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Abstract

GNSS satellite and receiving antennas exhibit group delay variations (GDV), which affect code pseudorange measurements.
Like antenna phase center variations, which affect phase measurements, they are frequency-dependent and vary with the
direction of the transmitted and received signal. GNSS code observations contain the combined contributions of satellite
and receiver antennas. If absolute GDV are available for the receiver antennas, absolute satellite GDV can be determined.
In 2019, an extensive set of absolute receiver antenna GDV was published and, thus, it became feasible to estimate absolute
satellite antenna GDV based on terrestrial observations. We used the absolute GDV of four selected receiver antenna types
and observation data of globally distributed reference stations that employ these antenna types to determine absolute GDV
for the GPS, GLONASS, Galileo, BeiDou, and QZSS satellite antennas. Besides BeiDou-2 satellites whose GDV are known
to reach up to 1.5 m peak-to-peak, the GPS satellites show the largest GDV at frequencies L1 and L5 with up to 0.3 and
0.4 m peak-to-peak, respectively. They also show the largest satellite-to-satellite variations within a constellation. The GDV
of GLONASS-M satellites reach up to 25 cm at frequency G1; Galileo satellites exhibit the largest GDV at frequency E6
with up to 20 cm; BeiDou-3 satellites show the largest GDV of around 15 cm at frequencies B1-2 and B3. Frequencies L2 of
GPS IIIA, E1 of Galileo FOC, and B2a/B2b of BeiDou-3 satellites are the least affected. Their variations are below 10 cm.

Keywords Absolute group delay variations - Code-minus-carrier combination - GPS - GLONASS - Galileo - BeiDou -
QZSS

Introduction

Most of the precise positioning applications of global navi-
gation satellite systems (GNSS) are based on phase obser-
vations and, among other things, on the knowledge of the
exact positions of the antenna phase centers (APC) of the
transmitting and receiving antenna for all frequencies used.
Therefore, geodetic-grade receiver antennas are calibrated
to determine APC corrections, which can be separated into
a mean phase center offset (PCO) and direction-dependent
phase center variations (PCV; Rothacher et al. 1995; Wiib-
bena et al. 2000; Zeimetz and Kuhlmann 2008). Based on
terrestrial GNSS observations and absolute receiver APC
corrections, the GNSS satellite APC can also be determined
as it is done by the International GNSS Service (IGS 2019;

< Susanne Beer
susanne.beer @tu-dresden.de

Geoditisches Institut, Technische Universitit Dresden,
01062 Dresden, Germany

Johnston et al. 2017; Schmid et al. 2016). As a result, APC
corrections of receiver and satellite antennas can be used
independently from each other and in any combinations.
Concerning the GNSS code observables, the counterparts
to APC corrections are group delay variations (GDV). GDV
depend on antenna type and signal frequency. They vary
with nadir angle and elevation angle of the transmitted and
received signal, respectively. If not corrected, they degrade
the quality of precise applications of the code observable.
Only a few absolute GDV calibrations of receiver anten-
nas were published in the past (Wiibbena et al. 2008; Ker-
sten and Schon 2017; Breva et al. 2019). Whenever satel-
lite antenna GDV were estimated, observations of one or a
set of terrestrial or space-borne receiver antennas provided
the reference and, thus, the contributions of satellite and
receiver antenna GDV could not be separated properly. Only
recently, in the preparation of the third reprocessing cam-
paign (Repro3) for IGS’s contribution to the latest Inter-
national Terrestrial Reference Frame (ITRF; Rebischung
2019; IGS 2019; Villiger et al. 2020), the German company

@ Springer


http://orcid.org/0000-0002-6793-7477
http://crossmark.crossref.org/dialog/?doi=10.1007/s10291-021-01137-8&domain=pdf

110 Page2of10

GPS Solutions (2021) 25:110

Geo++ published multi-GNSS and multi-frequency APC
corrections for a subset of receiver antenna types which
are used in Repro3 (Wiibbena et al. 2019). In this context,
corresponding GDV were published, too. Based on these
absolute receiver antenna GDV we are now able to estimate
absolute multi-frequency GNSS satellite antenna GDV for
GPS, GLONASS, Galileo, BeiDou, and QZSS. Since no
such receiver antenna GDV corrections were available in
earlier studies (Wanninger et al. 2017; Beer et al. 2020), the
results for satellite antenna GDV differ from earlier estima-
tions, especially at frequencies with large receiver antenna
GDV.

