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Abstract

High-precision applications of GNSS require accurate calibrations to correct for phase variations of the transmitting antennas.
Calibrations distributed by the International GNSS Service (IGS), based upon observations from the global network of ground
stations, are often used as the source of the transmitter calibrations as they are inherently linked to a specific definition of the
International Terrestrial Reference Frame. The IGS provides antenna phase variations as a function of boresight angle for each
basic block of navigation satellite. To support scientific missions operating in low Earth orbit, the antenna calibrations must
be extended beyond the 14-degrees limit that can be observed by GNSS receivers on the Earth. Extended antenna calibrations
to accommodate low Earth orbiting satellites have already been derived for the GPS Block II satellites. This paper derives an
extension solution for the new GPS IIIA antenna calibration, based on a year of observations from the Sentinel-6 Michael
Freilich altimetry mission and validated using Jason-3. These solutions are inherently consistent with the IGS-provided models
of the Block II antenna calibrations. We use the new model for the GPS IIIA transmitter antenna calibration extensions to

evaluate the impact on precise orbit solutions of both Sentinel-6 MF and Jason-3.

Keywords GNSS - GPS IIIA - Antenna calibration - Precise orbit determination

1 Introduction

Precise orbit determination (POD) is a fundamental com-
ponent supporting the more than thirty-year long, multi-
mission, sea surface height record. Because orbit radial
errors map directly into the sea surface altimetry measure-
ments, highly accurate orbit estimates are required. The first
altimetry mission to apply GNSS-based precise orbit deter-
mination, TOPEX/Poseidon, was launched in 1992. Within a
year, it demonstrated better than 3-cm (Bertiger et al. 1994)
radial rms orbit accuracy from the Global Navigation Satel-
lite System (GNSS) tracking data alone when processed
with a reduced-dynamic technique (Wu et al. 1991; Yunck
et al. 1994, 1990). The follow-on mission, Jason-1, further
improved the radial rms accuracy to 1 cm by incorporating
improved geopotential models and in-flight calibration of the
antenna phase variations (Haines et al. 2004). Sub-centimeter
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accuracy for Jason-2 was achieved by also fixing phase ambi-
guities (Bertiger et al. 2010).

The most recent mission of the TOPEX/Poseidon and
Jason series, Sentinel-6 Michael Freilich (MF), was launched
on November 21, 2020, into a 66-degree inclination circu-
lar orbit with a nominal altitude of 1336km (Donlon et al.
2021). With the goal of providing enhanced continuity of
the altimetry data record (Donlon et al. 2021a), Sentinel-6
MF has been shown to achieve radial accuracies better than
1 cm (Montenbruck et al. 2021). As seen with Jason-2, this
level of accuracy is highly dependent on accurate model-
ing of the transmitter and receiver antenna calibrations. The
total antenna phase calibration is often separated into a phase
center offset (PCO) and a signal line of sight phase variation
(PV) with respect to the PCO, where the PCO is effectively
the center of a best-fit sphere to the total phase calibration.
For the remainder of this paper, we use the term antenna cal-
ibration to include the total contribution of both the PVs and
the PCOs.

To achieve the most accurate POD solution, the PCO and
PV modeling approach is applied to both the GNSS satellite
transmitter antennas and the receiving antenna (Schmid et al.
2005, 2007). For satellite transmitters, a unique IGS PCO is
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provided for each satellite. The IGS PVs, however, are mod-
eled to be identical for every satellite within a GPS sub-block
and only describe variations as a function of boresight angle
(Montenbruck et al. 2015). These were initially restricted
to nadir angles less than 14 degrees, the limit observed for
ground stations. For low Earth orbiting (LEO) satellites such
as Sentinel-6 MF, however, boresight angles greater than 14
degrees are observed. Jaggi et al. (2010) proposed an exten-
sion of the IGS05 PVs beyond 14 degrees. The extension was
generated from simultaneous estimation of GPS and LEO
antenna calibrations using only GPS measurements collected
onboard multiple LEO satellites. Later, a similar approach
was also used by Schmid et al. (2016) to estimate the GPS
PVs beyond 14 degrees. For several subsequent reference
frame realizations, only the PCOs have been changed while
the PVs have remained fixed to those provided by Jaggi et al.
(2010) for IGS05. Each IGS realization of the International
Terrestrial Reference Frame (ITRF) must update the trans-
mitter PCOs due in part to the reference frame scale changes.
For example, Schmid et al. (2016) estimated updated PCOs
for the IGSO08 definition of transmitter phase calibrations and
Rebischung and Schmid (2016) updated the IGS14 values of
the PCOs while continuing to adopt the PVs from IGS05.

The GPS constellation is currently in the process of incor-
porating new GPS IIIA transmitters, with the first satellite
launched in December 2018 (Thoelert et al. 2019). As of
December 2021, the GPS constellation includes 5 GPS IITA
satellites in operation with space vehicle numbers (SVN) 74 -
78. Unlike the Block I1 IGS14 antenna calibration that inher-
ited the full IGS05 extension calibration values, the IGS14
GPS IIIA PVs are adopted as varying with boresight angle up
to 14 degrees and then held constant for higher angles. The
GPS A PCO values were provided by the manufacture
(Lockheed 2019) for the first GPS IIIA satellite, SVN-74.
Steigenberger et al. (2020) found that these values had good
agreement with on orbit estimates of the PCO. For subse-
quent GPS IITA transmitters, the IGS 14 adopted the SVN-74
PCO values. The Block I IGS antenna calibrations are sepa-
rated into six sub-block groups: II, ITA, IIR-A, IIR-B, [IR-M,
and IIF. For the remainder of this paper, we collectively refer
to all these sub-blocks as Block II while applying the specific
IGS14 sub-block PVs and individual PCOs. Additionally, for
the purposes of comparison the sub-block types IIR-B and
IIR-M are combined due to having identical IGS14 PVs.

