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Abstract
Precise Point Positioning (PPP) is a combination of the original absolute positioning concept and
differential positioning techniques. In PPP we use observation data from a single receiver and additional
information of GNSS biases and errors derived from permanent networks.
In PPP, observations from a base station are not used and the absence of differentiation of observations
necessitates using precise satellite orbits and clock corrections in the post-processing as well as modeling
iono- and tropospheric refractions, solid earth and ocean tides, antenna phase-center offsets and variations,
carrier-phase wind-up, relativistic effects, etc.. To determine these factors, continuous satellite observations
or laboratory tests are needed.
The phase center corrections (PCC) of a GNSS antenna can be precisely determined using the absolute
field calibration procedure with a precise robot. In the paper the author demonstrated that the way of the
antenna mounting on the robot (distance from mechanical structures mounted underneath the antennas)
could cause significant changes in the phase center offset and variations. For both (L1 and L2) the GPS and
the GLONASS carrier signals these changes are about several millimeters. The author also analyzed how
these changes transfer to the coordinate domain when we used PPP technique.
Key words: precise point positioning, phase center corrections, GNSS
Introduction
Precise Point Positioning (PPP) technique differs from differential GNSS (DGNSS) positioning methods
because differential techniques require access to the observations of one or more reference stations with
known coordinates (HOFMANN-WELLENHOF at al., 2008). In PPP technique only a single receiver is
necessary without the need for the user to establish their own local reference station or to have access to
observations from one (or more) reference station(s) operated by others. Using PPP, the spatial operating
range limit of differential techniques is overcome, as well as the need for simultaneous observations at
both user and reference receivers. Additionally, PPP obviates the need for the user to obtain the reference
station(s) observation data either in real-time or post-mission. PPP also provides a positioning solution in
a dynamic, global reference frame: International Terrestrial Reference Frame (ITRF), negating any local
distortions associated with differential positioning techniques when local coordinates are used at the
Continuously Operating Reference Station (CORS). This causes the need to fully understand the
implications of transforming between a global and a national or local datum (ALTAMIMI et al., 2011).
However, the use of a single GNSS receiver has also a number of severe disadvantages (DAWIDOWICZ
and KRZAN, 2014b; DAWIDOWICZ and KRZAN, 2014c)., the most significant being the long convergence
times (of the order of 15 minutes or more) necessary for the ambiguity float solution to converge so as to
ensure centimetre-level positioning accuracy. Furthermore, because differencing techniques are not used
in PPP algorithms, no relative ionospheric measurement delays can be assumed to cancel, and
consequently dual-frequency receivers are required for decimetre-level accuracy positioning.
Additionally, as positioning is carried out in PPP without differencing, some errors that are usually
ignored in the traditional DGNSS methods have to be taken into account. These errors are mainly
attributed to physical phenomena, and include:
 relativity error, which is a function of the satellite motion and the Earth’s gravity,
 Sagnac delay caused by the Earth’s rotation, whereas the satellite signal is traveling between the
satellite transmitting antenna and the receiver antenna,
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 phase wind up, caused by relative rotations between the satellite and the receiver,
 site displacement effects due to Earth and ocean tide loading and atmospheric antenna loading,
 the interfrequency bias, computed from the group delay, if using L1 or L2 alone.
There is also one systematic error connected with receiver and satellite antenna phase center
variations which should be taken into account.
It has been well known almost from the beginning of the GPS era that each antenna type has its own
characteristics and leads to different systematic errors. The precise point whose position is measured by
a GNSS receiver is commonly assumed to be the electrical phase center of the GNSS receiver's antenna.
However, GNSS antennas do not have a well-defined phase center, but have a phase transfer function that
varies over azimuth and elevation. Additionally, this function is much more complex than a simple first
degree spherical function. For any given GNSS antenna, the phase centers will change with the changing
direction of the signal from a satellite. This direction-dependent phase transfer function is referred to as
phase center correction (PCC) and can be is generally determined during a calibration measurement. PCCs
exist for both satellite and receiver antennas (BAIRE et al., 2013) and are also antenna type dependent
and signal frequency dependent.
For practical purposes, the mean position of the electrical antenna phase center (MPC) is determined.
On the other hand the antenna height above the physical network point is measured to the antenna
reference point (ARP). The IGS has defined the ARP as the intersection of antenna’s vertical axis of
symmetry with the bottom of the antenna. The antenna phase center offset (PCO) is the distance between
the ARP and the MPC. When we compare the actual antenna phase center of an individual measurement
with the MPC a deviation arises. These deviations are defined as antenna phase center variations (PCV).
A review of the antenna phase center variations problem can be found e.g. in BRAUN et al. (1993), GEIGER
(1998), ROCKEN (1992), SCHMID et al. (2005), SCHMITZ et al. (2002).
Antenna phase center variations can have an amplitude of several centimeters. When identical
antennae are used in a relative measurement, the phase center variations will cancel out, particularly over
short baselines. When different antennae are used, even on short baselines, ignoring these phase center
variations can lead to serious (up to 10 cm) vertical errors (ROTHACHER and MADER, 1996; MADER,
1999).
Relations between ARP, MPC and PCV points (Fig. 1) can be determined through the calibration
process.

