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Abstract
Over the past decade, the Global Positioning System has released pre-flight calibrations for the transmit antennas of the Block
IIR/IIR-M, Block IIF, and GPS III satellites that make up the current GPS constellation. Frequency-specific phase variations
(PHVs) provided as part of these data sets are of key interest for an accurate and consistent modeling of GNSS carrier phase
observations in precise point positioning applications as well as orbit and clock offset determination of the GPS satellites
themselves. For proper utilization of the manufacturer calibrations, complementary information on the phase center offset
(PCO) from the spacecraft center-of-mass is required. We describe necessary processing steps for converting the raw phase
calibrations of Lockheed Martin and Boeing into a representation compatible with antenna models of the International GNSS
Service (IGS), and provide a detailed discussion of inherent assumptions for combining PHVs and PCOs from different
sources. Comparison with estimated antenna data from globally distributed monitoring stations shows good consistency of
PHVs and suggests the use of manufacturer-calibrated, azimuth-dependent patterns in future releases of the IGS antenna
model. In terms of PCOs, the new Block IIF calibrations exhibit a systematic bias of about 12 cm from PCOs estimates
based on the IGS20 reference frame. This value closely matches the bias observed for manufacturer calibrations of GPS III
and Galileo satellites, and suggests a careful review of the contribution that GNSS can make to the scale definition of the
International Terrestrial Reference Frame (ITRF).
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1 Introduction

In the absence of comprehensive and consistent pre-flight
calibrations, the processing of GNSS observations has tradi-
tionally relied on empirical transmit antenna phase variations
(PHVs) and phase center offsets (PCOs) from the center-of-
mass (COM).Thesewere adjusted by the InternationalGNSS
Service (IGS, Johnston et al. 2017) from observations of a

B Oliver Montenbruck
oliver.montenbruck@dlr.de

Peter Steigenberger
peter.steigenberger@dlr.de

Torsten Mayer-Gürr
mayer-guerr@tugraz.at

1 Deutsches Zentrum für Luft- und Raumfahrt, German Space
Operations Center Münchener Straße 20, 82234 Weßling,
Germany

2 Graz University of Technology, Institute of Geodesy,
Steyrergasse 30/III, 8010 Graz, Austria

global station network and incorporated into conventional
antenna models for use with IGS orbit and clock products.
Since the radial component of the PCO is strongly correlated
with the station height (Zhu et al. 2003), updated antenna
models have been derivedwhen adopting a new release of the
International Terrestrial Reference Frame (ITRF) for GNSS
data processing (Schmid et al. 2016; Rebischung and Schmid
2016; Villiger 2022).

Recognizing the benefit of independent antenna calibra-
tions for precise GNSS processing and their potential contri-
bution to a GNSS-based definition of the ITRF scale, consis-
tent sets of PCO/PHV data from manufacturer calibrations
were released for satellites of the European Galileo system in
2016 (EUSPA2022) and theQuasi-Zenith Satellite System in
2017 (Cabinet Office 2023), and subsequently incorporated
into the IGS antenna model. Even earlier, phase pattern cali-
brations of the Block IIR and IIR-M transmit antennas were
released by the Global Positioning System (GPS; Marquis
2014). However, the data covered only a subset of the then
active GPS constellation and their use was hampered by the
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lack of associated phase center locations. As such, the IGS
continued to rely on estimated GPS antenna phase centers
and patterns for many years, and deferred use of the respec-
tive manufacturer calibrations for several years. The only
manufacturer-based GPS antenna parameters in the current
IGSmodel so far are the PCOs of theGPS III satellites (Lock-
heed Martin 2021). These have been gradually added to the
model since the launch of the first GPS III satellite in 2019.

This study presents a systematic review of pre-flight cal-
ibrations for the phase patterns of the GPS IIR, IIF, and III
transmit antennas, and discusses their prospects and lim-
itations for use in precise GPS processing. The currently
available data sets released by Lockheed Martin and Boe-
ing as well as auxiliary information from the National
Geospatial-Intelligence Agency are introduced in Sect. 2
along with a discussion of necessary assumptions for their
interpretation and processing. Section3 discusses the con-
ceptual definition of an antenna phase center and highlights
the consequences of different grid types and sampling points
when estimating the phase center location from measured
phase variations. A comparison of phase patterns derived
from the manufacturer calibrations with observed phase pat-
terns is presented in Sect. 4 including a discussion of phase
variations beyond the Earth coverage region that is of inter-
est for spaceborne GPS tracking. Furthermore, phase center
locations derived from the manufacturer calibrations are
compared with currently adopted values of the IGS antenna
model. Section5finally presents a newantennamodel consis-
tent with the IGS20 reference frame, which combines phase
variations from the manufacturer calibrations with observed
phase center offsets and may serve as a prototype for a future
refinement of the IGS antenna model.

2 Calibration data sets

The presently available set of antenna calibrations comprises
phase pattern information for the Block IIR/IIR-M and GPS
III satellites built byLockheedMartin aswell as theBlock IIF
satellites of Boeing. Complementary satellite antenna offsets
have been published by Lockheed Martin for the GPS III
satellites andby theNationalGeospatial-IntelligenceAgency
(NGA 2014, 2020) for the operational satellites at the times
of publication.

2.1 LockheedMartin

Block IIR and IIR-M phase pattern data from pre-flight mea-
surements for the L1 and L2 frequency were first released in
Marquis (2014) with clarifications/corrections of the calibra-
tion reference frame provided in Marquis (2015). Within the
Block IIR generation, two different types of L-band antenna
panels are employed. While eight out of twelve IIR satel-

Fig. 1 Illustration of angles used in the measurement and description
of antenna phase patterns, including the off-boresight angle θ , the in-
plane angle�, and the azimuth angle A. Axes are labeled in accordance
with IGS conventions (Montenbruck et al. 2015). Depending on the
spacecraft manufacturer, the in-plane angle is measured from the −x
axis (Lockheed Martin) or the +x axis (Boeing)

lites are equipped with the legacy panel, a new and improved
antenna panel developed as part of the IIR modernization
program (Hartman et al. 2000) is used on the four remaining
satellites (Marquis and Reigh 2015). For ease of distinction,
IIR satellites with legacy and modernized panels are identi-
fied as IIR-A and IIR-B, respectively, within the IGS antenna
model. The modernized panel is also used throughout the
IIR-M generation, yielding highly similar gain and phase
patterns for IIR-B and IIR-M satellites.

Following Marquis and Reigh (2015), the calibrations of
the legacy and modernized panels were performed at two
different spherical near-range test facilities ofLockheedMar-
tin located at Valley Forge and Newtown, respectively. It
remains unclear, though, whether or to what extent the cali-
brations are affected by technical or handling differences in
the two facilities. To better represent the actual conditions in
space, the L-band antenna panels under test were combined
with a mock-up of the additional structural elements on the
Earth pointing satellite face. This included various additional
sensors and antennas, and offered a near-field environment
closely matching the actual flight conditions for the L-band
antenna calibration.