We first summarize previous work on GDV. Then we
take a close look at the absolute GDV patterns of four
selected receiver antenna types that are the basis for this
study. Another section describes our method to estimate
satellite antenna GDV based on terrestrial observations of
reference stations equipped with these four receiver anten-
nas. It includes subsections dedicated to the data sets used,
the required corrections, and a validation of the absolute
receiver antenna GDV. The results for the different GNSS
are presented and discussed.

Previous work on GDV

Previous work on GDV is based on different methods and
serves various purposes. In the context of precise orbit
determination (POD), receiver and satellite antenna GDV
were estimated by analyzing either terrestrial or space-
borne observation residuals. Haines et al. (2015) determined
nadir-dependent GDV for the entire GPS constellation of
2002-2004. They reach up to 1 m for the ionospheric-free
linear combination (IF) of the frequencies L1 and L2 and
show block-specific differences and satellite-to-satellite vari-
ations in Blocks IIR-A and IIR-B/M. These nadir-dependent
GDV were used as corrections for the realization of a ter-
restrial reference frame with GPS. Zehentner (2016) deter-
mined frequency-specific GDV for the entire GPS constel-
lation and corrected raw observations of low earth orbiting
(LEO) satellites to estimate precise orbits for the observation
of the earth’s time-variable gravity field. His patterns are
also azimuth-dependent, but the GDV show mainly nadir-
dependent variations that reach up to around 20 cm for L1
and 10 cm for L2.

Kovach and Powell (2010) and Hauschild et al. (2012b)
analyzed the exceptionally large GDV of GPS space vehi-
cle number (SVN) 49 that stem from satellite-internal mul-
tipath and reach up to a few meters. They used pseudorange
residuals and the so-called code-minus-carrier combina-
tion (CMC), also known as linear multipath combination,
respectively.
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The CMC approach was also used by several groups to
study the large GDV of the BeiDou-2 satellites (Hauschild
et al. 2012a; Wanninger and Beer 2015; Yang et al. 2016;
Guo et al. 2016; Zou et al. 2017). For frequency B1-2,
they amount to 1.5 m in the case of the medium earth orbit
(MEO) satellites and 0.8 m in the case of the inclined geo-
synchronous orbit (IGSO) satellites. The more recent Bei-
Dou-3 satellites are not affected by large GDV. They are
comparable to those of GPS Block IIR-M or IIF (Zhou et al.
2018).

Wanninger et al. (2017) analyzed the CMC of terres-
trial observations and obtained frequency-specific relative
satellite and receiver antenna GDV for GPS. Their results
are consistent with those mentioned above on the level of
10 cm root mean square (RMS) for the IF. It was shown
that their correction significantly improves single-frequency
precise point positioning (PPP), ambiguity-fixing with the
Hatch—Melbourne—Wiibbena linear combination, and the
determination of ionospheric total electron content.

The CMC approach was also applied to observations of
reference stations to estimate Galileo and GLONASS GDV
(Beer et al. 2020). Homogenous results for antennas of the
same satellite type indicate mainly receiver antenna specific
GDV. Maximum values reach up to 35 cm and 30 cm peak-
to-peak for Galileo and GLONASS frequencies E1 and G1,
respectively.

In principle, absolute receiver antenna GDV can be cali-
brated with the same methods as used for the calibration
of absolute APC, but as far as we know, only two groups
estimated absolute receiver antenna GDV based on robot
calibrations thus far. Wiibbena et al. (2008) published eleva-
tion-dependent receiver antenna GDV for six geodetic-grade
antennas for GPS frequencies L1 and L2, which reach up to
approximately 0.5 m peak-to-peak in the case of L1. The
group at Leibniz University Hannover, Germany, estimated
absolute GDV mainly for non-geodetic-grade antennas (Ker-
sten and Schon 2017). The three geodetic-grade antennas
they tested show variations of 30—40 cm, but no significant
azimuth-dependencies. Now, with the published receiver
antenna calibrations in Wiibbena et al. (2019), we aim to get
clearer insights into the frequency-specific satellite antenna
GDV of the different GNSS.

