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Abstract

The Swedish mapping, cadastral and land registration authority, Lant-
méteriet, has a permanent network of GNSS stations, SWEPOS, which
can be used as reference stations in differencing and RTK. A limiting
factor in the RTK service is, or soon will be, related to local, station
dependent effects. This study has utilized the carrier phase residuals for
GPS and Galileo from the multi-GNSS PPP software GipsyX to analyze
the surrounding environment and local effects around 42 SWEPOS sta-
tions. 21 of the stations are concrete pillars and 21 are steel grid masts
and there exists one of each at each of the locations, which ranges from
the southern part of Sweden to the north. The carrier phase residuals
were successfully utilized to describe local phenomena such as wooden
fences, adjacent houses and multipath from solid bedrock. There was
however an effect that was only present for one station, VIS6, that could
not be explained. Its residuals at high elevation, ~45° - 90°, followed
those of the elevation angle circles instead of the satellites’ orbits. It was
illustrated and shown with examples that it is useful to analyze stations
in pairs. It helps to discredit certain error sources and phenomena that
should be affecting both of the stations. It was furthermore illustrated
that it is useful to study the monthly mean residuals as a function of
elevation angle in parallel with the skyplots. The steel grid mast sta-
tions were furthermore analyzed with respect to coordinate repeatability
and it was found that the highest performance were achieved with the
combination of GPS+GLONASS+Galileo. The achieved repeatabilities
(standard deviation) for the latitudinal, longitudinal and vertical com-
ponents were 1.20 mm, 3.56 mm and 4.00 mm, respectively. The coordi-
nate accuracies for GPS, GPS+Galileo and GPS+GLONASS were within
the GPS+GLONASS+Galileo repeatability. Their respective repeatabil-
ities differs to that of GPS+GLONASS+Galileo by sub-millimeter levels,
which means that any of the combinations yields comparable results.

Keywords: GNSS, PPP, GipsyX, repeatability, solution offsets,
carrier phase residuals, multipath.
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1 Introduction

GNSS, Global Navigation Satellite System, is used worldwide to provide positioning
and navigation and the number of applications that utilizes it is steadily increasing.
Historically, only the two GNSS constellations GPS and GLONASS were available.
As of recent years, two additional constellations have been launched and are now
available, Galileo and BeiDou.

Two common methods of handling error sources in GNSS processing is Precise Point
Positioning (PPP) and Real Time Kinematic (RTK) [1]. PPP utilizes precise infor-
mation about the satellites’” orbits and clocks, typically delivered from the Interna-
tional GNSS Service (IGS) [2], while RTK utilizes a reference station to minimize
error sources that are common to both receivers [1, 3].

It was shown in both [4] and [5] that the addition of Galileo to the previously
used GPS+GLONASS combination improved the PPP performance with respect to
several factors. They both showed that the three-dimensional positioning accuracy
were increased, both for the kinematic and the static positioning. It was also shown
that the convergence time of the PPP processing were reduced with the addition
of Galileo. [5] furthermore illustrated that the addition of Galileo helped to remove
outliers. The benefits of adding Galileo were larger in [5] since Galileo had 22 active
satellites at that time, as compared to 14 active when [4] was performed.

The Swedish mapping, cadastral and land registration authority, Lantméateriet, has
a permanent network of GNSS stations, SWEPOS, which can be used as reference
stations in differencing and RTK [6]. It was shown in [3] that the performance of
the SWEPOS RTK has been steadily improving to such a level where the limiting
factors are now, or soon will be, related to the local, station dependent effects.

The SWEPOS network has permanent GNSS stations located all over Sweden and 21
of those locations are fundamental to the service. Each of the fundamental sites has
two different kinds of stations, a concrete pillar station and a steel grid mast station.
In order to have as good a control as possible of the local effects, [3] performed site
specific antenna calibrations on some of the fundamental sites. To further analyze
the local, station dependent effects, [3] left it as further work to study their carrier
phase residuals.

This report aims to utilize the PPP software GipsyX to study the surrounding envi-
ronment and local effects around the 42 fundamental SWEPOS stations (21 concrete
pillars and 21 steel grid masts). The stations used are ranging from Héssleholm in
the south of Sweden to Kiruna in the north. In [3], the evaluation was based on
GPS and GLONASS and this study will have its main focus on GPS and Galileo.

The surrounding environment and local effects will be analyzed with the help of
carrier phase residuals. Both in the form of skyplots with color coded carrier phase
residuals as well as with a statistical approach where the carrier phase residuals are
averaged over both monthly intervals as well as 1° elevation intervals. Any deviations
that are found in the residuals will be tried to be explained with the help of photos



of the stations [7].

A second part of the study will analyze the coordinate repeatability of the steel grid
mast stations. The repeatability will be evaluated for GPS, GLONASS, Galileo and
BeiDou separately, as well as in some combinations of them. The repeatabilities will
be presented as averages over all stations, to present a national, PPP, performance.
This part of the study will furthermore analyze any potential coordinate offset that
might be present between the different constellation combinations.

The study performed in [5] used different elevation cutoff angles to analyze the
stations’ performances. That might also be useful to do for the SWEPOS stations
to minimize the local effects at each station but that has not been performed in this
study. A constant elevation cutoff angle of 10° has been used.

The report covers a description of Global Navigation Satellite Systems (GNSS) and
GPS in particular. It then describes the software used to process the GNSS data,
GipsyX, as well as the factors that are taken into account in the PPP processing.

2 Global Navigation Satellite Systems (GNSS)

GNSS is a technique used to determine positions on Earth, or in space, by trilatera-
tion and it is a collection name for four different global positioning systems: (i) GPS
(USA), (ii) GLONASS (Russia), (iii) Galileo (EU) and (iv) BeiDou (China) [8] [9].
There are moreover two regional systems, IRNSS and QZSS, that are used to en-
hance the GNSS performance in India and Japan, which will not be described in this
report [9]. The four global systems are similar enough so that a modern receiver can
use them simultaneously and the theoretic description of the GNSS functionality
will primarily focus on the description of the Global Positioning System (GPS).

The basic principle behind the trilateration is that it is assumed that the positions of
the satellites are known at every epoch. The satellites continuously broadcasts their
positions x,, ys and zg in geocentric coordinates, as well as the time of transmission,
T. The different coordinate reference systems will be described in section 2.2.2.
When the receiver receives the signal, it compares its own time, ¢, to that of the
satellite’s to measure the time difference. That time difference multiplied by the
speed of light in vacuum, ¢y = 2.99792458 - 10® m/s, gives the distance between the
two as R = ¢o(t — 7). In the ideal case, this is the true range to the satellite and it
is equal to the length of a vector in a three dimensional space between two points [§]

R=/(z, — 2 + (ys — y)? + (2 — 2)2, (2.1)

where x, y and z (without subscripts) is the receiver’s coordinates. There are three
unknowns in equation 2.1, which means that three satellites are needed in order to
solve for the receiver’s position. The geometry, in two dimensions, is illustrated in
figure 2.1.
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Figure 2.1: Geometry of a GNSS receiver and the transmitting satellites.

In figure 2.1, the elevation angle, e, from the horizontal plane up to the satellites’
positions is also marked, which will be analyzed in section 2.1.1. Note that the
model described so far is simplified and that it does not take any error sources
into account, it is a description that facilitates the description of the trilateration
principle. Equation 2.1 will be iteratively expanded to include several error sources
that affects the measurement.

What the receiver actually measures is time, and then that is used to calculate the
position. In order to have precise control of the time that the satellites transmits,
T, they are equipped with atomic clocks. The receivers are not equipped with
atomic clocks, they usually have less expensive crystal clocks, which are synchronized
as well as possible to that of the satellites [8]. An example of what inaccurate
synchronization leads to is that if the receiver clock has an offset of At = 1ps as
compared to the satellites’ clocks, that yields a positioning error of +300m.

The atomic clocks on the satellites are also not perfect, they can have an error as
compared to the time reference system, denoted AT. The different time reference
systems will be described in section 2.2.2. Equation 2.1 can then be expanded to
include the clock errors for the receiver and satellites, At and AT, respectively.

po =/ (s — )2+ (ys — y)? + (2 — 2)2 (2.2)

P= Po + CQ(At — AT) (23)

po has been introduced to represent the true, error free, coordinates of the receiver.
Because the distance that the receiver measures is not equal to the true distance, it
is henceforth denoted as pseudorange. The advantage with the receiver clock error
term, At, is that it is common for all observations from the satellites, which means
that it can be solved for if measurements to four satellites can be performed. This
is the reason why GNSS receivers needs to have four satellites within line of sight
to operate, in order to solve for z,y,z and At [8]. w4, ys, 25 and AT in equation
2.3 are known from the navigation message that the satellites broadcasts, which is
described in section 2.2.



2.1 Error sources

When it comes to electromagnetic signals, the atmosphere can be divided in two
parts, the neutral (troposphere) and the dispersive (ionosphere). The troposphere
extends from the ground and up to a height of ~ 50 km and it is considered neutral
in the sense that it delays electromagnetic signals equally, independent of frequency.
The signal is delayed because the speed of light, ¢, in the troposphere is lower than
that of the speed of light in vacuum, ¢y. The ionosphere extends from 50km to
~ 1000 km and it is considered dispersive because it delays electromagnetic signals
differently for different frequencies. [§]

2.1.1 Troposphere

The two different speeds are related by ¢ = ¢y/n, where n is the refractive index
of the troposphere. The refractive index is a function of temperature, pressure
and water vapor. The tropospheric path delay can thus be divided in two parts, a
hydrostatic that relates to the pressure dependence and a wet that relates to the
water vapor dependence. A zenith total delay (ZTD) can then be defined as the
addition of the zenith hydrostatic delay (ZHD) and the zenith wet delay (ZWD). [§]

ZTD = ZHD + ZWD (2.4)

Since GNSS receivers are not, in general, equipped with pressure sensors, they can
not separate ZHD and ZWD, which is why ZTD is utilized. Typical numbers for
ZHD and ZWD are ~ 2.2m and ~ 0.1 m, which means that the majority of the path
delay comes from the hydrostatic part.

