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Abstract

Accurate information on satellite antenna phase center offsets (PCOs) and phase variations (PVs) is indispensable for high-
precision geodetic applications. In the absence of consistent pre-flight calibrations, satellite antenna PCOs and PV of global
navigation satellite systems are commonly estimated based on observations from a global network, constraining the scale to
a given reference frame. As part of this estimation, flatness and zero-mean conditions need to be applied to unambiguously
separate PCOs, PVs, and constant phase ambiguities. Within this study, we analytically investigate the impact of different
boresight-angle-dependent weighting functions for PV minimization, and we compare antenna models generated with different
observation-based weighting schemes with those based on uniform weighting. For the case of the GPS IIR/-M and III satellites,
systematic differences of 10 mm in the PVs and 65 cm in the corresponding PCOs are identified. In addition, new antenna
models for the different blocks of BeiDou-3 satellites in medium Earth orbit are derived using different processing schemes. As
adrawback of traditional approaches estimating PCOs and PV's consecutively in distinct steps, it is shown that different, albeit
self-consistent, PCO/PV pairs may result depending on whether PCOs or PVs are estimated first. This apparent discrepancy
can be attributed to potentially inconsistent weighting functions in the individual processing steps. Use of a single-step
process is therefore proposed, in which a dedicated constraint for PCO-PV separation is applied in the solution of the normal
equations. Finally, the impact of neglecting phase patterns in precise point positioning applications is investigated. In addition
to an overall increase of the position scatter, the occurrence of systematic height biases is illustrated. While observation-based
weighting in the pattern estimation can help to avoid such biases, the possible benefit depends critically on the specific
elevation-dependent weighting applied in the user’s positioning model. As such, the practical advantage of such antenna
models would remain limited, and uniform weighting is recommended as a lean and transparent approach for the pattern
estimation of satellite antenna models from observations.

Keywords GNSS - Phase center offsets - Phase variations - Flatness constraint - One-step processing - BeiDou-3 MEO
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1 Introduction

< Bingbing Duan

bingbing duan@tum.de Dynamic orbits of global navigation satellite system (GNSS)

satellites are determined with respect to the center of mass
(CoM), which is well defined by the laws of celestial
mechanics (Hugentobler and Montenbruck 2017). GNSS
measurements of various frequencies, however, refer to dif-
ferent phase centers of the transmitting antenna, which are
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neither physical points nor unambiguously defined (Mader
1999). The total phase center correction to the geometric dis-
tance between satellite and receiver is therefore partitioned
into a phase center offset (PCO) contribution and the sup-
plementary phase variations (PV). Here, the satellite PCO
is defined as the vector from the CoM to the mean antenna
phase center, while the satellite PVs describe the deviation
of the wavefront from a sphere around the mean phase center
as a function of boresight angle and azimuth (Schmid and
Rothacher 2003; Schmid et al. 2005).

As a one-way measurement system, GNSS could not con-
tribute to determining the scale of the terrestrial reference
frame (TRF), when manufacturer calibrations of satellite
antenna PCOs were not available (Altamimi et al. 2002).
Instead, PCOs and PVs of GNSS satellite antennas had to
be estimated from observations of a global network aligning
the TRF scale to that derived from Satellite Laser Ranging
(SLR) and Very Long Baseline Interferometry (VLBI) tech-
niques (Altamimi et al. 2002; Schmid et al. 2007, 2016). A
number of studies discussed the relation between changes in
satellite PCOs and the corresponding impact on TRF scale,
station coordinates and tropospheric zenith delays (Springer
TA 2000; Zhu et al. 2003; Ge et al. 2005; Cardellach et al.
2007; Rebischung 2014; Bruni 2016; Steigenberger et al.
2016). Recently, Montenbruck et al. (2022) did a compre-
hensive semi-analytical analysis on the relation of the TRF
scale and GNSS PCOs in the Z-direction (Z-PCOs, which
is perpendicular to the antenna panel plane and points nomi-
nally toward the center of the Earth). The impact-ratio values
are about —0.051, —0.055, —0.041 and —0.046 for GPS,
GLONASS, Galileo and BeiDou-3 satellites, respectively,
but vary slightly with observation weighting strategies and
elevation masks. Overall, a 10 cm change in the satellite’s
Z-PCO causes a change in station heights of about 5mm or,
equivalently, a 0.8 ppb scale change.

Recognizing the benefit of pre-flight antenna calibra-
tions for geodetic applications, manufacturer calibrations for
the PCOs of Galileo (GSC 2022), BeiDou (CSNO 2019b),
GPS III (Lockheed Martin 2023) and QZSS satellites (Cab-
inet Office 2022) were publicly released. Steigenberger
and Montenbruck (2023) and Duan et al. (2023) compared
the estimated Galileo satellite PCOs to the calibrated val-
ues. X-PCOs show a bias of about 1cm, while Y-PCOs
are free of such bias. The ITRF2020-aligned Z-PCO esti-
mates exhibit a systematic offset of —11 to —15cm from
the manufacturer calibrations reflecting a 0.7-1.0 ppb scale
inconsistency. Consistency of Z-PCOs between various fre-
quencies of Galileo satellites is better than 4 cm. In a related
effort, Steigenberger et al. (2024) evaluated the pre-flight
calibrations of GPS III satellites provided by the manufac-
turer Lockheed Martin. The estimated horizontal PCOs agree
on a few-centimeters level and the ITRF2020-aligned Z-
PCOs have a systematic bias of about 10cm indicating a
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similar scale inconsistency as for the Galileo manufacturer
calibrations. Matching results were also obtained for GPS
IIF antenna calibrations discussed in Montenbruck et al.
(2024), even though various unproven assumptions had to
be made concerning the proper interpretation of the manu-
facturer data. For BeiDou-3, Xia et al. (2020), Zhao et al.
(2022) and Zajdel et al. (2022) analyzed the consistency
of manufacturer-calibrated PCOs for ionosphere-free linear
combinations of different frequencies. The estimated Z-PCO
values using B11/B3I and B1C/B2a ionosphere-free linear
combinations reveal an inconsistency of 10-20 cm.

