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Abstract
UT1–UTC is one of the Earth orientation parameters (EOP) that can only be determined by very long baseline interferometry
(VLBI), observing distant celestial sources to measure the Earth rotation angle. Earth orbiting satellites tracked from Earth are
insensitive to this angle, and the orbit determination and time synchronization (ODTS) procedure for GNSS satellites hence
requires the UT1–UTC as an input. Today, UT1–UTC is provided by the International Earth Rotation and Reference Systems
Service (IERS). A VLBI transmitter (VT) onboard GNSS satellites would, as an alternative way, allow the direct transfer
of this information as an integrated step to the ODTS process thanks to the space-tie established between the VLBI and
GNSS techniques. Here, we investigate the transfer quality of the UT1–UTC in such a concept by considering different VLBI
baselines. In the simulations, we assume observations from a VT onboard a Galileo satellite together with quasar observations
acquired with the same VLBI ground stations during a session and therewith allowing to directly transfer UT1–UTC to the
GNSS constellation. The geometrical setting of the Galileo satellite with respect to the ground stations is quantified by the
UT1–UTC dilution of precision (UDOP). Our simulations show that it is feasible to transfer UT1–UTC with a precision of
about 30 µs for a long VLBI baseline where the UT1–UTC precision estimated from quasar observations is 20 µs. Using
VLBI networks instead of a single baseline can improve the transfer precision further by more than 20 % depending on the
baseline selection.

Keywords Galileo · VLBI · UT1–UTC

1 Introduction

Possibility of tracking GNSS (Global Navigation Satellite
System) satellites with VLBI (very long baseline interferom-
etry) has been discussed (Hase 1999; Petrachenko et al. 2004;
Dickey 2010; Tornatore et al. 2010) and demonstrated (Haas
et al. 2014; Tornatore et al. 2014; Hellerschmied et al. 2016;
Plank et al. 2017). Extended simulations were conducted
(Plank et al. 2014; Hellerschmied et al. 2015; Plank et al.
2015; Bruni et al. 2017; Anderson et al. 2018; Klopotek et al.
2020) to assess the benefit of VLBI observations of GNSS
satellites. The co-location of these geodetic techniques at the
observation level can be extended to spacewith aVLBI trans-
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mitters (VT) andGNSSplacedon the same satellite.Geodetic
space-ties between these techniques are expected to improve
the consistency of the combination supporting the realiza-
tion of the International Terrestrial Reference Frame (ITRF,
Plag and Pearlman (2007)). Dedicated space missions were
proposed for a geodetic satellite providing space-ties (Bar-
Sever et al. 2009; Nerem et al. 2011; Biancale et al. 2017). A
recent study has also assessed the feasibility of placing VLBI
transmitters (VT) on Galileo satellites (Jaradat et al. 2021).

While VT onboard GNSS satellites are of high interest
for consistent combination of GNSS and VLBI, to be able
to improve the ITRF and satellite orbits, VT observations
also offer the unique opportunity to directly transfer absolute
orientation with respect to the International Celestial Refer-
enceFrame (ICRF) to the satellite constellation exploiting the
space-tie between the two techniques. Of particular interest is
the transfer of absolute orientation in space around the polar
axis, i.e., UT1–UTC, to GNSS orbits as part of the near-real
time orbit determination and time synchronization (ODTS)
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procedure performed by the system operator as alternative to
the conventional procedure.

UT1–UTC is one of the five Earth orientation parameters
(EOPs) that can only be accessed by VLBI and is determined
by the International VLBI Service for Geodesy and Astrom-
etry (IVS) (Nothnagel et al. 2016). EOPs are today published
as the low-latency Bulletin A weekly and as the long-term
EOP time series IERS 14 C04 two times per week by the
Earth Orientation Centre of the International Earth Rotation
andReference Systems Service (IERS) (Vondrák andRichter
2004). In particular,UT1–UTCrequires dailymonitoringdue
to variations that are hard to predict, caused by mass motions
in the Earth system. UT1–UTC values are provided by IVS
from weekly R1 and R4 sessions within 2–3 µs (microsec-
ond) and daily one-hour Intensive sessions with uncertainties
within ∼ 20 µs based on long east–west baselines (Malkin
2020). Although results have not been submitted to the IERS
Rapid Service/Prediction Center (RS/PC), Haas et al. (2010)
demonstrated that the determination ofUT1–UTC is possible
in less than fiveminutes just after the end of the observations.

