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 GNSS observation intervals can be tuned from low rate to high rates (such as 300 to 1 s) for 
the specific applications. In this study, the effect of sampling intervals of 1, 5, 15, and 30 s on 
the convergence time and positioning accuracy of static precise point positioning is 
investigated using high-rate data from 26 IGS (International GNSS Service)-MGEX (Multi-GNSS 
Experiment) stations over a three-week period in 2020. Six different GNSS constellations – 
namely, GPS-only, GLONASS-only, Galileo-only, BeiDou-2-only, BeiDou-3-only, and multi-
GNSS (GPS+GLONASS+Galileo+BeiDou-2+BeiDou-3) – are processed for static PPP. The 
results show that the use of higher rate of observation intervals significantly reduces the PPP 
convergence time for each GNSS constellation. Maximum improvements between 30 s and 1 s 
are found to be 55%, 60%, and 55% for north, east, and up components, respectively, for 
Galileo PPP. However, the results of positioning accuracy indicates that the use of higher rate 
of observation intervals slightly degrades the PPP converged positioning accuracy for each 
GNSS constellation except for BDS-3 and multi-GNSS PPP modes. The results demonstrate that 
the satellite clock interpolation error is mainly responsible for the degradation in accuracy at 
the higher rate of observation intervals compared with the orbit interpolation error. 

 
 
 
 
 

1. INTRODUCTION  
 

Precise point positioning (PPP) (Zumberge et al. 
1997) has received significant attention over recent 
decades. PPP is a powerful tool for many scientific 
research, such as atmospheric and ionospheric studies 
(Ge et al. 2021a; Ma and Verhagen, 2020; Wang et al. 
2020), monitoring of deformation, tectonic and 
earthquake activities (Vazquez-Ontiveros et al. 2020; 
Alcay et al. 2019; Mendoza et al. 2012), geophysical 
studies (Geng et al. 2017) and, time transfer (Ge et al. 
2020). One of the most important aspects of PPP 
compared with the precise differential positioning is that 
positioning accuracy of mm to cm can be obtained using 
a single receiver in the static and kinematic modes, 
respectively (Yigit et al. 2021; Yigit et al. 2014; Alcay and 
Turgut 2021). However, the convergence time in PPP still 
poses a challenging problem. To obtain three-
dimensional accuracy at the cm level, an observation 
session of approximately 30 min is needed (Liu et. 2019). 
The PPP convergence time can be improved through the 

use of ambiguity resolution (AR) (Laurichesse and Blot, 
2016; Grinter et al. 2020; Atiz et al. 2021), multi-
frequency and multi-GNSS observations, (Psychas et al. 
2020; Ogutcu, 2020) and, ionospheric and atmospheric 
constraints (Zhang et. 2013; Aggrey and Bisnath, 2019).  

High-rate GNSS positioning (with frequency of 1 Hz or 
higher) has become possible following the evolution of 
the GNSS receivers, and has been used effectively in GPS 
seismology (Xu et al. 2013), structural health monitoring 
(Yigit et al. 2021), and the detection of dynamic 
displacements (Paziewski et al. 2018). 

    Unlike in relative precise positioning, errors in the 
satellite orbit and clock directly lump to the station 
coordinates for PPP. Satellite orbit and clock 
interpolation is a prerequisite if the observation 
sampling interval is lower than the interval of the orbit 
and clock products. Since the orbit is a very smooth 
trajectory, the orbit interpolation error is generally 
insignificant. Yousif and El-Rabbany (2007) investigate 
the interpolation error of GPS orbit using IGS precise 
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orbit spaced at 15 min. It is found that GPS orbit 
interpolation can be conducted with a sub-mm level 
interpolation error. Zheng and Zhang (2020) analyze the 
orbit interpolation error of GPS, GLONASS and BeiDou 
(BDS-2) real-time broadcast ephemeris. They found that 
orbit interpolation error is less than 1e-4 m for GPS, 
GLONASS and BeiDou constellations. Due to the 
instability of the GNSS clock biases, a smooth trend in 
GNSS clock biases is not seen. Since unpredictable clock 
variations can occur even within a short period, high-
order polynomial interpolation cannot be applied 
efficiently for clock biases, unlike for orbit interpolation. 
The presence of these random noise characteristics 
means that linear interpolation is generally chosen for 
the interpolation of the clock biases (Montenbruck et al. 
2005). 

