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al. 2023; Zhu et al. 2023). The approach was first imple-
mented in the GIPSY-OASIS software package (Webb and 
Zumberge 1997) by the Jet Propulsion Laboratory (JPL). 
With release 6.1, ambiguity resolution was introduced 
(Bertiger et al. 2010), further enhancing PPP performance. 
Among scientific software for GNSS data processing, the 
Bernese GNSS software package (Teferle et al. 2007) 
also introduced a PPP module in release 5.0 (Dach et al. 
2015). Over the past decades, PPP applied to permanent 
GNSS stations has demonstrated coordinate repeatability 
comparable to, or even better than, the classical differ-
enced approach—particularly in wide networks with very 
long baselines (Chu and Yang 2014; Li et al. 2014). To 
achieve optimal performance, PPP requires post-processed 
products such as ephemerides, clock biases, Earth Orien-
tation Parameters (EOP), phase biases, and satellite atti-
tude information. These products are currently provided 

Introduction

The Precise Point Positioning (PPP) approach for pro-
cessing GNSS observations is nowadays widely used and 
implemented in several software packages. Its strength 
lies in the capability to provide precise coordinates of a 
stand-alone receiver, thus avoiding the computational 
burden of managing a baseline network. PPP has become 
a standard technique in geodesy (An et al. 2020; Kouba 
et al. 2017; Zumberge et al. 1997), Earth sciences, and 
particularly in atmospheric studies using GNSS (Yang et 
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Abstract
The Precise Point Positioning (PPP) approach to GNSS observables is widely used for processing data from permanent 
stations, providing highly precise coordinates. However, the performance of PPP for observation sessions shorter than 
24 h has not yet been thoroughly investigated in the case of multi-constellation acquisitions. In recent years, the PRIDE 
PPP-AR software package has been made freely available. Since it includes a graphical user interface (GUI) version that 
runs under Windows, it can also be easily used by technical surveyors aiming to process data acquired from a single 
GNSS receiver. This is particularly valuable for surveys conducted in areas lacking dense geodetic infrastructures or 
reliable augmentation services. In this paper, based on a wide and consistent dataset, the coordinate precision obtained 
from observation sessions ranging from 30 min to 24 h processed with PRIDE PPP-AR is analyzed. In addition to multi-
constellation GNSS data (GPS + Galileo + GLONASS + BeiDou), independent GPS-only and Galileo-only processing was 
also evaluated. Furthermore, the reliability of the formal errors provided by the software was examined, as these represent 
the only available information for assessing coordinate quality in surveys that lack geometric redundancy. While several 
online PPP services already exist, PRIDE PPP-AR overcomes common limitations related to the number of processed 
files and the choice of GNSS constellations. The results show that two-hour observation sessions can reliably achieve 
horizontal coordinate accuracy within 2 cm and vertical accuracy within 5 cm, whereas 30-minute sessions are suitable 
for applications requiring 5–10 cm accuracy.
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by several analysis centers, including the International 
GNSS Service (IGS), JPL (​h​t​t​p​​s​:​/​​/​g​i​p​​s​y​​x​.​j​​p​l​.​n​​a​s​a​​.​g​o​​v​/​i​​n​d​
e​​x​.​p​h​​p​?​​p​a​g​e​=​d​a​t​a), the Center for Orbit Determination in 
Europe (CODE), and Wuhan University (WHU) (Dach et 
al. 2024; Guo et al. 2016; Kouba and Héroux 2001). The 
unavailability of these precise products in real time, com-
bined with the need for complex scientific software, has 
long discouraged surveyors from using PPP for technical 
applications. Moreover, due to its reduced redundancy of 
observations compared with the differenced approach, PPP 
suffers from long convergence times (Abou-Galala et al. 
2018; Glaner And Weber 2021), making it unsuitable for 
rapid surveys. Nevertheless, PPP has also been employed 
for kinematic positioning in remote areas (Cappuccio et 
al. 2024), thanks to its independence from dense ground 
infrastructures. To enable real-time kinematic positioning 
in remote and offshore environments, several commercial 
PPP-based services have emerged, such as Starfix, C-Nav, 
Trimble RTX, and Atlas (Atiz et al. 2023; C-Nav Position-
ing Solutions n.d.; Naciri et al. 2023). These services pro-
vide real-time PPP corrections computed from wide-area 
CORS networks. Although they are usually expensive, 
they deliver reliable sub-decimeter positioning, with even 
centimeter-level pass-to-pass repeatability (Tavasci et al. 
2021), suitable for offshore or agricultural applications 
but insufficient for more demanding tasks requiring higher 
accuracy. Indeed, some technical applications demand 
both centimeter-level absolute accuracy and the shortest 
possible static observation sessions. Examples include 
densification surveys of passive benchmarks realizing ref-
erence frames for monitoring or relative surveying tech-
niques (RTK, total stations, laser scanners, etc.) (Tavasci 
et al. 2023; Vecchi et al. 2021). Long-term monitoring of 
remote areas (e.g., landslides or glaciers) where installing 
permanent GNSS stations is impractical also represents a 
context where PPP can be effectively applied using static 
sessions of a few hours over ground benchmarks.

