 
combined satellite and receiver phase biases. It is assumed 
that the receiver hardware biases are the same for 
measurements of the same frequency for all satellites from 
the same constellation. Typically, phase delays like phase 
windup, antenna offset, relativistic errors are estimated 
from empirical models and are reduced from the phase 
observations before being used. Finally,   and   are 
the ionosphere-free code and carrier-phase observation 
noise. 

In this model, the float ambiguity term ( 	 ) is 
considered as part of the unknowns that are determined 
every epoch in the kinematic mode. To avoid rank-defect of 
the model, code observations are needed. Because of the 
high noise of code observations and the slow variation of 
the satellite geometry, the ambiguity values need 
approximately 30 minutes or more (depending on the 
observed satellite number and geometry) to stabilize and to 
converge the solution to the decimeter level of accuracy. 

 
 

3. NRCan ultra-rapid & rapid and the IGS final 
products 

 
In this study, GNSS data was processed using the 

Canadian Spatial Reference System (CSRS)-PPP software 
since it is capable of processing both GPS and GLONASS 
observation with a data rate of 1 Hz or higher. The CSRS-
PPP uses the best products available at the time the data is 
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submitted. This online free software currently uses both 
NRCan and IGS products. NRCan products are also 
computed using data from the IGS global tracking network. 
If the GNSS observations are submitted within a few hours 
after data collection, CSRS-PPP uses the NRCan ultra-rapid 
(observed part) product. If data are submitted between the 
next day and less than 13 days, CSRS-PPP will mainly 
depend on NRCan rapid products, and if submitted 13 -17 
days later, CSRS-PPP will use the IGS final products (El-
Mowafy 2011).  

The most frequently updated IGS products are the ultra-
rapid products, which are generated four times a day with a 
latency of three hours. The clock accuracies for the 
observed part of ultra-rapid that is used in this study is 0.15 
ns, whereas the clock accuracy of the rapid product is 0.075 
ns (http://www.igs.org/products). The satellite clock interval 
of ultra-rapid and rapid product is 15 and 5 minutes, 
respectively. Since PPP accuracy is degraded by the long-
term unmodelled corrections, it is better to use a higher-rate 
satellite clock corrections (Tang et al. 2019), such as the 30-
s interval satellite clock products, for processing high-rate 
GPS and GLONASS observations to achieve more accurate 
results. For this reason, CSRS-PPP software uses ultra-rapid 
and rapid products generated by NRCan, which apply clock 
corrections at an interval of 30 seconds. NRCan Ultra-rapid 
(also known as EMU) products are generated 24 times a day 
with a latency of 90 minutes for GPS and 120 minutes for 
GPS/GLONASS. For detailed and further information about 
the NRCan products generation process, please refer to 
Mireault et al. (2008). In addition, we refer to Cerretto et al. 
(2008) for further information about the comparison of 
EMU ultra-rapid products with IGS ultra-rapid and IGS 
rapid products. The accuracy of the IGS final orbits and 
satellite clocks products are ~2.5 cm and 0.075 ns, 
respectively. Since the satellite and clock products provided 
by IGS and NRCan have a lower rate than the submitted 
high-rate GNSS observations, as the case of our study, orbit 
and clock corrections have to be interpolated. 
 
 
4. Design of the experiment 

 
Recall that in this study, the performance of high-rate 

kinematic GNSS-PPP solutions based on ultra-rapid 
(observed part) and rapid precise orbit and clock products 
compared with that of the final products, and their ability to 
capture dynamic displacements of engineering structures 
and strong ground motions caused by large earthquakes 
evaluated. For this purpose, a shake table was used, which 
can generate sinusoidal harmonic movement with different 
frequencies and amplitudes and can simulate a real 
earthquake ground motions. In this study, harmonic 
oscillations and simulation of a real earthquake experiment 
have been designed and is described in the following 
section. The shake table used in the experiments is shown in 
Fig.1 where it has a flat plate with a total stroke 
(displacement) of ±190 mm and the GNSS receiver was 
fixed on it, to capture its motion. The movement of the 
shake table was provided by an electric motor connected to 
its plate. The stability of the table, supported on a metal 
frame, under high-rate motions was maintained by using 