In practice, GNSS observations have a low sensitivity
to UT1–UTC: Orbit determination of GNSS satellites pro-
vides the correct orientation of the orbits with respect to
the ground station network while the absolute orientation
of the constellation in space is basically undetermined. Nav-
igation messages of the GNSS such as Galileo, provide the
users with broadcast ephemerides that refer to the terres-
trial reference frame, allowing the users to obtain positioning
results directly in the rotating frame. Nevertheless, theODTS
process performed in the ground segment to prepare the
broadcast information requires proper absolute orientation
of the satellite orbits in inertial space to properly account
for inertial accelerations and gravitational perturbations by
Earth and celestial bodies. Today, that information is being
provided by IERS as derived from IVS VLBI sessions.

Instead of two independent operations for GNSS and
VLBI, a VT onboard GNSS satellite can integrate VLBI
observations and transfer UT1–UTC information directly
into the ODTS procedure by using simultaneous quasar and
VT observations. The concept allows a direct and rapid trans-
fer of the Earth rotation state to the Galileo satellite via VT
observations. Using GNSS observations, the information is
further transferred to the ground tracking network and to the
satellite constellation as a whole. This transfer from VLBI to
GNSS through quasar, VT, and GNSS observations is equiv-
alent to providing the absolute orientation around the polar
axis to the GNSS constellation and tracking network (given
nutation and polar motion). The concept can be beneficial
for integrated and automated ODTS procedures where UT1–
UTC does not necessarily need to be estimated explicitly.
In addition, it also indicates the feasibility of passing one
method-specific information to another technique through a

space-tie. However, the quality of this transfer remains to be
quantified.

We thus simulate here the use of the absolute orientation
of the VLBI stations—obtained from quasar observations in
IVS Intensive sessions—and its transfer to the Galileo satel-
lite constellation and tracking network through observations
of a VT onboard Galileo satellites with VLBI telescopes
and assess the achievable transfer performance. In the fol-
lowing sections, first the sensitivity of UT1–UTC for the
orbit and observation geometry is evaluated before running
the main simulations for UT1–UTC transfer. The simula-
tion procedure is explained in Sect. 3, and the precision of
the UT1–UTC transfer is simulated for different baselines in
Sect. 4.

2 Sensitivity analysis

Before running the VT UT1–UTC transfer simulations, a
sensitivity analysis is carried out to evaluate the effect of
UT1–UTC uncertainty on the orbit determination as well as
the influence of observation geometry on UT1–UTC trans-
fer. The sensitivity of the orbit determination is evaluated by
running a standard orbit determination process with simu-
lated GNSS observations as shown in Sect. 2.1. The effects
of visibility of Galileo satellites by VLBI stations/baselines
are evaluated by introducing the ’UT1–UTC dilution of
precision(UDOP)’ concept, which provides a preliminary
assessment of the UT1–UTC transfer precision (see Sect. 4)
which depends strictly on the observation geometry among
other parameters.

2.1 Sensitivity of orbit to UT1–UTC

In order to quantify the importance of precise knowledge of
UT1–UTCfor precise orbit determinationofGNSSsatellites,
a simple sensitivity analysiswas performedusing theBernese
GNSS Software V5.2 (BSW52, Dach et al. (2015)). Based
on a typical network of 12 monitoring stations (see Fig. 3),
simulated code and phase observations (see Sect. 3) are used
for the determination of one-day Galileo orbit arcs (1) using
UT1–UTC from IERSEOPdata and, (2) using a biasedUT1–
UTC value.

