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Abstract: This article characterizes and presents Global Navigation Satellite Systems in
relation to rail transportation applications. Due to the review character of this article, a syn-
thesis of the literature discussing issues related to the possibility of implementing satellite
positioning systems in the framework of their use in the management and control of railway
traffic was made. On the basis of the literature review, the area of potential implementation
of Global Navigation Satellite Systems was identified, as well as assumptions regarding
the architecture of such systems being defined, along with the definition of criteria for
assessing the impact of the use of satellite systems on rail traffic safety. The purpose of the
above is to direct the development of rail guidance and control systems to systems that
enable precise localization of rail vehicles, thereby optimizing the use of rail infrastructure
through the implementation of efficient and cost-effective localization systems. This article
goes on to characterize existing Global Navigation Satellite Systems and future directions
related to the use of new satellite constellations. The basis of this review is the last twenty
years of scientific publications on the subject of research issues related to the use of satel-
lite positioning in railway systems. Based on the review of the state of the art and the
results of the analysis, it was determined that the most frequently mentioned area of use
of satellite positioning systems is the European Train Control System, the functionality of
which enables the implementation of the transportation process based on so-called moving
block spacing. The results of this review of the current state of knowledge will direct those
responsible for the development and implementation of modern systems in the direction
and control of railway traffic.

Keywords: GNSS; ETCS; positioning; rail transportation; signaling; architecture; safety
criteria; applications

1. Introduction
Civilian geopositioning systems are experiencing explosive growth. A recent analysis

of the Global Navigation Satellite System (GNSS) market shows two main application areas
accounting for the majority of the market, which are intelligent transportation systems
(ITSs) and location-based services. The modernization of U.S. Global Positioning Systems
(GPSs) [1,2], Russia’s GLONASS (Globalnaya Navigatsionnaya Sputnikovaya Sistiema) [3]
and the development of Europe’s Galileo [4,5], China’s BeiDou [6,7], as well as Japan’s
QZSS (Quasi-Zenith Satellite System) [8,9] are progressing at a rapid pace, introducing
expanded capability potential and higher performance levels for satellite positioning. The
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above is leading to new developments in system architecture, providing an opportunity
for the development of new positioning strategies. Currently, GNSS is considered the
best system for providing the ability to determine precise position globally, along with the
ability to determine the speed and time of a localized object [10].

Detecting the current location of rail vehicles on the rail infrastructure network deter-
mines the safety, efficiency, and reliability of rail transportation. In addition, it indirectly
affects safety at rail-road crossings, i.e., road safety, as well. In terms of the efficiency and
reliability of transportation systems, the ability to detect a moving vehicle can improve the
effective capacity of railway lines. As with technical diagnostics, effective identification
of the current state of the transportation network determines the efficiency of the trans-
portation system. The development of railways, with particular emphasis on high-speed
railways, necessitates the modernization and improvement of traffic control equipment and
systems. A special area of development, ensuring the safe and efficient use of rail transport,
is the detection and localization of rail vehicles moving on the rail infrastructure [11,12].
The ability to accurately determine the position of a rail vehicle with a high degree of
accuracy is a key element in the reliable operation of rail transportation. Therefore, in
the field of rail vehicle detection and localization equipment and systems, there is a lot of
research and analysis aimed at developing existing or creating new solutions dedicated to
rail vehicle positioning [13].

Mobility data based on GNSS tracking is widely used in many areas, such as travel
pattern analysis [14], security research [15,16], transportation efficiency [1,17], and travel
impact assessment. Within the transportation system, modes of transport are important
mobility tools whose level of reliability is critical to the functioning of the flow of goods
and movement of people [18]. This article aims to synthesize a review of the current state of
the literature and practical solutions for identifying potential areas of application of GNSS
in positioning, along with characterizing the available GNSSs, without making explicit
recommendations on which system to use. In addition, this article focuses on identifying the
basic characteristics and parameters that define functionality in the potential use of GNSS as
part of a system responsible for positioning rail vehicles in railway infrastructure. In order
to be able to implement satellite positioning systems for railway applications, knowledge
of GNSS architecture is essential. Based on the available literature and applied technical
and application solutions, it is necessary to define the general architecture of positioning
systems, together with the definition of the relationship between satellite positioning and
the logic of operation of the available railway guidance and control systems.

2. Methodology for Reviewing the Current State of Knowledge
The methodology of the state-of-the-art literature and state-of-the-art review im-

plementation process includes a systematic approach to identifying the relevant GNSS
positioning literature and areas of possible implementation. The process used for the
literature review was based on the basic concepts of the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) article flow [19]. The use of PRISMA can
benefit many who are interested in the subject matter, as it allows for readers to assess the
adequacy of the methods, and thus the reliability of the solutions, methods, and results of
the projects and studies conducted. Presenting and summarizing the characteristics of the
research contributing to the synthesis allows for the reader to assess the applicability of the
results in the environment interested in the subject matter. Describing the solution in terms
of evidence for the result and implementation can help stakeholders make appropriate
recommendations for guidelines, instructions, and standards, in this case applied to rail
transportation. Fully defining all elements of PRISMA also makes it easier to replicate and
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update the review, and to integrate systematic reviews into other reviews and guidelines,
thus potentially optimizing research processes [20].

The number of articles collected from databases (Scopus, Web of Science, and Google
Scholar) included a total of 1940 literature items. After removing duplicates, 1120 articles
remained. According to the methodology presented below, the titles and abstracts of the
articles were checked. Some articles were excluded from the process due to the following:
the article did not focus on rail vehicle positioning; the full text was not available; the article
did not cover GNSS. By performing the above process, the number of articles was reduced
to 620. After a detailed review of the articles and an analysis of their applicability with
regard primarily to the research problem, which for this review article is the identification
of areas of possible application of GNSS in railway infrastructure, the number of articles
was reduced to 94.

In addition, due to the continuous nature of changes and modernization of GNSS
systems, and for the purpose of clarifying the current data on the satellite constellations of
the various systems, an additional 2 literature items were included in this article, which are
technical documents of positioning system managers. In addition, this article considers
the most up-to-date book literature, which includes 4 items, 2 dissertations related to the
issue discussed in this article, and 1 literature item from before 2000. The final number of
all literature positions was 102. The process of verifying the literature resources is shown
in Figure 1.
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For this review article, the initial step was to formulate the research question and
identify keywords and phrases related to the topic. A thorough literature search was then
conducted using electronic databases. In the search for articles suitable for the current
review, a number of keywords and phrases were used with the aim of reducing the list
of electronic database items. Of the selected articles, a relevance check was performed
based on their titles and abstracts. The full texts of relevant articles were then reviewed,
and information and data were extracted, including those describing research, methods,
results, and conclusions in the defined area of the literature review. The extracted data
were synthesized and analyzed, and the results were organized and presented in the form
of the current review article. The systematics of the review is shown in Figure 1, where
the steps of the methodology used to synthesize publications related to the application of
satellite systems in rail transportation are illustrated.

In accordance with the above, it was identified that the topics of the publication
primarily focus on issues related to the definition of the architecture of the system based on
localization of rail vehicles using GNSS. In this context, issues related to the architecture
of multi-sensor systems, the use of digital maps in the implementation process of satellite
systems, and the functioning and dependencies of GNSS segments were addressed. The
above will clarify areas where the analysis of the feasibility of using satellite systems in
rail transportation has some shortcomings for the implementation process. The GNSS
implementation process itself in the literature review methodology will make it possible
to identify a potential area for development and modification, adjusting technical and
formal requirements. In addition, the literature review methodology takes into account
the characteristics of individual satellite positioning systems due to the potential impact
on rail traffic safety resulting from the use of specific systems or all systems available for
positioning rail vehicles.

At the stage of initial selection of the state-of-the-art review, the number of citations
of a given article and the IF (impact factor) index were used as one of the bibliometric
indicators in determining the suitability of articles for this review. This review takes into
account the literature items from the time interval between 2000 and the date of publication,
and the trend of interest in issues related to the implementation of GNSS systems for rail
vehicle positioning by three-year period is shown in Table 1 and Figure 2.
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Table 1. Overview cross-section of literature items published since 2000 by three-year period.

Time Interval

2000–2002 2003–2005 2006–2008 2009–2011 2012–2014 2015–2017 2018–2020 2021–2023 2024

Number of publications 30 32 90 134 193 289 456 623 93
Trend - 2 58 44 59 96 167 167 -

According to the trend presented in Table 1, it can be observed that in the interval
of the last two decades, the interest in the scientific community in the topic of GNSS
implementation in railway infrastructure is gradually increasing. A significant increase is
observed since 2015. The growth slows down in 2021–2023, which can be attributed to the
constraints of the COVID-19 pandemic. By the publication deadline of 2024, the number of
literature items shows a potency for an upward trend in terms of a three-year perspective.