 
 

weights placed on both sides of the platform and anchorage 
rods of the steel chassis. During the tests, the anchorage 
rods of the steel chassis were fixed to the ground to prevent 
lateral movement of the table. The position of the table on 
the rails was controlled by software running on a Windows 
computer platform; where the control unit verifies the 
position using an LVDT embedded under the movable table 
(not visible in Fig. 1). The LVDT measures the position of 
the table at a level of mm, with 50 samples per second (50 
Hz). The effectiveness of the LVDT and the position of the 
movable table were regularly checked by external 
measuring devices. 

 
4.1 Harmonic oscillation and earthquake simulation 

tests 
 
In order to evaluate the performance of GNSS-PPP 

method based on different precise orbit and clock products, 
a large set of harmonic oscillations with different 
amplitudes and frequencies were generated to cover a wide 
range of possible structural movements. Twelve 
experiments with different harmonic oscillations were 
selected and conducted where the PPP results were 
compared with a reference LVDT data and relative 
positioning. Table 1 summarizes these harmonic oscillation 
events with their frequency and amplitude values. In this 
study, harmonic oscillations with large amplitude and high 
frequency were not taken into account since they may cause 
small deviations to the table that could cause blunders in the 
results. 

 
 

Table 1 Oscillation frequency and amplitude of each event 
selected for this study 

 
Oscillation Amplitude 
5 mm 10 mm 

Oscillation 
Frequency 

0.2 Hz Event 1 Event 2 
0.5 Hz Event 3 Event 4 
1.0 Hz Event 5 Event 6 
1.5 Hz Event 7 Event 8 
2.0 Hz Event 9 Event 10 
2.5 Hz Event 11 Event 12 

 

Fig. 1 The Shake Table and GNSS Receiver used in the 
tests 
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In addition to harmonic motions, surface wave motion 
mimicking those observed during a real earthquake, the El-
Centro, was simulated by the shake table. The El-Centro 
earthquake occurred on May 19, 1940, in Southern 
California at 05:35 UTC. The earthquake had a moment 
magnitude (Mw) of 6.9 and was the first major earthquake 
recorded by strong-motion seismographs. The earthquake 
was the result of a rupture along the Imperial Fault along 
with its epicenter, approximately 8.0 km north from 
Calexico in central California. 

 
4.2 GNSS data collection and data processing 
 
In this study, two dual-frequency Topcon ™ HiPer-Pro 

GNSS receivers were used. GPS and GLONASS 
observations were collected with a 10° satellite cut-off 
angle at 10 Hz (0.1 sec.) sampling interval. One GNSS 
receiver was mounted on the shake table, the other GNSS 
receiver was installed approximately 20 m away from the 
shake table at a known station, which served as a reference 
station for the DD solution in a reference relative 
positioning mode. The experiment was carried out on 
17.08.2016 at the Istanbul Kultur University and lasted 
approximately 2 hours. The shake table was kept immobile 
for approximately 30 min from data collection and before 
starting the harmonic oscillation test to ensure convergence 
of the ambiguity-float solution for PPP. The rover GNSS 
data was processed in the reference relative positioning 
mode using Leica Geo Office (LGO) 3.0 software. 

The PPP solution of the rover GNSS data on the shake 
table was processed in the post-process kinematic PPP 
mode using CSRS-PPP software. CSRS-PPP software uses 
the GNSS orbit and clock products (either ultra-rapid, rapid 
and IGS final) based on the time of data submission and the 
epoch of the last observation in the dataset (Mireault et al. 
2008). In order to evaluate the effect of ultra-rapid, rapid 
and final products on dynamic displacements obtained from 
GNSS-PPP method, RINEX data was submitted to CSRS-
PPP after 2 hours from the test (to allow for the use of ultra-
rapid products), and re-submitted after 1 day from the test 
(such that the rapid products are used) and finally 13 days 
after carrying out the experiments for use of the final 
precise products.  

