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Abstract

This study evaluates the performance of multi-constellation GNSS Precise Point Positioning
(PPP) for offshore kinematic observations in the challenging environment of Antarctica using
Antarctica the data collected on a moving ship during the 6th Turkish Antarctic Expedition in 2022. The
PRIDE PPP-AR analysis involved two open-source PPP software solutions, PRIDE PPP-AR, and Ginan, which
Ginan were used to process GNSS data from both GPS-only and multi-GNSS (GPS, GLONASS, Galileo,
BeiDou) constellations. The results indicate that PRIDE PPP-AR generally provided better
horizontal and vertical positional accuracy than Ginan software, achieving improvements of
up to approximately 33% in height component root mean square error (RMSE) for both
constellation solutions. While the mean value of horizontal position differences for PRIDE
PPP-AR in multi-GNSS solution was 4 cm, while 5 cm for Ginan. The anticipated advantages of
multi-GNSS over GPS-only solutions were not consistently observed for Ginan software in 2D
position and height components. However, PRIDE PPP-AR demonstrated improved internal
consistency with multi-GNSS solution, achieving an RMSE value of 5 cm for horizontal
positioning compared to 6 cm for Ginan. The general results of the study reveal that the PPP
technique, which does not require any reference station’s GNSS data, can achieve almost the
same accuracy as the differential positioning technique. With this superiority, the PPP
technique is an ideal positioning technique, especially in remote marine environments and
polar regions, where geodetic infrastructure is inadequate and environmental conditions are
difficult.
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1. Introduction and the National Aeronautics and Space Administration
(NASA). The quality and accuracy of these products are
critical for PPP performance. For instance, IGS supplies
precise orbit and clock products extensively utilized by
the GNSS community for research and practical
applications [3]. ESA's Navigation Support Office offers
similar products focusing on European constellations,

while NASA's Jet Propulsion Laboratory (JPL) provides

Global Navigation Satellite Systems (GNSS) have
revolutionized the field of geospatial positioning and
navigation by providing accurate, reliable, and
continuous 3D positioning. Among the various
positioning techniques utilized in GNSS, the Precise Point
Positioning (PPP) stands out by providing centimeter,

even millimeter-level positioning accuracy using a single
GNSS receiver without any base station data [1, 2]. Since
Kouba and Heroux's first PPP solution in 2001 [2], the
PPP technique has remained a widespread issue due to
its economical and efficient nature, and academic
research on the subject is ongoing.

The PPP technique leverages precise satellite orbit
and clock corrections and biases data, often provided by
various global institutions, including the International
GNSS Service (IGS), the European Space Agency (ESA),

precise products that support a wide range of scientific
applications.  Additionally, the IGS Multi-GNSS
Experiment (MGEX) products play a crucial role in
supporting multi-constellation GNSS research by
providing precise orbit and clock products for emerging
GNSS constellations including GLONASS, Galileo, and
BeiDou in addition to GPS [4]. Multi-GNSS has
significantly enhanced the robustness and accuracy of
PPP solutions. Traditionally, the Global Positioning
System (GPS) was the primary constellation used in PPP.
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However, additional constellations have improved
satellite availability and coverage, while enhancing the
accuracy and reliability of PPP solutions [5-7]. Multi-
GNSS has significantly enhanced the robustness and
accuracy of PPP solutions. While the PPP technique does
not directly contribute to minimizing multipath, the
inclusion of multiple constellations provides additional
independent observations, which improves the
geometric strength and redundancy of the solution [8,9].
Observation redundancy in multi-GNSS strengthens the
geometry and facilitates robust outlier detection. Signals
suffered from multipath are then more readily down-
weighted or excluded, reducing their overall impact on
the final solution. This redundancy leads to better
weighting of the observations and more effective
detection of outliers, thus indirectly reducing the
influence the effect of multipath [10].

Since the PPP technique was presented in the
literature, many different PPP solution algorithms and
software have been developed over the years and
continue to be developed. One key advancement in this
domain is the ability to fixed integer ambiguities,
commonly referred to as PPP-AR, where phase biases are
also handled. This approach significantly reduces the
convergence time and improve the positioning accuracy
compared to the traditional float ambiguity solution [11-
15].

