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ABSTRACT:

Global Navigation Satellite System (GNSS) observables are standardized in RINEX files, but most existing tools for position
extraction are fragmented and require manual intervention. This paper introduces a Python-based framework that automates the
processing of RINEX 2.11 observation files by extracting approximate receiver positions, transforming them into the WGS84
system, filtering invalid data, and exporting results in structured formats. The workflow produces multi-format outputs (CSV, KML,
interactive maps), enabling direct integration with engineering and geospatial applications. Implemented in Google Colab with open-
source libraries, the framework was validated on real datasets, demonstrating reproducibility, modularity, and scalability. The
proposed approach supports diverse applications, including surveying, cadastral mapping, geodetic monitoring, and spatial data
science.

1. INTRODUCTION software, limiting reproducibility and scalability in scientific

pipelines (Estey & Meertens, 1999) (figure 2).
Global Navigation Satellite Systems (GNSS) have become
indispensable tools in geodesy, surveying, navigation, and
environmental monitoring. The Receiver Independent Exchange
Format (RINEX) provides a standardized exchange structure
that ensures interoperability between heterogeneous GNSS snITiconsol-
receivers. Among its versions, RINEX 2.11 remains widely FE] Pl o
adopted in engineering and scientific applications due to its s i
long-term dataset compatibility and integration with existing Exl
processing software (“EUREF Permanent GNSS Network,” |
n.d.) (figure 1).
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Example of a RINEX 2.11 Observation Block (simplified)
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APPROX POSITION XYZ: 4156202.7812 1614585.1439 4545577.0393
ANTENNA: DELTA H/E/N: 1.9109 ©0.0000 0.0000

ecceeeil 11131 1 1111 111 111121211 1 1 11 21111 1 1 |ean
+10| B9SbbannaBE i 9and9ad TEY 0 AEAASTEBRACCDIRFEI SO EARSAAT SATEAREARIFANEAanbd |10
@

Blk| 4 & ateessmmsL . 4 4 s s s s 4 4 4 4 4 & + s+ oLk

--------- R e e e e P
00:00:30.000 23:59:00.018
1397 Sap 17 1357 Sep 17
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Epoch: 2023-02-12 18:15:00 UTC Figure 2. QC report is available in two portions—the short

PRN Cl (m) L1 (cycles) P2 (m) L2 (cycles)

601 22762639.5  119618463.8  22439886.1  117922463.5 report segment (Estey and Meertens 1999)
611 20313569.2  106748517.2  24314519.9  121897123.2

G19 22313314.0 122246195.6 20555546.5 107512894 .4

Recent years have witnessed the emergence of open-source
Python-based solutions addressing these limitations, providing

Figure 1. Example of a RINEX 2.11 observation block lightweight alternatives for data preprocessing, quality control,

(simplified, based on (“EUREF Permanent GNSS Network,”
n.d.))

Despite its relevance, efficient extraction, processing, and
visualization of GNSS observation data remain challenging.
Traditional workflows rely on manual steps or commercial

and visualization. To better situate the present contribution, the
following section reviews relevant advances in GNSS data

formats,  open-source  processing  frameworks,  and
methodological ~studies on positioning accuracy and
reproducibility.
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2. RELATED WORKS

The RINEX format has been the backbone of GNSS data
interoperability for decades. The official specification (“EUREF
Permanent GNSS Network,” n.d.) defines the structure of
observation and navigation files, ensuring receiver
independence. While RINEX 2.11 remains widely used due to
its backward compatibility, several studies have highlighted
inherent challenges. For example, Wanninger (Wanninger 2018)
identified biases introduced by mixed GPS L2P(Y)/L2C carrier-
phase observations in RINEX-2, underlining the importance of
format consistency and further emphasized metadata
completeness for reliable data transfer in engineering contexts
(figure 3).
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Figure 3. Development of the global positioning system (GPS)
space segment with respect to L2C capable satellites (data
source: IGS file of antenna corrections IGS14_2000.ATX)

(Wanninger 2018)

Multiple software tools have emerged to facilitate GNSS data
processing outside commercial environments. TEQC (Estey and
Meertens 1999) represented one of the earliest comprehensive
toolkits, still widely referenced for preprocessing. More recent
efforts include PyRINEX (Han et al. 2024), which enables batch
editing, quality control, and conversion of RINEX 2.x and 3.x
files (figure 4); GNSSpy (Isik et al. 2021) designed for slicing,
merging, and visualization; and gnss lib py (Knowles et al.,
2024), which provides a modular analysis framework in Python.