Given the application of the PRISMA standard, the following steps in the literature
review process were defined:

• Research question—“In what areas is it possible to apply Global Navigation Satel-
lite Systems for rail vehicle positioning? How should the dependencies of satellite
positioning systems be linked to rail traffic control systems?”

• Literature search—A systematic literature search was conducted using various online
databases. The following terms were used in the above databases: “development of
positioning systems”, “GNSS”, “satellite navigation”, “rail vehicle positioning”, “rail
vehicle positioning systems”, “railway safety criteria”, and “implementation of satellite
positioning systems”. The choice of key words was based on the need to include
separate issues for conventional approaches to rail vehicle detection and positioning,
as well as future positioning solutions in the form of the use of satellite systems.

• Selection of articles—Articles were pre-screened based on their titles and abstracts,
and then full-text analysis was carried out after selecting appropriate articles. The
criteria for deciding whether to include an article in the reference list were whether the
articles focus on GNSS issues in the area of railway applications with consideration
of articles discussing case studies or practical applications and articles published
in English. The following were used as exclusion criteria: articles unrelated to the
research question. Data were then extracted and synthesized from selected articles,
including information on satellite positioning system implementations, case studies,
challenges, and future directions.

• Analysis and Interpretation—Data were analyzed and interpreted to identify com-
mon themes and patterns, as well as challenges and limitations of current projects
and research.

• Writing and dissemination—The result of the conducted literature review was synthe-
sized into a review article. This article was subject to review by competent reviewers to
confirm its accuracy and complementarity, and then published.

• Registration—This systematic review was not registered in a publicly accessible database.

3. The Basic of GNSS
The performance and quality of modern train control systems depend mainly on the

localization equipment and systems used. The main functions of such solutions are to
determine the absolute position of the train, including the safety-appropriate confidence
interval, speed, acceleration, and the assignment of trackside and mobile resources. The
result of determining the location of a given rail vehicle is used for the needs of the traffic
control and management system, on the basis of which railway traffic is carried out in a
collision-preventing manner and optimized use of infrastructure, which has a significant
impact on the safety and capacity of railway lines [21]. Fulfilment of the above criteria
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with regard to positioning functions can potentially be met through applications of GNSS
functionality. The general assumptions for GNSS are that it is possible to extract GNSS
position records and then use the data for analysis to determine the position of a rail vehicle
on the rail infrastructure. The above is achieved by extracting features in the form of spatial
and temporal information, such as, for example, speed, acceleration, direction, and distance
for each vehicle individually or collectively for all in the localization area. The extracted
features can serve as batch data for the rail traffic guidance and control systems to define a
dynamic graph of rail traffic in the study area [18,22].

3.1. Reliability, Availability, Maintainability, Safety (RAMS), and Evaluation Criteria in Aeronautics

In the nomenclature and GNSS environment, system performance is defined by the
criteria accuracy, availability, continuity, and reliability. These criteria, are based mainly
on aeronautical applications and have been defined by the International Civil Aviation
Organization (ICAO). They are not directly related to railway requirement criteria, usually
qualified in terms of RAMS. A common evaluation criterion in aeronautical systems for
RAMS analysis is the concept of reliability. The meaning of the above concept in relation
to railway applications can be defined in terms of all possible failures, the probability of
failure, and the impact of failure on the operation of the system. In both cases, reliability
refers to the impact on the level of safety of the assessed application area. In addition,
in comparing the ICAO evaluation criteria and the RAMS analysis, integrity is also a
converging concept. For satellite navigation users, integrity is a quantitative measure
characterizing confidence in the reported position. In railway transport, users speak of
safety integrity to encompass a larger number of safety lifecycle requirements. The term
integrity itself refers to the integrity of the train, that is, the fact that the train has not split
and in the further implementation of positioning and unification systems may characterize
such functions as diagnostics and reporting of rolling stock failures [23–26].

3.2. Terminology of Positioning Systems

The following defines the relevant technical positioning terms that are used to compare
different satellite location systems in railway applications:

• Positioning—determining the specific location of a vehicle in relation to the rail network;
• Location system—configuration of technical components that provide location information;
• Spatial resolution—resolution represents the smallest increment of location information;
• Temporal resolution—represents the time lapse between two identical satellite raids

over the same point.

3.3. Criteria for Technical Evaluation of GNSS Systems (Aeronautics)

The following technical evaluation criteria have been adopted for GNSS aeronauti-
cal applications:

• Positioning accuracy—There are two different requirements in terms of accuracy:
accuracy along the track and accuracy transverse to the track. In both cases, safety-
related localization systems for traffic control systems must provide as much accuracy
as possible. The level of accuracy of rail vehicle positioning depends on the accuracy
of equipment and systems, which determines that the functionality of a positioning
system using satellite navigation will depend on the accuracy of those systems. For
some non-safety applications, such as fleet monitoring, a high level of accuracy is not
required. Such applications typically require a low accuracy of 50–300 m [21,27].

• Positioning availability (with respect to time)—The availability in question deter-
mines the probability that the system is available at the beginning of a specific object
positioning task [21].



Appl. Sci. 2025, 15, 356 7 of 33

• Positioning availability (referring to space—coverage)—The term coverage de-
scribes the geographic area in which location information must be provided to the
user/application [21,27].

• Integrity—The term integrity describes the requirement that the system must indepen-
dently detect and report failures. It applies only to security-related systems [21].

• Continuity—The term continuity describes the ability of the system to perform the
localization task it has started without any interference. Particularly when using GNSS,
this problem arises when the vehicle passes through tunnels or covered stations, for
example. These obstacles prevent or hinder the reception of satellite signals. For
precise positioning, a measurement using at least four satellites is necessary, and
the limitation due to obstacles can make a positioning system based on satellite
localization unavailable. However, even in the situation of access to a sufficient
number of satellites in a limited area, it causes the accuracy of horizontal positioning
information to decrease at high altitude, because the distance between several satellites
is too small for a precise measurement result. In such a case, the usefulness of the
information may not be sufficient [21,27].

• Reliability—The term reliability refers to applications in safety-related systems. In
safety-critical applications, knowing the position of a vehicle is very important. How-
ever, it is not only the position that is important, but also the confidence interval of the
position information. Hidden errors in position information can lead to collisions and
accidents. When deciding to use GNSS for positioning, it is important to consider the
possibility of identifying errors in position information. The best way to do this is to
use a combination of different systems to obtain position information [27]. The concept
of reliability in the present context refers to solutions for using GNSS in aeronautics.
At the same time, the term reliability appears in the RAMS (Reliability, Availability,
Maintainability, Safety) criteria analysis, which is used in the evaluation of feasible
solutions for railways. In view of the above, it is necessary to develop a consistent
approach in the RAMS analysis of GNSS systems, which is discussed later in this article.
A comparison of the relationship between RAMS and ICAO criteria is shown in Table 2.

3.4. Digital Map

An important part of the GNSS implementation process in railway applications is
the digital map, which is a central and key element of safety-related positioning. Some
navigation functions such as determining the distance travelled or actual speed can be
performed without the use of a digital map. Others such as positioning cannot be performed
without such a map, as it provides a complete description of the topological information
of railway tracks and can be used as a reference to calibrate position estimation error and
make the position result identified within a one-dimensional location coordinate defined
on the track [28–30].

A database containing track maps enables train positioning, which, supported by
various integration solutions at different levels of coupling, is considered a relatively
low-cost and effective choice. The input data resulting from the information source, in
the form of a digital map, supplements the satellite-based train positioning system with
relevant information resulting from the map matching process, and should also be taken
into account to evaluate and improve the integrity of positioning, which is important
to ensure safety in satellite location-based systems in railway applications. As part of
the studies included, in [31], high-integrity map matching algorithms for transportation
applications were investigated and factors affecting the integrity of the map matching
approach were analyzed, while [32] presented a solution based on multiple hypotheses to
increase the correctness of identifying an occupied track section and achieve effective map
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matching. With the above in mind, it is important to be aware that the digital map is one of
the elements generating possible positioning errors, as typical errors can arise at the stage
of its creation. Even verification or validation may result in an insufficient level of security
due to the risk of the above errors [33–35].

Table 2. Comparison of technical evaluation criteria.