Since the Geocentric Cartesian coordinates cannot be 
directly used in structural health monitoring (SHM) and 
seismological applications, the Cartesian coordinates 
obtained from CSRS-PPP and LGO were converted to the 
local topocentric Cartesian system, assuming using the 
same scale, as follows: 

=  −sin	() cos	() 0− sin() . cos	() − sin() . sin	() cos()cos() . cos	() cos() . sin	() sin()×  −  −  −  
(4) 

where (X0, Y0, Z0) and (j0, λ0) are the geocentric and 

ellipsoidal coordinates of the topocentric origin of the 
coordinate frames, respectively. (Xt, Yt, Zt) are the 
geocentric Cartesian coordinates at time t and (et, nt, ut) are 
the topocentric Cartesian coordinates of the point. The 
topocentric ( , ) coordinates are next projected onto the 
movement direction of the shake table using the following 
formulas:  =  . sin() +  . cos() =  . cos() −  . sin() (5) 

where q refers to the angle of rotation between the 
coordinate systems (topocentric and shake table). q is 
measured and calculated from two adjacent GNSS points 
along the movement direction of the shake ( ).   and   are the coordinates along and perpendicular to the 
movement direction, respectively.  

 
 

5. Results and discussions 
 
In this section, the PPP performance in capturing 

harmonic movements, using the three different orbit and 
clock products, is first assessed by comparing their results 
with LVDT and relative solution in both the frequency and 
time domains. Next, the PPP solutions when simulating a 
real earthquake are analyzed. 

 
5.1 Overall displacement performance 
 
To compare the performance of the PPP solutions using 

the three products (ultra-rapid, rapid and final), the time 
series of overall displacements obtained from these 
solutions are plotted versus those obtained from the 
reference LVDT and relative GNSS positioning. Fig. 2 
shows all harmonic oscillation events and earthquake 
simulation experiment of these solutions. The top panel in 
the figure (shown in black colour) illustrates displacement 
obtained from LVDT data with 50 Hz sampling rate, the 
second panel from top (in magenta colour) represents the 
displacement derived from the relative GNSS positioning 
solution using a 10 Hz sampling rate, while the following 
panels (in blue, red and green colours) represent the tested 
GNSS-PPP derived displacements (using also a 10 Hz 
sampling rate) employing the ultra-rapid, rapid and final 
products, respectively. It is worth noting that this sequence 
of the sub-plots will be followed in all coming figures. In 
Fig. 2, the events selected for this study are indicated by red 
arrows along with the event number as illustrated in the top 
panel of the figures. It is clear that LVDT and relative 
positioning derived displacement are very consistent, 
whereas PPP-derived displacements show a low frequency 
(long-term) fluctuation. This is mainly due to applying 
ambiguity float solutions, and other factors such as residual 
troposphere, multipath propagation error, and the accuracy 
and precision of the satellite orbit and clock corrections. At 
first glance from the figure, the three sets of PPP solutions 
generally produce similar results. However, PPP-ultra-rapid 
based displacement time series contains sudden shifts, 
which are marked by ellipses with cyan colour, and PPP 
consistently continues to capture the dynamic displacement  
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after this offset. This offset can also be seen in PPP-rapid 
derived time series, but with a much smaller value than that 
of PPP employing ultra-rapid. This offset is attributed to a 
small jump in the clock corrections. This sudden shift will 
be investigated and explained in the following section. 