The PPP technique has been widely used in many
fields like geodetic, atmospheric, and earth sciences [16-
19]. This technique provides high accuracy depending on
the processing algorithm used, the quality of the dataset,
the observation time and conditions, the type of receiver,
the used satellite system(s), and the frequencies.
Previous static or kinematic PPP studies on land in the
literature have demonstrated successful positioning
performances in diverse environments [20,21].
However, relatively few studies carried out in marine or
polar contexts [22,23]. It implies the necessity to further
explore PPP performance under these conditions.

Dabove et al. [24] illustrated the advantages of multi-
constellation PPP in high-latitude regions with harsh
ionospheric scintillations, where convergence time and
accuracy are critically affected. Furthermore, the
integration of ambiguity fixed solution has improved
convergence time and accuracy, making PPP a reliable
tool even under geomagnetic disturbances [25].
Similarly, Ghoddousi-Fard et al. [26] explored the
degradation of PPP under geomagnetic disturbances,
emphasizing the necessity of robust algorithms for cycle
slip detection and ambiguity resolution, particularly for
high-latitude areas.

There are many scientific/academic, commercial, and
open-source software and web-based services with
unique features and advantages to obtain a 3D position
in static/kinematic modes using the PPP technique
whether real-time or post-processed with a float or fixed
ambiguity solution. Brief information about these
software types and services is given below.

e Scientific/Academic GNSS processing software,
such as GipsyX, Bernese, and GAMIT/GLOBK, offer the
opportunity to customize configurations. However, they

require deep GNSS knowledge, and some of them involve
payments for licenses and even for updates [27-29].

e Commercial GNSS processing software, like
CHCNAYV Geomatics Office, Trimble Business Center, and
GrafNav, offer high-precision positioning with robust
support and user-friendly interfaces. On the other hand,
these types of software do not offer users much choice in
selecting the processing parameters compared to other
types of software. Also, the high cost of such software is
one of the known obstacles to their widespread use.

¢ The open-source in-house software generally does
not have user-friendly interfaces and professional
support sufficiently; however, they allow for greater
flexibility and customization for researchers and appeal
to advanced users who require more control over their
processing parameters. Many open-source PPP software
packages have been released in recent years, each with
its own set of features and advantages. Examples include
RTKLIB [30], GAMP [31], PPPH [32], PRIDE PPP-AR [33],
MG-APP [34], PPPLib [35], SUPREME [36], raPPPid [37],
and Ginan [38].

¢ Web-based online GNSS processing services, like
APPS, CSRS-PPP, GAPS, magicGNSS, and Trimble
CenterPoint RTX Post-Processing, provide an accessible
platform for users who require accurate positioning
without the need for software installation and
maintenance. However, most of them are just capable of
processing restricted combinations of constellations
without parameter selection options [39,40].