Figure1 shows the 3DRMSof the differences between the
two estimated daily orbits. The box-plot shows the median,
quartiles and extremes for all RMS values per orbit, com-
puted over all satellites and 30 days as a function of the
imposed UT1–UTC bias. The figure shows that an incorrect
UT1–UTC value leads to a degraded orbit quality. However,
as the GNSS orbits are given in the Earth-fixed frame, i.e.,
the same frame in which the coordinates of the observing
stations are given, an orientation offset of the Earth in the
inertial frame due to incorrect UT1–UTC can to a large
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Fig. 1 Effect of UT1–UTC
offsets on estimated satellite
orbits. Orange lines, boxes, and
whiskers correspond to the
median, quartile, and extremal
values, respectively, of the 3D
orbit error rms values for
estimated daily orbits computed
for all Galileo satellites and a
total of 30 days

extent be compensated by a corresponding misorientation
of the satellite orbits in the inertial frame, thus not causing
a biased orientation of the satellite orbits in the Earth fixed
frame. The orbit degradation with shifted UT1–UTC is thus
mainly caused by the incorrectly applied third body pertur-
bations from Sun and Moon on the satellite orbits that are
not correctly oriented in the inertial frame. Consequently, an
impact at the few centimeter level has to be expected if incor-
rect UT1–UTC values are used in the orbit determination
process. Accurate UT1–UTC information is thus required
in order to reach centimeter level orbit accuracies which is,
e.g., particularly relevant when precise inter-satellite range
measurements are used for high-precision operational orbit
determination for the future second generation Galileo satel-
lites. Precise absolute orientation of GNSS orbits is required,
e.g., for precise orbit determination of low Earth satellites
equipped with GNSS receivers as well as for the extension
of the GNSS Space Service Volume to higher orbits and up
to the Moon (Enderle et al. 2018).

2.2 Sensitivity of VT observation to UT1–UTC

For successfully acquiring VLBI observations of an Earth
orbiting satellite, the satellite needs to be visible by twoVLBI
stations and the geometric configuration of the satellite with
respect to the stations has to be favorable to achieve a high
sensitivity for the estimated parameters. In order to assess the
sensitivity of a VT observation to UT1–UTC as a function of
the relative location of the Galileo satellite with respect to the
two observing VLBI stations, a quantity may be introduced
that can be called UT1–UTC dilution of precision (UDOP,
Belli (2020)) in analogy to the position dilution of preci-

sion (PDOP),which iswell established forGNSSpositioning
applications (Swanson 1978). Considering UT1–UTC as the
only parameter, the UDOPmay be defined as the square root
of the inverted 1x1-normal matrix, the cofactor matrix, i.e.,
as the square root of the reciprocal sum of the squared deriva-
tives of the VT observations with respect to the Earth rotation
angle. For a single VT observation, this reads

UDOP ≡
∣
∣
∣
∣
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∣
∣
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e3 ·

(
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))∣
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∣
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∣

−1

(1)

where y is the satellite position vector and R1 and R2 are
the station position vectors, all in the Earth-fixed frame, ρ1
and ρ2 are the ranges between the satellite and the stations,
R is the radius of the Earth, and e3 is the unit vector along
the polar axis. A small value of UDOP indicates a high sen-
sitivity of the observation to UT1–UTC, while a large value
indicates a low contribution of the corresponding observation
to the estimation of UT1–UTC. Multiplying this geometric
UDOP value with the VT observation uncertainty provides
the contribution of themeasurement uncertainty to the uncer-
tainty of the estimated UT1–UTC parameter. Equation (1)
provides the UDOP value as unitless quantity. Multiplying
with the VT measurement precision in unit of length pro-
vides the corresponding uncertainty in the UT1–UTC angle
also in units of length, measured along the Earth equator.
Multiplying the UDOP by 2.15 converts the units to µs/mm,
i.e., a UDOP value of 1 corresponds to a formal UT1–UTC
parameter uncertainty of about 20 µs for a typical VLBI
measurement error of 9mm (Schuh and Behrend 2012).

As an example, Fig. 2 shows the UDOP values as a
function of geographical location of Galileo satellites for
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Fig. 2 Common visibility and UDOP values for Galileo satellite positions observable for the baselines Wettzell–Kokee Park (top left), Wettzell–
Ishioka (top right), Wettzell-AGGO (bottom left), Wettzell–Azores (bottom right)

four VLBI station baselines. We selected the two long
East–West baselines Wettzell–Kokee Park (WzKk) and
Wettzell–Ishioka (WzIs) that are routinely used in IVS Inten-
sive sessions. In addition, we considered the long baseline
Wettzell-AGGO (Argentinian German Geodetic Observa-
tory) (WzAg) with stations on both hemispheres offering
improved visibility above the equatorial region, as well as the
baseline Wettzell-Sta.Maria on the Azores Islands (WzAz)
as a European baseline for a European satellite system.