 
 

5.2 Results of harmonic oscillation tests 
 
To illustrate and compare the performance of the three 

PPP methods in capturing the harmonic oscillations, three 
events were chosen as representative examples and results 
are plotted. As mentioned earlier, the sampling rates of  

 

Fig. 2 Overall LVDT (top panel), Relative GNSS positioning (second panel from top), and PPP derived displacement (ultra-
rapid, rapid and final, are then given respectively) 

 

Fig. 3 Displacement time series (left) and FFT spectrum (right) for (from top to bottom):LVDT, relative GNSS positioning, 
and the three PPP solutions, respectively, for a given 1 Hz frequency with 10 mm of the amplitude of the shake table 
movement 

 

Fig. 4 Displacement time series of LVDT, unfiltered and filtered of relative GNSS positioning and the three PPP solutions 
using different products for a given 0.5 Hz frequency with 5 mm (left panel) and 10 mm (right panel) of amplitude 
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GNSS and LVDT data are different, which were 10 Hz for 
the former and 50 Hz for the latter. Therefore, the LVDT 
data was “down-sampled” to 10 Hz for comparison 
purpose. Fig. 3 shows displacements in the time domain and 
FFT (Fast Fourier Transform) spectrums in the frequency 
domain of the first representative event (characterized by a 
1 Hz frequency with 10 mm amplitude). Due to the 
presence of offsets and a local trend as shown in Fig. 2, 
each harmonic event obtained from the PPP solutions was 
first independently de-trended to remove such trend and 
offsets. From Fig. 3, it can be seen that the displacements 
estimated by the PPP de-trended solutions show a good 
agreement with the displacements derived from LVDT and 
relative GNSS positioning. However, all PPP solutions 
contain low-frequency components other than the tested 1 
Hz frequency within a short period of time (50 seconds for 
this event). In addition, in the frequency domain, according  

 
 
to FFT analysis, the oscillation frequencies obtained from 
all methods are similar, but there are small differences in 
the amplitudes corresponding to the oscillation frequency.  

Differences between the three sets of PPP and the LVDT 
can be attributed to multipath, and precision of the satellite 
orbit and clock products. When comparing the three sets of 
PPP solutions with each other, the amplitude values of peak 
frequencies obtained are consistent with no significant 
differences. 

The low-frequency components of the three sets of PPP 
solutions (from using separately the ultra-rapid, rapid and 
final products) and relative GNSS positioning obtained 
from harmonic oscillation tests were next filtered out by 
implementing a fifth-order Butterworth high pass filter with 
a cut-off frequency of 0.15 Hz. Fig. 4 shows unfiltered and 
next filtered time series for event numbers 3 and 4 (cf. 
Table 1). Again the panels of the figures from top to bottom  

Table 2 Peak frequency and amplitude for all events using different methods (The amplitude values in square brackets 
represent the filtered results, whereas the other values indicate unfiltered results.) 

Event No 
(cf. Table 1) 

LVDT Relative GNSS Positioning PPP ultra-rapid PPP rapid PPP final 
Freq. 
(Hz) 

Amp. 
(mm) 

Freq. 
(Hz) 

Amp. 
(mm) 

Freq. 
(Hz) 

Amp. 
(mm) 

Freq. 
(Hz) 

Amp. 
(mm) 

Freq. 
(Hz) 

Amp. 
(mm) 

1 0.2 5.0 0.2 4.8 [4.6] 0.2 4.5 [4.3] 0.2 4.9 [4.6] 0.2 4.8 [4.6] 
2 0.2 9.8 0.2 9.7 [9.4] 0.2 10.3 [9.9] 0.2 10.1 [9.6] 0.2 10.1 [9.6] 
3 0.5 4.7 0.5 4.8 [4.8] 0.5 4.9 [4.8] 0.5 5 [4.9] 0.5 5 [4.9] 
4 0.5 9.3 0.5 9.7 [9.6] 0.5 9.8 [9.7] 0.5 9.9 [9.9] 0.5 9.9 [9.9] 
5 1.0 4.5 1.0 6.1 [6.1] 1.0 5.7 [5.6] 1.0 5.7 [5.6] 1.0 5.7 [5.6] 
6 1.0 9.0 1.0 12 [11.8] 1.0 11 [10.8] 1.0 11 [10.9] 1.0 11 [10.8] 
7 1.5 4.4 1.5 6.2 [6.1] 1.5 5.8 [5.8] 1.5 5.6 [5.6] 1.5 5.6 [5.6] 
8 1.5 8.7 1.5 11.5 [11.4] 1.5 10.7 [10.7] 1.5 10.1 [10.0] 1.5 10.1 [10.0] 
9 2.0 4.0 2.0 4.3 [4.2] 2.0 3.7 [3.7] 2.0 3.7 [3.7] 2.0 3.7 [3.7] 