Conducting kinematic GNSS measurements in
Antarctica, and its inshore and offshore regions is
challenging but crucial due to the unique challenges
posed by the environment [41]. The high latitude results
in lower satellite elevation angles, affecting signal quality
and availability, which necessitates the use of multi-GNSS
constellations to enhance satellite visibility and
positioning accuracy [5]. In the Antarctic region, it is
quite difficult to find a reference GNSS station at a close
distance for high-accuracy static/kinematic 3D
positioning with the GNSS relative positioning technique
that provides the most accurate solution. In this region,
there are no sufficiently dense reference GNSS stations.
Moreover, most stations collect data only from GPS
constellation, and it is quite difficult and costly to
establish a new GNSS station. As a result, PPP—especially
when utilizing multi-GNSS  constellations—often
becomes the most practical solution for achieving fast,
cost-effective both static and kinematic solutions in these
remote or extreme weather regions with insufficient
geodetic and communication infrastructures [42]. It still
provides sufficient accurate positioning, even if it is
slightly lower than differential techniques as stated by
Ebner and Featherstone [43] and Rizos et al. [44].
Reliable and accurate positioning is required for
scientific research, marine surveying, navigation, and
logistics operations in the Antarctic region, which is
under the influence of harsh weather conditions. In
marine areas, acquiring precise positioning is vital for
safety and efficiency, enabling accurate navigation,
timely response to changing conditions, and precise data
collection. As mentioned by Bio et al. [45], the resolution
and accuracy of bathymetric data are contingent upon
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the quality of the sensing equipment, such as sonar, as
well as the accuracy of GNSS positioning (£ 10 cm). In
addition, Shi et al. [46] demonstrated the capability to
attain high positional accuracy, in the order of
centimeters, through the use of the PPP technique, in
their marine gravimetry study. Prominent studies have
demonstrated the effectiveness of PPP at high latitudes,
highlighting its potential to improve geodetic
measurements and logistical operations in the region.
The existing literature reveals that the real-time PPP
solutions using the International GNSS Service (IGS)
station data in the Antarctic region can produce 3D-
position with centimeter-level accuracy [20,21,47].
Katsigianni et al. [48] assessed the accuracy of PPP and
its phase ambiguity fixed resolution variant (PPP-AR)
using Galileo-only, GPS-only, and multi-GNSS systems at
CAS1 IGS station in Antarctica, revealing that the
integration of Galileo with GPS leads to a significant
improvement of about 30%, the accuracy founded as in 5
mm horizontal and 10 mm vertical for multi-GNSS PPP-
AR. Bezcioglu et al. [22] conducted a comparative
analysis of 3D-position derived from multi-GNSS PPP-AR
and Double Difference (DD) tecniques, utilizing
kinematic measurements obtained from a boat). Their
findings demonstrated that the post-processed PPP
approach achieved a remarkable accuracy of 5.5 cm in
the horizontal and 13.7 cm in the vertical component
when employing the PPP-AR technique. These studies
underscore the efficacy of PPP-AR in enhancing
positional accuracy in dynamic environments such as
marine navigation.

However, different software packages implement
different strategies—such as employing various filter
types (e.g, Kalman filter) or handling ambiguity
resolution differently—and their performance may vary
in different environmental conditions. Therefore,
understanding the performance characteristics of each
software is critical when operating in harsh surveying
areas.

The main objective of this study is to conduct a
usability and accuracy performance analysis of the multi-
GNSS kinematic PPP technique in the polar region using
data collected on a ship operating in the open-seas region
of Antarctica. Another aim of the study is to determine
whether multi-GNSS  contributes to improving
positioning accuracy compared to GPS-only solutions in
these challenging conditions where satellite visibility is
limited. To achieve the objectives of the study, we used
the kinematic multi-GNSS observations collected on a
research vessel moving from King George Island to
Horseshoe Island, offshore in Antarctica continent.
Additionally, this research investigates the impact of
different open-source software packages on PPP
accuracy, we therefore specifically utilized PRIDE PPP-
AR and Ginan software, both of which are recognized for
their capabilities in PPP, in this study [33,38]. PRIDE
PPP-AR [33]—featuring advanced single-receiver
ambiguity = resolution—and Ginan [38], which
incorporates a Kalman filter under a state-space
representation. These two open-source tools represent
complementary paradigms: a dedicated ambiguity-
resolution approach versus dynamic filtering. By

evaluating their performance side by side, we aim to
discover how each handles the challenges of high-
latitude satellite geometry, harsh weather. Moreover,
selecting appropriate processing tools for this study, we
carefully considered both methodological diversity and
practical applicability in polar environments. PRIDE PPP-
AR’s advanced ambiguity resolution technique is known
to enhance positioning accuracy and significantly reduce
convergence times, rendering it particularly effective
various scenarios. Ginan, on the other hand, is a relatively
new open-source software and its performance under
extreme polar conditions has never been documented
before. This study provides an opportunity to explore the
potential of Ginan software in harsh environments, as the
performance of this software has not yet been fully
deciphered in polar or marine areas. We therefore chose
a relatively new open-source software help fill that gap
as well. By comparing these two complementary
processing strategies—ambiguity fixed solutions versus
dynamic filtering—we aim to provide insights into how
different PPP methodologies address challenges while
maintaining our work remains reproducible and
accessible for future research.