With manufacturer calibrations for GNSS satellites and
complementary chamber or robot calibrations of ground
antennas (Zeimetz and Kuhlmann 2008; Wiibbena et al.
2019; Kersten et al. 2022), the GNSS technique can, in
principle, contribute to the determination of the TRF scale.
However, Villiger et al. (2020) demonstrated a scale differ-
ence of about 1 ppb between the estimation from Galileo
satellites and the scale of ITRF2014 (Rebischung and Schmid
2016). Similar work was also done by adding low earth orbit-
ing (LEO) satellite measurements into global GNSS analyses
(Haines et al. 2015; Glaser et al. 2020; Huang et al. 2021).
In the realization of the most recent ITRF2020, a difference
of 0.68 ppb + 0.018 ppb/a in the scale was observed between
estimations from GNSS and SLR/VLBI by IGN (Altamimi
et al. 2023; Rebischung et al. 2024). As a consequence, the
GNSS technique was excluded from the determination of
ITRF2020 scale. Same as before (Ray et al. 2013; Dilss-
ner et al. 2010; Dach et al. 2011; Villiger et al. 2021), GNSS
satellite-specific PCOs have to be repeatedly estimated by the
International GNSS Service (IGS, Johnston et al. 2017) based
on the scale of the latest ITRF version. The TRF solution
from Deutsches Geoditisches Forschungsinstitut (DGFI),
the DTRF2020, on the other side sees an agreement between
VLBI and GNSS and uses these two techniques to define the
scale (Blossfeld et al. 2022; Seitz et al. 2023a,b).

The phase center corrections are commonly separated into
a constant part, the PCO and a directional varying part, the
PVs. The separation into PCO and PVs leads to a parame-
terization that needs to be addressed. Typically, due to high
correlations, satellite PCOs and PVs are estimated sequen-
tially in two or more distinct steps including a possible
normalization of the pattern based on user-defined minimiza-
tion criteria. While it is generally assumed that the final
results are independent of the order of the individual pro-
cessing steps, a systematic comparison of antenna models
obtained by first estimating PCOs and then PVs, with those
obtained by first estimating PVs, then PCOs, is presently
lacking. In particular, different weighting conditions of con-
straints for obtaining zero-mean and flat patterns will result in
different satellite PCO and PV estimations. A combination
of satellite PCOs/PVs determined from different methods
therefore needs to be aligned to the same datum.
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With this background, this contribution explains different
minimization constraints mathematically and presents a lean
and generic method to estimate antenna PCOs and PV's simul-
taneously in one processing step. The fundamental concepts
and methodology are described in Sect. 2. Satellite PCO and
PV results computed from different multi- and single-step
methods are discussed in Sect. 3 for the sample case of the
BeiDou-3 constellation. Assessments of different PVs in pre-
cise point positioning (PPP) are shown in Sect. 4. Finally, a
summary and conclusions are presented based on the dis-
cussed results.

2 Methodology

As satellite antenna PCOs and TRF scale are strongly cor-
related, the estimation of satellite PCOs and PVs is only
possible when the scale and robot- or chamber-based cali-
brations of ground antennas are available. In the following
descriptions, we assume that both conditions are satisfied.
Satellite PCOs and PVs have to be estimated together with
satellite orbits and other parameters. As part of the observa-
tion model for carrier phase observations (Hauschild 2017),
the antenna-related correction &pco/py to the geometric dis-
tance between satellite and receiver is expressed as

Epcopy = —e’ - rpco + épy (D
(Magsood et al. 2017). Here, e denotes the satellite-to-
receiver unit vector, rpco is the PCO vector of the satellite
defined in the satellite-body-fixed XYZ reference frame
(Montenbruck et al. 2015), and &py represents the corre-
sponding direction-dependent phase variations.

It can be recognized that Eq. (1) does not provide a unique
distinction between satellite PCOs and PVs, as a change of
Arpco = Fpco — rpco from the total PCO Fpco can always
be compensated by a corresponding change

Abpy = Epy — Epy = +e! - Arpco (2)

without affecting the total phase pattern correction &pco/py .
Here, Epv denotes the minimized satellite PV that are free of
satellite PCO contributions. An additional condition, e.g., a
flatness constraint, for the PV patterns is therefore required,
when estimating PCOs and PVs from observations to sepa-
rate both effects in an unambiguous manner.

Furthermore, it is noted that &py is also ambiguous with
respect to additive constants Ab that are indistinguishable
from the carrier phase ambiguities and phase biases (Mon-
tenbruck et al. 2024). To deal with this issue, an additional
condition, e.g., a zero-mean constraint for the satellite PVs,
has to be applied to compute PCOs and PVs.

In this work for GNSS satellites, transmit antenna patterns
are assumed to be rotationally symmetric about the boresight
axis and can thus be described as a function of the bore-
sight angle 6. Consistent with this, only the Z-component of
Arpco (AZpco) needs to be considered in the minimization
of the phase patterns. Altogether, the phase pattern contribu-
tion &py to the observation model (1) can thus be expressed
as

Epv(0) = —cos(9) - AZpco + Ab + Epy(6) ©)

where Epv denotes zero-mean and flat satellite PVs over a
certain 6 angle range. Overall, Egs. (1) and (3) provide the
generic model for estimating the antenna phase center

Tpco = rpco + (0,0, AZpco)T )

and the minimized phase pattern ’S\pv (0) from GNSS obser-
vations along with suitable constraints for AZpco and Ab.

2.1 Minimization conditions

Following Dach et al. (2015), a piecewise linear (polygonal)
function &py () with &py (i A0) = &; fori =0, ...,n witha
sampling interval A@ = 1° is applied in this work to describe
the satellite PVs up to a maximum boresight angle 6y,x =
nA6.Inanalogy with Eq. (3), apattern vectoré = (&;)i=0....n
may be transformed to a flat and zero-mean pattern g by
removing a PCO and bias contribution (AZ, Ab)T based on
minimization of the weighted square sum

> wiE? )
i=0

of the resulting grid points
& =& + cos(0h) - AZpco — Ab . (©6)

For given weights w = (w;)i=o,....», the least-squares solu-
tion for the PCO and bias contribution is given by

AZpco \ _  pT —1 pT
( Ab )_(B PB)" B’ P¢, @)
where
—cos(6p) 1
B=| : ®)
—cos(6,) 1

denotes the design matrix and where P = diag(w) is a diag-
onal weighting matrix.
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For a given pattern vector &, Eq. (7) can be used to find the
PCO correction needed to obtain a flat and zero-mean-aligned
phase pattern. Likewise, the relation can be used to constrain
an estimated pattern E in the global adjustment of PCOs,
patterns and other parameters from processing observations
of a global network. In the latter case, a condition

(8) L (B"PB)'B" PE ©)
is incorporated into the overall normal equations in the form
of either a hard or soft constraint.