Geng et al. 2016 investigate the interpolation error in 
BeiDou (BDS-2) clock bias data using samplings of 5, 30, 
and 300 s with respect to a clock bias solution of 1 s 
sampling. The results show that 0.04 ns (12 mm), 0.02 ns 
(6 mm), and 0.01 ns (3 mm) interpolation errors are 
found for 300, 30, and 5 s sampling clock bias data, 
respectively. Guo et al. 2010 investigates the effect of IGS 
precise clock products with sampling at 5 min, 30 s and 5 
s on the static and kinematic PPP using an observation 
interval of 30 s. Positioning errors at the mm and cm 
levels for clock products of 5 min and 30 s are obtained 
for static and kinematic PPP, respectively, due to the 
interpolation error of the clock biases with respect to a 
clock product of 5 s. Takasu (2006) interpolate GPS clock 
biases of 30 s and 5 min to create sampling clock biases 
of 1 s. These interpolated sampling clock biases are then 
compared with the raw 1 s clock biases estimated using 
the high-rate data from GPS stations. It is found that the 
interpolation error is around 0.1 – 0.3 ns (3 – 9 cm) for a 
sampling clock product of 5 min and 0.01 – 0.03 ns (3 – 9 
mm) for a sampling clock product of 30 s.    

A few studies have been conducted on the effects of 
the observation interval for PPP. Bahadur and Nohutcu 
2020 investigate the effect of high-rate sampling 
observation on the convergence time and positioning 
accuracy of static PPP using 10 IGS-MGEX stations over a 
one-week period. GPS, GLONASS and 
GPS+GLONASS+GALILEO+BeiDou (BDS-2) 
constellations are processed separately. The results 
show that the use of high-rate observations significantly 
reduced the convergence time for the three PPP 
processing modes. The results indicate that use of high-
rate observations contributed to the positioning 
accuracy within the first 30 min for each PPP processing 
mode. It is found that after the converged state has been 
reached, no improvement in accuracy for each PPP 

processing mode. Erol et al. 2020 conduct quasi-
kinematic PPP over 4 h with GPS+GLONASS 
constellations using sampling intervals of 0.2, 0.5, 1, 5, 
10, 30, 60, and 120 s for a single geodetic control point. 
The results show that the RMSE of the height component 
was significantly increased at higher sampling rates, 
while the RMSE of the horizontal component was not 
changed significantly. A convergence analysis was not 
conducted in this study. Ge et al. 2018 investigate the 
relationship between the sampling rate and convergence 
time using the simulated low Earth orbit (LEO) enhanced 
GNSS constellations (GPS+BDS-2), using sampling 
intervals of 30, 10, 5, and 1 s. The results indicate that the 
convergence time became shorter as the sampling 
interval increased. 41%, 44% and 46% acceleration in 
the convergence time were reported for the north, east 
and up components, respectively. Zuoya et al. 2010 
analyses the relationship between the sampling rate and 
PPP convergence time, using 12 stations in a GPS 
network from Shanghai, China. Sampling intervals of 1 
and 30 s were used. It is found that the convergence time 
at a sampling interval of 1 s is significantly decreased 
compared with a sampling interval of 30 s. Glaner and 
Weber, 2021 investigate the effect of 1 and 30 s sampling 
rates on the convergence time of PPP with AR using 
GPS+Galileo. They found that the 1 s sampling rate 
accelerated the convergence time for two-dimensional 
by 45 to nearly 60 percent compared with the 30 s 
sampling rate solutions.             

The literature review shows that there still are no in-
depth discussions of the effect of a higher sampling rate 
on the PPP positioning accuracy and convergence time. 
Moreover, no studies have addressed the effects of higher 
sampling rates for each GNSS constellation separately 
(GPS, GLONASS, Galileo, BeiDou-2 and, BeiDou-3). The 
objective of this study is therefore to investigate the 
effect of sampling intervals of 1, 5, 15, and 30 s on the PPP 
convergence time and positioning accuracy, using six 
different GNSS constellations (i.e., GPS, GLONASS, Galileo, 
BeiDou-2, BeiDou-3, and multi-GNSS). In the following 
section, a functional model of PPP is briefly introduced. 
Details of the data processing steps are given in Section 
3. The results are summarized in Section 4, and the 
conclusions are presented in the final section. 