The following section gives more detailed
information about the dataset and processing results.
This comprehensive analysis will provide valuable
insights into the performance of multi-GNSS and the
effectiveness of different PPP software in the Antarctic
region, enhancing our understanding and capabilities in
real-time positioning for both scientific and practical
applications. It is seen that accurate and reliable 3D
positioning is important in almost all scientific and other
activities that are increasing day by day in this region,
and the use of the PPP technique in these activities will
provide a significant advantage. Although a limited
number of studies have been done on this subject, it is
evaluated that this study will make a significant
contribution to filling an important gap in the literature.

2. Materials and Method
2.1. Data collection

In this study, a part of the kinematic multi-GNSS
dataset collected during a 3-day cruise from King George
Island to Horseshoe Island (750 km). within the scope of
the 6th Turkish Antarctic Expedition 2022 was used. In
the calculations, the 1Hz kinematic GNSS dataset
collected on the ship, starting from about 01:00 PM to
midnight on February 7, 2022 (GPS Day 38), was used.

The kinematic GNSS observations were carried out
onboard the Betanzos, which is a research and survey
ship with a Chilean flag. The 11-hour ship route used in
the calculations, the reference PALM IGS station, as well
as some main characteristics of the research vessel are
given in Figure 1.
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Figure 1. The ship route was used during the 6% Turkish
Antarctic Expedition and the PALM IGS reference station.

During the cruise, the GNSS observations were
collected using a CHCNAV i90 Pro Geodetic-grade GNSS
receiver, capable of observing data with high precision
and reliability. The CHC GNSS receiver offers multi-
frequency capabilities, supporting multiple GNSS
constellations, including GPS, GLONASS, Galileo, and
BeiDou. It is equipped with advanced signal processing
algorithms and provides robust performance even under
adverse conditions, making it suitable for precise point
positioning applications in harsh environments. Some
specifications of the GNSS receiver used during the
measurements are given in Table 1.

Table 1. Main specifications of the CHCNAV i90 Pro
geodetic-grade GNSS receiver used in the study [49].

Item Specifications

Frequencies GPS :L1C, L1C/A, L2E, L2C, L5
GLONASS :L1C/A,L2C/A, L3 CDMA
Galileo : E1, E5a, E5b, ES5AItBOC, E6
BeiDou :B1,B2,B3

SBAS :L1C/A, L5
QZSS :L1C/A, L1SAIF, L2C, L5, LEX
IRNSS :L5
L-BAND :RTX
Positioning rate Up to 50 Hz

PPK accuracies Horizontal :2.5mm +1 ppm

Vertical :5mm + 1 ppm

Data formats HCN, HRC, RINEX 2.11, and 3.02

IP rate IP67 waterproof

Environment -40 °C to +65 °C

2.2. Data processing

To provide a comprehensive overview of the
kinematic data, we present the skyplot of the tracked
satellites during the observation period (Figure 2). The
skyplot provides a visual representation of the satellites’
positions relative to the observer, illustrating the
distribution and coverage of GNSS satellites over time.
When Figure 2 is investigated, it is understood that GPS,
Galileo, and BeiDou satellites cannot be tracked in the
zenith direction due to the orbital inclination of the
systems, only GLONASS satellites can be tracked in this
direction because of the 64.8-degree inclination orbit.

Figure 3 presents the time series view of the number
of satellites (#SAT) available throughout the
measurement period. The figure includes separate plots
for GPS-only (G-only hereafter) and multi-GNSS (GREC,
abbreviated hereafter as G (GPS), R (GLONASS), E
(Galileo), and C (BeiDou) for each constellation,
respectively) solutions. This visualization highlights the
differences in satellite availability between the single-
constellation and multi-constellation approaches over
time.

The quality of the PPP solution is strongly influenced
by the geometry of the satellites [50]. Both PRIDE PPP-
AR and Ginan use an elevation-dependent stochastic
model to account for the fact that low-elevation
measurements are more sensitive to atmospheric errors
[51]. In this approach, the noise variance of each
observation is modeled as a function of the satellite's
elevation angle typically using a relationship such as
02=00%(1/sin(0))? where 0 is the elevation angle. The
stochastic model effectively down-weights observations
from satellites at low elevations (e.g. those observed
from the 180° azimuth), which are less reliable. In
addition, the inclusion of GLONASS in the multi-GNSS
configuration partially compensates for the reduced
satellite geometry in the polar region by providing
additional high elevation observations. It also
contributes to mitigating the impact of poor geometry on
the position estimates.

