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Abstract: It has been proven that precise point positioning (PPP) is a well-established technique to
obtain high-precision positioning in the order between centimeters and millimeters. In this context,
different studies have been carried out to evaluate the performance of PPP in static mode as a possible
alternative to the relative method. However, only a few studies have evaluated the performance
of a large number of different open-source software programs and have focused extensively on
online free PPP services. Therefore, in this paper, a comprehensive comparison of processing in static
mode between different open-source software and the online free PPP services is developed. For
the evaluation, different GNSS observation files collected at 45 International GNSS Service (IGS)
stations distributed worldwide were processed in static PPP mode. Within this frame of reference,
ten open-source PPP software and five online free PPP services were studied. The results from the
processing strategy demonstrate that it is possible to obtain precision in the order of millimeters with
both open-source software and online PPP services. In addition, online PPP services experienced
better performance than some other specialized PPP software. In summary, the results show that the
daily solutions for the E (East), N (North), and U (Up) components estimated by the ten open-source
software and by the five online free PPP services can reach millimeter precision for some stations.
Among the open-source software, the PRIDE-PPPAR presented the best performance with a Root
Mean Square Error (RMSE) of 5.52, 5.40, and 6.79 mm in the E, N, and U components, respectively.
Alternatively, in the case of the online free PPP services, the APPS and CSRS-PPP produced the
most accurate results, with RMSE values less than 12 mm for the three components. Finally, the
open-source software and online free PPP services experienced similar positioning performance in
the horizontal and vertical components, demonstrating that both can be implemented in static mode
without compromising the accuracy of the measurement.

Keywords: static-mode PPP; open-sources; online PPP processing services; Root Mean Square Error;
GNSS technology

1. Introduction

The Precise Point Positioning (PPP) technique was first implemented in the research
work developed by [1]. However, it was not until the late 90s that the PPP approach was
improved based on studies documented by Zumbergue et al. (1997) [2] and Kouba and
Heroux (2001) [3]. In nature, the PPP technique requires three important aspects: (1) carrier
phase and pseudorange observations from a single Global Navigation Satellite System
(GNSS) receiver; (2) precise satellite orbit and clock products; and (3) model corrections
to achieve high-precision three-dimensional positioning [4,5]. It is also known that PPP
does not require a reference station and determines the coordinates of a station on the
International Terrestrial Reference Frame (ITRF) [6]. Unfortunately, a limiting factor in PPP
is the long convergence time (<30 min in static PPP) required for ambiguity resolution and
obtaining stable results [7,8]. Nevertheless, it is now possible to achieve integer ambiguity
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resolutions in about 10 min, considering combinations of GNSS constellations, through
the ambiguity resolution (AR) method [9]. In this sense, AR is a method that helps to
speed up the convergence while increasing the positioning accuracy [10–12]. One can
find in the literature that the performance of PPP-AR is based on the accuracy of the
ambiguity resolution products [9,13]. In recent years, the PPP technique has been used
in different applications such as tropospheric delay determination [14], cartography [5],
structural health monitoring of infrastructure [15], water vapor determination/study [16],
and photogrammetry georeferencing [17]. Therefore, it has been widely demonstrated, for
several applications, the beneficial effect of using the PPP technique as an alternative to
relative positioning.

Alternatively, to perform the post-processing step with the PPP-AR technique, it is
necessary to use compatible software with products that enable AR. Usually, this type
of product is the Bias SINEX file, the precise sp3, the clk file, and the erp file, including
the error models that may affect the traditional PPP. Such a problem will depend on the
required precision selected by the user. Within this context, many research institutes
and universities have created PPP software packages, including online PPP processing
platforms as well. Online PPP services are free and available 24/7. The user only needs
to send the GNSS observation data files in RINEX or compressed format. Then, once the
online processing is performed, the results are immediately sent back to the user. Thus,
online PPP services represent a feasible option for non-expert GNSS users. Alternatively,
the PPP software packages require knowledge about the processing because it is necessary
to download the precise products to perform the PPP processing. There are different
open-source software and online free PPP services for GNSS data processing with the PPP
technique with/without ambiguity resolution in static and kinematic modes. Some of the
most well-known GNSS software packages are: RTKLIB, PPPH, gLAB, PRIDE-PPPAR,
Net_Diff, goGPS, GAMP, GPS Tools, PPPLib, MG-APP, and GIPSY X. Conversely, in the
case of online PPP services, the most popular are: CSRS-PPP, APPS, GAPS, TRIMBLE
Center-Point RTK, and MagicGNSS.

Based on the above discussion, the PPP technique has been evolving and getting very
popular in recent years, mainly due to its high precision for obtaining 3D coordinates.
This is the reason why the performance of both open-source software and online free
PPP services has been evaluated in different studies. For example, Ghoddousi-Fard and
Dara (2006) [18] used five online GNSS data processing services in relative (AUSPOS,
SCOUT, OPUS) and absolute (Auto-GIPSY, CSRS-PPP) modes to compare and analyze
the coordinates in static mode of different GNSS stations distributed around the world.
Additionally, in Guo 2015 [19], four online free PPP services were evaluated, namely APPS,
GAPS, CSRS-PPP, and Magic-PPP, to obtain static positioning and estimate tropospheric
delay. They concluded that the four online free PPP services can provide centimeter- to
millimeter-level accuracy in positioning and 1–2 cm in Zenith Total Delay (ZTD) estimation.
In this context, other studies have been conducted to evaluate the accuracy of online PPP
services with different approaches [20–23]. Very recently, Alkan et al. 2020 [24] evaluated
the performance precision of the Trimble Center Point RTX real-time PPP positioning
service and the Canadian Spatial Reference System Precise Point Positioning (CSRS-PPP)
post-processing online PPP service. In such an investigation, [24] obtained coordinates
from Center Point RTX and compared them with previously determined coordinates. They
concluded that the real-time 3D positioning achieved a precision of one centimeter and a
convergence time of a few minutes. In addition, it was reported that the CSRS-PPP had
centimeter-level precision. Alternatively, the number of studies conducted to evaluate
a set of open-source software used in GNSS data processing with the PPP technique
in static mode has been minimal. This represents one of the main motivations for the
scientific community to conduct experiments to evaluate open-source software. Within this
frame of reference, Bahadur and Nohutcu 2019 [25] used the open-source PPPH software
to process multi-GNSS data with different MGEX products. Furthermore, Grinter et al.
2020 [26] implemented the modified RTKLIB software to determine real-time simulated
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ambiguity solutions in PPP. Malik, 2020 [27] evaluated the performance of GAMP open-
source software in static PPP mode using the combinations GPS only, GLONASS only,
and GPS + GLONASS. They used ten days of ten IGS stations for the analysis. Standard
deviations of the horizontal component of 3.83, 13.8, and 3.3 cm were obtained for GPS only,
GLONASS only, and GPS + GLONASS, respectively. Other studies have been carried out
where they evaluated the performance mainly of online PPP services and some open-source
software [28–31]. However, an evaluation study of a set of open-source software and
online services that process the PPP technique in static mode under the same measurement
conditions has not been carried out.