 

2. FUNCTIONAL MODEL OF IONOSPHERE-FREE PPP 
 

The ionosphere-free (IF) carrier phase and code 
observations are used in traditional PPP. The IF 
equations are written for the phase and code data as 
follows (Leick et al., 2015): 
 

 

 𝑃𝐼𝐹,𝑟
𝑠,𝑗

=𝜌 + 𝑐 ∗ (𝑑𝑡𝑟 − 𝑑𝑡𝑠,𝑗) + 𝑑𝑡𝑟𝑜𝑝 + 𝐻𝐷𝑃,𝑟,𝐼𝐹 − 𝐻𝐷𝑃,𝐼𝐹
𝑠,𝑗

+ 𝜖𝑃,𝐼𝐹
𝑠,𝑗  (1) 

  

 ∅IF,r
s,j

= ρ + c ∗ (dtr − dts,j) + dtrop + λ𝐼𝐹
𝑠,𝑗

∗ Nr,IF
s,j

+ HD∅,r,IF − 𝐻𝐷∅,𝐼𝐹
𝑠,𝑗

+ 𝜖∅,𝐼𝐹
𝑠,𝑗  (2) 

 
 

where the superscript 𝑠 and 𝑗 denote the satellite and 
GNSS index (G:GPS, R:GLONASS, E:Galileo and C:BeiDou), 

the subscript 𝑟 denotes the receiver, 𝑃𝐼𝐹,𝑟
𝑠,𝑗

 and ∅𝐼𝐹,𝑟
𝑠,𝑗

 are 

the IF combinations of code and carrier phase 

observations, 𝜌 is the pseudorange in meters, 𝑐 is the 
speed of light in meters per second, 𝑑𝑡𝑟 is the receiver 
clock offset in seconds, 𝑑𝑡𝑠,𝑗  is the satellite clock offset in 

seconds, 𝑑𝑡𝑟𝑜𝑝 is the tropospheric delay in meters, λ𝐼𝐹
𝑠,𝑗

 is 
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the IF wavelength, NIF
s,j

 is the IF carrier phase initial 

ambiguity, 𝐻𝐷𝑃,𝑟,𝐼𝐹  and 𝐻𝐷∅,𝐼𝐹
𝑠,𝑗

 are the IF code and carrier 

phase receiver hardware delay in meters, 𝐻𝐷𝑃,𝐼𝐹
𝑠,𝑗

 and 

𝐻𝐷∅,𝐼𝐹
𝑠,𝑗

 are the IF code and carrier phase satellite 

hardware delay in meters and 𝜖𝑃,𝐼𝐹
𝑠,𝑗

 and  𝜖∅,𝐼𝐹
𝑠,𝑗

 are the IF 

code and carrier phase measurement noise. Thanks to 
MGEX products, satellite orbit and clock errors are 
eliminated. The pseudorange IF code hardware delay 
(𝐻𝐷𝑃,𝑠,𝑗,𝐼𝐹), originated from satellite, is lumped into the 
satellite clock offset 𝑑𝑡𝑠,𝑗 .      Since clock parameters are 
estimated using the pseudorange measurements, the 
receiver clock estimate can absorb the receiver 
pseudorange hardware delay 𝐻𝐷𝑃,𝑟,𝐼𝐹 of IF combination. 

Satellite and receiver IF phase delay (HD∅,s,j,IF and 
HD∅,r,IF ) are lumped into the float ambiguity parameter 

(Xiao et al., 2019).    
 
The IF code and phase equations can be written as: 
 

𝑃𝐼𝐹,𝑟
𝑠,𝑗

=(𝑓12 ∗ 𝑃1𝑠,𝑗 − 𝑓22 ∗ 𝑃2𝑠,𝑗)/(𝑓12 − 𝑓22)                  (3) 

  

∅𝐼𝐹,𝑟
𝑠,𝑗

=(𝑓12 ∗ ∅1𝑠,𝑗 − 𝑓22 ∗ ∅2𝑠,𝑗)/(𝑓12 − 𝑓22) (4) 

 

where 𝑓1and 𝑓2 are two frequencies of phase data, 
𝑃1, 𝑃2, ∅1, and, ∅2 are the pseudorange and carrier 
phase data on the two frequencies. IF wavelength (𝜆𝐼𝐹) 

and float ambiguity (𝑁𝐼𝐹̃) can be expressed as: 
 

𝜆𝐼𝐹 =
𝑐

𝑓1 + 𝑓2
 (5) 

  

𝑁𝐼𝐹̃=𝑁1 −
1

2
∗ (

𝜆𝑊𝐿

𝜆𝐼𝐹
− 1) ∗ (𝑁2 − 𝑁1) (6) 

                                                                                                           
where 𝜆𝑊𝐿 is the wide-lane wavelength. 𝑁1 and 𝑁2 

are the float ambiguities of first and second frequencies. 
 