It can be seen that the sensitivity increases for satellite
positions closer to the equatorial plane. Table 1 shows the
best achievableUDOPfor the four consideredbaselines using
an elevation cutoff angle of 3 degrees. After running the
sensitivity analysis, the simulation procedure assessing the
UT1–UTC transfer uncertainty by using VT which is the
main framework of the study is explained in the following
section.

3 Simulation procedure for UT1–UTC
transfer

In order to assess the achievable precision of UT1–UTC
transferred from VLBI to GNSS through VT observations

Table 1 Best possible UDOP values for different baselines for VT on
Galileo satellites

Baseline Best UDOP

Wettzell–Ishioka 0.713

Wettzell–Kokee Park 0.668

Wettzell-AGGO 1.015

Wettzell–Azores 1.696

of Galileo satellites, a simulation study was performed using
the BSW52. The simulation is based on three solutions that
are described in detail in the following:

– GNSS solution: Galileo code and phase observations of
a tracking network are simulated and processed using a
standard ODTS procedure. This solution is insensitive
to UT1–UTC, i.e., the UT1–UTC parameter setup for
estimation is singular.

– VT solution: VLBI observations of a VT onboardGalileo
satellites are simulated for different baselines of VLBI
stations and processed for various geometrical config-
urations. Into this solution the UT1–UTC value to be
transferred is introduced as well as its uncertainty as
expected from a IVS Intensive session.
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Fig. 3 Selected GNSS (blue) and VLBI (red) stations for simulations

– Combined solution: The GNSS and the VT solutions are
combined at the normal equation level to assess theUT1–
UTC transfer performance. In this solution, the formal
error of the estimatedUT1–UTCvalue indicates howwell
theVT concept can transfer theVLBI-derivedUT1–UTC
to the GNSS tracking station network.

Computing GNSS solutions for Galileo satellites using
code and phase tracking data is standard for BSW52. Nev-
ertheless, some adaptations in the BSW52 input files are
necessary to be able to process Galileo observations. Con-
sidering a Galileo constellation ground track repeat cycle of
ten days, dual-frequency Galileo code and phase observa-
tions for twelve Galileo sensor stations (GSS) covering Day
of Year (DoY) 181 (30th of June) to DoY 190 (7th of July)
in 2019 were simulated (see Fig. 3). A measurement noise of
1 mm and 10 cm are considered for phase and code obser-
vations, respectively, generated with a sampling rate of 30
seconds.

A standard ODTS solution using code and phase undif-
ferenced observations in ionosphere-free linear combination
is computed with station coordinates fixed on ITRF val-
ues. The estimated parameters are orbit parameters for 1-day
arcs (state vectors and radiation pressure parameters of the
empirical ECOM Model (Beutler et al. 1994)), epoch-wise
clock corrections for stations and satellites, phase ambigu-
ity parameters, and station-specific troposphere zenith delay
parameters. In addition a UT1–UTC parameter is setup for
estimation but constrained as GNSS observations have a low
sensitivity to absolute orientation in space. Results are stored
as unconstrained normal equation files.

Determining VLBI solutions is more challenging since
BSW52 does not support the analysis of VLBI observations
and hence VT observations need to be properly emulated
given the available software capabilities. In fact, VLBI group
delay observations are very similar toGNSS single difference
code observations. The main difference is the measurement
precision, which is of the order of 9 mm (30 picoseconds) for
VLBI observations (Niell et al. 2018). Another aspect that is
not supported by the software is to guarantee simultaneous
observations of a VT by the two stations in a baseline. This
condition is assured by proper scheduling of the simulation
epochs using visibility conditions.

In order to emulate VT observations between two sta-
tions, simultaneous code observations are simulated for the
two stations to the same Galileo satellite. These observations
are then processed in BSW52 as undifferenced observations
with epoch-wise estimation of satellite clock corrections.
Since the stations are observing the same satellite simul-
taneously, the satellite clock parameter is the same for the
baseline stations. Therefore, processing observations for both
stations and additionally estimating a satellite clock parame-
ter is mathematically equivalent to processing the difference
of the two observations, which eliminates the clock parame-
ter leaving the degree of freedom the same.

