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Studying the Repeatability of Measurements Obtained via
Network Real-Time Kinematic Positioning at Different
Times of the Day

Estudio de la repetibilidad de mediciones obtenidas mediante
posicionamiento cinematico de red en tiempo real para diferentes
momentos del dia
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ABSTRACT

The network real-time kinematic (NRTK) positioning technique is currently used in numerous applications. The aim of this study was
to better understand the process of obtaining accurate positions by statistically evaluating the significance of differences between
repeated measurements for a single point at different times of the day (morning, noon, and evening) using the Virtual Reference
Station (VRS), Flachen Korrektur Parameter (FKP), and Master Auxiliary Concept (MAC) correction methods. An analysis of variance
(ANOVA) was used to this effect. Further analysis was carried out to determine the accuracy and precision of the coordinate differences
obtained via a static GNSS (global navigation satellite system) and by averaging the repeated measurements. It was determined that
the accuracy and precision of the vertical component of the coordinates were lower than that of the horizontal component. The
FKP correction method yielded the best results. It was observed that the accuracy and precision of the measurements taken at noon
were the lowest. The ANOVA showed that the differences between repeated measurements were statistically significant and that
there were outlier measurements. The results of this study are important for NRTK users to be able to statistically evaluate different
measurement configurations and obtain positions with the desired accuracy and precision.
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RESUMEN

La técnica de posicionamiento cinematico de red en tiempo real (NRTK) se utiliza actualmente en numerosas aplicaciones. El objetivo
de este estudio fue comprender mejor el proceso de obtencion de posiciones precisas evaluando estadisticamente la importancia de
las diferencias entre mediciones repetidas para un solo punto en diferentes momentos del dia (manana, mediodia y tarde), utilizando
los métodos de correccion de Estacion Virtual de Referencia (VRS), Parametro de Correccion de Area (FKP) y Concepto Maestro
Auxiliar (MAC). Para ello, se utiliz6 un andlisis de varianza (ANOVA). Se realizaron andlisis adicionales para determinar la exactitud
y la precision de las diferencias de coordenadas obtenidas mediante un GNSS (sistema global de navegacion por satélite) estético
y promediando las mediciones repetidas. Se determind que la exactitud y la precision del componente vertical de las coordenadas
eran menores que las del componente horizontal. El método de correccion FKP proporciond los mejores resultados. Se observd
que la exactitud y la precision de las mediciones realizadas al mediodia eran las mds bajas. El ANOVA mostrd que las diferencias
entre mediciones repetidas eran estadisticamente significativas y que habia mediciones atipicas. Los resultados de este estudio son
importantes para que los usuarios de NRTK puedan evaluar estadisticamente diferentes configuraciones de medicién y obtener
posiciones con la exactitud y precision deseadas.

Palabras clave: ANOVA, FKP, GNSS estatico, MAC, NRTK, VRS

Received: November 03™, 2022
Accepted: July 27", 2023

Introduction signals in real time. Network RTK is a development that uses
multiple base stations and provides wide coverage. PPP is a
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systems. The coordinates of new positions are momentarily
calculated using classical RTK applications. Due to the
increase in distance-dependent errors, the distance between
the reference receiver and the mobile receiver is set to be
between 10 to 15 km (Gao et al., 1997; Han, 1997; Colombo
et al., 1999). To eliminate limitations based on distance and
increase the positioning accuracy, GNSS reference stations
have been put into operation, generating continuous static
and real-time observations. GNSS reference stations, as
well as data processing stations and NRTK designs, have
made significant contributions to GNSS users in terms of
cost and speed. In the NRTK approach, corrections based
on information obtained from multiple reference stations
are calculated by using correction techniques like VRS,
FKP, and MAC, which are then sent to the mobile receiver
(Raquet, 1998; Chen, 2000; Dai et al., 2001; Cannon et al.,
2001; Wanninger, 2002). The positions of GNSS receivers
are determined with centimeter accuracy via the relative
positioning technique, using correction techniques and
observations from reference stations (Wanninger, 2002;
Landau, 2002).

PPP relies on a single receiver and performs positioning
based on continuous GNSS data and analyses, including
precise orbit and clock information. In Ge et al. (2008),
the importance of integer uncertainty resolution for
improving the eastern component was emphasized within
the framework of the PPP method. This was confirmed via
analysis using IGS data, and it was concluded that PPP can
be improved in terms of accuracy and repeatability.

Li et al. (2015) presented a model and service system for
real-time precise orbit determination, time estimation, and
positioning using observations of the four satellite systems
(GPS, GLONASS, BeiDou, and Galileo). Statistical analyses
showed the good accuracy of these satellite systems. It was
emphasized that multi-GNSS PPP can provide continuous
position estimates up to a 40° elevation angle limit with a
high availability rate.