In Gandolfi et al. (2017), an investigation into achiev-
able PPP precision in such contexts demonstrated sub-centi-
meter coordinate repeatability with observation sessions of 
six hours or more, while precision significantly decreased 
for sessions shorter than one hour. Barbarella et al. (2018) 
further proposed a mathematical model linking PPP preci-
sion to session duration. Both studies relied solely on GPS 
data processed with GIPSY-OASIS II, a software not easily 
accessible to surveyors, thus limiting the practical use of 
their findings.

Over the years, several online PPP services have been 
developed, allowing users to upload RINEX (Receiver 
INdependent EXchange) files for processing, such as 
CSRS-PPP (Tetreault et al. 2005), GAPS (Leandro et al., 
2007), magicPPP (​h​t​t​p​​s​:​/​​/​w​w​w​​.​g​​m​v​.​​c​o​m​/​​e​n​/​​p​r​o​​d​u​c​​t​s​/​​s​p​a​c​​

e​/​​m​a​g​i​c​p​p​p), MADOCA (​h​t​t​p​​s​:​/​​/​q​z​s​​s​.​​g​o​.​​j​p​/​e​​n​/​o​​v​e​r​​v​i​e​​w​/​s​​
e​r​v​i​​c​e​​s​/​s​v​1​3​_​m​a​d​o​c​a​.​h​t​m​l) and APPS ​(​​​h​t​t​p​:​/​/​a​p​p​s​.​g​d​g​p​s​.​
n​e​t​/​​​​​)​. Most of these services use JPL software to perform 
PPP. While user-friendly, they do not allow large data-
set processing, limiting robust performance assessments. 
Nevertheless, studies such as Vázquez-Ontiveros et al. 
(2023) and Mutlu et al. (2023) have provided insights into 
the precision achievable through such online platforms, 
although they typically relied on datasets covering only 
about seven days.

A more recent and comprehensive analysis of PPP per-
formance as a function of both session duration and site lati-
tude was conducted by Kurtz et al. (2024), using GPS data 
and the Parallel.GAMIT software (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​d​​e​m​i​​
a​n​g​​o​m​e​​z​/​P​​a​r​a​l​​l​e​​l​.​G​A​M​I​T) However, this software requires 
customized Python scripting, which makes it less suitable 
for surveyors seeking user-friendly tools.

Recently, PPP has been implemented in several new 
software packages, such as GipsyX, Bernese v5.4, and 
PRIDE PPP-AR (Bertiger et al. 2020; Geng et al. 2019). 
Among these, PRIDE PPP-AR stands out for its intuitive 
graphical interface and full availability for public use, mak-
ing it accessible to a wide range of surveyors, researchers, 
and institutions interested in PPP post-processing of static 
GNSS data. Unlike the previously used GIPSY-OASIS II, 
PRIDE PPP-AR supports full multi-constellation process-
ing, thereby improving observation redundancy and poten-
tially enhancing PPP performance, particularly for shorter 
observation sessions.