In this study, we aim to generate an extension of the IGS14
GPS IITA PVs for boresight angles higher than 14 degrees
that is consistent with the Block II antenna calibrations. This
approach facilitates the continuity of POD solutions based
on IGS standards during and after the transition of the GPS
constellation from Block II to GPS IIIA transmitters. To
extend the GPS IIIA antenna calibrations above 14 degrees,
we use the Sentinel-6 MF GPS L1/L2 carrier and pseudo-
range observations from the TriG receiver (Donlon et al.
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2021). At the nominal altitude of 1336km, Sentinel-6 MF
routinely observes GPS measurements with boresight angles
greater than 14 degrees. Sentinel-6 MF is an ideal platform
for extending the GPS IITA antenna calibration because of its
altitude, geodetic quality receivers and antennas with favor-
able multipath and demonstrated radial orbit accuracy better
than 1cm rms. Additionally, during the majority of 2021,
Sentinel-6 MF was flying in tandem with Jason-3 where it
is following the same ground track, but approximately 30s
behind (Donlon et al. 2021a). Thus, we can use Jason-3 to
validate the Sentinel-6 MF derived GPS IIIA antenna cali-
bration extension.

To produce a GPS IITA antenna calibration extension
consistent with the IGS14 Block IIs, we implement the fol-
lowing approach. We first generate a Sentinel-6 MF receiving
antenna calibration based only on GPS Block II tracking data
and using the IGS14 definition of the transmitter antenna
calibrations. With this receiver antenna calibration, Block II
based dynamic orbit and clock solutions for Sentinel-6 MF
are estimated. We then use residuals from the withheld GPS
IITA tracking data and predicted observables based on the
dynamic orbit and clock solutions to determine the GPS IITA
dependency on boresight angle, namely the PV. The IGS14
definition of the PCO is held fixed. Finally, to test the fidelity
of the proposed extension, we compare orbit solutions with
and without GPS IIIA satellites for Jason-3 - a LEO satellite
not used in the calibration procedure.

In this paper, Sect. 2 describes the POD models and solu-
tion strategy, the Sentinel-6 MF receiver antenna calibration
method, and the GPS IIIA antenna calibration extension pro-
cess. In Sect.3 we assess the validity of the calibration by
comparing orbit metrics for three different scenarios. The first
POD solution uses only Block II measurements; the second
includes Block II and IITA measurements with the original
IGS14 antenna calibrations; and finally the third includes
Block IT and IITA measurements with the newly generated
antenna calibration extension. Section4 describes validation
of the GPS IIIA calibration extension using Jason-3 as an
independent platform. In Sect.5 we provide the overall con-
clusions and recommendations.

2 Methods
2.1 Sentinel-6 MF instrumentation

Sentinel-6 MF is equipped with four independent tracking
systems for POD, a Doppler Orbitography and Radiopo-
sitioning Integrated by Satellite (DORIS) receiver (Auriol
and Tourain 2010), retro-reflectors for ground-based satel-
lite laser ranging (SLR), a redundant multi-GNSS PODRIX
receiver from RUAG that is the primary GNSS POD instru-
ment for this satellite, and a TriG POD receiver from
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NASA/JPL that also supports radio occultation measure-
ments. POD based on data from GPS/Galileo with the
primary multi-GNSS PODRIX receiver from RUAG has
already been presented by Montenbruck et al. (2021). The
TriG draws its heritage from the NASA/JPL BlackJack
receiver line, which has set accuracy standards for the Jason-
series of reference altimeter missions preceding Sentinel-6
MEF (Haines et al. 2004; Bertiger et al. 2010; Young 2017). On
Sentinel-6 MF, the TriG is providing multi-GNSS tracking
data from forward- and aft-facing radio-occultation antennas
and GPS tracking data from an upward facing POD antenna
(Tien et al. 2010; Tien et al. 2012). Our Sentinel-6 MF POD
exclusively uses the undifferenced GPS L1/L2 pseudorange
and carrier measurements received by TriG POD antenna.
For this analysis, the TriG measurements are preferable for
a few reasons. First, observations are tracked down to O-
degrees elevation whereas the PODRIX enforces a cut off at
10 degrees. These low elevation measurements in the receiver
frame result in more observations in transmitter boresight
angles above 14 degrees. Second, because the Trig only
tracks GPS signals (PODRIX tracks both GPS and Galileo),
this allows for a more robust Block II only solution due to
significantly more GPS measurements. In a manner simi-
lar to Bertiger et al. (2010), the raw 1Hz measurements are
decimated to a 5-minute dual-frequency (ionosphere-free)
combination for the GPS carrier and pseudorange (LC and
PC) observations.

2.2 Orbit models/solution strategy

We used JPL’s GipsyX/RTGx software (Bertiger et al. 2020)
for all of our precise orbit determination solutions. Table 1
provides an overview of the models applied for each POD
solution. The only exception to this is for the antenna cal-
ibration estimation strategy which uses 24-hour arcs and
30-second observations.

We use a custom 12-panel macromodel (Conrad et al.
2022), described in Table 2, along with measured space-
craft attitude to compute the drag and solar radiation forces.
The drag incorporates the DTM2000 model to estimate the
atmospheric density from the F10.7 cm solar flux and the Kp
geomagnetic indices (Bruinsma et al. 2003). Radiation pres-
sure forces for both Earth albedo (Knocke et al. 1988) and
visible solar (Milani etal. 1987) are applied. The geopotential
is computed using the GRACE time-variable CNES/GRGS
RLO4 Earth gravity models up to degree and order 200
(Lemoine et al. 2019). Additional gravitational effects such
as solid Earth tides and pole tides conform to the version 1.3.0
IERS conventions (Petit and Luzum 2010). Ocean tides use
a GOT4.8a model (Ray 2013) modified to account for geo-
center motion (Desai and Ray 2014), and implemented using
the convolution formalism of (Desai and Yuan 2006). Third-

body gravitational effects are included using the JPL DE421
planetary and lunar ephemeris (Folkner et al. 2009).

GPS satellite ephemerides, clock solutions, widelane
phase bias information, as well Earth orientation parame-
ters come from the JPL IGS analysis center final products
(Dietrich et al. 2018). Based on the IGS standards (John-
ston et al. 2017), the GPS clock solutions are referenced to
the L1/L2 P(Y)-code dual-frequency ionosphere-free com-
bination. Orbit solutions and background models applied the
IGS14 reference frame which is the IGS realization of the
ITRF14 (Altamimi et al. 2016). We used the 1GS14 GPS
antenna calibrations, including both PCOs and PVs, except
for where we specifically note that we have applied our new
estimates of the GPS IIIA extensions for boresight angles
larger than 14 degrees.