Wavelength of wide-lane can be written as: 
 

𝜆𝑊𝐿 =
𝑐

𝑓1 − 𝑓2
 (7) 

 
When multi-GNSS PPP is conducted, the inter-system 

biases (ISBs) between GPS and other constellations 
(GLONASS, Galileo, and BDS) need to be estimated. In this 
study, the ISB is estimated as an unknown parameter for 
Galileo and BeiDou constellations, while it is estimated 
for each individual GLONASS satellite epoch by epoch, 
due to the use of Frequency Division Multiple Access 
(FDMA) design. A stochastic model of the ISB is chosen as 
random-walk process with a spectral density 

of 0.0017 𝑚/√𝑠𝑒𝑐. The estimated parameters of the 
multi-GNSS PPP can be expressed as: 
 

𝑋 = [𝑥̅, 𝑑𝑡𝑟, 𝑍𝑤𝑒𝑡 , 𝐺𝑟𝑎𝑑𝑛𝑠 , 𝐺𝑟𝑎𝑑𝑒𝑤, 𝑁𝐼𝐹̃ , 𝐼𝑆𝐵𝐺−𝑅, 𝐼𝑆𝐵𝐺−𝐸 , 𝐼𝑆𝐵𝐺−𝐶 ] (8) 

 
where  𝑍𝑤𝑒𝑡 , 𝐺𝑟𝑎𝑑𝑛𝑠 , and 𝐺𝑟𝑎𝑑𝑒𝑤  are the zenith wet 

delay, north-south and east-west tropospheric gradients, 
respectively.  

 
 

3. DATA PROCESSING 
 

Twenty-six high-rate IGS MGEX stations were chosen 
in this study (Fig. 1). 
 

 
Figure 1. Geographic distribution of the chosen high-     
rate IGS-MGEX stations 

 
When choosing these stations, a check was made to 

ensure that all of them could collect GPS-GLONASS-
Galileo data, and that all of the stations (eight in total) 
located in the Asia-Pacific region could collect BDS-2 
data. Since Full Operational Capability (FOC) for BDS-3 
was achieved on July 31, 2020 (Zhu et al. 2021), a limited 
number of high-rate IGS-MGEX receivers can track data 
from all the available BDS-3 satellites. The brand and 
firmware version of the receiver affect the data tracking 
performance of BDS-3 constellation (Cao et al. 2020). 
Therefore, among the twenty-six high-rate IGS MGEX 
stations, five stations (AREG, KRGG, NKLG, PTGG, and 
YEL2) which can track much more BDS-3 satellites 
compared with the other stations were used for BDS-3 
and multi-GNSS PPP modes. The mean number of BDS-3 
satellites for which data could be collected by these 
stations was seven for each epoch. These five stations 
were used for BDS-3-only and multi-GNSS PPP processes.  
A three-week period (DOY: 95-116) in 2020 was chosen 
for each PPP process. The frequency and epoch 
availability of each RINEX file was checked using in-
house software, and files with less than 99% epoch and 
95% frequency availabilities were discarded from the 
processing. In this way, the integrity of the high-rate data 
(1 s) was preserved, and the effects of data loss for the 
various observation intervals were eliminated. As a 
result, 12% of all the RINEX data were excluded from PPP 
processing. The PPP processes were conducted using 
GipsyX software, developed by the NASA Jet Propulsion 
Laboratory (JPL) (Bertiger et al. 2020). Six different PPP 
processing modes i.e., GPS-only (G), GLONASS-only (R), 
Galileo-only (E), BDS-2-only (C2), BDS-3-only (C3), and 
multi-GNSS (GREC2C3) were processed for each station 
and period. GFZ (GeoForschungsZentrum Potsdam)-
MGEX orbit and clock products were used for the PPP 
processes. The temporal resolutions of GFZ-MGEX 
products are 300 and 30 s for satellite orbit and clock 
biases, respectively.   The convergence time and 
positioning accuracy were computed for each PPP mode, 
using sampling intervals of 1, 5, 15, and 30 s. The 
convergence time was computed by restarting the 
estimation filtering every hour, meaning that 24 
independent batches of observation length 1 h were 
therefore processed for each day and each station. The 
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criterion of the convergence time was determined as to 
when the error of north, east, and up components is less 
than 0.1 m for the next consecutive 10 epochs. The static 
positioning accuracy was computed using 12 
independent batches with an observation length of 2 h 

