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Abstract

For highly accurate and precise positioning, navigation, and timing based on Global Navi-
gation Satellite System (GNSS) signals, it is essential to consider Phase Center Corrections
(PCC). Typically, GNSS processing estimates coordinates that refer to an easily accessible
point, usually the antenna’s substructure, known as the Antenna Reference Point (ARP).
However, GNSS carrier-phase measurements relate to the electronic reception point, which
varies based on the azimuth and elevation angles of incoming satellite signals and differs be-
tween antenna models, types, and frequencies. Corrections, which consider the differences
between the ARP and the electronic receiving point, are required in order to achieve precise
positioning. These corrections, known as PCC, can be determined in an anechoic chamber
using artificially generated signals or in the field using a robot and real signals. In the past,
the accuracy and precision of multi-GNSS, multi-frequency positioning were degraded due to
the lack of robot-based PCC for newer signals and systems.

This thesis presents the successful estimation of multi-GNSS, multi-frequency PCC using a
robot and real GNSS signals. A key innovation of this work is the parameterization of PCC
using an adapted version of hemispherical harmonic functions, as opposed to the commonly
used spherical harmonic functions. This advancement ensures a stable normal equation sys-
tem and enables the calculation of reasonable formal errors for the estimated PCC.

A clear and standardized strategy for comparing PCC sets is still lacking. In response,
various strategies for comparing different PCC sets are presented using both simulated and
real difference patterns. Based on these analyses, the benefits and challenges of each strategy
are discussed. Characteristic values for assessing the similarity of PCC sets are introduced,
and a standardized simulation approach is developed. This approach allows for the assessment
of the impact of APCC on geodetic parameters, such as topocentric coordinate differences,
receiver clock error, and tropospheric parameters. Comparisons with common strategies using
real data demonstrate that the developed approach is thorough and efficient, representing a
substantial step toward standardizing the comparison of different PCC sets.

To identify the specific causes limiting the higher repeatability of PCC estimation and to
understand why discrepancies between different calibration facilities occur, a thorough eval-
uation of specific steps and processing parameters within the antenna calibration procedure
is conducted. The analysis reveals that the quality of observations, rather than differences
in observation distribution on the antenna hemisphere, has the greatest influence on the re-
peatability of PCC estimation.

The thesis also addresses the challenges of independently validating PCC within the obser-
vation domain, particularly due to predominant error sources such as multipath (MP) effects.
It is demonstrated that different PCC sets can be validated by applying them to Single Dif-
ferences (SD) in a short baseline, common clock setup. Applying PCC estimated with the
developed algorithm to uncorrected SD time series shows mean improvements in standard de-
viations up to 1.33%. The overall magnitude of these improvements is relatively small because
of the application of an accurate a priori Phase Center Offset (PCO) to the uncorrected SD
to prevent large drifts. Also, other remaining error sources complicate the validation process.
Thus, a new approach for validating PCC, based on time-differenced SD using a calibration
process, has been proposed. Initial results are promising, showing mean improvements in the
standard deviation of the dSD time series of up to 8%.

Keywords: Absolute GNSS Antenna Calibration, PCC, Multi-GNSS Processing, PCC
Validation Strategies, Hemispherical Harmonics






Zusammenfassung

Fiir eine hochgenaue und prazise Positionierung, Navigation und Frequenziibertragung ba-
sierend auf Global Navigation Satellite System (GNSS)-Signalen ist die Berticksichtigung
von Phasenzentrumskorrekturen (PCC) unerlésslich. Normalerweise werden bei der GNSS-
Prozessierung Koordinaten geschétzt, die sich auf einen leicht zuganglichen Punkt beziehen,
meist auf die Unterkonstruktion der Antenne, den Antennenreferenzpunkt (ARP). Die GNSS-
Tragerphasenmessungen beziehen sich jedoch auf den elektronischen Empfangspunkt (EEP),
der mit Azimut- und Elevationswinkel der eingehenden Satellitensignale variiert und sich je
nach Antennentyp und Frequenz unterscheidet. Um eine prézise Positionierung zu erreichen,
miissen Korrekturen angebracht werden, die die Unterschiede zwischen dem ARP und dem
EEP beriicksichtigen. Diese als PCC bezeichneten Korrekturen kénnen in einer echolosen Kam-
mer oder im Feld mit einem Roboter und echten Signalen bestimmt werden. In der Vergan-
genheit wurden die Genauigkeit und Prézision der Multi-GNSS-Mehrfrequenz-Positionierung
durch das Fehlen von mittels Feldverfahren bestimmter PCC fiir neuere Signale und Systeme
vermindert.