Depending on the specific application, different weighting
schemes may be use in practice, out of which we highlight
three basic concepts:

e Case A: In the most simple case, all grid points receive
an equal (unit) weight w; = 1. This approach enables a
seamless application to 2-dimensional patterns (varying
with azimuth A and off-boresight angle 8) and 1-
dimensional (6-dependent) patterns. Because of its sim-
plicity and computational convenience, uniform weight-
ing on an equidistant (A, 0) grid is widely applied in
chamber calibrations of GNSS receive antennas (Kunysz
2010) as well as transmit antennas. Uniform weighting
has, e.g., been applied in the 2-dimensional manufacturer
calibrations of GPS satellite antennas (Montenbruck et al.
2024) and is traditionally used within the IGS to derive
flat and zero-mean 1-D patterns for its antenna models.

e Case B: Conceptual concern with uniform weighting on
an equidistant (A, 6) or 6 grid stems from the fact that it
is far from isotropic and overweights the boresight direc-
tion in relation to the solid angle covered by adjacent grid
points. To cope with this deficiency, the use of a triangu-
lar grid with a near-equal spacing of grid points on the
unit sphere has therefore been proposed as an alternative
and applied for estimating phase centers and patterns of
GNSS satellites in Zehentner (2016) and Strasser et al.
(2019). In the 1-dimensional case considered here, an
isotropic weighting can be approximated by assigning
weights of w; = sin(6;) - A to the individual grid points
that describe the fractional area on the unit hemisphere
covered by each 6 interval.

e Case C: While the isotropic weighting copes with the lim-
itations of uniform weighting on an equidistant grid, it is
not necessarily representative of the conditions met in the
joint adjustment of satellite PCOs or patterns from GNSS
observations along with other parameters such as GNSS
orbits and clock offsets. Here, the effective weights asso-
ciated with a specific boresight angle are determined by
the fractional observation density v(6), which describes
the fraction dN/N = v(0)d6 of observations within an
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Station

GNSS
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Fig. 1 Illustration of the region on the Earth’s surface (dark blue) cor-
responding to observations within an interval [0, 0 4+ d0] of boresight
angles for a GNSS satellite at distance a from the center of Earth

infinitesimal interval d6 around 6, as well as possible
elevation-dependent observation weights.

To better understand the differences between observation-
based weighting and the other alternatives, we evaluate the
resulting effective weights for different GNSS constellations
and observation weights. In a previous work, Montenbruck
et al. (2022) has evaluated the observation density as a func-
tion of zenith angle at the receiving antenna based on a global
network of 85 stations. Based on empirical evidence, the
authors found a near-linear relation v, (z) & 0.8z that applies
equally for GPS, GLONASS, Galileo and BeiDou satellites
in medium Earth orbit (MEO) despite the slightly different
altitudes. For the present work, we analytically compute the
observation density as a function of the boresight angle, by
considering the fractional amount of stations observing a
satellite within the interval [0, 6 + d6] under the assump-
tion of a homogeneously distributed station network.

As illustrated in Fig. 1, the respective stations are located
in aring-shaped region of area d A on the Earth’s surface with
central angles in the range of ¢ and ¢ + d¢. The fractional
number of observations

dA 2w R?*sin(¢)dt
0)dl = — = ———— 10
V@) A 47 R? (19)
from this region then matches the ratio of d A and the total
surface area A of the Earth. Based on the geometry of the
station-Earth-satellite triangle, an infinitesimal change d6 of

the boresight angle results in a change of
d —dcost d
d§=_(ﬁ.w__)dg (11)

in the central angle, where a denotes the orbit radius, R is the
Earth radius, and d is the satellite distance from the station.
Upon combining Egs. (10) and (11), the fractional observa-
tion density v can be computed as a function of the boresight
angle 6.

When processing GNSS observations for the adjustment
of PCOs and patterns along with other parameters, a zenith-
angle-dependent weighting function w(z) is commonly
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applied to account for the variation of measurement noise,
multipath and atmospheric errors. The effective, boresight-
angle-dependent weighting for the PCO/PV estimation is
then given by the product w(@) = v(0) - wW(z(A)) of the
relative observation density and the zenith-angle-dependent
observation weight.

As discussed in Montenbruck et al. (2022), a variety of
different weighting functions w; are presently used for carrier
phase processing by individual IGS analysis centers. These
include, for example,

W1(z) = cos’(z) (12)
—~ 1 for z < 60°

w2(2) = {40052(z) fori > 28" (13)
w3(z) = cos(z) (14)
W4(z) = (a + (1 — a) cos’(z)) witha = 0.15 (15)
. a’ +b? .

ws(z) = witha =5.5and b = 35 (16)

a? 4 b2/ cos2(z)’

Figure 2 shows the resulting weight function w () for the
example of the BeiDou-3 MEO constellation with an orbital
radius of @ = 27900 km and an edge-of-Earth boresight
angle of about 6.0 = 13.2°. Irrespective of the zenith-angle
weighting w, all weighting functions show a similar, quasi-
linear increase with 6 up to boresight angles of about 8°, but
notable differences may be recognized closer to the edge of
Earth. Considering only the observation density, i.e., w = 1,
asteep increase of w(6) with a pole at O is encountered. For
most other choices of w, the total weight remains bounded
and decreases to zero at fc. As a result, peak weights are
obtained in a region of boresight angles between about 9°
to 12°. Obviously, PCO corrections and patterns obtained
with such weighting functions will be notably different from
those obtained with a uniform weighting as discussed above
for Case A.

