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Annotation. This paper presents a narrative review of modern approaches to
the application of Global Navigation Satellite Systems (GNSS) in geodesy and
geospatial support. The aim of the study is to summarize current high-precision
satellite positioning technologies and to identify the prospects for their application in
the context of the digital transformation of the geodetic sector. The review is based
on an analysis of scientific publications and official documents devoted to Real-Time
Kinematic (RTK), Network RTK (NRTK), Precise Point Positioning (PPP), PPP-
RTK, State Space Representation (SSR), the Galileo High Accuracy Service (HAS), as
well as the integration of GNSS with unmanned aerial vehicles and geographic
information systems. The analysis covers current approaches to high-precision
positioning, the use of multi-constellation and multi-frequency GNSS observations,
issues of navigation signal integrity and authentication, and the prospects for the

development of high-accuracy satellite positioning services.
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The analysis systematized the main characteristics of RTK, NRTK, PPP, and
PPP-RTK technologies according to positioning accuracy, convergence time,
dependence on ground-based reference infrastructure, spatial coverage, and
suitability for operation under different observation conditions. RTK and NRTK
provide rapid high-precision positioning when access to reference infrastructure is
available, whereas PPP offers greater independence from local reference stations but
requires a longer convergence period. PPP-RTK combines the advantages of global
PPP coverage with faster convergence through the use of additional correction
information. The study also demonstrates that achieving centimeter- or millimeter-
level positioning accuracy depends on receiver characteristics, observation duration,
satellite geometry and availability, correction quality, and data processing
methodology.

The study identifies the use of the Galileo High Accuracy Service (HAS), State
Space Representation (SSR) corrections, the integration of GNSS with unmanned
aerial vehicles, geographic information systems, and other sensor technologies, as
well as the application of machine learning methods to improve positioning
reliability, as promising directions for the development of GNSS technologies. The
obtained results may be used to select the most appropriate high-precision GNSS
positioning technology depending on accuracy requirements, observation conditions,
and the availability of reference infrastructure.

Key words: GNSS technologies, satellite geodesy, GPS, Galileo, GLONASS,
BeiDou, RTK, Network RTK, PPP, PPP-RTK, SSR corrections, Galileo HAS, high-

precision positioning, geospatial data.

Relevance. The modern development of geodesy is inextricably linked with the wide
use of global navigation satellite systems (GNSS), which are the basis of high-
precision coordinate support in geodesy, cartography, cadastre, construction,
monitoring of engineering structures and other areas. The increase in requirements

for the accuracy, efficiency and reliability of coordinate determinations necessitates



the improvement of high-precision satellite positioning technologies and the
substantiation of the conditions for their effective application.

Despite a significant number of studies devoted to individual GNSS positioning
technologies, the results of their comparative assessment are not sufficiently
summarized in the scientific literature. In particular, modern approaches to the
application of RTK, Network RTK, Precise Point Positioning (PPP) and PPP-RTK,
as well as the analysis of the latest directions of development related to the use of
State Space Representation (SSR) corrections, the Galileo High Accuracy Service
(HAS), multi-system and multi-frequency observations. The issues of choosing the
optimal technology depending on the requirements for accuracy, observation
conditions and availability of reference infrastructure remain insufficiently
researched [1].

The purpose of the work is to conduct a structured narrative analysis of modern
scientific publications on the development of high-precision GNSS positioning,
comparison of RTK, Network RTK, PPP and PPP-RTK technologies, as well as
generalization of modern trends in the development of satellite geodesy and prospects
for using the latest high-precision positioning services.

Analysis of recent research and publications. The analysis of modern
scientific publications shows that the main directions of development of global
navigation satellite systems (GNSS) are the improvement of Precise Point Positioning
(PPP), Real-Time Kinematic (RTK), Network RTK (NRTK) and PPP-RTK
technologies. Research demonstrates a shift from the use of separate positioning
methods to multi-system and multi-frequency solutions, in which accuracy, time to
obtain a coordinate solution, availability of corrections and resistance to external
influences are simultaneously taken into account [2].

