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Abstract: This study examines the influence of multipath errors on Global Navigation Satellite System
(GNSS) measurements collected at ASG-EUPOS reference stations between 2010 and 2021. Multipath
occurs when GNSS signals reflect off surrounding objects before reaching the receiver antenna,
leading to positioning errors. In the case of reference stations, all available mitigation techniques were
used to minimize the impact of multipath. However, it is still detectable and affects the measurement
results. For carrier phase differential positioning, it increases the ambiguous search space, which
results in a decrease in determining rover—reference station vector accuracy. The study employs
two linear combinations (Code-Minus-Carrier and Multipath Pseudorange Observable) to quantify
the multipath effect on both pseudorange and carrier phase measurements. Based on the research,
it was found that the multipath values changed depending on the change of the receiver and the
terrain around the reference stations. The study observed a gradual decrease in multipath errors from
2010 to 2021, likely due to technological advancements in receiver design. No significant increase
in multipath errors was observed due to environmental changes around the stations, suggesting a
minimal influence from new reflecting objects nearby. Based on the analyses conducted, it is also
recommended to perform periodic tests to detect incorrect receiver configuration or operation.

Keywords: global positioning system; GBAS; multipath

1. Introduction

A single GNSS satellite signal covers a large area of the earth’s surface. The receiver’s
antenna acquires only a small part of the broadcasted information. Naturally, the trans-
mitted signal reflects off objects around the antenna. Some of these reflected signals also
reach the receiver antenna. Eventually, the signal recorded by the device usually combines
direct signals (LOS—Line-Of-Sight) and indirect signals (non-LOS). In an extreme case,
the recorded signals may be from non-LOS signals only. Consequently, this results in
measurement errors in both code and phase observables. The term multipath is used to
describe the effect of the reflected signals on the loss of accuracy and reliability of the
obtained position.

Due to its nature, multipath significantly impacts both absolute and differential posi-
tioning. However, the impact of this error on each measurement type is different [1]. In the
case of pseudorange, the indirect signal interferes with the correlation of the direct signals’
Pseudo Random Noise (PRN). As a result, the main peak of the autocorrelation function
is deformed and does not reflect the code phase of the LOS wave, which directly affects
the accuracy of the pseudorange measurement and may result in a loss of lock [2]. The
size of the tracking error depends on the receiver/antenna design and the properties of the
reflected signal [3]. Hofmann-Wellenhof et al. stated that non-LOS signals can cause errors
in pseudorange determination up to 20 m [4]. In the case of carrier phase measurement,
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the maximum tracking error resulting from the multipath phenomenon is a quarter of the
carrier wavelength [5,6]. Therefore, for GPS satellites, this value will be approximately
4.8 cm, 6.0 cm, or 6.4 cm for L1, L2, and L5 carrier phases, respectively.

For aircraft and ships navigating en route, multipath is not typically considered
the primary source of measurement errors because, in these cases, few-hundred-meter
positioning errors are acceptable. Also, the integrity of navigational error information is
more important than its value. For all applications where any form of differential correction
is not required, the multipath phenomenon does not significantly affect the result. However,
multipath becomes problematic in both differential code and phase positioning. Currently,
this aspect is particularly considered when employing low-cost receivers and antennas,
as they may not always be designed or computationally equipped to effectively mitigate
the effects of multipath interference. Even though these types of receivers and antennas
are increasingly used for precise measurements, the multipath phenomenon still has a
greater impact on measurement results than in the case of professional receivers [7,8].
Performing differential positioning allows us to minimize the influence of most errors on
positioning results. This includes the effects of the troposphere, ionosphere, and ephemeris
data errors and receiver errors. However, this does not apply to multipath because it has a
highly site-dependent characteristic that makes it time and space uncorrelated at different
antenna locations [9,10]. Therefore, even for two receivers in close proximity, the effect of
multipath will be different. This difference is mainly due to the short wavelength used in
all GNSS systems [6]. In the case of carrier phase differential positioning, this error has two
main effects. First, the multipath in the measured pseudorange increases the initial search
space for correct ambiguities, extending the resolution time. Consequently, the accuracy
of the vector solution between the reference station and the rover receiver is affected [11].
A number of methods have been developed to limit the influence of multipath on the
measurement result. These methods can be divided into four categories [6]:

• Antenna placement;
• Antenna type;
• Receiver type;
• Measurement post-processing.