In summary, there is no doubt that the PPP technique has been well-established and
implemented in GNSS applications. However, there is a knowledge gap about detailed
research on open-source software and online services for PPP processing. This represents
a challenge because the selection of open-source or online software plays an important
role in the accuracy of positioning. Therefore, the main objective of this research is to
evaluate the precision of the PPP technique with/without ambiguity resolution in static
mode, considering different open-source PPP software and online free PPP services. The
open-source software was evaluated in its original version, that is, as such, they were
published by their authors without modifying the source code; this is because the users
who use these software only import input files and change the processing parameters.
Then, a comparison is developed based on the results and reference values published on
the Scripps Orbit and Permanent Array Center (SOPAC) website. Briefly, this paper is
organized as follows: Section 2 provides a summary of the open-source software and online
PPP services used in the study. Section 3 documents the methodology and data processing
strategy. Section 4 summarizes the results. Finally, Sections 5 and 6 contain the discussion
and conclusions, respectively.

2. Summary of Open-Source PPP Software and Online Free PPP Services

This section briefly describes the open-source software and online PPP services evalu-
ated. The authors selected the software packages and online services because of their free
access and popularity. For example, GIPSY X scientific software was selected due to its
availability from the Jet Propulsion Laboratory (JPL) for academic and scientific purposes.

2.1. Open-Source PPP Software

PPPH is an open-source GNSS analysis software based on MATLAB. PPPH supports
processing data from GPS, GLONASS, Galileo, and Beidou constellations [32]. PPPH offers
users the advantage of setting different options and processing parameters. In addition,
the output file contains the coordinates and parameters for each epoch. As a complement,
PPPH gives the user the option of analyzing and graphing the results to visualize them
more clearly. The MATLAB open-source, manual, and sample data for PPPH are available
on the GPS Toolbox website: https://geodesy.noaa.gov/gps-toolbox/PPPH.htm (accessed
on 20 November 2022).

gLAB (GNSS-Lab) is an open-source educational software for GNSS data processing
and analysis [33,34]. It is important to mention that gLAB was developed in 2009 as an
educational program for the European Space Agency (ESA). Currently, gLAB only processes
GPS. However, it is being updated to allow the processing of multiple constellations. The
window installer, user manual, and detailed information about gLAB can be found on the
website https://gage.upc.edu/en/learning-materials/software-tools/glab (accessed on
20 November 2022).

One more open-source piece of software is Net_Diff, which is used to download GNSS
data for positioning and analysis. This software was developed by the GNSS Analysis Cen-
ter at the Shanghai Astronomical Observatory (SHAO) [35,36]. In general, Net_Diff is soft-
ware that processes SPP/PPP/PPP-AR/DSPP/DPPP/RTK/PPP-RTK. In addition, Net_Diff
is compatible with all current signals from GPS/GLONASS/BeiDou/Galileo/QZSS/IRNSS
systems, from single frequency to triple frequency. It also supports PPP-AR. For more
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information about Net_Diff, readers are referred to the website http://center.shao.ac.cn/
shao_gnss_ac/Net_diff/Net_diff.html (accessed on 20 November 2022). Finally, Net_Diff
has an online service for PPP and PPPAR data at processing (http://129.211.69.159:8090/
(accessed on 20 November 2022)).

RTKLib is an open-source toolkit for GNSS positioning developed by Dr. T. Takasu [37].
RTKLib currently supports positioning algorithms with GPS, GLONASS, Galileo, BeiDou,
QZSS, and SBAS constellations [38]. Furthermore, RTKLib supports different positioning
modes such as single-point positioning (absolute technique), DGNSS (relative technique),
kinematic, static, moving baseline, PPP-kinematic, PPP-static, and PPP-fixed. Processing
results can be found in files with different output options, such as geodetic coordinates
(lat., lon., h), geocentric coordinates (X, Y, Z), baselines (E, N, h), and message NMEA0183.
RTKLIB allows for the automated processing of a large number of IGS stations through a
batch process in Linux. For more information about RTKLIB input and output files, visit
the official page at https://rtklib.com/ (accessed on 20 November 2022).

Another alternative for GNSS Precise Point Positioning Ambiguity Resolution (PPP-
AR) is the PRIDE-PPPAR open-source software. It was developed by the Pride Lab at the
GNSS Research Center of Wuhan University [39]. Within this context, PRIDE-PPPAR was
designed following the principles of readability, modularity, extensibility, and maintainabil-
ity. These elements represent the basis for using this software in an easy and flexible way.
In general, PRIDE-PPPAR is mainly composed of two modules: (1) undifferentiated GPS
data processing, and (2) integer ambiguity resolution. It is important to note as well that the
PRIDE-PPPAR software generates output files containing the coordinates of the solution in
ECEF coordinates (X, Y, and Z). PRIDE-PPPAR is capable of processing RINEX files sampled
at 50 Hz. The software, user manuals, and more detailed information such as compatibility
of GNSS constellations and signals can be downloaded from the PRIDE official website,
http://pride.whu.edu.cn/indexone.shtml (accessed on 20 November 2022).