In dieser Arbeit wird die erfolgreiche Schéitzung von Multi-GNSS-Multifrequenz-PCC unter
Verwendung eines Roboters und echter GNSS-Signale vorgestellt. Eine Schliisselinnovation die-
ser Arbeit ist die Parametrisierung von PCC unter Verwendung einer angepassten Version von
hemisphérischen harmonischen Funktionen, im Gegensatz zu den iiblicherweise verwendeten
sphérischen harmonischen Funktionen. Dieser Fortschritt sorgt fiir ein stabiles Normalglei-
chungssystem und ermdglicht die Berechnung formaler Fehler fiir die geschétzten PCC.

Eine klare und standardisierte Strategie fiir den Vergleich von PCC-Sétzen (APCC) fehlt
noch immer. Daher werden verschiedene Strategien zum Vergleich von APCC vorgestellt,
wobei sowohl simulierte als auch reale Differenzpattern verwendet werden. Darauf basierend
werden die Vorteile und Herausforderungen der einzelnen Strategien diskutiert. Es werden
charakteristische Werte fiir die Bewertung der Ahnlichkeit von PCC-Sétzen eingefiihrt und
ein standardisierter Simulationsansatz entwickelt. Dieser Ansatz ermdéglicht die Bewertung
der Auswirkungen von APCC auf geodétische Parameter. Vergleiche mit géngigen Strategien
unter Verwendung realer Daten zeigen, dass der entwickelte Ansatz effektiv ist und einen we-
sentlichen Schritt zur Standardisierung des Vergleichs verschiedener PCC-Sétze darstellt.

Um die spezifischen Ursachen zu ermitteln, die die hohere Wiederholbarkeit der PCC-
Schéitzung einschrianken, und um zu verstehen, woher Diskrepanzen zwischen verschiedenen
Kalibrierungseinrichtungen kommen, wird eine griindliche Analyse des Antennenkalibrierungs-
verfahrens durchgefiihrt. Diese zeigt, dass die Qualitdt der Beobachtungen und nicht die Un-
terschiede in der Beobachtungsverteilung auf der Antennenhemisphére den grofiten Einfluss
auf die Wiederholbarkeit der PCC-Schétzung haben.

Auch werden die Herausforderungen einer unabhédngigen Validierung der PCC innerhalb
der Beobachtungsebene aufgezeigt. Es wird gezeigt, dass verschiedene PCC-Sétze validiert
werden konnen, indem sie auf Einzeldifferenzen (SD) in einem kurzen Basislinien-Setup ange-
wendet werden. Die Anwendung der mit dem entwickelten Algorithmus geschétzten PCC auf
unkorrigierte SD-Zeitreihen zeigt mittlere Verbesserungen der Standardabweichungen von bis
zu 1,33%. Die Gesamtgrofie dieser Verbesserungen ist relativ gering, da ein genauer a priori
Phasenzentrumsoffset auf die unkorrigierten SD angewendet wird, um grofe Driften zu verhin-
dern. Daher wird ein neuer Ansatz fiir die Validierung der PCC vorgeschlagen, der auf zeitlich
differenzierten SD unter Verwendung eines Kalibrierungsprozesses basiert. Erste Ergebnisse
zeigen eine mittlere Verbesserung der Standardabweichung der dSD-Zeitreihe von bis zu 8%.

Schliisselworter: Absolute GNSS-Antennenkalibrierung, PCC, Multi-GNSS-Prozessierung,
PCC-Validierungsstrategien, Hemisphérische Harmonische
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Table 1.1: Main contributions of this thesis.

Challenges Section
Clear and standardized strategy for comparing different PCC sets is 3
missing

GNSS-based positioning is degraded due to the lack of multi-GNSS, 4
multi-frequency PCC

Observation distribution on antenna hemisphere leads to unstable NES 4.3
Explicit causes limiting the higher repeatability of PCC estimation re- 5& 6

main unidentified

Limited comprehension of the impact of varying settings and processing 6
parameters on PCC estimations

Validation of PCC in the observation domain is challenging 7.1

Lack of clear assessment strategies for evaluating how APCC impacts 7.2
geodetic applications

process based on time-differenced Single Differences (dSD) shows promising first results. Fur-
ther analysis is conducted to determine how different PCC sets impact geodetic applications.
Real data and the developed simulation approach are used to assess these impacts.

In summary, the main contributions of this thesis are as follows: At the outset of this
work, there was a lack of multi-GNSS, multi-frequency PCC necessary for positioning and
navigation. By successfully implementing an estimation algorithm, this research gap has been
addressed. Throughout the development process, various research questions and challenges
related to robot-based receiver antenna calibration and PCC comparison emerged. These
are thoroughly addressed and discussed in this thesis. Table 1.1 summarizes the primary
challenges and the sections where they are tackled.