Criteria RAMS ICAO

Security Is defined as the probability of a device and system
functioning in a safe state

Continuity Describes the ability of the system to perform the localization
task it has started without any interference

Accuracy The degree of correspondence between the estimated or
measured value and the actual value

Availability

Determines the ability to maintain a functioning state in a
given environment in which it can perform the required

function, assuming that the required external resources are
provided

With respect to time, determines the probability that the
system is available at the beginning of a specific object

positioning task;
With respect to space (coverage), determines the geographic
area in which location information must be provided to the

user/application

Integrity Integrity of the train, that is, the fact that the train has not
split

Describes the requirement that the system must
independently detect and report failures

Reliability Determines the ability of the device and system to perform
specific functions, at specific times and conditions Refers to applications in security-related systems

Maintenance
vulnerability

Determines the ability to perform timely and easy
maintenance (including servicing, inspection and control,

and repair and/or modification), assuming that the service
is carried out in accordance with established procedures

and measures

3.5. System Architecture

The architecture of satellite navigation systems in the nomenclature used is divided
into so-called segments, which include space segment, ground segment, and user segment.
The above division defines the geographical structure of GNSSs; however, from the point of
view of transmission of signals and information contained therein, GNSSs can be divided
into space segment, ground segment, user terminal, and network auxiliary segment. The
space segment transmits an authentication code along with authentication messages to
the transmitted satellite navigation signal, the user segment authenticates the received
satellite navigation signal, and the network auxiliary segment uses a communication base
station (ground communication/satellite communication) to provide auxiliary network
authentication information. If there is a GNSS spoofing signal in the real environment,
the user segment can identify whether the current signal is a spoofing signal by authenti-
cating the spread spectrum message/code. The architecture of satellite navigation signal
authentication is shown in Figure 3 [36,37].

According to Figure 3, the architecture is dedicated to aeronautical applications,
while satellite positioning systems for rail vehicles should use an architecture based on
the integration of multiple sensors to avoid risks associated with potential GNSS errors,
including unavailable or limited satellite signal, multi-path effects, and others. An example
is inertial sensors, which appear to be a promising choice for most road transportation
applications and also appear to be suitable for rail vehicles. The use of inertial sensors in
the process of differential satellite positioning can provide an accuracy of about one meter,
which can contribute to more efficient determination of train position, speed, and other
required status descriptions. Within the framework of the global satellite navigation system
scheme using inertial sensors (GNSS/INS) to supplement the odometer, the solution of
the integrated satellite train positioning system architecture can be illustrated as shown in
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Figure 4, where OBC stands for on-board computer and IMU is the inertial measurement
unit. In order to support the GNSS-based train control system, the presented positioning
system is designed with an interface for the on-board ATP (Automatic Train Protection)
device [28,38–40].
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One multi-sensor solution, which collects data from various sensors installed in the
vehicle (in particular, IMU and GPS) and performs Kalman-based filtering recursion, has
been studied and presented in [41]. The study focused on solutions that could be applied to
any rail vehicle, regardless of the ground equipment on specific lines. Another study [42]
proposed an adaptive multi-sensor data fusion technique to accurately assess train position
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and speed based on three on-board sensors—a longitudinal accelerometer, an odometer,
and a GPS receiver. An article [43] presents a rail vehicle localization technique based on
the fusion of a tachometer and an IMU to improve performance in terms of speed and
position estimation accuracy. This fusion was carried out through Kalman filtering theory.
In another paper [44], a particle filter-based approach to localizing a rail-guided robot was
presented. The filter was used to integrate odometry with inertial measurements, laser
scans, and image data. As a result, a rail map, motion model, and perception model were
developed to implement 1D estimation [45,46]. The synthesis of the architecture using
multi-sensor systems is shown in Table 3.

Table 3. Characteristics of systems with multi-sensor architecture.

Multi-Sensor Architecture Reference Description

Kalman-based filtering recursion [41]
Multi-sensor system that collects data from various

sensors installed in the vehicle (in particular IMU and
GPS) and performs Kalman-based filtering recursion

Adaptive multi-sensor data fusion
technique [42]

Precise evaluation of train position and speed based on
three on-board sensors—longitudinal accelerometer,

odometer, and GPS receiver

Fusion of tachometer and IMU [44]
Improved performance in terms of accuracy of speed
and position estimation by applying Kalman filtering

theory

Particle filter [45,46]

Integration of odometry with inertial measurements,
laser scans, and image data, resulting in track maps,

motion model, and perception model to implement 1D
estimation

By correlating data from individual sensors, it is possible to obtain more comprehen-
sive coverage regarding the location of a rail vehicle on rail infrastructure. According to the
results of previous analysis and research, it is necessary to integrate the map with sensor
data to provide information about the environment, such as the track on which the vehicle
is traveling, the proximity to dangerous places, the tunnel, etc. In turn, the dynamic data
detected by the sensor makes it possible to create a dynamic map with high precision. With
the positioning sensor to obtain their position, combined with a precise map, it is easier to
depict the traffic situation in the area covered by the system, in order to ensure the safety
of railway traffic [47–49]. The use of multi-sensor solutions and dynamic digital maps
requires a data transmission system with a wide bandwidth. A potential future solution is
5G transmission systems, whose high-bandwidth functionality will allow for rail vehicles
equipped with multi-sensor systems to share more sensor data or combine them with
precise maps for dynamic steering and control of railway traffic [50,51].

Over the past two decades, several projects have been carried out with research
aimed at developing solutions to implement GNSSs in railway applications. The first
major projects were APOLO [26,52], GADEROS [53], LOCOPROL [54], GaLoROI [25],
and 3inSat [55]. The above projects were implemented in the first decade of the 2000s.
All of these projects, even if they did not lead to the commercialization of operational
products, certainly helped to introduce GNSS into the railway mentality. The next decade
saw the launch of projects such as NGTC (Next-Generation Train Control) [56,57], which
aimed to explore how new developments in ERTMS/ETCS for interoperable networks
and CBTC (Communication-Based Train Control) systems for urban networks can be
mutually leveraged. Satellite positioning is one of the goals of NGTC. Finally, the European
Shift2Rail program [58–61], in its second innovative program (IP2) [62] on signaling, focuses
specifically on reliable train positioning for advanced traffic management and control
systems. The list of projects/programs is shown in Table 4.
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Table 4. Projects/innovation programs in railways.

Project/Program Time Range System Architecture References

APOLO 1998–2001

GPS receiver in various operating modes
(standalone, DGPS, EGNOS) + odometer
+ gyroscope + accelerometer + Doppler

radar

[26,52]

GADEROS 2001–2004

GPS + EGNOS + digital track map (a
configuration with virtual balise
database, hybridizing GNSS, an

odometer, and a gyrometer)

[53]

LOCOPROL 2001–2004 GPS receiver + EGNOS + beacon +
odometer [54]

GaLoROI 2012–2014 Galileo receiver + eddy current sensors +
map + redundant channels [25]

3inSat Completion 2016 Multi-constellation GNSS receiver +
EGNOS + odometer + IMU [55]

NGTC During
NGTC is focusing on the application of

satellite positioning functions within
ERTMS/ETCS (virtual balise concept).

[56,57]

Shift2Rail—IP2 During

IP2 aims to develop a new generation of
signaling and traffic control systems,

based on the current ERTMS, to enable
intelligent management of automated

train traffic, optimize performance and
reliability, and minimize operating costs.

[58–61]

A different architecture possible is to combine a GNSS receiver with capability signals
and three-dimensional (3D) map matching techniques. An electronic track map is designed,
generated, and stored as a static data source representing the railway lines of an area.
As the most important part, track data are the basic elements that populate the database
and describe practical rail lines at various scales. If GNSS signals fail, alternative signals
such as Wi-Fi can be used to estimate the position of the train. The location of additional
access points, such as in tunnels, will need to be determined to maintain position accuracy.
Three-dimensional map matching will support position estimation in urban areas and can
help determine the track on which the train is traveling. The map can also be used as a
positioning aid and provide train heading information based on track location. This system
has the advantage of being independent of the systems installed on the train. However,
in accordance with the above-described risk regarding potential errors arising during the
digital map stage, there may be a situation in which a positioning system based on the
presented architecture fails to achieve the required level of reliability estimated under
the RAMS criteria. Given the potential risks arising from the use of a digital map-based
architecture, the use of an architecture whose topology would consist of a combination of
the aforementioned GNSS/INS architecture and 3D map matching should be considered.
The use of additional sensors, which are subject to certification in rail applications, could
result in a significant increase in system reliability [63,64]. In the case of the development of
the architecture described above, it should be borne in mind that it will be characterized by
a complex topology of dependencies between the various elements of such an architecture.
Increasing the number of devices, thus expanding the network of dependencies between
each of them, may contribute to potential errors in the functioning of the system itself,
and—as should also be borne in mind in the conception and design of such systems—will
generate additional costs [65,66]. An example of the topology of the described architecture
is shown in Figures 5 and 6.
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3.5.1. Space Segment