GEOP107Q.180 satellite G14

1e7 Psedoranges of GPS and Glonass

Doppler

Figure 4. Example of PyRINEX interface enabling batch
editing, quality control, and conversion of RINEX files (Han et
al. 2024)

In addition, Kawamoto et al. (Kawamoto et al. 2023)
developed RINGO (figure 5), a preprocessing tool with
advanced cycle-slip and ionospheric correction capabilities,
while pyrinex (Bruni [2018] 2025) offers lightweight parsing

and NetCDF/HDF5 conversion.
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Figure 5. RINGO - Examples of observation data using
different types of clock jumps: a Type 1, b Type 2, and ¢ Type
3 clock jumps. The top, middle and bottom panels show phase

and code pseudoranges, and millisecond part of time tag,
respectively. The observation data of IGS sites STK2 (January
1,2010) and MIKL (January 1, 2015), and GEONET site P212

(January 1, 2015) are shown (Kawamoto et al. 2023)

Several studies have investigated how preprocessing strategies
and observation duration influence GNSS positioning accuracy.
Langley et al. (2017) highlighted the sensitivity of accuracy to
session length and data cleaning strategies. Lau (Lau and Tai
2023) proposed a systematic quality assessment approach for
CORS stations, focusing on multipath and carrier-phase data
integrity. Similarly, Afifi et al. (Afifi and El-Rabbany 2016)
explored the benefits of multi-GNSS PPP for improving
precision under various session lengths ( figure 6).
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Figure 6. Analysis station (Afifi and El-Rabbany 2016)

Vierinen et al. (Vierinen et al. 2015) presented a statistical
framework for estimating GNSS hardware biases, analyzed the
impact of tropospheric modelling on vertical positioning
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precision. Collectively, these works stress the necessity of
standardized, automated pipelines for reliable GNSS analysis.

Effective visualization enhances the interpretability of GNSS
datasets. Tools such as Matplotlib (Hunter 2007) and Folium
(“Folium — Folium 0.20.0 Documentation,” n.d.) provide
widely used solutions for temporal and spatial representation of
GNSS observations. At the same time, emerging applications
demonstrate the extension of GNSS workflows beyond classical
surveying. For example, Hernandez Olcina et al. (Hernandez
Olcina et al. 2024) introduced a Python toolbox enabling
Android raw measurements to be converted into RINEX format,
while Zangenehnejad et al. (2023) reviewed the challenges of
processing GNSS data from smartphones (figure 7).

Kinomi it Samsung $20
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Figure 7. C/NO measurements for selected PRNs and three
smartphone (Xiaomi Mi8, Google Pixel 5 and Samsung S20)
(Zangenehnejad et al. 2023)

The Springer Handbook of GNSS (Langley et al. 2017) remains
a comprehensive reference covering theoretical models, error
sources, and practical applications across disciplines.

3. METHODOLOGY

Building upon previous contributions, this study proposes an
automated Python-based framework for processing GNSS
session raw data stored in the RINEX 2.11 format. Although
RINEX 2.11 remains widely used, the GNSS community
increasingly adopts the RINEX 3.x standard, which supports
multi-constellation  observations and provides enhanced
metadata structures. This distinction is important for
understanding both the scope and the scalability of the proposed
framework.

The framework integrates several essential tasks into a
reproducible pipeline, including:

1. Extraction of approximate ECEF positions and
timestamps from raw data RINEX 2.11 observation
file headers.

2. Transformation of ECEF coordinates into geodetic
latitude, longitude, and ellipsoidal height using the
WGS84/Pseudo  Mercator  reference  system
(EPSG:3857).

3. Filtering and validation of null or invalid values to
ensure data quality.

4. Export of structured results into CSV and KML
formats for subsequent analysis and GIS integration.

5. Visualization of spatial patterns through interactive
web maps (Folium) and exploration of temporal
trends using time-series plots (Matplotlib).

By combining these steps, the framework connects raw GNSS
supporting
surveying, cadastral mapping, geodetic monitoring, and spatial

observations with engineering applications,

data science.

The proposed methodology consists of five main stages,
illustrated schematically in Figure 8:

1. Data Input and Parsing

o The framework accepts RINEX 2.11
observation files (*. YYo0) as input.