Irrespective of the panel type and test range, the pat-
tern measurements for all satellites are based on meridional,
great-circle cuts for in-plane angles φ = 0◦, 10◦, . . . , 350◦
and covering an off-boresight angle range of θ = [−90◦,
+90◦] at 2◦ spacing (Fig. 1). In view of the 180◦ cover-
age of each cut, each sampling point (φ, θ) coincides with a
corresponding sampling point at (φ ± 180◦,−θ ). However,
with rare exceptions showing minor differences, identical
phase measurements are reported for the redundant sampling
points. It is therefore sufficient to consider only the positive
θ range.
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A comprehensive discussion of the calibration data sets
is given in Marquis and Reigh (2015) and Marquis (2016)
but neither reference provides information on the location of
the calibration reference point to which the individual phase
measurements are referred. Dilssner et al. (2016) and Mar-
quis (2016) both point to the fact that the measured phase
data should be used in combination with NGA antenna off-
set values, but lack a concise description of the phase center
definition that would be required for a consistent and unam-
biguous combination of the PHV and PCO data sets.

Following the IIR and IIR-M satellites, the latest GPS III
generation was again built by Lockheed Martin, which was
likewise responsible for the L-band antenna design and cal-
ibration. While not officially confirmed, the gain and phase
patterns of the GPS III antenna exhibit high similarity with
those of themodernized IIR/IIR-M panel, suggesting that the
respective antenna type has been reused with at best minor
modifications. It may be noted, though, that a second L-band
antenna with a smaller number of elements has been added
on GPS III, which is dedicated to the transmission ofM-code
signals (Thoelert et al. 2019).

Starting with the first GPS III satellite, space vehicle num-
ber SVN 74 (LockheedMartin 2019), frequency-specific L1,
L2, and L5 PCOs of the individual GPS III satellites were
published by Lockheed Martin within several months after
launch. As of 2023, the latest set of PCO values in Lockheed
Martin (2021) covers five out of six operational satellites. It
includes several updates to previously released data for the
first four satellites, which generally offer an improved con-
sistency with independent PCO estimates based on global
monitoring networks (Steigenberger et al. 2020; Dilssner
et al. 2023).

Phase pattern information for the first five GPS III satel-
lites is provided in Fisher (2022). The data comprise mea-
sured phase variations on the L1, L2, and L5 frequency. The
phase pattern measurements are based on great-circle cuts
with the same grid and redundancy as the earlier IIR/IIR-M
calibrations, but again lack a description of the calibration
reference point and its relation to the spacecraft center-of-
mass. Similar to the earlier satellite generation, additional
assumptions need to be made for combining PCO and PHV
information and for enabling a consistent use in GPS data
processing.

2.2 Boeing

Block IIF satellites were launched in the 2010–2015 time
frame and make up more than one-third of the operational
GPS constellation in 2023. The recent release of IIF antenna
patterns by Boeing (Igwe 2023) thus closes a major gap in
the availability of manufacturer calibrations for GPS. The
published data comprise two independent sets of phase cali-
brations obtained in conic and great-circle cuts (Fig. 1). The

conic cuts provide phase measurements for in-plane angles
φ = 0◦, 1◦, . . . , 359◦ at 1◦ sampling and an unevenly spaced
set of off-boresight angles θ = 0◦, 2◦, …, 10◦, 12◦, 14.3◦,
20◦, 23◦. The complementary great-circle cuts cover the full
range of θ = [−90◦,+90◦] at 1◦ steps, but are limited to
a sparse set of four in-plane angles at 45◦ sampling. Also,
great-circle cut measurements are only given for nine out of
the twelve IIF satellites (SVN 62–64 and 68–73). Given the
intended use for (near-)Earth applications and the availability
for all IIF spacecraft, only the conic-cut phase measurements
are considered in the present work.

2.3 Interpretation and processing of manufacturer
calibrations

In view of the partly incomplete documentation of the GPS
antenna calibrations, three key assumptions have to be made
for the joint processing of the published phase center and
pattern data:

• NGA PCOs as given in NGA (2014, 2020) represent the
values adopted up to 2021 by the 2nd Space Operations
Squadron (2SOPS) for generation of the legacy broadcast
navigationmessage for L1 users (Malys et al. 2021; NGA
2021). We assume that these values describe the loca-
tion of the L1 phase centers relative to the COM, rather
than that of the ionosphere-free L1/L2 combinations as
assumed in the early analysis of Dilssner et al. (2016).
Aside from offering the best overall consistency of IGS
andmanufacturer data for Block IIR/IIR-M as well as IIF
satellites, the validity of this assumption is supported by
the rigorous match of NGA’s SVN 74 PCO with the L1
PCO value first published in Lockheed Martin (2019).

• Conceptually, the antenna phase center represents a point,
relative to which the wavefront shows the smallest devi-
ation from a sphere. Other than wide-beam receive
antennas, GNSS transmit antennas are characterized by
a notably focused gain pattern, and phase pattern flatness
is mainly required up to the edge of Earth rather than
across the entire hemisphere. As such, we assume that
the manufacturer-provided PCOs relate to a phase cen-
ter, which minimizes the phase variations over the Earth
coverage region. More specifically, we assume that the
published phase center locations are derived by minimiz-
ing the phase deviation in a least-squares sense over all
measured grid points up to (and including) a maximum
off-boresight angle of θmax = 14◦ for the LockheedMar-
tin phase calibrations of Block IIR/IIR-M/III antennas
and up to θmax = 14.3◦ for Boeing’s conic-cut calibra-
tions of the Block IIF antennas.
For the Lockheed Martin calibrations, the assumption
is strongly motivated by the fact that it allows to con-
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Table 1 Relative z offsets (in
[m]) of phase center (PC),
calibration reference point
(CRP), and center-of-mass
(COM) of GPS III satellites for
the L1, L2, and L5 frequency

PCest−CRP PCLM−COM CRP−COM+(PCLM−PCest)

L1 L2 L5 L1 L2 L5 L1 L2 L5

G074 −0.988 −1.498 −1.464 1.090 0.598 0.637 2.079 2.096 2.101

G075 −0.988 −1.477 −1.478 1.099 0.613 0.616 2.088 2.090 2.094

G076 −0.993 −1.472 −1.458 1.094 0.618 0.636 2.087 2.090 2.095

G077 −0.995 −1.483 −1.505 1.098 0.612 0.595 2.094 2.095 2.100

G078 −0.999 −1.505 −1.502 1.096 0.592 0.600 2.096 2.098 2.102

The frequency-specific phase centers estimated byminimization of themeasured phase variations (Igwe 2023)
over a 10◦ × 2◦ (A, θ) grid up to θmax = 14◦ are denoted by the subscript est, while the phase centers adopted
in Lockheed Martin (2021) are denoted by LM

sistently reproduce the relative location of the L1, L2,
and L5 phase centers of the GPS III satellites published
in Lockheed Martin (2021) from the phase measure-
ments reported in Fisher (2022). As shown in Table 1,
estimated phase center offsets from the calibration ref-
erence point (CRP) yield a consistent value of 2.094 m
with 6 mm standard deviation across all satellites and
frequencies for the CRP−COM offset, when combined
with the independently published PCO values. For Boe-
ing, no independent confirmation is available, but the
resulting L1/L2 phase centers are found to exhibit good
consistency with IGS observations across the various IIF
satellites, when assuming the aforementioned phase cen-
ter definition.