Fig. 1. GNSS antenna main points and theirs spatial relations (based on SCHMID et al., 2005).

As a result, antenna phase center corrections (PCC) are created. Antenna PCC are given by (DACH et al.,
2007):
PCC(a,z) = t(a,z) + PCOe,
(1)
where:
PCC(a,z) - total phase center corrections in direction - azimuth and - zenith angle,
PCO - position of the MPC with respect to the mechanically defined ARP,
e - the unit vector in the direction from the receiver ARP to satellite,
t(a,z ) - the spherical harmonic function of the phase center variations.
The GNSS antenna calibration model consists of two parts: an average phase center offset (PCO)
determined with respect to the physical antenna reference point and the phase center variation (PCV)
with elevation angle and azimuth. Ideally, the PCO and PCV must be used together to correctly reduce
antenna phase center variations.
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A review of the antenna phase center variations problem can be found e.g. in (SCHUPLER and CLARK,
1991; ROCKEN, 1992; BRAUN et al., 1993; GEIGER, 1998; SCHMITZ et al., 2002; SCHMID et al., 2005;
WANNINGER, 2009; DAWIDOWICZ, 2011; DAWIDOWICZ, 2013; DAWIDOWICZ, 2014a).
Antenna phase center variations can have an amplitude of several centimeters. When identical
antennae are used in a relative measurement, the phase center variations will cancel out, particularly over
short baselines. When different antennae are used, even on short baselines, ignoring these phase center
variations can lead to significant vertical errors (ROTHACHER and MADER, 1996; MADER, 1999).
The GNSS antenna calibration model consists of two parts: an average phase center offset (PCO)
determined with respect to the physical antenna reference point and the phase center variation (PCV)
with elevation angle and azimuth. Ideally, the PCO and PCV must be used together to correctly reduce
antenna phase center variations.
The dominant antenna type used at the beginning in the International GNSS Service (IGS) network was
the Alan Osborne AOAD/M_T antenna. Because of this, that antenna was chosen as a reference in the first
developed field calibration method: relative calibration (MADER, 1999). The models determined using
this method are based on the arbitrary assumption that the phase center variations of the reference
antenna are zero. This assumption is not true and when, for distant stations, satellites are seen at clearly
different angles by the two stations, different errors in the relative phase center corrections at each of the
stations are introduced so that systematic errors occurs.
An additional drawback of the relative calibrations method is that the estimation of PCC at low
elevations is practically impossible. This is due to the appearance of high noise and a stronger multipath in
observations at these elevations. Additionally, the occurrence of multipath in the relative field calibration
method has an impact on the calibration results. Finally, the satellite constellation at the location of
calibration might may not provide evenly coverage the hemisphere of the antenna (MADER, 1999;
VӧLKSEN, 2006).
A new approach for absolute calibration of GNSS antennas has been developed by the Institut für
Erdmessung (University of Hannover) and the company GEO++ (WÜBBENA et al., 1996). The main goal of
this method was the possibility to estimate PCC, which are independent of a reference antenna. Another
advantage is that the effect of multipath is eliminated. Subsequently, this approach has been improved
into an automatic real-time calibration method for GNSS antennas using a robot (WÜBBENA et al., 2006).
This new method allows the estimation of the free of multipath PCC and can estimate the PCC down to an
elevation of zero degrees. The precise robot calibration allows not only the estimation of the elevation
dependent but also the azimuth dependent corrections. In contrast to the relative antenna calibrations,
the robot measurements allow the determination of patterns to 0° elevation and allow elimination of
multipath effects to a large extent. This is because the time difference between consecutive epochs
amounts to just a few seconds. Therefore the environmental multipath error in consecutive epochs is
highly correlated and can be well described as a stochastic process within a Kalman filter. In addition,
these new, absolute PCC allow absolute satellite antenna offsets and PCCs to be determined, and can
provide complete and consistent set of absolute PCCs for both receiver and satellite antennas (VӧLKSEN,
2006).
The main idea of anechoic chamber calibration is to simulate the different signal directions by
rotations of the GNSS antenna. The calibrating setup consists of a fixed transmitter on one end and
a remote-controlled positioner carrying the test antenna on the other end of the test range. During
calibration, the positioner rotates the test antenna and, in this way, simulates the different GNSS satellite
directions (SCHUPLER and CLARK, 1991; SCHUPLER et al., 1994; ZEIMETZ and KUHLMAN, 2008). At the
same time, an NWA network analyzer measures the phase shift between the outgoing and incoming
signals at each of the simulated satellite positions. The antenna calibration takes approximately 40
minutes and is completely automatic. The additional advantage of the anechoic chamber is its large
flexibility considering new frequencies (ZEIMETZ and KUHLMAN, 2008).
Absolute elevation and azimuth-dependent PCCs obtained using anechoic chambers or a robot were