The aim of this paper is to provide the scientific and tech-
nical community with updated information on PPP preci-
sion as a function of the observation time over a benchmark. 
PRIDE PPP-AR was selected for this study because, at pres-
ent, it is among the most accessible tools for both technical 
and scientific users due to its user-friendly GUI, which runs 
on Windows. Consistently, default GUI processing param-
eters were applied in all tests, which were executed using 
the Linux (scriptable) version of the software to allow the 
processing of a robust dataset of more than 3,300 daily files.

The dataset includes a cluster of nine stations distributed 
across various latitudes providing 30-second RINEX files, 
as well as three permanent Italian stations also providing 
1 Hz data. The analyzed time spans range from 24 h down 
to 30 min. Precision was evaluated for full-constellation 
(GPS + Galileo + GLONASS + BeiDou), GPS-only, and 
Galileo-only datasets. Moreover, since geometric redun-
dancy (i.e., multiple baselines converging on a single point) 
is not possible in PPP, the covariance matrix estimated by 
the software is the only available indicator of coordinate 
quality. Therefore, this paper also proposes a method to cor-
rectly interpret and exploit this information, together with 
an assessment of its reliability.
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Dataset and GNSS data processing

To perform the test, data from 12 GNSS permanent stations, 
all equipped with full constellation receivers, were used. In 
particular, a one-year dataset was acquired from 9 IGS sta-
tions located at three different latitude bands, as shown in 
Fig. 1a. These provided 30 s sampling rate RINEX files. 
Besides the 24 h, the following time spans were consid-
ered: 12 h, 6 h, 3 h, 2 h, 1 h and 0.5 h. Each daily file was 
split into several shorter one so that, for instance, 24 inde-
pendent PPP solutions were obtained from 1 h observing 
sessions.

To test the impact of a higher rate of acquisition, also 30 
days of 1 Hz observations were acquired from 3 stations 
belonging to a local monitoring network located in Italy as 
shown in Fig. 1b. For this dataset, only the 3 h, 2 h, 1 h 
and 0.5 h time spans were computed besides the daily ones. 
Both 1 Hz and 30 s sampled data were processed to assess 

the influence of the sampling rate on coordinate repeatabil-
ity under identical hardware and environmental conditions. 
In the paper, multi-constellation solutions refer to all the 
four GNSS operative at the time. Moreover, for the time 
spans of 3 h and less, also the solutions given independently 
by the GPS and the Galileo constellations were computed 
respectively.

As for the data processing, it was carried out using the 
PRIDE PPP-AR software installed in a Linux environment 
and executed through ad hoc scripts to speed it up consid-
ering the amount of involved data. The main processing 
setting and products necessary to enable ambiguity resolu-
tion are listed in Table 1. These are nothing but the default 
parameter, also implemented in the GUI version which non 
expert users would use. The only exception concerns the 
orbit products: in the test we used the CODE ones for our 
convenience, while using the GUI the WHU products are 
automatically downloaded. Both set of products enable PPP 

Table 1  Main products, models and parameters used in the PRIDE PPP-AR data processing
Product Source File
Orbits ​h​t​t​p​​:​/​/​​f​t​p​.​​a​i​​u​b​.​​u​n​i​b​​e​.​c​​h​/​C​​O​D​E​_​M​G​E​X​/​C​O​D​E​/​2​0​2​3​/ COD0MGXFIN*05 M*.SP3
Clock COD0MGXFIN*30S*.CLK
Bias COD0MGXPSFIN*.BIA
Sat. Attitude COD0MGXFIN*30S*.OBX
Rec. antenna calibration ​h​t​t​p​s​:​​​/​​/​f​i​l​e​​s​​.​i​g​​​s​.​o​​​r​g​/​​p​​u​​b​/​s​t​a​t​​i​o​n​/​g​e​n​e​r​a​l​/ Igs20.atx
Sat. antenna calibration
Phase center mass correction

Model
EOP, Solid and Pole Tides IERS 2010 conventions (Technical note 36), Chap. 7
OceanLoad model FES2014b
Tropospheric mapping function VMF-1
Parameter Value
Elevation mask 10°
Carrier signal L1(E1)-L2-E5(a)

Fig. 1   Maps showing the location of the 12 GNSS permanent stations providing the dataset, all equipped with full constellation receivers
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Analysis methods

The post-processing of the PPP solutions aimed to com-
pute their “real error”, defined as the difference between 
the estimated coordinates and corresponding reference 
values, in order to build statistics describing how such 
errors vary with observation duration.