Complementary to the analytically computed weight func-
tions, Fig. 2 also shows the effective weights W e (z) derived
from the diagonal elements of the information matrix (nor-
mal equation) in the estimation of BeiDou-3 MEO patterns
from a global network of 130 stations with a cos?(z) weight-
ing (see Sect. 3). The good agreement of W es(z) and Wy
confirms the validity of the analytical weighting model for
a reasonably homogeneous station distribution and enables
predictions of AC specific processing strategies on the esti-
mated PCOs and patterns.

By way of example, Fig.3 illustrates the impact of dif-
ferent weighting strategies on the phase pattern of the GPS
IITI satellites, which closely matches that of the Block IIR-B
and IIR-M satellites (Montenbruck et al. 2024) and is thus
representative of a major fraction of the current GPS constel-
lation. The individual results are based on the minimization
of block-average GPS III patterns from the igs20.atx antenna
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Fig. 2 Observation-dependent weighting w = v - w as a function of
boresight angle computed for different zenith-angle-dependent obser-
vation weightings W(z). Wy est(z) denotes the estimated weights from
real data. The triangular symbols consider the weighting according to
the piecewise linear representation of the PV
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Fig.3 GPS Il satellite PVs minimized by using unit weighting (w = 1;
black curve) and observation-dependent weighting (w = v - w; colored
curves) based on different w(z)

model on a 1° boresight angle grid up to a limiting angle
of & = 14° using Eq. (7). Significant differences may be
noted between the unit weighting (Case A; w = 1, black
curve) and the observation-dependent weightings (Case C;
colored curves) for various choices of w(z). All observation-
based weight functions downweight contributions at small
and large boresight angles and minimize the pattern ampli-
tude in intermediate regions. This results in a systematic shift
of about 5mm between the two groups (black and colored
curves) as well as differences of up to 20 mm in the variation
from the center to the edge of the antenna field of view. Along
with this, differences of about 65 cm in the corresponding Z-
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Table 1 GPS III satellite Z-PCOs corresponding to different sets of
minimized PVs from Fig. 3

Number Weighting Z-PCO difference
1 w=1 0.0

2 w=1 —65.4

3 w) —19.1

4 ) —51.1

5 w3 —434

6 Wa -31.0

7 Ws —41.6

All values are given in [cm] relative to the PCOs obtained with uniform
weighting

PCO estimates are found. GPS III satellite Z-PCO biases
corresponding to different sets of minimized PVs are shown
in Table 1.

2.2 Estimating satellite PCOs and PVs from
observations

Within the IGS, a multi-step approach is commonly used to
determine GNSS satellite PCOs and PVs from observations
of a global receiver network. In each step, either PCOs or PVs
are estimated to account for the correlation of these param-
eters, which inhibits a joint estimation in an unconstrained
adjustment process:

— In a first step, an a priori phase pattern is adopted,
based on which the unknown PCOs can be adjusted
along with satellite orbits, clocks and other parameters.
Receiver antenna patterns are assumed to be known from
independent calibrations, and station coordinates are con-
strained to a given TRF to mitigate a singularity that
would arise in the joint adjustment of satellite PCOs and
station heights. In the absence of other information, a
zero pattern may be assumed for the transmit antennas
(Steigenberger et al. 2016; Xia et al. 2020; Zajdel et al.
2022). Alternatively, an approximate pattern from other
sources, e.g., a past IGS calibration or a manufacturer cal-
ibration, can be employed (Schmid et al. 2007; Dilssner
et al. 2010; Steigenberger and Montenbruck 2023). The
PCOs obtained in this way minimize the weighted square-
sum of the carrier phase residuals taking into account the
actual distribution of observations with boresight angle
and the zenith-angle-dependent weight function.

— Next, an improved pattern can be obtained from either
the carrier phase residuals and the a priori pattern of
the previous step or an independent least-squares adjust-
ment of the pattern parameters while keeping the PCOs
fixed to the previously determined values (Schmid and
Rothacher 2003; Schmid et al. 2007). Overall, this yields
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fully consistent pairs of PCOs and PVs for the individual
satellites that offer an accurate modeling of the respective
carrier phase observations. By their design, the result-
ing patterns are minimized subjecting to weighting with
the observation density and the zenith-angle-dependent
weight function w(z) of the adjustment process as out-
lined above in the discussion of Case C.

— Patterns and PCOs constructed in this way by different
analysis centers (ACs) will naturally deviate from each
other due to the implicit use of different weight functions,
even though each PCO-PV pair will ideally provide the
same range correction. For enabling a combination of
patterns from individual ACs, a re-normalization of the
individual AC patterns needs to be performed using a
common convention for the pattern minimization and a
subsequent correction of the associated PCOs. In view
of its simplicity and transparency, the uniform weighting
on an equidistant grid (Case A) is most widely used for
this purpose (Schmid and Rothacher 2003; Dilssner et al.
2010). The transformation changes the individual PCO
and PV values for a given AC, but retains the total range
correction. Re-normalized PVs from different ACs may
be used to compute AC-mean patterns from, e.g., a simple
arithmetic mean of all contributing centers.

— If desired, e.g., in the context of IGS reference frame
updates, PCOs may be re-adjusted with the mean pat-
terns from the previous step and AC-mean PCOs can
be obtained for a fully consistent conventional antenna
model.

To avoid the complexity and iterative nature of the multi-
step method, a lean and generic single-step method is
presented here, which allows to estimate satellite PCOs and
PVs simultaneously in a combined adjustment process. The
idea is to adopt zero-mean and flatness conditions as addi-
tional constraints and jointly use them with the GNSS carrier
phase observation equations in the overall parameter adjust-
ment. Mathematically, the constraints are defined by Eq. (9)
and can be incorporated into the normal equations as either
a hard constraint by eliminating two independent parameters
or as a “soft” constraint in the form of a pseudo-observation
with “infinite” weight.