The majority of the tropospheric path delay is caused by the reduction in the speed
of light, ¢ = ¢o/n, but the change in the refractive index, n, also creates another
phenomena that has to be accounted for in GNSS measurements. When an elec-
tromagnetic wave passes from one medium with a refractive index n; in to another
medium with refractive index ns, the wave changes its propagation direction. When
the satellite is in zenith, the wave is perpendicular to the troposphere and the wave
continues without changing direction, but as the elevation angle, ¢, gets lower, the
additional path length increases [8]. The situation is illustrated in figure 2.2.

: Sat
Zenith 0O

Troposphere

Horizon -------------===

Earth

Figure 2.2: Elevation, e, dependence of the tropospheric path delay.

A common way of how to handle the elevation dependence is to introduce mapping
functions that models the additional path lengths at different elevation angles. There
exists several different models and one such is the Vienna mapping function (VMF)
which calculates mapping coefficients based on latitude and the day of the year.



The VMF divides the mapping coefficients into a hydrostatic and a wet part and
it assumes that the troposphere is symmetric around the receiver, i.e. that it does
not have any azimuth dependence. [10] A total tropospheric path delay can then be
defined as

Ae) =m(e)ZTD, (2.5)

where m(e) is the elevation dependent mapping function and ZTD is the zenith
tropospheric path delay.

2.1.2 Ionosphere

The ionosphere, which is the upper part of the atmosphere, also introduces path
delays for the electromagnetic waves. As was the case for the troposphere, it is a
result of changes in the refractive index, n. What differs in the ionosphere is that the
changes are caused by free electrons, rather than weather effects, varying pressures
and water vapor. The refractive index in the ionosphere is furthermore dispersive,
i.e. it changes with the frequency of the electromagnetic waves, which was not the
case for the troposphere. [11]

The free electrons in the ionosphere is generated by the solar radiation, which ionizes
neutral atoms so they release electrons. An important factor when it comes to
modeling the refractive index in the ionosphere is the electron density. The density
of free electrons varies daily, there is for instance changes every time the sun sets or
rises. The solar radiation also has long term variations, it has an 11 year solar cycle
where the solar radiation can vary as much as 50%. [11]

The ionospheric path delay can be several tens of meters and methods of how to
minimize the error is given in section 2.3.3 [1]. With the introduction of a total
ionospheric path delay as I, the pseudorange equation, 2.3, can be expanded to
include both of the atmospheric error sources.

P=py+co(At—AT)+ A+ 1 (2.6)

2.1.3 Antenna phase center and local variations

When an electromagnetic wave hits an antenna, the receiver perceives the signal to
be located at a point outside of the antenna. This point is called the antenna phase
center (APC) and it is the electrical phase center where the GPS measurements
are referred to. If a physical center point of the antenna is defined as the antenna
reference point (ARP), then the APC is different as compared to the ARP. A circular
antenna with its ARP and APC is illustrated in figure 2.3.
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The offset between the ARP and the APC can be calibrated and determined in
an electromagnetic compatibility chamber (EMC) or by a robot. Two examples of
companies that performs EMC chamber and robot calibrations are Bonn, university
of Bonn, and GEO++ in Hannover, respectively [3]. What complicates the matter
is that the APC varies with elevation, azimuth and frequency. The azimuth de-
pendence is usually not a problem for geodetic antennas, as is used in this report,
since they are symmetric. However, the elevation and frequency dependence means
that each received signal has its own APC [8]. The local environment around the
antenna, such as water and foliage etc. also affects the APC due to electromagnetic
coupling. For stationary, geodetic, GNSS receivers, the APC is calibrated and well
documented for different elevations and the frequencies that are used.

Another effect that causes errors in GNSS measurements is the signals that hits the
antenna after they have been reflected on a surface, which is called multipath. The
satellites transmits electromagnetic waves that are right-hand circularly polarized
(RHCP) and the stationary GPS receiver stations have geodetic antennas that are
designed to receive RHCP. As an electromagnetic wave is reflected on a surface, the
polarization is shifted to left-hand circular polarization (LHCP). What this means
is that multipath is usually only a minor problem for geodetic antennas, since they
are not tuned to receive LHCP.

The final error term that will be added to the pseudorange equation, 2.6, is denoted
v and it includes all of the sources that are not otherwise modeled separately. The
errors that are caused by the APC and the multipath effect is also included in v and
the pseudorange equation can then be expanded to its final form.

P=po+co(At —AT)+ A+ T+w (2.7)

2.2 Signals and codes

The GPS satellites are equipped with Cesium atomic clocks which has a fundamental
frequency of fy = 10.23 MHz. The satellites transmits signals on two frequencies in
the L-band, which are generated by multiplying f, by 154 and 120. The reason for
why two frequencies are used and for why those specific numbers, 154 and 120, is
that it can be used to remove the largest error source, the ionospheric path delay. [§]

L1=154- fy = 1575 MHz .
L2 =120 f, = 1227 MHz (2.9)



The signal on L, is divided into two parts, one in phase component and one quadra-
ture phase component (I and Q). The I component consist of two parts, a C/A code
and a navigation message. The (Q component only consist of a P code. The signal on
L, is similarly constructed, except that there is in general no C/A code on it, i.e. it
only has the navigation message and the P code as the I and QQ components. There
exists 37 unique C/A and P codes by the way they are defined today, which defines
the upper limit of GPS satellites that can simultaneously broadcast signals. [9]

The C/A code (Coarse/Acquisition) is a civilian code and every satellite has its own
unique code. It has a bit rate of f;/10 = 1.023 Mbit/s and an effective wavelength of
~ 300m. The C/A code is used by the receivers in order to identify which satellite
the code belongs to and to measure the time of propagation, which is needed for
the trilateration. How the time measurement is performed is described in section
2.3.1. [8,9]

The P code (Precise Positioning) is encrypted and is reserved for military and au-
thorized users, such as the stationary GNSS receiver stations used in this report. It
has a bit rate of fy = 10.23 Mbit/s and an effective wavelength of ~ 30m. The P
code is used in the same way as the C/A code but the effective wavelength, which
is lower for the P code, makes the time measurement more precise.

The ground segment for GPS, which is controlled by the US Coast Guard, contin-
uously keeps track of the satellites” orbits and how much their atomic clocks are
drifting, AT. That information is transmitted up from the Earth to each satellite.
The satellites then continuously broadcasts the same navigation message until it is
updated, which is approximately every two hours. The message has a bit rate of
f0/204600 = 50 bit/s and it takes 12.5 minutes for the satellites to transmit the
entire message. [9]

The navigation message does not contain coordinates, it contains orbit information,
ephemeris, which the receiver then can use to predict where the satellites are at
various time epochs. That prediction yields the x,,ys and z,, as was described in
the trilateration principle in the beginning of section 2. [§]

The navigation message also provides information about the satellite’s "health", i.e.
should the information from that satellite be considered reliable and used in the
trilateration or not. The message also contains information about where the other
satellites are in the constellation, but it is less precise. [9]

The C/A code, P code and navigation message is modulated with binary phase shift
keying (BPSK) on to the carrier frequency L; = 1575 MHz. BPSK means that each
time a bit changes from 1 to 0, the phase changes by 180°. The principle of how the
complete transmit signal for L, is formed is illustrated in figure 2.4.
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Figure 2.4: Signal configuration of L; that consists of the C/A code, P code and
the navigation message.

It is similar for Ly except that there is in general no C/A code on Ls. There is
an ongoing effort to upgrade the GPS signals to include the C/A code even on the
Loy frequency. This would help with redundancy and the removal of the ionospheric
path delay and some satellites already has it implemented. [9]

The GPS modernisation plan has also included civil signals on a third frequency in
the L-band, denoted Ls. Similar to the L; signal, the L5 also has I and Q components
and both of them have ranging codes (C/A and P) encoded on them, which is used
by a code based receiver to determine the propagation time. Another similarity
between the L, and Lj signal is that they only have the navigation message encoded
on the I component. Since the ) components, in all three bands, does not have
any navigation message encoded on them, they are called data-less signals (or pilot
tones). The data-less signals are easier for receivers to track, since they do not
download any data from them. [1]

A visual presentation of the frequency band allocation for GPS is given in section
2.5, together with those of GLONASS, Galileo and BeiDou.

