
The Journal of Navigation (2022), 75:1 124–140
doi:10.1017/S037346332100076X

RESEARCH ARTICLE

Real-time single-frequency precise positioning with Galileo
satellites
Berkay Bahadur

Department of Geomatics Engineering, Hacettepe University, 06800, Ankara, Turkey.
Corresponding author. E-mail: berkaybahadur@hacettepe.edu.tr

First published online: 29 October 2021

Keywords: Galileo; single-frequency; precise point positioning; real-time

Abstract
Following substantial progress achieved recently, the Galileo constellation provides a considerable satellite resource
for the GNSS applications. In this regard, the performance assessment of real-time single-frequency precise
positioning with Galileo satellites is the main objective of this research. For this purpose, several experimental
tests were conducted in this study with two single-frequency positioning models, namely single-frequency code-
based positioning and code-phase combination. The results show that Galileo presents an adequate number of
visible satellites sufficient for single-frequency positioning. Also, the study demonstrates that, in comparison to
GPS observations, Galileo observations have a significantly lower noise level. For the single-frequency code-based
positioning, Galileo presents a better positioning accuracy than GPS by 25·8% on average. When compared with
GPS, a 9·4% better positioning accuracy is acquired from Galileo for the single-frequency code-phase combination,
with its average convergence time shorter than GPS by a ratio of 24·4%.

1. Introduction

The Global Navigation Satellite System (GNSS) community has experienced dramatic changes over
the past decade after the completion of the Russian Global Navigation Satellite System (GLONASS)
constellation and the advent of new global and regional navigation systems, for example the European
Global Navigation Satellite System (Galileo), Chinese BeiDou Navigation Satellite System (BDS),
Japanese Quasi-Zenith Satellite System (QZSS) and Indian Regional Navigation Satellite System
(IRNSS). New navigation systems have also brought along considerable opportunities to enhance posi-
tioning, timing and navigation applications. In recent years, numerous studies indicated that it is possible
to augment the performance of various GNSS applications with multi-GNSS integrations, for example
precise point positioning (PPP) (Cai et al., 2015; Li et al., 2015; Pan et al., 2017a), real-time kinematic
(RTK) positioning (Paziewski and Wielgosz, 2017; Paziewski et al., 2018; Odolinski and Teunissen,
2019), baseline positioning solutions (Paziewski and Sieradzki, 2017; Yalvac and Berber, 2018; Li et al.,
2020), real-time ambiguity resolved PPP–RTK (Li et al., 2018; Psychas et al., 2020), PPP/INS (Inertial
Navigation System) integration (Gao et al., 2017, 2018), single-frequency positioning (Pan et al., 2017b;
Hong et al., 2020), precise time transfer (Zhang et al., 2018; Ge et al., 2019) and GNSS reflectometry
(Farzaneh et al., 2021; Kim and Park, 2021). On the other hand, the individual performance of new
global navigation systems, such as Galileo and BDS, has recently taken more and more attention from
the GNSS users, since it is projected that they reach full orbital capability in the short run. Therefore,
some studies have recently been carried out to evaluate their individual performance in various GNSS
applications (Hadaś et al., 2019; Bahadur and Nohutcu, 2020; Ge et al., 2020, 2021; Zhang et al., 2020;
Su and Jin, 2021; Zhu et al., 2021).
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Being the only civilian system, Galileo is differentiated from the other navigation systems.
The European Space Agency (ESA) initiated the Galileo operation in 2005 by launching the first in-
orbit validation satellite. After a long while, the initial validation phase was started with the two pairs
of operational Galileo satellites launched in 2011 and 2012, respectively. Nowadays, its full operational
capability phase continues, and it is projected that the Galileo constellation will be completed soon
with the launch of the remaining few satellites. As of May 2021, the Galileo constellation includes 22
usable satellites, which means its constellation reaches an important number of satellites that enables
individual positioning and navigation operations (GSA, 2021). Hence, a considerable number of recent
studies have concentrated on the performance of Galileo-only positioning solutions. For instance, Zhang
et al. (2019) analysed Galileo’s system performance in terms of satellite coverage and indicated that, by
the end of June 2018, Galileo can provide at least four visible satellites on a global scale with a 90%
probability. Also, Xia et al. (2019) evaluated Galileo-only PPP as regards positioning performance in
kinematic and static modes and concluded that decimetre- and centimetre-level positioning accuracies
can be acquired from post-processed Galileo-only PPP, respectively. Hadaś et al. (2019) carried out a
performance assessment for dual-frequency absolute positioning with Galileo satellites and exhibited
that Galileo-only PPP solution that employs broadcast ephemeris provides higher positioning accuracy
in kinematic and static modes as compared with the corresponding GPS solution. Bahadur and Nohutcu
(2020) concisely assessed the performance of single-frequency Galileo-based PPP with the final precise
ephemeris of different International GNSS Service (IGS) Multi-GNSS Experiment (MGEX) agen-
cies and demonstrated that the Galileo solution could provide a positioning performance comparable
with a GPS solution. In addition, Su and Jin (2021) recently developed new PPP models including
five frequencies of Galileo and showed that the Galileo PPP with five-frequency improves the posi-
tioning performance in comparison with its dual- and triple-frequency PPP solutions. More recently,
Yalvac (2021) investigated the historical development of Galileo-based relative positioning and con-
cluded that nowadays the performance of Galileo relative positioning is highly comparable to the GPS
solution.