The easiest way to avoid multipath is to place the antenna in a place where there are no
multipath signal sources nearby or with a very limited possibility of its occurrence [6,9,12].
This requirement is crucial for locating GBAS reference stations. However, this condition is
troublesome and not always possible to meet due to factors such as urban environments or
limited available space [13].

Another way to minimize the impact of multipath is to use a specially designed
antenna. There are two main types of such antennas. The first one is a choke ring an-
tenna consisting of one element inside a set of concentric rings. Due to their design and
arrangement, these rings absorb electromagnetic waves that come from low or negative
elevation angles [14–16]. The second type is the pinwheel antenna designed by NovAtel
in the year 2000. This type of antenna consists of an array of 12 spiral slots surrounded
by 11 concentric slot rings. It performs similarly to the choke ring antenna but is twice as
small [17,18]. Nevertheless, due to their size, which is typically twice or once that of the
L-band wavelength, both types of antennas are primarily used for reference stations, as
their larger size may be impractical for rover receivers.

The third group of methods for minimizing the impact of multipath error is called
“receiver type” and refers to the signal processing method inside the receiver. While
receiver manufacturers are often hesitant to disclose details about their multipath mitigation
methods, numerous such techniques are documented in the literature. The multipath
limitation is related to the introduction of narrow correlator receiver architectures. Attention
should be paid to the correlator schemes developed by Ashtech, the Strobe and Edge
correlators [19]. Then, a year later, an enhanced Strobe correlator and Leica’s designed
correlator were presented [20,21]. Later, super-resolution concepts were used to detect and
minimize multipath [22]. Finally, receiver manufacturers most often used and still use a
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double-delta correlator technique based on previous solutions [23]. Later on, a number of
techniques based on the analysis of a number of correlators were developed and further
investigated by researchers [24].

Despite the use of the methods above, the influence of the multipath phenomenon on
the measurement results cannot be completely avoided. Therefore, several techniques for
dealing with observations that have been contaminated by multipath have been developed.
The approach to process such observations depends on whether the multipath mitigation
algorithms are real-time or post-processing, and whether the receiver is stationary or
kinematic. For kinematic applications, the simplest method is to apply to the weight
of observations under the premise that the multipath value is inversely proportional
to the satellite’s elevation angle [6]. Methods based on signal-to-noise ratio analysis or
code-to-noise ratio values were also developed [3]. The following method is common
for both kinematic and static applications. It involves using a linear combination to
find observations contaminated by multipath. Usually, the difference between the raw
pseudorange measurement and the carrier-smooth measurement or the difference between
code and carrier measurement is used. As a result of this operation, one obtains a metric
value, the sum of noise and multipath. Then, the change in positioning model weighting
can be made to minimize the influence of contaminated observations on the positioning
result [25–27]. For receivers located at reference stations, sidereal filtering is often used.
This method is based on the assumption that multipath repeats for a given satellite every
sidereal day [28–30].

The multipath phenomenon is a complex process. Despite strategies that function at
the level of transmission and acquisition of GNSS signals and processing of observations,
it is still impossible to exclude this error. In the case of precise satellite measurements,
this applies to both rover receivers and reference stations. The authors of this article
analyzed the change in pseudorange multipath error from the years 2010 to 2021 in the
Polish network of permanent GNSS stations, ASG-EUPOS. The year 2010 can be considered
the beginning of the network operation in its current form, although it should be noted
that the ASG-EUPOS system was initiated in 2008. As part of this research, 101 stations
in the network were analyzed. Two computational strategies were adopted to determine
the multipath: Code-Minus-Carrier (CMC) [25,31] and pseudorange multipath observable
(MP) [32–34]. Both strategies are linear combinations of code and carrier GNSS observables.
The computational methodology is described in detail in the next section. All available
observation files from a given year were used for the study. The results of approximately
72,000 (30 s) RINEX files were analyzed, counting the results of the mentioned linear
combinations for each epoch for each satellite. Such large data sets in the multipath context
in the ASG-EUPOS network have not been analyzed yet. ASG-EUPOS is often used for
RTK (real-time kinematic) and static positioning. In the assumed positioning methods,
multipath can significantly impact the positioning algorithms’ performance. The conducted
research allows us to determine how the characteristics of this phenomenon have changed
at ASG-EUPOS stations over the last decade. The authors wanted to check whether
possible environmental changes around the reference stations affected the magnitude of
the multipath error. Additionally, it was checked as to whether the changed generation
of the receivers significantly impacted the multipath error. Studying the characteristics
of the multipath error is one of the trends that modern geodesy deals with. The results
of the analyses performed are important for geodynamic research in Poland. Due to its
variable characteristics, multipath can significantly degrade the accuracy and reliability
of positioning results. Reference stations of the studied network are used to determine
the movements of the Earth’s crust. Knowing the changes in multipath characteristics can
influence the way of analyzing the time series used to calculate the station’s speed and
trend. This has a major impact on stations located in geologically stable areas where trend
values are of several millimeters per year.
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2. Materials and Methods