introduced in November 2006 to replace pure elevation-dependent receiver antenna PCCs based on
relative field calibrations (ROTHACHER, 2001; GӧRRES et al., 2006). Currently, absolute PCCs are
routinely used in both the International GNSS Service and the EPN (BRUYNINX et al. 2012; BAIRE et al.
2013).
On April 17, 2011, the IGS and the EPN updated antenna calibration models from igs05.atx to igs08.atx.
There were three main reasons for the update (SCHMID, 2011). First of all, the scale difference between
ITRF2008 and ITRF2005 of −0.94ppb. The second reason was the lack of satellite–specific z–offset
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estimates for all satellites launched since the release of igs05.atx. Finally, the lack of receiver antenna
calibrations updating since the release of igs05.atx.
There are several changes in igs08.atx compared to igs05.atx (SCHMID, 2011). First of all, the satellite
antenna z–offsets from igs08.atx are consistent with IGS08. Additionally preliminary block–specific z–
offsets for satellites launched since the release of igs05.atx were replaced by satellite–specific estimates.
Other advantages are availability of GLONASS–specific receiver antenna corrections from robot
calibrations and results of additional and updated robot calibrations. Finally the igs08.atx include
conversion of relative receiver antenna corrections with updated AOAD/M_T values.
The absolute receiver antenna calibrations tables included in igs05.atx and igs08.atx files are mean
values of the available individual robot calibrations for a specific antenna type. This type of calibration
result is indicated as an antenna type-mean calibrations. This approach assumes that the PCCs of antennas
of the same type can all be represented with sufficient accuracy by these type-mean calibrations.
In addition to the type-mean calibrations, the EPN currently uses the individual antenna calibrations
which refer to a specific antenna/radome type and antenna serial number. The antenna calibration file
used within the EPN contains these individual antenna calibrations and (for some antennas) the type
mean calibrations. Thus, we can currently distinguish between two types of absolute calibration tables:
individual calibration and type-mean calibration. In individual calibration, one specific antenna is
calibrated in several sets. Then different calibrations results from several sessions are combined into one
unique file (as long as the combined data is comparable within a certain amount of precision). In typemean calibration, several antennas are calibrated in several sets (the same product line). The calibrations
of several individual antennas of the same kind are then combined to one unique file. For an antenna
without an individual calibration, the first approximation is a type-mean. If more accurate data is needed
for this specific antenna, an individual calibration is inevitable. The drawback of the type-mean is that the
results are much noisier than for individual calibrations.
The satellite antenna phase center offset is a special error resulting from the fact that the precise
satellite positions supplied by most service providers, e.g.: the IGS, are referred to the satellite center of
mass and not to the antenna phase center. The antenna offsets are provided in the satellite body fixed
frame and thus need to be transformed to the satellite coordinates in the ITRF. For the sake of simplicity,
it can be assumed that the satellite antenna offset in the body X-coordinate direction can be neglected,
noting that the X-offset is almost zero for block IIR and future satellites, and less than 30 cm for the
satellites currently available in block II/IIA. The offset in the body Y-coordinate is either at the millimeter
level or a fraction of a millimeter for block II satellites. Thus, in practice, only the offset in the body Zcoordinate direction, which points to the center of the Earth, needs to be taken into consideration.
In the paper the author demonstrated that the way of the antenna mounting on the robot (distance
from mechanical structures mounted underneath the antennas) could cause significant changes in the
phase center offset and variations. For both (L1 and L2) the GPS and the GLONASS carrier signals these
changes are about several millimeters. The author also analyzed how these changes transfer to the
coordinate domain when we used PPP technique.
JAV_GRANT-G3T antenna calibration
In investigation we used an JAV_GRANT-G3T GNSS antenna (Table 1) manufactured by JAVAD GNSS,
which is named after the IGS naming convention JAV_GRANT-G3T NONE. For the purpose of this text, the
setup of the JAV_GRANT-G3T with a 120mm spacer will be called JAV_GRANT-G3Tspacer.
In WÜBBENA et al. 2006 it was demonstrated that repeatability of two calibrations with the robot and
the same setup is generally better than 2 mm.
In this paper we demonstrate that the elements of the robot which are in close vicinity from the
calibrated antenna can lead to clear differences in the antenna phase center corrections results. Two
different geodetic setups with and without a 120mm spacer were selected to show up the influence of the
near-field on a JAV_GRANT-G3T antenna. Figure 2 show the setups during the calibration on the robot.
In first mode the antenna was mounted directly on the robot. Then, the antenna test candidate was
installed on a 120mm spacer which moves away the antenna from the robot and reduces more
significantly the effects of near-field multipath.