Absolute receiver antenna GDV

The German company Geo++, which calibrates receiver
antennas with their robot device (Wiibbena et al. 1997,
2000), presented multi-GNSS and multi-frequency GDV
corrections for 36 receiver antenna types. They comprise
ten GPS, GLONASS, Galileo, and BeiDou frequencies.
Since no digital data sets were made available, we had to
digitize the GDV corrections from Wiibbena et al. (2019).
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We are using GDV corrections of four receiver antenna types
that are widely used in global reference station networks,
namely JAVRINGANT_DMINONE, TRM59500.00INONE,
TRM59800.00ISCIS, and LETAR25.R4ILEIT, see Fig. 1.
Table 1 lists the GNSS frequency bands according to the
nominal frequencies. The digitized GDV corrections exhibit
a frequency dependency. In general, the smallest variations
occur for the highest frequencies. The least affected fre-
quencies with variations of only a few centimeters are L6/
E6 of the two TRM59800.00 and the LEIAR25.R4 anten-
nas. For all four antenna types, frequency L5/E5a/B2a is
the most affected one with variations of almost 30 cm for
TRMS59800.00INONE.

The receiver antenna GDV are absolute, i.e., independent
from any reference antenna, and type means of individual
antenna calibrations. As stated in Wiibbena et al. (2019),
the published GDV are corrections and they are related to
a nominal PCO. We assume that it is the PCO of GPS fre-
quency L1. Thus, the published values show the remaining
GDV after applying the L1 PCO to the code observables
of all frequencies. On the one hand, that means that PCO
differences between L1 and other frequencies are included
in the variations. On the other hand, the L1 PCO has to be
applied to the code observations of all frequencies to obtain
the overall correction.

Method

Our estimation of absolute multi-frequency and multi-GNSS
satellite antenna GDV is based on terrestrial observations of
globally distributed reference stations and the code-minus-
carrier (CMC) linear combination, which is also known as
the linear multipath combination. For detailed descriptions of

JAVRINGANT_DM TRM59800.00
NONE NONE

o
w

Table 1 GNSS frequency bands for which absolute receiver antenna
GDYV have been published or for which we estimate satellite GDV

Frequency [MHz] GPS GLONASS Galileo BeiDou QZSS
1176.450 L5 E5a B2a L5
1191.795 E5 B2

1202.025 G3

1207.140 E5b B2b
1227.600 L2 L2
1246.000 G2

1268.520 B3

1278.750 E6 L6
1561.098 B1-2
1575.420 L1 El B1 L1
1602.000 Gl

GLONASS frequencies G1 and G2 refer to slot number k=0

estimating GDV with the CMC approach, please refer to Wan-
ninger and Beer (2015), Wanninger et al. (2017), and Beer
et al. (2020).

Since we corrected the observations for the receiver antenna
GDV from Wiibbena et al. (2019), only the satellite antenna
GDV remained in the CMC linear combination. We modeled
them as polynomials of degree four, but did not extract GDV
offsets, i.e., GDV offsets were fixed to zero.

While GDV of receiver antennas are given as a function of
the elevation angle e, satellite antenna GDV were estimated
as a function of the nadir angle #, fixed to zero at zero degrees
nadir angle. Both angles are related by

sinn:%-cose (1)

LEIAR25.R4

TRM59800.00
SCIS LEIT

GDV corrections [m]
o o
S0

1
T

N 0 30 60 9 0 30 60 90

Elevation [deg]

0 30 60 0 0 30 60
Freq. [MHz]: — 1176.450 — 1191.795
1268.520 — 1278.750

1207.140
— 1561.098

1227.600
1575.420

1246.000
— 1602.000

Fig.1 Absolute GDV corrections of four types of receiver antennas for ten frequencies, digitized from Wiibbena et al. (2019) with a resolution
of 5° in elevation. The GNSS frequency bands are listed in Table 1 according to their nominal frequencies in MHz
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where R is the earth’s radius and A the geocentric distance
of the satellite (Rothacher et al. 1995). The term R/A is a
constellation-specific constant. Maximum nadir angles for
observations of MEO satellites on the earth’s surface reach
13.2° to 14.5°. The maximum nadir angle for IGSO orbits
is 8.7°.

We estimated satellite antenna GDV for all frequencies
for which absolute receiver antenna GDV were published by
Wiibbena et al. (2019) if a sufficient number of observation
data was available. For GLONASS G3, for which no GDV
corrections were published, we applied the GDV corrections
of the very similar frequency E5b/B2b.

Since instrumental delays could not be separated from the
involved phase ambiguities, the absolute GDV level remains
unknown, and only variations could be retrieved. Note that
what we refer to as “absolute” in this paper is the independ-
ence of the satellite antenna GDV from the receiver antenna
GDV.