In most publications, PPP-RTK is seen as a promising direction for the
development of high-precision positioning, as this technology combines the
advantages of PPP and RTK and provides a reduction in convergence time through
the use of accurate orbital, temporal and atmospheric corrections. At the same time,

the authors note that the effectiveness of PPP-RTK depends on the way corrections



are formed, the characteristics of the satellite constellation and the availability of the
relevant services [3].

Analysis of sources shows that Network RTK ensures the expansion of the high-
precision positioning zone thanks to the use of networks of permanently operating
reference stations. At the same time, the main factors of NRTK efficiency are the
density of the reference network, the reliability of the telecommunications
infrastructure and the continuity of correction transmission [4].

A separate block of research is devoted to multi-system and multi-frequency
GNSS observations. The authors note that the simultaneous use of GPS, Galileo,
BeiDou and GLONASS increases the availability of satellite observations and
improves the geometry of the satellite constellation, while multi-frequency
measurements contribute to more efficient elimination of ionospheric errors.
However, it is emphasized that the accuracy of coordinate determinations depends
not only on the number of satellites, but also on the conditions of signal reception,
their geometry and multipath [5].

In modern literature, considerable attention is paid to ensuring the reliability of
GNSS positioning in conditions of a complex environment. Research focuses on the
integration of GNSS with inertial navigation systems (INS), LiDAR and other
sensors, as well as the development of methods to detect anomalous observations and
control the integrity of the navigation solution.

A separate area of research is related to the use of machine learning methods for
processing GNSS data. Scientific works demonstrate the possibility of using artificial
intelligence algorithms to detect anomalies, classify signal propagation conditions
and model multipath errors, although their effectiveness depends significantly on the
characteristics of training samples and operating conditions [6].

Also, a significant number of publications are devoted to the use of GNSS for
monitoring deformations of the earth's surface and engineering structures. The
authors note the effectiveness of RTK for operational measurements and PPP for
long-term observations, emphasizing that the validity of results is determined by the

stability of time series and the quality of mathematical data processing [7].



At the same time, the literature analysis showed an insufficient number of
generalizing studies devoted to a comprehensive assessment of the reliability of
GNSS infrastructure, a comparative analysis of modern high-precision positioning
technologies and the use of the latest services, in particular SSR corrections and
Galileo High Accuracy Service (HAS), in conditions of limited reference
infrastructure and increased security risks [8].

The purpose of this study there is a narrative review of the current state and
prospects for the development of global navigation satellite systems (GNSS)
technologies in satellite geodesy, as well as a comprehensive comparative analysis of
the main methods of high-precision positioning — Real-Time Kinematic (RTK),
Network RTK, Precise Point Positioning (PPP) and PPP-RTK. Special attention is
paid to the evaluation of the specified methods according to the criteria of accuracy,
convergence time of the coordinate solution, the need for reference infrastructure,
coverage area, availability and delay of corrections, the possibility of working in real
time and resistance to difficult observation conditions.

A separate task of the study is to generalize modern approaches to the use of
multi-system and multi-frequency GNSS observations, State Space Representation
(SSR), Galileo High Accuracy Service (HAS), as well as to analyze the role of
technologies for ensuring the integrity and authentication of navigation signals in
increasing the reliability of coordinate solutions. The study is also aimed at
determining the impact of atmospheric errors, multipath propagation of signals, urban
development, radio interference and other factors on the quality of GNSS positioning.

Research materials and methods. The research was carried out in the format
of a structured narrative review aimed at summarizing the current state and prospects
for the development of global navigation satellite systems (GNSS) in satellite
geodesy, as well as at a comparative assessment of the main technologies of high-
precision positioning. The structured narrative review is chosen in view of the
comprehensive nature of the study, which covers Real-Time Kinematic (RTK),
Network RTK (NRTK), Precise Point Positioning (PPP), PPP-RTK, multi-system
and multi-frequency GNSS surveillance, State Space Representation (SSR), Galileo



High Accuracy Service (HAS), issues of integrity and authentication of navigation
signals, the and GNSS integration with inertial navigation systems (INS), unmanned
aerial vehicles, LiDAR, geographic information systems and machine learning
techniques [9].