105

Geographic Information Systems Conference and Exhibition “GIS ODYSSEY 2017”, 4th to 8th of September 2017, Trento – Vattaro, Italy
Conference proceedings

Table 1. JAV_GRANT-G3T GNSS antenna characteristic.
Antanna

Signal
Capability

Frequency

Antenna Gain
Axial Ratio
Output Impedance
LNA gain
Noise Figure
DC voltage
Operating Temperature
Storage Temperature
Humidity
Antenna type
Connector
Weight
Dimensions
Enclosure
Color
Mounting

L1 GPS/GLONASS/Galileo
L2 GPS/GLONASS
L5 GPS
E5 Galileo
1565~1610 MHz
1165~1253 MHz
Electrical
1565~1610 MHz - 5.0 dB typ.
1165~1253 MHz - 4.0 dB typ.
3.0 dB max.
50 Ohm
32±2 dB
1565~1610 MHz - 1.7 dB typ.
1165~1253 MHz - 1.7 dB typ.
3.0~15.0VDC 45mA@5.0V typ.
Environmental
-45°C ~ +85°C
-50°C ~ +85°C
Waterproof
Mechanical
Microstrip
TNC
515 g
140 mm x 140 mm x 62 mm
Radome: ABS
Base: Aluminum
Green
5/8-11 or 1-14 inches mount, or 4 holes M5

Fig. 2. JAV_GRANT-G3T setups during the calibration: a) without a spacer, b) with a 120mm spacer.