On the other hand, positioning solutions with single-frequency standalone receivers have recently
attracted enormous interest from the GNSS community. The growing attention can be explained by
the fact that relatively low-cost receivers still dominate the GNSS market due to mobile devices and
these kind of receivers are mostly compatible with single-frequency positioning solutions (GSA, 2019).
Nonetheless, to achieve optimum performance with single-frequency positioning solutions, their typical
problems, such as mitigation of ionospheric effect and the higher noise level of measurements, must be
handled appropriately. For this reason, several attempts have been made to overcome these drawbacks
and therefore acquire better positioning performance from single-frequency positioning solutions (Ning
et al., 2018; Fan et al., 2019; Li et al., 2019; Zheng et al., 2020). Furthermore, the fundamental
requirement of single-frequency GNSS applications is to achieve real-time positioning results. Standard
point positioning (SPP), which is the essential positioning approach with broadcast ephemeris, can
conventionally be employed for instantaneous positioning. Nevertheless, the orbits and clock corrections
provided within broadcast ephemeris cannot provide sufficient accuracy for precise positioning. Also,
the utmost 75% of total ionospheric delay can be mitigated with global ionosphere models disseminated
with the broadcast ephemeris (Orus Perez, 2017), for example Klobuchar (1987), BDGIM (Yuan
et al., 2019) and NeQuick-G (EC, 2016). Another alternative is to employ the corrections that are
broadcast by IGS through its real-time service (RTS) for instantaneous positioning applications (Hadaś
and Bosy, 2015). IGS–RTS products involve satellite orbits and clock corrections along with the real-
time ionospheric corrections, by this means they offer better positioning performance compared with
conventional SPP solution. Although IGS–RTS products include only GPS satellites at the beginning,
there are currently several analysis centres generating and disseminating real-time corrections for multi-
GNSS satellites, including Galileo. To employ IGS–RTS products, an external connection is required,
as they are disseminated with an online stream using the NTRIP protocol. Over the past few years,
numerous studies have indicated that IGS–RTS products can be utilised effectively for many GNSS
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applications with both dual- and single-frequency receivers (De Bakker and Tiberius, 2017; Shi et al.,
2017; Zhao et al., 2018; Jin and Su, 2019; Nie et al., 2020). Still, the real-time positioning performance
of newly emerged navigation systems is an interesting topic for GNSS users.

Until now, existing studies have mostly been limited to the evaluation of Galileo dual-frequency posi-
tioning performance or the performance assessment of Galileo single-frequency positioning employing
the final precise products. In the literature, there has been no considerable study that specifically concen-
trates on the real-time Galileo single-frequency precise positioning. Considering also that the Galileo
constellation is progressed, and the precision of its orbits and clock corrections are improving each day,
this study aims to evaluate the most recent performance of the Galileo constellation in real-time single-
frequency precise positioning applications. In this study, two positioning models, single-frequency
code-based positioning and code-phase combination, are adopted for real-time Galileo-based posi-
tioning. Section 2 explains the single-frequency positioning models comprehensively. Then, Section 3
presents experimental tests performed for the performance evaluation of real-time single-frequency pre-
cise positioning with Galileo satellites, including data description, satellite visibility analysis, detailed
processing strategies, comprehensive results, and performance analyses. Finally, Section 4 provides the
conclusions drawn from this study.

2. Single-frequency positioning models

Single-frequency receivers are mostly able to record code pseudo-range measurements only. However,
some types of receivers can provide carrier phase measurements in addition to code measurements, and
their presence in the market are increasing daily (GSA, 2019). Therefore, in this study, two positioning
models, namely single-frequency code-based positioning and code-phase combination, are utilised for
the performance assessment of real-time Galileo precise positioning. This section introduces two single-
frequency positioning models in detail after describing the fundamental observation equations of code
and phase measurements.

Fundamentally, code (𝑃) and phase observations (𝐿) on the 𝑖th frequency can be expressed in meters
by the following equations (Bahadur and Nohutcu, 2021a):

𝑃𝑠,𝑘
𝑖,𝑟 = 𝜌𝑠,𝑘𝑟 + 𝑐(𝑑𝑡𝑠𝑟 − 𝑑𝑇 𝑠,𝑘 ) + 𝑇 𝑠,𝑘

𝑟 + 𝐼𝑠,𝑘𝑖 + 𝑐(𝑏𝑠𝑖,𝑟 − 𝑏𝑠,𝑘𝑖 ) + 𝜀(𝑃𝑠,𝑘
𝑖,𝑟 ) (2.1)

𝐿𝑠,𝑘
𝑖,𝑟 = 𝜌𝑠,𝑘𝑟 + 𝑐(𝑑𝑡𝑠𝑟 − 𝑑𝑇 𝑠,𝑘 ) + 𝑇 𝑠,𝑘

𝑟 − 𝐼𝑠,𝑘𝑖 + 𝜆𝑠
𝑖 𝑁

𝑠,𝑘
𝑖 + 𝑐(𝐵𝑠

𝑖,𝑟 − 𝐵𝑠,𝑘
𝑖 ) + 𝜀(𝐿𝑠,𝑘

𝑖,𝑟 ) (2.2)

where superscripts s and k denote the GNSS index (E: Galileo, G: GPS), and satellite number, while
subscript r indicates the receiver. 𝜌𝑠,𝑘𝑟 demonstrates the geometric distance from the satellite to the
receiver in meters, c denotes the speed of light in vacuum (𝑚/𝑠), 𝑑𝑡𝑠𝑟 and 𝑑𝑇 𝑠,𝑘 denote the receiver
and satellite clock offsets in seconds, 𝑇 𝑠,𝑘