In addition to the above-reported software, the Multi-GNSS Automatic Precise Positioning
(MG-APP) is an open-source software that can be run on Windows/Linux/Unix. In this sense,
MG-APP can process GPS, GLONASS, BDS, and Galileo observations using the Kalman filter
or the square root information filter (SRIF) [40]. One of the innovative tools of MG-APP is that it
is possible to perform real-time data processing in a mode where it uses two adjacent epochs
to detect data quality and filter calculation. MG-APP can be downloaded from the website,
https://github.com/XiaoGongWei/MG_APP (accessed on 20 November 2022). Additionally,
manuals and detailed features of the software can be found.

The goGPS software is also an important option for processing position data. This
is open-source software that aims to process GNSS raw data. It was first reported in
the literature in 2007 [41]. Initially, goGPS was designed to work with low-cost, single-
frequency GPS receivers. However, now it can work with multiple constellations and
multiple frequencies. Over and above that, goGPS contains multiple least-squares data
analysis algorithms that work with combinations of observables using all frequencies and
tracks. The goGPS software uses the LAMBDA method to resolve ambiguities. More
information about goGPS can be found at https://gogps-project.github.io/ (accessed on
20 November 2022).

In accordance with the literature, GAMP is an open-source software derived from the
RTK library of RTKLIB, written in the ANSI C language [42]. It can be compiled and run on
Windows, UNIX/Linux, and Macintosh operating systems. The source code can be accessed
through the GPS Toolbox website at https://www.ngs.noaa.gov/gps-toolbox/GAMP/
(accessed on 20 November 2022). The GAMP improvements over RTKLIB were cycle slip
detection, GLONASS pseudorange inter-frequency bias handling, and receiver clock jump
repair. The GAMP output file contains the positioning, number of satellites, pseudorange
and carrier phase residuals, satellite elevation angles, and slant total electron content.

The Precise Point Positioning Library (PPPLib) is another open-source software written
in the C/C++ programming language for multi-GNSS data processing and is capable
of processing GPS, BeiDou, GLONASS, Galileo, and QZSS multi-frequency data [43].

http://center.shao.ac.cn/shao_gnss_ac/Net_diff/Net_diff.html
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The PPPLib can be compiled and run on Windows and Linux operating systems. Using
such capabilities, the PPPLib software resolves various parameters such as positioning,
ionospheric delay, tropospheric delay, and ambiguity information. It is powerful software
for calculating PPP solutions using different GNSS constellations or combinations between
them, and for processing, it is capable of automatically downloading necessary files such as
precise orbit and clock, EOP, DCB, and ATX. For more information, visit the official website
of the software: https://github.com/yxw027/PPPLib (accessed on 20 November 2022).

As an alternative, the GIPSY X/RTGx software is expected to be a solid option for
processing position measurements. It is a software package developed and maintained by
the Jet Propulsion Laboratory (JPL) for positioning, navigation, timing, and Earth sciences.
The GIPSY X software uses different measurement geodetic techniques: Global Naviga-
tion Satellite Systems (GNSS), Satellite Laser Ranging (SLR), and Doppler Orbitography
and Radioposition Integrated by Satellite (DORIS), with very long baseline interferome-
try (VLBI) under development. The software provides combined estimates of geodetic
and geophysical parameters by applying a Kalman filter approach to real or simulated
data [44]. Estimated parameters include coordinates and velocities of stations of interest,
satellite orbits and clocks, Earth’s orientation, and ionospheric and tropospheric delays.
For more information, visit the website at https://gipsy-oasis.jpl.nasa.gov/ (accessed on
20 November 2022).

2.2. Online PPP Services

Compared with open-source software that must be installed on a computer, online
platforms for processing GNSS observation files are easier to use. The user only uploads
the file of interest, and in some online services, it is possible to configure the elevation angle
and the PPP solution mode. In the case of CSRS-PPP, it uses an elevation angle of 7.5◦ and
is not editable. The output files for these services’ results usually contain the processing
summary, geodetic or cartesian coordinates, tropospheric delays, clock parameters, and
graphs representing the results.

The CSRS-PPP is a service developed by the Canadian government and has been
operated by Natural Resource Canada since 2003 [45,46]. This service supports single
and dual-frequency data from the GPS and GLONASS constellations. It uses the precise
products of the International GNSS Service (IGS) and NRCan. If correctly used, the CSRS-
PPP online service reaches an accuracy of 1 and 2 cm for the horizontal and vertical
components, respectively. The CSRS-PPP service includes PPP with ambiguity resolution
(PPP-AR) for data collected on or after 1 January 2018. CSRS-PPP supports RINEX files
with a maximum size of 300 MB; more information about this online service can be found
in Table 1.

Between several options of online PPP services, the APPS (Automatic Precise Po-
sitioning Service) is a service operated by NASA’s Jet Propulsion Laboratory (JPL) and
the California Institute of Technology and was originally named the Auto-GIPSY service
(now superseded by APPS) (http://apps.gdgps.net/apps_howtouse.php (accessed on
20 November 2022)) [30]. The APPS service requires precise products (GPS orbit and clock)
from JPL and uses JPL’s GIPSY 6.4 software to process submitted observation files. This
service can process single- and dual-frequency data from the GPS constellation. For more
information, visit Table 1.

The GAPS (GNSS Analysis and Positioning Software) service was developed and
is currently operated by the Department of Geodesy and Geomatics Engineering at the
University of New Brunswick [47]. This service, compared with APPS, accepts different
types of GNSS data, as shown in Table 1. GAPS uses precise orbit and clock products
provided by the IGS and NRCan [21]. More information about the GAPS online service is
found in Table 1.

The Trimble Center Point RTX (Real Time Extended) is a dual-frequency GNSS measure-
ment processing service for static sessions [48,49]. This service is limited to minimum measure-
ments of 1 h and up to 24 h. The TCP-RTX service uses TRIMBLE’s global network of reference

https://github.com/yxw027/PPPLib
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stations to compute precise satellite orbits and clocks. It can achieve an accuracy ranging from
2 to 6 cm for horizontal and vertical positioning coordinates, respectively. It is important to
mention as well that the above accuracy may be reached for one-hour measurements. It can be
found on a website provided by TRIMBLE (https://www.trimblertx.com/UploadForm.aspx
(accessed on 20 November 2022)). The Trimble online service does not consider antenas that
are not in its database.