Calibration was performed in Institute of Geodesy, University of Hannover, Germany using Hannover’s
automated absolute field calibration approach. The antenna calibration setups are summarized in Table 2.
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Table 2. The antenna calibration setups.
Set #1

Set #2

Calibration Date
Elevation Mask [deg]
Max. Negative Elevation [deg]
Duration [s]
Number of Epochs

17166
27241

8777
14297

Calibration Date
Elevation Mask [deg]
Max. Negative Elevation [deg]
Duration [s]
Number of Epochs

16568
31053

8291
16091

Set #3
Set #4
without spacer
2014-12-03
18.0
5.0
7832
8412
12341
13437
with spacer
2014-12-04
18.0
5.0
9480
10490
19357
19677

Set #5

Set #6

8233
13621

6165
10013

7180
12317

7400
13341

The phase center offsets obtained during individual calibration sets are presented in Tables 3 and 4.
Table 3. Phase center offsets for GPS observations.
Set #1

Set #2

N
E
U

-0. 18
-1.52
+48.34

-0. 13
-1.40
+46.31

N
E
U

+0. 67
-1.39
+47.78

+0. 69
-1.24
+47.81

N
E
U

-1.30
-0. 95
+45.53

-1.40
-0. 75
+43.47

N
E
U

-3.07
+0. 57
+46.78

-2.70
+0. 52
+48.62

Set #3
Set #4
Set #5
without spacer GPS L1[mm]
-0.013
-0. 37
-0. 15
-1.51
-1.41
-1.44
+47.97
+48.15
+48.68
with spacer GPS L1[mm]
+0. 91
+0. 80
+0. 68
-1.34
-1.24
-1.37
+47.99
+47.75
+46.45
without spacer GPS L2[mm]
-1.15
-1.42
-1.27
-1.18
-0. 70
-0. 98
+43.66
+43.77
+45.69
with spacer GPS L2[mm]
-3.48
-3.06
-3.40
+0. 40
+0. 48
+0. 18
+49.00
+48.57
+49.53

Set #6

FINAL

-0. 38
-1.05
+47.53

-0.17
-1.49
+48.32

+0. 54
-1.29
+46.43

+0.74
-1.32
+47.83

-1.16
-1.10
+45.30

-1.29
-0.96
+45.49

-3.16
+0. 70
+46.97

-3.06
+0.51
+47.99

In analyzing the results presented in Table 3 it can be seen that the repeatability of PCO components
are generally better than 2 mm. There are slightly larger differences comparing results obtained with and
without spacer. These differences are also visible in final result.
Table 4. Phase center offsets for GLONASS observations.
Set #1

Set #2

N
E
U

+1.40
-1.29
+48.06

+0. 90
-1.49
+45.38

N
E
U

+2.06
-1.42
+46.70

+1.79
-1.27
+48.26

N
E
U

-1.88
-2.09
+42.73

-2.22
-2.28
+42.79

N
E
U

-2.65
-0. 95
+45.06

-2.64
-1.10
+43.05

Set #3
Set #4
Set #5
without spacer GLONASS L1[mm]
+1.49
+0. 93
+1.25
-1.42
-1.20
-1.34
+42.25
+45.82
+47.74
with spacer GLONASS L1[mm]
+2.05
+2.25
+2.30
-1.32
-1.29
-1.26
+44.49
+44.70
+48.88
without spacer GLONASS L2[mm]
-1.46
-1.91
-1.17
-2.25
-1.85
-2.39
+40.82
+43.46
+44.88
with spacer GLONASS L2[mm]
-2.73
-2.53
-3.20
-1.32
-1.49
-1.68
+45.07
+43.52
+43.84