for each day and each station. The reference coordinates 
of the IGS-MGEX stations were taken from the IGS weekly 
solutions. The PPP processing parameters were given in 
Table 1.   
 

 
Table 1. PPP processing parameters 

Adjustment model Kalman filter with square root information filter (SRIF) (Bierman, 1977). 

Epoch interval 1-s, 5-s, 15-s, and 30-s 

Filter Forward filtering with backward smoothing 

Elevation cut-off angle 7° 

Orbit and clock interpolation: 
Orbit: 11th degree using Neville's interpolation algorithm (Mühlbach, 1978) 
Clock: 1th degree 

Weighting strategy 

Initial phase precision: 0.01m for GPS, GLONASS, Galileo, BeiDou-2 MEO, and 
BeiDou-3 MEO (0.015 m and 0.02 m for IGSO and GEO, respectively). 
A priori code precision: 1 m for GPS, Galileo, GLONASS, BeiDou-2 MEO, and 
BeiDou-3 MEO (1.5 m and 2 m for IGSO and GEO, respectively)  

Elevation dependent weighting: 1/√sin (𝐸)  

Satellite phase center  Up-to-date IGS14.atx 

Receiver phase center 
The phase center offset and phase center variation of GPS and GLONASS 
computed using IGS14.atx. Corrections for the GPS are also used for the Galileo 
and BeiDou signals.  

Ionospheric effect Removed by IF linear combination (for first-order). 

Phase Ambiguities Estimated as real-value constants for the continuous arc. 

Intra-Frequency Bias Up-to-date daily DCB file was used for GPS C1-P1 

Troposphere GPT2 model 

Zenith wet delay estimation Random walk 0.5 mm/sqrt(sec) 

Horizontal delay gradients estimation Random walk 0.05 mm/sqrt(sec) 

Phase windup Corrected 

Solid earth, ocean tide loading and polar tides IERS conventions, 2010 

Relativistic corrections 
Periodic clock corrections and gravitational bending (shapiro delay) were 
applied (Hećimović, 2013) 

Cycle-slip Detected by Melborne-Wubbena combination. 

Receiver clock jump Corrected 

Eclipse strategy 
Modelled attitude was used for the noon and shadow maneuvers of GNSS 
satellites 

4. RESULTS AND ANALYSIS 
 

In this section, the convergence time and positioning 
accuracy are evaluated for each PPP mode. For ease of 
understanding, the mean convergence time for each 
coordinate component is given for a sampling rate of 30 
s for each PPP mode. Then, the improvements in the 
convergence time with respect to sampling intervals of 1, 
5, and 15 s are given. The RMSEs of the positioning 
accuracy are given for 2 h static PPP, for each PPP mode 
and sampling interval. If the error in any coordinate 
component (north, east or up) was greater than 30 cm, 
this solution was assumed to be an outlier and was 
discarded from the RMSE computation for static PPP.     
 
4.1 Results for the convergence time 

 
Table 2 summarizes the mean convergence times for 

each PPP mode, using an observation interval of 30 s and 
independent batches of observation length 1 h. 

As can be seen from Table 2, the convergence time 
was significantly reduced for the multi-GNSS (GREC2C3) 
combination compared with the other constellations. It 
should be emphasized that the number of GNSS stations 

used in this study was the same (26) for GPS, GLONASS 
and Galileo PPP, but different for BDS-2 (eight) and BDS-
3/multi-GNSS (five). Therefore, a statistically robust 
comparison of convergence times between the PPP 
processing modes (except for GPS, GLONASS and Galileo) 
cannot be carried out. Since the focus of this study is on 
the effect of the observation interval, this does not 
negatively affect this experiment. Figure 2 shows the 
improvements in north, east and up components of the 
convergence time using sampling intervals of 15, 5, and 1 
s with respect to an observation interval of 30 s for each 
PPP mode.    
 