2.2.1 Coordinate reference systems

The orbit information, ephemeris, that is provided by the navigation message is
given in a celestial coordinate system called the International Celestial Reference
Frame (ICRF). The ICRF has its origin at Earth’s geocenter, i.e. the Earth’s center
of mass and it does not rotate with the Earth. The z-axis is oriented as it was
positioned from Earth’s geocenter to the north pole on the first of January year
2000 (J2000.0). The x-axis is oriented as it was positioned from Earth’s geocenter
and pointed towards the mean equinox of J2000.0, which is intersection of Earth’s
equatorial plane and the ecliptic plane. The ecliptic plane is the plane in which the
Earth orbits the sun. The y-axis in ICRF comes from the vector product of the x-
and z-axis and it is orthogonal to both of them. [9]

The GNSS receiver transforms the ICRF coordinates to a terrestrial coordinate
system called the International Terrestrial Reference Frame (ITRF). The ITRF also
has its origin at Earth’s geocenter but it does rotate with the Earth. The z-axis of
the ITRF points from the geocenter to the north pole and the x-axis points from
the geocenter and out through the intersection of the equator and the Greenwich
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meridian. The y-axis in I'TRF is orthogonal to both the x- and the z-axis, as was
the case for ICRF. [9]

In order for the receiver to perform the transformation between the ICRF and the
ITRF, it needs information about the irregularities in the Earth’s rotation. Those
irregularities are described by the Earth orientation parameters (EOP). The In-
ternational GNSS Service (IGS) monitors the EOP and makes it available via the
internet. [8,12]

2.2.2 Time reference systems

The trilateration principle described in the beginning of section 2 relies strongly on
accurate time measurements. Each GNSS system has its own time reference and
GPS time (GPST) is defined using the International Atomic Time (TAI) scale. The
TATI scale is based on the definition of the atomic second, which does not take the
Earth’s rotation in to account. It is maintained by several high-precision atomic
clocks that are spread over institutes in several countries. [9]

As the rotation of the Earth is slowing down, it necessary to introduce leap seconds
to prevent the Greenwich meridian from drifting eastwards. There has been 19 leap

seconds introduced since the GPST was turned on in the year 1980, which means
that as of the time of writing, the GPST is defined as GPST=TAI-19s. [9]

2.3 Range determination

There are two methods by which a GPS receiver can measure the pseudorange.
Either by measuring the time difference between the transmit signal and the received
signal (code pseudorange), or by comparing the phase difference of the carrier wave
(carrier phase pseudorange).

2.3.1 Code pseudorange

The GPS constellation consists of 32 satellites and each of them transmits their own
unique C/A code and the different codes are known by every GPS receiver. The first
thing a receiver does when it starts the trilateration process is to determine which
satellites it is receiving signals from. It does this by creating an internal replica
of the C/A code of the first satellite, which it then shifts in time to determine if
there is a match (correlation). That time difference between the receiver’s clock
and the satellite’s, t — T', multiplied by the speed of light in vacuum, cgy, is the
pseudorange to the satellite. If there is not a correlation for the C/A code for the
first satellite, it iterates from the beginning with the second satellite’s C/A code,
and so on. The correlation process is illustrated in figure 2.5, where the carrier wave
has been removed for simplification.
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Figure 2.5: Signal correlation to determine which satellite the signal corresponds to

and the code pseudorange to it.

The receiver continues the process described above until it has tracked at least four
satellites and downloaded the navigation messages of those satellites. With four
observations, ¢ = 1,2, 3,4, the receiver can solve for x, y and z, i.e. its error free
coordinates.

po = /(@i = )2 + (Ysi — Y)? + (205 — 2)2 (2.10)

P,=co(t; = T;) = po+ co(At — AT)) + A;+ I + v (2.11)

The effective uncertainties for the pseudorange measurement, ¢o(t — 1), for the C/A
code for the horizontal and vertical components is +10m and +25m, respectively
[8]. For the P code measurements, the effective uncertainties are £5m and £10m
for the horizontal and the vertical components, respectively. The reason why the
uncertainty is higher in the vertical component is related to the satellite geometry,
which is described in section 2.4.

2.3.2 Carrier phase pseudorange

The method of code pseudorange measurement is the conventional way that GNSS
(and GPS) use in order to determine positions. However, there is a technique that
some receivers can utilize which has a higher accuracy, on the order of ~mm instead
of ~m. Instead of comparing a replica of the C/A code as was the previous case,
the receiver tracks the phase changes of the electromagnetic wave. [§]

The wavelengths, A = ¢q/f, for the two different frequencies, for GPS, are \;, ~
0.19m and Az, =~ 0.24m, respectively. The reason why the uncertainties are, poten-
tially, lower for this method is that the carrier phase can be tracked within ~1% of
the wavelength [8]. Note that it is custom to denote the carrier phase pseudorange
as L, which not should be confused with the two different frequency bands L; and
LQ.

L=py+co(At —AT)+A—1+ AN +v (2.12)

There are one addition and one change to equation 2.12 as compared to equation
2.11. Firstly, the sign on the ionospheric path delay, I, is negative, which has to do
with the difference between the phase and the group delay for the electromagnetic
wave. Secondly, a phase ambiguity parameter, AN, has been introduced, which
comes from the fact that the receiver can not know how many wavelengths it is
between it and the satellite when it starts the tracking. [8]

What yields low uncertainties in this method is when N can be determined as an
integer number and there exists several methods to achieve that. The software that
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is used to process the GNSS data from the SWEPOS stations utilizes one such
method and the software is described in section 4.2.

2.3.3 Reduction of the ionospheric path delay error

The main reason why the GPS satellites (and the other GNSS systems) transmits
signals on, at least, two frequencies is that the combination of the two can be used
to reduce the ionospheric path delay [8]. If the receiver is capable of receiving the
C/A code and carrier phase on both of the frequencies, f; and f,, then it can form
an ionospheric free model, P; and L3 , to remove ~99.9% of the ionospheric path
delay. Instead of presenting the full derivation of P3 and Lz, which is given in [1]
and [8], some assumptions and methods that are used will be described.

fi-Pi—f3 P

e (2.13)
2, L. — 2, L
Ly— 1 fli — E = (2.14)

What makes the forming of the equations 2.13 and 2.14 possible is that the iono-
sphere is dispersive, i.e. that the refractive index, n, depends on the frequency. The
derivation is based on expressing the refractive index as a series that is a function
of the total electron content. That series is cut after the quadratic term and then
integrated along a straight line from the receiver to the satellite. There are two
additional simplifications, in addition to the series expression being cut, that con-
tributes to the remaining ~0.1% ionospheric error. Firstly, the integration path is
not modified to account for the additional path length that the bending phenomena
introduces, as was illustrated in figure 2.2. Secondly, the change in the refractive
index affects the magnetic field differently then it does the electric field, which also
has been neglected in the derivation. [1,§]

Equation 2.13 and 2.14 are said to remove first order ionospheric effects and it
is possible to download products from the International GNSS Service (IGS) that
estimates the remaining second order effects [2]. With the frequencies used by GPS
for Ly and Lo, equations 2.13 and 2.14 are reduced to the following.

Py = 2.546 - P, — 1.546 - Py,
Ls=2.546 - Ly, —1.546 - Ly,

One drawback of forming the ionospheric model is that the receiver noise, v, in-
creases by a factor of 3, which comes from the fact that the uncertainties are added
as \/(2.546 ~op, )2+ (1.546 - 0p,)? =~ 3op, [8,13]. Another drawback of using the
ionospheric model is that the receiver needs to calculate another phase ambiguity
term, as was described in section 2.3.2 [8].

If the receiver is only capable of receiving one of the frequencies, it can use a standard
model of the ionospheric path delay that is inside the navigation message. In the
case of GPS and BeiDou, a model called Klobuchar is used. The Klobuchar model
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is the same for all satellites and its goal is to remove 50% of the ionospheric path
delay, regardless of where on Earth the receiver is. [1]

In the case of Galileo, a model called NeQuick is used, which is the same for all
satellites but it differs depending on the receivers’ latitudinal location. The model is
divided in five equally spaced regions from 90°N to 90°S. The GLONASS satellites
do not broadcast an ionospheric model but any of the models from either GPS,

Galileo or BeiDou can be used together with a conversion factor that relates to the
GLONASS frequencies. [1]

2.4 Dilution of precision and elevation cutoff

The uncertainty in the range measurements (for both code and carrier phase) be-
comes lower as the spread of the satellites increases, which is called dilution of
precision (DOP) [8]. The DOP is the reason why the uncertainty for the vertical
component is higher than that of the horizontal, since there are no visible satellites
beneath the ground.

It would thus yield lower uncertainties if some of the satellites were located close
to the horizontal plane but there is however a tradeoff. When the satellites are
at lower elevations, the mapping functions of the atmospheric path delay becomes
more complex and can yield larger errors. A compromise is to use an elevation cutoff
angle, i.e. to define a minimum angle that the satellites have to be above in order
for the receiver to use them.

2.5 Comparison between GPS, GLONASS, (alileo and Bei-
Dou

The four different GNSS systems are quite similar and the description has thus far
mainly focused on the functionality of GPS. The space segment parameters for the
four different systems are listed in table 2.1: (i) satellites in full operational capa-
bility (FOC), (ii) active satellites as of 2020-11-12, (iii) orbital planes, (iv) orbital
inclination and (v) orbital height [1]. The GPS, GLONASS and Galileo constella-
tions have all of their satellites placed in medium earth orbits (MEO), while BeiDou
also has satellites placed in geostationary (GEO) and inclined geosynchronous or-
bits (IGSO). The purpose of the GEO and IGSO satellites for BeiDou is to provide
enhanced regional performance in China and Asia [14].
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Constellation Satellites Active! Orbital Orbital Orbital

in FOC | 2020-11-12 | planes | inclination | height [km)]
GPS 24 MEO 30 6 55° 20200
GLONASS 24 MEO 24 3 64.8° 19140
Galileo 27 MEO 22 3 56° 23222

27 MEO 27 3 55° 21528
BeiDou 5 GEO 7 - - 35786

3 IGSO 10 - 55° 35786

Table 2.1: Space segment parameters for the GNSS constellations

The orbital inclination can be thought of as the maximal latitude, either North or
South, where satellites can be seen in zenith. One advantage that GLONASS has
compared to the other three systems is that it provides better coverage at higher
latitudes. The orbital period is omitted from table 2.1 since it can be calculated
with the help of the orbital height [8].