By applying the constraint conditions, PCOs and PVs
can be concurrently estimated without causing a singular-
ity. Depending on the specific choice of weights w; for the
individual grid points & of the antenna pattern, different
minimization criteria maybe implemented in accord with
application-specific needs. Most importantly, this includes
an observation-based weighting to obtain PCO/PV pairs
designed for minimizing carrier phase residuals when consid-
ering only the PCO (consistent with Case C), or the common
uniform weighting of all boresight angle grid points (consis-
tent with Case A).
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Fig.4 Ground network for BeiDou-3 antenna model generation

Mathematically, the single-step estimation with flatness
and zero-mean constraint is fully equivalent to the multi-
step approach under the provision that identical weighting
concepts are applied in both approaches for separating PCO
and PV contributions to the modeled carrier phase range.
However, the single-step approach enables a direct estimation
of both PCOs and PVs in a single least-squares estimation
process and enables a transparent and unambiguous inter-
pretation of the resulting patterns at the moderate expense
of adding the zero-mean and flatness constraints to the nor-
mal equations. To further illustrate the equivalence of both
approaches in a practical use case, the estimation of BeiDou-3
MEO antenna patterns is discussed in Sect. 3.

3 BeiDou-3 antenna model estimation

To compare the generation of an observation-based GNSS
antenna model using different strategies for PCO and PV
estimation, BeiDou-3 is selected as an example for our
study. Other than GPS, GLONASS and Galileo, the Chinese
BeiDou-3 system (Yang et al. 2018) is currently the only
global navigation satellite system, which lacks a comprehen-
sive set of antenna data consistent with the IGS20 reference
frame (Altamimi et al. 2023) as part of the igs20.atx antenna
model (Villiger 2022). Even though frequency-specific PCO
values have previously been released for all BDS-3 satellites,
details of these calibrations are not publicly documented and
the corresponding phase variations have not been disclosed
so far. Furthermore, previous studies by Zajdel et al. (2022),
Xia et al. (2020), Yuan et al. (2024), and Huang et al. (2023)
have raised serious concerns about the self-consistency of
factory calibrations for the MEO satellites built by one of the
two manufacturers.

Due to the lack of consolidated models and metadata as
well as the limited time span from the full-constellation ser-
vice to the ending epoch of the IGS repro3 campaign that
served as the basis for establishing the GNSS contribution to
the ITRF2020 (Rebischung et al. 2024), BeiDou-3 could not
be considered for the generation of the IGS20 reference frame

and the igs20.atx antenna model. While the use of unmodi-
fied BDS-3 manufacturer calibrations in igs20.atx represents
a compromise for enabling multi-GNSS processing, it is
known to cause inconsistencies in precise point positioning
with other GNSSs and to be incompatible with the IGS20
scale.

In view of these limitations, BeiDou-3 still requires gen-
eration of a consistent, observation-based antenna model
within the IGS. It is therefore ideally suited to illustrate the
practical application of different processing strategies and
weighting concepts in the estimation of PCOs and PV's from
scratch.

3.1 Observations and processing standards

For the BeiDou-3 processing, a subset of about 130 ground
tracking stations from the IGS network is used (Fig. 4).
Aside from a reasonably homogeneous global distribution,
stations have been selected based on the availability of dedi-
cated receiver antenna calibrations in all processed frequency
bands as part of the igs20.atx antenna model. The processing
interval covers a one-year period from day 001 to day 365 of
year 2023, which aims to minimize the impact of seasonal
and draconitic errors in the estimated antenna parameters. In
view of their improved noise and multipath performance, the
modernized B1C/B2a signals of the BeiDou-3 satellites (Lu
et al. 2019) are used instead of the legacy B11/B3I signals.

A summary of observation data and processing settings
is given in Table 2. For the GNSS orbit modeling, the
ECOM2 solar radiation pressure model (Arnold et al. 2015)
excluding the 4th-order terms in the satellite—Sun direction
is employed. Earth radiation and antenna thrust effects are
modeled (Rodriguez-Solano et al. 2012; Steigenberger et al.
2018).

For the antenna pattern estimation, GPS, Galileo and
BeiDou-3 observations are jointly processed in daily arcs.
A double-difference processing is employed that eliminates
clock and inter-system bias parameters. Aside from the satel-
lite orbits and solar radiation pressure parameters, the station
coordinates, tropospheric zenith delays and gradients, earth
rotation parameters and geocenter coordinates are estimated
in a global parameter adjustment. No-net-rotation, no-net-
translation and no-net scale conditions are applied for verified
1GS20 datum stations. The final satellite PCOs/PVs are esti-
mated by stacking daily normal equations over 365 days for
satellite-specific PCOs and block-specific PVs.

3.2 BeiDou-3 antenna characteristics
The global MEO constellation of the BeiDou-3 system is
presently made up of three different types of satellites built

by two different manufacturers, namely the China Academy
of Space Technology, CAST, and the Shanghai Engineer-
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Table2 Processing settings

Settings Value

Software Bernese GNSS Software 5.5, modified (Dach et al. 2015)
Network 130 stations

Observations GPS: C1W, C2W, L1W, L2W

Data sampling

Data interval

Elevation cutoff
Elevation-dependent weighting
Troposphere model and mapping function
Receiver antenna model
Satellite antenna model

Solid earth and ocean tides
Phase wind-up

Ocean loading

Orbit modeling

Solar radiation pressure (SRP)
Earth radiation

Antenna thrust

Parameters

Orbits

Satellite antenna model

Station coordinates

Earth rotation parameters
Geocenter coordinates
Tropospheric zenith delay
Tropospheric gradients

Ambiguities

Galileo: CIC, C1X, C5Q, C5X, L1C, L1X, L5Q, L5X
BeiDou-3: C1P, C1X, C5P, C5X, L1P, L1X, L5P, L5X
Double-differenced ionosphere-free

150 sec

24h

5 deg

W = cos?(z)

VMF3 (Landskron and Bohm 2018)

igs20.atx (Villiger 2022)

igs20.atx (Villiger 2022); a priori for GPS, Galileo, BeiDou-3
IERS 2010 (Petit and Luzum 2010)

Modeled (Wu et al. 1993)

FES2014b (Lyard et al. 2021)

7-parameter ECOM2 (Arnold et al. 2015)
Applied (Rodriguez-Solano et al. 2012)
Applied (Steigenberger et al. 2018)

24, six Keplerian elements plus seven ECOM2 parameters
PCO (X,Y,Z) and PV (1-deg grid)

24 h, no-net-rotation, no-net-translation, no-net-scale

with respect to IGS20

24 h, piecewise linear

24h

2h, piecewise linear

24h

Fixed to integers

SIGMA method (Dach et al. 2015)

ing Center for Microsatellites, SECM. In view of different
metadata that suggests a slightly modified platform design
(CSNO 2019a,¢), two subtypes of SECM satellites known
as SECM-A and SECM-B are distinguished within the IGS.
Even though this distinction does not necessarily imply use
of a different antenna design, we prefer to consider three
independent groups of satellites and antenna patterns (CAST,
SECM-A and SECM-B) for the BeiDou-3 transmit antenna
model. As will be shown shortly, this decision is well jus-
tified by small, but well discernible differences between the
estimated SECM-A and -B patterns.