In Dardanell et al. (2021), a comparison between GNSS
position determination methods (PPP, NRTK, and static
mode) was performed. NRTK and static solutions were
obtained by analyzing a local GNSS CORS network. The
PPP solution was calculated using a different software.
A statistical approach was used to check whether the
coordinate differences belonged to a normal distribution.
The results showed that the static mode and the NRTK pair
provide the best fit.

Gandolfi et al. (2017) evaluated the performance of the PPP
method in static positioning. Accuracies ranging from 5 mm
to 10 cm were obtained through analyses using 24, 12, 6, 3,
and 1 h data obtained from European GNSS stations. It was
determined that accuracy decreases as the data duration
decreases.

NRTK applications have recently become important in
real-time positioning and have been developed in parallel
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with modern technology. Rizos et al. (2002) evaluated the
theoretical and practical problems of NRTK applications in
terms of geodesic points. Landau et al. (2002) explained
the general functioning of the VRS method, and Hu et
al. (2003) studied its performance. In a different study
conducted by Hu et al. (2003), several tests were carried
out at different locations in Singapore, with the purpose
of determining the start time and positioning accuracy of
VRS RTK positioning. Wielgosz et al. (2003) revealed that,
regarding accuracy, the average distance between reference
stations should be between 30 and 40 km. Herbert et al.
(2003) discussed the advantages and disadvantages of the
VRS method when compared to the FKP method. In a work
conducted by Grejner-Brzezinska et al. (2005), the accuracy
of NRTK correction techniques was evaluated using different
strategies, obtaining a 2 cm accuracy in the horizontal plane
and a 4 cm accuracy in the vertical plane. Moreover, Kun
and Yonh (2006) studied the applications and developments
of the continuously operating reference station (CORS).

In a study by Brown (2006), different aspects of the MAC,
VRS, and FKP methods were compared. Eren et al. (2009)
thoroughly explained the TUSAGA-Aktif (CORS-TR) project.
Pirti et al. (2009) presented a cadastral application for the
use of RTK-GPS in boundary measurements. Janssen (2009)
compared the VRS and MAC techniques. In another study
carried out by Janssen et al. (2011), a methodology was
presented for the measurement and control of RTK-GPS-
based infrastructure observations in cadastral studies.

Garrido et al. (2014) studied the accuracy and precision
of the results obtained via the VRS and MAC correction
methods within an NRTK approach for two active GNSS
networks in Spain. The positioning and evaluation of wide-
area GNSS networks were carried out by Tarig in 2012.
Martin (2012) tested the performance of NRTK in Ireland,
and Bisnath et al. (2013) determined the accuracy of
horizontal NRTK applications to be in the order of cm. Cina
etal. (2015) discussed the applications, benefits, limitations,
and problems of NRTK and tested its performance. Dabove
et al. (2014) emphasized that there were no limitations for
network products, and that, when the distance between
stations increases, the results obtained from postprocessing
are limited. Kudrys et al. (2011) conducted a comparative
analysis of the positions of the points determined using
current network/surface corrections in the VRS, MAC, and
FKP formats in the NAWGEO service of the ASG-EUPOS
system.

In Turkey, several studies on NRTK GNSS applications have
been carried out in recent years. In Ogiitcii and Kalayci
(2018), for example, measurements were carried out by
taking the baseline lengths of approximately 5-20-40-50 km
according to the nearest CORS station. This study aimed to
establish the empirical accuracy and precision models of
the FKP, MAC, and VRS NRTK techniques as a function of
baseline distance and occupation time. In Atinc and Hosbas
(2019), measurements from disabled and unobstructed
environments (where sky vision is limited) were compared
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in terms of accuracy. The performance and use of the CORS
were examined based on the results obtained near or below
the wooded area. In Gokdas and Ozliidemir (2020), two
CORS networks in Turkey were employed to study the effect
of the FKP and VRS correction methods on accuracy and
precision at different base lengths in NRTK positioning. An
experimental mathematical model was developed to express
this effect.

In general, some changes are observed in NRTK applications,
in the form of an increase or decrease in the 3D point position
values obtained at different times during the day. These
changes are due to the different directions and the intensity
of various factors on the observation values obtained.
Atmospheric conditions, environmental factors, the number
of visible satellites and their different configurations,
satellite geometry, the NRTK correction method used,
signal interruptions, reflective surfaces, design features
and the quality of GNSS receivers and antennas, different
measurement configurations, the user’s location, and the
distance from fixed stations in the network, among others,
are the different factors that affect NRTK GNSS accuracy.
The effects of some of these factors on positioning accuracy
are greatly reduced or eliminated by modeling. Studies on
solutions to problems encountered during applications of
NRTK are continuously being published. The most suitable
measurement configuration should be selected to obtain
accurate and sensitive results. The use of statistical methods
can be very useful for interpreting results and selecting
measurement times.