In order to demonstrate the advantages of GREC’s
geometric distribution compared to G-only, we also
estimated the Dilution of Precision (DOP) values for two
constellations, as horizontal (HDOP) and vertical (VDOP)
dilution of precision. Figure 3 also includes HDOP and
VDOP values, which were key indicators of the geometric
strength of the satellite distribution and the potential
accuracy of the positioning solution. In addition to Figure
3, the statistical information about these values are also
given in Table 2.
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values over time.

Table 2. Statistical summary for number of satellites
(#SAT), and dilution of precision (DOP) values for G-only
and GREC constellations.

Constellation Indicator Min. Max. Mean
#SAT 7.0 13.0 11.0

G-only HDOP 0.7 1.7 0.8
VDOP 0.9 3.4 1.4
#SAT 13.0 41.0 34.0

GREC HDOP 0.4 0.8 0.4
VDOP 0.6 1.4 0.7

According to Figure 3 and Table 2, the average HDOP
value was calculated as 0.8 for the G-only solution,
whereas it was 0.4 for GREC. Similarly, the statistics with
multi-GNSS combination improved the quality of VDOP
from 1.4 to 0.7. The GREC combination has provided a
50% improvement in HDOP and VDOP values compared

to the G-only system. Similarly, while the average
number of satellites observed in the G-only system is 11,
the number reached 34 in the GREC combination,
providing a 200% improvement.

As one of the signal quality indicators, signal-to-noise
ratio (SNR) values related to the quality of the signals
received from the observed satellites have also been
calculated and are presented as skyplots for L1 and L2
frequencies in Figure 4. A greater SNR provides a more
robust and reliable signal. In GNSS, an SNR value greater
than a specified threshold (30-35 dBHz or above is
generally accepted in various studies in the literature
[52,53]) is regarded as proper for accurate positioning,
whereas lower values may result in poor performance,
particularly in challenging conditions with obstructions
or interference.
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Figure 4. Skyplot of L1/E1 (left), L2 (right) and L5/E5 (bottom) frequency signal-to-noise ratio (SNR) values for the

GREC constellation.

When Figure 4 is investigated, it can be seen that the
L2 frequency contains more noise compared to the
L1/E1, L5/E5 and that the SNR values of the data below
a 20-degree elevation angle are lower than the values of
the data with a high elevation angle, as expected from
geodetic-grade GNSS antennas.

The coordinates obtained from relative positioning
were used as known coordinates for each measurement
epoch to assess the accuracy of the PPP-based
coordinates. For this purpose, the collected kinematic
data were processed using the conventional relative
GNSS positioning technique, with the nearest station
serving as the base station. Within the scope of this study,
the PALM (64°46'30.3233" S, 64°3'4.0385" W), one of
the stations of the International GNSS Service Network
(IGS NET), was selected as a reference (Figure 1). To
obtain the reference trajectory coordinates along the
three-day route of the Betanzos ship, only the PALM IGS
reference station with 1 Hz multi-GNSS data was found
around the route. Unfortunately, no extra reference

station other than the PALM could be found to obtain 1Hz
reference trajectory coordinates. Therefore, only the part
of the whole data close to the PALM station was used in
the calculations, with baseline lengths ranging from 27
km to 100 km. This relative positioning solution was
carried out with CHCNAV Geomatics Office Software 2.0
(CGO 2.0). The precise products released by the CODE
(Center for Orbit Determination in Europe) Analysis
Center under the MGEX project were used. Furthermore,
the use of tropospheric model is crucial due to the long
distances of the baselines, which is why the GPT2
climatological model and Vienna Mapping Function
(VMF) 1 was employed as the tropospheric model for all
baselines. In terms of the ionospheric model, the
“Automatic Model” option within the software was
employed, resulting in the computation of the
ionospheric model using the L1 and L2 frequency
combination.