Data

As shown in Fig. 2, we selected stations from IGS net-
work, Geoscience Australia, EUREF Permanent GNSS
Network, and UNAVCO equipped with one of the four
antenna types and which provide observations of as many
GNSS and frequencies as possible. However, not all sta-
tions provide Galileo E6 or GLONASS G3 observations.
BeiDou B1 and B2a observations are available only from
stations with the TRM59800.00 antenna, B2b observations
of BeiDou-3 MEO satellites are provided only by the sta-
tions equipped with a LETAR25.R4 antenna, and only the
Asia—Pacific stations contribute to the GDV estimation of
the IGSO satellites.

3 A
» ° A L6
L4 A
A
[ ]
[ ]
A L ]
® d o .I
s [
°
! . e Al ° ‘..
e o

B JAVRINGANT_DM |NONE e TRM59800.00 | NONE
LEIAR25.R4 | LEIT 4  TRM59800.00 | SCIS

Fig.2 Thirteen, 41, 17, and 17 reference stations equipped with
JAVRINGANT_DMINONE (blue square), TRMS59800.00INONE
(red circle), TRM59800.00ISCIS (green triangle), and LEIAR2S.
R4INONE (orange inverted triangle) antennas, respectively, for which
absolute receiver antenna GDV are available
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For the estimation of nadir-dependent satellite antenna
GDV, we needed observations covering the entire eleva-
tion range. Because of the daily orbit repeat cycle of GPS, a
globally distributed set of reference stations was necessary
for this system. For the other MEO constellations, it was
important to use data of a whole orbit repeat cycle but there
was no need for globally distributed stations (Beer et al.
2020). In the case of the IGSO satellites, reference stations
in the Asia—Pacific region were needed. Since temporal sta-
bility is assumed of GDV (Beer and Wanninger 2018), we
used observations of ten, eight, and seven days for Galileo,
GLONASS, and BeiDou MEO satellites, respectively, cor-
responding to one orbit cycle each. For GPS, QZSS, and
BeiDou IGSO satellites, we used three days of observations
corresponding to three orbit cycles. All observation data are
of February and March 2020.

Observations of a large number of stations should be
included to reduce site-specific multipath. Therefore, we
accepted mixed tracking modes and mixed receiver models
but excluded stations with multipath exceeding 0.5 m RMS
between 10° and 90° elevation. Because of the large number
of stations and observations, we processed only those arcs
spanning an elevation range of at least 60°.

Antenna phase center corrections

We applied the phase center corrections of ANTEX-file
igsR3_2077.atx (IGS 2019). Also, Geo++’s absolute
receiver antenna GDV refer to these corrections. Table 2
gives an overview of its content and our assumptions. By
applying phase center corrections to the phase observables,
our estimated GDV refer to the satellites’ center of mass.

The PCO and PCV of GPS and GLONASS satellites are
IF values and, thus, identical values are used on the first
and second frequency. We applied them also to the third
frequency of GPS and GLONASS satellites because no other
values are available. These IF PCO values are not the geo-
metric distances of the phase centers at the individual fre-
quencies. However, as long as they do not differ from their
real values by more than 0.5 m, their impact on estimated
GDV stays below a few centimeters (Wanninger et al. 2017).
Concerning GPS, we used the phase center corrections of
the first Block IIIA satellite also for the second Block ITTA
satellite. For the G3 phase centers of GLONASS-M+ and
GLONASS-K1 satellites, we made changes according to
Montenbruck et al. (2015).

For Galileo in-orbit validation (IOV) and full opera-
tional capability (FOC) satellites, igsR3_2077.atx contains
frequency-specific APC corrections (GSA 2020). They are
results of ground calibrations and were used for the estima-
tion of new satellite antenna z-offsets for GPS and GLO-
NASS in preparation of IGS’s Repro3 (Rebischung 2019).
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Rec. ant. GDV uncorrected Rec. ant. GDV corrected

; : ;
0 3 6 9 12 0 3 6 9 12
Nadir angle [deg]

— JAVRINGANT_DM | NONE — TRM59800.00 | NONE
LEIAR25.R4 | LEIT — TRM59800.00 | SCIS

Fig.3 Receiver antenna type-specific GDV estimations for the Gali-
leo FOC satellite antennas at frequency E5a. Each curve represents
the GDV of one satellite; the colors represent the results obtained
from the different receiver antennas. The left/right panel is based on
uncorrected/corrected receiver antenna GDV, respectively

Table3 RMS of differences between all possible pairs of four indi-
vidual satellite GDV estimations based on receiver antenna GDV
uncorrected and corrected observations

Satellite antenna Frequency RMS [cm]
Receiver antenna GDV
uncorrected corrected
Galileo FOC El 53 4.0
ES 5.2 2.3
ESa 7.4 2.5
ESb 5.5 2.9
E6 42 5.1
GLONASS-M Gl 8.8 11.5
G2 5.0 5.1
BeiDou-3 M B1-2 7.3 7.0
B3 5.0 43

The antenna phase center model for Repro3 does not
include satellite phase center corrections for BeiDou and
QZSS. Therefore, we had to apply the values of the stand-
ard IGS correction set igs14.atx (Rebischung et al. 2016a,
b) and copied values of neighboring frequencies.