• The Boeing phase measurements exhibit an almost linear
dependency d�/dφ ≈ −1 of the reported phase mea-
surement � on the in-plane angle φ, which suggests that
the data are affected by the phase windup effect (Wu et al.
1993). We therefore apply a corresponding correction to
the published IIF phase calibration data prior to further
use.No such correction is required for theLockheedMar-
tin calibrations, which appear to be free of phase windup
contributions.

For the subsequent analysis and applications, the phase cal-
ibration data were expressed in the ANTenna EXchange
format (ANTEX; Rothacher and Schmid 2010). Aside from
formatting aspects, theANTEXconversion includes a change
of units (phase angle to range), the unwrapping of phase roll-
overs, a sign change to match the definition of the ANTEX
phase range correction, and, in the case of the Boeing cal-
ibrations, a phase-windup correction. Considering that the
ANTEX phase patterns refer to an equidistant grid (A, θ)

of azimuth and off-boresight angles, where A is measured
clockwise from the y-axis to the x-axis (Fig. 1), the in-plane
angles φ are mapped to A = 90◦ − φ. For Lockheed Martin
satellites, an additional 180◦ azimuth correction is applied
to account for a different orientation of the Lockheed Martin
body axis (+x to deep space; Marquis 2016) as compared to
IGS conventions (+x to Sun-lit hemisphere; Montenbruck
et al. 2015). Finally, the phase center location relative to

the calibration reference point and a possible phase bias in
the calibration data are determined for each individual fre-
quency band and used to obtain a corrected phase pattern
with minimized variations over the sampling grid. Details of
this process are described in Sect. 3.

3 Phase center estimation and correction

Considering transmit antenna contributions, carrier phase
observations ϕ in precise GNSS processing are represented
as the sum of the geometric range relative to an agreed-upon
transmit antenna phase center and the line-of-sight depen-
dent phase variations (Hauschild 2017). Phase center location
and phase variations are treated as inseparable parts of the
antenna model. Together, they enable an accurate and con-
sistent carrier phase modeling irrespective of the conceptual
phase center definition. Changes �r in the phase center
location result in a carrier range change �ϕ = −eT�r ,
where e denotes the line-of-sight unit vector from the trans-
mit antenna to the observer. The definition of phase variations
is, furthermore, ambiguous with respect to additive constants
�b that are indistinguishable from the carrier phase ambigu-
ities and phase biases in the observation model.

When translating phase variations between different ref-
erence point locations, the overall phase pattern correction is
therefore described by

�ϕ = −eT�r + �b. (1)

When working with Cartesian coordinates (x, y, z) of the
reference point r in the antenna/spacecraft frame, the alter-
native relation

�ϕ = − cos(A) sin(θ) · �x − sin(A) sin(θ) · �y
+(1 − cos θ) · �z + �c

(2)

(Schmid et al. 2005; Bar-Sever et al. 2006) can be used to
express the phase change as a function of changes in the four
offset and bias parameters. Compared to Eq. (1), a slightly
different parameterization with �c = �b − �z is used in
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Fig. 2 Least-squares
minimization of a sample L1/L2
antenna pattern (SVN 48, Block
IIR-M) by phase center and bias
adjustment using a regular
10◦ × 2◦ grid (left) and a
triangular icosphere grid with
≈ 2◦ separation of neighboring
vertices (right) over a 14◦
off-boresight angle range.
Individual grid points are
marked by black solid circles
and weighted equally (w = 1)

Eq. (2), which helps to decorrelate the z offset and the bias
parameter when jointly estimating these values from obser-
vations over a small off-boresight angle range.

Phase measurements provided in the manufacturer cali-
brations describe the variation of the measured phase relative
to a calibration reference point (CRP), which remains fixed in
space while the line-of-sight between the antenna under test
and the receiving antenna of the calibration system is varied
over the desired range of azimuth and off-boresight angles.
Using, without loss of generality, the second parameteriza-
tion, the offset �rPC-CRP = �(x, y, z) of the phase center
(PC) from the calibration reference point may be obtained
by minimizing the weighted square sum

J =
∑

k

wk · (ϕcal,k − �ϕk(�x,�y,�z,�c))2 (3)

of measured phases ϕcal and the correction �ϕ over a speci-
fied set of grid points k.

At this stage, it is important to note that the estimated
phase center location and bias depend crucially on the distri-
bution of grid points adopted for the least-squares adjustment
as well as the respective weighting. While minimization
of the resulting phase variation is a widely agreed con-
cept for the conceptual definition of antenna phase centers,
the specific choices of grid and weighting are rarely docu-
mented in practical applications. Since antenna patterns are
most often measured and documented for a rectangular grid
(Ai , θ j )i=1,...,n, j=1,...,m with a given set of azimuth and off-
boresight angles, these grids offer a convenient choice for the
phase pattern minimization and PCO estimation. By way of
example, the relative location of the L1, L2, and L5 PCOs
published by Lockheed Martin for the GPS III satellites can
be reproduced by minimizing the published phase calibra-
tions over the corresponding sampling grid up to θ = 14◦
(Sect. 2.3) with equal weighting of all data points. Within
the IGS, GPS transmit antenna phase patterns are limited
to azimuth-averaged patterns that are obtained by averaging
over an equidistant grid of azimuth angles and minimization
over an equidistant θ grid up to the same limit. In both cases,

the effective number of sampling points within a given solid
angle increases notably toward θ = 0◦ and results in a dom-
inant contribution of phase measurements near the boresight
direction.

However, the actual distribution of observations in GNSS
processing is more closely represented by an isotropic dis-
tribution of sample points or, equivalently, an equal-area
weighting (Montenbruck et al. 2022). When working on a
rectangular (A, θ)grid, this canbe achievedbyusing aweight
factor wk = sin θk , which is proportional to the area on the
unit sphere covered by the cell around the k-th grid point.
Alternatively, triangular vertex grids may be employed,
which are also known as “icospheres” or “geodesic polyhe-
dra” (Kenner 2003). Starting from an icosahedron, polyhedra
with a higher number of vertices and decreasing size of the
triangular faces are constructed by consecutive division of the
edges and projection of the resulting points on the unit sphere.
While the triangular surfaces described by the resulting grid
are not of strictly equal size, the vertices exhibit a smooth
overall distribution without apparent inhomogeneities near
the boresight direction. The grids are widely used in geo-
science for representing, modeling, and sampling data on the
spherical surface of the Earth, and have first been proposed
and used for phase pattern adjustment of GNSS transmit
antennas by Zehentner (2016).