In this study, repeated three-dimensional position data
were obtained from a NRTK GNSS application at different
times of the day, at the same point, and using the same
satellite system and measurement configurations, the same
GNSS receiver, and antenna. Atmospheric conditions,
environmental factors, the number of visible satellites, and
satellite geometry changed while measurements were being
made. The effects of changes in these factors on positioning
accuracy during the day were statistically tested. Since our
work studied the point position accuracy of the repeated
measurements obtained according to different correction
methods at different time intervals of the day, the factors
that most affected this relationship and that actually changed
over time were taken into account as a whole. These
differences were determined statistically via an analysis of
variance (ANOVA) and multiple comparisons.

This study aims to contribute to a better understanding
of accurate positioning by statistically evaluating the
differences between repeated measurements made at
different measurement times and using different correction
methods in NRTK. Significant differences were further
investigated using the correction methods at different
times. The results of this study allow people using NRTK to
statistically evaluate different measurement configurations
and obtain position information with the desired accuracy
and precision. The materials and methods section provides
general information about the NRTK technique, different

correction techniques (VRS, FKP, and MAC), the factors
affecting accuracy, the working area, the TUSAGA Aktif
Network, measurement configurations and methods, and
statistical analysis methods.

Materials and methods

In light of the above, the NRTK technique was developed,
through which systematic and atmospheric errors can be
modeled via repeated observations based on many GNSS
reference stations. While position information is obtained by
using GNSS reference stations in a CORS structure, different
data transmission methods are used to model corrections in
the observation space.

The data transmission methods that are widely used around
the world, as well as in this application (VRS, FKP, and
MAC), are completely different from each other. In the first
technique, an imaginary VRS point at a 1T m distance to the
mobile GNSS receiver is identified. Observations at the VRS
points are then obtained via surrounding GNSS reference
stations. Correction parameters for mobile receivers are
calculated by interpolating numerous GNSS reference
station data inside the study area. Assuming that the CORS
closest to the mobile GNSS receiver is the main reference
station (A), the mathematical formulation of the VRS model,
including inter-satellite binary differences (for m, n satellites)
and geometric displacements for A and the VRS station, is
defined below (Vollath et al., 2000a; Vollath et al., 2000b;
Wanninger, 2002; Landau et al., 2002; Wei et al., 2006):

VAQ s = (Ags - A" M

m,n 1 m,n m,n m,n m,n
VA(pA,’VRS = Z(V L vrs — VAL Vs + VATA,VRS )VANA,VRS 2)

VAP, s =(Pins = P = (Plis = P 3)

V : single differences

VA : double differences
A" single differences
Apys : single differences
VAQ s+ double differences

VAL™ o ) .
AP+ geometric distance between satellites and stations

VA )
477 : jonospheric delay

VALs : tropospheric delay

VANZins : carrier phase initial ambiguity

FKP is an area-correction parameter method developed
by the German SAPOS group. To calculate correction
parameters using this technique, a simple plane formed
by connecting three points is used as a surface reference.
Correction parameters between three points, whose
positions are accurately known, are defined as changes
in North-South and East-West directions. These surface
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parameters are expressed as area correction parameters. A
separate FKP plane is constructed for each reference surface.
In this approach, atmospheric and carrier phase corrections
for each permanent station within the entire GNSS network
are calculated (Wiibbenna et al.,, 1996; Wibbena et al.,
2007; Park et al., 2010). The FKP model can be described as
(Jin, 2012; Witbbena and Bagge, 2006):

81, =63TH(N,((p— @z )+ Ey (A— A )cosp,  (4)
61, =63TH(N,(p— ¢ )+ E (A— Az )cosp,  (5)

H=1+16(0.53-E/z) (6)

N, : FKP parameter N-S direction, ionospheric delay [ppm]
E : FKP parameter E-O direction, ionospheric delay [ppm]
N, : FKP parameter N-S direction, tropospehric delay

E,: FKP parameter E-O direction, tropospheric delay

Pr, Ay : geographic coordinates of the reference station
@, A :the rover approximate coordinates

E: satellite elevation [°]

6r0: distance dependent error of geometric signal

combination

ér1: distance dependent error of ionospheric signal

The corrections on L and L, are:
120

on_ory+| — |on (7)
154
154

or,_ory+| — |on, (8)
120

correct :R_érz (i:1+2) (9)

The concept of MAC was proposed by Euler (2001) and is
regarded by the RTCM SC104 working groups as a standard
for network correction. In this NRTK application, the GNSS
receiver sends its position to the calculation center. The
closest station to the receiver is selected as the main station,
while the others are called auxiliary stations. Observations
at the main and auxiliary stations are combined to obtain the
correction differences. In this method, the points forming
the network are separated into clusters, and corrections
for each region are then calculated from the main and
auxiliary reference points (Euler et al., 2001; Brown et al.,
2006; Leica Geosystems, 2005). NRTK-based positioning
applications are designed according to one of the different
correction techniques mentioned above. The MAC model
for the satellite (i) between the main reference station (A)
and the auxiliary reference station (B) with respect to single
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differences is defined as follows (Jin, 2012; Euler, 2006;
Lin, 2006):