To determine the multipath value at ASG-EUPOS network stations, two computa-
tional strategies were employed. The first strategy utilized the observable values on the
L1 carrier to calculate the Code-Minus-Carrier (CMC1) linear combination. The second
strategy involved utilizing measurements on L1 and L2 carriers to determine the Multipath
Pseudorange Observable combinations (MP1, MP2).

2.1. Code-Minus-Carrier Combination

The Code-Minus-Carrier (CMC) linear combination is employed based on the premise
that multipath interference has a more pronounced impact on code measurements com-
pared to phase measurements. As previously mentioned, multipath error values in pseudo-
range measurements can reach several meters. Conversely, the maximum multipath error
for phase measurements will not exceed 6.5 cm [4–6]. Therefore, a significant difference
between the two values indicates a multipath effect. The subtraction of the measured
quantities will eliminate receiver clock delay, satellite clock delay, tropospheric delay, and
geometric distance. The CMC combination will have the following form:

CMC = p − φλ = 2I + (Mp − Mφ) + (e − ϵ)− Nλ (1)

where

• p—pseudorange measurement;
• φ—carrier-phase measurement;
• I—ionospheric delay;
• Mp—pseudorange multipath error (from several centimeters to few meters value);
• Mφ—carrier-phase multipath error (max 6.4 cm for L5 carrier);
• e—pseudorange noise (few centimeter value);
• ϵ—carrier-phase noise (sub-millimeter value);
• Nλ—carrier-phase range integer ambiguity.

Both the value of carrier-phase noise (ϵ) and the carrier-phase multipath (Mφ) can be
neglected in further consideration because they are at least two orders of magnitude lower
than in the case of their pseudorange measurement equivalents [6,35]. Consequently, the
CMC combination equation takes the following form:

CMC ≈ 2I + Mp + e − Nλ (2)

Referring to Equation (2), the determination of pseudorange multipath value ne-
cessitates the elimination or minimization of doubled ionospheric delay and the integer
carrier-phase ambiguity. Both of these values can be regarded as either constant or partially
constant due to their characteristics and behaviors over time. The carrier-phase integer am-
biguity (N) value for a given satellite can be treated as constant, as the tests were conducted
using static receivers, where this value remains unchanged. Prior to conducting the tests,
measurement data underwent preprocessing to identify and correct cycle slips. The value
of the ionospheric delay (I) can be treated as slowly varying during mild and moderate
ionospheric conditions. Therefore, a filter was applied to account for the time correlation
of the ionosphere within the range of 5 to 30 min [36,37]. Therefore, both of these values
were treated as biases when determining the pseudorange multipath [6,38,39]. The SMA
filter (Simple Moving Average) was used to eliminate both of these quantities. This filter
assumes that the average value CMC will be subtracted from each CMC value in the set.
The CMC value is calculated based on the equal number (k-samples) of data on either side
of a CMC value. The method has been previously used in similar applications [27,39,40].
For the Code-Minus-Carrier combination, a number of k samples had to be selected to
correspond to the period of change of the ionospheric delay (up to ±15 min from the center
CMC value). Then, the calculated average will take the following form:
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CMC =
∑k

i=−k CMCi

2k + 1
(3)

Finally, the value of multipath is obtained in the form of

CMCres = CMC − CMC = Mp + e + eres, (4)

where eres is a residual error due to the removal of the ionosphere and integer ambiguity.