The first step involved defining a reference position for 
each selected station. This reference was obtained from 
the 24-hour multi-constellation solutions by fitting non-
linear position models (Fig. 3a), as previously done in 
Gandolfi et al. (2017). The Lomb–Scargle periodogram 
(Scargle 1982; VanderPlas 2018) was applied to identify 
up to five characteristic frequencies, and a Gauss–Markov 
model was used to compute the least-squares solution for 
both linear and nonlinear components simultaneously.

All PPP coordinates obtained from shorter observation 
sessions were then compared with the reference models 
by computing residuals, hereafter referred to as “real 
errors” ( δ err) (Fig. 3b).

Finally, the real errors were compared with the formal 
errors expressed in the covariance matrix of each solution. 
This step is particularly relevant for applications where each 
benchmark is surveyed only once and no geometric redun-
dancy is available, as in network-based approaches using 
multiple baselines. In such cases, the formal error provided 

ambiguity resolution and switching from one to the other 
should not have a significant impact on the results.

As for the ambiguity resolution, PRIDE PPP-AR imple-
ments two different algorithms: the Lambda (JONGEPDE 
& TIBERIUSC, 1996) and the Rounding one (Jianghui 
Geng et al. 2010). The first is recommended for observing 
sessions shorter than 6 h, while the Rounding approach is 
preferred for longer data acquisitions. The GUI version of 
the software automatically switch between the two depend-
ing on the input data.

The PPP computations over data spans shorter than 24 h 
were obtained by using the “starttime and endtime” option 
in the PRIDE PPP-AR software, thus easily enabling the 
independent processing of the selected observations with-
out the need to split each RINEX file into shorter files. Fig-
ure 2 reports the processing failure rate, namely the lack 
of coordinate in the output, depending on the site and the 
considered time span. As shown, the PPP processing has 
an increasing failure rate for shorter observing sessions, 
still under the 2.4% even the worst cases.

For each PPP solutions, PRIDE PPP-AR provides the 
ECEF site coordinates, together with the full cofactors 
matrix. Before proceeding with the analysis, both the coor-
dinates and their estimated uncertainties were reprojected 
using topocentric systems along the East, North and Up 
(ENU) to split the plane directions from the vertical one.

Fig. 3  Example of one year positions time series (black dots), refer-
ence position model (red line), and residual coordinate representing 
the real error δ err

 

Fig. 2  Boxplot reporting the statistics on the processing failure per-
centages over the 9 GNSS station from the IGS network. Boxes indi-
cate interquartile ranges, whiskers represent extreme values, and aster-
isks denote outliers. GNSS results refer to full-constellations data

 

1 3

   24   Page 4 of 12



Applied Geomatics           (2026) 18:24 

service, making useless any PPP post-processed solution for 
applications requiring lower precisions. Figure 4 resume the 
percentage of outlier positions detected for each observation 
time span over the 9 globally distributed stations.

Rejection percentages for time spans above three hours 
are all zero, thus not reported in the figure. Considering the 
full constellations GNSS solutions, for time spans at least 
one hour long the percentage of solutions with errors above 
20 cm can be considered negligible, being always below 
0.4%, with the only exception of the one hour solutions 
from the PIE1 station. Statistics rise for the half an hour PPP 
solutions, but mostly remain within 2%, again with the only 
exception of the PIE1 station showing rejection rates form 
7.7% to about 18.7%. A detailed analysis shown that PIE1 
site is affected by significantly high cycle-slip rate, particu-
larly for BeiDou and Glonass constellations, probably due 
to the presence of a VLBI (Very Long Baseline Interferom-
etry) antenna nearby the station. As for GPS only solutions, 
the percentage of outliers are just slightly higher than multi-
GNSS ones, whereas Galileo shows significant percentages 
for one hour and half an hour solutions, especially on the 
East and Up components. Using GPS or Galileo only, the 
PIE1 station does not show the biased behavior shown using 
full constellations, deriving from Glonass and BeiDou data. 

by the software is the only indicator of coordinate quality. 
Therefore, assessing the reliability of this parameter is as 
important as analyzing the real errors themselves.