Different orbit determination strategies are used for each
stage of the solution. When deriving the antenna calibra-
tion, we adopt a dynamic POD approach estimating once
per revolution empirical parameters fixed over a daily solu-
tion. Our most rigorous solutions adopt a reduced dynamic
POD approach, where we follow the dynamic solutions with
reduced dynamic solutions that estimate stochastically vary-
ing empirical accelerations with phase ambiguity resolution
(Bertiger et al. 2010). These are summarized in Table 3.
These reduced dynamic and ambiguity resolved solutions are
the basis for evaluation of the GPS IIIA antenna calibration
extension.

2.3 Sentinel-6 MF antenna calibration

The Sentinel-6 MF TriG receiver antenna calibration is gen-
erated using only the GPS Block II measurements. Without
some judicious constraint, it is not possible to fully decou-
ple the receiver antenna calibration from transmitter antenna
calibration. This approach effectively ties the Sentinel-6 MF
antenna calibration to the established IGS 14 transmitter cal-
ibrations. The receiver antenna calibration is estimated from
daily solutions generated from 24-hour dynamic orbit esti-
mates (including daily estimates of drag coefficient and once
per revolution accelerations in cross-track and in-track). We
first perform a daily orbit solution using the pre-launch mea-
surements of the receiver calibration and with all Block II
tracking data. From this solution, we identify outliers which
are then excluded from a subsequent dynamic orbit solu-
tion that also simultaneously estimates a two-dimensional
receiver antenna calibration correction to the pre-launch
receiver calibration. The estimated antenna calibration cor-
rection is defined as discrete bins of 3 degrees in elevation
and 4 degrees in azimuth for elevations below 51 degrees.
Above this, the azimuth bin spacing is variable to account
for lower measurement density at higher elevations. Outliers
are removed as they can significantly influence the receiver
calibration, especially for bins with low measurement den-
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Table 1 Measurement and POD

models applied in Model/parameter

Sentinel-6 MF selection

GipsyX/RTGx GNSS observations

Surface forces
Sentinel-6 mass
Sentinel-6 attitude
Sentinel-6 TriG antenna
Reference point
Atmospheric density

GPS satellite antenna calibrations

Earth orientation/rotation

GPS spacecraft ephemerides

GPS spacecraft clocks and widelane

Phase bias information
Planetary and lunar ephemerides
Earth gravity field

Ocean tides

Undifferenced GPS L1/L2 phase and pseudorange
5-min observations, 30-hour daily arcs

Custom macromodel (Table 2)

1180.633kg (Jan 1, 2021)

Measurement quaternions

[—0.933048, 0.006592, —1.13205] m, (Jan 1, 2021)

DTM2000 (Bruinsma et al. 2003)

IGS14 Values (igs14_2194.atx)

(Rebischung and Schmid 2016)

JPL IGS Analysis center IGS14 final solutions
JPL IGS Analysis center IGS14 final solutions
JPL IGS analysis center IGS14 final solutions

JPL DE421 ephemerides (Folkner et al. 2009)
EIGEN-GRGS.RL04.MEAN-FIELD
(Lemoine et al. 2019)

GOT4.8 tide model (Ray 2013)

Reference frame 1GS14

-rr:;clreoiofllells tom 12-surface Surface Surface normal [x,y,z] Area (m?) Diffusivity Specularity
Body +X [1.000, 0.000, 0.000] 4.149 0.041 0.349
Body -X [—1.000, 0.000, 0.000] 3.941 0.042 0.546
Body +Y [0.000, 1.000, 0.000] 1.329 0.040 0.506
Body -Y [0.000, —1.000, 0.000] 1.329 0.040 0.506
Body +Z [0.000, 0.000, 1.000] 11.830 0.016 0.571
Body -Z [0.000, 0.000, —1.000] 2.072 0.030 0.660
Left SP [0.000, —0.616, —0.788] 8.65 0.316 0.139
Right SP [0.000, 0.616, —0.788] 8.65 0.316 0.139
AMR-C (top) [0.469, 0.000, —0.883] 0.92 0.080 0.000
AMR-C (bottom) [0.000, 0.000, 1.000] 0.8123 0.563 0.188
Left SP (bottom) [0.000, —0.616, 0.788] 3.760 0.164 0.013
Right SP (bottom) [0.000, 0.616, 0.788] 3.760 0.164 0.013

sity. The sum of the pre-launch calibration and the estimated O (a,2) =d(a,2) — Ar-e+ Ag 2)

correction then forms the total receiver antenna calibration
which corrects for line-of-sight variations due to antenna gain
patterns and spacecraft multipath.

The antenna calibration can be formulated in terms of
the mean PCO and a set of line-of-sight azimuth and eleva-
tion dependent antenna calibrations. Rothacher et al. (1995)
showed that there are inherent degrees of freedom for a
phase center offset vector r and antenna calibration function
¢ («, z) and can be transformed into a new PCO and antenna
calibration function using the following:

ry =ro+ Ar D
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where Ar and A¢ can be chosen arbitrarily and e is a unit
vector in the line of sight direction from the receiver to
the transmitter. Because A¢ cannot be separated from the
receiver clock, it must be constrained. This is often done by
constraining the boresight direction to zero, but due to the
low density of observations for LEO spacecraft in the bore-
sight direction, we instead choose to level the entire antenna
calibration correction by constraining the average of all bins
above 30-degrees elevation to zero. Given that Sentinel-6
MF is roughly yaw-fixed relative to the flight direction, it is
difficult to resolve a mean PCO due to the phase variations
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Table3 POD estimation

strategy within GipsyX/RTGx Estimated parameters Parameterization a priori o

Epoch state

3-D epoch position (X,Y,Z) Bias per arc 10 km

3-D epoch velocity (X,Y,Z) Bias per arc 1 km/s

Empirical Acceleration (3 dynamic passes)

Drag Coefficient Bias per arc 1000

Once-per-rev cross-track (cos, sin) Bias per arc 1 mm/s?