Concerning the receiver antenna types, multi-frequency
and multi-GNSS phase center calibrations are stored in
igsR3_2077.atx. PCO and PCV are frequency-specific, and
the PCV are functions of azimuth and zenith angle. We
applied the APC values of ESb/B2b also to frequency G3.

Validation of receiver antenna GDV
The correctness of our satellite antenna GDV estimation

strongly depends on the correctness of the applied receiver
antenna GDV and their digitization. For their validation,
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we used the individual sets of observations of the four
types of receiver antennas and estimated each satellite
GDV without and with receiver antenna GDV applied.
Especially, when the GDV of receiver antennas differ, their
correction should produce satellite antenna GDV, which
agree much better. Figure 3 shows these GDV estimations
for the Galileo FOC satellites at frequency E5a, as an
example. Corresponding satellite antenna GDV estima-
tions were conducted for all satellite types comprising at
least 15 individual satellites if the number of observations
in all four receiver antenna groups was sufficiently large.

Table 3 summarizes the RMS of differences between
all possible pairs of the four individual estimations. Since
the curves are fit to zero at zero degrees nadir angle, the
RMS was calculated for the highest 5° nadir angle, marked
gray in Fig. 3. The frequencies E1, G1, and B1-2, which
are close together, show the least improvements by apply-
ing the digitized receiver antenna GDV corrections, in the
case of G1 even deterioration. However, at most of the
other frequencies, a significant improvement is achieved.
According to the validation results, we conclude that the
receiver antenna GDV are accurate on the level of a few
centimeters for most frequencies.

Absolute satellite antenna GDV

Figure 4 shows the final results of our absolute satellite
antenna GDV estimation, where we used the observations
of all four receiver antenna types. These GDV are correc-
tions that should be applied with a positive sign to the left-
hand side of an observation equation. Table 4 lists the largest
peak-to-peak variations.

The results comprise all satellites for which observations
were available in the data sets we used. They cover different
satellite types within five GNSS. See color-coded curves in
Fig. 4. Due to the requirements of the CMC approach, see
Sect. “Method”, we could not estimate satellite GDV for the
Indian Regional Navigation Satellite System (IRNSS) NavIC
(only single-frequency observations are available), as well
as for geostationary satellites (almost constant elevation at a
single receiving station). Concerning BeiDou-3 IGSO satel-
lites and BeiDou-3S satellites, the number of observations
was not sufficient.

Most satellite antennas of the same satellite block or gen-
eration are affected by similar GDV. The most pronounced
satellite-to-satellite differences are exhibited among GPS IIF
and IIR satellites at frequencies LS5 and L1, respectively,
which also show the largest GDV. Pronounced satellite-to-
satellite differences among GPS satellites were also found in
earlier studies (Haines et al. 2015; Wanninger et al. 2017).
As in previous studies, among the GPS IIR-M satellites,
SVN G055 shows the largest variations. They amount to
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GPS GPS GLONASS Galileo BeiDou-3 QZSS BeiDou-2
— lIR-M

IIR-A — |IF — M, M+ — FOC — MEOQO CAST — QZSS2 — IGSO

— |IR-B — A — Ki — 10V — MEOQO SECM — MEO
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Nadir angle [deqg]

Fig.4 Absolute GDV corrections for the satellite antennas. Each
curve represents the GDV corrections of one satellite. GDV correc-
tions of different satellite types within the same GNSS are drawn in

almost 30 cm peak-to-peak at frequency L1. GPS IIR-A sat-
ellite SVN G041 shows similar GDV. The curves of the two
latest Block IITA satellites fit to the curves of the Block IIF
satellites at all frequencies.

In the case of GLONASS and the frequencies G1 and
G2, the GDV of the newer GLONASS-K1 satellites fit
together well, but differ from the older GLONASS-M and
GLONASS-M+ satellites up to 20 cm. At frequency G3, all
GLONASS satellites show inhomogeneous GDV curves,
especially for high nadir angles. The reason may be found
in fewer observations due to a smaller number of satellites
transmitting signals at G3.