For illustration, Fig. 2 shows the impact of different grids
on the minimized L1/L2 phase pattern of a sample Block
IIR-M satellite after adjusting the phase center and bias. In
the case of the evenly-spaced (A, θ) grid, the remaining pat-
tern exhibits amplitudes of about ±10mm with a balanced
variation across the considered range of off-boresight angles.
Use of the icosphere grid with equal weighting (w = 1), in
contrast, leaves a pronounced peak of about 20 mm near the
boresight direction, since the small number of grid points in
this region contributes only moderately to the overall loss
function. However, the icosphere grid yields much lower
phase variations ϕ < 5 mm for θ � 4◦ and minimizes the
squared sum of residuals similar to the equal-area weighting.
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Phase center locations estimated in the two cases differ by
about 40 cm in z-direction, which highlights the need for a
concise definition of the estimation scheme when compar-
ing PCOs from different sources. Nevertheless, it should be
emphasized once again, that each individual set of PCOs and
PHVs by itself offers a consistent and accurate description
of the overall antenna pattern for GPS observation modeling.
Use of a specific grid andweighting in the estimation of phase
patterns thus remains a matter of convention, but requires
proper attention when working with PCOs and PHVs from
potentially different sources.

For best compatibility with GPS PCO/PHV models cur-
rently used within the IGS, as well as the GPS III phase
center estimation concept of Lockheed Martin, we apply a
rectangular (A, θ) grid for phase center adjustment in the
processing of manufacturer calibrations. In accord with the
available data sets, a 10◦×2◦ grid is used for theBlock IIR/-M
and GPS III satellites of Lockheed Martin, considering off-
boresight angles up to and including θmax = 14◦. For Block
IIF satellites, on the other hand, a 1◦ azimuth sampling is
applied and the off-boresight angles are sampled on a partly
irregular grid of θ = 0◦, 2◦, …, 10◦, 12◦, and 14.3◦.

Different from the phase center adjustment, we make use
of a triangular icosphere grid for the statistical characteri-
zation of individual phase patterns and for comparison of
observed patterns wihth manufacturer data. The employed
grid is constructed from an icosahedron by five consecutive
bisections and offers spacings of about 2◦ between neighbor-
ing grid points. As discussed above, the icosphere grid offers
a fairly isotropic distribution of sampling points, and pro-
vides a better representation of the actual distribution of GPS
observations. Accordingly, phase pattern statistics based on
the icosphere grid are considered to offer an improved real-
ism and relevance for practical applications than those based
on a rectangular grid.

4 Results and discussion

Based on the concepts discussed above, phase variations rel-
ative to a best-fit phase center have been determined from
the manufacturer calibrations of the Block IIR, IIR-M, IIF,
and GPS III satellites. In a first step, the resulting phase pat-
terns are compared with observed phase patterns. Secondly,
we derive frequency-specific phase center locations relative
to the center-of-mass from the manufacturer calibrations and
compare the results with observed PCOs based on the IGS20
reference frame.

4.1 Phase variations

The two-dimensional (2D) phase patterns of the GPS trans-
mit antennas for the ionosphere-free L1/L2 combination are

illustrated in Fig. 3 using a single sample satellite of each
block and antenna type. Next to the manufacturer calibra-
tions, observed phase patterns derived for the present study
by the Technical University of Graz (TUG) are shown for
comparison. The patterns were obtained from three months
of observations covering the period of December 2022 to
March 2023. Data from all available IGS globally distributed
multi-GNSS stations (approx. 380 each day) were processed
with the GROOPS software (Mayer-Gürr et al. 2021) in a
global parameter adjustment using an uncombined formu-
lation of the observation model (Strasser et al. 2019) and
carrier phase ambiguity fixing. Based on the associated nor-
mal equations, phase patterns for the ionosphere-free L1/L2
combinationwere adjusted as described in Zehentner (2016).

For a consistent comparison, all patterns were minimized
based on equal weighting (w = 1) over a rectangular grid
up to off-boresight angles of 14◦. All of the considered
antenna types are made up of an outer ring of eight helix
antenna elements and an inner ring of four elements, which
are phase-coherently combined to achieve an approximate
isoflux pattern over the surface of the Earth (Marquis 2016;
Maqsood et al. 2017). This layout results in a fourfold sym-
metry of the phase patterns, which is clearly visible for all
satellite and antenna types. Due to a 22.5◦ twist between the
inner and outer antenna ring (Martzen et al. 2015), the cardi-
nal directions of the patterns exhibit a small azimuth offset
from the main body axes. As expected from the common
design, GPS III patterns closely resemble those of the IIR-M
satellites, while distinct characteristics are obvious for the
IIR-A and IIF patterns. For the SVN 62 GPS IIF satellite, the
patterns presented here show a good overall agreement with
early observations discussed in Dilssner (2010).

With the given minimization conditions, roughly equal
positive and negative peak values of the phase variations are
obtained for the individual antenna types.However, an almost
two times higher amplitude of about 13mm is obtained
for IIR-B/M and GPS III satellites as compared to IIR-A
and IIF. Visual comparison of manufacturer calibrations and
observed patterns in Fig. 3 shows a good overall agreement,
but also reveals differences in selected details. Minor devi-
ations from the 90◦ azimuth symmetry can be seen in all
manufacturer calibrations and are mostly confirmed by the
observed patterns.

For a quantitative evaluation, root-mean-square (RMS)
differences for pairs of patterns were evaluated over a trian-
gular vertex grid (cf. Figure 2, right). Subsequently, median
values of the RMS differences across satellites of individ-
ual blocks were formed to characterize the properties of the
various antenna types.

The scatter of phase patterns across different satellites is
quantified in Table 2, which provides median RMS differ-
ences for all pairs of satellites within a block for both the
manufacturer calibrations and the observed patterns of TUG.
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Fig. 3 L1/L2 phase patterns of representative Block IIR, IIR-M (=IIR-B), IIF, and GPS III satellites (left to right) up to θmax = 14◦ based on
manufacturer calibrations (top) and TU Graz (bottom) estimates

Table 2 Consistency of GPS L1/L2 phase patterns across satellites of
each block for manufacturer-calibrated and observed phase patterns

Block LMB TUG

IIR 1.3 1.2

IIR-B/IIR-M 1.2 1.3

IIF 0.7 0.8

III 1.0 1.2

All values are given inmmand representmedian values of the respective
RMS differences on a triangular vertex grid for all possible pairs of
satellites within the given block. LMB = Lockheed Martin/Boeing

The results demonstrate a low dispersion at the 1-mm level
and thus a high repeatability of both the manufacturing pro-
cess and the phase pattern determination. A particularly good
overall consistency is obtained for the IIF satellites.However,
an obvious anomaly may be recognized in the Boeing cal-
ibrations of three satellites (SVN 65–67), which exhibit a
notable distortion near the boresight direction (Fig. 4). No
such distortions show up in the observed patterns of TUG
for these satellites, which closely match SVN 62 in Fig. 3.
Furthermore, it may be noted that the affected set of satellites
coincides with that for which only a partial set of calibration
data is provided by Boeing (Sect. 2). As such, a problem in
the manufacturer calibrations rather than a real anomaly of
the respective antennas is suspected.