Once-per-rev in-track (cos, sin) Bias per arc 1 mm/s

Empirical Acceleration (reduced-dynamic)

Radial Stochastic with 7 = 6 hrs 1 nm/s?
At =30 min

In-track Stochastic with 7 = 6 hrs 1 nm/s?
At =30 min

Once-per-rev cross-track (cos, sin) Stochastic with T = 6 hrs 2 nm /s>
At = orbit

Once-per-rev in-track (cos, sin) Stochastic with 7 = 6 hrs 2 nm /s2
At = orbit

Carrier Phase Bias Constant bias per 1e6 km
continuous carrier track

TriG Clock Offset White-noise Process 3e5 km

At is the update interval and 7 is the correlation time

relative to the antenna reference point for the in-track (body-x
direction) direction. This issue has previously been observed
in estimation of the horizontal PCOs for GNSS satellites dur-
ing periods when the spacecraft attitude aligns the body x- or
y-axis with the in-track direction (Schmid et al. 2007; Huang
et al. 2022). For this reason, we also choose to constrain the
PCO of the antenna calibration correction in the body-x direc-
tion to zero. This is equivalent to Ar = [Ax = 0, Ay, Az].
Here we allow the receiver antenna calibration to absorb off-
sets in the body-y and z components relative to the a priori
values, but not for the body-x offset.

Because the Sentinel-6 MF attitude is roughly yaw-fixed,
non-gravitational modeling errors in the cross-track direc-
tion can influence the antenna y-offset estimates. Specifically,
solar radiation pressure modeling errors are expected to pro-
duce y-offset estimates that correlate with seasonal changes
in the beta angle (sun elevation relative to orbit plane). To
mitigate errors in the y-offset, we use a tuned custom macro-
model. We also examine a sampling period that is long
enough to reduce the beta angle dependent errors in the final
solution. We then combine the daily normal equations from
388 (after outlier removal) days (2021-01-01 to 2022-02-13)
to determine the antenna calibration correction. Given that
the beta angle cycle is roughly 120 days for Sentinel-6 MF,
this results in just over three full cycles. The final Sentinel-
6 MF antenna calibration is generated by accumulating the
final square root information filter (SRIF) state output from
each Block II only daily solution into a single estimate from

50
—— Block IIR-A
401 —— Block IIR-M/B
—e— Block IIF

301 —— GPSIIIA

20
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o

IGS14 Antenna Calibration, (mm)
o
{ o

|
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o

00 25 50 7.5 100 125 15.0 175
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Fig. 1 IGS14 PVs as a function of boresight angle separated by block
type fromigs14_2194.atx. Note: Block IIR-B antenna PVs are the same
as [IR-M

the accumulated time frame. It is during this process that the
average of all bins above 30-degrees elevation and body-x
offset are constrained to zero.

2.4 GPS IlIA antenna calibration extension

Unlike the Block II variants, the current IGS14 GPS IITIA
antenna calibrations above 14 degrees, as seen in Fig. 1, are
fixed to the value from the 14-degree boresight angle. Here
we describe the approach taken to extend them to 17 degrees.

@ Springer
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We note that JPL’s Final orbit and clock solutions for the
GPS constellation are determined from a global ground net-
work. Because of this, the GPS orbit and clock products
only depend on the IGS14 calibration values for boresight
angles less than 14 degrees. For this reason, we choose to
limit our modification of the IGS 14 GPS IIIA calibration val-
ues to boresight angles greater than 14 degrees to improve
the LEO POD without affecting terrestrial GNSS processing
with IGS14 values.

To ensure the GPS IITA antenna calibration extension is
derived relative to the Block II, a two-iteration process is
implemented. First, Sentinel-6 MF dynamic orbits are com-
puted using only Block II measurements and our computed
receiver antenna calibration. The orbit and receiver clock
solutions are then fixed, and the GPS IIIA dual-frequency
phase measurements are fit to those Block II-based dynamic
orbit solutions estimating only a phase arc bias. The resulting
GPS IIIA residuals are zero mean across all boresight angles.
This results in an undesired mean residual offset below 14
degrees that is due primarily to poorly modeled calibration
values above 14 degrees. To facilitate a consistent calibration
for the higher boresight angles, the stacked GPS IIIA resid-
uals are offset such that their mean value below 14 degrees
over the entire dataset is zero. From this starting point, we
iterate a solution based on the fixed Block II orbits and clock
solution with updates to the GPS IITA antenna calibration
above 14 degrees based on stacked post-fit residuals. Our
approach ensures that the new GPS IIIA antenna calibration
extensions are consistent with the IGS14 Block II antenna
calibrations.

3 Results

We use the TriG receiver GPS L1/L2 5-minute decimated
phase and pseudorange measurements from the entirety of
2021 for all subsequent results, the exception being the esti-
mation of the antenna calibration which uses 30-second data
over a slightly longer time span. The following sections first
describe the resulting receiver antenna calibration and GPS
IITA satellite antenna calibration extension estimated from
24-hour solutions. We evaluate the consistency of the GPS
IITA antenna calibration extension by comparing reduced-
dynamic ambiguity resolved 30-hour precise orbit solutions
from three cases: using only Block II tracking data with
IGS14 antenna calibration, using Block II and IITA tracking
data with default IGS14 antenna calibration, and using Block
II and IIA tracking data with IGS14 calibration modified
to include our extensions above 14-degree boresight angles.
Orbit quality is evaluated using comparisons of internal met-
rics. The statistics for the daily solutions are reported in terms
of the mean value =+ the standard deviation of the full year
of daily solutions. Finally, withheld SLR measurements are
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independently applied to evaluate the orbit solution accuracy
for all three scenarios.

3.1 Antenna calibrations
3.1.1 Sentinel-6 MF antenna calibration

The Sentinel-6 MF antenna calibration is generated from
more than one year of data spanning from 2021-01-01
to 2022-02-13. High-rate 30-second L1/L2 ionosphere-free
dual-frequency combination observations from Block II only
measurements for the phase and P(Y)-code measurements
are applied. Daily solutions with fewer than 18,000 phase
measurements and daily rms of post-fit phase residuals above
5.5 mm, along with days that have orbit maintenance maneu-
vers, are excluded from the final estimate of the receiver
calibration resulting in a total of 388 daily solutions. The
final estimated antenna calibrations are generated for both
phase and code solutions. Figure2 shows a comparison of
the L1/L2 dual-frequency phase pre-launch anechoic cham-
ber antenna calibration, the estimated correction, and the
resulting in-flight Block II derived antenna calibration. The
antenna calibration values are described using azimuth mea-
sured clockwise from 0 to 360-deg and elevation from O to
90-deg in the antenna frame which is closely aligned with
the spacecraft body x/y/z frame. The 0-deg azimuth direction
corresponds to the positive antenna-x direction (body +x), 90-
deg azimuth to the negative antenna-y direction (body +y),
and 90-deg elevation to the positive antenna-z direction (body
-z). As expected, the overall structure is similar between the
original and the final, but there is significant irregular struc-
ture with variations on the order of —20 to 10 mm in portions
of the antenna calibration captured in the in-flight environ-
ment, presumable due to multipath and a significant z-PCO
contribution. When compared to the pre-launch antenna cal-
ibration, the resulting PCO offsets in the antenna y and z
directions are —3.8 mm and —20.0 mm, respectively. For our
implementation, we do not separate out the PCO from the
estimated calibration, but rather retain the antenna reference
point in Table 1 and allow the antenna calibration to absorb
the estimated offsets.