The research materials were peer-reviewed scientific publications of domestic
and foreign authors, review and experimental studies, official technical
documentation of international GNSS services, regulatory and technical materials and
open scientific and information resources. The search for scientific sources was
carried out in the Scopus and Web of Science Core Collection databases, as well as in
Google Scholar. To clarify the technical characteristics of satellite systems and high-
precision positioning services, official materials of the European Space Agency
(ESA), the European Space Program Agency (EUSPA) and official Galileo
information resources were additionally processed.

The search for sources was carried out using combinations of keywords:
«GNSS», «Global Navigation Satellite Systems», «RTK», «Real-Time Kinematicy,
«Network RTK», «NRTK», «Precise Point Positioning», «PPP», «PPP-RTK», «State
Space Representation», «SSR corrections», «Galileo High Accuracy Servicey,
«Galileo HAS», «GNSS integrity», «GNSS authentication», «GNSS jammingy,
«GNSS spoofing», «GNSS multipathy, «NLOS GNSS», «GNSS/INS integrationy,
«GNSS machine learning», and «high-precision GNSS positioning». In the search
strategies, logical operators AND and OR were used, which made it possible to
combine general and specialized terms according to the subject of the study.

The main search time interval covered scientific publications and technical
materials published between 2015 and 2026. The choice of this period is due to the
need to cover the modern stage of development of multi-system and multi-frequency
GNSS technologies, PPP-RTK, SSR corrections, high-precision positioning services
and intelligent methods of processing satellite observations. At the same time,
individual fundamental works published before 2015 were included in the analysis in
cases where they were of fundamental importance for understanding the theoretical

and methodological foundations of RTK, NRTK, PPP or PPP-RTK.



The source selection procedure consisted of four consecutive stages. At the first
stage, publications were identified by keywords and search queries. In the second
stage, the removal of duplicate records and preliminary analysis of names and
annotations were carried out. In the third stage, the evaluation of the full texts of the
publications was performed for compliance with the defined inclusion and exclusion
criteria. At the fourth stage, the selected sources were grouped by thematic areas and
used for comparative and narrative analysis [10].

The analysis included sources that met at least one of the following criteria:
considered RTK, NRTK, PPP or PPP-RTK technologies; analyzed multi-system or
multi-frequency GNSS observations; investigated SSR corrections or Galileo HAS;
contained assessments of accuracy, convergence time, availability or reliability of
coordinate solutions; analyzed the influence of ionospheric and tropospheric delays,
multipath propagation of signals, NLOS signals and other sources of errors;
considered the issues of integrity and authentication of GNSS signals effects of
jamming and spoofing; or were devoted to the integration of GNSS with INS,
LiDAR, UAVs, GIS and machine learning techniques.

Exclusion criteria were: duplicated publications; sources that did not correspond
to the topic of high-precision GNSS positioning; materials without a sufficient
description of the methodology or research results; publications in which GNSS was
used only as an auxiliary tool without evaluating positioning characteristics; as well
as unverified information resources without established authorship or official status.
Official documents of relevant operators and organizations were used to determine
the technical characteristics of GNSS services, and peer-reviewed international
scientific publications were preferred to evaluate the actual accuracy and practical
effectiveness of technologies.

A total of 186 information records were identified in the search process. After
removing 34 duplicate records and conducting an initial analysis of names and
annotations, 152 sources were selected for full-text processing. According to the
results of the evaluation of the full texts, 86 sources that were included in the final

narrative analysis met the research criteria. Among them, 68 were peer-reviewed



scientific publications, 10 — review scientific works, and 8 — were official technical
and informational materials of international GNSS services. Selected sources were
distributed according to thematic areas: RTK and NRTK methods; PPP and PPP-
RTK; multi-system and multi-frequency technologies; SSR corrections and Galileo
HAS; accuracy and convergence time; GNSS in difficult conditions; integrity and
authentication of signals; jamming and spoofing; integration of GNSS with INS and
other sensor systems; application of machine learning for processing GNSS data.