Set #6

FINAL

+1.37
-1.25
+49.20

+0.92
-1.35
+45.56

+2.07
-1.29
+46.45

+2.18
-1.30
+44.87

-1.51
-2.20
+40.50

-2.08
-2.08
+43.23

-2.95
-1.28
+45.62

-2.60
-1.42
+44.31

For GLONASS signals (Table 4) the repeatability of PCO components is visibly worse. For up
component differences reach 7mm (L1 observations without spacer). Comparing results obtained with
and without spacer it is visible that differences are of the same range as for GPS signals.
On figures 3-4 elevation and azimuth dependent phase center corrections for tested antenna are
presented.
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Fig. 3. PCC for GPS signal: a) L1 without spacer, b) L1 with spacer, c) L1 type-mean, d) L2 without spacer, e) L2 with
spacer, f) L2 type-mean.

Fig. 4. PCC for GLONASS signal: a) L1 without spacer, b) L1 with spacer, c) L1 type-mean, d) L2 without spacer, e) L2
with spacer, f) L2 type-mean.

Fig. 3-4 shows the absolute L1 and L2 PCC of the JAV_GRANT-G3T antenna. Generally the PCC vary
from -5 mm to 10 mm on the edges of the antenna enclosure. Although shapes of patterns are comparable,
there are visible clear differences. These differences are particularly obvious for L2 frequency and also
when we compare two individual calibration results with type-mean calibrations result.
PPP field experiment
In this section the author analyze how differences visible in PCC models transfer to the coordinate
domain when we used PPP technique in GPS-only and GNSS (GPS + GLONASS) mode. The measurements
were done using JAV_GRANT-G3T antenna. Five days of observations were divided on 15, 30 and 60
minutes sessions and post-processed using the NAvigation Package for Earth Observation Satellites ver.
3.3.1 (NAPEOS) (SPRINGER, 2009).
Three parallel PPP runs were performed, leaving all processing options identical except the
antenna/radome calibrations:
 a PPP run using the type-mean PCC: igs08.atx (tm),
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 a PPP run using the individual PCC: calibration without a spacer (ind),
 a PPP run using the individual PCC: calibration with a spacer (ind+),
 computation of the differences and their analysis.
Because all error sources may be considered identical in all PPP runs, the differences in the final
solutions are only affected by variations in the antenna/radome calibrations. The differences between
positions obtained using three PPP post-processing provide the position offset caused by the changed
antenna calibration model.
In the computations, a standard processing strategy was used. First of all, the European Space Agency
(ESA) precise orbit and clock information were applied. As data zero-difference GPS code and phase
observations were used with 30 sec. sampling interval. Additionally 10° elevation mask was adopted with
elevation dependent weighting function (1/cos(z)). A priori zenith path delays (ZPDs) were computed
with formula of Saastamoinen using Global Pressure and Temperature (GPT) model; ZPDs were mapped
into slant delays using hydrostatic Global Mapping Function (GMF). First-order Ionosphere effect was
eliminated by forming ionosphere-free linear combination; higher-order effects were not corrected. The
computations were based on the float ambiguity solution.
NAPEOS strictly follows the International Earth Rotation Service (IERS) convention and used the
IAU2000 transformation routines. Ocean loading values are obtained from the ocean loading service.
Currently NAPEOS used the FES2004 with center of mass corrections (CMCs). The tidal variations due to
the Earth’s rotations are fully implemented using the IERS subroutine (SPRINGER, 2009).
To analyze the station position offsets caused by the use of different antenna calibration models, three
parallel GPS P3/L3 PPP runs were used. Five days of 15, 30 and 60 minute sessions in which all processing
options such as satellite antenna calibrations, orbits and clocks are identical except for the receiver
antenna calibration model was post-processed in NAPEOS software.
Each RINEX data (15, 30 and 60 minute sessions) set was post-processed using the type-mean,
individual and individual+ PCC model in GPS-only and GNSS (GPS+GLONASS) mode. The obtained North,
East and Up differences are presented in Figures 5-10.