Table 1. Main feature of online PPP services.

General
Information GAPS CSRS-PPP APPS MagicGNSS Trimble Center

Point RTX

Web site

http:
//gaps.gge.unb.ca/

(accessed on 20
November 2022)

https:
//webapp.csrs-scrs.
nrcan-rncan.gc.ca/
geod/tools-outils/
ppp.php?locale=en

(accessed on 20
November 2022)

https:
//pppx.gdgps.net//

(accessed on 20
November 2022)

https://magicgnss.
gmv.com/user/ppp

(accessed on 20
November 2022)

https:
//trimblertx.com/

(accessed on 20
November 2022)

Developer University of New
Brunswick (UNB)

Natural Resources
Canada (NRCan)

NASA-Jet Propulsion
Laboratory (JPL)

Spain GMV
Company Trimble Navigation

Latest version GAPS v6.0.0 r587
(2016) SPARK v3.54.2 (2022) GIPSY-OASIS v5 Magic PPP (2016) 8.5.1.20196

Supported process
mode Static, kinematic Static, kinematic Static, kinematic Static, kinematic Static

Observation data Dual-frequency Single- or
Dual-frequency Dual-frequency Dual-frequency Dual-frequency

Constellation GPS + Galileo +
BeiDou GPS + GLONASS GPS GNSS GNSS

Orbit and of satellite IGS and NRCan IGS and NRCan JPL final IGS final Trimble

Limitations of
uploaded file ≤10 Mb ≤300 Mb Unregistered: ≤5 Mb

Registered: ≤100 Mb ≤10 Mb ≤10 Mb

Coordinate frame ITRF2014 IGb2014/NAD83/IGS20 ITRF2014 ITRF2014 ITRF2014

Tropospheric delay
model and

mapping function

UNB-VMF1; UNB3
MF: VMF1-gridded

Dry delay: Davis
Wet delay: Hopf

MF: GMF

GMF: troposphere
mapping function MF: GPT2 -

Angle of
cut-off horizon 10◦ 7.5◦ 7.5◦ 8◦ N/A

Ambiguity resolution No Yes Yes No No

Another option for online PPP service is MagicGNSS. This is an online GNSS data
processing service operated by the company GMV Aerospace and Defense [50]. The
MagicGNSS service contains two processing methods: (1) using an interactive web interface,
and (2) via email. The IGS and GMV issue the precise products (orbit and clock) used by
MagicGNSS (https://magicgnss.gmv.com/user/ppp (accessed on 20 November 2022)).

To summarize the main features of the online PPP services and open-source software
described above, Tables 1 and 2 are introduced, respectively. The mathematical model of
PPP-GNSS can be consulted in [15,39].

https://www.trimblertx.com/UploadForm.aspx
http://gaps.gge.unb.ca/
http://gaps.gge.unb.ca/
https://webapp.csrs-scrs.nrcan-rncan.gc.ca/geod/tools-outils/ppp.php?locale=en
https://webapp.csrs-scrs.nrcan-rncan.gc.ca/geod/tools-outils/ppp.php?locale=en
https://webapp.csrs-scrs.nrcan-rncan.gc.ca/geod/tools-outils/ppp.php?locale=en
https://webapp.csrs-scrs.nrcan-rncan.gc.ca/geod/tools-outils/ppp.php?locale=en
https://webapp.csrs-scrs.nrcan-rncan.gc.ca/geod/tools-outils/ppp.php?locale=en
https://pppx.gdgps.net//
https://pppx.gdgps.net//
https://magicgnss.gmv.com/user/ppp
https://magicgnss.gmv.com/user/ppp
https://trimblertx.com/
https://trimblertx.com/
https://magicgnss.gmv.com/user/ppp
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Table 2. Main characteristics of the evaluated open-source software.

General
Information gLAB PPPH RTKLIB NET_DIFF PRIDE-PPPAR MG-APP goGPS GAMP PPPLib GIPSY X

Developer European Space
Agency

Bahadur and
Nohutcu [32]

Takasu and
Yasuda [37]

GNSS Analysis
Center at
Shanghai

Astronomical
Observatory

(SHA)

Geng et al. [39] Xiao et al. [40] Herrera et al.
[41] Zhou et al. [42] Chen et al. [43] Jet Propulsion

Laboratory (JPL)

Latest version V5.5.1 (2020) PPPH (2018) 2.4.2 b34b (2020) V1.16 (2020) V2.2 (2023) V1.0 (2019) V1.0 (2021) GAMP (2018) PPPLib (2020) GIPSY X-1.7
(2021)

Supported
process mode Static, kinematic Static, kinematic Static, kinematic Static, kinematic Static, kinematic Static, kinematic Static Static, kinematic Static, kinematic Static, kinematic

Observation
data Dual-frequency Dual-frequency Multi-frequency Multi-frequency Dual-frequency Dual-frequency Multi-frequency Dual-frequency Dual-frequency Multi-frequency

Constellation GPS GNSS GNSS GNSS GNSS GNSS GNSS GNSS GNSS GNSS

Tropospheric
delay model and

mapping
function

Niell mapping
UNB3-3

Saastamoinen
(GPT2)
GMF

Saastamoinen
Saastamoinen

(GPT2-5W),
UNB3, VMF1

GPT3
VMF3

Saastamoinen
(GPT2),

Hopfield (GPT2)
VMF VMF Saastamoinen

Rando walk
GPT2
VMF

Coordinate
frame ITRF2014 ITRF2014 ITRF2014 INTRF2014 ITRF2014 ITRF2014 ITRF2014 ITRF2014 ITRF2014 ITRF2014

Ambiguity
resolution No No No Yes Yes No No No No Yes

Operating
system

Windows,
Linux, Mac

Windows,
Linux, Mac Windows, Linux Windows Windows, Linux Windows, Linux Windows, Linux Windows, Linux Windows, Linux Linux
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3. Methodology