For an initial characterization of the BeiDou-3 antennas,
the well-established multi-step method is used to estimate a
consistent set of PCOs and PVs of the three antenna types.
In a first step, block-specific PVs are estimated while fix-

@ Springer

ing the PCOs to the manufacturer calibrations in igs20.atx.
Given the scale inconsistency between the manufacturer data
and the IGS20 reference frame, the resulting raw patterns
are dominated by uncompensated phase center contributions.
Normalized pattern are therefore computed by removing
these contributions based on Eq. (7) with equal weights for
each point of the boresight angle grid. As a third and final
step, the satellite-specific PCOs are corrected to account for
the contribution of the newly estimated, minimized phase
patterns.

The maximum boresight angle for BeiDou-3 MEO satel-
lites amounts to 13.2°, when considering an elevation cutoff
angle of 0°. For this reason, we confine ourselves to an
equidistant 1° grid up to 6, = 13°. Phase variations beyond
this limit would still be required for processing of low-
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Fig.5 Boresight-angle-dependent phase patterns of the three types of
BeiDou-3 MEO satellites. All patterns are minimized using uniform
weighting over the 1° grid

elevation observations, but can best be obtained by linear
extrapolation from the last grid points or by including mea-
surements from satellites in low Earth orbit (LEO) into the
solution (Qu et al. 2024).

Figure 5 shows the minimized block-specific phase pat-
tern of the three types of BeiDou-3 MEO satellites. The phase
variations show an overall similarity with those of the GPS
IIT satellites (Fig. 3) but are notably smaller in amplitude.
Depending on the specific satellite type, the normalized pat-
terns are confined to a range of roughly &2 to +4 mm. It is
also worth noting that the PVs of the SECM-B satellites show
aroughly 50% (or 1 mm) higher amplitude than those of the
SECM-A satellites. This confirms the suspicion of a slightly
modified satellite environment or even antenna design.

The differences of the estimated and manufacturer-calibrated

BeiDou-3 satellite PCOs are plotted in Fig. 6. Agreements
of the horizontal PCOs are in most cases better than 2cm.
Consistency for the Y-PCOs is clearly better than that for the
X-PCOs. A similar performance has also been observed by
Steigenberger and Montenbruck (2023) and Steigenberger
et al. (2024) for Galileo and GPS III satellites, where it could
be attributed to the deficiencies of the solar radiation pressure
modeling.

In contrast to the horizontal PCOs, the Z-PCO estimates
show both large positive and negative differences compared
to the manufacturer calibrations, which is not only caused
by the scale inconsistency. CAST MEO satellites show both
positive and negative differences ranging from —10-25cm
compared to manufacturer calibrations, and a similar per-
formance is also observed for SECM-A satellites. Z-PCO
estimations for the two SECM-B satellites show a negative
difference of about —25cm compared to the corresponding
calibrations. These results are in good overall agreement with

earlier findings of Zajdel et al. (2022), Xia et al. (2020),
Yuan et al. (2024) and Huang et al. (2023), when taking into
account systematic differences of the underlying reference
frames.

Even though the proper interpretation of the BeiDou-3
manufacturer PCO calibration remains unclear due to lacking
information on the associated phase variations and their min-
imization condition, an unexpectedly large scatter of PCO
differences can also be observed in Fig. 6 within groups of
satellites presumably using the same antenna type. In view
of the pronounced inconsistencies between estimated and
manufacturer-calibrated PCOs, the use of an observation-
based antenna model is therefore deemed mandatory for
precise geodetic applications until further documentation of
the factory calibrations becomes available, and increased
confidence in their quality and proper usage can be gained.

3.3 Differences between different multi-step and
one-step solutions

For further discussion of different approaches to the esti-
mation of phase center offsets and variations, we compare
the results obtained for BeiDou-3 CAST satellites in two
alternative multi-step scenarios with those of the single-step
estimation (Table 3). In the latter case, two different weight-
ing functions are used as constraints, and it is demonstrated
that the single- and multi-step methods yield consistent
results under the provision of matching weighting concepts.

We confine the comparison to the group of CAST satel-
lites, which currently constitutes the majority of satellites in
the global BeiDou-3 constellation. Even though the ampli-
tude of phase variations is smaller for this group than for the
SECM-A and SECM-B satellites, the pattern shape is suffi-
ciently similar to make the results applicable for the entire
constellation. Building up on the basic methodology intro-
duced in Sect. 2.2, a total of four different scenarios is tested:

— Scenario-1: Here, block-specific satellite phase patterns
& = (&)i=0....13 at the 1° grid points are computed in
a first step with satellite PCOs fixed to manufacturer
calibrations. As the sole constraint, a zero-mean condi-
tion based on unit weights w(6;) = 1 is applied in this
step for separating carrier phase ambiguities and con-
stant phase pattern contributions b. In a second step,
the estimated satellite PVs are minimized based on the
same unit weighting w(6;) = 1. The PCO corrections
AZ estimated in this step for each satellite are finally
used to update the a priori PCOs. The scenario essen-
tially matches the approach used in Sect. 3.2 to derive
the basic characteristics of the BeiDou-3 transmit anten-
nas. It has similarly been used to obtain initial phase
pattern estimates for complementing the manufacturer-
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Fig.6 Differences between estimations from Scenario-1 and manufacturer-calibrated PCOs of BeiDou-3 MEO satellites as given in the igs20.atx

antenna model

Table 3 Description of different scenarios for single- and multi-step estimation of phase center offsets and patterns

Scenarios Description Weighting

Scenario-1 multi-step, PV-PCO Unit weight w = 1 in zero-mean and flatness conditions

Scenario-2 multi-step, PCO-PV Observation-dependent weight w = v - W)

Scenario-3 one-step, PV&PCO Unit weight w = 1 in zero-mean and flatness constraint

Scenario-4 one-step, PV&PCO Observation-dependent weight w = v - W] in zero-mean and flatness constraint

calibrated PCOs of the GPS III satellites in the igs14.atx
antenna model (Villiger 2019).