𝑟 is the tropospheric delay in meters, 𝐼𝑠,𝑘𝑖 indicates the first-
order ionospheric delay on the 𝑖th frequency in meters, 𝑏𝑠𝑖,𝑟 and 𝑏𝑠,𝑘𝑖 denote the receiver and satellite
code hardware biases on the 𝑖th frequency in seconds, 𝐵𝑠

𝑖,𝑟 and 𝐵𝑠,𝑘
𝑖 are the receiver and satellite phase

hardware biases on the 𝑖th frequency in seconds, 𝜆𝑠
𝑖 demonstrates the wavelength of the corresponding

GNSS signal in meters, 𝑁 𝑠,𝑘
𝑖 denotes the integer ambiguity parameter in cycles and 𝜀 indicates the

observation noise and multipath.

2.1. Single-frequency code-based positioning

For a Galileo satellite (𝑘), the equation of code pseudo-range observation on the first frequency (E1)
can be rewritten using Equation (2.1) as

𝑃𝐸,𝑘
1,𝑟 = 𝜌𝐸,𝑘

𝑟 + 𝑐(˜𝑑𝑡
𝐸

𝑟 − ˜𝑑𝑇
𝐸,𝑘

) + 𝑇𝐸,𝑘
𝑟 + 𝐼𝐸,𝑘

1 + 𝜀(𝑃𝐸,𝑘
1,𝑟 ) (2.3)
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where ˜𝑑𝑡
𝐸

𝑟 and ˜𝑑𝑇
𝐸,𝑘

demonstrate the reformed receiver and satellite clock offsets which are

˜𝑑𝑡
𝐸

𝑟 = 𝑑𝑡𝐸𝑟 + 𝑏𝐸1,𝑟 and ˜𝑑𝑇
𝐸,𝑘

= 𝑑𝑇𝐸,𝑘 + 𝑏𝐸,𝑘
1 (2.4)

Equation (2.4) reveals that the reformed receiver clock offset contains both the actual receiver clock
offset and receiver code hardware bias. Typically, they are estimated together as the reformed receiver
clock offset in the estimation process due to their high correlation. In addition, an external clock source,
such as precise ephemeris or broadcast ephemeris, is employed to correct the reformed satellite clock
offset that contains satellite code hardware bias as well as the actual satellite clock offset. However,
a particular signal or signal combination is utilised in the generation of satellite clock corrections
provided in broadcast ephemeris and IGS precise ephemeris. For Galileo satellites, the reference signal
combination is the dual-frequency ionosphere-free (IF) combination of code observations on E1 and
E5a frequencies, while the similar IF combination on L1 and L2 frequencies is utilised to generate the
satellite corrections for GPS satellites (Steigenberger et al., 2015). Therefore, it is not possible to employ
satellite clock corrections that embrace additional code hardware biases directly for single-frequency
positioning. Accordingly, the satellite clock correction that is produced based on the dual-frequency IF
combination on two distinct frequencies (𝑖 = 1, 2) is given as

𝑑𝑇𝐸,𝑘
𝐼𝐹 = 𝑑𝑇𝐸,𝑘 +

𝑓 2
1

𝑓 2
1 − 𝑓 2

2
𝑏𝐸,𝑘

1 −
𝑓 2
2

𝑓 2
1 − 𝑓 2

2
𝑏𝐸,𝑘

2 (2.5)

Using Equation (2.4) and Equation (2.5), satellite clock correction can be rearranged for single-frequency
positioning as

˜𝑑𝑇
𝐸,𝑘

= 𝑑𝑇𝐸,𝑘
𝐼𝐹 −

𝑓 2
2

𝑓 2
1 − 𝑓 2

2
(𝑏𝐸,𝑘

1 − 𝑏𝐸,𝑘
2 ) = 𝑑𝑇𝐸,𝑘

𝐼𝐹 − 𝑇𝐺𝐷 (2.6)

where 𝑇𝐺𝐷 indicates the timing (or total) group delay and it is also represented as proportional to
(𝑏𝐸, 𝑗

1 − 𝑏𝐸, 𝑗
2 ), which indicates the differential code biases (DCBs) between the related frequencies

(Bahadur and Nohutcu, 2021b). In the single-frequency positioning, the timing group delay is must be
corrected for aligning the satellite clock correction. For this purpose, the broadcast ephemeris includes
the timing-group delay corrections for single-frequency users. Furthermore, some IGS analysis centres
generate and disseminate the DCB parameters routinely and they can be employed to align the satellite
clock corrections with corresponding clock reference. After correcting the reformed satellite clock offset
considering the timing-group delay, for single-frequency code-based positioning, Equation (2.3) can be
rewritten as