GPS, GLONASS, Galileo and BeiDou are designed to be interoperable and section
2.2 described the signal configuration and frequency selection for GPS within the L,
Ly and Lj frequency bands. Figure 2.6 illustrates where in the frequency spectrum
the four different systems are transmitting their respective signals [1].
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Figure 2.6: Frequency allocation for GPS, GLONASS, Galileo and BeiDou [1]
There are two sub bands in figure 2.6 that are named ARNS which are strictly

allocated, worldwide, to GNSS services. That means that no other service or user
are allowed to transmit signals there. The signals Ly, G5, Eg and Bj are outside of

1Operational status:
GPS: https://www.navcen.uscg.gov/?Do=constellationStatus
GLONASS: https://wuw.glonass-iac.ru/en/GLONASS/
Galileo: https://www.gsc-europa.eu/system-service-status/constellation-information
BeiDou: http://www.csno-tarc.cn/en/system/constellation
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the protected ARNS band and are located in a band that used to be shared with
ground radars, which make them more vulnerable to interference. [1]

2.6 Receiver Independent Exchange format

There is an international standard called RINEX (Receiver INdependent EXchange
format) which is used by GNSS receivers to store measurements in a standardized
way [15]. The different frequency bands for the four constellations were illustrated
in figure 2.6 and it is determined in the receivers which components of the signals
that are stored in the RINEX observation file.

All of the measurements are denoted with a three-letter observation code where the
first letter corresponds to one of the four measurement types: C for code pseudo-
range, L for carrier phase pseudorange, D for doppler and S for signal strength.
The second letter is a number that corresponds to the frequency band used by the
signal, it can e.g. be 1, 2 or 5 for GPS, see figure 2.6. The third and final letter in
the observation code denotes if it is the I or the Q component of the signal. The
observation codes are commonly called observables in GNSS terminology and their
standards can be found in [15].

2.7 Differencing and real time kinematic

There exists two common methods in GNSS that mitigate error sources, precise
point positioning (PPP) and differencing. The software used in this report, GipsyX,
is a state of the art PPP software so instead of describing PPP theoretically here,
it will be given in section 4.1, together with how it is implemented in GipsyX [16].

The idea behind differencing is to minimize error sources for a GNSS receiver (usually
called rover) with the help of a stationary reference station (RS) that has a well
known position. The rover can be either stationary or mobile and the technique can
be utilized in both real time and in post-processing. By using measurements from
both the rover and the RS, difference equations of the pseudoranges can be formed
which removes error sources that are common to both receivers, such as the satellite
clock errors and potentially the ionospheric and tropospheric path delays. Both of
the atmospheric losses can be removed if the RS is close enough to the rover. An
example of what close enough means is that if the RS is within 20 km, that would
be enough to help with the removal of the atmospheric parameters. [8,9]

If the difference equations are formed for the code measurements, the technique
is called differential GNSS (DGNSS) and if they are formed for the carrier phase
measurements, it is called real-time kinematic (RTK). The draw back of the method
is than when it is performed in real-time, both of the rover and the RS needs to have
an internal connection between them, such as Internet or a separate RF link. [9]

If a network of RS are used, they can create an area between them that is basically
free of atmospheric path delays, which is called network-RTK (NRTK). The advan-
tage of NRTK is that the receiver can travel in a larger area and still maintain a
good control of the error sources. [9]
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3 GNSS stations used

The Swedish mapping, cadastral and land registration authority, Lantméteriet, has
a permanent network of GNSS stations, SWEPOS, which can be used as reference
stations in differencing and RTK [6]. The stations are located all over the country
and 21 of the locations are fundamental to the system and they have two different
types of stations at each of those sites: (i) a concrete pillar station and (ii) a steel
grid mast station [3]. Both the steel grid mast stations and the concrete pillar
stations at the fundamental sites will be analyzed in the study and table 3.1 lists
the station ID, location name and latitudinal coordinates for each of the steel grid
mast stations.

Station ID! Location Latitude
HASG Héssleholm 56.09°
OSK6 Oskarshamn 57.07°
ONS1 Onsala 57.39°
VIS6 Visby 57.65°
BOR7 Boras 57.71°
JONG Jonkoping 57.74°
NORYT Norrkoping 58.59°
VANG Vanersbhorg 58.69°
LOV6 Lovo 59.34°
KARG6 Karlstad 59.44°
MART Martsbo 60.60°
LEKG6 Leksand 60.72°
SVEG6 Sveg 62.02°
SUNG Sundsvall 62.23°
OST6 Ostersund 63.44°
UMEG6 Umea 63.58°
VIL6 Vilhelmina 64.70°
SKES8 Skelleftea 64.88°
OVE6 Overkalix 66.32°
ARJ6 Arjeplog 66.32°
KIRS Kiruna 67.88°

Table 3.1: Station codes, location names and latitudinal coordinates for the 21
steel grid masts stations in SWEPOS, sorted in ascending latitude.

Each of the steel grid mast stations listed in table 3.1 has a station ID that ends in
either 6, 7 or 8 while the station ID for all of the concrete pillar stations ends with a
0. To illustrate the two different kinds of stations, the concrete pillar station ONSO
and the steel grid mast station ONSI is presented in figure 3.1 [7].

!Station photos: https://www.epncb.oma.be/ networkdata/stationlist.php
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Figure 3.1: Sub figure (a) and (b) illustrates the concrete pillar station ONSO and
the steel grid mast station ONS1, respectively.

4 Method

4.1 Precise point positioning

The information about the satellites’ orbits and clocks that are provided through
the navigation message by the GPS control segment can have uncertainties of ~ 3m
and <1m, respectively. Precise point positioning (PPP) is a technique where more
reliable data about the satellite orbits and clocks are used [9]. The study will utilize
final orbit and clock products from the International GNSS service (IGS), which
has uncertainties on the order of ~1-2 cm [2]. The orbit and clock products are
calculated at the Center for Orbit Determination (CODE), which is an IGS analysis
center [17].

The final products can only be used for post-processing, since they have a latency
of approximately 14 days [2]. If a centimeter precision is deemed sufficient for the
application, then it is enough to only use the precise orbits and clocks from IGS in
the PPP processing [9]. In order to achieve a millimeter precision, GipsyX utilizes
several other error correction products as well [16]. The products used can be divided
in: (i) atmospheric effects, (ii) antenna offsets, (iii) geophysical displacements and
(iv) differential solution biases.

Atmospheric effects

GipsyX utilizes products from two different sources for the tropospheric and the
ionospheric path delay. The products that models the second order ionospheric
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effects, as was described in section 2.3.3, is downloaded from the IGS analysis center
CODE [17]. For the tropospheric path delay GipsyX utilizes the Vienna mapping
function (VMF), as was described in section 2.1.1, which is downloaded from TU
Wien [18].

Antenna offsets

It was described in figure 2.3 and section 2.1.3 that the antenna phase center (APC)
has an offset relative to the antenna reference point (ARP). GipsyX utilizes antenna
calibration files from IGS that models these offsets for both the receiver and the
satellites’ and they are named igsl4 2114.xyz and igsl4 2114.atx, respectively.

There is a second offset that relates to the satellites that GipsyX also accounts for.
The precise orbits from IGS refers to the satellites’ center of mass and in order
to refer the measurements to the ARP, GipsyX utilizes a correction file from IGS,
named igsl4 2114.pcm, that models the center of mass offset.

Geophysical displacements

There are three different geophysical tidal effects that are taken into account by Gip-
syX: (i) solid tides, (ii) ocean tides and (iii) polar motion. The station coordinates
will be analyzed as constants over 24 hour periods in the study and the geophysical
models are needed because the station experiences daily displacements that needs
to be accounted for.

The solid tides relates to the movement of Earth’s crust that is caused by the gravi-
tational forces of the sun and the moon, primarily [1]. It is compensated in GipsyX
with products from the International Earth Rotation and Reference Systems Service
(IERS) [19].

The same gravitational forces that causes the solid tides also affects the oceans.
When the oceans deforms the underlying sea floor, the adjacent land area is also
displaced [1,9]. Its effect is accounted for in GipsyX with the ocean tide loading
model FES2004. The model coefficients depends on the station coordinates so each
station has its own specific model and they are downloaded from [20].

The Earth’s axis of rotation has an offset as compared to the geophysical axis that
varies periodically. This phenomena is what is called polar motion. The polar motion
together with the difference in the satellites’ time scale, UT1-UTC is monitored by
IERS and their combined product is called Earth Orientation Parameters (EOP)
[9,19].

The EOP are used together with the Earth Rotation Parameters (ERP), that are
provided by IGS, to transform between the celestial and the terrestrial reference
frames, as was described in section 2.2.1 [1].

Differential solution biases

The first order ionospheric effects is removed in PPP, and in GipsyX, with the
ionospheric free models P3 and L3 for the code and carrier phase pseudoranges,
as was described in section 2.3.3. The forming of Lj introduces a third carrier
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phase ambiguity that has to be solved for in the PPP processing [1,21]. GipsyX
utilizes products calculated by the IGS analysis center CODE that enables faster
convergence times for the new carrier phase ambiguity and they are called wide-lane
phase bias (WLPB) products [2].

4.2 GipsyX

GipsyX is a PPP software that is developed by NASA’s Jet Propulsion Laboratory
and it is a complete redesign of their former version GIPSY-OASIS, where GIPSY
stands for GPS Inferred Positioning System and OASIS stands for Orbit Analysis
Simulation Software. GIPSY-OASIS could only be used for post-processing and it
could only process GPS while GipsyX can process all four GNSS constellations both
in real-time and post-processing [16]. A simplified block schematic of the different
processing steps in GipsyX is illustrated in figure 4.1.