— Scenario-2: Rather than starting with the phase pattern
estimation, satellite-specific PCOs are first adjusted in
this approach without including any a priori phase pat-
tern into the carrier phase modeling. The resulting phase
center location minimizes the weighted root-sum-square
phase residuals over the covered boresight angle range,
which corresponds to an effective weighting w(f) =
v(0) - w(¥) of individual boresight angles. In a sec-
ond step, block-specific satellite PVs are adjusted from
observations while keeping the PCOs fixed to the val-
ues obtained in the first step. An additional zero-mean
constraint is applied to separate constant phase pattern
contributions from carrier phase ambiguities. This con-
straint must be based on the same observation-based
weighting as used in the first step, to ensure full con-
sistency of the combined set of PCOs and PVs. For
the actual tests, a zenith-angle-dependent weight func-
tion W} (0) = cosZ(0) has been adopted in the PCO and
PV adjustment. Practical use cases of Scenario-2 include
the PCO-only estimation of the early Galileo satellites
(Steigenberger et al. 2016) and BDS-3 satellites (Zajdel
et al. 2022).

— Scenario-3: Satellite PCOs and PVs are estimated in one

2.5+
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—*—scenario-3
= 1.5i —%— scenario-4
S
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o
— 0.5
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@
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Fig. 7 Boresight-angle-dependent phase variation patterns estimated
from different scenarios for BeiDou-3 CAST MEO satellites

— Scenario-4: Similar to Scenario-3, the satellite PCOs and

PVs are estimated in a single step, but an observation-
based weighting w; = v(6;) - wi(6;) is used in the
constraint.

Figure 7 shows the block-mean PVs of the BeiDou-3

step. A unit weight (w; = 1) is used in the flatness and
zero-mean constraint (Eq. (9)) to separate both parame-
ters.

@ Springer

CAST MEDO satellites obtained in the four scenarios, while
the corresponding PCO estimates for each satellite are illus-
trated in Fig. 8. In accord with expectations, the results of
single- and multi-step approaches closely match each other
when using consistent weighting functions in the estimation
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Fig.8 Z-PCOs estimated from different scenarios for BeiDou-3 CAST
MEO satellites

and constraint conditions. This is best seen for Scenario-1
and Scenario-3, which exhibit representative differences of
less than 0.1 mm in the estimated patterns and at most 5 mm
in the associated PCOs. Slightly larger differences of up to
0.3 mm and 1.5 mm show up in the comparison of Scenario-
2 and Scenario-4 despite their conceptual similarity. These
differences can be attributed to the fact that part of the unmod-
eled phase pattern in the PCO adjustment of Scenario-2 is
absorbed in the estimated carrier phase ambiguities. This
causes a slightly different PCO and residual pattern than in
the joint PCO/PV estimation of Scenario-4.

The four tests once more illustrate the impact of differ-
ent weighting on the estimated phase center locations and
phase patterns. In view of the moderate overall amplitude
of the BeiDou-3 antenna patterns, the respective changes
are likewise at the level of about one millimeter (PVs) or
a few centimeters (PCOs). Similar effects, albeit with a ten
times higher amplitude would, however, be observed for GPS
Block IIR-M or GPS III satellites with a similar pattern shape
but notably larger variations.

Concerning the methodology for estimating PCOs and
PVs from observations, different orders (PCO-PV vs. PV-
PCO) may be considered in a multi-step approach. While the
order itself does not have any direct impact on the results,
it is often accompanied by different “natural” choices of the
boresight-angle-dependent weighting. As such, different, but
self-consistent PCO/PV pairs are typically obtained from
the two approaches. In a single-step approach, PCOs and
PVs are jointly estimated in a single last-squares adjustment.
This offers full and transparent control over the weighting
used in the constraint equation for the separation of the two
constituents. Inconsistencies in the weighting, which may
inadvertently occur in a multi-step approach for the weight-
ing of the PCO and PV estimation steps, cannot occur in a

single-step estimation, such ensuring full consistency in all
cases.

4 Positioning

As analyzed in the previous sections, satellite antenna
PCOs and PVs estimated from different methods may
exhibit notable differences depending on the boresight-
angle-dependent weighting in the zero-mean and the flatness
conditions. Nevertheless, individual antenna models, i.e.,
pairs of PCOs and PVs generated with different weighting,
provide consistent range corrections. As such, the specific
weighting used to separate PCO and PV contributions in the
overall range correction does not affect the positioning results
for precise point positioning applications with and without
ambiguity resolution (PPP, PPP-AR).

For the PPP/PPP-AR users, it is important to apply the
same satellite antenna model (PCO and PV corrections) as
that employed in the determination of satellite orbit, clock
and, optionally, phase bias products. However, various real-
time correction services, such as the Galileo High Accuracy
Service (HAS; EU 2022; Fernandez-Hernandez et al. 2022)
and the BeiDou-3 PPP-B2b service (CSNO 2020; Liu et al.
2020), employ a simplified observation model for their user
algorithms, in which the orbit and clock corrections are
jointly referred to a “phase center” of unspecified nature,
while phase variations are ignored. In this section, we there-
fore evaluate the overall impact of satellite phase patterns on
the positioning results.

As phase patterns for BeiDou-3 satellites are compara-
tively small, we take the GPS III satellites as an example,
which closely match those of Block IIR-B/M satellites and
were already addressed in Sect. 2.1. Minimized PVs for GPS
[T satellites based on different weighting strategies are shown
in Fig. 3.