The consistencyofmanufacturer calibrations andobserved
patterns is described in Table 3. As may be seen, the manu-
facturer calibrations agree with the observed patterns of TU
Graz at the 1–2mmmedianRMS level. Themost pronounced
deviations are encountered for the IIR-A satellites, for which

Fig. 4 Boeing calibrations of SVN 65 L1/L2 phase patterns. Similar
distortions show up in the calibrations of SVN 66 and 67

subtle differencesmay also be recognized in a visual compar-
ison for other antenna types (Fig. 3). These hint at an impact
of the spacecraft environment causing small but discernible
changes of antenna patterns relative to the ground calibration
after full integration of the antenna panel on the satellite. Such
effects are commonly observed for GNSS receive antennas
onboard low Earth orbit (LEO) satellites (Jäggi et al. 2009;
Montenbruck et al. 2009), but have not been characterized
and quantified for GNSS transmit antennas so far.

Comparing the azimuth- and block-averaged patterns cur-
rently employed in the IGS antenna model, with the full 2D
patterns of TUG, median RMS differences close to 2mm are
encountered (Table 3). This is generally worse than the con-
sistency of TUGandmanufacturer calibrations, and indicates
the benefit that can be expected from using satellite-specific
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Table 3 Block-specific statistics of GPS L1/L2 phase pattern differ-
ences between ground calibrated and observed patterns

Block LMB−TUG IGS−TUG

IIR-A 1.9 2.2

IIR-B/IIR-M 1.1 1.6

IIF 1.1 1.8

III 1.3 1.3

All values are given inmmand representmedian values of the respective
satellite-specific RMS differences on a triangular vertex grid. LMB =
Lockheed Martin/Boeing

Fig. 5 Block- and azimuth-averaged L1/L2 phase patterns from man-
ufacturer calibrations (solid lines) and corresponding values of the
igs20.atx antenna model (dashed lines). For proper comparison, a PCO
and bias contribution has been removed from each data set based on
equal weighting on a 1◦ grid up to 14◦ off-boresight angle. Gray lines
mark the limits of the IGS model covered by Earth-based observations
and the extension derived from LEO satellite measurements

2D transmit antenna phase patterns in precise GPS process-
ing.

Despite the subtle deviations between ground calibra-
tions and in-flight antenna characteristics, the manufacturer
data offer unique advantages over the observed patterns. On
the one hand, independent patterns are provided for each
frequency band, which supports a consistent observation
modeling in an uncombined processing scheme and facili-
tates a fully consistent use of triple-frequency (L1, L2, L5)
observations. On the other hand, the ground calibrations
cover an off-boresight angle of at least 23◦ and can seam-
lessly be applied for spaceborne platforms at altitudes of up
to almost 10,000 km.

For illustration, Fig. 5 shows the variation of block- and
azimuth-averaged phase patterns with off-boresight angle for
the ionosphere-free L1/L2 combination. In accordance with
the previous discussion, a good consistency of manufacturer
calibrations and the IGS antenna model can be recognized
over the range of off-boresight angles covered by observa-
tions with the IGS station network. Except for a 2.5mm

difference in the IIF antenna pattern at θ = 0◦, the agreement
is always better than 1.1mm. As may be recognized from the
nonzero slope of the IIF phase variations in boresight direc-
tion, the discrepancy can readily be attributed to a deficiency
of the IGS pattern estimates, which was first introduced into
the igs08.atx antenna model and retained since then. Based
on GPS tracking from LEO satellites with altitudes of up to
1340 km, extensions of the IIR-A, IIR-B/M, and IIF antenna
patterns up to θ = 17◦ were derived in Jäggi et al. (2010) and
Jäggi et al. (2012), which were subsequently adopted for the
igs20.atx antenna model. For GPS III satellites, in contrast,
no spaceborne observations were available when establish-
ing the first IGS phase pattern model for these satellites, and
a constant extension was adopted instead.

Improved extensions consistentwith the other blockswere
later presented in Conrad et al. (2023) and Dilssner et al.
(2023), but have not been incorporated into the IGS antenna
model so far. However, a very poor match of the IGS phase
pattern extensions is also evident for IIR-A, IIR-B/M, and
IIF satellites, which increases to roughly 10mm at θ = 17◦.
This mismatch can primarily be attributed to the fact that the
IGS values beyond θ = 14◦ do not represent absolute phase
pattern, but have been determined relative to two Block IIA
satellites. For these, a constant phase variation was arbitrar-
ily assumed to allow for the separation of the unknown GPS
transmit antenna patterns and LEO receive antenna phase
patterns in that region (Jäggi et al. 2010, 2012). Among oth-
ers, this results in a sudden change of slope of the IGS phase
patterns at 14◦, whereas themanufacturer calibrations exhibit
a smooth variation with a continuous derivative at this point.

Due the fact that the patterns in Fig. 5 are minimized
over the Earth coverage zone (θ ≤ 14◦), a notable increase
outside this region may be observed. This is most pro-
nounced for the IIR-B/M andGPS III satellites, where values
of 65mm are attained at off-boresight angles of 20◦ for
the azimuth-averaged L1/L2 patterns. In addition, notable
azimuth variations may arise outside the Earth coverage
zone of the transmit antennas. They are most pronounced
for the IIR-A and IIF satellites and can attain amplitudes of
about 10mm level near θ = 20◦. Evidently, use of azimuth-
mean patterns is discouraged in this region and the use of
2D patterns is clearly advisable for the precise modeling of
spaceborne GNSS observations beyond the common altitude
range of current LEO missions.

4.2 Phase center offsets

For proper GNSS observation modeling, a consistent set of
transmit antenna data is required, which comprises, on the
one hand, the offset of the phase center from the center-
of-mass and, on the other hand, the phase variations with
respect to the phase center. Evidently, identical definitions
of the phase center need to be applied for both parts of the
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antenna model. Other than the Galileo antenna calibrations
published in EUSPA (2022) and similar information for the
Quasi-Zenith Satellite System (QZSS; Cabinet Office 2023),
the presently availablemanufacturer calibrations of GPS IIR,
IIR-M, IIF, and III antennas do, however, not satisfy this need
and do not support a seamless use in GPS data analysis. All
phase calibrations are referred to a block-specific calibration
reference point, but no public information on the physical
location of this point relative to the spacecraft body andCOM
has been disclosed. Likewise, no documentation is available
for the phase center definition used in the determination of
the PCOs released by NGA and Lockheed Martin.