𝑃𝐸,𝑘
1,𝑟 = 𝜌𝐸,𝑘

𝑟 + 𝑐˜𝑑𝑡
𝐸

𝑟 + 𝑇𝐸,𝑘
𝑟 + 𝐼𝐸,𝑘

1 + 𝜀(𝑃𝐸,𝑘
1,𝑟 ) (2.7)

For the single-frequency code-based positioning, Equation (2.7) represents the functional model con-
taining four parameters to be estimated, for example three position components and one receiver clock
offset. On the other hand, the tropospheric delay is generally split into two parts, namely the hydro-
static (dry) and nonhydrostatic (wet) components. While the dry component can be corrected using
the empirical models depending on the station position and atmospheric parameters, modelling the wet
component is quite troublesome because of the rapid variations in water vapor content (Davis et al.,
1985). Therefore, the typical procedure is to estimate the wet tropospheric component as an additional
unknown parameter. Also, it is necessary to correct the ionospheric delay in the single-frequency code-
based positioning model since the IF combinations are not applicable. Finally, Equation (2.7) is given
for the single-system single-frequency positioning. If the multiple constellations are integrated, it is
required to introduce the inter-system bias (ISB) parameters for each additional system with respect to
a selected reference constellation (Cai and Gao, 2013; Li et al., 2015).
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2.2. Single-frequency code-phase combination

Once phase observations are available together with code pseudo-ranges, a single-frequency code-phase
combination, namely the single-frequency IF combination (Φ), can be constructed for the first frequency
of Galileo as (Yunck, 1993)

Φ𝐸,𝑘
1,𝑟 = 0.5 (𝑃𝐸,𝑘

1,𝑟 + 𝐿𝐸,𝑘
1,𝑟 ) (2.8)

From Equation (2.1) and Equation (2.2), the observation equation of single-frequency code-phase
combination is written using the reformed receiver and satellite clock offset as

Φ𝐸,𝑘
1,𝑟 = 𝜌𝐸,𝑘

𝑟 + 𝑐(˜𝑑𝑡
𝐸

𝑟 − ˜𝑑𝑇
𝐸,𝑘

) + 𝑇𝐸,𝑘
𝑟 + �̃�𝐸,𝑘

1 + 𝜀(Φ𝐸,𝑘
1,𝑟 ) (2.9)

where �̃�
𝐸, 𝑗
1 denotes the reformed ambiguity parameter which contains the integer ambiguity parameter

together with code and phase hardware biases, and it is expressed by

�̃�𝐸,𝑘
1 = 0.5 𝜆𝐸

1 𝑁
𝐸,𝑘
1 + 0.5 𝑐(𝐵𝐸

1,𝑟 − 𝐵𝐸,𝑘
1 ) − 0.5 𝑐(𝑏𝐸1,𝑟 − 𝑏𝐸,𝑘

1 ) (2.10)

Here, it should be mentioned that the satellite-dependent part of code and phase hardware biases, such as
temporally stable part, is absorbed by the reformed ambiguity parameter, while the satellite-independent
part, which is temporally variable, is absorbed by the receiver clock offset in this combination (Sterle
et al., 2015; Pan et al., 2017b; Ge et al., 2019). After the correction of the reformed satellite clock offset
with the timing group delay, the single-frequency code-phase combination is given by

Φ𝐸,𝑘
1,𝑟 = 𝜌𝐸,𝑘

𝑟 + 𝑐˜𝑑𝑡
𝐸

𝑟 + 𝑇𝐸,𝑘
𝑟 + �̃�𝐸,𝑘

1 + 𝜀(Φ𝐸,𝑘
1,𝑟 ) (2.11)

For the single-frequency code-phase combination, Equation (2.11) constitutes the functional model,
which includes a float ambiguity parameter for each observed satellite as the additional estimated
parameter to the single-frequency code-based positioning model. The single-frequency code-phase
combination is presumed to be ionosphere-free because the ionosphere delays in phase and code
observations have equal magnitudes in reverse directions. Furthermore, the noise level of code pseudo-
range observations is considerably reduced with the single-frequency code-phase combination thanks
to phase observations which have a lower noise level. Still, in the combination, phase ambiguities are
no longer integer numbers because of the accumulation of hardware biases in the phase ambiguity
parameters. Hence, the combination requires a relatively long initial period for converging the float
phase ambiguity parameters, and therefore achieving the desired positioning accuracy.

3. Experimental test and results

This study includes two fundamental experiments that have been performed for assessing the latest
performance of Galileo satellites in real-time single-frequency precise positioning. Firstly, the detailed
description of navigation data utilised in the experimental tests and the satellite visibility analysis
are presented in this section. Afterwards, the experimental tests with their results and performance
assessments are presented in this section comprehensively.

3.1. Data description and satellite visibility

The daily observation dataset of 15 IGS stations over the two-week period of 3–16 January 2021 were
employed in the experimental tests. The stations were randomly selected to represent the globe evenly, as
much as possible. Figure 1 illustrates the geographical locations of the selected stations. All the stations
are among the IGS MGEX network and are equipped with GNSS receivers that can record multi-
GNSS observations, including Galileo and GPS satellites. In addition, the observation sampling interval
of the observation dataset is 30 s. On the other hand, the real-time corrections disseminated by the
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Figure 1. Geographical locations of the selected IGS stations.