By analyzing the dataset using two different software
platforms, PRIDE PPP-AR (v3.0) and Ginan (v3.0.0), we
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aim to evaluate the impact of multi-constellation GNSS on
kinematic PPP results and quantify the performance of
these software solutions in providing accurate absolute
positioning in the extreme and dynamic conditions of the
Antarctic region. PRIDE PPP-AR is an open-source
software package developed by GNSS Research Center,
Wuhan University. It is known for its advanced ambiguity
resolution techniques, which enhance the accuracy of
GNSS positioning by fixing integer ambiguities in the
GNSS signal processing [33, 54]. It supports both static
and kinematic solutions, making it versatile for various
GNSS applications. It processes all-frequency signals on
any dual-frequency. The software typically employs
ionosphere-free combinations to mitigate ionospheric
error, ensuring higher accuracy in positioning results,
thus improving the robustness and reliability of
positioning results. On the other hand, Ginan, an open-
source GNSS processing software developed by
Geoscience Australia, is designed for precise positioning
services and supports a wide range of applications from
geodetic research to practical navigation [38]. Ginan
provides multi-GNSS solutions and incorporates
advanced error modeling and correction techniques to
enhance the accuracy and reliability of positioning
solutions. One of the critical features of Ginan is its
capability to deliver both real-time and post-processed
positioning solutions, making it versatile for various
applications in especially challenging environments like
Antarctica. Additionally, Ginan employs enhanced
Kalman Filtering to analyze GNSS data, improving the
precision of the estimated positions by optimally filtering
out noise and other errors [55]. Furthermore, these two
software employ different techniques to detection and
minimizing of noise. PRIDE PPP-AR uses a sequence of
modules to identify suspicious epochs, detect cycle slips
often triggered by strong multipath, and then exclude or
re-weight observations with large post-fit residuals [33].
Ginan, on the other hand, adopts a Kalman Filter under a
state-space representation to detect outliers. In high-
multipath-error environments, Ginan's pre-processor
checks geometry-free phase combinations, adjusts
process noise in low-elevation observations, and
discards satellites with excessively large residuals [38].
The 1Hz kinematic GNSS dataset used in the
calculations was processed separately for both GPS-only
and GREC constellations with PRIDE PPP-AR and Ginan
software, and PPP-derived coordinates were obtained.
Multi-GNSS precise products from CODE were utilized in
both software applications during the process. To

provide a clear comparison between PRIDE PPP-AR and
Ginan software, their main features are summarized in
Table 3.

Table 3. Comparison of the features of PRIDE PPP-AR
and Ginan software used in this study.

PRIDE PPP-AR Ginan

Feature
(v3.0) (v3.0.0)

Multi-GNSS Yes Yes
Solution
Ambiguity Fixed Float
Resolution
Real-Time (RT) No Yes
Capability
Post-Processing Yes Yes

(PP) Capability

Error Modeling
and Corrections

Troposphere, lonosphere, PCO*, PCV*,
Phase wind-up, Tides, Relativity

Adjustment Batch Least- Kalman Filtering
Model Square
Processing
Stochastic Elevation Angle Dependent
Model
Troposphere Saastamoinen model and
GMF/VMF1/VMF3/NMF
GNSS Single Only GPS and GREC
Constellations constellation, All combination
multi-GNSS
combinations
Developed by Wuhan University Geoscience
Australia
Main Research, Precise ~ Geodetic research,
Applications geodetic works Practical
navigation

* PCO: Phase Center Offsets

PCV: Phase Center Variations

3. Results

The PPP coordinates obtained with PRIDE PPP-AR

and Ginan software using G-only and multi-GNSS (GREC)
constellations were compared with the relative solution
(known coordinates). The differences obtained for
easting, northing (in UTM projection), 2D position, and
ellipsoidal height components were given in Figure 5 for
PRIDE-PPP and Figure 6 for Ginan software.
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The boxplot diagrams were also plotted in order to
show the distribution of the obtained horizontal (2D) and
vertical (h) position differences in Figure 7. A boxplot

graphically demonstrates the dataset's locality, spread,
and skewness. The box in the middle shows the median
(Q2), as well as the area between the first quartile (Q1)

8
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and the third quartile (Q3), where 50% of the data is
located, and is called the interquartile range (IQR). Q1
quartile represents the median of the data to the left side
of the median (Q2) of the entire data, and Q3 represents
the median of the data to the right side of Q2. The other
50% of the data is distributed to the right and left sides

of the box. Data outside the Q1-1.5IQR and Q3+1.5IQR
whisker limits on the right and left of the box are outliers.
The length of the box to the right and left relative to the
median and the similarity of the data outside the box
within itself indicate the skewness of the distribution.