2.2. Pseudorange Multipath (MP) Observable Combination

Pseudorange multipath (MP) observable is a linear combination algorithm designed
for dual frequency receivers. It assumes the use of dependencies between signals to
determine the influence of multipath on the measurement results. Pseudorange multipaths
MP1 and MP2 can be estimated according to the following equations [41–45]:

MP1 = P1 −
(

1 +
2

α − 1

)
λ1 φ1 +

(
2

α − 1

)
λ2 φ2, (5)

MP2 = P2 −
(

2α

α − 1

)
λ1 φ1 +

(
2α

α − 1
− 1

)
λ2 φ2. (6)

where

• MP1, MP2—estimates of pseudorange multipath error [m];
• P1, P2—pseudorange code measurement [m];
• λ1, λ2—carrier wavelengths [m];
• φ1, φ2—carrier—phase observable [cycles];
• f1 and f2 carrier frequency [Hz];

• α = ( f1
f2
)2.

Resulting pseudorange multipath values (MP1, MP2) are contaminated with pseudo-
range measurement noise and instrumental delays (e), a constant component associated
with phase ambiguities (B1, B2) and a component associated with carrier phase multipath
(mφ1, mφ2) [5,45]:

MP1 = MP1 − mφ1 + e + B1, (7)

MP2 = MP2 − mφ2 + e + B2. (8)

As in the case of the CMC combination, these values can be considered constant until
a cycle slip occurs. As mentioned earlier, after data preprocesing, it can be assumed that the
data did not contain cycle slips. Therefore, the SMA filter was used with the same number
of k-samples. Finally, the Multipath Pseudorange Observable values are obtained [33]:

MP1 = mp1 − mp1, (9)

MP2 = mp2 − mp2. (10)

3. Results

The research was carried out on the data from the network of permanent GNSS stations
ASG-EUPOS. Data from 101 stations that existed in 2010 and 2021 were used. All available
RINEX observation files were used for the calculations; for most stations, there were 365 files
per year. Both Code-Minus-Carrier (CMC) combinations and Multipath Pseudorange (MP)
observable combinations were used for multipath detection. Measurements with an interval
of 30 s for satellites located above the 15◦ elevation angle were used. Phase measurement
on the L1 carrier and C/A code pseudorange were used to calculate the CMC combination.
In the case of the MP combination, the L1 and L2 carrier phase measurements and the C/A
and P pseudoranges were used, respectively.
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3.1. Code-Minus-Carrier L1 Analyses

As part of the CMC analyses, daily mean values of the Code-Minus-Carrier linear
combination were determined for all available satellites. For the majority of stations,
365 average daily solutions were obtained. The statistical analysis of the obtained data is
presented as a box plot. The results of the analyses conducted for 2010 are illustrated in
Figures 1 and 2.

Figure 1. Annual statistics for 2010 of the Code-Minus-Carrier linear combination for the group
of reference stations of the ASG-EUPOS system (BART-LODZ). Red box—station with very high
CMC value.

In these figures, colors such as orange, blue, and green represent the types of receiver
and antenna sets utilized at individual stations. In 2010, the majority of the sets consisted
of Trimble (orange) devices, with 88 reference stations equipped with them. However,
nine stations exhibited average CMC values that significantly surpassed the acceptable
thresholds. These stations are marked with red rectangles (BPDL, BYDG, GWWL, LODZ,
NODW, REDZ, SWKI, USDL, and ZYWI) in Figures 1 and 2. The results from these stations
are further depicted in Figure 5. Excluding these nine stations, a noticeable consistency
in the value and range of results is observed for most Trimble devices. The RMS values
obtained there averaged 0.29 m, with a standard deviation of 0.01 m. Additionally, four
Leica (blue) sets and six Ashtech (green) devices were installed. Although Leica results
exhibit lower average RMS values compared to Trimble sets, they display a wider spread
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(mean RMS value of 0.13 m with a standard deviation of 0.07 m). Ashtech receivers showed
the highest RMS average CMC value and a distribution similar to Leica sets (mean CMC
RMS value of 0.52 m with a standard deviation of 0.04 m).