Centre National d’Etudes Spatiales (CNES) through the IGS–RTS stream, namely the ‘SSRA00CNE0’
message, was used for the single-frequency positioning. CNES product contains real-time corrections
for GPS and Galileo satellites as well as GLONASS and BDS.

Satellite visibility is one of the critical factors influencing the real-time single-frequency positioning
performance. The visibility of Galileo satellites at the selected stations is investigated in comparison
with the GPS constellation. Figure 2 depicts the station-based maximum, average and minimum vis-
ible satellite numbers per epoch for the GPS and Galileo constellation over the observation period.
Considering each epoch over the two-week observation period, that is 40,320 individual epochs; min-
imum and maximum numbers indicate the fewest and greatest satellite numbers that appear per epoch
during this period, while the average number is calculated as the mean of satellite numbers in all epochs.
As can be observed from the figure, the station-based minimum satellite numbers range from 3 to 7 for
the GPS constellation, whereas the minimum numbers of Galileo satellites are between 2 and 6. The
maximum satellite numbers at the selected stations range from 11 to 14 for the GPS constellation, while
the corresponding numbers alter between 8 and 11 for Galileo satellites. Also, the average numbers of
visible GPS satellites are computed between 7·60 and 9·87. The station-based average numbers change
between 4·47 and 7·47 for the Galileo constellation. Considering all stations, the average numbers of
visible GPS and Galileo satellites are calculated as 8·93 and 6·61. Additionally, when the results of all
stations are analysed, it can be said that the GPS constellation provides at least four visible satellites at
nearly all epochs, excluding a few specific epochs. As regards Galileo, there similarly exist at least four
visible satellites at almost all epochs for the selected stations, except for the ISTA and LHAZ stations.
In these two stations, the percentages of epochs having at least four visible satellites within the whole
epochs are considerably lower than those of the other stations. Especially, at the LHAZ station, the
16% of total epochs over the two-week observation period have three or fewer visible Galileo satellites.
In addition, for the Galileo constellation, the average satellite numbers are calculated as 5·36 and 4·47 at
the ISTA and LHAZ stations, which are the lowest averages. The result is not surprising because these
two stations are located between the northern latitudes of 25 and 45 degrees, which is one of the weak-
est regions in terms of Galileo satellite visibility, depending on the longitude (Zhang et al., 2019). In
addition, the stations near the equatorial and polar regions, the NKLG, OHI3 and REYK stations, have
average satellite numbers higher than 7 for the Galileo constellation. Consequently, although its satel-
lite visibility changes depending on the station’s location, the Galileo constellation has a considerable
number of usable satellites at most stations utilised in the experiment.
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Figure 2. Station-based maximum, average and minimum visible satellite numbers for the GPS and
Galileo constellation during the observation period.

3.2. Processing method

As a part of this study, an enhanced version of PPPH (Bahadur and Nohutcu, 2018), which enables
real-time positioning processes, was employed to perform the Galileo real-time single-frequency posi-
tioning solutions. To compare the Galileo positioning results and to understand the contribution of
the Galileo constellation, the observation dataset was also processed under two additional processing
scenarios, which are GPS-only and GPS/Galileo combination. Since single-frequency receivers mostly
require kinematic or dynamic positioning conditions, the kinematic mode, with a spectral density of
102 𝑚2𝑠−1, was adopted in the processing of all positioning solutions. To access the real-time satellite
products and observations, a Bundesamt für Kartographie und Geodasie (BKG) NTRIP client program
(BNC) was utilised in this study (BKG, 2021). Table 1 presents the detailed processing strategies applied
for the real-time single-frequency positioning processes.

3.3. Performance analysis of single-frequency code-based positioning

The results were analysed as regards positioning accuracy for the real-time single-frequency code-based
positioning with Galileo satellites. For this purpose, the positioning error specified as the coordinate
difference between the related positioning solution and ground truth was utilised to evaluate the position-
ing performance. Typically, IGS provides precise coordinates of its stations routinely and IGS weekly
solutions were employed as the reference source for the precise station coordinates in this study. Accord-
ingly, the positioning errors were computed in the local coordinate system for each separate epoch in
which the positioning process was performed. As previously mentioned, to compare the Galileo posi-
tioning results, a similar procedure was employed for the GPS and GPS/Galileo positioning solutions.
Figure 3 presents the horizontal (north and east directions) and vertical (up direction) positioning errors
at the FFMJ station on 3 January 2021 for the GPS, Galileo, and GPS/Galileo single-frequency code-
based positioning solutions. As shown in the figure, the GPS solution mostly has higher horizontal
and vertical positioning errors in comparison with the Galileo solution. The positioning performance
of single-system solutions is augmented with the GPS/Galileo integration, as expected. For the daily
GPS, Galileo and GPS/Galileo solutions, root mean square (RMS) errors are calculated as 0·548, 0·399
and 0·375 m for the horizontal component. Similarly, for the vertical component, the RMS errors com-
puted for the GPS, Galileo and GPS/Galileo solutions are 0·914, 0·881 and 0·783 m, respectively. The
results denote that, compared with the GPS solution, the Galileo solution acquires better positioning
accuracy.

The observation residuals computed after the estimation processes can also be used for the evaluation
of positioning performance as they represent the harmony between the defined system model and
measurements. Moreover, the observation residuals reveal the noise characteristics of observations,
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Table 1. Processing details adopted in PPPH for real-time single-frequency positioning.