A constellation of multiple satellites, each with atomic clocks, is used to ensure that the
system allows for users to continuously determine their position in all weather conditions
anywhere on or near the Earth. The distance measurement method is based on measuring
the difference in propagation delay of radio signals received from different satellites. The
functionality of the system lies in the fact that, having signals received from precisely
synchronized sources, the receiver does not need to be synchronized with the satellites
as well, so no atomic clock is required for the receiver of the satellite signals. For two-
dimensional positioning only, it is necessary to receive signals from at least three satellites,
while at least four satellites are needed for three-dimensional positioning. It follows that
to achieve global coverage, at least four satellites visible at all times from any point on
Earth are required, which raises a significant design problem. The user on the ground
cannot maintain strict synchronization with the satellites, and the ranges to different
satellites calculated from observed delays are called pseudo-ranges. The true range must be
calculated after accounting for clock error. In order to determine the receiver’s location in
three dimensions, latitude, longitude, and altitude, three true ranges are obviously required,
hence the need for a fourth measured delay to calculate the receiver’s clock error. If the
clocks are synchronized and their assumed positions are correct, a single correction to the
user’s clock will cause all the spheres to intersect at a single point, the user’s position.
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The orbital parameters of the satellites are shown in Figure 7 and include the great orbital
half-axis, orbital eccentricity, orbital inclination (the angle between the plane of the orbit
and the plane of the Earth’s equator), perigee argument (the angle between perigee and the
node, the point where the plane of the orbit intersects the plane of the equator) and node
elevation (an astronomical term for the azimuthal angle relative to the first point of Aries),
and the epoch (time) of the perigee passage [67,68].
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3.5.2. Ground Segment

The ground component performs key functions to coordinate GNSS activities. These
functions include tracking the many satellites that make up the GNSS constellation, moni-
toring their navigation transmissions to determine the status of their on-board subsystems,
particularly their atomic clocks, and analyzing their ephemerides. The operational control
component of the ground segment sends feedback commands and data to take corrective
measures on the orbital parameters and on-board atomic clocks, and, if necessary, resolve
any anomalies, ensuring that all subsystems operate according to specifications. These
functions are performed by a global network of ground installations operated by the main
control station. The main control station (MCS), otherwise known as the Mission Control
Center, is the facility where the ground control team has sole responsibility for centrally
controlling the operations of the entire system, 24 h a day. The ground control segment
is supported by globally distributed monitoring stations in geodetically precise locations
selected to ensure optimal coverage. The monitoring stations are equipped with atomic
clocks with enhanced performance and GNSS receivers with geodetic-level measurement
quality. The atomic clocks are characterized by high beam intensity. The time reference
of the monitoring station at MCS is coordinated with the master clock. At all monitoring
stations around the world, atomic clocks provide standard signals of equal frequency as
references to their GNSS receivers. The main control station regularly receives satellite
data from the monitoring stations regarding the satellites’ ephemerides and atomic clock
readings, as well as on-board systems data, information that is analyzed to determine firstly
the status and integrity of the satellites’ on-board systems, and secondly to determine their
exact orbital positions and whether corrective action may need to be taken to ensure that all
satellites are in constant transmission with the station. In the event of an emergency, such
as a satellite failure, immediate action can be taken to reposition the satellite to maintain
system integrity [67]. Figure 8 shows an example of ground segment architecture.
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3.5.3. User Segment

The original premise for navigation systems such as GPS and GLONASS as global
all-weather positioning systems was justified by military applications, but they were later
opened up to the general public, and the advent of new systems in the form of Galileo
and BeiDou have made them an indispensable part of modern life. In addition to its
well-known use in vehicle navigation, the system has influenced such diverse fields as
land, sea, and air navigation; surveying and geodesy; and large-scale construction projects
such as mines, bridges, and tunnels. In addition, in today’s railway systems, GNSS, in
addition to its functionality related to monitoring moving rolling stock, shows potential
applicability in directing and controlling rail traffic. This solution, of course, requires
the design and development of a system with an architecture that ensures high-level
reliability, the sophistication and cost of which will be commensurate with the required
capabilities and accuracy. Today, professional receivers are available on the market that go
well beyond the units built into handheld devices intended for general use. Many well-
known companies specialize in providing advanced and professional satellite navigation
equipment for aircraft and ships. Among the solution providers mentioned are names such
as Garmin, Magellan, TomTom, etc., which also provide models for the general market,
including drivers, hikers, boating enthusiasts, etc. The above represents the potential for
future development of GNSSs in rail transportation. The GNSS receiver operates in the
microwave spectrum band, with a dedicated microprocessor and memory to display its
position in relation to the corresponding geodetic grid. Although the principle of the system
is unidirectional distance measurement, in which the propagation times of the signals
reaching the receiver from the satellites are used to measure the distance between them, it is
not necessary to have an atomic clock on the equipment of an object positioned using GNSS.
The above, as already mentioned, is achieved by calculating the signal propagation delay,
and these calculations are called pseudo-range. The task of the control segment on the
ground is to apply corrections as needed. The actual ranges must be corrected for receiver
clock errors. This is where the number of satellites is critical—not only does it allow for
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global coverage, but it also introduces redundancy of erroneous pseudo-coverage vectors,
which generally do not coincide with the receiver’s position, but if the clocks of the satellites
are in perfect synchronization, it should require only one correction, namely, the correction
of the receiver’s clock to coincide. Of course, in practice, there are unavoidable errors in all
measurements, and the best solution is that when taking into account the pseudo-distance
to multiple satellites, a correction can be found to the receiver clock to minimize the spread
in the calculated positions. One of the main functions of the receiver’s microprocessor is to
calculate this clock correction. It follows that just as the accuracy of a measurement can be
improved by repeating it, the accuracy of a position fix in three dimensions is improved by
acquiring signals from multiple satellites, but the system is designed so that at least four
satellites are fully visible at all times from any point on Earth [67].

Figure 9 shows a simplified GNNS architecture with an indication of transmission to
the user segment.
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3.6. Smart Train

The rail industry, which is constantly improving standards for rail safety, operational
efficiency, and the quality of passenger services, is expected to be a potential market for the
development of GNSSs already in use and, above all, the implementation of new solutions.
These concepts are mainly based on the penetration of information and telecommunications
technologies into the railway environment. One of these concepts is the construction of
signaling and train control systems, preferably without trackside equipment. The goal of
this concept is to transfer decision-making from the tracks to train-related systems and
create so-called distributed intelligent train control systems. In other words, this means
making trains potentially intelligent in some elements of the transportation process in the
rail industry. This concept will ultimately reduce investment, operating, and maintenance
costs, as the introduction of intelligent yet partially or fully autonomous trains will help
optimize and reduce the human factor, which in many cases can contribute to causing
overuse of vehicles and railway infrastructure (for example, imprecise braking of the train
set). A fully autonomous train eliminates the need for staff to drive the train. The above can
favorably affect the efficient use of rail transportation, which can translate into a competitive
nature in relation to other modes of transportation [71].

Table 5 presents the relationships and functionality of the various segments of
GNSS systems.
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Table 5. Synthetic comparison of segments.

Segment Characteristics Functionality

Space A constellation of satellites
equipped with atomic clocks

− Localization of an object based on the
measurement of the difference in propagation
delay of radio signals from different satellites

− Time synchronization of atomic clocks
− Taking into account the error of the atomic clock
− For three-dimensional measurements, it is

necessary to use at least signals from 4 satellites

Ground

A network of ground installations
operated by MCS supported by
globally distributed monitoring
stations equipped with atomic

clocks and GNSS receivers

− Central operational control of the entire system
− Tracking the trajectories of individual satellites

of the constellation
− Monitoring navigation transmissions, analyzing

ephemeris
− Monitoring system parameters and the status

and integrity of the satellites’ on-board systems
− Taking corrective action in case of identified

failures and deviations from the assumed
parameters

User

GNSS receivers operating in the
microwave spectrum band with
dedicated microprocessors and

cache memory

− Unidirectional distance measurement
− Display of object position in relation to geodetic

grid
− Calculation of atomic clock correction by

correcting actual ranges

4. Overview of GNSSs
A system of satellites that provides autonomous geospatial positioning with global

coverage is called satellite navigation. GNSS includes several existing systems, such
as GPS, GLONASS, Galileo, and Beidou. These systems are supported by space-based
augmentation systems (SBAS) or ground-based augmentation systems (GBAS). Examples
of SBAS include the US Wide-area Augmentation System (WAAS), Europe’s Geostationary
Navigation Overlay System (EGNOS), and Japan’s Multi-functional Transport Satellite
(MTSAT). These systems augment existing constellations of satellites in medium earth orbit
(MEO) with geostationary (GEO) or geosynchronous satellites [72].

These systems combine aspects of localization and navigation using satellite technol-
ogy and the telecommunications medium. They are becoming increasingly interesting for
emergency services, as well as in passenger service applications (emergency callouts, road
navigation, information transmission, etc.). Studies have shown that applications devel-
oped for road transportation can also be implemented in a rail environment. Nevertheless,
there is a growing need to develop low-cost localization systems for satellite-based appli-
cations, such as traffic guidance control, for low-density railways. For these applications,
system performance and reliability depend on parameters such as positioning accuracy,
availability, and integrity [73].