Figure 2. Annual statistics for 2010 of the Code-Minus-Carrier linear combination for the group
of reference stations of the ASG-EUPOS system (LOMZ-ZYWI). Red box—station with very high
CMC value.

The results of the analyses carried out for 2021 are presented in Figures 3 and 4. In
these figures, the colors orange, blue, and green represent the various types of receiver and
antenna sets utilized at individual stations. Leica sets are mounted at 60 stations, Trimble
sets are installed at 38 stations, and a JAVAD receiver is installed at the BOGI station. The
average multipath RMS value for the entire network was 0.21 m with a standard deviation
of 0.03 m. The average RMS value for reference stations equipped with Leica sets was
0.14 m, while for stations with Trimble sets the value was 0.33 m. However, based on the
analysis of data in Figures 3 and 4, it can be concluded that the data from the Trimble
receivers had a smaller spread. For Leica sets, a similar pattern to that in the case of
observations from 2010 is observed. Upon analyzing the statistical data, it becomes evident
that several stations exhibit an average multipath value exceeding twice the network’s
overall average. These stations are BIAL, BRSK JOZ2, RYKI, NWSC, WAT1, and WIEL.
Such statistical data may suggest the need for a deeper analysis.
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Figure 3. Annual statistics for 2021 of the Code-Minus-Carrier linear combination for the group of
reference stations of the ASG-EUPOS system (BIAL-LUBL).

Comparing the collections from 2010 and 2021, it can be noticed that in 2021 the use
of sets from the same manufacturer did not significantly change the characteristics of the
multipath. This can be observed, for example, at station KROS. In 2010, it was equipped
with a Trimble NETRS receiver and TRM41249.00 antenna set, which was changed to
a Trimble NETR9 receiver and TRM159900.00 antenna set. The mean CMC value in
2021 remained at a similar level to that of 2010. Similar situations occur in the cases of
stations BILG, BOR1, GRAJ, HAJN, LELO, MIMA, NWT1/NWTG, OSMZ, SOKL, TRNW,
and WODZ/WOD1. Changing receivers to Leica devices decreased the average CMC
values, although the distribution of results appears to be more pronounced with Leica
sets. Removal of Ashtech receivers notably reduced multipath values at all stations (BOGI,
CBKA, ELBL, GIZY, KLOB, NWSC, and POZN). At these reference stations, the average
CMC RMS increased from 10% to 50%. As mentioned earlier, in 2010, nine stations were
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identified for which the calculated mean RMS values of the Code-Minus-Carrier linear
combination had significant values (Figure 5).

Figure 4. Annual statistics of the Code-Minus-Carrier linear combination for the group of reference
stations of the ASG-EUPOS system (MIEL-ZYWI) in 2021.

In 2010, the selected stations were characterized by very high mean RMS values of
the Code-Minus-Carrier linear combination. They oscillated around values from 2.25 m
(NODW) to 3.00 m (ZYWI). The highest CMC values exceeded 4.00 m. Such multipath
characteristics could influence the results of differential positioning using observations
from these stations. As can be seen in 2021 (after changing the receiver and antenna sets),
the characteristics of the multipath phenomenon do not differ from the average values
observed in the entire network.
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Figure 5. Annual statistics of the Code-Minus-Carrier linear combination for nine selected stations in
2010 and 2021.

3.2. Pseudorange Multipath Observable MP1 MP2 Analyses

As mentioned earlier, the second part of the research consisted of analyzing the
results of linear MP combinations using L1 and L2 carrier frequencies. Daily mean values
were determined for all available satellites above 15◦ elevation angle. For most stations,
365 average daily solutions were obtained. The results of the tests are presented as graphs
of MP1 versus MP2 values for each station.