10 2.0 8.0 2.0 9.1 [8.9] 2.0 7.2 [7.2] 2.0 7.2 [6.9] 2.0 7.8 [7.7] 
11 2.5 4.0 2.5 4.1 [3.9] 2.5 3.6 [3.6] 2.5 3.5 [3.5] 2.5 3.5 [3.5] 
12 2.5 7.9 2.5 7.4 [7.1] 2.5 6.6 [6.5] 2.5 6.4 [6.3] 2.5 6.4 [6.3] 

 

Fig. 5 Peak amplitude for all events using different methods 
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were the results of LVDT, relative GNSS, ultra-rapid, rapid 
and final products, respectively. The figure shows that the 
low-frequency fluctuations of both the relative and PPP 
derived time series seen before disappeared after applying 
the high-pass filter and the filtered time series were 
compatible with the LVDT data. 

To further examine the performance of the high-rate 
PPP, the FFT spectrum of the displacement time series for 
each event listed in Table 1 was obtained. The peak 
frequency and the corresponding amplitude of each event 
are summarized in Table 2. The values in square brackets ([ 
]) represent the filtered results, whereas the other values 
indicate unfiltered results. It is worth noting that the target 
displacement of the motions was not achieved particularly 
at higher frequencies due to the erratic nature of the shake 
table controller. The exact displacement of the table was 
measured by the internal LVDT that is used as the reference 
in this study. Fig. 5 displays the bar graph of the amplitude  

 
 

values of dominant frequency for easier visual comparison 
for all tested events of harmonic oscillations with different 
frequencies. As can be seen from the table and the figure, 
the oscillation frequencies obtained from the three sets of 
PPP solutions exhibit a good agreement with LVDT and 
relative positioning. However, there are slight differences in 
the amplitudes of the peak frequency. The differences in the 
amplitude of the oscillation frequency between LVDT and 
PPP solutions range from 0.1 mm to 2.0 mm. The 
differences in the amplitude of the oscillation frequency 
between the relative GNSS positioning and the PPP are 
between 0.0 and 1.9 mm. However, it is seen that the 
frequencies and amplitudes obtained from the three sets of 
PPP solutions are very consistent with each other and the 
differences are the in sub-mm. This implies that the natural 
frequency of engineering structures or dynamic motion can 
be captured using PPP with the ultra-rapid product. 

In addition to the comparison between various methods 

 

Fig. 6 Time series of the displacement in Event 1 (left) and Event 10 (right) of different solution types 
 
Table 3 Maximum and RMSE values of displacement differences between the three PPP solutions (using ultra-rapid, rapid 
and final solutions) and LVDT and Relative solution (denoted as Rel.) 
Event No 

(Cf. 
Table1) 

PPP ultra-rapid PPP rapid PPP final 
Max (mm) RMS (mm) Max (mm) RMS (mm) Max (mm) RMS (mm) 

LVDT Rel. LVDT Rel. LVDT Rel. LVDT Rel. LVDT Rel. LVDT Rel. 
1 32.6 29.6 5.0 5.2 26.0 24.5 5.3 5.2 19.2 23.4 4.6 4.5 
2 19.5 18.3 7.6 7.2 19.2 17.1 7.3 6.8 20.3 17.6 7.7 7.2 
3 10.8 9.9 3.7 3.5 11.0 11.3 3.6 3.4 10.9 11.1 3.6 3.4 
4 7.9 8.1 2.8 2.7 6.7 6.9 2.6 2.4 7.4 6.8 2.7 2.5 
5 11.5 10.7 4.5 4.2 13.5 11.8 4.5 4.2 13.2 11.8 4.5 4.2 
6 8.8 8.7 3.3 3.0 8.8 7.4 3.1 2.5 8.7 7.5 3.1 2.5 
7 6.7 4.7 2.6 1.9 7.1 6.2 2.5 2.1 6.8 6.2 2.5 2.1 
8 9.2 8.2 4.0 2.6 8.2 6.5 3.6 2.5 8.5 6.4 3.6 2.5 
9 5.6 5.1 2.2 1.6 4.7 3.3 1.9 1.4 4.7 3.3 1.9 1.4 