Fig. 5. North, East and Up differences obtained using three different PCC models in 60 minutes session processing
(GPS-only solution)

Fig. 6. North, East and Up differences obtained using three different PCC models in 60 minutes session processing
(GNSS solution)
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Fig. 7. North, East and Up differences obtained using three different PCC models in 30 minutes session processing
(GPS-only solution)

Fig. 8. North, East and Up differences obtained using three different PCC models in 30 minutes session processing
(GNSS solution)

Fig. 9. North, East and Up differences obtained using three different PCC models in 15 minutes session processing
(GPS-only solution)

Fig. 10. North, East and Up differences obtained using three different PCC models in 15 minutes session processing
(GNSS solution)
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In analyzing the results presented in Figure 4, it is visible that for the horizontal components, the
position offsets induced by the differences between calibration models are below 1 cm for all processing
variants. Greater differences can be seen for the Up component. These differences range from -4 to 4 cm
depending on used in comparison PCC models.
For 15 minutes solutions the results are characterized by bigger scattering (especially for the Up
component) but the range of differences is very similar as in the 30 and 60 minutes solution. Also GPSonly solution is characterized by bigger scattering than GNSS (GPS+GLONASS) solution.
Generally the differences (especially in Up position component) have visible periodicity. The
differences reveal the following:
 the PCC dependent position differences reach biases up to 4 cm,
 the differences experience rapid changes within short time periods,
 the amplitudes of these differences reach up to 6 cm,
 variations in differences have periods close to 12 hours, which corresponds to the orbital period
of the GPS satellites.
Figures 11-16 present box whiskers plots for obtained solutions.

Fig. 11. Box whiskers plots for 60 minutes session processing results (GPS-only solution)

Fig. 12. Box whiskers plots for 60 minutes session processing results (GNSS solution)

Fig. 13. Box whiskers plots for 30 minutes session processing results (GPS-only solution)
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Fig. 14. Box whiskers plots for 30 minutes session processing results (GNSS solution)

Fig. 15. Box whiskers plots for 15 minutes session processing results (GPS-only solution)

Fig. 16. Box whiskers plots for 15 minutes session processing results (GNSS solution)

The changing calibration models in post-processing mostly affect the Up component. In analyzing
solutions, the previously described differences can be seen in the results. These differences should be
considered as caused by differences visible in type-mean, individual and individual+ PCC.
The estimated mean position offset are generally below 0.5 cm in the North and East component. In the
Up component the mean offset is visible larger and reach up to 2 cm. This is especially true for ind+/ind
and ind/tm comparison where the biggest difference occurred.
The effect of scattering in position component is also visible in the standard deviation. The highest
values were clearly obtained for the Up component.
Periodicity analysis
To detect the periodicity in the obtained results, for five days data the Lomb-Scargle spectrum was
calculated. The Lomb-Scargle periodogram is an algorithm that specifically generates a Fourier spectrum
for the instance where data are not uniformly spaced. Unlike a traditional FFT, there is no zero frequency
channel. In most respects, there are few other differences between this type of spectrum and
a conventional Fourier spectrum that uses uniformly sampled data (SCARGLE, 1982).
Figures 17-22 presents the power of detected periodic signals in cycles per day (cpd). Cpd unit allows
the detection of potential periodic signals on a daily scale.
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Fig. 17. Lomb-Scargle periodograms for position differences obtained in 60 minutes session processing results (GPSonly solution)

Fig. 18. Lomb-Scargle periodograms for position differences obtained in 60 minutes session processing results (GNSS
solution)

Fig. 19. Lomb-Scargle periodograms for position differences obtained in 30 minutes session processing results (GPSonly solution)