The results of the analyses carried out for 2010 are presented in Figure 6. The left
part of Figure 7 shows the results from all analyzed stations. On the right side is an
approximation of the distribution of MP1 vs. MP2 errors for the stations in the red rectangle
(limit value 0.60 m). The results from the four Leica sets have the lowest values, oscillating
from 0.10 m to 0.30 m for both combinations. The results from the six Ashtech sets have
the highest RMS values on average, oscillating above 0.40 m. Most of the results from
the Trimble sets are clustered in the 0.25 m to 0.40 m range for both the MP1 and MP2
combinations. As in the case of the analysis of the Code-Minus-Carrier linear combination,
nine stations were characterized by very high average RMS values for both combinations.
They oscillated from 2.46 m and 2.48 m for MP1 and MP2, respectively (NODW), to 3.26 m
and 3.28 m for MP1 and MP2, respectively (SWKI). Except for the REDZ station (for which
there were not enough observations on the L2 carrier), this is the same group of stations
that was selected during the CMC analysis. Such multipath characteristics influenced the
results of differential positioning using observations from these stations. The analysis in
the next chapter will be devoted to these nine stations.

The analyses conducted for the year 2021 are presented in Figure 7. The left part
of Figure 7 shows the results from all analyzed stations, while the right side depicts an
approximation of the distribution of MP1 vs. MP2 errors for stations within the red rectangle
(with a limit value of 0.60 m). In 2021, the average RMS values for MP1 and MP2 linear
combinations were more symmetrical than in 2010. However, analogies can be noticed
in the distribution of errors due to the used receiver sets. The study’s results allow for
drawing similar conclusions as in the case of the results from the CMC combination. Values
achieved with Leica sets are slightly lower than those with Trimble sets. Twenty-eight
stations equipped with Leica sets are below 0.35 m for both combinations, while only
five Trimble sets can meet this criterion. For seven stations, the average RMS results are
above 0.80 m (BART, BRSK, CHNO, CHOJ, HRUB, HOZD, and RYKI). The obtained results
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correspond directly to the analysis performed in 2013 by Araszkiewicz and Szafranek [46].
In this publication, the authors used double-differenced ionosphere-free linear combination
analysis to determine the phase multipath at ASG-EUPOS stations. Analogously to the
current analysis, the HOZD, HRUB, and RYKI stations have higher analyzed RMS values.
Therefore, in future studies, the observations from these stations will be examined more
closely. The lowest values of MP1 and MP2 were achieved for the WROC station, which are
0.13 m and 0.14 m, respectively. Conversely, the station most susceptible to the multipath
phenomenon is RYKI, with MP1 and MP2 values of 1.11 m and 1.26 m, respectively.

Figure 6. Annual statistics of the MP1 versus MP2 linear combinations for ASG-EUPOS reference
stations in 2010.

Figure 7. Annual statistics of the MP1 versus MP2 linear combinations for ASG-EUPOS reference
stations in 2021.

3.3. Analysis of Data from Stations Characterized by Large RMS Averages for All
Tested Combinations

This section provides a more detailed analysis of the results for BPDL, BYDG, GWWL,
LODZ, NODW, REDZ, SWKI, USDL, and ZYWI (Figure 8—marked in bold). At these
stations, there are significant differences in the results between 2021 and 2010. The results
from 2010, in which the average values reach 3.0 m, suggest that the measurements at that
time could significantly affect the positioning results using these stations. As a first analysis,
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24 h sidereal maps have been created. Those maps would allow the identification of areas
where all linear combinations had high results. The maps were separate for each linear
combination of CMC1 and MP. The signals from satellites below 15 degrees elevation angle
were excluded from the calculations because they are burdened with significant multipath
and are often not used for differential positioning. Sidereal maps were created with an
azimuth resolution of 0.5 degrees and elevation resolution of 0.5 degrees, and contained
absolute values of determined quantities. Adjacent values belonging to one point of the
map were averaged. The value adopted as the multipath combination threshold (T) was
as follows:

T = 3σ, (11)

where σ is the standard deviation of the whole set. Observations above this threshold were
considered outliers. Sidereal maps for the problematic stations are depicted in Figures 9–11.

Figure 8. ASG-EUPOS reference stations map.

The sidereal maps were created based on the results from available observational files
from 2010 (for example, 365 days for ZYWI station). Places where a high multipath value
was repeated on each of the analyzed days are marked in red. The trajectory of the satellites
is shown in blue. The maps for all the considered stations were very similar. It can be
seen that the algorithm detected the influence of the multipath phenomenon in 90% of
observations from a given station. Such a result is practically impossible, considering the
antenna locations and the antenna models mounted on the reference stations. Therefore,
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the authors decided to find the exact moment when the results from the reference stations
decreased to acceptable levels. Since 2010, average daily RMS values have been determined
for all problematic stations. In 2011, after DOY 143, all tested stations had an acceptable
average RMS for all considered linear combinations (Figure 12).