Item Processing strategy

Observations Phase and code observations on E1 and L1 for Galileo
and GPS

Elevation mask 8°
Satellite orbit and clock source Broadcast ephemeris and CNES real-time corrections
Dry part of troposphere Corrected using the Saastamoinen model (1972) with

the Global Pressure and Temperature 3 model and
Vienna Mapping Function 3 (Landskron and
Böhm, 2018)

Wet part of troposphere Estimated epoch-wise with a spectral density of
10−9 𝑚2𝑠−1

Ionosphere Corrected using the CNES real-time ionosphere
products for the single-frequency code-based
positioning

Timing group delay Corrected with CNES real-time bias products
Receiver antenna phase centre

offset and variations
Corrected with the IGS antenna file (Schmid et al.,

2007)
Satellite antenna phase centre offset

and variations
Not corrected.

Relativistic effects Corrected (Kouba, 2015)
Phase wind-up Corrected for the single-frequency code-phase

combination (Wu et al., 1993)
Site displacement effects Corrected (Petit and Luzum, 2010)
Standard deviations of observations 0·003 and 0·3 m for phase and code observations

including orbit errors, multipath effect and unmodelled errors. Figure 4 illustrates the observation
residuals computed for the GPS and Galileo single-frequency code-based positioning solutions at the
FFMJ station on 3 January 2021. The figure also provides the RMS values calculated when taking all
daily observation residuals into consideration. The RMS values of residuals are computed as 0·319 and
0·198 m for the GPS and Galileo observations. The observation residuals of Galileo are approximately
38% fewer than those of GPS, on average, which indicates that Galileo code observations have a
considerably lower noise level in comparison to GPS observations.

On the other hand, Figure 5 provides the distributions of positioning errors computed in the north,
east and up directions for the GPS, Galileo and GPS/Galileo solutions. In the generation of distributions,
epoch-wise positioning solutions of 15 stations during the two-week observation period were considered.
In the figure, the error distributions are presented as the probability percentages which are based on the
ratio of error frequencies to the total number of epochs, instead of actual error frequencies. Therefore,
the positioning solutions at the whole epochs, 604,800 epochs in total (2880 epochs in a day over two
weeks for 15 different stations) were used when generating the error distributions. Furthermore, the
figure demonstrates the mean and RMS errors computed in each direction, respectively. As shown in
the figure, the RMS errors are 0·707, 0·622 and 1·876 m in the north, east and up directions for the
GPS solution, while the corresponding errors are computed as 0·515, 0·429 and 1·401 m for the Galileo
solution. The results denote that the Galileo solution provides a better positioning performance by 27·1%,
31·0% and 25·3% in the north, east and up directions, respectively, in comparison with the GPS solution.
The GPS/Galileo solution has the related RMS values of 0·477, 0·377 and 1·289 m, respectively, which
demonstrates that it considerably augments the positioning accuracy of the single-system solutions in
all directions.
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Figure 3. Horizontal and vertical positioning errors for the GPS, Galileo and GPS/Galileo single-
frequency code-based solutions at FFMJ station on 3 January 2021.

Figure 4. Observation residuals computed for the GPS and Galileo single-frequency code-based solu-
tions at FFMJ station on 3 January 2021.
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Figure 5. Error distributions for the GPS, Galileo and GPS/Galileo single-frequency code-based
solutions.

As regards the GPS, Galileo and GPS/Galileo solutions, Table 2 demonstrates the station-based RMS
values computed for horizontal, vertical and three-dimensional (3D) positioning errors considering the
whole positioning processes over the two-week period. The table also demonstrate the average RMS
values of horizontal, vertical and 3D positioning errors computed, taking all stations into consideration.
Except for the AREG, NKLG and PTGG stations, the Galileo solution presents considerably better
positioning accuracy in all positioning components than that of the GPS solution for all stations. The
Galileo solution augments the positioning accuracy of the GPS solution by 25·8% on average when
the 3D RMS errors are considered. Also, its improvement percentages for the horizontal and vertical
components are 27·9% and 25·3%, respectively. The 3D improvements of the Galileo solution reach
63·5% and 69·6% for the OHI3 and REYK stations located near the polar regions where the visibility
of Galileo is quite strong. When it comes to the GPS/Galileo solution, it has the best positioning
performance in all the stations excluding the AREG station. The GPS/Galileo integration presents a
better 3D positioning accuracy than the GPS and Galileo solutions by the ratios of 31·6% and 7·9%.

3.4. Performance analysis of single-frequency code-phase combination

The observation dataset was also processed for the single-frequency code-phase combination with the
GPS, Galileo and GPS/Galileo solutions. To converge the non-integer phase ambiguity parameters, an
initial period is necessary in this combination, called the ‘convergence time.’ Therefore, the convergence
time was also utilised in the assessment of positioning performance of the single-frequency code-
phase combination together with the positioning accuracy. Figure 6 depicts the horizontal and vertical
positioning errors at the FFMJ station on 3 January 2021 for the GPS, Galileo and GPS/Galileo
single-frequency code-phase combination solutions. When the figure is analysed, it is apparent that the
horizontal positioning accuracy of the GPS solution is mostly lower than that of the Galileo solution.
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Table 2. Station-based RMS values of horizontal, vertical and 3D positioning errors for the GPS,
Galileo and GPS/Galileo single-frequency code-based solutions (in:m).