The structure of this thesis is as follows: Chapter 2 provides the necessary fundamentals
for this thesis. It discusses various antenna specification parameters essential for designing a
GNSS antenna. These parameters result in a non-isotropic pattern, necessitating considera-
tion of PCC during GNSS processing. The chapter also covers an introduction into primary
GNSS observation types, related linear combinations, and concepts of observation differenc-
ing and position determination. Additionally, it provides the definition of PCC and offers a
comprehensive literature review regarding receiver antenna calibration.

Chapter 3 introduces various strategies for comparing PCC differences (APCC). It includes
basic formulas for computing differences, followed by tools for analyzing APCC at the pattern
level, using both graphical and numerical measures. It also discusses options for comparing
PCC sets within the observation and parameter domains, with a particular emphasis on a
developed simulation approach aimed at standardizing PCC comparisons.

The main contribution of this work, a developed methodology for determining multi-GNSS,
multi-frequency PCC, is presented in Chapter 4. This chapter focuses on the motivation and
implementation of an adapted version of HSH instead of SH for PCC parameterization. It
includes a detailed analysis of separating PCC into its individual components, namely Phase
Center Offset (PCO), Phase Center Variations (PCV), and a constant part, to generate an
Antenna Exchange Format (ANTEX)-compliant output that meets the standards. In addition,
several tools and methods to assess the quality of the calibration procedure are presented.



4 1 Introduction

Chapter 5 presents estimated PCC values for three different GNSS antenna types, along
with quality analyses: a geodetic pinwheel antenna, a geodetic 3D choke ring antenna, and
a mass-market antenna. It investigates the repeatability of individual calibrations and those
with different receivers. Furthermore, it offers an in-depth analysis of APCC between identical
frequencies from different GNSS systems.

Chapter 6 analyzes the influence of changed processing parameters on estimated PCC. This
includes the calibration time and length, as well as the selected degree and order for PCC
parameterization using HSH. It also examines the influence of different weighting models and
the resolution for transferring estimated HSH coefficients to a regular grid representing PCC.
Special attention is given to analyzing various methods for stabilizing the NES, validated using
manipulated observations and closed-loop simulations.

Chapter 7 analyzes PCC values for geodetic applications. This includes validating PCC
sets in the observation domain and assessing their impact in the parameter domain. The
assessment covers GNSS reference stations and GNSS coordinate time series. The chapter
also briefly examines location dependency and evaluates the impact of different PCC sets on
GNSS-based frequency transfer.

The thesis concludes in Chapter 8, summarizing the key findings and providing an outlook
for future work.



Fundamentals

This chapter provides the fundamentals of this work, which are summarized and illustrated
in Figure 2.1. The non-colored part is based on Won and Pany (2017) and describes the
digital signal processing of a Global Navigation Satellite System (GNSS) receiver. Since this
is not treated further within this work, details are not provided in the fundamentals. Instead,
interested readers are referred to the technical literature.

Since GNSS antennas are the first element in the processing chain of GNSS signals and are
crucial for the quality of GNSS observations and the resulting position estimates, the most
important antenna specification parameters are first pointed out in Section 2.1.1. Next, the
four primary GNSS observation types as they are written by the receiver into the binary
file, which can be converted into the Receiver Independent Exchange Format (RINEX) file,
are described in Section 2.1.2. With these, different linear combinations can be formed and
observation differencing can be carried out so that specific error sources cancel out. The
methodologies for forming these combinations, as well as Precise Point Positioning (PPP)
as one position determination algorithm are provided in Section 2.1.4. The chapter closes
with the definition of Phase Center Corrections (PCC), format standards and an overview of
different calibration methods as well as current developments in this research field.

2.1 Receiver Antennas and GNSS Observation Equations

2.1.1 Antenna Specification Parameters

The main purpose of GNSS receiver antennas is the reception of navigation signals transmitted
by GNSS satellites (Magsood et al., 2017). Since the antenna acts as a spatial and frequency
filter, it directly impacts the quality of the received signal and thus the position quality (Rao
et al., 2013). This section briefly describes the main key parameters of GNSS receiver antennas.

The receiver antenna converts the electromagnetic waves (radio waves) transmitted by the
satellite into electric currents. GNSS antennas transmit the signals in the L-band of the
Radio Frequency (RF) spectrum, which covers a total frequency of 1-2 GHz. In this range,
the frequencies of 1164 MHz — 1300 MHz and 1559 MHz — 1610 MHz are assigned to Radio
Navigation Satellite Services (RNSSs) by the International Telecommunications Union (ITU).
This is the case for all GNSS satellites except for Indian Regional Navigation Satellite System
(IRNSS) and the third-generation BeiDou system. They also use a frequency near 2.2 GHz
(S-band) for selected frequencies (Magsood et al., 2017). Figure 2.2 shows the allocated
frequencies for individual GNSS. It is worth noticing that selection of the close or even
overlapping frequency range is beneficial for receiving multiple signals from different GNSS
with one single wideband antenna. However, the possibility of interference between different