The first GNSSs (GPS and GLONASS) were designed to meet the military’s needs
for accurate navigation on land, sea, air, and space, but since satellites now transmit
unencrypted, freely available civilian signals, applications in the same environments have
taken root in modern life. Therefore, today, it is possible to distinguish between military
and civilian user satellite positioning applications. There are significant differences between
the commercial and military GNSS markets, and the size of the market is changing in a
fluid fashion. The number of user receivers in maritime and rail transportation and road
transport is seven times larger in 2020 than in 2006. The largest and widest commercial
opportunities are in the use of satellite systems for data transmission. An example is
the Japanese market, where the deployment of satellite systems in the form of QZSS was
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aimed at providing positioning and data transmission services in mountainous and urban
environments. A particular area of interest in terms of research and development by the
Japanese satellite industry market is the provision of navigation services to address the
problem of insufficient visibility of GNSS satellites in metropolitan areas, which, according
to research, is the biggest problem in the use of GNSS positioning [74,75].

GNSS standards specify the required signal accuracy in space for various operating
conditions. They specify in detail the accuracy limits for warnings. If these limits are not
exceeded, the user will not receive a message. Space signal accuracy requirements are
also defined for SBAS and GBAS. The requirements for GNSS must match those of other
systems that are currently in use [76]. Figure 10 shows a simplified way of locating objects
in area.
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4.1. GPS

GPS is a space-based positioning and navigation system that provides three-
dimensional positioning with accuracy to within a few meters, anywhere on or near Earth.
It was designed for military use to provide the greatest possible accuracy in locating objects
in space. The development of the system has made it possible to use GPS for commercial
applications as well. Since the discontinuation of selective availability, civilian users have
been able to use a signal whose predicted position accuracy has improved with each succes-
sive generation of satellites used. GPS satellites emit a signal that contains the transmission
time, the satellite’s position, and its identifier, along with other information. The signal
transmission time determines the distance between the GPS receiver and the transmitting
satellite. A receiver that is within range of four satellites is able to determine the receiver’s
three-dimensional position while eliminating the receiver’s clock error [77,78].

4.1.1. GPS System Architecture

The GPS architecture is divided into three segments: space, ground, and user segments.
The GPS uses the distance method of measuring the navigation parameter. The idea of this
method is to measure the distance to at least three known measurement points—satellites—
whose locations are known to the user at any time. The condition for the implementation
of this method is to maintain the straightness of the propagation of radio waves and the
constant speed of their propagation in the electromagnetic environment. The navigation
parameter is measured by measuring the propagation time of radio signals of known
structure, transmitted by the navigation satellite, and received by the user’s receiver. The
prerequisite for the correct operation of a navigation system using the distance method is a
follows [79,80]:

• Elimination of the resulting time scale error in the receiver;
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• Accurate synchronization of the time scale of the user’s receiver with the time scale of
the GPS system.

4.1.2. GPS Space Segment

The space segment is composed of a constellation of 24 satellites, including 21 oper-
ational and three backup satellites. Four of satellites are evenly distributed in six orbital
planes, inclined at 55◦. The difference between the ascending nodes of each orbital plane is
60◦, and the difference in latitude arguments for satellites on the same orbital planes is 30◦.
This ensures that at least four GPS satellites can be seen at anytime and anywhere in the
world. The average orbital altitude of GPS satellites is about 20,200 km, and their orbital
period is about 11 h 58 min 2 s [81].

4.1.3. GPS Ground Segment

The ground segment, referred to as the control segment (CS) within the GPS system,
consists of four main subsystems: main control station (MCS), alternative main control
station (AMCS), ground antenna network (GA), and a network of globally distributed
monitoring stations (MSs). The MCS is located in Colorado and is the central control node
for the GPS satellite constellation. Operations are maintained 24 h a day, seven days a
week year-round by the highly trained staff of 2 SOPS. MCS is responsible for all aspects of
constellation command and control, including the following [69]:

• Routine monitoring of the status of the satellite bus and cargo;
• Satellite maintenance and subsystem anomaly resolution;
• Support for launching, decommissioning, and disposal of satellites;
• GPS performance management to ensure compliance with all performance standards;
• Message operations as required to maintain performance in accordance with standards

of accuracy and integrity;
• GPS anomaly detection and response;
• Communication with military GPS users.

The GPS uses a variant that simultaneously measures pseudo-distance relative to as
many satellites as necessary to determine position coordinates and correct the time scale in
the user’s receiver. Knowing the distance to one satellite makes it possible to determine the
position surface in the form of a sphere on which the object is located. Determining the
distance to a second satellite determines a second position surface, which is also a sphere.
The intersection of the two position surfaces forms a position line in the form of a circle.
The intersection of this circle with the third position surface, determined by measuring
the distance to the third satellite, determines two points, one of which is discarded as
improbable. GPS is used to determine the position of objects in three-dimensional space,
so the procedure must use distances from three reference points. The GPS uses satellites
moving in circular orbits around Earth as reference points [79].

4.2. GALILEO

The European Union, in close cooperation with the European Space Agency, has
developed its own system that meets the criteria of accuracy, reliability, and safety called
Galileo. The system will be controlled by civilian authorities and will cooperate with GPS
and GLONASS. It will provide real-time positioning and timing services at various levels
of accuracy, integrity, and availability. Other than existing satellite navigation systems,
Galileo is a suitable system for safety-critical applications such as landing aircraft, guiding
cars, tracking hazardous materials, and controlling rail traffic [78,82].



Appl. Sci. 2025, 15, 356 19 of 33

4.2.1. GALILEO System Architecture

The architecture of the Galileo system consists of space and ground segments, with the
possibility of specifying additional stand-alone sub-segments with specific services in the
ground segment. The user segment is considered a separate component, the implication
being that this segment will interact with all other system components [79].

4.2.2. GALILEO Space Segment

The basic configuration of the Galileo constellation is defined as a 24/3/1 Walker
constellation: 24 nominal satellites in medium Earth orbit are arranged in three orbital
planes, with their ascending nodes evenly spaced at 120-degree intervals, inclined at
56 degrees to the equator. Each orbital plane contains eight satellites evenly spaced in the
plane, at 45-degree latitude intervals. The angular offset between satellites in two adjacent
planes is 15 degrees. The constellation is supplemented by spare satellites, which can be
moved to any nominal slot in any plane of the orbit as needed for maintenance or service
evolution [76,83].

4.2.3. GALILEO Ground Segment

Both the ground control segment and the ground mission segment, along with the
following infrastructure, are included in Galileo’s ground segment:

• Galileo Control Centers (GCCs), implementing ground control functions and ground
missions at each location;

• Galileo’s worldwide network of sensor stations (GSS), which collects and transmits
Galileo measurements and data in real time;

• A worldwide network of Galileo Uplink Stations (ULS) that distributes and transmits
mission data to the Galileo constellation;

• A worldwide network of telemetry, tracking, and control stations (TTC stations) that
collect and transmit telemetry data generated by Galileo satellites and distribute and
transmit control commands required to maintain the Galileo satellites and constellation
under nominal operating conditions.

4.3. GLONASS

GLONASS is a global satellite navigation system that provides positioning, navigation,
and timing services on a continuous, worldwide basis. GLONASS receivers calculate
their position in the GLONASS reference system using satellite technology, based on
triangulation principles. The space segment’s main functions are transmission of radio
navigation signals and storage and retransmission of navigation messages sent by the
control segment. The GLONASS ground segment (also referred to as the control segment
or operational control system) is responsible for the proper operation of the GLONASS
system [78].

4.3.1. GLONASS System Architecture

The GLONASS system architecture consists of three segments:

• Space segment;
• Control segment;
• User segment.

All of these segments work together to provide users around the world with accurate
three-dimensional positioning, timing and velocity data [70].
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4.3.2. GLONASS Space Segment

The GLONASS space segment, evenly distributed across three orbital planes with an
inclination of 64.8◦, consists of 21 operational satellites and three backups. The longitudes
of the ascending nodes of each plane differ by 120◦ from plane to plane. In each orbital
plane there are 8 satellites 45◦ apart in latitude. At an altitude of 19,100 km, the orbital
period is 11 h 15 min and 44 s. In September 2016, the number of operational satellites in
orbit was increased to 27, of which 24 are GLONASS-M and GLONASS-K1 satellites with
full operational capability [81].

4.3.3. GLONASS Ground Segment

The GLONASS ground segment’s main components include the GLONASS system
control center (SCC) and central clocks (CC), telemetry, tracking and command stations
(TT and C), and uplink stations, as well as unidirectional monitoring stations and satellite
laser ranging (SLR) stations. All major ground segment assets are located on Russian
territory [84].

Plans for the development of the ground control segment (GCS) before 2020 include
all core elements of the GCS to improve its performance, including upgrading passive
measurement and computing stations, the main master clock, inserting measurement
stations and expanding the network of laser measurement stations. The upgraded GCS
will additionally include the following [85]:

• Onboard Inienatellite Measurement Equipment (OIME) ground control loop that
provides orbit and clock data input to the navigation satellite;

• A network of passive measurement stations (PMS) for operational bits and clock data
as part of the GCS to improve accuracy and integrity.