A comprehensive comparative analysis of coordinates was carried out to evaluate the
positioning performance of open-source software and online services, respectively, using
the PPP technique in static mode. The coordinates resulting from the static PPP processing
of 45 IGS stations were transformed to ENU topocentric coordinates considering such
factors as the origin of the topocentric system and the reference values published on the
SOPAC website (http://sopac-old.ucsd.edu/sector.shtml (accessed on 20 November 2022))
to analyze the precision in long observation periods for each open-source software and
online service, respectively. SOPAC is a global data center and global analysis center for
the International GNSS Service (IGS) that maintains data from thousands of regional and
global GNSS stations and generates data products, such as precise coordinates, which are
considered a reference for other studies [19]. The coordinates published by SOPAC are ob-
tained through relative processing with the scientific software GAMIT/GLOBK. The 45 IGS
stations selected for this study are shown in Figure 1. For each station, 24 h observation files
were downloaded at 30 s intervals for the year 2020 (1–7 January) from the IGS web server
(https://cddis.nasa.gov/archive/gps/data/daily/ (accessed on 20 November 2022)). This
sampling rate was selected because, in static mode, observations at rates higher than 30 s
do not improve the precision of the solution [51]. Since not all the online PPP services and
open-source software studied in this document are compatible with multi-constellations
and multi-frequency GNSS, it was decided to standardize on only GPS (L1, L2). Thus,
GLONASS, Galileo, BeiDou, QZSS, and IRSS constellations were removed using the soft-
ware GFZRNX [45,52].
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Processing Strategies

For the processing of the GPS observation files through the PPP technique in static
mode, it is necessary to utilize precise products [3]. Each software requires a different
number of input files; therefore, for this study, the same exact products were considered
for all the used open-source software (see Table 3). In this way, it is ruled out that the
differences in the results are due to the precise input products and not to the performance of
the different algorithms and PPP processing strategies of each software. Alternatively, it is
important to mention that not all the analyzed software has an integer ambiguity resolution
strategy. Particularly precise products are required for integer ambiguity resolution. In the
case of online PPP services, default settings are used for PPP-static processing. Meanwhile,
Table 3 summarizes the general configuration used in the software processing. Some online
PPP services have an elevation angle of 7.5◦ in their processing settings, and it is not
possible to change it; consequently, it was decided to set an elevation angle of 8◦ for all the
studied open-source software and most online PPP services.

Table 3. The summary of general data processing strategies.

Mode Static

Sampling rate 30 s
GNSS type GPS

Elevation mask 8◦

Observation processed Code and phase
Frequency observed L1, L2

Troposphere correction Saastamoinen
Ionosphere correction Ionosphere-free linear combination

Satellite orbits Precise (IGS Final)
Differential code biases P1C1.DCB (CODE)

Clock products IGS final (clk_30)
Earth Rotation Parameter IGS final (ERP)

Ocean loading FES2014b *
Phase center offsets/variations Igs14.atx

* http://holt.oso.chalmers.se/loading/ (accessed on 20 November 2022).

The GPS double-frequency observation files of each IGS station were processed in the
different software and online services by the PPP method in static mode. The results were
assessed considering the reference coordinates of each IGS station described in Figure 1
at the same epoch as ITRF2014. This evaluation consisted in calculating the Root Mean
Square Error (RMSE) of the ENU coordinates since each component (East, North, and Up)
represents the distance between the reference coordinate (origin) and the one obtained with
PPP. The use of RMSE is very common, and it is considered an excellent precision metric to
evaluate errors [53]. The RMSE is expressed as follows [54]:

RMSE =

√
1
n

n

∑
i=1

(xi − µ)2 (1)

where xi − µ represents the ENU coordinates in each component (East, North, Up); n is the
number of IGS stations.

4. Results

In this section, a precision analysis of ENU topocentric coordinates is presented. The
first part describes the results of open-source software, followed by the results of online
PPP services.

4.1. Results of Open-Source Software

The coordinates resulting from the processing with the ten open-source software
programs and five online services referenced in ITRF2014 for the 45 IGS stations are

http://holt.oso.chalmers.se/loading/
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transformed into ENU absolute coordinates for each day. The ENU coordinates from
1–7 January were averaged and can be seen in Figure 2. Figure 2 shows only 20 IGS stations
because readability decreases when all 45 are displayed. Most of the software experienced
differences of less than 5 cm; however, in RTKLIB, the discrepancies were very large (close
to 10 cm). These differences can be derived from the internal processing algorithms and
strategies of each software and not from the precise products used, since they are the same
in all software.
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Figure 2. Bar diagrams of the means of the E, N, and U components obtained for the 20 IGS stations
with the open-source software.

Alternatively, some stations IGS presented large differences in every software. This
might be due to the environment and monument where the GNSS antenna was installed.
Additionally, maximum discrepancies of 5 mm were found in the daily solutions published
by the IGS for these stations; therefore, they were not taken into account for the statistical
analysis and the calculation of the RMSE because they are atypical values and skew the
results of reality. Another important factor that correlates with these differences is the
availability of some software for integer ambiguity resolution (AR). The software with
AR evaluated in this paper presents better precision, generally in the order of millimeters.
Table 4 summarizes the standard deviation, the mean, and the maximum and minimum
values of the ENU coordinates of all IGS stations (for each software). Table 4 contains
the maximum differences for E, N, and U of 94 mm, 96 mm, and 121 mm, respectively,
corresponding to the RTKLIB software, which showed the lowest performance. GIPSY X,
GAMP, goGPS, PPPLIB, and PRIDE-PPPAR presented the maximum differences below
3 cm for the three components. However, 90.38%, 73.3%, 72%, 81.4%, and 87.4% of the
differences were less than 10 mm for GIPSY X, GAMP, goGPS, PPPLIB, and PRIDE-PPPAR,
respectively. In the minimal differences, only RTKLIB presented results greater than 0 mm;
for the rest of the software, at least one station presented differences of 0 and 1 mm.
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Table 4. Standard deviation, maximum, and minimum values of the ENU absolute coordinates in the
ITRF2014 reference frame (unit: mm).