For each selected source, the year of publication, type of source, GNSS
technology studied, satellite systems and frequency ranges, positioning method,
observation conditions, type of corrections used, accuracy of coordinate
determinations, convergence time, duration of observations, type of reference
infrastructure, availability of correction transmission channels and main limitations of
the technology were analyzed. This approach provided an opportunity to compare
research results obtained in different experimental and practical conditions.

The comparative analysis of RTK, NRTK, PPP and PPP-RTK was carried out
according to a single analytical matrix, which included the following criteria:
positioning accuracy; convergence time; the possibility of working in real time; the
need for local or network reference infrastructure; spatial coverage area; type and
method of transmission of corrections; delay of corrections; dependence on
telecommunication infrastructure; resistance to communication loss; requirements for
user equipment; resistance to multipath of signals and urban environment; the
possibility of application for high-precision monitoring of deformations and geodetic
works.

Research results and their discussion. The conducted structured narrative
analysis of 86 scientific and official sources proved that the modern development of
global navigation satellite systems (GNSS) is characterized by a transition from the
use of separate satellite positioning technologies to complex multi-system and multi-
frequency solutions. The main areas of development are the improvement of Real-
Time Kinematic (RTK), Network RTK (NRTK), Precise Point Positioning (PPP) and
PPP-RTK technologies, the spread of State Space Representation (SSR) corrections,



the implementation of high-precision positioning services, in particular Galileo High
Accuracy Service (HAS), as well as the integration of GNSS with inertial navigation
systems (INS), geoinformation technologies, unmanned aerial vehicles, LIDAR and
machine learning methods.

Comparative analysis showed that RTK, NRTK, PPP and PPP-RTK
technologies have different fields of application, which are determined by
requirements for accuracy, time of obtaining a coordinate solution, spatial coverage,
availability of reference infrastructure and correction transmission channels. RTK
provides operational high-precision positioning for local geodetic works, however
depends on the presence of a base station and the transmission stability of differential
corrections. NRTK expands RTK's capabilities by using a network of permanent
reference stations, providing high accuracy over large areas, but its efficiency is
determined by the quality of the network and telecommunications infrastructure.

Unlike RTK and NRTK, PPP technology provides high-precision positioning
without binding to a local base station, although it is characterized by longer
convergence times. PPP-RTK combines the advantages of PPP with the ability to
obtain a high-precision coordinate solution faster thanks to the use of additional
satellite and atmospheric corrections, which makes it one of the most promising
directions for the development of high-precision positioning.

To summarize the results of the comparative analysis, an analytical matrix of the

main technologies of high-precision GNSS positioning was formed.

Criteria RTK Network RTK PPP PPP-RTK
(NRTK)
Positioning Relative Network Absolute high- Absolute
principle positioning relative precision positioning
relative to positioning positioning with high-
the base precision
station corrections
The main type of | Differential Network Precise orbits Precise
corrections corrections | corrections and and satellite orbits,
error models clocks clocks,
atmospheric
and
additional




corrections

Spatial coverage Local Regional Global or broad | Regional or
regional broad
regional
Base station High A network of | No immediate No
requirement stations isused | proximity is immediate
required proximity is
required
Time to get a high- | Short under | Short in the Relatively long | Abbreviated
precision solution | favorable | availability of | convergence from
conditions corrections time traditional
PPP
Work in real time Yes Yes Possible with Yes, in the
- presence of
appropriate .
implementation operat} ve
corrections
Dependence on High High Depends on the | High in real
telecommunications method of time
obtaining
corrections
Main advantage High High accuracy | Large coverage | Combination
efficiency | within network area of wide
coverage coverage and
fast
convergence
Main limitation Local Dependence on Long Difficulty of
application | the network of | convergence forming and
zone stations and delivering
communication corrections

Comparative analysis showed that the accuracy of GNSS technologies is not a

constant value and depends on the observation conditions. The centimeter or

millimeter level of accuracy is determined by the characteristics of the GNSS

receiver, the geometry of the satellite constellation, the number of frequencies used,

the duration of observations, atmospheric conditions, the multipath of signals, the

quality of corrections and the method of data processing. It is therefore appropriate to

compare the results of the various studies only taking into account the experimental

conditions and the statistical criteria applied.