Results

Test results are presented starting from the statistical anal-
ysis of the real errors δ err, providing indications on the 
repeatability of the coordinates depending on the observing-
session time span and the considered GNSS constellations. 
Then, a discussion on the reliability of the PRIDE PPP-AR 
formal errors is provided together with indications on how 
to practically use it.

Precision vs. time

The time series of the real errors δ err (residuals to the refer-
ence position models) present some few outliers, mainly con-
centrated in solutions obtained from short observing sessions. 
We discarded such outliers from the statistics presented in 
this section by setting a 20 cm threshold. The choice consid-
ers that, for instance, over the next years such accuracy will 
be formally provided by the Galileo HAS (Naciri et al. 2023) 

Fig. 4  Boxplot showing statistics of rejected solutions for the nine 
IGS GNSS stations. Rejected coordinates have real error δ err  larger 
than 20 cm. Boxes indicate interquartile ranges, whiskers represent 

extreme values, and asterisks denote outliers. GNSS results refer to 
full-constellations data
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sessions. However, results vary strongly among sites at 
THU2, Galileo performance is nearly comparable to multi-
GNSS. GPS precision generally lies between GNSS and 
Galileo values. By comparing GPS results to those obtained 
almost ten years ago by Gandolfi et al. (2017) by using the 
GIPSY-OASIS II software package, PRIDE PPP-AR per-
formance have improved about 30% considering the obser-
vations spans of on hour or less, whereas for 3 h sessions 
very similar precisions were found. Such improvements on 
shorter sessions could comes from the different and up to 
date PPP algorithm that PRIDE PPP-AR implements and 
from improvements in the computation of GPS products.

zFinally, to provide more practical insights on the posi-
tioning performance of a short time static survey for PPP 
processing, Fig. 6 shows the percentage of residuals above 
a certain threshold δ th depending on the observation time 
span. These results come from GNSS data of the glob-
ally distributed network, having excluded the PIE1 station 
which shown outlier behavior. As for the plane directions, 
half an hour acquisitions are enough to have a 1 cm level 
precision in about 95% of the cases and 5 cm in more than 
98%. To guarantee errors below 1 cm in more than 98% of 
cases, 2 h acquisitions are necessary, while only using 12 h 
of data such percentage drops below 1%. Nevertheless, 3 
cm level of precision could be achieved with about 99.5% 

In general, the solutions above 20 cm of error are mainly 
detectable looking at the Up and Easting components, while 
the Northing one is more accurate.

Once excluded the outlier solutions from the dataset, 
for each site and each time span the standard deviation of 
the errors was computed. Figure 5 reports the statistics on 
these standard deviations computed on the 9 stations of the 
global dataset.

The precision of PRIDE PPP-AR for long observing ses-
sions (12–24 h) is at the mm level considering multi-GNSS 
observations: less than 3 mm (1σ) in the plane directions 
and about 7 mm in height. As for the shorter observations, 
half an hour data leads to precision mostly within 2 cm and 
3 cm in the horizontal and vertical directions respectively. 
For a few stations the error 1σ is up to 4 cm. Moving from 
half an hour to two hours of data acquisition the errors 
decrease significantly, down to 1 cm for plane components 
and 2 cm along the Up in almost all cases. From 3 to 6 h 
precisions slightly improve. Overall, errors along the north-
ing direction are smaller than the Easting and Up ones when 
considering shorter observations.