Software
E N U

Max Min Standard
Deviation Mean Max Min Standard

Deviation Mean Max Min Standard
Deviation Mean

gLAB 30 0 5.9 6 18 0 3.8 4.7 33 0 8 8.6

PPPH 45 0 11.6 10.9 44 0 8.8 8 64 1 17.4 23

RTKLIB 94 1 25 28 96 0 24 29.14 121 3 26.9 39.6

NET_DIFF 21.7 0 5.4 6.3 32.7 0 6.9 8.4 50.56 0.3 15.7 21.8

PRIDE-
PPPAR 19.27 0 4.2 3.6 22 0 4 3.6 16 0 4 5.4

MG-APP 32 0 6.3 6.7 27.4 0 7.3 10.9 48.3 0 13.1 20.7

goGPS 22 0 5 5.9 19 0 4.9 5.7 30 1.6 8.2 13.74

GAMP 27.8 0 6 7.24 18.24 0 4 6 28 0 8 10.5

PPPLib 22.35 0 4.4 4.6 18 0 3.7 4.28 29 0 8 10.65

GIPSY X 12.2 0 2.9 3.18 20 0 4.15 4.92 18 0 4.8 5.52

The RMSE was calculated to assess the performance of the evaluated software in static-
PPP positioning. Figure 3 illustrates the calculated RMSE of each software product. The
worst performance was obtained by having RTKLIB present RMSE values of up to 4.7 cm
for the U component. Alternatively, the three softwares with the best performance in the
three components were GIPSY X, PRIDE-PPPAR, and gLAB, with RMSE values less than
12 mm. Two of the last three software packages have the availability of an integer ambiguity
solution, which results in higher precision. In this same sense, the group composed of
PPPH, Net_Diff, MG-APP, goGPS, GAMP, and PPPLib software was the second to present
an outstanding performance with RMSE values less than 30 mm and greater than 12 mm.
Consequently, RTKLIB belongs to Group 3, which presents RMSE less than 5 cm and greater
than 3.5 cm. RTKLIB constitutes the group with the worst performance.
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Also, an analysis corresponding to the standard deviation obtained in calculating the
coordinates by the different software was performed. Unfortunately, not all software offers
this information. For our case study, only RTKLIB, PPPLib, and GIPSY X have the standard
deviations available in their output files. The E, N, and U components of the 45 IGS stations
of each software were averaged to establish a value that represents the performance of the
software. Alternatively, the mean of the standard deviations (software precision) for each E,
N, and U component was calculated and taken as the mean value for the proposed analysis.
Figure 4 illustrates the average E/N/U components of each software, and at the top of the
bars is the average standard deviation with which they were calculated.

Remote Sens. 2023, 15, x FOR PEER REVIEW  13  of  22 
 

 

IGS stations of each software were averaged to establish a value that represents the per‐

formance of the software. Alternatively, the mean of the standard deviations (software 

precision) for each E, N, and U component was calculated and taken as the mean value 

for the proposed analysis. Figure 4 illustrates the average E/N/U components of each soft‐

ware, and at the top of the bars is the average standard deviation with which they were 

calculated. 

 

Figure 4. Bar diagram of the means of the E, N, and U components and their corresponding standard 

deviations for the different software. 

In the first place, it is observed that the U component had the greatest magnitude. 

However, it is the one that presents the best precision in the case of RTKLIB, with a stand‐

ard deviation of 8.4 mm. For PPPLib, the E, N, and U components are small, and the av‐

erage standard deviations are less than 2 mm. In the case of GIPSY X, the average magni‐

tude of the E, N, and U components is less than 6 mm, and they have an average precision 

of 6, 8, and 19 mm, respectively. Alternatively, the standard deviation of the deviations in 

the E, N, and U components with respect to the real coordinates of the IGS stations and 

the standard deviations reported by the software are analyzed. Table 4 shows the values 

of the standard deviations of the deviations of the E, N, and U components of 4.4, 3.7, and 

8 mm, respectively, for the PPPLib software. These standard deviations are up to eight 

times larger than those reported by the software. For RTKLIB and GIPSY X, the behavior 

is similar. The ENU components are determined with high precision in all software but 

with lower accuracy. 

4.2. Results of Online Free PPP Services 

The E, N, and U components of the seven days obtained with online free PPP services 

were averaged and can be seen in Figure 5. Only 20 of the 45 IGS stations are illustrated 

in Figure 5 for better readability; for the statistical analysis of online services, all 45 stations 

were used. In general, the E, N, and U components for the five online services are close to 

10 mm.  The  performance  of  the  online  PPP  services  evaluated  is  similar,  obtaining 

Figure 4. Bar diagram of the means of the E, N, and U components and their corresponding standard
deviations for the different software.

In the first place, it is observed that the U component had the greatest magnitude.
However, it is the one that presents the best precision in the case of RTKLIB, with a standard
deviation of 8.4 mm. For PPPLib, the E, N, and U components are small, and the average
standard deviations are less than 2 mm. In the case of GIPSY X, the average magnitude of
the E, N, and U components is less than 6 mm, and they have an average precision of 6,
8, and 19 mm, respectively. Alternatively, the standard deviation of the deviations in the
E, N, and U components with respect to the real coordinates of the IGS stations and the
standard deviations reported by the software are analyzed. Table 4 shows the values of
the standard deviations of the deviations of the E, N, and U components of 4.4, 3.7, and
8 mm, respectively, for the PPPLib software. These standard deviations are up to eight
times larger than those reported by the software. For RTKLIB and GIPSY X, the behavior is
similar. The ENU components are determined with high precision in all software but with
lower accuracy.

4.2. Results of Online Free PPP Services

The E, N, and U components of the seven days obtained with online free PPP services
were averaged and can be seen in Figure 5. Only 20 of the 45 IGS stations are illustrated in
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Figure 5 for better readability; for the statistical analysis of online services, all 45 stations
were used. In general, the E, N, and U components for the five online services are close
to 10 mm. The performance of the online PPP services evaluated is similar, obtaining
differences of less than 15 mm compared with the reference coordinates obtained through
the relative positioning technique. Online services have internal processing software, such
as APPS, that uses GIPSY-OASIS v5 for processing and sending results to the user’s email.
An important factor in online PPP services is the availability of ambiguity resolution to
achieve high accuracy.
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Alternatively, the standard deviation, the mean, and the maximum and minimum
values of the absolute E, N, and U components for each online PPP service are found in
Table 5. It is observed that the APPS service presented the highest difference in the N
and U components, while the CSRS-PPP service had the lowest in the U. However, for
CSRS-PPP and MagicGNSS, 91% and 88.14% of the E, N, and U components were below
15 mm, respectively. For APPS, Trimble, and GAPS, 89.62%, 88.14%, and 89.62% of the E,
N, and U components were also below 15 mm, respectively. The maximum E, N, and U
components in online services were less than those obtained with open-source software.
The U component presented the highest magnitudes in the five online free PPP services.