For operational geodetic works, RTK and NRTK provide a fast acquisition of a

high-precision coordinate solution, while PPP is effective for long-term observations




without the need for a local base station. PPP-RTK technology combines the
advantages of wide spatial coverage with the possibility of reducing convergence
time. Consequently, the choice of technology should be based on a comprehensive
assessment of accuracy, time of obtaining the result, availability of infrastructure and
conditions for conducting observations.

Analysis of the development of multi-system and multi-frequency GNSS
technologies proved that the simultaneous use of GPS, Galileo, BeiDou and
GLONASS increases the availability of satellite observations, improves the geometry
of the satellite constellation and the reliability of positioning, especially in the
conditions of urban development and difficult terrain. The use of multi-frequency
signals also contributes to more effective elimination of ionospheric errors and
acceleration of the resolution of phase ambiguities.

It was established that SSR corrections are one of the promising directions for
the development of high-precision positioning, as they ensure the transmission of
individual components of GNSS solution errors and create opportunities for scaling
accurate positioning over large areas. A promising example of the implementation of
such an approach is the Galileo High Accuracy Service (HAS), which expands the
availability of high-precision corrections without necessarily using a local reference
network. At the same time, the effectiveness of HAS depends on the compatibility of
equipment, the quality of signal reception and the availability of corrections, so it is
advisable to consider this service as a supplement to RTK and NRTK, and not their
complete replacement.

Conclusions and prospects. As a result of the structured narrative analysis of
scientific publications and official documentation, it was established that the
effectiveness of the use of modern technologies of high-precision GNSS positioning
is determined by a complex of technical and organizational factors, among which the
requirements for accuracy, efficiency of obtaining coordinates, availability of
reference infrastructure and conditions for performing geodetic works are of key
importance. RTK, Network RTK (NRTK), Precise Point Positioning (PPP) and PPP-
RTK technologies are justified to have different areas of effective application: RTK



and NRTK are the most suitable for operational local measurements, while PPP and
PPP-RTK provide prospects for high-precision positioning in significant areas with
less dependence on local networks of base stations. It was established that achieving
centimeter or millimeter accuracy of GNSS measurements is possible only if the
specified observation conditions are met, and the characteristics of the receiving
equipment, the geometry of the satellite group, the duration of observations,
atmospheric influences and the quality of the applied corrections have a decisive
influence on the final accuracy. It was determined that the use of multi-system and
multi-frequency GNSS receivers i1s one of the main directions of increasing the
efficiency of satellite geodesy, as it provides an improvement in the availability of
satellite observations, the reliability of coordinate determinations and a reduction in
the time of obtaining a fixed solution. It was also established that the implementation
of SSR corrections and the Galileo High Accuracy Service (HAS) is a promising
direction for the development of global high-precision positioning, as it expands the
possibilities of scaling accurate coordinate definitions and increases the availability
of modern GNSS technologies without mandatory binding to local networks of

reference stations.
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B. A. ®omeHnko
GNSS-TEXHOJIOI'IIT TA CYIOYTHUKOBA I'EOJE3Is1 HOBOI'O
INOKOJIIHHA

Anomauia. Y cmammi npedcmasneno HapamueHull 02150 CYYACHUX nioxo0ié 00
3acmocy8ants 2100anbHux Hagieayiunux cynymuuxkosux cucmem (GNSS) y eeooesii
ma 2eonpocmoposomy 3abe3neuenui. Memoiwo pobomu € y3a2anbHeHHS CYYACHUX
MexXHON02IU  BUCOKOMOYHO20 CYNYMHUKOBO20 NO3UYIOHYBAHHA MA  GUSHAYEHHS
NepcneKmus ix BUKOPUCAHHA 8 YMO8AX yu@posoi mpaucgopmayii 2eode3uunoi
eanysi. /{na nposedenHs 02150y NPOAHANI308AHO HAYKOGL nyoOnikayii ma ogiyiuny
doxymenmayiro, npucesyeni mexuonoziam Real-Time Kinematic (RTK), Network RTK
(NRTK), Precise Point Positioning (PPP), PPP-RTK, State Space Representation
(SSR), cepsicy Galileo High Accuracy Service (HAS), a makooc inmeepayii GNSS i3
Oe3ninomuumMy  JIMATbHUMU — anapamamu ma 2eoiHGOPpMAayitiHUMU CUCTIEMAMU.
Ananiz  oxonniosas cydacHi nioxoou 00  BUCOKOMOYHO20  NO3UYIOHYBAHHS,
suxopucmanns oazamocucmemuux i 6acamouacmomuux GNSS-cnocmepedicens,
NUMAHHA YINICHOCMI U ABMEHMUYHOCMI HABI2AYIUHUX CUSHANI8 MA NepCneKmueu
DPO36UMK) CYNYMHUKOBUX CEPBICI8 GUCOKOMOUHO20 NOZUYIOHYBAHMHA.