4.4. BeiDou

The BeiDou Satellite Navigation System (BDS) provides a range of services resulting
from its functionality. Currently in operation, the BeiDou is the third phase of China’s
satellite navigation system. In addition to the positioning, navigation, and timing (PNT)
service provided by all GNSS, BDS also offers regional message communication, global
short message communication, global search and rescue (SAR) service, regional precision
point positioning (PPP) service, built-in satellite extension service (BDS-BAS), and space
environment monitoring function [78,86,87].

4.4.1. BeiDou System Architecture

In the case of a positioning request, MCS determines the user’s location based on
the measured signal rotation time and the user’s altitude, which is taken from a digital
database stored at MCS or provided by the user. The resulting location information is then
transmitted back to the user via an outbound signal. For short messages, the message is
sent to the addressee by MCS via the outgoing signal. For time requests, the user’s exact
time adjustment is calculated by MCS and sent to the user via an outbound signal. Based
on the time correction, the user adjusts the local clock, synchronizing it with the MCS clock.
Requests can be sent, and location information and short messages can be received by user
terminals. They can operate in two modes: one mode involves receiving one outgoing
signal and transmitting incoming signals via two satellites, while the other mode involves
receiving outgoing signals from two satellites when the user is in the common coverage
area of two satellites, and transmitting incoming signals via only one satellite. Based on
the time difference between the two received outgoing signals and the service re-task
transmitted via one satellite, MCS measures the pseudo-distance from the user to the two
satellites and calculates the user’s position [88–90].
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4.4.2. BeiDou Space Segment

BeiDou’s regional satellite navigation system consists of three groups of satellites:
GEO, IGSO, and MEO. The constellation includes 44 satellites: 7 in geostationary orbits
(GEO), 10 in 55◦ inclined geosynchronous orbits (IGSO), and 27 in medium earth orbit
(MEO). In addition, eight satellites (four in medium earth orbit, two in geostationary
orbit, and two in inclined geosynchronous orbit) are undergoing testing or launch. The
constellation is designed to provide worldwide coverage. The lifetime of the satellites
is eight years. The platform and navigation payload of all three types of satellites are
essentially similar, but there are differences in the equipment of each GEO satellite [88].

4.4.3. BeiDou Ground Segment

The BDS ground control includes the main control station (MCS) and over 20 cali-
bration stations. The MCS is responsible for receiving incoming signals, determining the
satellite’s orbit, transmitting signals, ionospheric correction, determining user location,
and sending short messages to specific users. Calibration stations provide basic measure-
ments for orbit determination, differential positioning over a large area, and calculation of
user altitude.

The OCS BDS provides command, control, and operation functions for three types of
satellite constellations. The main functions of the OCS BDS are as follows:

• Establishment and maintenance of data coordinates;
• Maintaining a time reference point;
• Measuring time synchronization;
• Precise determination;
• Prediction of orbits;
• Predicting the shift of the satellite clock;
• Processing of extended data;
• RDSS information processing;
• Monitoring, processing, and predicting ionospheric delays;
• Integrity monitoring;
• Uploading and downloading navigation messages.

The OCS workflow can be described as the process of collecting data related to satellites
and ground stations, processing and analyzing that data, managing communications
between satellites and ground stations, and sending operational commands to ground
stations [88].

4.4.4. User Segment BeiDou

The BeiDou user segment consists of BeiDou user terminals that receive BeiDou
navigation signals, determine pseudo-ranges, and solve navigation equations to obtain their
coordinates. There is also international cooperation on compatibility and interoperability
between BeiDou and other GNSSs, with the goal of bringing terminals compatible with
other GNSSs [91].

4.5. Quasi-Zenith Satellite System

The Quasi-Zenith Satellite System (QZSS) is a regional satellite navigation system
implemented by the Japanese government since 2003. It was originally intended to augment
the US GPS in Japan with three satellites. The satellites have an orbital period of 23 h 56 min,
a higher orbit inclination, and low eccentricity, which optimizes visibility at high elevation
angles in Japan. This is crucial for urban and mountainous areas where GPS signals are
insufficient. Each of the three IGSO satellites flies over Japan for eight hours, ensuring
continuous availability of navigation signals.
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The first QZSS satellite, QZS-1, was launched on 11 September 2010. After successful
testing, on 30 September 2011, the Japanese government announced the establishment of a
constellation of four QZSS satellites as national infrastructure by the end of 2010, with a
goal of expanding to seven satellites by 2023. The National Space Policy Secretariat (NSPS)
in the Cabinet Office is responsible for implementing the system. In 2013, a tender was
launched to establish a ground control segment and provide services from 2018 to 2033
under the Private Finance Initiative (PFI) project [92].

4.5.1. QZSS Architecture

The QZSS consists of a space segment and a ground segment. The space segment
initially consists of a single QZS. The ground segment consists of master control station
(MCS), a monitoring station (MS), tracking and control stations (TCSs), and systems from
other national research institutes. About 10 MSC stations have been deployed in Japan and
overseas to more accurately estimate and predict the QZS orbit and clock [92].

4.5.2. QZSS Space Segment

The QZSS consists of IGSO and GEO satellites with an orbital period of 23 h and
56 min, synchronized with the Earth’s rotation. The IGSO satellites are located in three
orbital planes, offset by 120◦ in RAAN and latitude arguments, providing an identical
ground track and continuous availability of one satellite every 8 h.

To optimize visibility around Japan, the orbits have an inclination of 43◦ and a slight
eccentricity, with an apogee in the north and a perigee argument of 270◦. The central longi-
tude of the ground track is 135◦ east. The asymmetric orbit provides a good compromise
between service availability, link properties, and resilience, compared to a fully symmetric
orbit and a teardrop-shaped orbit [92].

4.5.3. QZSS Ground Segment

The MCS is the focal point for the execution of QZS-1 navigation operations and
performs the following functions:

• Estimating the orbit and clock offset;
• Generating navigation messages;
• Remote control;
• Monitoring the quality of the navigation signal;
• Generating status or warnings.

Monitoring stations have been located in Japan and in Asia and Oceania to receive
QZSS and GPS signals for precise orbit and clock estimates. Some of these stations outside
Japan have been established in cooperation with international organizations. The monitor-
ing stations receive L-band navigation signals from the QZSS and GPS constellations and
then transmit the raw data to the MCS via a ground or satellite communications link.

The monitoring station (TCS) is responsible for QZS-1 satellite bus operations. This
includes, but is not limited to, the following functions:

• Performing orderly operations;
• Remote control;
• Planning and maintenance;
• Integration of all system operations.

The main ground station, located on Okinawa, ensures continuous operation of the
QZSS, which is constantly visible there. Due to regular typhoons during the summer season,
the station has been equipped with two redundant high-gain 7.6 m diameter antennas and
a protective radar dome to ensure uninterrupted operation even in severe weather.
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The station, responsible for time synchronization, measures the difference between
the satellite’s on-board clock and a highly stable ground reference point, and performs data
transmission operations. Based on the TMS measurements, UTC (Coordinated Universal
Time) time offset parameters and a set of GPS-QZSS time offsets (GQTO) are generated for
the QZS-1 navigation message [92].

4.5.4. QZSS User Segment

Signals that complement the GPS positioning service are designed to minimize the
need for modifications to the user’s hardware. Receivers can seamlessly receive and
track GPS and QZSS signals, decode their navigation messages, and calculate a user’s
position, speed, and time based on a combination of GPS and QZSS observations. There
is a difference in the handling of GPS and QZSS clock information between the systems,
requiring the user to take into account the distortion between the signals [92].

4.6. Other Systems

A new and different approach is to use a constellation of satellites in low earth orbit
(LEO) to dramatically reduce communication delays. The first large-scale deployment of
this kind is the Starlink constellation, now supporting more than two thousand satellites.
The commercial service was launched in beta in October 2020 in the United States, and
from 2021 in European countries. According to the operator, it provides internet access
with latency of 20 ms and speeds of 100 to 200 Mbps. Because it is a new service, its
operation and performance have not yet been fully studied. One of the few works has been
proposed by [93], which shows how Starlink performance changes at different benchmarks.
Another paper focuses on how the performance of a single Starlink viewpoint changes
when accessing globally distributed resources, under heavy network load, using TCP and
QUIC transport protocols [94]. SpaceX has already launched the first satellites of its Starlink
constellation, with a target number of 42,000. Earlier this year, Blue Origin announced its
intention to create its own satellite internet constellation (with more than 3000 satellites),
and OneWeb has already launched the first satellites in its venture. Both established
companies and startups are launching large networks of small satellites. Cheaper, easier to
manufacture, and cheaper to send into space, small constellations of satellites collectively
cover much more of the Earth than standard satellites [95].