O  Metadata, including APPROX POSITION
XYZ (approximate receiver positions in
ECEF coordinates) and TIME OF FIRST
OBS (observation timestamps), is extracted
from file headers.

o A filtering step discards files lacking
positional metadata.

2. Coordinate Transformation

o Extracted ECEF coordinates are converted
to geodetic latitude, longitude, and
ellipsoidal height using the WGS84
/Pseudo Mercator reference system
(EPSG:3857).

o Invalid or null coordinates, such as values
near zero, are automatically filtered out to
ensure accuracy.

3. Data Structuring and Export

o Validated observations are organized into a
tabular dataset containing session ID,
acquisition date, and geographic
coordinates.

o  Results are exported to:

= CSV format — for general-
purpose data analysis.

= KML format — for direct
integration with GIS software
and Google Earth.

4. Visualization Tools

o Interactive web maps are generated using
the Folium library, with session markers
displayed in clusters to improve readability
in dense areas.

o Time-series plots created with Matplotlib
provide insights into temporal variations,
such as positional accuracy or session
altitude trends.

0 These outputs support both spatial and
temporal interpretation of GNSS session
data.

5.  Implementation and Reproducibility

o  The workflow was implemented entirely in
Python 3.10, executed within Google
Colab, ensuring cross-platform
compatibility and easy reproducibility.

o  Core dependencies include:

= pandas — data handling and
structuring.

= pyproj - coordinate
transformations.

= simplekml — KML file generation.

= folium -  web-based map
rendering.

= matplotlib — data visualization.
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o The modular architecture enables
straightforward extensions to support
additional GNSS formats (e.g., RINEX 3.x)
or real-time data streams.

1. Input and Parsing
Input and parsing of RINEX 2.11 files

2. ECEF Extraction

Extraction of ECEF positions and
observation timestamps from file
headers

3. Coordinate Transformation

&

Coordinate transformation into the
WGS84 reference system

4. Data Filtering

Filtering and validation of invalld or
null data

5. Structured Export and
Visualization

Structured export (CSV, KML) and
visualization through interactive web
maps (Follum) and time-series plots
(Matplotlib)

Z
Y

Figure 8. Workflow for GNSS raw data processing from
RINEX 2.11 observation files

Figure 8 presents the proposed workflow in a clean, schematic
format, highlighting the five core stages without including
detailed sub-processes. This enhances readability and provides a
concise overview of the framework.

4. RESULTS AND DISCUSSION

The pipeline was tested using multiple GNSS sessions, all
located consistently within the same area. This consistency
validates the reliability of the APPROX POSITION XYZ
metadata extracted from RINEX headers. Table 9 provides an
overview of the spatial distribution of the sessions derived from
the raw data and validates the positional accuracy by
transforming the coordinates from the ECEF (geocentric)
WGSS84/ITRF reference frame to the WGS84/Pseudo-Mercator
projection (EPSG:3857).

Session
GNSS date latitude longitude altitude
Rinex files
2023-
52150431 02-12 45.744566 | 21.229938 | 129.926008
2023-
52152980 1025 45.744554 | 21.229953 | 135.790736
57210801 2025- | 45.744550 | 21.229942 | 138.282000

Session
GNSS date latitude longitude altitude
Rinex files
03-21
2024-
57210890 03-29 45.744546 | 21.229939 | 134.775392

Table 9. Spatial consistency of GNSS sessions processed with
the proposed framework (EPSG:3857 WGS84/Pseudo
Mercator)

To assess the internal consistency of the extracted coordinates, a
statistical analysis was performed on the four GNSS sessions
summarized in Table 9. The standard deviation of latitude and

longitude was 8.6 x 10” and 6.9 x 10, respectively,
corresponding to approximately 0.96 m and 0.76 m in ground
distance. The ellipsoidal height showed a standard deviation of
3.5 m, reflecting the expected sensitivity of the vertical
component when relying solely on RINEX header metadata.
The results confirm that the framework maintains sub-meter
planimetric stability within sub-meter accuracy in planimetric
coordinates, while the vertical discrepancies underline the
limitations of approximate positions recorded in RINEX 2.11
files. Despite this, the obtained precision level is sufficient for
visualization, preliminary spatial consistency checks, and rapid
data quality assessment in engineering applications.