PRIDE PPP-AR | 1. JE R . ........ .
comy | THEE---

PRIDE PPP-AR | ...} [']......
arec | o[- emm—-

Ginan | |
G-Only

Ginan | ....} ¥ |.........
anee 1 1 [+ - om—

] 5 10 15

A2D(cm)

20 -40 -20 0o 20 40

Ah(cm)

Figure 7. Boxplot graphs showing horizontal and vertical position differences for G-only and GREC solutions obtained
from both PRIDE PPP-AR and Ginan software (the green line in the figure represents the mean, while the red line

represents the median).

While presenting differences between the known
coordinates and PPP solutions, we have defined the
convergence time as the duration from the
commencement of the process until the positional
accuracy reaches below 20 cm for the 2D differences. It
can be noted that both solutions yield the desired
convergence time in a couple of minutes. Table 4 and 5
include the statistics of GPS-only and GREC 3D position
components differences after convergence time for the
two software.

Table 4. Statistical summary of position differences
obtained using PRIDE PPP-AR solutions for G-only and
GREC constellations.

Component G-only GREC

Min. | Max. MeanRMSE| Min. | Max. MeanRMSE
AE (cm) -9 7 1 2 -6 8 1 3
AN (cm) -15 | 7 -3 5 -13 | 8 0 4
A2D (cm) 0 16 5 5 0 14 4 5
Ah (cm) -17 | 25 5 9 -12 | 25 7 9

Table 5. Statistical summary of position differences
obtained using Ginan solutions for G-only and GREC
constellations.

Component — G-only - GREC

Min. | Max. MeanRMSE| Min. |Max. MeanRMSE
AE (cm) -9 7 -1 3 |-10] 7 -1 3
AN (cm) -16 | 11 | -2 5 |-18] 13 | -3 5
IA2D (cm) 0 17 5 6 0 19 5 6
Ah (cm) -24 | 34 6 13 | -30 | 34 6 14

When Figure 5, 6, and 7 are investigated, it is seen that
the horizontal and height components of the G-only and
GREC solutions obtained from both software have

positioning differences ranging from decimeters to
centimeters. It is also seen that the horizontal position
RMSE value of G-only and GREC solutions obtained from
both software is below 1 decimeter, while the height
component RMSE value is below 1 decimeter for PRIDE
PPP-AR and above 1 decimeter for Ginan (see Table 4 and
5).

Examining the results presented in Table 4, Figures 5
and 7, it is observed that for the G-only solution, the 2D
position difference reaches a maximum of 16 cm, with a
5 cm average and RMSE. For height component, the
differences range from -17 to +25 cm, with an average
value of 5 cm and an RMSE of 9 cm. In the GREC solution,
the 2D position difference has a maximum of 14 cm, with
an average of 4 cm and an RMSE of 5 cm. On the other
hand, height differences range between -12 and +25 cm,
with an average of 7 cm and an RMSE of 9 cm. Although
numerically it appears that the 2D position and height
differences, together with their accuracies, obtained by
the PRIDE PPP-AR, remain unchanged with multi-GNSS,
the difference graphs in Figure 5 and the boxplots in
Figure 7 show that the multi-GNSS results have become
more internally consistent, despite the existence of some
outliers. When analyzing the differences, distributions,
and statistics of Ginan solutions given in Figures 6, 7, and
Table 5, reveals different results compared to the PRIDE
PPP-AR solutions. According to the Ginan results, multi-
GNSS solutions do not provide significant numerical
improvements for 2D and height differences, or RMSE
values. In the Ginan G-only solution, the 2D position
difference has a maximum of 17 cm, with an average of 5
cm and an RMSE of 6 cm. Height differences are between
-24 and +34 cm, with an average value of 6 cm and an
RMSE of 13 cm. In the Ginan GREC solution, the 2D
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position difference has a maximum of 19 cm, with an
average of 5 cm and an RMSE of 6 cm. For height
differences range between -30 and +34 cm, with an
average of 6 cm and an RMSE of 14 cm. It implies that the
GREC solution obtained with the Ginan software offers
no improvements in horizontal or vertical positioning
compared to the G-only solution. Similarly, the Ginan
boxplots in Figure 7 do not show a significant advantage
of the multi-GNSS solution over the G-only solution.