The main difference between the two approaches is the distance between the satellites:
while geosynchronous satellites are 35,000 kilometers apart, LEO satellites are much closer.
For example, Starlink has five orbital shells, the closest of which is only 550 kilometers
away. This much shorter distance allows for much lower latency, comparable to traditional
broadband providers. However, this approach also requires a much larger number of
satellites, since each satellite is only in sight of a ground station for a short time. This has
led to the development of so-called “mega constellations” of satellites. Because there are
many more satellites, overall network capacity is also higher, and Starlink promises much
higher bandwidth than traditional satellite internet providers [96].

Table 6 shows some of the more important parameters characterizing GNSSs. Espe-
cially noteworthy is the QZSS, which functionally provides coverage only in southeast
Asia and Oceania. The above implies that this system should not be considered global;
however, with regard to the issue at stake, the parallel use of more global systems in
rail vehicle positioning, this system is included in the current review. The other systems
provide positioning capabilities for the entire globe. Consequently, the use of any of those
mentioned makes it possible to position an object regardless of its location. However, as
demonstrated in this article, for the highest possible safety parameters, it is far preferable
to use systems equipped with GNSS receivers using more than one satellite positioning
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system. Within the framework of this article, none of the characterized GNSSs are indicated
as dedicated to railway applications, since the choice depends on a number of factors,
including geopolitical factors, which may be the main basis for system selection, regardless
of the technical aspects of the system in question. Another reason for choosing a particular
system may be geographic location, as mentioned above with regard to the QZSS.

Table 6. Parameters of satellite navigation systems.

Reference Orbit Parameter GPS Galileo GLONASS BeiDou QZSS

Number of satellites (current usable) 38 28 26 35 4

Orbit semimajor axis [km] ~20,200 ~23,200 ~19,100 ~21,500 ~42,000

Orbit eccentricity <0.02 <0.16 <0.04 0.00 <0.08

Orbit inclination [deg] 55.0 56.0 64.2–65.6 55.0 43.0

Date of origin 1970s 2000s 1980s 1990s 2010s

The Starlink system is not included in the above table due to its completely differ-
ent space segment architecture. In addition, this system is dedicated primarily to data
transmission; thus, it is not included in satellite positioning applications.

5. GNSS Implementation
To increase the popularity of satellite positioning in rail guidance and control, the

European GNSS Agency (E-GNSS) is working with stakeholders in the rail and space
industries. The deployment of GNSS within railway systems is possible in the area of the
European Train Control System (ETCS), which is currently being implemented both in
Europe and beyond as one component of the European Rail Traffic Management System
(ERTMS). Under ETCS, train positioning is currently based on determining the position of
a rail vehicle using an odometer, whose potential measurement error is corrected based
on so-called balises, which are physical elements mounted at specific intervals along the
railway tracks. All information is exchanged between the ETCS on-board system and the
RBC (Radio Block Center) trackside system via a radio communications network. The train
transmits two pieces of information to the RBC: its location and confirmation that it has
not lost any cars. This information is called “integrity” in the rail industry and is a safety
feature. The potential of using GNSS for railway applications in this case manifests itself in
the ability to replace, wherever possible, physical balises with virtual balises (VBs) based on
precise GNSS positioning, without any operational or safety implications for ETCS [97–99].

The ETCS, due to its functionality, is divided into several levels, which include Level
0, Level 1, and Level 2. In the review in question for the ETCS system, Level 3 additionally
appears. The above is due to the fact that the review article is developed on the basis
of the literature issued before the update of the so-called Technical Specifications for
Interoperability (TSI) issued on 28 September 2023. Within the framework of the TSI in
question for the Control–Command and Signaling Trackside Subsystem (CCS TSI), ETCS
is expected to migrate to baseline 4, which does not include ETCS Level 3 in the further
development process. However, due to the nature of this review article, ETCS Level 3 (ETCS
L3) will be considered in the remainder of this article; Level 3’s operating logic enables
the implementation of GNSS functionality in train positioning and with regard to path
setting, consisting of determining the destination and ensuring safe passage along routes
in areas where there may be conflicts (intersection, junction, railway crossing). The above
refers to the so-called dependency systems (IXLs), the purpose of which is to verify the
possibility of the route along with securing the routing—in accordance with safety logic—of
each relevant part of the infrastructure until all trains have passed through all sections of
track reserved for the route. Thus, the system receives information on the occupancy of
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a section from trackside equipment on input (e.g., obtained from axle counters or track
circuits), then sends commands to trackside equipment based on relay or computer devices
to make automatic adjustments, and transmits free clearance information to the train. The
latter information constitutes the so-called permit to run (MA). The MA is transmitted
via radio messages by the Radio Block Center (RBC) to an on-board device built into the
driver’s cab. Dependency systems are traditionally trackside national systems based on
national signaling rules, but they are also under discussion to harmonize their operation
and interfaces, especially with ETCSs [63,100].

The IXL operating logic described above is characterized by features that limit the pos-
sibility of optimal use of the railway infrastructure. A method of improving the efficiency of
the control subsystem is to implement the so-called moving block spacing, the boundaries
of which are not defined in a fixed way through reference points of a certain route kilometer
distance. The boundaries of the moving interval change dynamically depending on the
current traffic situation, and the distance between trains is a variable value that is the
resultant of a set of current information on the position of individual trains and their speed.
The movement of a rail vehicle in the interval of the braking distance, which is provided
by systems that allow for continuous updates of information and transmit them to the
vehicle in the form of an MA permit, which contains, in basic terms, a set of elements that
determine its validity (km of the route to which the train can move) and the maximum
speed granted in the MA. The differences resulting from the movement of a rail vehicle in
fixed block spacing and moving block spacing are shown in Figure 11.
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In functional terms, a movable block spacing is a continuous extension of the section
of track on which a train with an issued MA can travel, along with information on the
permissible limiting speed at which the required distance between the end of the preceding
train and the head of the train for which the MA was issued is maintained, which is not
shorter than the braking distance of the train for which the MA was issued [101,102]. The
principle of mobile spacing is shown in Figure 12.

The use of mobile spacing is possible only when the exact position of rail vehicles in a
given area is known. The potential for using GNSS in the functionality of ETCS L3 offers
such a possibility. However, it should be taken into account that technological changes
to apply GNSS to ETCS L3 will also affect the logic rules of the dependency systems to
achieve functionality in accordance with the moving distance principle [100,103].
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The implementation of satellite positioning systems will allow for the protection of
runs with moving block spacing in railway traffic control systems. However, it should
be borne in mind that a train, unlike an airplane, moves close to various objects that are
considered obstacles to signal transmission. Consequently, various solutions have been
developed to deal with these effects. One classic solution is based on an odometer and the
use of GNSS positioning to calibrate the odometer error in case of discrepancies. However,
most solutions in the literature are based on the fusion of heterogeneous information. Their
principle is to combine heterogeneous sensors to use the advantages of each sensor to
calculate position, velocity, and time. In view of the above and the complex environmental
conditions along the railway alignment, positioning technology should develop towards
integrated GNSS/INS. In completed studies, it has been shown that GNSS does not achieve
continuous and stable positioning, especially in urban areas. It is also important to keep
in mind GNSS data latency problems, which can cause further inaccuracies in rail vehicle
positioning. A potential solution to the problem of low GNSS accuracy could be to use
a system to combine the absolute positioning data of GNSS receivers with the relative
data of sensors built on the rail vehicle, in order to realize precise vehicle positioning
during GNSS outages. First, the system extracts the original data from all sensors and then
requires pre-processing to convert these data into the variables necessary for the process
of determining the correct location. The next step is data fusion. The results of the pre-
processing are fed into the model to obtain the best estimate of the output system. The above
solutions indicate the need for additional sensors built on rolling stock, while minimizing
the development of costly trackside infrastructure. GNSS positioning introduces a new
possibility for providing the required performance that has not been possible to implement
until now. With conventional solutions for detecting and locating rail vehicles on the rail
infrastructure, ETCS requires the use of physical balises, which are fixed in the track with
their exact location determined. The use of GNSS, i.e., the use of an embedded wireless
system, combined with the use of digital maps, makes it possible to dispense with the use
of physical balises and use so-called virtual balises, whose location is specified on a digital
map. For the system to work like a physical balise, it should detect when a train reaches a
virtual balise previously identified and stored in the virtual balise map database. Before
migrating toward virtual balises, the system must guarantee that the train ahead will pass
(in its entirety) through the virtual balise to ensure that the track between the locations in
question is free. The above is one of the bases for justifying the implementation of a GNSS.
Reducing the use of trackside equipment has a positive effect on financial aspects, as well
as on the environment. When implementing this type of solution, however, it should be
borne in mind that railway operating rules, regulations, and standards are not structured
in terms of operations in this regard [26,103].