A consideration for the use of high-rate data is due to the
yaw-fixed attitude of Sentinel-6 MF. This results in relatively
few measurements for elevations below 6 degrees in the in-
flight direction, making this portion of the antenna calibration
much more difficult to resolve. For the time-span contributing
to the antenna calibration, there are three instances where the
nominal yaw attitude is flipped 180 degrees for a few days.
The high-rate data combined with the yaw-flip maneuvers
allow for much better resolution of the low elevation por-
tion of the antenna calibration in the nominal flight direction
(azimuth = 0°).
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3.1.2 GPS llIA antenna calibration extension

With the Sentinel-6 MF receiver antenna calibration estab-
lished based on the Block II calibrations, we are able to
compute a GPS IIIA transmitter extension consistent with
the Block II IGS14 antenna calibrations. From each daily
Block II derived dynamic orbits solutions during 2021, GPS
IIIA residuals from five transmitters (SVNs 74-78) are fit and
then stacked by boresight angle. Days with orbit maintenance
maneuvers are excluded. Figure 3 shows the stacked residu-
als with a bin size of 0.25 degrees from post-fit measurement
residuals and the right panel shows the number of residuals
in each bin. The GPS IIIA observations contribute 13.2% of
the total number of observations over all boresight angles.
However, more than half of the GPS IIIA observations occur
above 14 degrees boresight angles. An improved antenna cal-
ibration above 14 degrees, instead of the simple approach of
using the value from 14 degrees, is therefore an important
improvement to the Block IIIA measurement model. In con-

-20 -15 -10

-5
mm

trast, the Block II stacked residuals do not indicate significant
deficiencies. We use the mean stacked residuals from the 0.25
degree bins to derive GPS IIIA extension at boresight angles
of 15, 16, and 17 degrees as shown in Table 4. The resulting
GPS IIIA extension after convergence is shown in Fig. 4.

We note also that our estimated extension of the GPS IITA
PVs is very similar to that of the Block IIR-M constellation
from IGS14. Using that extension is a potential alternative to
the values we proposed in Table 4. The two platforms are both
manufactured by Lockheed Martin which may explain some
of the similarity. Additionally, Steigenberger et al. (2020)
found agreement in other aspects such as the attitude profile
and dimensions.

3.2 Orbit quality comparison

3.2.1 Sentinel-6 MF internal metrics

o

Fig.2 Pre-launch phase antenna calibration (left) combined with the estimated antenna calibration correction (middle) and resulting in-flight Block

1I derived phase antenna calibration (right)
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Fig. 3 Stacked residuals relative to Block II-only orbit solutions (left) and the total number of observations in each bin (right) for Block IIR-A

(blue), IIR-M/B (orange), IIF (green), and IIIA (red)
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Table 4 Estimated GPS IIIA

oo . Boresight angle
antenna calibration extension

14 degrees

15 degrees 16 degrees 17 degrees

values Calibration value

13.3mm

23.9mm 33.9mm 42.4mm

50

—— Block IIR-A

401 —— Block IIR-M/B
—e— Block IIF

301 —— GPS IlIA Extended

20

10

-10

IGS14 Antenna Calibration, (mm)

-20

00 25 50 7.5 100 125 15.0 175
Boresight Angle, (deg)

Fig. 4 GPS IIIA extended PV (red) as a function of boresight angle
compared to existing IGS14 Block IIR-A (blue), IIR-M/B (orange),
and IIF (green) PVs

140
I Block Il Only (IGS14)

120{ HEE Block Il (IGS14) & GPS IlIA (IGS14)
mm Block 11 (IGS14) & GPS IlIA (Extended)

100

80

Count

60

40

20

4 5 6 7
Daily Residual RMS (mm)

Fig. 5 RMS of Postift LC residuals from Sentinel-6 MF ambiguity-
resolved reduced dynamic orbit solutions for three cases: 1) Block II
tracking data alone (blue), 2) Block II and IIIA tracking data with IGS14
antenna calibrations (red), 3) same as case (2) but using GPS IIIA PV
extension (green)

The daily ionosphere-free dual-frequency phase post-fit
residual rms is an indicator of the goodness-of-fit of the orbit
solution and will be impacted by how well the receiving and
transmitting antennas are modeled. Figure 5 shows the his-
togram of daily rms of postfit phase residuals from daily
30-hour reduced dynamic POD solutions from the entirety of
2021. As expected, our GPS IIIA antenna calibration exten-
sions clearly provide a better fit to the data. Most notably,
the postfit rms of residuals from POD solutions using both
Block II and IITA tracking data fall in-line with solutions
using only Block II tracking data. Meanwhile, and as also
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shown in Table 5, POD solutions using Block II and IIIA
tracking data with the IGS14 antenna calibrations as pro-
vided are higher by 20%. Looking only at the GPS IIIA data
shows a more than 50% reduction in the postfit residual rms
when using our GPS IIIA extension.