Finally, to evaluate the performance of each online PPP service, the RMSE of the E, N,
and U components was calculated. The RMSE for each online free PPP service is displayed
in Figure 6.

It is observed that for the five online free PPP services, the RMSE for the three compo-
nents is below 13 mm. The CSRS-PPP service showed the best performance with RMSE less
than 9 mm in the three components; however, the differences between the RMSE obtained
by it and the remaining four online services were only about 3 mm for the horizontal (E and
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N) and 4 mm for the vertical (U). Hence, for these online services, since the user only sends
or uploads the observation files to any of the five online PPP services, it represents one of
the best options to obtain precise coordinates. This fact may demonstrate the feasibility of
using online PPP services when high accuracy is required to solve the problem.

Table 5. Standard deviation, mean, maximum, and minimum values of the absolute E, N, and U
components (unit: mm).

Online
PPP

Service

E N U

Max Min Standard
Deviation Mean Max Min Standard

Deviation Mean Max Min Standard
Deviation Mean

CSRS-PPP 23 0 4.66 3.5 20.8 0 4.37 4.9 31.7 0 5.87 5.9

APPS 19 0 4.21 5.8 23.22 0.33 4.22 4.7 33.79 0.58 6.89 9.14

TRIMBLE 20.13 0 4.32 4.5 21.8 0 4 5.4 27.7 0 7.1 10.13

MAGICGNSS 29.28 0 5.48 4.9 18.52 0 4.26 4.7 30.24 0.46 7.7 8.8

GAPS 23.9 0 5.06 5 18.48 0.12 3.7 5.7 31.6 0.48 8.23 9.9
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Alternatively, to analyze the precision of the E, N, and U components obtained by the
different online PPP services, it was necessary to extract the standard deviations offered by
these services. The standard deviations were averaged and taken as final values to analyze
the E, N, and U components. Additionally, the average of the coordinates, or components
E, N, and U, of the 45 stations for the seven days processed was calculated. Only the
GAPS, CSRS-PPP, and TRIMBLE services provide the standard deviations of coordinate
processing. The results can be seen in Figure 7.

The average of the E, N, and U components for the CSRS-PPP online service is less than
6 mm, and the precision with which they were obtained was around 6 mm. Alternatively,
for GAPS and TRIMBLE, the average of the E, N, and U components was higher, mainly in
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the vertical component; however, the precision of these components presented standard
deviations of up to 10 mm. In general, the standard deviations for the horizontal and
vertical components were similar, even though the magnitude of the components was
different. Based on the above, the ability of online services to achieve millimeter-level
precision in calculating coordinates is demonstrated.
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5. Discussion

In nature, the PPP measurement technique does not require a reference station or
network to achieve centimeter-level precision. The precisions presented in previous sections
of the paper have demonstrated the potential benefit of using PPP in static mode in
comparison with relative positioning. The low consumption of processing and low costs
of PPP make it one of the most used techniques in geosciences. The novel processing
algorithms and new precise devices are the main reasons why PPP can minimize the
convergence time and resolve integer ambiguities, helping in the process to obtain high
performance in positioning. However, the authors of this paper believe that the processing
algorithm of each piece of software is a fundamental factor in the accuracy of the PPP
technique. In this context, few studies have been conducted on the performance of a large
number of software under the same conditions that process static PPP; consequently, the
scientific community does not have a benchmark study to identify the best-performing
software for their experiments, and commonly reported studies evaluate only one software.
This fact justifies the study presented in this paper.

In addition, every piece of PPP open-source software contains different processing
strategies, algorithms, and filtering techniques. Thus, different files and input formats are
required. This means that each piece of software must work differently. It is important
to mention that not all the evaluated open-source software has the AR option, which is
one of the most important parameters in PPP for achieving high precision. Alternatively,
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the availability of multi-constellation and multi-frequency processing is not enabled by
many open-source software projects and online free PPP services. The above-mentioned
are some of the most common questions that researchers have when selecting PPP pro-
cessing software. In this study, the authors conducted a precision evaluation and analysis
of all open-source software and online free PPP services available for static mode PPP
processing. The reference coordinates (of each station) obtained with GAMIT/GLOBK
scientific software and published by SOPAC (Scripps Orbit and Permanent Array Center)
were used as such in the local topocentric system to transform the X, Y, and Z coordinates
estimated with open-source software and online free PPP services to E (East), N (North),
and U (Up) coordinates. The components E, N, and U represented the evaluation strategy
to determine positioning performance. The RMSE value is the main metric used to evaluate
the performance of the ten open-source software products and five online free PPP services
studied. The resulted RMSE value of six of the studied software was below 20 mm, while
the PRIDE-PPPAR and GIPSY X software were the ones that presented the best perfor-
mance with RMSE values of less than 8 mm. The difference between the best-performing
software and the next four below it was only 8 mm, demonstrating the high performance
of available open-source software for static PPP processing. Alternatively, RTKLIB is not
highly recommended software for precise positioning of less than 5 cm in measurement
conditions such as those exposed in this study. In the case of online PPP services, APPS,
MAGICGNSS, and CSRS-PPP are the services that obtained the best performance with an
RMSE of less than 12 mm, and for the remaining services, it was below 13 mm. Hence,
online PPP services represent an easy option for users who want to obtain only precise
positioning in a straightforward format since only basic knowledge about GNSS is required.

However, online PPP services do not allow processing large observation files, as
some open-source software does. CSRS-PPP is the service that allows the user to upload
observation files up to 300 MB. Nevertheless, in research areas such as Structural Health
Monitoring, it is required to measure at high sampling frequencies and for long periods of
time, generating observation files larger than 1 GB. Therefore, online free PPP services are
not an option for processing such large files. For the open-source software evaluated in this
study, only PRIDE-PPPAR and RTKLIB were tested to process an observation file of 4 GB,
with PRIDE-PPPAR obtaining more accurate results.