For GPS-only and Galileo-only solutions, precision 
decreases notably compared with multi-GNSS, particu-
larly for shorter sessions. For example, Galileo 1σ errors 
are nearly twice those of GNSS for one-hour or shorter 

Fig. 5  Boxplot showing statistics of the standard deviations of real errors ( δ err) across the 9 GNSS station from the IGS network. Boxes indicate 
interquartile ranges, whiskers represent extreme values, and asterisks denote outliers. GNSS results refer to full-constellations data
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A complementary analysis was performed using the 
30-day dataset from three Italian stations. The goal was 
to evaluate the impact of 1 Hz data versus 30-second 
sampling for short sessions. The difference was found to 
be negligible: for GNSS data, discrepancies in the stan-
dard deviation of residuals were below 1 mm, while for 
GPS or Galileo only, they reached up to 4–6 mm. In these 
cases, 30-second data yielded slightly better precision 
than 1 Hz data, particularly for 30-minute and one-hour 
sessions. This may result from oversampling effects (i.e. 
many numerical inputs, but highly correlated) that nega-
tively impact PPP processing when geometric redundancy 
is low since satellites positions do not vary significantly 
over short periods. Table 2 summarizes the mean standard 
deviations (1σ) of the real errors δ err , averaged over the 
three Italian stations (Fig. 1b). These results are consistent 
with those obtained from the nine IGS stations for full-
GNSS and Galileo-only solutions. However, for the 1 h 
and 0.5 h sessions, GPS errors over the Italian stations 
were larger than Galileo, contrary to the trend observed 
for the global network.

Reliability of the formal error

The formal error provided by PRIDE PPP-AR for each solu-
tion was considered with the aim of verifying its usability to 
have insights on the actual quality of the computed coordi-
nates. This would be useful to surveyors performing single 
session of GNSS data acquisition for PPP, thus without any 
geometrical redundancy. The software actually provides a 
cofactor matrix representing the intrinsic precision of the 
unknown parameters as it comes from the weighting of the 
observables in the data processing. Thus, such information 
is not intended to directly estimate the actual coordinates 
accuracy.

The matrix of each solution was transformed into a 
full-covariance matrix and then rotated to express uncer-
tainties along the topocentric directions ENU. First, the 
cross-correlation coefficients between the time series of the 
errors ( δ err) and those of the estimated standard devia-
tions ( σ P ride), namely the square roots of the diagonal 
elements of each covariance matrix, were computed. Such 

probability using two hours acquisitions. In general, preci-
sions on Northing direction are higher than along East for 
the shorter observation spans.

Vertical errors are higher and, for instance, half an hour 
observations lead to 5% error above 4 cm. Roughly, to work 
with enough confidence (97.5%) within 3 cm of error, at 
least 3 h observations are necessary, while 6 h are required 
if the goal is the 2 cm height precision.

Table 2  Standard deviations of the real errors δ err  averaged over the 3 GNSS permanent stations located in Italy (Fig. 1b), expressed in cm
mean σ (cm)

Multi-GNSS GPS Galileo
Session length N E U N E U N E U
3 h 0.3 0.3 1.0 0.5 0.7 1.6 0.5 0.7 1.1
2 h 0.3 0.3 1.3 0.5 0.8 1.7 0.8 0.6 1.3
1 h 0.4 0.4 1.4 2.0 3.0 4.0 1.8 2.6 2.8
0.5 h 0.6 0.6 2.0 4.7 6.1 7.0 4.2 5.5 5.5

Fig. 6  Graphs showing the percentage of PPP solutions with errors δ err  
exceeding thresholds on the x-axis. Colors indicate observation duration
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performed through total stations or, differently, the case of 
monitoring of a wide and remote unstable area.

Case 2  δ th, North = δ th, East = 3cm, δ th,Up = 5cm. 
This scenario is similar to Case 1, considering less demand-
ing accuracies or a lower sensitivity to displacements.

Case 3  δ th, North = δ th, East = δ th,Up = 10cmThis sce-
nario considers, for instance, the measurement of GCP for 
airborne photogrammetry or Lidar surveys in remote areas.