3
1 External information:
RINEX observation file ‘ IGS: satellite orbits and clocks

[ERS: EOP and geophysical models

2 4

Editing and creation of Pre-computed distance between
ionospheric free model: satellite and receiver, py, averaged
L. and P, over 24h.

5 I

Observation minus pre-computed
distance, O — Cj

6 7

Kalman filter Control file

Output:
Ax, Ay, Az, At, AZT D and N

Figure 4.1: Block schematic of the GipsyX processing steps.

The different boxes in figure 4.1 are numbered to simplify the explanation of their
functionalities and they will be described by their respective box numbers. In box
1, the GipsyX software utilizes RINEX observation files from the SWEPOS stations
as input.

In box 2 of figure 4.1, GipsyX performs editing of the data. It removes data that
does not help the solution, i.e. outliers that are above or below a certain threshold.
If a receiver looses its track of a satellite and it consequently leads to too small scans,
GipsyX removes those scans as well. When the editing is performed, it creates the
ionospheric free model, for the code (P;) and the carrier phase (L3) measurement,
as was described in section 2.3.3.
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In box 3 of figure 4.1, information are collected from the external sources, as was
described in section 4.1. The precise final products for the satellites’ orbits and
clocks are downloaded from the IGS, together with the other products needed to
reach sub-centimeter precision. The second source of external information comes
from IERS which provides information about the solid tides and the EOP.

In box 4, GipsyX performs a pre-computed distance between the satellites and the
receiver, po. In order to do that, GipsyX requires initial values for six parameters,
which are listed in table 4.1 (the same six parameters that later is the output of the
Kalman filter).

Parameter Value

20, Yo, 20 Taken from the RINEX header.

Atg The receiver clock error is unknown, so it’s set to 0s.
Z'T Dy The zenith tropospheric delay could e.g. be 2.3 m

N The phase ambiguity is unknown, so it’s set to 0.

Table 4.1: Initial values for the GipsyX software.

In box 5, GipsyX subtracts the pre-computed distance, Cy, from that of the iono-
spheric free model of the observations, O. This is done for both the code and the
carrier phase measurement and the result is used as input to the Kalman filter. The
parameters that the Kalman filter is estimates is controlled by the control file. It
controls how often each parameter is supposed to be estimated and what kinds of
noise parameters there are. Table 4.2 lists the update intervals and the motivations
for each of the six parameters.

Parameter Interval and its motivation
Az, Ay, Az .So‘lve as constants over 24 h This removes the daily varigtions and
T it implies that the geophysical models from IERS are reliable.
At Solve every 300s epoch. At is modeled as a white noise parameter,
since it varies a lot as compared to the satellites’ atomic clocks.
AZTD Solve every 300s epoch. This is because the ZWD has a relatively

fast variation. Modeled as a random walk parameter.

Solve as a constant with wide-lane phase bias products from IGS.
N When the receiver starts tracking, N remains the same until it
looses its tracking.

Table 4.2: Parameter estimation intervals in the KF and their motivations.

The Kalman filter can use any of the four GNSS systems separately as well as
combining any of them in the solution process and it is also controlled by the control
file. The control file furthermore controls the maximum iterations that the Kalman
filter can perform before the final output is produced.

4.3 Research questions and analysis method

Section 3 described the 42 GNSS stations (21 steel masts and 21 concrete pillars)
within the SWEPOS network that are analysed in the study. The PPP solutions
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for the steel grid mast stations are analyzed with respect to: (i) repeatability for
the four GNSS constellations, (ii) skyplots with color coded post-fit carrier phase
residuals for GPS and Galileo and (iii) monthly mean post-fit carrier phase residuals
for GPS and Galileo. The PPP solutions for the concrete pillar stations are analyzed
with respect to the two latter points.

It is common in GNSS terminology to abbreviate GPS, GLONASS, Galileo and
BeiDou as G, R, E and C, respectively. The coordinate repeatability for the 21
steel grid mast stations will be analyzed for the constellation combinations G, R, E,
C, GE, GR, GRE and GREC. The coordinate repeatability has not been analyzed
for the 21 concrete pillar stations due to the processing time needed to do so. The
standard deviation is used as the measure for the repeatability throughout the result
presentation.

The solution interval for the receiver clock error as well as the ZTD in the Kalman
filter (KF) in GipsyX is set to 300s. The KF produces one post-fit carrier phase
residual per visible satellite per 300 s period and the post-fit carrier phase residual is
the difference between the observation, i.e. the actual measurement, and the com-
puted output. The KF also produces post-fit residuals for the code based solutions
but those will not be analyzed in the study. The post-fit carrier phase residuals are
one of the main analysis methods in the study and they will henceforth be called
residuals, for simplicity.

The residuals are used to examine the local environment around the receivers as well
as systematic effects that affects all of the stations. The residuals will be presented
in the form of skyplots with color residuals as well as with a statistical approach
where the residuals are averaged over both monthly intervals as well as 1° elevation
intervals.

The skyplots illustrates the residuals as a function of both azimuth and elevation
and they are thus a useful tool to examine the local effects around the stations. It
is for instance possible to discern if the residuals are higher in any direction which
might indicate that there is more multipath in that direction.

The statistical approach where the residuals are averaged over both monthly intervals
as well as 1° elevation intervals is useful to study the overall behaviour of the station.
But the monthly mean has no azimuth dependence, since it is visualized as a function
of elevation angle, which is why it might be useful to analyze it in parallel with the
skyplots.

Since there are skyplots and monthly mean residuals for 42 stations, the results will
be presented in Appendix A and B and a selection of it will be presented in section
5. In order to explain some of the results that relates to local environments around
the stations, descriptions from station photos will be used [7].

In the plots for the monthly mean residuals and the skyplots, it will be listed which

two observables that are used in the L3 ionospheric free combination. They are the
same throughout the analysis for GPS but some of the receivers for the concrete
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pillars don’t have the same observables stored for Galileo, which means that they
will be changed whenever needed.

Some of the receivers at the stations were changed (or updated) 2019-04-02 so the
study analyzes the time period 2019-04-03 to 2020-09-30 [2].

5 Result and discussion

5.1 Repeatability and coordinate offsets

It was mentioned in section 4.3 that it is common in GNSS terminology to abbreviate
GPS, GLONASS, Galileo and BeiDou as G, R, E and C, respectively. Those abbre-
viations will be used throughout this section whenever more than two constellations
are compared.

Table 5.1 lists the repeatability (mean standard deviation) for the 21 SWEPOS steel
grid mast stations for the constellation combinations G, R, E, C, GE, GR, GRE and
GREC. The repeatabilities are listed for the latitudinal, longitudinal and vertical
coordinate components as well as their combined three dimensional repeatability,

which is given by \/ oty + ot + o2,

Repeatability [mm]
Constellation | Latitude Longitude Vertical 3D
G 1.48 3.73 4.64 6.14
R 1.39 4.67 4.96 6.95
E 1.71 5.11 5.26 7.53
C! 114.8 576.54 134.02 602.94
GE 1.39 3.44 4.21 5.61
GR 1.16 3.67 4.18 5.68
GRE 1.20 3.46 4.00 5.42
GREC 1.26 3.51 4.04 5.50

Table 5.1: Repeatability (mean standard deviation) for the SWEPOS steel grid
mast stations in the latitude, longitude and vertical components for the time
period 2020-08-01 - 2020-09-30.

A result that stands out in table 5.1 is that the repeatability for C, BeiDou only, is
several magnitudes larger than that of any other constellation combination, alone or
otherwise. The reason for this is illustrated in figure 5.1 where the mean number of
daily carrier phase observations used in the GipsyX processing is presented, together
with the number of satellites used.

In table 2.1 it could be seen that the BeiDou constellation is at full operational
capability with 27 active medium earth orbit (MEO) satellites as of 2020-11-12.
The reason why only 3 BeiDou satellites are used in GipsyX is most likely related to
the version of the software that has been used in the processing, the project did not

IThe reason for the lower performance of BeiDou is not related to its space segment. It is most
likely related to the version of GipsyX that was used.
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utilize the latest one. It could also be that the SWEPOS stations either don’t receive
the BeiDou signals or that the observables are not stored in the RINEX observation

files.

Mean number of daily carrier phase observations, elevation cutoff 10°, 300s data rate
Period: 2020-08-01 - 2020-09-30
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Figure 5.1: Mean amount of daily carrier phase observations for the SWEPOS
steel grid mast stations, together with the amount of satellites used in the

processing in GipsyX
From table 5.1 it can be seen that the lowest repeatability in the vertical compo-
nent is achieved through the constellation combination with GPS, GLONASS and

Galileo (GRE) at 4.00mm. With GRE as a benchmark, the coordinate offsets for
the latitude, longitude and vertical components for G, E, GE, GR and GREC is

presented in figure 5.2, 5.3 and 5.4, respectively.
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Offset against GRE, elevation cutoff 10°, daily data rate
Period: 2020-08-01 - 2020-09-30
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Figure 5.2: Offset against GRE for G,E, GE, GR and GREC for the latitudinal
component, together with the 1 o level for GRE in dashed

The latitudinal offsets for G, GE, GR and GREC, seen in figure 5.2, are within the
daily repeatability limit for GRE. Seven of the stations for Galileo alone, E, are
outside of the repeatability limit by a sub-millimeter offset.

Offset against GRE, elevation cutoff 10°, daily data rate
Period: 2020-08-01 - 2020-09-30
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Figure 5.3: Offset against GRE for G,E, GE, GR and GREC for the longitudinal
component, together with the 1 o level for GRE in dashed
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For the longitudinal offsets, seen in 5.3, only the constellation combination GREC is
outside of the daily repeatability limit for GRE. The reason for this could be related
to GipsyX, since only three BeiDou satellites are used, as was shown in figure 5.1.
It might be tempting to draw the conclusion that the usage of only three BeiDou
satellites degrades the solution of the Kalman filter but it is difficult to make such a
claim since that is not the case for the latitudinal and the vertical components. This
study have not analyzed the coordinate covariances, which might have helped to
explain why the GREC offset is outside of the GRE repeatability by a ~millimeter.