From daily 30-hour ambiguity resolved orbit solutions,
there are six hours of overlap. Here we difference the central
four hours to compute a single daily radial, cross-track, and
in-track component rms statistic. The resulting rms values
are a measure of the orbit solution precision and consistency.
Daily rms values that are more than 5 standard deviations
away from the overall mean value are removed. Figure6
shows the daily overlap statistics histogram for each compo-
nent. Computing the mean and standard deviation of all daily
overlap difference rms statistics produces a way to evaluate
the overall precision and consistency of the solutions. Table 6
lists the mean values and standard deviation for all three com-
ponents. Overall, the orbit solutions that incorporate the GPS
IITA measurements with the extrapolated antenna calibra-
tion show an improved orbit solution precision with slightly
lower overlap statistics for all three components, in both the
mean and standard deviation of daily values. Of course, the
GPS constellation currently only includes 5 GPS IIIA satel-
lites, and we would expect higher impact as that number
continues to increase. Given that the orbit overlaps are a
measure on solution precision, we would expect the reduced
dynamic approach to result in similar results. The improve-
ment when including GPS IIIA measurements is due in part
to the increased number of measurements, as compared to
when they are excluded

3.2.2 Ambiguity resolution

Each of the daily reduced dynamic POD solutions includes an
ambiguity resolution summary. Fixed phase ambiguity biases
are applied within the filter smoother using a constraint with
a confidence level of 10cm. Figure7 shows the distribution
of passes with narrow-lanes (NL) constrained to less than 10
centicycles of the fixed ambiguity. The Block II only orbit
solutions have a median of 84.5 percent of NL passes con-
strained to less than 10 centicycles while the inclusion of
the GPS IITA with the IGS14 antenna calibrations reduces
the median to 82.7 percent. Using the extended GPS IITA
antenna calibration brings the median back to 84.5 percent
of passes constrained to less than 10 centicycles. Here we
see that by extending the GPS IIIA IGS14 antenna calibra-



Extending the GPS IlIA antenna calibration...

Page9of15 35

Table5 Sentinel-6 MF mean

values =+ the standard deviation LC (mm) LC GPS IIIA Only (mm) PC (mm)
of all daily residual rms Block I Only 454032 - 622 + 61
Block IT and IIIA 1GS14 5.6 +0.27 9.7+0.45 609 £+ 110
Block II and IITA Extended 4.5+ 0.30 45+0.52 609 £+ 100
mEmm Block Il Only (IGS14)
100 1907 o Block II (1GS14) & llIA (1GS14) 100
mm Block 1l (IGS14) & IlIA (Extended)
80 5 80 80
€ 60 € € 60
=} > =}
o o o
o o )
40 40
20 = 20
% 0
.0 0.5 1.0 1.5 2.0 1 2 3 4 5 0 1 2 3 4 5

Radial Overlap RMS (mm)

Fig. 6 Daily overlap difference RMS for radial (left), cross-track
(middle), and in-track (right) from Sentinel-6 MF ambiguity-resolved
reduced dynamic orbit solutions for three cases: 1) Block 1I tracking

Cross-Track Overlap RMS (mm)

In-Track Overlap RMS (mm)

data alone (blue), 2) Block II and IITA tracking data with IGS14 antenna
calibrations (red), 3) same as case (2) but using GPS IIIA PV extension
(green)

Table 6 Mean values =+ the
standard deviation of the daily

Radial (mm) Cross-track (mm) In-track (mm)

component overlap difference

0.78 £ 0.33 1.7 £0.57 1.8£1.0
0.77 £0.31 1.7 £0.56 1.8 £0.90
0.73 £0.28 1.6 £0.54 1.7£0.83

Block II Only
rms
Block IT and IIIA IGS14
Block IT and IIIA Extended
160{ mmm Block Il Only (IGS14)
mmm Block Il (IGS14) & GPS IlIA (IGS14)
1401 wmmm Block Il (IGS14) & GPS IIIA (Extended)
120
100
=
>
3 80
60
40
20 =
055760 65 70 75 8 8 9 95

Narrow Lane Percent < 10 Centi-Cycles

Fig. 7 Daily narrow lane ambiguity resolution histogram of percent
constrained to less than 10 centi-cycles from Sentinel-6 MF ambiguity-
resolved reduced dynamic orbit solutions for three cases: 1) Block II
tracking data alone (blue), 2) Block IT and IIIA tracking data with IGS 14
antenna calibrations (red), 3) same as case (2) but using GPS IIIA PV
extension (green)

tion the ambiguity resolution improves and is consistent with
the Block II only results.

3.2.3 External metrics

To evaluate the orbit accuracy, we consider independent
SLR measurements (Pearlman et al. 2019). Only SLR sta-
tions with biases below Smm for the entire dataset are
analyzed. These include a total of eight stations: Green-
belt, Maryland; Graz, Austria; Herstmonceux, UK; Harte-
beesthoek, South Africa; Mt Stromlo, Australia; Yarragadee,
Australia; Wettzell, Germany; and Zimmerwald, Switzer-
land. Figure 8 shows the SLR residual rms, left panel, and
overall bias, right panel, from all SLR measurements across
2021 as a function of boresight angle relative to the SLR
frame. Here we can see that all three orbit solutions are rel-
atively similar. Overall rms values are 8.9 mm for Block II
only, 8.9 mm including GPS IITA with IGS14 antenna cal-
ibrations, and 8.8 mm including GPS IIIA with extended
antenna calibration. The consistency in the SLR residuals
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Table 7 Comparison of the

overall rms, bias, and standard RMS (mm) Bias (mm) Std (mm)
deviation of the SLR residuals Block II only 8.9 1.26 8.8
Block IT and IIIA 1GS14 8.9 0.99 8.8
Block II and IITA extended 8.8 1.28 8.7
== Block Il Only (IGS14) ) 4 )\
11{ == Block Il (IGS14) & GPS IllIA (1GS14) U \\
-~~~ Block Il (IGS14) & GPS IIIA (Extended) 3 AN
(4 \!
10 "/ \ ///"
c 2 {/ \ PAAERNS
£ £ /’ Nl TS
w 9 /\ £ 11 4 S SJe s
= \/-—\// ") // -
o / © Vi
5 IS ® o
n 8 \NE =
. / 1] —= Block Il Only (IGS14)
== Block Il (IGS14) & GPS IlIA (1GS14)
/ ~2] _-- Block Il (IGS14) & GPS llIA (Extended)
6
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Boresight Angle, (deg)

Boresight Angle, (deg)

Fig.8 SLR residual RMS (left) and bias (right) as a function of boresight angle

rms values between all three solutions is likely due to the
strength of the ambiguity resolution of the Block II mea-
surements which contribute more than 85 percent of the total
measurements. It is reasonable to conclude, that as the num-
ber of GPS IIIA satellites increase, the orbit accuracy will be
degraded without extension of the GPS IITA calibration.