6. Discussion
A review of the current state of the art in potential implementations of Global Satellite

Positioning Systems in rail transportation, with a particular focus on train guidance and
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control systems, illustrates the widespread interest in the application of positioning of rail
vehicles using satellite systems. The main direction of research and implementation projects
revolves around the European Train Control System, one of the areas of development of
which is the application of mobile block spacing. The potential benefits of using mobile
spacing are widely reported in the literature, and in conjunction with the issue at hand,
issues are being raised regarding the application of precise localization of rail vehicles
on railway infrastructure. In this context, GNSSs are pointed out as one of the potential
systems to be used in the guidance and control of rail traffic. The literature considered in
this review describes in detail the solutions involving the use of GNSSs, indicating the need
to specify the technical requirements, which are the basis for the design and construction
of guidance and traffic control systems, in which the module responsible for locating rail
vehicles would be based on satellite solutions. The above requires the clarification of
technical standards and the definition or adaptation of the existing regulations on railway
traffic guidance.

The issue of GNSS application is often combined with the use of multi-sensor on-board
equipment, the architecture of which is based on the use of satellite positioning along with
the use of a so-called odometer, which is part of the equipment of rolling stock moving
under the indications of the ETCS. The literature base of the state-of-the-art review takes
into account a number of items characterizing the above solutions, which can form the
basis for the implementation of satellite systems on the railway.

Another issue, taken into account in part of the literature items, is the concept of creat-
ing and using a digital map in directing and controlling railway traffic. In the commercial
application of satellite navigation, the map provides a reference point for locating a vehicle
in space. Similarly, in the subject of the use of satellite positioning in rail transport, it is
necessary to create a digital network of railway infrastructure. The authors of publications
describing the above issue indicate that there is a very large gap in this area, which may
translate into difficulties and limitations in the possibility of implementing GNSS in railway
solutions. The above is highlighted primarily in terms of existing infrastructure, for which
economic considerations may preclude the possibility of creating a digital map.

Analyzing the literature base of this review, it can be observed that most of the pub-
lications do not describe issues related to the accuracy of positioning of rail vehicles and
the risks of using GNSS. The most frequently cited information, indicating the potential
positioning accuracy for particular GNSSs, is due to the duplication of information on
positioning accuracy given as one of the parameters of a given satellite system. Another
reference is the parameters derived from the characteristics of global satellite systems in
relation to particular branches of commercial use, including use in transportation in the
broadest sense. In a small part of the cited literature items, the above issue is addressed,
and even more rarely are attempts at research in this area indicated, which is a potential
basis for the development and conduct of further studies of satellite positioning accuracy
of rail vehicles. In addition, it should be noted that the literature to date does not accurately
describe the issue of how and what criteria are used to assess the safety of using positioning
systems in rail transportation. As indicated in this article, for railway and aeronautical
applications, there are different approaches to risk assessment. Despite the partial con-
vergence of the characteristics of the evaluation criteria, differences are still observed in
the approach to the criterion both formally and technically. Therefore, there is a need for
development and research in the context of defining common criteria for safety assessment
in the application of GNSSs in traffic guidance and control.

The characteristics of the research carried out and the areas requiring development for
the implementation of additional or new research included in this article are intended to
guide the further process of analyzing the possibility of using satellite systems in aspects
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of optimization and safety of railway traffic. Conclusions, observations, and potential
directions of development should form the basis for the indicated analysis, and their use is
addressed to current and future institutions responsible for the creation of formal, as well
as normative requirements and regulations, allowing to standardize uniform documents,
which are the basis for further implementation of projects in the rail transport industry
sector. However, it should be borne in mind that this article is based on the acquired
knowledge from the literature review and does not refer to the development plans of
individual countries or the European community. The above results in the fact that potential
intentions arising from the adopted development strategies of the railway infrastructure
managers of individual countries have not been determined; thus, it is not possible to
determine whether the implementation of GNSSs in rail transport is proceeding in a
systematic manner or is being abandoned in favor of the development of other rail vehicle
positioning solutions.

7. Conclusions
Paraphrasing the words of Tim Marshall included in one of his books, entitled The

Future of Geography: How Power and Politics in Space Will Change Our World, it can be
said that signs that space will play a major role in rail transportation of the twenty-first
century have been evident for some time. This is evidenced not only by the number of
literature items, but also by a number of ongoing projects and studies aimed at developing
solutions to implement the functionality of Global Navigation Satellite Systems in railway
applications. An example is the described projects APOLO, GADEROS, LOCOPROL,
GaLoROI, 3inSat, NGTC and Shift2Rail IP2, the assumptions of which were or are aimed
at the development of the railway industry in terms of automation and autonomy of
the implementation of traffic processes. In the literature relating to the above programs,
the authors mostly define the assumptions and guidelines for the implementation of the
projects, with little description of the technical assumptions.

In this review, the focus is on literature items published in the years from 2000 to the
present. According to the presented review cross-section of literature items, the largest
trend in the publication of articles on GNSS implementation in railway solutions has been
observed since 2015. The above may be due to the fact that in the current period, new
projects and programs related to the development of railway systems were launched,
among which one of the new areas was the implementation of satellite positioning systems
in railways. The above and the apparent development combined with the widespread
use of satellite positioning combined with the expansion of the functionality of satellite
systems in commercial applications became the basis for reconsidering the implementation
of positioning in railway systems. It should be noted that the apparent decrease in the
upward trend in the publication of articles on GNSS in railways in 2021–2023 is most likely
due to the situation associated with the constraints of the COVID-19 pandemic. In contrast,
the trend of publications for mid-2024 indicates renewed interest in the subject area.

When considering the possibility of using rail vehicle positioning based on signals from
a constellation of space segment satellites, supported by ground segment infrastructure,
it is first necessary to determine the area of potential implementation of GNSS in railway
infrastructure. Based on the projects and studies carried out to date, it can be observed
that the most frequently indicated area for GNSS application is the positioning of rail
vehicles for the purpose of moving spacing in ETCS Level 3. For the purpose of running
railway traffic, it is necessary to ensure, in accordance with the assumptions of the RAMS
criteria, a high level of safety of the system or systems determining the positions of a
given rail vehicle in the railway infrastructure. In this context, it should be noted that the
criteria for evaluating satellite positioning systems included in the ICAO guidelines differ
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in terms or have different definitions for converging criteria. The above requires defining
the parameters of technical evaluation criteria, consistent for the applications of satellite
systems in rail transport, or defining new ones, uniform for both areas.

Obtaining the highest possible level of positioning accuracy for rail vehicles requires
continuous and uninterrupted transmission of signals between the satellites of the various
satellite constellations and the object, which in the case under consideration is a train
moving on the railway lines. At this point, it is important to emphasize the importance
of using as many independent GNSSs as possible in positioning, in order to reduce the
potential risks arising from a temporary or long-term failure of system operation. The above
should be borne in mind first and foremost in the conception, design, and construction
of the systems in question, particularly in light of the current situation of the war in
Ukraine, where alleged military activities contribute to limitations in the operation of
GNSSs. Multi-sensor systems are an example of system solutions for minimizing the risks
arising from the limitations of positioning using GNSS. In addition, the impact of additional
sensors on the safety and functionality of positioning systems must be taken into account
in the context of obtaining the relevant approvals and railway approval documentation,
including certification. The above represents a potential risk in the implementation of
multi-sensor systems.

Further steps in taking steps to implement GNSS in railway applications should be
aimed at specifying the architecture of the railway control system, taking into account
positioning using satellite systems, and characterizing operational assumptions, taking into
account GNSS as an integral part of the railway guidance and control systems.
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Grulkowski, S. Analysis of positioning methods using Global Navigation Satellite Systems (GNSS) in Polish State Railways (PKP).
Zesz. Nauk. Akad. Morskiej Szczecinie 2020, 62, 26–35. [CrossRef]

99. Kochan, A. Theoretical Foundations of the Digital Twin of ETCS Applications; Politechnika Warszawska Oficyna Wydawnicza
Politechniki Warszawskiej: Warszawa, Poland, 2023. (In Polish)

100. Beugin, J.; Legrand, C.; Marais, J.; Berbineau, M.; El-Koursi, E.-M. Safety Appraisal of GNSS-Based Localization Systems Used in
Train Spacing Control. IEEE Access 2018, 6, 9898–9916. [CrossRef]

101. Crespillo, O.G.; Konovaltsev, A.; Marais, J.; Sabina, S.; Vennarini, A.; Coluccia, A.; Neri, A.; Aguila, A.; Razzano, E.; Ranauro, F.;
et al. Local GNSS Threat Detection Methods for Virtual Balise Placement in Railway Applications. In Proceedings of the 16th
International Conference on Intelligent Transportation Systems Telecommunications (ITST), Lisboa, Portugal, 15–17 October 2018.
[CrossRef]
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