Offset against GRE, elevation cutoff 10°, daily data rate
Period: 2020-08-01 - 2020-09-30
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Figure 5.4: Offset against GRE for G,E, GE, GR and GREC for the vertical
component, together with the 1 o level for GRE in dashed

With respect to all three coordinate components, the constellation combinations G,
E, GE, and GR have offsets that are within the GRE daily repeatability (with the
exception of the sub-millimeter offset for Galileo, E, in the latitudinal component).
This means that with respect to the accuracy, any of the constellation combinations
produces reliable results. The difference in the repeatability, i.e. the precision, as
compared to GRE is presented in table 5.2.

Repeatability [mm]
Constellation | Latitude Longitude Vertical
GRE 1.20 3.46 4.00
G-GRE 0.28 0.27 0.64
E-GRE 0.51 1.65 1.26
GE-GRE 0.19 —0.02 0.21
GR-GRE —0.04 0.21 0.18

Table 5.2: Difference in repeatability as compared to the constellation combination
GRE for the SWEPOS steel grid mast stations for the time period 2020-08-01 -
2020-09-30.
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It can be seen from table 5.2 that the repeatabilities for G, GE and GR differs from
that of GRE by sub-millimeter levels. The repeatability for Galileo alone, E, differs
by a maximum of 1.65 mm as compared to GRE. The reason for the marginally lower
performance of Galileo could be that the constellation is not yet in full operational
capability. The constellation is currently, as of 2020-11-12, at 24 out of 27 MEO
satellites.

The conclusion that can be drawn from this is that the lowest repeatability for the
SWEPOS steel grid mast stations is achieved from the constellation combination
GRE with values of 1.20mm, 3.56 mm and 4.00 mm for the latitudinal, longitudinal
and vertical components, respectively. The accuracy for G, GE and GR are within
the GRE repeatability limits and their respective repeatabilities differs to that of
GRE by sub-millimeter levels. The analysis that has been performed with respect
to accuracy and precision for the steel grid masts has not been performed for the
concrete pillar stations.

5.2 Skyplots and carrier phase residuals

The skyplots and the monthly mean carrier phase residuals for the 42 SWEPOS
stations (21 steel grid masts and 21 concrete pillars) are presented in Appendix A
and B, respectively. Both the skyplots and the monthly mean residuals are presented
for GPS and Galileo for all of the stations.

It was mentioned in section 2.6 that there exists several types of observables that
each receiver can store in the RINEX observation files. Which of the observables
that are stored in the RINEX files are set in each specific receiver and most of the
stations used in this study have stored the same ones but it can vary between the
concrete pillars and the steel grid masts. Because of this, the different observables
that are used in each case are listed in the legends of each figure. The definitions
for each of them can be found in [15].

In the analysis of the carrier phase residuals that follows, for all of the stations, there
is a fact that is important to keep in mind. This study has not analyzed the amount
of observations/measurements as a function of elevation angle but there are fewer
on higher elevation angles, e.g. above 65°. This has the effect that the residuals
at higher elevations are less reliable, just because of the fact that there are fewer
observations. If error bars would have been included, they would have been larger
at those observations.

It can be discerned by visual analysis of the monthly mean residuals for all of the
stations that the concrete pillars and the steel grid masts in general have two distinct
curve appearances. To illustrate the two distinct appearances, the monthly mean
residuals for the stations UMEQO and UMEG6 is presented in figure 5.5 and 5.6.
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Carrier phase residual, monthly mean, 1° interval, UMEQ
Period: 2019-04-03 - 2020-09-30
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Figure 5.5: Carrier phase residuals, averaged over both 1° elevation angle intervals
as well as per month. Station UMEO, GPS (L1CL2W) and Galileo (L1CL5Q)

The feature that most of the concrete pillars have in common is that the residual
curves for GPS and Galileo closely coincides, similarly to what is presented in figure
5.5. The residuals have different amplitudes depending on local effects and multipath
but the residual curves for the concrete pillars are on the whole in agreement.

Carrier phase residual, monthly mean, 1° interval, UMEG
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Figure 5.6: Carrier phase residuals, averaged over both 1° elevation angle intervals
as well as per month. Station UME6, GPS (L1CL2W) and Galileo (L1XL5X)

The feature that most of the steel grid masts have in common is that the residual
curves for GPS and Galileo both have a discernible oscillation. The oscillation can
be divided into three approximate elevation intervals: (i) 15° - 30°, (ii) 30° - 60°
and 60° - 90°. The amplitude for the Galileo curve inside the oscillating intervals is
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larger than that of GPS. What is also common for most steel grid masts is that the
residual behaviour of GPS and Galileo diverge in the latter elevation interval, 60° -
90°.

One conclusion that can be drawn is that the amplitude difference in the residuals
that is shown for Galileo for the steel grid masts can not be related to the space
segment, i.e. the satellites, since the difference is not there for the concrete pil-
lars. Neither can the difference be explained by multipath from the stations’ local
environments, since the appearance is common to most of the steel grid masts.

The study has neither investigated what types of receivers nor what types of antennas
and /or antenna covers (radomes) that the two different kinds of stations are equipped
with. It has been shown in [3] that the choice of antennas and the foundations
themselves has a larger impact on the performance than the receivers. The reason
for the difference in the residuals could therefore be accredited to the fact that the
steel grid masts could have different antennas or to the steel grid foundation itself.

The monthly mean residuals has thus far been used to describe and analyze the
overall, or systematic, behaviour of the steel grid masts and the concrete pillars but
they can also be used to analyze local effects. One such example is illustrated in
figure 5.7 for the station LOV0. There are two factors that affects the station LOVO,
it is located on top of a building instead of being attached to the bedrock as most
other stations and it has a rectangular wooden fence around it.

Carrier phase residual, monthly mean, 1° interval, LOV0
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Figure 5.7: Carrier phase residuals, averaged over both 1° elevation angle intervals
as well as per month. Station LOV0, GPS (L1CL2W) and Galileo (L1CL7Q)

The multipath from the wooden fence is a contributing factor to the larger residuals
at lower elevation angles, below ~30°, but it is difficult to separate the effect on the
residuals that the roof top location has. The effect is there for both GPS and Galileo
but it is reduced in magnitude for Galileo. The skyplot for VISO is illustrated in
figure 5.8.
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Skyplot, LOVO0, 300s data rate
Period: 2019-04-03 - 2020-09-30

GPS, LICL2W Galileo, L1ICL7Q
North North
330 ] ° 30 330 0 30
e,
30
60 300
45

60
75

West 90 East West East

240 240

210 NN 150

South
‘ | ‘ L
-25 - - - -5 0 5 10 15 20 25

Carrier phase residual [mm]|

Figure 5.8: Skyplot for station LOVO for GPS (L1CL2W) and Galileo (L1CL7Q)

with color coded carrier phase residuals

The negative residuals in the southern region, figure 5.8, are slightly more pro-
nounced for GPS than they are for Galileo. It is difficult to give a definitive reason
for why Galileo has a better performance of handling the low elevation multipath
in this case. There are many functionalities of GipsyX that were not described in
section 4.2. One of those that could help to explain this effect is that GipsyX uses
the code measurements in order to constrain the carrier phase solution. If the mul-
tipath has a higher impact on the code measurements for GPS than Galileo, then
that might impact the carrier phase solution as well.

If there is an object that is located at a specific azimuth direction, then the large
residual variations that was shown in figure 5.7 might be reduced in the averaging
over the 1° elevation angle intervals. This is the case for the station SKEO that is
standing adjacent to a building with a typically tilted, v-shaped, roof. The sky-
plot for SKEQ is illustrated in figure 5.9 where the large residuals in the southeast
indicates where the roof is located.
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Skyplot, SKEQ, 300s data rate
Period: 2019-04-03 - 2020-09-30
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Figure 5.9: Skyplot for station SKEO for GPS (L1CL2W) and Galileo (L1CL7Q)

with color coded carrier phase residuals

The monthly mean residuals for SKEQ is illustrated in figure 5.10. There it can be
seen that the large residuals that are present in the southeast in the skyplot in figure
5.9 are reduced, or even hidden, in the 1° elevation angle averaging.
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Figure 5.10: Carrier phase residuals, averaged over both 1° elevation angle intervals

as well as per month. Station SKE0Q, GPS (L1CL2W) and Galileo (L1ICL7Q)

It was illustrated in [3] that multipath from the ground usually results in a "rapid"
oscillation of the residuals at lower elevation angles. Both of the stations VIS0
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and VIS6 shows this phenomena, which is illustrated in the figures 5.11 and 5.12,
respectively. Neither of the stations have any objects in their vicinities, nor are they
standing adjacent to any buildings or are surrounded by any wooden fences. The
stations appears to be standing on solid bedrock, limestone, with neither vegetation
nor grass in the near environment.
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Figure 5.11: Carrier phase residuals, averaged over both 1° elevation angle intervals
as well as per month. Station VIS0, GPS (L1CL2W) and Galileo (L1CL5Q)
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Figure 5.12: Carrier phase residuals, averaged over both 1° elevation angle intervals
as well as per month. Station VIS6, GPS (L1CL2W) and Galileo (L1XL5X)

Both of the stations have the high and rapidly oscillating residuals at lower elevation
angles, below ~30°, which indicates the multipath effect from the ground. There is
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however a phenomena that is only present for VIS6, out of all of the 42 stations.
The mean residuals of VIS6 are increasing in magnitude after the initial decrease at
~30° elevation angle. In order to analyze this phenomena further, the skyplots for
VISO and VIS6 are presented in figure 5.13 and 5.14, respectively.