Fig. 20. Lomb-Scargle periodograms for position differences obtained in 30 minutes session processing results (GNSS
solution)
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Fig. 21. Lomb-Scargle periodograms for position differences obtained in 15 minutes session processing results (GPSonly solution)

Fig. 22. Lomb-Scargle periodograms for position differences obtained in 15 minutes session processing results (GNSS
solution)

A good guidline for interpreting Lomb-Scargle power could be, i.e. (BOZZA et al., 2016):
power < 6 – most likely not real,
6 < power < 10 – possibly real but probably not,
10 < power < 14 – might be real, worth investigating more,
14 < power < 20 – most likely real,
power > 20-30 – definitely real,
it is visible that there are some periodicities found (specially in North and Up components).
Generally the obtained results confirm the earlier observation that variations in differences
in all solutions have periods close to 12 hours (2 cpd) which agree with the orbital period of the GPS
satellites. This is true for all stations and all position components. However, it is visible on above Figures 5
that there are also some periodicity at 1, 3 and 4 cpd frequency. All of these frequencies correspond with
multiples of half of the orbital period of the GPS satellites.
These results prove that periodicity visible in the differences in all three position component are PCC
correction as well as GPS constellation dependent.
Conclusions
The phase center corrections of a GNSS antenna can be precisely determined using the absolute field
calibration procedure with a precise robot. The author demonstrated that the way of the antenna
mounting on the robot (distance from mechanical structures mounted underneath the antennas) could
cause significant changes in the phase center offset and variations. For both (L1 and L2) the GPS and the
GLONASS carrier signals these changes are about several millimeters. These changes transfer visibly to
the coordinate domain when we used PPP technique.
The PCC difference between two individual calibration setup has a magnitude of up to 10 mm in low
elevations. For some areas in the horizon the effects is even larger.
In the comparison “without spacer” setup an type-mean table the influence of calibration type has
a magnitude of up to 7 mm in low elevations (L1 frequency). For L2 frequency in low elevations at the
horizon the effects is much larger – up to 20mm. It was observed also that shape of pattern differences for
GPS and GLONASS signals is similar. Finally “with spacer” setup an type-mean PCC were compared. For L1
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frequency the influence of calibration type has a magnitude of up to 10 mm in low elevations and for L2
frequency, as previously – up to 20mm.
It was also demonstrated that these differences in PCC transfer to coordinate domain when PPP
technique is used. For the horizontal components, the position offsets induced by the differences between
calibration models are below 1 cm for all processing variants. Greater differences can be seen for the Up
component. These differences range from -4 to 4 cm depending on used in comparison PCC models.
Generally the differences (especially in Up position component) have visible periodicity. The
differences reveal the following:
 the PCC dependent position differences reach biases up to 4 cm,
 the differences experience rapid changes within short time periods,
 the amplitudes of these differences reach up to 6 cm,
 variations in differences have periods close to 12 hours, which corresponds to the orbital period
of the GPS satellites.
The estimated mean position offset are generally below 0.5 cm in the North and East component. In the
Up component the mean offset is visible larger and reach up to 2 cm. This is especially true for ind+/ind
and ind/tm comparison where the biggest difference occurred.
The effect of scattering in position component is also visible in the standard deviation. The highest
values were clearly obtained for the Up component.
To detect the periodicity in the obtained results, for five days data the Lomb-Scargle spectrum was
calculated. The obtained results confirm the earlier observation that variations in differences
in all solutions have periods close to 12 hours (2 cpd) which agree with the orbital period of the GPS
satellites. This is true for all stations and all position components. However, it is visible that there are also
some periodicity at 1, 3 and 4 cpd frequency. All of these frequencies correspond with multiples of half of
the orbital period of the GPS satellites.
Obtained results can be treated as case study. In author opinion additional analysis are needed to
determine precisely the effect of PCC model type on positioning, with more antenna types and
measurement data.
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