Looking at the SLR residual bias as a function of bore-
sight angle shows a shift of about 0.3 mm when using the
GPS IIIA measurements with IGS14 antenna calibrations.
Incorporating the GPS IIIA measurements with the extended
antenna calibration produces SLR biases that are essentially
consistent with the Block II only solutions. Table 7 shows
a comparison of the overall statistics from each set of orbit
solutions.

4 Independent validation with Jason-3

The GPS IITIA extensions are validated using Jason-3 by
applying the same three scenarios as those above with
Sentinel-6: a Block II only solution, a Block II and ITIA solu-
tion using IGS 14 antenna calibrations for both, and finally, a
Block II and IITA solution with extended GPS IIIA calibra-
tion. Worth noting is that the Jason-3 GPS antenna is tilted 15
degrees away from zenith while the Sentinel-6 GPS antenna
points towards zenith. This combined with a yaw-steering
attitude profile changes the correlation between the receiver
and transmitters, particularly the z-PCOs. As such, Jason-3
provides a useful validation of the consistency of the GPS
IITA PV extension given that is has different lines of sight
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to the GPS constellation. These solutions are processed over
the same time frame as the previous Sentinel-6 MF results,
2021-01-01 to 2021-12-31. Like Sentinel-6 MF, the Jason-3
receiver calibration is generated from Block II only mea-
surements although from a longer time frame covering from
2016-02-13 to 2020-09-12.

4.1 Jason-3 internal metrics

The Jason-3 daily L1/L2 dual-frequency phase post-fit resid-
ual rms is shown in Fig.9. Here the results show a pattern
that matches what was observed in Sentinel-6 MF, where the
POD solutions using both Block II and IIIA tracking data are
more inline with Block II-only solutions when the extended
calibrations for the GPS IITA transmitters are applied.
Comparing the daily central four hours of overlap differ-
ences for radial, cross-track, and in-track components, we
observe a similar pattern to the Sentinel-6 MF overlap statis-
tics. As with Sentinel-6 MF, outliers 5 standard deviations
from the mean are removed. Figure 10 shows the daily over-
lap statistics for all three solutions. Table 9 lists the mean
values =+ the standard deviation for all daily overlap values.
While the overall improvements to the mean values are rel-
atively small when using the extended GPS IIIA calibration,
it does represent an improvement to the POD solution. The
improvement to the standard deviations suggests a better day-
to-day consistency, particularly for the in-track component.
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Table 8 Jason-3 mean values +

the standard deviation of the LC (mm) LC GPS LIA Only (mm) PC (mm)
daily residual rms fit Block IT only 444025 - 378 + 27
Block II and IITA IGS14 5.6 £0.38 93+£1.0 391 + 26
Block II and IITA extended 454024 4.6 +0.40 390 + 26

Table9 Jason-3 mean values +
the standard deviation of the

Radial overlap (mm) Cross-track (mm) In-track (mm)

daily component overlap

‘ Block II only
difference rms

Block II and IIIA 1GS14
Block II and IITA extended

0.80 £0.29 1.7 £ 0.61 1.8 £0.72
0.79 £0.26 1.7£0.58 1.8 £0.62
0.76 £ 0.26 1.7£0.55 1.7 £0.62

140 mEm Block Il Only (IGS14)
o BN Block I (IGS14) & GPS IlIA (IGS14)
mm Block Il (IGS14) & GPS IIIA (Extended)
100 I
£ 80
>
]
60
40
20

4 5 6 7
Daily Residual RMS (mm)

Fig. 9 RMS of Postift LC residuals from Jason-3 ambiguity-resolved
reduced dynamic orbit solutions for three cases: (1) Block II tracking
data alone (blue), (2) Block IT and ITTA tracking data with IGS 14 antenna
calibrations (red), (3) same as case (2) but using GPS IIIA PV extension
(green)

4.2 Jason-3 ambiguity resolution

Once again, the daily NL ambiguity resolution statistics
for Jason-3 show a similar pattern when compared to the
Sentinel-6 MF ambiguity resolution. Figure 11 shows the
statistics of the daily ambiguity resolution across all of 2021.
The median value of NL passes that are fixed to less than 10
centi-cycles is 90.3 percent for the Block II only orbit solu-
tions, 89.0 when including GPS IIA with IGS14 calibration,
and 90.4 percent including GPS IIIA with extended calibra-
tion. Here the ambiguity resolution with the extended GPS
IITA antenna calibrations is consistent with the Block II only
results.

4.3 GPS transmitter calibrations

To evaluate the overall consistency of the transmitter antenna
calibrations, residuals are stacked by boresight angle and sep-
arated into sub-block types for all of 2021. Figure 12 shows

Hmm Block Il Only (IGS14)

100 100 100
Il Block Il (IGS14) & IIIA (1GS14)
mm Block Il (1IGS14) & A (IExtended)
80 80 80
g 60 ii = =
> > >
o o o
o o o
40
20
%.O 0.5 1.0 1.5 2.0 1 3 4 5 - 1 2 3 4

Radial Overlap RMS (mm)

Fig. 10 Jason-3 Daily overlap RMS for radial (left), cross-track (mid-
dle), and in-track (right) from Jason-3 ambiguity-resolved reduced
dynamic orbit solutions for three cases: (1) Block II tracking data alone

Cross-Track Overlap RMS (mm)

In-Track Overlap RMS (mm)

(blue), (2) Block II and IIIA tracking data with IGS14 antenna cali-
brations (red), (3) same as case (2) but using GPS IIIA PV extension
(green)
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801 mmm Block Il Only (IGS14)
BEm Block Il (IGS14) & GPS IlIA (IGS14)
mm Block Il (IGS14) & GPS IlIA (Extended)

75 80 85 90 95
Narrow Lane Percent < 10 Centi-Cycles

Fig. 11 Daily narrow lane ambiguity resolution histogram of percent
constrained to less than 10 centi-cycles from Jason-3 ambiguity-
resolved reduced dynamic orbit solutions for three cases: (1) Block
II tracking data alone (blue), (2) Block II and IIIA tracking data with
1GS14 antenna calibrations (red), (3) same as case (2) but using GPS
IITA PV extension (green)

the mean residual value for both Sentinel-6 MF (left) and
Jason-3 (right) as a function of transmitter boresight angle
from the reduced dynamic and ambiguity resolved solutions
with the GPS IIIA antenna calibration extension. The GPS
IITA satellite stacked residuals are generally quite consistent
between the Jason-3 and Sentinel-6 MF solutions across all
boresight angles less than 17 degrees, despite them being
processed completely independently of each other, and each
with their own receiver antenna calibrations. There are differ-
ences on the order of 1-2mm at boresight angles higher than
17 degrees. These results suggest that improvements on the
order of 1-2mm to the IGS14 PVs at all boresight angles for
all blocks could be possible. The poorer performance of the
IIR-A residuals may be due to the IGS14 antenna calibration
estimate being relative to a group of satellites that have now
been partially phased out of operation, showing potential a
weakness in applying combined PVs to an entire transmitter
sub-block.