Nevertheless, analysis of the phase calibration data (Fisher
2022) and independent PCOs for the GPS III satellites
(LockheedMartin 2021) provides strong evidence that phase
centers derived by the manufacturers are adjusted by mini-
mization of the phase variations using equal weighting and
considering all measured grid points up to θmax ≈ 14◦
(Sect. 2.3, Table 1). Based on this consideration, phase cen-
ters consistent with published PCOs can be estimated from
the phase calibration data, and the CRP location can be
inferred from comparison with the respective PCO values.

The individual z-components of the estimatedCRP–COM
offsets are illustrated in Fig. 6 for the various satellites and
blocks based on numerical results summarized in Table 4.
Block-mean values and their 1-σ scatter amount to 0.77 ±
0.01 m, 0.91± 0.04 m, 1.16± 0.07 m, and 2.09± 0.01 m,
respectively, for Block IIR-A, IIR-B/M, IIF, and GPS III
satellites. The offsets correspond to roughly half the z body
size of the individual spacecraft platforms, suggesting that
the CRP is located close to the bottom of the antenna panel
in all cases. In terms of scatter, notable differences may be
observed among the various blocks, but it is not clear at this
stage, whether the observed scatter reflects uncertainties in
the quality of the phase center estimation or differences of
COM location related to varying fuel mass or different pay-
loads.

For IIR-B/M satellites, it is worth noting that the estimated
CRP offsets can largely be divided into two groups with
values of 0.85m and 0.93m. Within each of these groups,
satellites show a better than 1cm consistency of the CRP
location with respect to the COM, but no final explanation
for this grouping can be given at this stage. The largest scatter
of the estimated CRP−COM offsets is encountered for the
IIF satellites. Notably lower values than for the remaining
satellites may be recognized for SVN 65–67. For these three
satellites, no phasemeasurements from great-circle cuts have
been released (Sect. 2) and the adjusted phase patterns show
specific distortions that are not apparent for any of the other
IIF satellites (Sect. 4.1). Both aspects raise concern about the
quality of the antenna calibration for this group of satellites,
but independent confirmation for this suspicion is currently
not available.

Fig. 6 z-component of CRP–COM offset as derived from manufac-
turer calibrations of antenna phase variations and the L1 PCOs of NGA
(Block IIR-A, IIR-B/M, and IIF) and Lockheed Martin (GPS III)

The L2 and L5 PCOs derived from the phase pattern cal-
ibrations and the NGA L1 PCOs are collated in Table 4 for
the IIR-A, IIR-B/M, and IIF satellites. In the case of GPS III,
the manufacturer-calibrated values are given for all three fre-
quencies. Complementary to the frequency-specific PCOs,
the corresponding values of the ionosphere-free L1/L2 and,
where applicable, the L1/L5 combination are provided for
comparison with IGS values and independent estimates.

For all GPS III satellites, the manufacturer PCOs exhibit
a fixed offset of −89mm relative to the IGS value. It reflects
the fact that the igs20.atx antenna model aims to retain the
original PCOs of the Lockheed Martin factory calibrations
to the extent possible, but applies a common 89mm PCO
shift for these satellites to align the estimated station heights
in precise point positioning with the IGS20 reference frame.
This frame is realized from GNSS observations, only, and
aligned to the ITRF2020 scale at the 2015.0 reference epoch
(Rebischung et al. 2022; Altamimi et al. 2023). Differences
between manufacturer-calibrated PCOs and IGS estimates
obtained as part of the repro3 campaign exhibit a scatter of
±2 cm across the five satellites available at the time (Rebi-
schung 2022). This is well below the observational uncer-
tainty and provided good justification for use of the scale-
adjustedmanufacturer calibrations in the IGS antennamodel.

An almost identical offset from igs20.atx is obtained for
the GPS IIF satellites. Excluding the SVN 65–67 spacecraft,
whichwere alreadymentioned for their suspicious phase pat-
terns calibrations and anomalous PC–CRP offsets, a mean
bias with respect to igs20.atx of 91mm is found for the PCOs
derived from the Boeing/NGA data. L1/L2 PCOs of individ-
ual IIF satellites exhibit a low scatter of about ±3 cm. This
suggests that the manufacturer-calibrated IIF PCOs are suit-
able candidates for incorporation into future updates of the
IGS antenna model after conducting a block-specific scale
alignment similar to GPS III.

Compared to GPS III and Block IIF, a less homogeneous
picture is obtained for the IIR-B/M satellites. Most notably,
SVN 49 and 55 stand out with increased negative or positive
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Table 4 z-components of
calibration reference point and
phase center offsets from
center-of-mass for individual
frequency bands and
combinations derived from the
manufacturer calibrations