GPS Galileo GPS/Galileo

Station Horizontal Vertical 3D Horizontal Vertical 3D Horizontal Vertical 3D

ABMF 0·630 1·367 1·506 0·615 1·338 1·473 0·549 1·122 1·249
AREG 0·592 1·674 1·776 0·592 2·117 2·198 0·530 1·889 1·962
DJIG 0·650 1·823 1·935 0·651 1·768 1·884 0·583 1·643 1·744
DRAO 0·588 0·839 1·024 0·500 0·636 0·809 0·442 0·606 0·750
FFMJ 0·558 0·845 1·013 0·403 0·698 0·806 0·386 0·640 0·748
ISTA 1·494 2·804 3·177 0·725 1·187 1·391 0·760 1·521 1·700
LHAZ 1·651 3·216 3·615 1·326 2·525 2·852 1·092 2·033 2·308
NKLG 0·676 1·746 1·872 0·683 1·954 2·070 0·619 1·699 1·808
NNOR 0·776 1·196 1·425 0·759 0·994 1·251 0·662 0·848 1·076
OHI3 1·188 2·779 3·023 0·582 0·937 1·103 0·626 1·248 1·397
PTGG 0·606 1·774 1·875 0·644 1·816 1·927 0·534 1·427 1·524
RABT 0·618 1·166 1·319 0·427 0·913 1·008 0·462 1·017 1·117
REUN 0·612 1·371 1·501 0·585 1·131 1·273 0·521 1·057 1·179
REYK 1·319 2·506 2·832 0·521 0·697 0·870 0·643 0·880 1·090
ULAB 0·767 0·917 1·195 0·586 0·788 0·982 0·535 0·646 0·839
ALL 0·917 1·876 2·088 0·662 1·401 1·549 0·613 1·289 1·428

The daily horizontal RMS errors are computed as 0·266, 0·184 and 0·173 m for the GPS, Galileo and
GPS/Galileo solutions, respectively. In addition, the daily vertical RMS errors of the GPS, Galileo
and GPS/Galileo solutions are 0·322, 0·285 and 0·206 m, respectively. The results indicate that the
Galileo solution presents slightly better positioning accuracy than does the GPS solution horizontally
and vertically, while the best positioning performance comes from the GPS/Galileo solution.

Similarly, for the GPS and Galileo single-frequency code-phase combination solutions, Figure 7
illustrates the observation residuals computed at the FFMJ station on 3 January 2021. When compared
with the single-frequency code-based positioning, the observation residuals are substantially smaller for
the single-frequency code-phase combination, owing to the presence of phase observations. The RMS
values computed from all daily observation residuals are 0·082 and 0·064 m for the GPS and Galileo
solutions, which means that the observation residuals of Galileo are averagely 21·9% lower than those
of GPS. The results confirm that the noise level of GPS single-frequency observations is substantially
higher than Galileo observations.

On the other hand, Figure 8 provides the error distributions in local directions for the GPS, Galileo
and GPS/Galileo single-frequency code-phase combination solutions. Here, it should be clarified that
the positioning errors at the first-hour period of each positioning solution were excluded from the prob-
ability distributions to avoid the influence of unconverged phase ambiguity parameters. The RMS errors
are 0·192, 0·262 and 0·403 m in the north, east and up directions for the GPS solution, respectively, while
these errors are computed as 0·179, 0·260 and 0·347 m for the Galileo solution. The results reveal that
the performance of Galileo solution is better than that of the GPS solution by 6·7%, 1·0% and 13·9% in
the north, east and up directions, respectively. Likewise, the GPS/Galileo combination provides the best
positioning performance with the RMS errors of 0·111, 0·141 and 0·246 m. Furthermore, the conver-
gence time was assessed as an additional indicator of the performance of single-frequency code-phase
combination. The time or epoch where the 3D positioning error falls under 1 m and does not pass over
the 1 m threshold for the following 10 min was utilised as the convergence time criteria in this study
(Bahadur and Nohutcu, 2021a). According to this definition, the average convergence times computed
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Figure 6. Horizontal and vertical positioning errors for the GPS, Galileo and GPS/Galileo single-
frequency code-phase combination solutions at FFMJ station on 3 January 2021.

Figure 7. Observation residuals computed for the GPS and Galileo single-frequency code-phase com-
bination solutions at FFMJ station on 3 January 2021.
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Figure 8. Error distributions for the GPS, Galileo and GPS/Galileo single-frequency code-phase
combination solutions.

Table 3. Station-based RMS values of horizontal, vertical and 3D positioning errors for the GPS,
Galileo and GPS/Galileo single-frequency code-phase combination solutions (in:m).