ANQ,, = AP, +cASt y + AAN', + AT, — A’y + AY ), (10)

In the Equations above,

A@,: single differences of the phase measurements
between A and B

P45 : geometric distance difference between two stations
Ot 4 - satellite clock errors
N’ : initial uncertainty of the frequency-dependent phase

T4+ tropospheric errors

1
Lyp. ionospheric errors
Y, : satellite orbit errors

Moreover, there are many factors that affect positioning
accuracy in NRTK applications, one of them being satellite
geometry, which expresses the distribution of satellites
relative to each other and to the receiver on the earth.
Accuracy is better when GNSS satellites are dispersed in
a wide area in the sky. In addition, interruptions during
GNSS observation may be due to objects that prevent
signals from reaching the receiver, a low signal-to-noise
(S/N) ratio due to poor ionospheric conditions, the signal
reflection effect (multipath), and faults in the receiver
software. GNSS receiver antennas can simultaneously
receive satellite signals from all directions depending on the
terrain structure and the signal elevation angle. The signal
reflection (multipath) effect, which involves the arrival of
signals broadcasted from satellites to the receiving antenna
while following one or more paths, is also a factor that
affects positioning accuracy.

One of the most important factors affecting NRTK positioning
accuracy corresponds to ionospheric and tropospheric
effects. Signals from satellites reach the receiver by passing
through different layers of the atmosphere (e.g., ionosphere
and troposphere). Thus, they are exposed to different effects.
The ionosphere is the upper region of the atmosphere,
where air molecules are highly concentrated and gain
electrical conductivity. Since the position of the ionosphere
relative to the sun changes over time, ionization levels also
change. Therefore, the magnitude of the ionospheric effect
varies depending on the frequency of the satellite signal,
time, location, season, and solar radiation movements. In
general, the effect of the ionosphere on electromagnetic
waves is greater during the daytime than at night (Klobuchar
and Doherty 1990; Kahveci et al., 2021). In the troposphere,
which is close to the ground, signals are delayed especially
due to water vapor. Tropospheric refraction has two
components. Out of these, the dry air component causes
90% of the total fracture. The air pressure at the observation
point is used to model the dry component of the troposphere.
The other component, wet air, has little effect but is more
difficult to model (Davis et al., 1985).
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Ambiguity is another factor affecting the accuracy of NRTK
GNSS positioning since it is uncertain how many full waves
are present in the carrier wave phase between the satellite
and the receiver during the first epoch (first instant). Many
methods (such as P-code assisted, antenna displacement,
modern QIF (Quality Indicator for Fix), and OTF (On-The-
Fly) have been developed to solve this problem (Brown,
2006).

One of the most important factors affecting positioning
accuracy corresponds to the hardware features of the GNSS
receiver and antenna. In addition, environmental effects
must be taken into account in selecting the location of GNSS
receivers. These receivers should not be installed too close
to the ground, and it is important that there are no reflective
surfaces causing signal reflection at the measuring point.
In addition, given the increased distance between the fixed
stations forming the network and the application points
in NRTK, the atmosphere, satellites, and the surroundings
of the stations affect positioning accuracy; as the distance
between points increases, these effects become independent
from each other, but they can be neutralized via modeling.

In this study, the effects of the various factors involved in
NRTK GNSS positioning accuracy during the day were
statistically studied with repeated measurements. The
CORS network, which is called TUSAGA Aktif and is used for
determining locations in Turkey (especially in Istanbul), was
employed in this study (Figure 1). The differences between
the position values obtained at different times of the day and
according to different correction methods were evaluated
via an ANOVA and multiple comparisons.
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Figure 1. TUSAGA Aktif NRTK control station positions and the study
area in Istanbul
Source: Author

The TUSAGA Aktif Network consists of 158 reference
stations over the entire country, three of which are located
in Istanbul. The distances between stations range from 80
to 100 km, and static and real-time coordinate positions can
be determined in an accurate, quick, and economical way.
The control center sends corrections obtained via the VRS,
FKP, and MAC techniques to mobile receivers. TUSAGA

Aktif Network coordinates were obtained from the 2005.00
reference epoch of the ITRF 96 Datum (Eren et al., 2009). In
this study, the coordinates obtained via the NRTK application
correspond to the Gauss-Kriiger cartographic representation
(ITRF 96/GRS 80), which is based on the Transversal Mercator
(TM) projection and divided into 3° slices with values of 27°,
30°, 33°, 36°, 39°, 42°, and 45° mid meridian longitude
(A0) for Turkey. The scale factor is 1. The horizontal axis of
the coordinate system is the equator, and the vertical axis
is the slice median meridian. The orthogonal coordinates
of the origin were taken as (500 000, 0) to avoid negative
values on the left of the slice. The geographic coordinates
of the origin were (A0, 0) (Basaran, 2019). In this coordinate
system, Y and X represent the orthogonal coordinates (right
value, upper value), and h represents the ellipsoidal height.