Figures 7 and 8-9 show the scale factors (blue bins) and the 
related Ec error probability (Orange lines) obtained for 
Case 1, Case 2 and Case 3 respectively, depending on the 
observing session time spans. It worth noting that Ec does 
not represent the probability to have coordinates’ errors 
higher than δ th, but instead it means the probability of 
wrongly accept or discard such coordinates after checking 
the formal error σ SF . Results for data acquisition of 12 h 
and 24 h are not reported since for the given requirements 
( δ th values) the error probabilities are zeros or neglieg-
ible (minor than 0.2%) even in the most demanding case 
just considering σ P ride values. Moreover, measuring ses-
sions of 12 h or more are less likely doable in the survey-
ing practice.

As for Case 1, for instance, considering plane compo-
nents and applying the here defined SFs to the PPP formal 
errors σ P ride it would be possible to perform a survey 
compliant to the precision requirements with less than 1% 
probability to wrongly use the computed coordinates by 
acquiring at least 2 h of data. Nevertheless, by using half 
an hour acquisitions the Ec probability for Northing and 
Easting coordinates is about 2%. As for the hight, to limit 
the error probability within 5% at least one hour data should 
be acquired, increasing to 6 h or more to have Ec lower 
than 1%.

In Case 2 scenario some larger scale factor should be 
applied to the PPP formal errors, thus obtaining Ec prob-
abilities about 0.5% and 1% for plane and height compo-
nents respectively using just half a hour data records, while 
one hour is enough to drop such error probabilities to 0.2% 
and 0.5%. For observing sessions 6 h long, the error prob-
abilities are almost negligible.

Figure 9 relates to Case 3 and shows that, once prop-
erly scaled, the PPP formal error is highly reliable ( Ec 
within 0.5%) also for the shorter observing sessions. 
Still, moving to 2 h surveys or longer actually makes 
the probability of misinterpreting the coordinates qual-
ity negligible, meaning Ec lower than 0.1% also for the 
height component.

cross-correlations range between 0.6 and 0.7 depending on 
the observation time span considered, with a variability of 
0–0.2.2 standard deviation depending on the site. Never-
theless, the formal error given by the software shown to be 
largely underrated. Therefore, an attempt to estimate Scale 
Factors (SFs) to be applied to σ P ride to make it usable was 
pursued.

This was done testing iteratively several SF values, also 
considering a threshold value for the coordinates error δ th 
and the probability to commit type I or type II errors using 
the scaled formal error σ SF = σ P ride*SF  to assess the 
solution’ quality. The δ th value should be related to the 
goals of the survey and its expected accuracy, while errors 
were considered by defining them as:

	● Type I error ( EI ): accepting coordinates affected by a 

too big error, so that 
{

σ SF ≤ δ th
δ err ≥ δ th

;

	● Type II error ( EII ): rejecting coordinates with accept-

able error, so that 
{

σ SF ≥ δ th
δ err ≤ δ th

;

SFs ranging from 1 to 500 were tested. It was found that 
results in terms of EI  and EII  highly depend on both 
the selected δ th threshold and the observation time span. 
Moreover, error estimates are in a different relation with 
the real errors dependig on the considered direction: 
North, East or Up. Therefore, ad hoc SFs were computed 
for each time span and each coordinate component con-
sidering different error thresholds. Such scale factors 
were selected by minimizing the combined probability 
of occurring in errors EI  or EII . Since accepting and 
using wrong coordinates ( EI ) is in practice more danger-
ous than rejecting a good measurement ( EII ), the error 
probability to be minimized was actually the combination 
Ec = EI ∗ 0.75 + EII ∗ 0.25.

The PIE1 data were not considered in the estimation of 
the SFs to prevent the results be affected by site-dependent 
biases. Nevertheless, the proposed values refer to anten-
nas working in good sky visibility and limited multipath. 
Therefore, the here computed SFs might not work at best 
for surveys performed under less favorable environmental 
conditions.

Results are reported in Figs. 7, 8 and 9 by considering 
three different scenarios.