Table 2. Mean convergence time for 30 sec observation 
intervals (unit: minute) 

GNSS 
Convergence time for 30 sec 

intervals 
 north east up 

GPS 10.3            23.2          22.1 
GLONASS 16.6       27.1  24.0 
Galileo 12.5 25.6 24.9 
BDS-2 15.0  29.3 23.2 
BDS-3 13.5 20.4 20.7 
Multi-GNSS 4.3 9.4 9.4 
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Figure 2. Convergence improvements of 15-s, 5-s, and 1-
s sampling rates with respect to 30-s sampling rate 
 

From Figure 2, it can be seen that sampling intervals 
of 5 and 1 s significantly reduced the convergence time 
for each coordinate component, for each PPP mode. The 
effect of a sampling interval of 15 s on the convergence 
time for the C2, C3, and GREC2C3 PPP modes was 
significantly lower than for the G, R, and E PPP modes. 
The biggest reduction in the convergence time using an 
interval of 1 s was seen for the Galileo constellation in 
each coordinate component. Approximately 55%, 60%, 
and 55% improvements in a sampling interval of 1 s were 
computed for north, east, and up components for the 
Galileo constellation, respectively. Since the number of 
MEO satellites in BDS-3 orbit are much higher than BDS-
2 orbit, the improvement in the convergence time of BDS-
3 with high-rate sampling was much larger than for BDS-
2, due to the larger changes in the BDS-3 satellite 
geometry compared with BDS-2. Since orbital speed is 
one of the factors that affects the convergence time, the 
mean orbital speed was computed for each GNSS 
constellation for the test period, and these values are 
given in Table 3. The satellite orbital speed in the ECEF 
frame was computed from the satellite variation between 
two close epochs (0.0001 s). 
 

Table 3. Orbital speed of each GNSS constellation in 
ECEF frame 

Constellation Orbital Speed (km/sec) 
GPS 2.97 

GLONASS 3.37 
Galileo 2.75 

  BDS-2 MEO 2.87 

BDS-2 IGSO 2.12 

BDS-3 MEO 2.86 

BDS-3 IGSO 2.21 

 

As can be seen from Table 3, GLONASS had the highest 
orbital speed among the other GNSS. Since the orbital 
speed for Galileo was lower than for GPS and GLONASS, 
the highest improvement in the convergence time for 
Galileo cannot be explained solely based on the orbital 
speed, and therefore needs further investigation. The 
lowest contribution of the high sampling rate to the 
convergence time was observed for the C2 and GREC2C3 
PPP modes. 
 

4.2 Results for positioning accuracy 
 

Tables 4 shows the RMSEs for each static PPP mode 
using 12 independent batches with an observation length 
of 2 h for each day and each station, at sampling intervals 
of 30, 15, 5, and 1 s. 
 

Table 4. RMSEs of static PPP modes using 2-h 
observation sessions (Unit: cm) 

Sampling rate 
GPS 

north east Up 
30-s 0.9 2.9 3.3 
15-s 0.9 3.0 3.3 
5-s 1.0 3.4 3.4 
1-s 1.2 3.8 3.8 

Sampling rate 
GLONASS 

north east Up 
30-s 2.3 5.6 6.0 
15-s 2.3 5.9 6.0 
5-s 2.3 6.4 6.2 
1-s 2.7 7.2 6.1 

Sampling rate 
GALILEO 

north east Up 
30-s 1.4 2.9 3.6 
15-s 1.4 3.0 3.6 
5-s 1.4 3.0 3.6 
1-s 1.5 3.3 4.0 

Sampling rate 
BeiDou-2 

north east Up 
30-s 2.2 4.4 5.7 
15-s 2.6 4.6 5.8 
5-s 2.2 4.5 5.3 
1-s 2.0 4.7 5.5 

Sampling rate 
BeiDou-3 

north east Up 
30-s 2.9 5.8 6.3 
15-s 2.9 5.8 6.2 
5-s 2.8 5.4 6.2 
1-s 2.8 5.6 6.3 