The selected study area was the UZEL location of the
Davutpasa Campus, Yildiz Technical University (Figure 2).
The KARB, SLEE, and ISTN points, which carry out 24/7
observations within the TUSAGA Aktif Network, were
used as fixed locations. The distances between these
fixed stations and the application point are given in Figure
1. Measurements were carried out with an observation
period of at least 5 h. The elevation angle was 10° and the
recording interval was 10 s. Satellite signals were recorded
using the GPS/GLONASS satellite configurations. The final
IGS ephemeris was used in post-processing GNSS solutions.
Based on these fixed points, adjustments were made
according to the least squares method. The coordinates and
rms values of the adjusted UZEL point are given in Table 1.
The location of UZEL (X, Y, h), with millimeter precision, was
determined from the 2005.00 reference epoch of the ITRF
96 Datum, using the GNSS solution software for static GNSS
applications. The resulting coordinates were used as actual
values to determine the accuracy of the measurements
obtained with the NRTK application at different times of the
day.

The UZEL locations corresponding to the morning,
noon, and evening were determined via the VRS, FKP,
and MAC correction techniques used in NRTK. These
measurements were taken since the factors affecting NRTK
positioning accuracy are different throughout the day. Our
measurements were taken at a single point on a sunny
summer day when the weather conditions were stable and
there was no wind or rain. It is important to mention that the
ionization of the ionosphere changes over time according to
its position relative to the sun, so the effect of the ionosphere
on electromagnetic waves is greater during the day than at
night.

In this study, a Topcon HyperPro GNSS receiver was used
for the NRTK and static GNSS applications, and the Topcon
Link v.8.2.3 software was used for evaluating the NRTK
applications. The accuracy of this equipment, as declared
by the manufacturer, is 10 mm + 1,0 ppm for horizontal
positioning and 15 mm + 1,0 ppm for vertical positioning
in environments without high PDOP and ionospheric
activity. Furthermore, Topcon Hyper Pro has a tracking
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feature (GPS+GLONASS) which provides 40% more satellite
coverage, eliminating downtime due to poor satellite
coverage or obstructions. Multipath correction was applied
to the repeated measurements. The Topcon Hyper Pro RTK
Receiver has a feature that reduces the effects caused by
signal reflection, which was used in our study. Thus, Table 1
shows that the multipath effect was considered, as multipath
correction was included in the measurements.

For each correction technique, the UZEL location was
measured in consecutive time periods (interval of 1 second)
averaged over 45 minutes (Table 1). Accuracy and precision
were evaluated via the average of repeated measurements
and coordinate differences obtained from static GNSS.

Boxplots of the coordinate differences obtained from the
averages were elaborated in order to determine whether
these differences are sensitive with respect to each other. We
also evaluated whether the X, Y, and h coordinates obtained
from the NRTK application are significantly different from
each other in statistical terms. If a significant difference
was found, an ANOVA was performed with the purpose of
determining its time period and correction method.

If a difference between groups was found as a result of the
ANOVA, post hoc tests were conducted to identify the cause
of this difference. If variance homogeneity was achieved,
the Tukey test was used. However, in the opposite case,
Tamhane’s T2 was applied. The SPSS software was used to
perform analyses of variance. This software offers a p-value
(Sig) of 95% to confirm the significance of the F-test. If the
p-value is lower than 0,05, the H, hypothesis is rejected.
Moreover, SPSS constructs sub-groups based on dependent
variables (Kalayci, 2010). These sub-groups are determined
according to the correction methods and the different times
of the day analyzed. The following section shows the results
obtained in this regard, which are statistically interpreted
with the help of tables and graphs.

Results and discussion

This study considers the effects of many factors involved in
the positioning accuracy of NRTK applications. In general,
as the geometry of the satellite changes during the morning,
noon, and evening hours of the day, positioning accuracy
is affected. In addition, the number of satellites that are
visible at certain times of the day changes according to their

L,lt)x‘:{l\‘ oact

Figure 2. UZEL location
Source: Author

Table 1. Measurement data for NRTK and static GNSS

Source: Author

Start and finish time — epoch number
Correction Morning Noon Evening
method
07:00 -10:00 12:00-15:00 19:00-21:00
NRTK MAC 2 564 2 560 2527
FKP 2510 2 506 2632
VRS 2519 2022 3012
1 s (multipath effect)
Post- Three points (control station) - 24 h
processing KARB SLEE ISTN
. UZEL point adjusted coordinates and rms
Static GNSS X(m) Y(m) h(m)
C°°’(°I']i]?ates 4543749,092 406541,0325 126,9082
rms (m) 0,002 0,003 0,007
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different configurations (GPS, GLONASS). The number of
visible satellites should be as large as possible, as many
measurements are required to increase positioning accuracy.
To be able to see more satellites with GNSS receivers,
specific elevation angles are necessary. More satellites
can be seen at lower elevation angles, but they negatively
affect positioning accuracy due to atmospheric refraction. In
this study, the elevation angle as set at 10° for the NRTK
applications.