Case 1  δ th, North = δ th, East = 1cm, δ th,Up = 2cm. 
This scenario considers the most demanding case of refer-
ence frame densification as, for instance, the definition of 
a passive network of benchmark in a remote area, the set-
ting of benchmarks for high precision land survey to be 
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Fig. 8  Reliability of scaled formal error σ SF  for Case 2. Blue bars show scale factors minimizing Ec; red dots represent resulting Ec values

 

Fig. 7  Reliability of the scaled formal error σ SF  for Case 1 scenario. Blue bars show the computed scale factors minimizing the combined error 
( Ec); red dots represent corresponding Ec values
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For example, in full-constellation GNSS surveys with 
two-hour observation sessions, PRIDE PPP-AR achieves 
horizontal positioning errors within 1 cm in about 98% of 
cases, with only a 0.5% probability of misjudging coordinate 
quality when using the scaled formal errors. If a precision 
requirement of 3 cm is acceptable, observation sessions of 
just 30 min can yield similar reliability. Vertical components 
are less precise, and a more realistic target for short sessions 
is 5 cm accuracy, achievable with 2–3 h observations. As 
shown in Figs. 6 and 9, 30 min observations are more likely 
to be suitable when the 3D accuracy requirements are within 
10 cm. The paper provides graphs useful for planning sur-
veys according to the required precision and reliability lev-
els. Overall, two-hour observation sessions appear to offer 
the most effective trade-off between time and positioning 
performance when using PRIDE PPP-AR.

A comparison between full-GNSS and single-con-
stellation (GPS-only or Galileo-only) solutions was also 
performed. Single-constellation results are less precise, par-
ticularly for observation sessions shorter than 3 h. In such 
cases, positioning errors from Galileo data are nearly double 
those from full-GNSS solutions, while GPS data yield inter-
mediate performance.

Analysis by site location confirmed lower precision at 
equatorial latitudes, in agreement with Kurtz et al. (2024). 
Specifically, for observation sessions shorter than six 

Conclusions

This study investigated the use of the free PRIDE PPP-AR 
software package for GNSS surveys that require observa-
tion sessions as short as possible to remain feasible or pro-
ductive. A large dataset comprising one year of daily data 
from nine IGS stations was used, each divided into different 
time spans to simulate shorter observation sessions. Time 
spans of 12, 6, 3, 2, 1, and 0.5 h were tested.

Daily PPP solutions were used to build nonlinear posi-
tion models serving as references for the coordinates 
obtained from each simulated survey. Reliable and robust 
statistics describing the actual precision of PPP processing 
as a function of input data length were derived by analyz-
ing coordinate residuals with respect to the reference mod-
els. Moreover, since PPP surveys inherently lack geometric 
redundancy (i.e., multiple baselines converging on the 
same point), surveyors have no direct means to evaluate the 
quality of their results without repeating the survey. There-
fore, the reliability of the formal errors provided by PRIDE 
PPP-AR was also examined. The software was found to 
produce formal errors that are largely underestimated and 
not representative of the true positioning quality. Conse-
quently, a possible method to exploit these formal errors, 
by applying suitable scale factors to assess coordinate reli-
ability, is proposed.

Fig. 9  Reliability of scaled formal error σ SF  for Case 3. Blue bars show scale factors minimizing Ec; red dots represent resulting Ec values
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hours, positioning precision is about 50% worse at low 
latitudes than at mid- and high-latitude stations. Finally, 
using a 1 Hz sampling rate instead of 30-second sampling 
did not improve positioning performance. On the contrary, 
for 1 h session or shorter, higher sampling rates slightly 
degraded precision in the case of GPS-only or Galileo-
only data, likely due to oversampling effects.

Although online PPP services could in principle be used 
by technicians for similar applications, PRIDE PPP-AR 
offers a practical alternative, as it can be easily installed 
in a user-friendly GUI version and run without limitations 
on the amount of input data. Moreover, this paper pro-
vides comprehensive insights on the precision achievable 
with the software using standard parameters, and proposes 
a method to interpret the estimated errors for a reliable 
assessment of result quality.
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