To ensure seamless execution, the following Python libraries
must be installed:

v pip install pandas pyproj simplekml folium
matplotlib numpy tqdm

v Example of library imports in Python:

v import pandas as pd # Data handling

v from pyproj import Transformer # Coordinate

transformation
import simplekml # KML file generation
import folium # Web-based interactive maps
import matplotlib.pyplot as plt # Visualization
import numpy as np # Numerical operations
(optional)
from tqdm import tqdm # Progress tracking
(optional)

ANANENRN

AN

Despite the overall positional stability in planimetric
coordinates, the extracted ellipsoidal heights revealed variations
between 129.9 m and 138.3 m. This difference of nearly 9
meters may be attributed to receiver-specific estimation
methods for approximate positions, session-dependent
environmental conditions, or rounding precision in header
records. These results confirm earlier studies (Wang &
Rothacher, 2016; Tudorache et al., 2022), which showed that
vertical positioning is the most sensitive GNSS component.
Visualization outputs provided complementary insights (figure
10).
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Figure 10. Visualization outputs of GNSS session points in
WGS84 projection (EPSG:3857)

The CSV export ensured compatibility with statistical and
engineering software, while the KML (figure 11) outputs
allowed direct validation within GIS platforms and Google
Earth. Folium-based interactive maps enabled clustering and
exploration of session markers, reducing visual overlap in dense
areas. Temporal analysis with Matplotlib further highlighted
session-to-session altitude differences, demonstrating the utility
of combining spatial and temporal perspectives.
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Figure 11. Interactive maps enabled clustering and exploration
of session markers

These results align with recent research advocating for
reproducible and interactive visualization methods in geospatial
analysis (Lau and Tai 2023, Zangenchnejad et al. 2023).
Nevertheless, several limitations must be emphasized. Since the
framework relies solely on metadata fields rather than raw
pseudorange or carrier-phase observations, the extracted
positions cannot substitute precise GNSS processing.
Furthermore, files lacking valid APPROX POSITION XYZ
entries are discarded, which may limit applicability for
incomplete datasets. Future extensions should therefore
integrate observation-based position estimation and quality
control modules (Wanninger 2018, Vierinen et al. 2015) to
enhance robustness.

5. CONCLUSIONS

This study proposed and demonstrated an automated Python-
based framework for extracting, transforming, and visualizing
GNSS session data stored in RINEX 2.11 format. By integrating
parsing of header metadata, ECEF-WGS84 coordinate
transformation, structured data export, and multi-format
visualization, the framework provides a reproducible workflow
that reduces manual intervention and enhances data
interpretability.

The experimental application on four RINEX files confirmed
the framework’s ability to consistently retrieve and transform
approximate receiver positions. While planimetric stability
across sessions was maintained, variations of up to 9 meters
were observed in the vertical component, underlining the
sensitivity of height estimation in GNSS workflows. These
results demonstrate both the usefulness and the inherent
limitations of relying solely on header metadata for engineering
applications.

The multi-channel export strategy represents a key contribution:
» CSV outputs support statistical and engineering

analyses,

KML files allow seamless integration with GIS

platforms and Google Earth,

Folium maps provide interactive and web-accessible

visualizations,

Matplotlib plots enable temporal and comparative

studies.

Beyond data processing and visualization, the

framework offers additional advantages:

Reproducibility: The use of open-source Python

libraries and implementation in a Google Colab

environment ensure transparency and platform
independence.

» Modularity: Each stage of the workflow is
implemented as an independent module, allowing
step-by-step verification, easy debugging, and future
extension.

»  Scalability: The framework is designed to be extended
to multi-GNSS datasets or even real-time data
streams, supporting larger and more complex
applications.

vV VvV YV V VY

The framework connects GNSS metadata with engineering
applications. Its lightweight and adaptable design makes it
suitable for surveying, cadastral mapping, and environmental
monitoring.

Future work will pursue three main directions.
First, the framework will be extended to ensure full
compatibility with RINEX 3.x specifications and multi-
constellation GNSS datasets, enabling the joint processing of

GPS, GLONASS, Galileo, and BeiDou observations.
Second, upcoming developments will incorporate raw
observation-based  position estimation using both

pseudorange and carrier-phase measurements to achieve higher
positional accuracy and to move beyond metadata-level
analyses. Third, the framework will integrate advanced
quality-control modules, including cycle-slip detection,
multipath assessment, and statistical accuracy evaluation using
reference station coordinates. Collectively, these enhancements
will significantly improve the robustness, precision, and
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applicability of the framework in both academic research and
professional GNSS data processing environments.
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