The multipath effect varies according to environmental
conditions. The hardware features of receiver antennas are
crucial in increasing the accuracy of the height component.
In order to eliminate ionospheric delay, a dual-frequency
Topcon Hyper Pro GNSS receiver was used, considering
the fact that waves of different frequencies will encounter
different resistances. In addition, due to seasonal effects
and instantaneous changes in the atmosphere, unexpected
results can be obtained because of the troposphere.

The data and the corrections were received from the same
fixed stations in the NRTK network during measurement. We
attempted to ensure the same conditions for different times
of the day in order to minimize the effects associated with
variability. In this study, repeated observations of a single
point were made upon the basis of more than one GNSS
reference station. All this, by using the NRTK technique,
through which systematic and atmospheric errors can be
modeled and different correction methods.

This section shows the results obtained using the
materials and methods explained in the previous section.
The coordinate differences obtained from the average of
repeated measurements were examined to determine if they
were sensitive to each other. Boxplots, which contribute to
an interpretation of the results, were elaborated to clearly
visualize the differences (Figure 3).

Figure 3 shows that the differences in the h coordinate
are greater than those in the X and Y coordinates for the
three correction methods. The values obtained via the
VRS correction method are close to the average values. In
addition, outlier measurements were observed. All boxplots
in Figure 3 show a normal distribution. A comparison of
repeated measurements was carried out via an ANOVA.

The accuracy and precision values of measurements
obtained via NRTK positioning at the UZEL location are
shown with different measurement configurations. Precision
values were determined by averaging the measures obtained
for each correction method at different times of the day. The
coordinates of the UZEL point found via the static GNSS
method were regarded as an absolute value. Accuracy values
were then determined by subtracting the coordinates found
by the static GNSS method from those of each correction
method. This is shown in Figure 4.

It can be observed that the accuracy and precision values
along the h coordinate axes are lower than those in the

TUSAGA-VRS TUSAGA-MAC
0.12 0.12 T
0.08 0.08 T
0.04 time 0.04
. morning I 5
o
- ing = 2
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£ E %% morning I8 £
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]
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-0.04
-0.08
-0.12

x y h

Xy

Figure 3. Boxplots of the differences obtained from repeated measurements

Source: Author
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other two axes. In general, the results obtained with the
FKP method are better. Differences were observed between
the results for different times of the day. The accuracy and
precision values of the measurements obtained at noon are
lower than those obtained in the morning and evening. The
results obtained through the MAC correction method seem
to be lower than those of the other two. In the TUSAGA
Aktif system, there is no GLONASS satellite data for the
MAC method. In this method, the initial lockout time can be
extended for network corrections. When the first correction
dataset in the network arrives at the GNSS receiver, complex
algorithms for fault modeling are used depending on the
software employed. The location resolution may take time
depending on processor speeds. Since all calculations are
carried out on the rover, the appropriate software must be
installed. This is why the accuracy of the MAC method may
be lower than that of others.

Gumus (2016) attempted to determine whether there is a
statistically significant difference between the coordinates
obtained with different correction methods at different
elevation angles and in epochs in NRTK applications. When

Precision

0.018
0.016
0.014
0.012
0.010
0.008
0.006
0.004
0.002
0.000

Morning Noon |Evening |Moming Noon | Evening| Morning Noon | Evening|

MAC FKP VRS

mx my mh mx my mh Hx my mh

meter

comparing statistical data on different variables, the accuracy
regarding the h coordinate axis was shown to be lower. The
FKP and VRS methods showed different characteristics, while
the MAC method showed similar features. By comparing the
results of our study against those of Gumus (2016), close
values can be observed, albeit with differences in the order
of millimeters for different times of the day. In this study,
the MAC method differs from the other two along the x and
y coordinate axes. This shows that using different correction
methods at different times of the day affects the results to a
small extent.

We evaluated whether there was a significant difference
between the X, Y, and h coordinate values obtained. If
there was a difference, its corresponding time period and
correction method were identified. The ANOVA showed a
normal distribution for each test group while statistically
confirming the hypothesis that the variance values of the
groups were homogeneous. Table 2 shows the mean and
standard deviation values of the X, Y, and h coordinates
obtained for different time intervals and correction
methods.