Figure 9. Mean 2010 sky plots with sidereal maps of BPDL, BYDG, GWWL, and LODZ stations.

Figure 12 depicts the time series of daily RMS values for the nine considered stations. In
the case of all receivers, there was a significant change on day 143 of 2011. As can be seen in
Figure 8, the stations are randomly distributed throughout the country; so, it is not possible
for significant changes in the environment that would change the multipath statistics to occur
at the same time. Therefore, the next step was to analyze the log files from the reference
stations. These materials include, among others, information about the receivers, antennas,
and the version of the software that was on the receiver. It was established that nine stations
were the only ones with Nav 3.8/Boot 3.56 receiversoftware. On DOY 143, the receiver’s
firmware version was changed at those stations from Nav 3.8/Boot 3.56 to Nav 4.41/Boot 4.18,
which significantly decreased the values of the tested linear combinations (CMC, MP1 MP2).
Therefore, the authors conclude that the incorrect values of the tested linear combinations
(CMC, MP1 MP2), high daily RMS, and average annual RMS result from improper operation
or incorrect settings of the receivers located at the nine considered stations.
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Figure 10. Mean 2010 sky plots with sidereal maps of NODW, REDZ, SWKI, and USDL stations.

Figure 11. Mean 2010 sky plots with sidereal map of ZYWI station.
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Figure 12. CMC RMS time series for the surveyed stations in 2011.

4. Discussion

This study conducted a comparative analysis of the impact of the multipath phe-
nomenon on the results of GNSS measurements at ASG-EUPOS system reference stations
between 2010 and 2021. The tests used the Code-Minus-Carrier linear combination at the
GPS L1 frequency and pseudorange measurement linear combination at the L1 and L2
frequencies. Two methods were employed to determine the multipath impact, providing
reference values and a comparative scale. In 2010, nine stations were detected for which the
average results for all tested combinations exceeded 2.50 m. Additional analyses were per-
formed for these stations and found that the reason for such high values was the improper
operation of receivers with a specific firmware version. Consequently, the authors con-
cluded that false multipath effects were detected due to firmware error or incorrect receiver
configuration. The remaining analyses were conducted excluding these nine stations. In
2010, most of the receiver and antenna sets installed at ASG-EUPOS system stations were
manufactured by Trimble, while in 2021, 60 percent of the sets came from Leica. Regardless
of the considered year, it can be seen that the Trimble receivers are characterized as having
about 0.15 m higher average values of every linear combination than those of the Leica
receivers but they also have a lower standard deviation. These differences were directly
reflected in the overall annual statistics for the analyzed periods. The average value of the
CMC linear combination in 2010 was 0.30 m with a standard deviation of 0.01 m, whereas
in 2021, these values stood at 0.21 m and 0.03 m, respectively. In 2021, the average CMC
linear combination RMS value for the stations with Leica sets was 0.13 m, with a 0.07 m
standard deviation. In 2010, only four stations were equipped with Leica sets, precluding
accurate statistical analysis. However, it should be noted that the average RMS value was
0.14 m for these four stations. Analyses conducted on linear combinations MP1 and MP2
yielded very similar results. Notably, no significant increase in the multipath impact on
measurement results was observed for any of the tested stations, indicating the absence of
new multipath-causing objects in the vicinity of the stations. Based on the research, it can
be concluded that the impact of the multipath error decreased between 2010 and 2021. This
change mainly results from the applied technological solutions. However, the observed
change is insignificant and will not increase the positioning quality. Although significant
differences can obviously be observed at the nine stations that worked incorrectly in 2010
and in half of 2011. Given the prolonged incorrect operation of receivers at these nine
stations, the authors recommend evaluating observation results after each firmware up-
date. Future research endeavors are planned to assess the current state of multipath in the
ASG-EUPOS network. Considering the network’s utilization for modeling Earth’s crust
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movement, the authors intend to investigate carrier phase multipath, which is crucial for
both real-time kinematic positioning (RTK) and precise point positioning (PPP).
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