GPS Galileo GPS/Galileo

Station Horizontal Vertical 3D Horizontal Vertical 3D Horizontal Vertical 3D

ABMF 0·180 0·288 0·340 0·264 0·287 0·391 0·124 0·185 0·222
AREG 0·163 0·211 0·266 0·149 0·218 0·264 0·099 0·140 0·172
DJIG 0·152 0·227 0·273 0·169 0·232 0·287 0·112 0·182 0·214
DRAO 0·646 0·598 0·880 0·498 0·489 0·698 0·333 0·333 0·471
FFMJ 0·190 0·229 0·298 0·192 0·218 0·297 0·120 0·169 0·207
ISTA 0·411 0·423 0·590 0·547 0·559 0·782 0·207 0·262 0·334
LHAZ 0·396 0·615 0·732 0·674 0·690 0·965 0·283 0·441 0·524
NKLG 0·208 0·219 0·302 0·170 0·216 0·275 0·128 0·154 0·200
NNOR 0·357 0·464 0·586 0·327 0·409 0·524 0·202 0·275 0·341
OHI3 0·178 0·312 0·360 0·210 0·272 0·344 0·117 0·181 0·215
PTGG 0·227 0·341 0·410 0·175 0·280 0·331 0·123 0·193 0·229
RABT 0·235 0·357 0·428 0·190 0·263 0·325 0·122 0·216 0·248
REUN 0·246 0·324 0·407 0·236 0·283 0·369 0·126 0·188 0·227
REYK 0·497 0·540 0·734 0·499 0·460 0·679 0·235 0·297 0·379
ULAB 0·379 0·568 0·683 0·333 0·356 0·488 0·174 0·292 0·340
ALL 0·324 0·403 0·518 0·316 0·347 0·469 0·180 0·246 0·305
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from all positioning results over the observation period are 66·68, 50·43 and 33·24 min for the GPS,
Galileo and GPS/Galileo solutions, respectively. The results demonstrate that the Galileo solution has a
24·4% shorter convergence time on average in comparison with the GPS solution, while the GPS/Galileo
solution presents the best convergence performance, thanks to the increasing number of visible
satellites.

Finally, Table 3 shows the station-based RMS values of horizontal, vertical and 3D positioning errors,
considering all positioning processes during the two-week period for the GPS, Galileo and GPS/Galileo
solutions. The Galileo solution, compared with the GPS solution, has a better positioning performance
in all stations, except for the ABMF, DJIG, ISTA and LHAZ stations. Especially, the performance
of the Galileo solution is considerably worse at the ISTA and LHAZ stations, which have the lowest
average numbers for visible Galileo satellites over the two-week observation period. As the single-
frequency code-phase combination is a rank-deficient model, which contains more unknown parameters
than the number of measurements, the satellite number has a considerable influence on the positioning
performance of this model. Therefore, it can be said that the poor positioning performance at these two
stations mainly stems from the low visibility of Galileo satellites. Considering the 3D RMS errors of
all stations for the single-frequency code-phase combination, the performance of the Galileo solution is
better than that of the GPS solution by 9·4%. The positioning accuracy is enhanced with the integration
of GPS and Galileo constellation significantly. The GPS/Galileo solution improves the 3D positioning
accuracies obtained from the GPS and Galileo solutions by 41·2% and 35·1%, respectively.

4. Conclusions

This study investigates the most recent performance of the Galileo constellation in real-time single-
frequency precise positioning. Two single-frequency positioning models, namely single-frequency code-
based positioning and code-phase combination, were adopted for the performance assessment in this
study. In this context, several experimental tests were performed to evaluate the performance of real-
time Galileo single-frequency positioning and its contribution to the GPS-only solution. Additionally,
as one of the important factors that have a substantial influence on the positioning performance, the
satellite visibility of the Galileo constellation was analysed as a part of this study.

The results demonstrated that the Galileo constellation mostly provides a considerable satellite
resource for single-frequency positioning, while its satellite visibility can alter depending on the station’s
location. Especially, it was observed from the results that the visibility of Galileo satellites is quite strong
near the polar regions. In addition, the results demonstrated that the observation residuals acquired from
single-frequency measurements of Galileo satellites are considerably lower than those of GPS satellites.
Based on these results, it was concluded that the single-frequency Galileo observations have relatively
better quality and less influenced by multipath and other unmodelled errors compared with the GPS
observations. For the real-time single-frequency code-based positioning, the GPS solution provided
a 3D positioning accuracy of 2·088 m on average, while the 3D positioning accuracy was computed
as 1·549 m for the Galileo solution. These results indicated that the Galileo solution presents better
positioning performance than the GPS solution by 25·8%, on average. Moreover, its improvement
percentages relative to the GPS solution reached 63·5% and 69·6% at the OHI3 and REYK stations
located near the polar regions. Similarly, the results showed that a 9·4% better 3D positioning accuracy
is acquired from the Galileo solutions for the single-frequency code-phase combination compared with
the GPS solution. In addition, the convergence times were computed as 66·68 and 50·43 min for the
GPS and Galileo solutions, which means the Galileo solution has a 24·4% shorter convergence time,
on average. Still, the results depicted that the positioning performance of the Galileo single-frequency
code-phase combination solution can be considerably worse at the stations where its satellite visibility is
relatively poor. Moreover, the results indicated that the GPS/Galileo integration enhances the positioning
performance of single-system solutions significantly for both positioning models. Consequently, this
study concluded that Galileo could provide considerably better positioning performance in comparison
with GPS and contribute to the GPS solution substantially for the real-time single-frequency precise
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positioning. Considering also that the Galileo constellation and its products are improving each day,
Galileo is an important alternative to the GPS constellation for real-time single-frequency GNSS
applications.
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