To assess the impact of neglected phase patterns in PPP
solutions, we evaluate the differential changes in epoch-wise,
least-squares precise point positioning solutions caused by
the consideration of the phase variations in the modeled
carrier range. A seven-day period (January 1-7, 2023) with
GPS observations sampled at 900s intervals is considered
for this analysis. A 5° elevation mask is applied, and obser-
vations are weighted with an elevation-dependent function
W(z) = cos>(z). For simplicity and transparency, all active
GPS satellites in the test period are assumed to use the
same antenna type. Depending on their geographic location
and their position relative to the GPS constellation, individ-
ual stations exhibit slightly different position errors when
neglecting the transmit antenna phase patterns. For better
diversity, we therefore include a total of five stations ran-
domly distributed around the globe into the overall statistics.
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Tab! efl Mean £ star?dard . Number Weighting East North Up

deviation of epoch-wise station

position errors caused by the 1 w=1 02437 14473 714144

neglect of phase variations in R

single point positioning 2 w=1 —-03+4.0 —1.4+7.8 —18.5+15.1

solutions for GPS III antenna 3 W) —-0.2+3.7 —14+74 —0.3+14.6

patterns 4 Wy —-0.3+3.9 —1.4+7.7 —129+14.9
5 w3 —-0.3+3.9 —1.4+7.6 —99+14.8
6 Wy —0.3+3.8 —1.4+75 —5.0+14.7
7 Ws —-03+3.9 —1.4+7.6 -9.2+14.8

For each case, the weight function used in the flatness and zero-mean conditions for the pattern generation is
specified. The corresponding phase patterns as a function of boresight angle are shown in Fig.3. All values

in [mm)]

Table 4 shows mean and standard deviation of epoch-wise
position errors caused by the neglect of individual phase pat-
terns in PPP results affected by different satellite PVs for
the full set of stations over the entire data arc. Overall, the
root-mean-square (RMS) position errors roughly reflects the
amplitude of the neglected phase variations. In the horizon-
tal components, errors of 4-8 mm are encountered. A small
nonzero-mean error is encountered, which reflects the fact
that the impact of phase pattern errors on the individual sta-
tion positions does not average out completely over the daily
observation arcs.

In view of the inferior dilution of precision (Langley
et al. 2017), the impact of neglected phase variations is most
pronounced in the up-direction. While the standard devia-
tions of the position errors amount to roughly 15 mm in all
cases, notably differences may be observed for the system-
atic height bias. Depending on the specific weight function
used in the pattern minimization, systematic height errors of
up to roughly 2cm are encountered. On the other hand, a
near-zero height bias is obtained when considering a pattern
minimized with the observation-based weighting w = v - W
(third test case of Table 4). This is consistent with the ear-
lier finding that observation-based weighting is equivalent to
minimizing the residuals in a PCO-only modeling. In the spe-
cific case considered here, the weight function w; = cosz(z)
is likewise used for weighting observations in the positioning
test as well as the generation of the respective phase pattern.
Thanks to this consistency, no systematic station height offset
shows up when neglecting the pattern.

However, notable height biases are still encountered when
neglecting phase patterns, if the observation weighting in the
positioning differs from that used in the pattern generation.
Given the wide variety of elevation-based observation weight
functions used in present PPP tools, it is therefore impossi-
ble to identify a “best” observation-based weighting scheme
for the minimization of antenna patterns. In particular, an
observation-based weighting in the pattern generation does
not offer universally applicable advantages compared to, e.g.,
the uniform weighting (Case 1 of Table 4).
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5 Summary and conclusion

The accurate modeling of carrier phase measurements in
GNSS positioning and orbit determination applications
depends on proper knowledge of the GNSS transmit antenna
phase center location and the associated phase variations.
Here, the phase center is considered as fictitious point rel-
ative to which the antenna wavefront is described by an
approximate sphere, while the phase variations describe line-
of-sight-dependent differences between the actual wavefront
and the sphere around the assumed center. The partition-
ing of the entire range correction into a phase center offset
and the associated phase variations is largely arbitrary, but
commonly based on a minimization of the remaining phase
variations. Depending on the specific flatness criterion, dif-
ferent PCO/PV pairs will be obtained, which yield identical
overall range corrections, but result in different pattern shapes
and amplitudes.

When estimating PCOs from observations of a global
receiver network without prior knowledge of the phase pat-
terns, an observation-based weighting is implicitly used,
which depends on the actual number of observations in
a given boresight angle range as well as the elevation-
dependent weighting of carrier phase measurements in the
parameter adjustment. The resulting PCOs and residual
patterns may differ notably from PCOs and PVs based
on a uniform weighting that is more commonly applied
in manufacturer calibrations. An analytical model of an
observation-based weighting function is derived and the
impact of different weighting schemes in the minimiza-
tion criterion is illustrated for the example of the GPS
IIR-M/III antenna patterns. Here, differences of 10 mm and
65 cm, respectively, may be encountered in the resulting
PVs and PCOs, when considering different boresight-angle-
dependent weighting for the PCO/PV separation.

Use of a single-step PCO/PV estimation with explicit flat-
ness and zero-mean constraints is suggested as an alternative
to the traditional approach for generating GNSS transmit
antenna models, in which PCOs and PVs are estimated in
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separate steps while fixing one of the two parameter sets.
The single-step approach enables a transparent application
of a selected flatness condition and avoids the use of poten-
tially inconsistent or alternating minimization criteria in the
multi-step PCO/PV estimation. Differences between the var-
ious approaches are highlighted for the example of BeiDou-3
MEO antenna models that have been newly derived in this
study to overcome known inconsistencies in the respective
manufacturer PCO calibrations and the lack of corresponding
phase patterns.

For precise point positioning applications, the use of

antenna models based on observation-based weighting promises

to minimize both carrier phase residuals and positioning
errors in applications, which neglect the phase pattern con-
tribution and consider only the phase center offset in the
observation models. Examples of such applications include
real-time correction services that directly provide orbit and
clock information relative to the antenna phase center and
do not involve explicit use of transmit antenna models
in the positioning algorithms. Practical tests with GPS III
antenna patterns show that use of antenna models based on
observation weighting can indeed avoid a systematic height
bias, when neglecting the respective phase variations in the
position estimation. However, this benefit can only be materi-
alized if the same elevation-dependent observation weighting
is used in the pattern generation and the user positioning. In
view of diverse weighting schemes applied in current PPP
software packages, this condition can hardly be met in prac-
tice. In view of these limitations, use of antenna models based
on uniform weighting over an equidistant grid of boresight
angles in the pattern minimization is suggested as a lean and
transparent option for a standardized representation of GNSS
transmit antenna models.
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