Accuracy

0.018
0.016
0.014
0.012
0.010
0.008
0.006
0.004
0.002
0.000

Morning Noan |Evening | Morning Noon | Evening| Morning Noon  Evening]

meter

MAC FKP VRS

Hx By Bh Hx Hy mh Ex By mh

Morning Noon Evening Morning Nogn Evening
Figure 4. Accuracy and precision values
Source: Author
Table 2. Mean and standard deviation values of the X, Y, and h coordinates (m)
Time Correction X(m) Y(m) h(m)
Interval Method Mean Stg, Mean Stg, Mean Ste(i
Morning FKP 0,000 0,005 0,000 0,005 0,000 0,013
MAC 0,000 0,013 0,002 0,026 | -0,002 0,044
VRS -0,009 0,008 -0,001 0,008 -0,001 0,021
"~ Noon FKP 0001 0009 | 0000 0006 | 0000 0015
MAC 0,000 0,024 0,001 0,016 0,001 0,061
VRS 0,000 0,010 0,000 0,006 0,000 0,023
CBvening  FKP 0000 0008 | 0000 0009 | 0000 0016
MAC 0,000 0,013 | -0,001 0,014 0,001 0,022
VRS 0,000 0,004 0,000 0,004 0,000 0,011

Source: Author
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The average of the differences for the VRS method in the x
coordinate axis obtained during the morning hours is -0,009
m (Table 2), which indicates that the results from the NRTK
network vary throughout the day in different coordinate
axes. Upon inspecting the boxplots, it was observed that
the repeated measurements made using VRS are closely
grouped and exhibit little scatter. Many factors may have
affected the VRS measurements for the morning hours,
such as atmospheric conditions, environmental factors,
the number of visible satellites, satellite geometry, signal
interruptions, multipath effect, etc.

The ANOVA showed statistically significant differences in
the results. Post hoc tests were performed to identify the
cause of these differences. Time intervals were determined
via pairwise comparisons between the morning, noon, and
evening times of the day, as shown in Table 3. To this effect,
the mean differences between the averages of the measures
obtained were used. The p-value corresponds to the value of
F at a 95% significance level. According to this value, there
is a significant difference (below 0,05) between the groups.

Table 3 shows no significant difference between the
measurements obtained along the X and h coordinate axes

Table 4. Subsets of coordinates for different times of the day

when comparing the noon and evening intervals. For the
measurements obtained along the Y coordinate axis, there
is no significant difference between the morning and noon
hours.

In addition, the averages of the subgroups obtained via
the correction methods for different time intervals were
compared using means for groups in homogeneous subsets.
We tested for statistical significance. Table 4 shows these
subsets, including the X, Y, and h coordinate axes and the
time intervals. Note that this was done using the SPSS
software.

For the TUSAGA Aktif Network, along the coordinate axes,
the morning interval was defined as a single subset, while
the noon and evening periods were incorporated into
another one. The latter indicates that these two intervals
have similar characteristics, unlike the morning interval.
An ANOVA showed that the results were statistically
significant. Post hoc tests were performed to identify the
cause of differences. Via pairwise comparisons between
the average values obtained, the VRS, FKP, and MAC
methods were shown to be responsible for the differences
(Table 5).

Tukey HSD
X coordinate (m) Y coordinate (m) h coordinate (m)
Time i Subset i Subset i Subset
! 1 2 ! 1 2 I 1 2
Morning . -0,002 0,000 . -0,001

Evening E 0,000 E 0,000 E 0,000

Noon E 0,000 E 0,001 E 0,000

Sig. E 1,000 0,819 E 1,000 0,776 E 1,000 0,974

Means for groups are displayed in homogeneous subsets.
Subset for alpha = 0,05, Sig. = p-value. The sig. value is not in meters.
Source: Author
Table 3. Pairwise comparisons for different times of the day along the X, Y, and h coordinate axes (m)
DV = Time X coordinate Y coordinate h coordinate
Time Time | MD cl MD a MD . cl
m 0) ) S8 ow up. | ap S8 ow Up. | ap S8 ow Up.
Morning Noon -0,003 0,000 -0,003 -0,002]| 0,000 0,916 -0,001 0,000 |-0,002 0,042 -0,003 0,000
Evening |-0,002 0,000 -0,003 -0,002| 0,001 0,040 0,000 0,001 |-0,001 0,002 -0,002 0,000
~ Noon  Moring | 0,003 0,000 0002 0,003 0000 0916 0000 0001 | 0,002 0042 0000 0,003
Evening | 0,000 0,936 0,000 0,001 | 0,001 0,000 0,000 0,001 | 0,000 0,996 -0,001 0,001
Evening Morning | 0,002 0,000 0002 0,003 [-0,001 0,040 -0,001 0000 | 0,001 0002 0000 0,002

Noon 0,000 0,936 -0,001 0,000 |-0,001 0,000 -0,001 0,000 | 0,000 0,996 -0,001 0,001

There is a significant difference

DV =Dependent Variable

MD = Mean difference, Sig. = P-value, Cl = confidence interval (95%), Low. = lower bound, Up. = upper bound

Source: Author
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Table 5 shows that there is no significant difference between
the FKP and VRS methods regarding the measurements
obtained for the X coordinate axes. There are statistically
significant differences between the measurements along the
Y coordinate axis, unlike those along the h coordinate axis.
In general, the MAC correction method shows a statistical
difference when compared to the FKP and VRS methods.
For Table 6, subsets containing X, Y, and h coordinates from
correction methods were created using SPSS.