Comparing Table 4 and Table 5, it is implied that for
both G-only and GREC solutions, the PRIDE PPP-AR
software improves the accuracy of the height component
by approximately 33% compared to the Ginan software
(reducing from 13 cm to 9 cm for the G-only and from 14
cm to 9 cm for the multi-GNSS solution).

The analysis further reveals that the PRIDE PPP-AR
solution produces slightly better horizontal and vertical
RMSE compared to Ginan for both G-only and GREC
configurations (Tables 4 and 5). This may be interpreted
as PRIDE PPP-AR's advanced ambiguity resolution
techniques contributing to more accurate positioning
solutions [56,57].

While PRIDE PPP-AR demonstrates relatively better
performance compared to Ginan, the anticipated benefits
of multi-GNSS over G-only solutions are not uniformly
observed. One possible reason may be the weighting
criteria differences among different satellite systems for
each software. This detailed comparison between the
PRIDE PPP-AR and Ginan solutions underscores the
importance of using advanced software for precise
positioning but also highlights the complexity of
achieving consistent improvements using solely multi-
GNSS configurations for kinematic GNSS observation.

4. Conclusion

This study set out to evaluate the performance of the
G-only and multi-constellation GNSS PPP technique for
offshore kinematic applications in the challenging
environment of Antarctica. In polar regions, since
satellites cannot be observed in the zenith direction due
to GNSS satellite orbit inclination angle, it is important to
use GLONASS satellites with higher orbit inclination
angle in short-term measurements. Therefore, in this
study, the GREC solution was implemented with two
different PPP software, and its advantages compared to
the G-only solution were investigated. Although web-
based PPP services are easier to use, the fact that these
services do not have quad-GNSS or multi-frequency
support and do not allow users to choose processing
parameters has paved the way for the use of open-source
(in-house) software (i.e. PRIDE PPP-AR and Ginan) that
provide more flexibility to the user in many academic and
practical studies. The findings of the study indicate that
PRIDE PPP-AR software has relatively better results
overall compared to Ginan software in both G-only and
GREC configurations. Furthermore, in the kinematic PPP
solution, while Ginan cannot reveal the contribution of
GREC configuration compared to the G-only solution,
PRIDE PPP-AR software has advantages on this subject
with its advanced ambiguity resolution algorithm. It
should be noted that the use of the PPP technique instead
of the relative positioning technique has advanced

contributions, especially in regions that are not suitable
for the establishment of dense GNSS networks and open-
seas. To obtain the reference coordinates required to
validate the PPP solutions, the relative positioning
solution and therefore at least one reference GNSS
station at a close distance to the study area are needed.
In this study, no reference stations were found that fit the
entire 3-day ship route, and only the PALM IGS station
could be found in the region that fit the 2nd day of the
ship route. It is quite difficult to find a proper reference
station at a sufficient distance to obtain a relative
solution in the Antarctic region, which necessitates the
use of the PPP technique in the area. The horizontal and
vertical accuracies obtained by both software solutions
for both satellite configurations indicate that the PPP
technique is sufficiently suitable for many marine
applications. Despite the challenges posed by the
Antarctic environment, achieving a positional accuracy of
less than one decimeter is still notable for kinematic
GNSS observations in maritime settings [45,46].
According to the accuracy levels obtained from the study,
this level of accuracy is useful and sufficient for many
positioning applications [58-61], like earth and marine
sciences, precise hydrographic surveys, mapping, and
logistics, in polar regions [20-23].
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