SVN Block CRP Manufacturer values igs20.atx Estimate Difference

L1 L2 L5 L1/L2 L1/L5 L1/L2 L1/L2 L1/L2

41 IIR-A 0.787 1.614 2.093 0.873 1.237 1.188 −0.049

43 IIR-A 0.775 1.614 2.093 0.874 1.287 1.221 −0.066

44 IIR-A 0.774 1.513 2.103 0.601 0.936 0.884 −0.052

45 IIR-A 0.757 1.584 2.091 0.800 1.290 1.184 −0.106

46 IIR-A 0.785 1.514 2.111 0.591 1.054 0.973 −0.081

51 IIR-A 0.755 1.614 2.103 0.858 1.262 1.199 −0.063

54 IIR-A 0.761 1.592 2.111 0.790 1.182 1.140 −0.042

56 IIR-A 0.756 1.663 2.104 0.981 1.389 1.283 −0.106

47 IIR-B 0.981 0.060 −0.395 0.763 0.771 0.759 −0.012

59 IIR-B 0.921 −0.018 −0.485 0.704 0.719 0.697 −0.022

60 IIR-B 0.925 0.000 −0.465 0.719 0.702 0.698 −0.004

61 IIR-B 0.851 −0.082 −0.549 0.640 0.682 0.748 0.066

48 IIR-M 0.923 0.001 −0.469 0.727 0.757 0.728 −0.029

49 IIR-M 0.937 −0.023 −0.455 0.645 0.865 0.805 −0.060

50 IIR-M 0.921 −0.017 −0.498 0.727 0.743 0.734 −0.009

52 IIR-M 0.847 −0.058 −0.543 0.692 0.837 0.799 −0.038

53 IIR-M 0.854 −0.101 −0.573 0.629 0.712 0.750 0.038

55 IIR-M 0.929 −0.012 −0.455 0.672 0.576 0.593 0.017

57 IIR-M 0.930 −0.015 −0.470 0.688 0.723 0.691 −0.032

58 IIR-M 0.852 −0.094 −0.562 0.630 0.711 0.716 0.005

62 IIF 1.113 1.093 0.924 0.801 1.354 1.461 1.454 1.487 0.033

63 IIF 1.161 1.091 0.921 0.812 1.354 1.443 1.421 1.455 0.034

64 IIF 1.140 1.090 0.902 0.786 1.381 1.474 1.462 1.516 0.054

65 IIF 1.063 1.093 0.913 0.832 1.371 1.422 1.352 1.412 0.060

66 IIF 1.070 1.090 0.890 0.847 1.400 1.397 1.436 1.442 0.006

67 IIF 1.052 1.092 0.887 0.877 1.409 1.363 1.411 1.470 0.059

68 IIF 1.222 1.092 0.895 0.853 1.397 1.393 1.460 1.493 0.033

69 IIF 1.201 1.091 0.887 0.796 1.406 1.463 1.482 1.522 0.040

70 IIF 1.234 1.084 0.892 0.829 1.381 1.406 1.472 1.516 0.044

71 IIF 1.273 1.093 0.922 0.821 1.357 1.436 1.434 1.426 −0.008

72 IIF 1.196 1.086 0.939 0.796 1.313 1.451 1.428 1.455 0.027

73 IIF 1.223 1.083 0.936 0.844 1.310 1.384 1.429 1.443 0.014

74 III 2.079 1.090 0.598 0.637 1.851 1.662 1.940 1.956 0.016

75 III 2.088 1.099 0.613 0.616 1.850 1.707 1.940 1.923 −0.017

76 III 2.087 1.094 0.618 0.636 1.831 1.672 1.920 1.946 0.026

77 III 2.094 1.098 0.612 0.595 1.850 1.733 1.939 1.963 0.024

78 III 2.096 1.096 0.592 0.600 1.876 1.722 1.965 1.995 0.030

L1 PCOs of IIR-A, IIR-B/M, and IIF satellites reflect the published values of NGA relative to which the
L2 and L5 PCOs have been adjusted from the phase pattern calibrations. In the case of GPS III, the PCOs
for all three frequency bands (L1, L2, and L5) represent manufacturer values. For comparison, values from
the igs20.atx antenna model and new estimates (see Sect. 5) compatible with the manufacturer patterns and
aligned to the IGS20 frame are given. All values in [m]

differences of themanufacturer-calibrated L1/L2 PCOs from
the IGS values. For SVN 49, this is readily understood by the
presence of satellite internal signal reflections after attaching
an experimental signal payload to a spare input port of the
antenna panel (Hauschild et al. 2012). The resulting multi-

path results in line-of-sight dependent group delay and phase
variations that notably change the observed antenna pattern
compared to the ground calibrations.Anomalous group delay
variations have also been noted for SVN 55 by Springer and
Dilssner (2009) and Wanninger et al. (2017), but presently
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Fig. 7 z-component of difference between manufacturer-calibrated
L1/L2 PCOs and estimates based on the IGS20 reference frame. Empty
bars indicate satellites with degraded or non-representative manufac-
turer calibrations

lack a technical explanation. Obviously, however, the pre-
flight antenna calibrations of both satellites are no longer
representative of the antenna characteristics after integra-
tion and cannot be considered as a viable alternative to the
observation-based IGS antenna models.

L1/L2 PCOs of the remaining IIR-B/M satellites exhibit
differences between +2 cm and −14cm relative to the
igs20.atx values. The corresponding mean value amounts to
−44mm, which is just half of the offset observed for IIF
and GPS satellites. At the same time, the scatter across indi-
vidual satellites is about 2–3 times larger than for the later
satellite generations. It is presently unknown, whether the
inhomogeneous results relate to uncertainties in the NGA
PCOs, the Lockheed Martin phase calibrations, or satellite-
specific changes of the antenna patterns after integration of
the individual panels. In any case, use of the manufacturer-
calibrated PCOs with a block-mean scale adjustment as used
for IIF and GPS III cannot presently be recommended. How-
ever, use of the individual L1 and L2 PCOs may still be
considered, when applying a satellite-specific correction in
both frequency bands to align the resulting L1/L2 PCO to the
observed IGS values. In this way, a consistent transition to
frequency-specific antenna models may be supported with-
out loosing consistency with established GNSS processing
standards and existing geodetic time series.

Other than for the IIR-B/M, IIF, and GPS III satellites, a
seriousmismatch betweenmanufacturer-based PCOs and the
IGS antenna model may be noted for the Block IIR-A satel-
lites. Here, a systematic bias of about−40cm and a scatter of
about ±10 cm across the satellites of this Block are encoun-
tered. It remains unclear, so far, whether this discrepancy
relates to a misinterpretation of the NGA PCO values or a
lower quality of the IIR-A calibrations, which were obtained
in a different test facility than those of the modernized
IIR-B/M antenna panels (Marquis and Reigh 2015). In any
case, satellite-specific rather than block-specific corrections
would need to be applied to themanufacturer PCOs for incor-
poration into a future IGS antenna model.

5 IGS20-aligned LockheedMartin and
Boeing antennamodel

As discussed above, manufacturer-calibrated GPS antenna
data can offer a valuable enhancement of the present IGS
antenna model. However, care needs to be taken to align
the manufacturer calibrations with the scale of the IGS20
reference frame to preserve consistencywith established pro-
cessing standards and geodetic time series. Even though the
comparison of manufacturer-calibrated PCOs with IGS val-
ues in Sect. 4.2 provides a basic insight into the consistency
(or non-consistency) of the respective data sets for individ-
ual blocks of GPS satellites, the obtained differences cannot
be used directly to align the manufacturer PCOs with the
igs20.atx model. This is due to the fact that manufacturer-
calibrated PCOs and igs20.atx PCOs are to be used with
distinct sets of phase patterns that make use of different, and
partly incompatible, phase center conventions.

For full consistency, PCOs compatiblewith the IGS20 ref-
erence frame have therefore been determined in the present
study based on the manufacturer-calibrated phase patterns
(see Sect. 4.1). The estimation is based on 6.5 years of data
(January 2017–June 2023) to cover all satellites of the Block
IIR-A, IIR-B/M, IIF, and GPS III generations. GPS observa-
tions from 120–150 stations of the IGS network (IGS 2023)
were processed in daily batches with the NAPEOS software
(Springer 2009) for a global adjustment of satellite, station,
atmospheric, and Earth rotation parameters. Station coordi-
nates were tightly constrained to a priori values from the
IGS20 reference frame (Rebischung et al. 2022) to allow for
the estimation of IGS20-compatible phase center offsets of
the individual GPS satellites.

Use of the manufacturer-calibrated phase patterns instead
of the azimuth-averaged igs20.atx pattern introduces mod-
erate changes at the level of few to at most 10 cm in the
estimated PCOs of individual satellites (Table 4). The result-
ing differences between the manufacturer calibrations and
the newly derived PCO estimates are illustrated in Fig. 7.
Aside from slightlymodified values of the block-specific dif-
ferences between calibrated and estimated PCOs, the results
are in full agreement with the initial analysis of Sect. 4.2.
In particular, they support the suggested use of block-mean
corrections for both the GPS III satellites and the nine trust-
worthy Block IIF satellites to adjust the manufacturer PCOs
to the IGS20 reference frame. The respective block-mean
differences amount to −12.2cm (IIF) and −10.5cm (III),
which differ slightly from the values discussed Sect. 4.2, but
reflect the use of different phase patterns in igs20.atx and in
the present PCO estimation. PCO differences of individual
satellites exhibit a 1-σ scatter of 2.5cm for Block IIF and
1.8cm for GPS III satellites.