10 16.8 12.8 7.3 5.7 9.8 5.3 5.1 2.4 9.7 6.2 5.0 2.7 
11 6.2 6.0 2.1 2.1 7.6 7.4 2.2 2.3 6.9 6.9 2.2 2.2 
12 6.8 5.1 2.3 1.7 5.0 3.9 2.2 1.4 5.4 3.9 2.2 1.4 

433



 
Cemal O. Yigit, Ahmed El-Mowafy, Mert Bezcioglu and Ahmet A. Dindar 

in the frequency domain, RMSE and maximum error values 
of the displacement differences between PPP solutions and 
the reference LVDT and relative GNSS solution were 
calculated to further examine and compare the performance 
of the three sets of PPP solutions, and results are given in 
Table 3. Since the filtering process can mask a fair 
comparison between the three PPP solutions, de-trended 
time series were used to calculate displacement differences. 
The RMSE and maximum error values demonstrated that 
the three different products yielded generally similar results, 
except for the event 1 and event 10. The RMSE and the 
maximum errors of PPP-rapid and PPP-final solutions are 
generally similar to each other and they are slightly better 
than ultra-rapid. There are also some slight differences of 
RMSE and maximum values obtained from LVDT and 
relative solutions. This is because of the presence of a 
different noise level of LVDT and that of relative 
positioning. Although most of the spatially-correlated 
errors, such as satellite and receiver orbital and atmospheric 
errors can be eliminated by double differencing GNSS data, 
carrier phase multipath in DD solutions remain as un-
modeled signal propagation error, which may significantly 
affect DD-derived time series. 

Event 1 and event 10 were investigated more closely 
and results are illustrated in Fig. 6. It can be seen from the 
figure that some parts of event 1 and event 10 demonstrate 
sudden changes in PPP-derived time series. In addition, for 
event 1, this sudden change exists in relative positioning 
results. This is attributed to small undetected errors since 
these sudden changes exist in both relative and the three 
PPP solutions. However, while the sudden change was very 
short in relative solution, the PPP solutions seem to be 
affected a slightly longer. This part represents similar 
behavior, or pattern, for the three sets of PPP solutions. But, 
as can be seen from Table 3 and Fig. 6, PPP-final results are 
better than the other two PPP solutions, and the PPP-rapid 
gave better results than the PPP-ultra-rapid in terms of the 
noise level. In other words, the magnitude of unexpected 
displacement gradually reduced in case of the rapid and 
final products, respectively. It is worth mentioning that the 
oscillation frequencies of the event 1 obtained from the 
three PPP solutions exhibit a good agreement with LVDT 
and relative positioning.  

Similar to event 1, there is a sudden change in 
displacements associated to event 10 (see the last part of 
displacement time series of the right plots in Fig. 6), which 
gives a different character. As can be seen from the table 
and figure, the PPP-rapid solution is better than PPP-ultra-
rapid solution when considering the maximum difference 
and RMSE values. The unexpected sudden change does not 
appear in PPP-final result. It is clear that this behavior in the 
time series is caused by the generation of the ultra-rapid and 
rapid products since the relative GNSS solution and the 
PPP-final solution do not include any sudden changes. In 
addition, ten epochs between the 23rd and 25th seconds 
were not estimated in PPP-ultra-rapid and PPP-rapid results 
while corresponding epochs were estimated in the PPP-final 
and relative results. These two events indicate that PPP 
solution based on the final product, as expected, provide 
better results than the rapid and ultra-rapid products, on the 