Skyplot, VIS0, 300s data rate
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Figure 5.13: Skyplot for station VISO for GPS (L1CL2W) and Galileo (L1CL5Q)
with color coded carrier phase residuals
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Skyplot, VIS6, 300s data rate
Period: 2019-04-03 - 2020-09-30
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Figure 5.14: Skyplot for station VIS6 for GPS (L1CL2W) and Galileo (L1XL5X)

with color coded carrier phase residuals

The multipath effect, for both stations, can be seen as the highly colored, low el-
evation circles that are present at all azimuth angles. The other phenomena that
is present for VIS6 in figure 5.14 might be easy to overlook. In the elevation angle
interval ~45° - 90°, there are residual lines that follows the elevation angle circles.
This phenomena, that the residuals follows the elevation angle circles instead of the
satellite orbits is only present for one other station, KAR6 (Appendix A), but it is
less pronounced in that case and it does not appear in the monthly mean residuals
in that case.

The residual circles for VIS6 are present for both GPS and Galileo so it is not related
to either of their space segments. One reason for the effect could be related to the
fact that the steel grid mast station VIS6 has a different type of antenna as compared
to the other mast stations [3]. The higher elevation behaviour for VIS6 could also
be accredited to the limestone in its near vicinity, which possibly could affect the
multipath for the steel grid mast differently than the concrete pillar, VISO.

Another reason that also needs to be taken into account is that the station photos
are out of date, the most recent ones for VIS6 (and VIS0) are taken 2018-08-15.
The measurement period is 2019-04-03 - 2020-09-30 and there might be something
present in the station’s near vicinity that is not present in the photo.

A concluding remark for the high elevation residual lines for VIS6 is that even though
a feasible reason has not been found that can explain the effect, it has helped the
analysis to have the station VIS0 in the vicinity. That has helped to discredit several
reasons which should have applied the effect to both stations.
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5.3 Further work

This study has been based on final, precise products from IGS, meaning that the
results here are achieved through post-processing. It would be interesting to study
the convergence time as a function of an acceptable repeatability, i.e. to approach
real time PPP processing. A step to achieve that could be to utilize predicted
products, orbits and clocks, from IGS that have uncertainties of ~10-20 cm instead
of the final products that have uncertainties of ~1-2cm. There are also settings in
the Kalman filter in GipsyX that could help to facilitate this, such as the reduction
of the number of iterations.

The study have not analyzed the Zenith tropospheric delay (ZTD) solutions. It
would also be interesting to do a similar analysis that was done for the repeatability
in section 5.1 for G, R, E, C, GE, GR, GRE and GREC but for the ZTD instead.

A parameter that has been mentioned in theory but not studied is the carrier phase
ambiguity. A study of how well the software can determine those to integers for the
different constellation combinations could also be a feature for future work.

6 Conclusion

The repeatability analysis of the SWEPOS steel grid mast stations showed that the
highest performance were achieved with the combination of GPS+GLONASS+Galileo.
The achieved repeatabilities (standard deviation) for the latitudinal, longitudinal
and vertical components were 1.20mm, 3.56 mm and 4.00 mm, respectively. The
coordinate accuracies for GPS, GPS+Galileo and GPS+GLONASS were within the
GPS+GLONASS+ Galileo repeatability. Their respective repeatabilities differs to
that of GPS+GLONASS+Galileo by sub-millimeter levels, which means that any of
the combinations yields comparable results.

The analysis of the monthly mean carrier phase residuals, for all of the stations,
showed that the concrete pillar stations and the steel grid mast stations had two
distinct curve appearances. The residual curves for GPS and Galileo were on the
whole in agreement for the concrete pillar stations. While the residual curves for the
steel grid mast stations had a discernible oscillation that could be divided into three
elevation angle intervals. Most notably was that the GPS and the Galileo residuals
diverged at the upper elevation angle interval, 60° - 90°.

The carrier phase residuals were successfully utilized to describe local phenomena
such as wooden fences, adjacent houses and multipath from solid bedrock. There
was however an effect that was only present for one station, VIS6, that could not be
explained. Its residuals at high elevations, ~45° - 90°, followed those of the elevation
angle circles instead of the satellites’” orbits.

It was illustrated and shown with examples that it is useful to analyze stations in
pairs. It helps to discredit certain error sources and phenomena that should be
affecting both of the stations. It was furthermore illustrated that it is useful to
study the monthly mean residuals, as a function of elevation angle, in parallel with
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the skyplots.
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Figure A.1: Skyplot for station HASO for GPS (L1CL2W) and Galileo (L1CL5Q)

with color coded carrier phase residuals
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Figure A.2: Skyplot for station HAS6 for GPS (L1CL2W) and Galileo (L1XL5X)

with color coded carrier phase residuals
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Figure A.3: Skyplot for station OSKO for GPS (L1CL2W) and Galileo (L1CL7Q)
with color coded carrier phase residuals
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Figure A.4: Skyplot for station OSK6 for GPS (L1CL2W) and Galileo (L1XL5X)
with color coded carrier phase residuals
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Figure A.5: Skyplot for station ONSO for GPS (L1CL2W) and Galileo (L1CL5Q)

with color coded carrier phase residuals
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Figure A.6: Skyplot for station ONS1 for GPS (L1CL2W) and Galileo (L1XL5X)

with color coded carrier phase residuals
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Figure A.7: Skyplot for station VISO for GPS (L1CL2W) and Galileo (L1CL5Q)
with color coded carrier phase residuals
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Figure A.8: Skyplot for station VIS6 for GPS (L1CL2W) and Galileo (L1XL5X)
with color coded carrier phase residuals
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Figure A.9: Skyplot for station BORO for GPS (L1CL2W) and Galileo (L1CL5Q)

with color coded carrier phase residuals
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Figure A.10: Skyplot for station BOR7 for GPS (L1CL2W) and Galileo (L1XL5X)

with color coded carrier phase residuals
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Figure A.11: Skyplot for station JONO for GPS (L1CL2W) and Galileo (L1CL5Q)

with color coded carrier phase residuals
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Figure A.12: Skyplot for station JON6 for GPS (L1CL2W) and Galileo (L1XL5X)

with color coded carrier phase residuals
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Figure A.13: Skyplot for station NORO for GPS (L1CL2W) and Galileo (L1CL7Q)

with color coded carrier phase residuals
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Figure A.14: Skyplot for station NOR7 for GPS (L1CL2W) and Galileo (L1XL5X)

with color coded carrier phase residuals
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Figure A.15: Skyplot for station VANO for GPS (L1CL2W) and Galileo (L1CL5Q)
with color coded carrier phase residuals
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Figure A.16: Skyplot for station VANG6 for GPS (L1CL2W) and Galileo (L1XL5X)
with color coded carrier phase residuals
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Figure A.17: Skyplot for station LOVO0 for GPS (L1CL2W) and Galileo (L1CL7Q)

with color coded carrier phase residuals
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Figure A.18: Skyplot for station LOV6 for GPS (L1CL2W) and Galileo (L1XL5X)

with color coded carrier phase residuals
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Figure A.19: Skyplot for station KARO for GPS (L1CL2W) and Galileo (L1CL5Q)
with color coded carrier phase residuals
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Figure A.20: Skyplot for station KARG6 for GPS (L1CL2W) and Galileo (L1XL5X)
with color coded carrier phase residuals
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Figure A.21: Skyplot for station MARG6 for GPS (L1CL2W) and Galileo (L1CL5Q)
with color coded carrier phase residuals
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Figure A.22: Skyplot for station MARY7 for GPS (L1CL2W) and Galileo (L1XL5X)
with color coded carrier phase residuals
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Figure A.23: Skyplot for station LEKO for GPS (L1CL2W) and Galileo (L1CL7Q)
with color coded carrier phase residuals
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Figure A.24: Skyplot for station LEK6 for GPS (L1CL2W) and Galileo (L1XL5X)
with color coded carrier phase residuals
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Figure A.25: Skyplot for station SVEOQ for GPS (L1CL2W) and Galileo (L1CL7Q)
with color coded carrier phase residuals
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Figure A.26: Skyplot for station SVE6 for GPS (L1CL2W) and Galileo (L1XL5X)
with color coded carrier phase residuals
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Skyplot, SUNO, 300s data rate
Period: 2019-04-03 - 2020-09-30

GPS, L1CL2W Galileo, L1CL5Q)
North North

30 330 8

330 30

300 300

West West East
240 240
210 150
South
I 020 . ‘ L
-25 -20 -15 -10 -5 0 5 10 15 20 25

Carrier phase residual [mm]|

Figure A.27: Skyplot for station SUNO for GPS (L1CL2W) and Galileo (L1CL5Q)
with color coded carrier phase residuals
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Figure A.28: Skyplot for station SUN6 for GPS (L1CL2W) and Galileo (L1XL5X)
with color coded carrier phase residuals
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Figure A.29: Skyplot for station OSTO for GPS (L1CL2W) and Galileo (L1CL5Q)
with color coded carrier phase residuals
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Figure A.30: Skyplot for station OST6 for GPS (L1CL2W) and Galileo (L1XL5X)
with color coded carrier phase residuals
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Figure A.31: Skyplot for station UMEQ for GPS (L1CL2W) and Galileo (L1CL5Q)
with color coded carrier phase residuals
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Figure A.32: Skyplot for station UMEG for GPS (L1CL2W) and Galileo (L1XL5X)
with color coded carrier phase residuals
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Figure A.33: Skyplot for station VILO for GPS (L1CL2W) and Galileo (L1CL7Q)
with color coded carrier phase residuals