4.4 Manufacture published PVs for GPS I1I1A

A recent public release of measured antenna patterns for
the first five GPS IIIA satellites (Fischer 2022) provides
an opportunity for comparison with the extended GPS IIIA
IGS14 PVs derived in this work. The dataset, which includes
phase measurements across azimuth and boresight angles for
each operational frequency (L1, L2, and LS5), was collected
prior to antenna installation on the spacecraft. To compare
against the GPS IITA IGS 14 PVs, phase values are converted
to length and averaged across azimuth. The individual L1
and L2 patterns are then combined in the same way as the
ionosphere-free observables.
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Different standards for representing the PCO can con-
found the comparisons, so we adjust the manufacturer PVs
to be consistent with the IGS14 PCOs:

PV = PVpco—manufacturer—PVpco-1G6514+PVmanufacturer

3

where the phase variations due the PCO (P Vpco) are com-
puted by projecting the offset onto the line-of-sight direction,
e, using

PVpco =r-e=xpcocos(el)cos(az)
+ypcocos(el)sin(az) + zpcosin(el)  (4)

For azimuth averaged PVs, only the z-offset is retained, sim-
plifying to

PVpco = zpcosin(el) ©)

Figure 13 (left) shows the comparison of the GPS IIIA
1GS14 PVs including our extension to the average PVs based
on the published values. To aid in the comparison of the
overall shape, the published PVs are shifted to align the 0-
degree boresight value with the IGS14 value.

Figure 13 shows the difference between the ground-
measured and extended IGS14 phase calibrations. In light
of the different techniques used to establish these estimates,
the general agreement of the patterns to within 4 mm below
14 deg boresight, and 15mm overall, is quite encouraging.
Two candidate explanations for the remaining differences
are spacecraft multipath effects, which are unaccounted for
in the manufacturer’s antenna measurements; and the consis-
tency constraints imposed on the IGS 14 antenna calibrations.
The ability to detect and correct for spacecraft multipath is
clearly an important benefit of using in-flight calibrations.
Transmitter calibration differences due to the reference frame
constraint are less critical; because they will have very lit-
tle effect on POD, when combined with in-flight receiving
antenna calibrations that compensate for these systematic
effects (Jaggi et al. 2010).

It is quite interesting to note, however, that the measured
PVs are smooth across the 14-degree transition, whereas the
extended GPS IIIA calibration has a noticeable shift in the
slope before and after 14 degrees. This feature is not unique to
our solution but is also evident in the IGS14 Block IIR-M/B
and IIF PVs. Given that our extension has been developed
to be consistent with the Block II extensions, this discrep-
ancy may highlight a potential deficiency in the IGS14 PVs
which is potentially a result of the the Block IIAs being
used as the baseline for later Block II satellite extensions
(Schmid et al. 2016). Thus, future work to develop cali-
brations referenced to the manufacturer-provided GPS IIIA



Extending the GPS IlIA antenna calibration... Page130of 15 35

a —e— Block IIR-A 4 —e— Block IIR-A
—o— Block IIR-M/B —o— Block IIR-M/B
—e— Block IIF —e— Block IIF
3 —e— GPS IlIA Extended 3 —e— GPS IlIA Extended
2 2
E B
E 1 £ 1
K] %)
m Kl
=1 ©
%0 3 0
Q wn
« &
el
2 g -1
< =
)
-2 -2
-3 -3
—4 -4
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5
Boresight Angle, (deg) Boresight Angle, (deg)

Fig. 12 Comparison of stacked block residuals by transmitter boresight angle for Sentinel-6 MF (left) and Jason-3 (right)
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Fig. 13 Comparison of the average GPS IIIA manufacturer published phase variations to the extended IGS14 values (left) and the difference
between them (right)

antenna patterns seems like a promising approach for further ~ both Block II and III. Most metrics demonstrate improve-
improvements in GPS performance. ments when using the combination of Block II and IITA
tracking data together with GPS IIIA PV extension, and

degradation when using the original IGS14 GPS IIIA PVs

. as provided. POD solutions for low-Earth orbiters will likely

5 Conclusion be degraded without a more reliable antenna calibration for
GPS IIIA satellites, with the impact continuing to grow as

The work presented demonstrates an effective extension of  the number of GPS IIIA satellites increases. Our estimates
the IGS14 GPS IIIA PVs above 14-degree boresight angles  for the GPS IIIA PVs for boresight angles greater than 14
and the resulting improvements to the orbit determination  degrees remove this potential degradation. Additionally, the
solutions for both Sentinel-6 MF and Jason-3. We provide  correlated residuals between Sentinel-6 MF and Jason-3 sug-
a model for the GPS IIIA PVs for boresight angles greater gest that the IGS14 antenna calibrations could be improved

than-14 degrees, and using an approach that makes them con-  across all sub-block types. Given the performance and low
sistent with the IGS 14 Block II PVs. Use of this GPS IIIA PV multipath properties of the Sentinel-6 MF TriG receiver, it
extensi(.)n, determinec.l only from Sentine.1-6 trac.king data,  presents the possibility for use as a reference calibration for
results in better consistency between orbit solutions deter-  egtimation of the entire GPS transmitter antenna calibration

mined from Block II-only tracking data and those including
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separate from a predetermined reference frame. An approach
similar to that performed by Haines et al. (2015) could pro-
vide additional insight for improvement of the transmitter
calibrations.

The current form of the IGS2020 transmitter calibrations
have adjusted the PCOs of all GPS transmitters to the IGS
realization of the ITRF2020 while continuing to use the PVs
from the IGS14 transmitter calibrations. Similarly, the GPS
IITA PV extensions from this work, relative to the IGS14
Block II transmitters, could also be applied to the IGS2020
transmitter calibrations.
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