Except for frequency E6, all GDV of Galileo FOC satel-
lites fit together well. Differences between individual satel-
lites are below 10 cm. The differences between Galileo IOV
and FOC satellites and the satellite-to-satellite variations of
the IOV satellites might be caused by their lower transmit

1203 6 9 12 N TEY R

blue, brown, and red. Colored backgrounds indicate identical frequen-
cies. Due to much larger variations, the BeiDou-2 GDV corrections
are printed separately in a different scale

power and lower carrier-to-noise density ratio (Zaminpardaz
and Teunissen 2017).

The GDV curves of individual BeiDou-3 MEO CAST
and SECM satellites are in good agreement at all frequen-
cies. The GDV at frequencies B1 and B2a have similar
orders of magnitude as the Galileo GDV at identical fre-
quencies E1 and ESa. Compared to the exceptionally large
satellite antenna GDV of the BeiDou-2 satellites with
peak-to-peak differences of up to 1.5 m, the introduced
receiver antenna GDV of around 20 cm are small. Thus,
the results for the BeiDou-2 satellite antenna GDV are
very similar to those of earlier studies where no receiver
antenna GDV were introduced.

GDV effects may increase in linear combinations as
demonstrated for the IF in Fig. 5. The satellite antenna
GDV of Galileo FOC satellites amount to approximately
0.1 m when forming the IF of frequencies E1 and E5a.
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Table 4 Maximum variations (peak-to-peak values) of the satellite
antenna GDV

GNSS/frequency Satellite type/maximum variation [cm]
GPS IR IIF IIA
L1 27 29 18
L2 18 20 8
L5 41 12
GLONASS M M+ K1
Gl 25 19 10
G2 14 10
G3 21 5
Galileo | (0)% FOC
El 9 9
E5 16 11
E5a 18 11
E5b 12 15
E6 6 21
BeiDou-2 IGSO MEO
B1-2 88 166
B2b 96 129
B3 72 68
BeiDou-3 MEO CAST MEO SECM
B1 11 10
B1-2 16 11
B2a 9 8
B2b 9 6
B3 15 5
QZSSs QZSsS QZSSs2
L1 7 12
L2 4 28
L5 6 17
Galileo TRM59800.00
FOC NONE Total
E 02 L - \« - -
> 0 — ;_\
O -02f 1 b | —// |
Il 1 Il 1 L
0O 30 60 90 0 30 60 90 0 30 60 90
Elevation [deg]
— E1 - Eba — |F

Fig.5 GDV corrections of the Galileo FOC satellites, one receiver
antenna type, and the sum of both at two frequencies and their iono-
spheric-free linear combination (IF). The satellite antenna GDV were
transformed from nadir angle to elevation angle dependence assum-
ing a receiving station on the earth’s surface
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Together with the GDV of the TRM59800.00INONE
receiver antenna, they reach 0.35 m in total. A similar
effect is seen for the IF of frequencies L1 and L5 for most
GPS IIF satellites.

Summary

Recently, an extensive correction set of absolute receiver
antenna group delay variations (GDV) was published (Wiib-
bena et al. 2019). By applying these corrections to observa-
tions of four types of receiver antennas, we were able to
estimate a set of absolute satellite antenna GDV for five
GNSS with the code-minus-carrier (CMC) approach. It is
the first time that absolute receiver antenna GDV are taken
into account in such an estimation process.

The four sets of receiver antenna GDV corrections show
a clear frequency dependency. The frequency L5/E5a/B2a
at 1176.45 MHz used by GPS, QZSS, Galileo, and BeiDou
exhibits the largest variations of up to 30 cm. The frequen-
cies Galileo E6 and GLONASS G1 show the smallest varia-
tions of only a few centimeters. No accuracy level was given
for the receiver antenna GDV. We validated them by esti-
mating the same satellite antenna GDV four times based on
observations separated into the four types of receiver anten-
nas. The results agree on the level of a few centimeters root
mean square (RMS) at most frequencies.

The GNSS satellite antennas exhibit GDV that range from
very few centimeters up to 1.5 m. The frequencies B2a/B2b,
El, L2, and G2/G3 of BeiDou-3 MEO, Galileo FOC, GPS
IITA, and GLONASS-K1 satellites, respectively, are the least
affected. Besides the exceptionally large GDV of the Bei-
Dou-2 satellites, frequencies GPS L1 and L5 are the most
affected. GDV amount to approximately 0.3 m on these fre-
quencies and show the largest satellite-to-satellite variations.
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