Skyplot, VILG, 300s data rate
Period: 2019-04-03 - 2020-09-30

GPS, L1CL2W

North
0

st B,
et
-a‘ﬁ’{é'ui%

330

300 60

Galileo, L1XL5X
North
330

300

West

210 ' 150

South South
I 0 ‘ L
-25 -20 -15 -10 -5 5 10 15 20 25

Carrier phase residual [mm]|

Figure A.34: Skyplot for station VIL6 for GPS (L1CL2W) and Galileo (L1XL5X)

with color coded carrier phase residuals
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Figure A.35: Skyplot for station SKEO for GPS (L1CL2W) and Galileo (L1CL7Q)
with color coded carrier phase residuals
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Figure A.36: Skyplot for station SKES8 for GPS (L1CL2W) and Galileo (L1XL5X)
with color coded carrier phase residuals
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Figure A.37: Skyplot for station OVEQ for GPS (L1CL2W) and Galileo (L1CL7Q)

with color coded carrier phase residuals
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Figure A.38: Skyplot for station OVE6 for GPS (L1CL2W) and Galileo (L1XL5X)

with color coded carrier phase residuals
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Figure A.39: Skyplot for station ARJO for GPS (L1CL2W) and Galileo (L1CL5Q)
with color coded carrier phase residuals
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Figure A.40: Skyplot for station ARJ6 for GPS (L1CL2W) and Galileo (L1XL5X)
with color coded carrier phase residuals
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Figure A.41: Skyplot for station KIR0 for GPS (L1CL2W) and Galileo (L1CL5Q)
with color coded carrier phase residuals
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Figure A.42: Skyplot for station KIRS for GPS (L1CL2W) and Galileo (L1XL5X)
with color coded carrier phase residuals
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B Monthly mean carrier phase residuals for GPS

and Galileo, averaged over 1° elevation intervals
for 4@ SWEPOS stations
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Figure B.1: Carrier phase residuals, averaged over both 1° elevation angle intervals
as well as per month. Station HASO, GPS (L1CL2W) and Galileo (L1CL5Q)
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Figure B.2: Carrier phase residuals, averaged over both 1° elevation angle intervals
as well as per month. Station HAS6, GPS (L1CL2W) and Galileo (L1XL5X)

59



Carrier phase residual, monthly mean, 1° interval, OSKO0
Period: 2019-04-03 - 2020-09-30
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Figure B.3: Carrier phase residuals, averaged over both 1° elevation angle intervals
as well as per month. Station OSK0, GPS (L1CL2W) and Galileo (L1CL7Q)
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Figure B.4: Carrier phase residuals, averaged over both 1° elevation angle intervals
as well as per month. Station OSK6, GPS (L1CL2W) and Galileo (L1XL5X)
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Carrier phase residual, monthly mean, 1° interval, ONSO
Period: 2019-04-03 - 2020-09-30
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Figure B.5: Carrier phase residuals, averaged over both 1° elevation angle intervals
as well as per month. Station ONSO, GPS (L1CL2W) and Galileo (L1CL5Q)
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Figure B.6: Carrier phase residuals, averaged over both 1° elevation angle intervals
as well as per month. Station ONS1, GPS (L1CL2W) and Galileo (L1XL5X)
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Carrier phase residual, monthly mean, 1° interval, VIS0
Period: 2019-04-03 - 2020-09-29
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Figure B.7: Carrier phase residuals, averaged over both 1° elevation angle intervals
as well as per month. Station VIS0, GPS (L1CL2W) and Galileo (L1CL5Q)
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Figure B.8: Carrier phase residuals, averaged over both 1° elevation angle intervals
as well as per month. Station VIS6, GPS (L1CL2W) and Galileo (L1XL5X)
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Carrier phase residual, monthly mean, 1° interval, BORO0
Period: 2019-04-03 - 2020-09-30
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Figure B.9: Carrier phase residuals, averaged over both 1° elevation angle intervals
as well as per month. Station BOR0, GPS (L1CL2W) and Galileo (L1CL5Q)
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Figure B.10: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station BOR7, GPS (L1CL2W) and Galileo
(L1XL5X)
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Carrier phase residual, monthly mean, 1° interval, JONO
Period: 2019-04-03 - 2020-09-30
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Figure B.11: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station JONO, GPS (L1CL2W) and Galileo
(L1CL5Q)
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Figure B.12: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station JON6, GPS (L1CL2W) and Galileo
(L1XL5X)
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Carrier phase residual, monthly mean, 1° interval, NORO
Period: 2019-04-03 - 2020-09-30
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Figure B.13: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station NORO, GPS (L1CL2W) and Galileo
(L1CL7Q)
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Figure B.14: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station NOR7, GPS (L1CL2W) and Galileo
(L1XL5X)
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Figure B.15: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station VANO, GPS (L1CL2W) and Galileo
(L1CL5Q)
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Figure B.16: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station VANG6, GPS (L1CL2W) and Galileo
(L1XL5X)
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Carrier phase residual, monthly mean, 1° interval, LOV0
Period: 2019-04-03 - 2020-09-30
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Figure B.17: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station LOV0, GPS (L1CL2W) and Galileo
(L1CL7Q)
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Figure B.18: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station LOV6, GPS (L1CL2W) and Galileo
(L1XL5X)
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Carrier phase residual, monthly mean, 1° interval, KARO
Period: 2019-04-03 - 2020-09-30
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Figure B.19: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station KARO, GPS (L1CL2W) and Galileo
(L1CL5Q)

Carrier phase residual, monthly mean, 1° interval, KAR6
Period: 2019-04-03 - 2020-09-30

-GPS, L1CL2W
—Galileo, L1XL5X

Monthly mean residual [mm

4 | | | | | | | |
0 10 20 30 40 50 60 70 80 90

Elevation angle [deg]

Figure B.20: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station KAR6, GPS (L1CL2W) and Galileo
(L1XL5X)
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Carrier phase residual, monthly mean, 1° interval, MARG
Period: 2019-04-03 - 2020-09-30
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Figure B.21: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station MAR6, GPS (L1CL2W) and Galileo
(L1CL5Q)
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Figure B.22: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station MAR7, GPS (L1CL2W) and Galileo
(L1XL5X)
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Carrier phase residual, monthly mean, 1° interval, LEKO0
Period: 2019-04-03 - 2020-09-30
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Figure B.23: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station LEK0, GPS (L1CL2W) and Galileo
(L1CL7Q)
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Figure B.24: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station LEK6, GPS (L1CL2W) and Galileo
(L1XL5X)
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Carrier phase residual, monthly mean, 1° interval, SVEQ
Period: 2019-04-03 - 2020-09-30
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Figure B.25: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station SVE0, GPS (L1CL2W) and Galileo
(L1CL7Q)
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Figure B.26: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station SVE6, GPS (L1CL2W) and Galileo
(L1XL5X)
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Carrier phase residual, monthly mean, 1° interval, SUNO
Period: 2019-04-03 - 2020-09-30
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Figure B.27: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station SUNO, GPS (L1CL2W) and Galileo
(L1CL5Q)
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Figure B.28: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station SUN6, GPS (L1CL2W) and Galileo
(L1XL5X)
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Carrier phase residual, monthly mean, 1° interval, OSTO0
Period: 2019-04-03 - 2020-09-30
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Figure B.29: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station OSTO0, GPS (L1CL2W) and Galileo
(L1CL5Q)
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Figure B.30: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station OST6, GPS (L1CL2W) and Galileo
(L1XL5X)
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Carrier phase residual, monthly mean, 1° interval, UMEQ
Period: 2019-04-03 - 2020-09-30
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Figure B.31: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station UMEOQ, GPS (L1CL2W) and Galileo
(L1CL5Q)
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Figure B.32: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station UMEG6, GPS (L1CL2W) and Galileo
(L1XL5X)
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Carrier phase residual, monthly mean, 1° interval, VILO
Period: 2019-04-03 - 2020-09-30
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Figure B.33: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station VILO, GPS (L1CL2W) and Galileo
(L1CL7Q)
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Figure B.34: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station VIL6, GPS (L1CL2W) and Galileo
(L1XL5X)
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Carrier phase residual, monthly mean, 1° interval, SKEO
Period: 2019-04-03 - 2020-09-30
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Figure B.35: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station SKEO, GPS (L1CL2W) and Galileo
(L1CL7Q)
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Figure B.36: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station SKE8, GPS (L1CL2W) and Galileo
(L1XL5X)
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Carrier phase residual, monthly mean, 1° interval, OVEO
Period: 2019-04-03 - 2020-09-30
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Figure B.37: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station OVE0, GPS (L1CL2W) and Galileo
(L1CL7Q)
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Figure B.38: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station OVE6, GPS (L1CL2W) and Galileo
(L1XL5X)
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Carrier phase residual, monthly mean, 1° interval, ARJO
Period: 2019-04-03 - 2020-09-30
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Figure B.39: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station ARJ0, GPS (L1CL2W) and Galileo
(L1CL5Q)
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Figure B.40: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station ARJ6, GPS (L1CL2W) and Galileo
(L1XL5X)
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Carrier phase residual, monthly mean, 1° interval, KIR0
Period: 2019-04-03 - 2020-09-30
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Figure B.41: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station KIR0, GPS (L1CL2W) and Galileo
(L1CL5Q)
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Figure B.42: Carrier phase residuals, averaged over both 1° elevation angle
intervals as well as per month. Station KIR8, GPS (L1CL2W) and Galileo
(L1XL5X)
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