Sampling rate 
Multi-GNSS (GREC2C3) 

north east Up 
30-s 1.1 4.3 4.8 
15-s 1.1 4.2 4.8 
5-s 1.0 3.7 4.8 
1-s 1.0 3.8 4.8 
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The results for the RMSEs show that the effect of the 
observation sampling interval on the converged 
positioning accuracy was rather small compared with 
that of the convergence time.  Except for BDS-2 and 
multi-GNSS, higher sampling rates slightly reduced the 
positioning accuracy for each PPP mode. This loss of 
accuracy is much more evident between sampling 
intervals of 30 and 1 s. Except for this, no significant 
changes in accuracy were found between the 30 s 
interval and higher sampling intervals (15 and 5 s). A 
statistically robust comparison of the accuracies of the 
PPP processing modes cannot be carried out (except for 
GPS, GLONASS and Galileo) due to the small numbers of 
GNSS stations used for BDS-2 (eight) and BDS-3/multi-
GNSS (five). To analyze the main sources of the loss of 
accuracy, the orbit and clock interpolation errors were 
investigated. Since the orbit (300 s) and clock (30 s) GFZ 
MGEX products used in this study had the maximum 
temporal resolution, the orbit product was resampled to 
600 s and the clock product to 60 s. Then, the GNSS 600 s 
satellite positions and 60 s clock biases were 
interpolated to intervals of 300 s and 30 s, respectively, 
to investigate the interpolation error for each GNSS 
system. A Newton-Neville interpolation (Krogh, 1970) 
with 11th degree and first-order linear interpolation 
were used for the orbit and clock interpolations, 
respectively. These interpolations models were the same 
as those used for PPP processing. Tables 5 and 6 display 
the mean RMSEs for the interpolation errors in the orbit 
and clock biases over the test period. The maximum 
computed interpolation errors are also given along with 
the RMSEs.   
 

Table 5. RMSEs and maximum interpolation errors of 
orbit interpolation (Unit: mm) 

GNSS 
System 

RMSE_ΔX RMSE_ΔY RMSE_ΔZ 

GPS 0.76 0.68 0.66 
GLONASS 0.74 0.74 0.66 
GALILEO 0.66 0.71 0.69 
BDS-2-MEO 0.76 0.81 0.51 
BDS-3-MEO 0.75 0.65 0.72 
BDS-2-IGSO 0.78 0.60 0.69 
BDS-3-IGSO 0.65 0.60 0.75 
BDS-2-GEO 0.70 0.70 0.58 

GNSS 
System 

Max_ΔX Max_ΔY Max_ΔZ 

GPS 23.0 11.1 10.0 
GLONASS 9.8 11.4 8.2 
GALILEO 9.8 10.7 10.0 
BDS-2-MEO 8.0 12.4 5.3 
BDS-3-MEO 13.5 10.7 11.9 
BDS-2-IGSO 9.0 8.3 13.4 
BDS-3-IGSO 7.9 6.1 9.3 
BDS-2-GEO 8.7 8.7 4.7 

 

In Table 5, RMSE_ΔX, RMSE_ΔY and RMSE_ΔZ 
represent the computed mean RMSEs of the orbit 
interpolation errors for all satellites within each GNSS 
system, in X, Y and Z ECEF components, respectively, over 
the test period. Max_ΔX, Max_ΔY and Max_ΔZ represent 
the computed maximum orbit interpolation errors in X, Y 
and Z ECEF components, respectively, for the test period. 
As can be seen from Table 5, the RMSEs of orbit 
interpolation errors are in the sub-mm range for each 

GNSS system. The maximum orbit interpolation errors 
are at the level of a few cm in all three dimensions for 
each GNSS system.   
 

Table 6. RMSEs and maximum interpolation errors of 
clock interpolation (Unit: mm) 

GNSS System RMSE_Δdts Max_Δdts 
GPS 13.6 150.0 

GLONASS 14.1 115.0 
Galileo 2.30 34.9 

BeiDou-2-MEO 4.05 19.7 
BeiDou-3-MEO 1.77 22.0 
BeiDou-2-IGSO 6.18 29.2 
BeiDou-3-IGSO 2.31 12.1 
BeiDou-2-GEO 3.91 24.6 

 