expense of providing the solutions almost two weeks after 
the event. This implies that if there is such a behavior in the 
time series, and if precise and reliable evaluation of any 
engineering structures relies on post-processed GNSS-PPP 
solutions, and if decision making is also critical and vital, 
and can wait for 13 days after the event, processing of 
GNSS data would best use the final products. Nevertheless, 
the oscillation frequencies of these two events (1 and 10) 
obtained from PPP-ultra-rapid and PPP-rapid solutions 
perfectly match those from LVDT, relative positioning, and 
PPP-final solution. This indicates that PPP-ultra-rapid and 
PPP-rapid solutions can be used to rapidly assess the 
preliminary condition of engineering structures. 

 
5.3 Results of the El-Centro earthquake simulation test 
 
In this section, the performance of high-rate kinematic 

GNSS-PPP method for seismo-geodetic applications is 
evaluated. Fig. 7 illustrates the time series of displacement 
obtained from all methods. It can be seen that displacement 
waveforms derived from the three sets of PPP, compared 
with relative GNSS positioning and LVDT are substantially 
consistent in terms of capturing the dynamic wave motion. 
Moreover, Fig. 8 shows the histogram of the differences 
between the three sets of PPP solutions and the LVDT (top 
panel) and with relative GNSS positioning in the bottom 
panel of the figure. The histograms are given to show the 
spread and frequency of the differences. It can be seen that 
the differences in all PPP solutions are within ± 10 mm. 
When the RMSE values are examined, the superiority of 
PPP final and PPP rapid solutions are shown to be 
remarkable. This implies that GNSS-PPP solutions 
depending on rapid and final products provide slightly 
better accuracy than that of the ultra-Rapid solution. 
However, considering the significant latency of the IGS 
final and NRCan rapid products compared to the NRCan 
ultra-rapid (observed) products, it is clear that PPP-derived 
displacement based on ultra-rapid product still provide 
useful and accurate information for quick and preliminary 
evaluation of wave motion caused by an earthquake. 

 
 

6. Conclusions 
 
In this study, the effects of ultra-rapid (observed part), 

rapid and final precise satellite orbit and clock products on 
high-rate PPP solution were evaluated based on a large set 
of harmonic motion events and simulating a real earthquake 
wave motion generated by a shake table for structural health 
monitoring and seismo-geodetic applications. Their 
performance was compared to that of LVDT and relative 
GNSS positioning, treated as the reference for comparison. 
The three products have their uses, e.g. the final products 
are needed when one can wait for approximately two weeks 
after the occurrence of an earthquake to obtain a precise 
analysis, whereas the ultra-rapid and rapid products are 
needed when a quick analysis is needed after the event. 
They are also needed when real-time products (RTS) are not 
feasible due to unavailability of the Internet, through which 
the RTS is provided, because of the quake for instances. In 
general, the displacement waveforms obtained from the five  
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methods are substantially consistent and the differences 
between the three PPP solutions and LVDT, or relative 
GNSS positioning, are sub-centimeters. The results showed 
that there are no substantial differences between the PPP 
use when implementing the observed ultra-rapid, rapid and 
final products, except for event number 1 and event number 
10, for the monitoring of short-term dynamic 
displacements. However, the results of simulating a real 
earthquake test demonstrated that PPP-derived 
displacement based on final and rapid products are slightly 
better than that of the ultra-rapid product. Nevertheless, it is 
clear that PPP-derived displacement based on the ultra-
rapid product still provide useful and accurate information 
for quick and preliminary evaluation of wave motion caused 
by an earthquake. Two of twelve events selected from the 
harmonic experiment demonstrated that PPP-final solution 
is better than PPP-rapid and PPP-ultra-rapid solutions. 
However, the displacements when using the PPP-ultra-rapid 
and PPP-rapid solutions for the two events cover only a 
small part and the oscillation frequencies obtained from the 
two solutions perfectly match the LVDT, relative 
positioning, and PPP-final solution. 
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