YV pesyromami aumanizy cucmemamu3o8aHo  OCHOBHI — XapaKmepucmuku
mexnonoeitt RTK, NRTK, PPP ma PPP-RTK 3a xpumepiimu moyHOCMIi, uacy
30i0cHOCmi, nompebu 6 HazeMHill pegheperyHil iHDpacmpyKkmypi, npocmoposoco
OXOWJIeHHs ma NpuoOamHocmi 00 poOOMU 8 PIZHUX YMOBAX CHOCHEPEHCEHD.
Bcmanoeneno, wo RTK i NRTK 3abesneuyromv onepamusHe OMPUMAHHSL
BUCOKOMOYHUX  KOOpOUHaAm  3d  HAAGHOCMI  docmyny 00  pepepeHyHoi
iHppacmpykmypu, mooi sik PPP xapaxmepu3zyemuvcs Oinbuo0 He3aNeHCHICmI0 6i0
JIOKANIbHUX  6a308UX CMAHYyill, ale nompeodye mpusailiuioco 4acy 30iHCHOCHI.
Texnonocia PPP-RTK noeonye nepegacu enobanvHozo noxkpumms PPP i3
NPUCKOPEHUM OMPUMAHHAM 8UCOKOMOYHO20 KOOPOUHAMHO20 DPIUEeHHs 3A80AKU
sUKOpuUcmannio 0odamrkosux Kopekyiu. Ilokazano, wo 00cseHeHHs CaHMUMempo8oi

abo MiniMemposoi MOYHOCMI 3ANeHCUmv 6i0 XaAPAKMepPUCmMuK NpUUMAaIbHO20



00]1a0HAHHS, MPUBATIOCIE CNOCMEPENCEHb, KIIbKOCMI ma 2eoMempii CYynymHuKie,
AKOCMI KOpeKyitl | Memoouxu onpayo8arHs OaHuXx.

Busnaueno, wo nepcnexmusnumu nanpsamamu pozeumky GNSS-mexwnonozii €
suxopucmanns cepsicy Galileo HAS, SSR-xopexyiii, inmeepayis cynymauko8020
NO3UYIOHYB8AHHS 3 OEe3NINOMHUMU JIMATLHUMU aAnapamamu, 2eoiH@opmayiunumu
cucmemMamu ma IHWUMU CEHCOPHUMU MEXHONOIAMU, A MAKONC 3ACMOCYBAHHA
Memooié MAWUHHO20 HABYAHHA OJisl NIOBUWEHHS HAOIUHOCMI KOOPOUHAMHUX
susHayensb. Pezyrbmamu 00CHIONCEHHS MOK*CYMb OYymu BUKOPUCMAHI 01 8UOOpY
OnmMuManbHoi mexnonozcii  eucoxkomounozo GNSS-nosuyionyeanHs 3anexicHo  8i0
8UMO2 00 MOYHOCMI, YMO8 BUKOHAHHA 2€00e3UdHUX podim [ O00CMYNHOCMI
pedhepenyHoi inghpacmpykmypu.

Knwuosi cnosa: GNSS-mexnonoeii, cynymuukosa eceooesis, GPS, Galileo,
GLONASS, BeiDou, RTK, Network RTK, PPP, PPP-RTK, SSR-xopekyii, Galileo

HAS, sucokomoune nosuyionysanms, 2eonpocmoposi OaHi.