Alternatively, the results achieved in this study were like those found in other works.
For example, Bahadur and Nohutcu (2019) [25] evaluated the PPPH software considering
different GNSS combinations, and in the case of GPS alone, a 3D positioning precision
of 18.1 mm was reported, which is similar to those illustrated in Figure 3. Additionally,
Xiao et al. (2020) [40] reported precisions in the North and East components of less than
10 mm and close to 20 mm in the Up component of the MG-APP software. The precisions
reported in our study for MG-APP were 9, 13, and 24 mm for the N, E, and U components,
respectively. For online services, Guo (2014) [19] evaluated the CSRS-PPP, APPS, GAPS,
and MAGICGNSS services and concluded that these online services are capable of reaching
precisions in the order of millimeters, just as those achieved in this study, where all online
services had accuracies less than 15 mm. In general, the results achieved in our study
are similar to those reported in other works [18,20–24,43]. Additionally, the geographical
location of the IGS stations and the ENU coordinates were analyzed, and it was found
that there is no correlation between these two variables, that is, the stations with higher
latitudes are not less precise with respect to latitudes near the Equator. These results reflect
that the accuracy of an IGS station does not depend on its geographic location but rather
on the software or online service used for static PPP processing.

Finally, to classify the performance of the online PPP services and open-source soft-
ware evaluated in this study, the total uncertainty [55,56] of the RMSE was determined
considering the three components.

Total Uncertainty =
√

RMSE2
E + RMSE2

N + RMSE2
U (2)
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where RMSEE, RMSEN and RMSEU represent the root mean square errors for the East,
North, and Up components, respectively. Total uncertainty represents the quality of a
measurement considering all the variables involved in a process. The total uncertainty for
our case study represents the total precision of each software and online service, considering
the square root of the sum of the RMSE of each component squared [55]. The results, ordered
from lowest to highest, are shown in Table 6.

Table 6. Total uncertainty of the root mean square errors.

Software/Online PPP Service Total Uncertainty/mm

PRIDE-PPPAR 10.29

GIPSY X 10.63

CSRS-PPP 12.07

APPS 14.87

MagicGNSS 15.18

TRIMBLE 15.41

gLAB 15.69

PPPLib 15.87

GAPS 16.19

GAMP 17.75

goGPS 19.31

MG-APP 29.29

Net_Diff 30.07

PPPH 34.98

RTKLIB 71.43

Based on the results of Table 6, it is observed that the PRIDE-PPPAR software achieved
the best performance. However, the difference between PRIDE-PPPAR and GIPSY X was
only 0.34 mm, which is a negligible value for many applications. Alternatively, the results
achieved with online PPP services reveal the efficiency required to obtain high-precision
positioning. Additionally, the online services CSRS-PPP, APPS, MagicGNSS, and TRIMBLE
obtained accuracy similar to that obtained by scientific software such as GIPSY X.

6. Conclusions

The precision of different open-source software and online free PPP services with the
PPP technique in static mode was evaluated and comprehensively analyzed in this paper.
The XYZ geocentric coordinates were estimated with software and online services. Seven
days of observations at 45 IGS stations distributed worldwide were transformed to ENU
local topocentric coordinates. The reference coordinates were used as the origin of the
ENU local system. The Root Mean Square Error (RMSE) of the mean ENU coordinates was
determined as a metric for the evaluation of positioning performance. Based on the results,
the following conclusions were reached:

• PRIDE-PPPAR software represents the most precise option for positioning via static
PPP of all open-source software and online PPP services evaluated in this research,
achieving RMSEs in the E, N, and U components of 5.52, 5.4, and 6.79 mm, respectively.

• gLAB, PPPH, Net_Diff, MG-APP goGPS, PPPLib, and GAMP obtained similar RMSE
values with respect to GIPSY X, with small differences of up to 5 mm.

• The authors classify the open-source software evaluated based on their RMSE values
into three groups: the first group contains the software with RMSE estimates less than
12 mm in its three components, that is, PRIDE-PPPAR, gLAB, and GIPSY X; the second
group contains Net_Diff, MG-APP, goGPS, GAMP, PPPLib, and PPPH, which have
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RMSE rates between 12 and 30 mm. Finally, Group 3 comprises only RTKLIB, which
has the lowest performance, with RMSE amounts between 37 and 48 mm.

• CSRS-PPP was the best-performing online free PPP service, with RMSEs below 9 mm
for all three components. The difference in RMSE of TRIMBLE, MagicGNSS, APPS,
and GAPS compared with CSRS-PPP was only 4 mm, concluding that online free PPP
services generally perform similarly.

• The difference between the RMSE obtained by the online free PPP services and
GIPSY X demonstrated that they are viable options for scientific work due to the high
precision achieved.

• Ambiguity resolution in open-source software and online free PPP services plays an
important role in achieving precisions in the order of millimeters through the static
mode PPP positioning technique.

• Results from open-source software and free online PPP services reflect the potential of
static PPP as an alternative to relative positioning due to the high precision achieved.

The authors recommend using the PRIDE-PPPAR software for scientific works related
to high-precision GNSS positioning; however, software that makes up Group 1 can be used
as a second option after PRIDE-PPPAR. In geosciences scientific works where users do not
need a deep knowledge of GNSS, it is recommended to them the online PPP services APPS
and CSRS-PPP for their ease of use, considering the size of the file to be processed. The
total uncertainties of the online free PPP services were higher than those obtained from the
six open-source software products evaluated, including Net_Diff.

More evaluation work on open-source software and online free PPP services that
process PPP in static mode is needed. For example, the authors recently evaluated the per-
formance of high-rate GNSS observations and the impact of combining multi-constellations
and multi-frequency in PRIDE-PPPAR. Additionally, the authors seek to select open-source
software that allows processing high-rate multi-frequency and multi-constellation obser-
vation files in PPP in static and kinematic modes with ambiguity resolution for signal
spectral analysis.
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