For the IIR-B/M satellites, one may note two obvious
groups: while six satellites show a near perfect consistency
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of calibrated and estimated PCOs, the other group (SVN
61, 52, 53, 58) shows a difference of about −10cm that is
well consistent with the IIF and GPS III satellites. In the
absence of more detailed spacecraft information, it remains
unclear, though, whether this finding relates to undocu-
mented differences in the center-of-mass or antenna position
or modifications of the antenna characteristics following
satellite integration. In the case of the Block IIR-A satellites,
PCO differences between manufacturer calibrations and the
new estimates are slightly smaller in magnitude (34cm vs.
41cm) than for the igs20.atx PCOs, but still much larger than
tolerable for use of themanufacturer PCOs in practicalGNSS
data processing. Overall, block-mean PCO corrections do
not appear justified for incorporation of Block IIR-A as well
as IIR-B and IIR-M antenna calibrations into a new antenna
model. Instead, satellite-specificPCOcorrections appear best
suited to benefit from frequency-specific manufacturer cal-
ibrations for these satellites, while retaining compatibility
with the IGS20 reference frame scale.

Building up on the above considerations and analysis
results, a new lmb20.atx antenna model for GPS IIR-A/B/M,
IIF, and III satellites has been prepared that best exploits the
benefits of the Lockheed Martin and Boeing (LMB) calibra-
tions but is aligned to the current IGS frame realization. It
includes azimuth and off-boresight angle dependent phase
patterns for each transmitted frequency that are derived from
the manufacturer calibration by minimization over a rectan-
gular gridwith nominal 2◦ sampling in off-boresight angle up
to θ = 14◦ (or 14.3◦ for IIF satellites). Suspicious patterns
for SVN 65–67 are replaced by block-mean patterns of the
remaining IIF satellites. A block-mean pattern is also used
for SVN79, for which no calibrations have been published so
far. For use in LEO satellite applications, the phase patterns
include data up to θ = 20◦, which exceeds the current 17◦
limit of the igs20.atx antenna model and covers an altitude
regime up to 2700km.

Frequency-specific phase center offsets from the center-
of-mass are derived through combination of the antenna
phase calibration data with NGA L1 PCOs for the
IIR-A/B/M and IIF satellites while GPS III PCOs are given
by LockheedMartin (Table 4). For alignment with the IGS20
reference frame scale, a common correction is then applied
to the L1, L2, and, optionally L5 PCOs based on the differ-
ence between the calibrated and observed L1/L2 PCOs. A
machine-readable version of the resulting lmb20.atx antenna
model in ANTEX v1.4 antenna exchange format (Rothacher
and Schmid 2010) is made available for public use as an elec-
tronic supplement to the present article. It enables community
testing of the manufacturer-calibrated GPS antenna patterns
and may serve as a prototype for a future enhancement of the
IGS antenna model.

6 Summary and conclusions

With the recent release of antenna calibrations for the GPS
Block IIF satellites, manufacturer calibrations are now avail-
able for all types of satellites in the currentGPS constellation.
Using plausible assumptions on the conceptual definition of
the antenna phase centers and the nature of published phase
center offsets from independent sources, the phase variations
canbe reduced to a consistent phase center, thus giving a com-
bined set of PCOs and PHVs for each individual frequency.

The manufacturer-calibrated phase variations of Block
IIR, IIR-M, IIF, and GPS III satellites exhibit good consis-
tency of the PCO-free phase variations with the azimuth-
averaged values in the IGS antenna model and azimuth-
dependent phase pattern estimates of TUG determined for
this study. We therefore recommend to include these cal-
ibrations into future releases of the IGS antenna model.
Compared to the currently available IGS patterns, use of
the manufacturer calibrations promises improved precision
in the observation modeling by properly accounting for both
the boresight angle variation and the azimuth dependence.
Furthermore, the availability ofmanufacturer calibrations for
the individual frequency bands overcomes the limitations of
pattern estimates based on ionosphere-free dual-frequency
combinations. It therefore paves the way for a consistent
multi-frequency processing using uncombined observations
(Schönemann et al. 2011; Odijk et al. 2016; Zhou et al. 2018;
Strasser et al. 2019). Finally, use of the manufacturer cali-
brations enables a seamless extension to off-boresight angles
beyond 14◦ that are required for processing of spaceborne
GPS observations (Conrad et al. 2023).

The manufacturer-calibrated PCOs exhibit a varying level
of consistency with the independent estimates from global
GNSS monitoring networks. Compared to PCO estimates
compatible with the scale of the ITRF2020 and IGS20 ref-
erence frame, the pre-flight calibrations of the Block IIF and
GPS III satellites exhibit block-mean differences of 12.2cm
and 10.5cm, respectively, with a scatter of σ ≈ 2 cm across
individual satellites. The mean PCO offset translates into
station height differences of 5–6mm and thus a TRF scale
offset of 0.8–1.0ppb (Montenbruck et al. 2022). Consider-
ing the different orbit height, the GPS IIF/III PCO biases
correspond closely to the offset of Galileo manufacturer cal-
ibrations from IGS20-aligned PCO estimates (Steigenberger
andMontenbruck 2023) and the 15.5cmcorrection applied in
the igs20.atx model to align the Galileo PCO calibrations in
EUSPA (2022) with the IGS20 reference frame scale (Rebis-
chung et al. 2022). Even though an inferior consistency is
obtained for the Block IIR-B/IIR-M PCOs and, most notably
the IIR-A calibrations, the results suggest a need to carefully
revisit the contribution and possible benefit of GNSS for the
definition of the ITRF scale.
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On the other hand, it is obvious that the definition of a
GNSS-based reference frame scale based on manufacturer
calibrations of the transmit antennas depends largely on the
availability of fully consistent phase center and pattern infor-
mation. This condition is readilymet by the publicly released
Galileo antenna data, but has, unfortunately, not received
proper attention in the compilation of the respective GPS
calibrations. So far, an undue set of assumptions are required
to mate the phase calibrations, which refer to an unknown
calibration reference point, with phase center offsets relative
to the spacecraft center-of-mass. This is most critical for the
IIR-A, IIR-B/M, and IIF satellites, where NGA PCOs need
to be used that lack a proper traceability and documentation.
However, it likewise applies for GPS III, where the concise
phase center definition remains undocumented and has to be
inferred through reverse engineering.

The GPS provider and satellite manufacturers are there-
fore strongly encouraged to publish missing information on
the location of the calibration reference points relative to
the spacecraft center-of-mass. This would clearly foster a
comprehensive incorporation of the manufacturer calibra-
tions into antenna models for precise GPS data processing
and make them fully competitive with the respective antenna
calibration data released by the Galileo project.
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