In a study conducted by Gumus and Selbesoglu (2019),
the distances (simulated space changes) for the X, Y, and h
coordinate axes were measured using NRTK methods and the
statistical GNSS technique. The performance of this system
was compared to the space changes measured using an
interferometer with a precision of 0,1 mm. The performance
of the FKP correction method was better, especially in the
horizontal axis. In light of the above, the results obtained in
our study with the FKP and VRS methods were good for all
coordinate axes when compared to the MAC technique. The

results regarding measurements taken at different times of
the day appear to be influenced by many factors.

The study by Garrido et al. (2018) examined different
scenarios (both adequate and inadequate) for a local active
network under a variety of topographic, environmental,
and meteorological conditions in four different test areas
of southern Spain. Multiple observation sessions were
conducted over three days in each test area with the aim
of assessing the repeatability of RTK solutions. These
sessions took place in the morning, noon, and afternoon
hours, implying different satellite configurations and
atmospheric conditions. Numerical results showed that
the observation sessions, satellite configurations, and
changes in atmospheric conditions are factors that affect
positioning precision and accuracy. Furthermore, it was
found that part of the ionospheric effect is now stronger
during times of high solar activity. These results support
ours. This consistency is important for contributing to the
accumulation of knowledge.

Table 5. Pairwise comparisons of correction methods along the X, Y, and h coordinate axes

DV = Correction method X coordinate Y coordinate h coordinate
Corr. Met. Corr. Met. M.D. C.lL. M.D C.l. M.D C.lL
Sig. Sig. Sig.
()] ()] (1)) Low. Up. (1)) Low Up. (1)) Low Up.

FKP VRS 0,000 0,761 0,000 0,001 | -0,001 0,012 -0,001 0,000 0,000 0,837 -0,001 0,002
MAC 0,003 0,000 0,002 0,003 | 0,001 0,000 0,000 0,001 |0000 0,339 0,000 0,001

RS AP | 0000 0761 -0001 0000 | 0001 0,012 0,000 0001|0000 0837 0,002 0,001
MAC 0,003 0,000 0,002 0,003 | 0,001 0,000 0,001 0,002 |0000 1,000 -0001 0,001

mac PP | 0,003 0000 -0,003 0002|0001 0000 0,001 0000|0000 0339 0,001 0,000
VRS -0,003 0,000 -0,003 -0,002 | -0,001 0,000 -0,002 -0,001 0,000 1,000 -0,001 0,001

There is a significant difference

DV = Dependent Variable

MD = mean difference, Sig. = p-value, CI = confidence interval (95%), Low. = lower bound, Up. = upper bound

Source: Author

Table 6. Subsets of coordinates for each correction method (meter)

Tukey HSD
X coordinate (m) Y coordinate (m) h coordinate(m)
Correction | Subset : Subset : Subset
Method E 1 2 E 1 2 3 E 1

VRS . -0,002 . -0,003 . -0,003

MAC | 0,000 | 0,002 | -0,003

FKP E 0,000 E 0,001 E 0,001

Sig. E 1,000 0,578 E 1,000 1,000 1,000 E 0,670

Means for groups in homogeneous subsets are displayed.

Subset for alpha = 0,05, Sig. = p-value. The sig. value is not in meters.

Source: Author
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Conclusion

This study statistically evaluated the significance of the
differences between repeated measurements for a single point
obtained at different times of the day (morning, noon, and
evening) using the VRS, FKP, and MAC correction methods
within the TUSAGA Aktif Network in Turkey. In NRTK
applications, some changes were observed in the form of
increases or decreases in 3D point positioning values. Many
different factors affect the accuracy of NRTK GNSS positioning.

These statistical significances were tested using an ANOVA. By
analyzing the results obtained, it was seen that the differences
for the averages of the h coordinate axis were higher than
those for the other two axes. The values for this axis were less
accurate and precise. Although the values obtained with the
VRS correction method were close to the average values, the
results obtained via the FKP method were generally better.
Outlier measurements were observed between repeated
measurements. Differences were observed between the
morning, noon, and evening intervals. In general, the accuracy
and precision values of the morning measurements were
lower than those of the other two periods analyzed.

As per the ANOVA, the differences between time intervals
were statistically significant. While the noon and evening
periods showed similar characteristics, the morning hours
showed different characteristics. The results also showed
that the differences in terms of the correction methods used
were statistically significant. Along the X coordinate axis,
the VRS method exhibited a different behavior from MAC
and FKP, which performed similarly. All correction methods
showed different characteristics along the Y coordinate axis,
as well as similarities regarding the h axis.

The results of this study are important for NRTK users to
be able to statistically evaluate different measurement
configurations and provide the necessary positional
reproduction with the desired accuracy and precision.
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