In Tables 6, RMSE_Δdts and Max_Δdts represent the 
computed mean RMSEs for the clock interpolation errors 
and the maximum clock interpolation errors for all 
satellites, respectively, for each GNSS system over the 
test period. Clock interpolation errors (seconds) are 
scaled to speed of light to convert to mm.  As expected, 
the clock interpolation errors are significantly higher 
than the orbit interpolation errors for each GNSS. Table 6 
shows that the largest clock interpolation errors were 
observed for GLONASS satellites, and this explains the 
highest loss of accuracy between sampling intervals of 30 
and 1 s for GLONASS PPP. The second largest clock 
interpolation errors were observed for GPS, and this 
finding explains the second highest loss of accuracy 
between intervals of 30 s to 1 s for GPS. Since the clock 
interpolation errors for Galileo and BDS-2 were 
significantly smaller than for GPS and GLONASS, the loss 
of accuracy for Galileo and BDS-2 between intervals of 30 
s to 1 s was significantly smaller than for GPS and 
GLONASS. GNSS clock offset model precision directly 
affects the clock interpolation errors. The results of the 
GNSS clock interpolation accuracy in this study supports 
the overall findings in the study of Cao et al. 2021, Ge et 
al. 2021b and Ye et al. 2021 related to the GNSS clock 
offset model precision. It can be observed that this 
accuracy loss mainly accumulated in the east component.  
The small improvement in accuracy at a sampling 
interval of 1 s compared to 30 s was seen for BDS-3 and 
multi-GNSS PPP modes. The results for the clock 
interpolation also indicate that the clock interpolation 
errors for BDS-3 were several times lower than for BDS-
2. Since the BDS-2 constellation consists of GEO satellites, 
changes in the BDS-2 satellite geometry over a short 
period were significantly smaller than for the other 
constellations. A slight improvement in accuracy at a 
sampling rate of 1 s compared to a sampling rate of 30 s 
was observed for BDS-3 and multi-GNSS PPP modes. 
Since the accuracy of the initial ambiguity parameters is 
mainly affecting the length of the convergence time, clock 
interpolation errors from high-rate sampling intervals 
are too small to affect the un-converged positioning 
accuracy. 
 

5. CONCLUSION 
 

This study investigated the effects of high rates of 
sampling interval on the static PPP convergence time and 
positioning accuracy. For this purpose, GPS-only, 
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GLONASS-only, Galileo-only, BeiDou-2-only, BeiDou-3-
only, and multi-GNSS (GPS/GLONASS/Galileo/BeiDou-
2/BeiDou-3) static PPP were processed using sampling 
intervals of 1, 5, 15, and 30 s over a three-week period 
from 26 IGS-MGEX stations. The convergence time was 
computed using 24 independent batches of observation 
length 1 h, for each day and each station. The positioning 
accuracy was computed using 12 independent batches of 
static observations of length 2 h, for each day and each 
station. 

The results for the convergence time indicate that 
sampling intervals of 5 s and 1 s significantly reduced the 
convergence time for each PPP mode compared with a 
sampling interval of 30 s. The improvement in the 
convergence time for a sampling interval of 15 s was 
significantly smaller than for sampling intervals of 5 s 
and 1s. The improvement in convergence time for a 
sampling interval of 15 s was below 1% for BDS-2 and 
multi-GNSS PPP modes. Maximum and minimum 
improvements in the convergence time using sampling 
interval of 1 s were observed for the 
GLONASS/Galileo/BDS-3 and BDS-2 constellations, 
respectively.  

The results for the positioning accuracy showed that 
there was no significant contribution from sampling 
intervals of 15, 5 and 1 s to the positioning accuracy at a 
sampling interval of 30 s. Except for BDS-3 and multi-
GNSS PPP modes, a degradation in the accuracy of the 
converged solutions was evident for the high-rate 
sampling data, and especially for a sampling interval of 1 
s. The results indicated that clock interpolation errors 
were the main cause of accuracy loss for the higher-rate 
sampling processes. The largest accuracy loss between 
sampling intervals of 30 s to 1 s was observed for the GPS 
and GLONASS satellites, which also had the largest clock 
interpolation errors among the other GNSS.  

This study concludes that most of the time, GNSS 
observations with high rates of sampling intervals are 
not necessary to improve the accuracy of the converged 
solutions. Moreover, it is recommended that the 
sampling interval should not be lower than the temporal 
resolution of the clock product used for PPP, in order to 
avoid a loss of accuracy in the converged solutions. For 
the applications where the short convergence time or 
dm-level accuracy is required, the use of high-rate 
sampling intervals can be an effective way. 
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