10 2 Fundamentals

feed cable. Typically, a return loss of less than -10dB is required, which indicates that at
least 90% of the incoming power is transmitted to the antenna for radiation. Alternatively,
the reflection coefficient $1; and Voltage Standing Wave Ratio (VSWR) can be provided to
describe the return loss (Magsood et al., 2017)

VSWR — 1‘

VSWR + 1 2.1)

return loss = —201og|s11] = —201log ’

Front-to-Back and Multipath Ratio

According to Magsood et al. (2017), the Front-to-Back Ratio (FBR) quantifies the ratio of the
antenna energy directed in the boresight direction (main lobe) to the energy directed towards
the backlobes. Thus, it also reflects the antenna’s resistance to MP. For GNSS antennas, a
high FBR is required so that e.g. ground reflections can be attenuated. It is affected by the
antenna’s backside shielding and the sensitivity to LHCP signals. A related measure is the
Multipath Ratio (MPR), which compares the gain G of RHCP signals at a specific boresight
angle 8 with the gain of both RHCP and LHCP radiation received from the angle 180° — 8
(Magsood et al., 2017)

Grucre (6)

MPR = .
Grucp (180° — 8) + Grucp(180° — 6)

(2.2)

Thus, the MPR is a crucial indicator for assessing the MP mitigation performance of an an-
tenna. A related measure is given by the Multipath Suppression Indicators (MPSI) described
below.

Phase-Center Stability and Group Delay Variations

The Phase Center (PC) of an antenna is the point within its RP from which all power radiates
(for a transmitting antenna) or converges (for a receiving antenna). Typically, this point differs
from the geometric center of the antenna and varies with the signal frequency and the direction
of the incoming signal since the actual wavefronts deviate from the ideal concentric spherical
shell (Magsood et al., 2017). Thus, in order to achieve accurate and precise GNSS-based
positioning and navigation, PCC need to be taken into account. Its definition is provided in
Section 2.2.1 and methods to properly calibrate the GNSS transmitting and receiving antennas
are described in Section 2.2.3. In general, maintaining high PC stability is in particular
challenging for wide- or multiband antennas (Magsood et al., 2017).

Similar effects are present not only for carrier-phase but also for pseudorange observations.
The Group Delay (GD) is a measure of the time delay experienced by the receiving antenna.
When its value is multiplied with the speed of light ¢, a metric correction term known as
Codephase Center Corrections (CPC) is obtained.

Among with the Phase Wind-Up (PWU) error described in Section 4.2.2, the GD and PC
errors are antenna-induced errors in GNSS measurements (Rao et al., 2013). In order to take
these errors adequately into account, CPC, PCC and corrections due to the carrier PWU need
— depending on the specific application — to be considered.
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Multipath Susceptibility Indicators

One of the crucial key parameters of GNSS receiving antennas is the capability to suppress
multipath (Caizzone et al., 2021). In order to calculate the MPSI for different antennas and
GNSS frequencies, the respective gain patterns are used. Referring to Caizzone et al. (2018),
the MPSI are defined as follows

MSPI B IOgQO(—XPDma&db) if XPDmax,db <0
Up — if XPDypax.db > 0 23)
MSPI - IOgQO(_DURmaX,db) it DURmax,db <0 .
Down = if DURpax,ap = 0
with
XPDyay = maX(Ga.inLHcp(Z >0, @)
Gaingrucp (Zs, Os) (2.4)
DURmaX _ maX(GainTOT(Z <0, @)’ .

GainRHCP(Zs’ as)
where z indicates the zenith angle, a the azimuth angle and s the index of a specific value.

Figure 2.4 shows the calculated MPSIly, and MPSIpoyy for the NOV703GGG.R2 NONE
antenna. MPSIy, refers to satellite signals received from above the antenna horizon and
MPSIpown describes the signals received from below the antenna horizon. It can be clearly
seen that MPSIy, values are larger than 0.75 for z = 90° indicating an excellent to good
multipath suppression. Since the antenna is a geodetic pinwheel antenna, the results match
the expectations. The MPSIpqw, values indicate still a medium to good multipath suppression
capability for 0° < z < 75°. These received signals are most likely reflected signals.

Table 2.1 gives an overview over typical MPSI values and their interpretation based on
Caizzone et al. (2021). The MPSI can range from 0, indicating that the antenna has no MP
suppression capability, to values greater than 1, indicating that the antenna has an excellent
MP suppression capability.

Figure 2.4: MPSI values for NOV703GGG.R2 NONE antenna.
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Quality Assessment of Estimated PCC
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Figure B.1: Residuals of estimated LE1 GL2W PCC.
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