The noise added to the simulated observations is the typi-
cal VLBI measurement noise of 9 mm; however, divided by√
2 as the formation of the single differences or, equivalently,

the estimation of the satellite clock correction increases the
noise by this factor again. Therefore, the noise for the simu-
lated code observations that emulate VLBI measurements is
selected as 6 mm.

123



   83 Page 6 of 13 H. Sert et al.

As quasar observations cannot be processed with BSW52,
the uncertainties expected for the parameters estimated from
quasar observations, e.g., in an IVS Intensive session, have
to be inserted to the VT processing as a priori information.
This is accomplished by setting upUT1–UTC parameters for
estimation but constrainedwith typical a priori standard devi-
ations obtained from IVS sessions to an a priori value. These
UT1–UTCparameters are then pre-eliminated beforewriting
the normal equation. In this way, the UT1–UTC uncertainty
obtained from the IVS session is implicitly and unremovably
included in the stored normal equation. The resulting nor-
mal equation thus only contains the orbital elements of the
observedGalileo satellite. The right-ascension of the ascend-
ing node of the orbit carries the information about the value
and uncertainty of the introduced UT1–UTC information.

The GNSS and the VT solutions are finally combined at
normal equation level. The combination of the two normal
equations transfers the UT1–UTC uncertainty from IVS that
is implicitly included in the VT normal equation to the com-
bined solution. The UT1–UTC parameter that is setup in the
GNSS normal equation can thus be estimated and its formal
uncertainty assessed. Note that this corresponds to a sensi-
tivity analysis, i.e., systematic errors are not considered. The
formal uncertainty of the UT1–UTC parameter estimated
in the combined solution is governed (1) by the original
uncertainty inserted from the IVS session, inflated (2) by
the observation noise of the VT and (3) by the uncertainty
given by the GNSS observations for the given observation
geometry. It will thus always be larger than the uncertainty
of the original UT1–UTC parameter estimated with VLBI
using quasar observations. In the following we denote the
UT1–UTC obtained from IVS Intensive sessions as ‘input
UT1–UTC’ and the UT1–UTC obtained by the simulation
described above as ‘transferred UT1–UTC.’

4 Results

4.1 Single satellite VT observations

Using the combination procedure described above the for-
mal uncertainty of the transferred UT1–UTC parameter is
determined for the four selected baselines and a single VT
observation. Figure4a shows the uncertainty of the trans-
ferred UT1–UTC parameter as a function of the precision of
the input UT1–UTC obtained from IVS. A large uncertainty
of the input value is directly reflected in the uncertainty of
the transferred parameter, leading to a linear increase that is
essentially independent on the baseline. For a high precision
of the input UT1–UTC, the estimated uncertainty levels are
at values which are specific for the different baselines, with
the smallest value for the long baseline WzIs (21 µs) and the
largest for the shortest baseline WzAz (36 µs). These best

case values are, on the one hand, given by the corresponding
UDOP value associated with the geometric configuration of
the VT observations (14 µs and 34 µs for 9mm VT mea-
surement noise, see Table 1) and, on the other hand, by the
GNSS observation geometry and measurement noise. The
dashed vertical line corresponds to the typical UT1–UTC
uncertainty obtained from IVS Intensive sessions for long
baselines.

Figure 4b shows the variation of the formal uncertainty
of the transferred UT1–UTC value as a function of the syn-
chronization uncertainty of the clocks of the two observing
VLBI stations, which is given by the VLBI session based on
the quasar observations. The input UT1–UTC uncertainty
is fixed to the nominal 20 µs for all baselines. We observe
a slow degradation of the quality of the transferred UT1–
UTC value for increasing clock synchronization uncertainty
above about 20 ps except for the shortest baseline which
shows a faster degradation. For the following simulations, it is
assumed that the clock synchronization error is contained in
the VT measurement error of 9mm. In addition, the effect of
the uncertainty of the tropospheric zenith delay estimated in
the IVS session is investigated. No significant impact on the
transferredUT1–UTCvalue is, however, observed for typical
troposphere delay uncertainties at the millimeter level.

As the precision of UT1–UTC provided by IVS Intensive
sessions depends on the baseline length and degrades with
shorter baselines, we will in the following simulations use a
typical input UT1–UTC precision of 20µs for the long base-
lines WzKk and WzIs while for the shorter baselines WzAg
and WzAz a precision of 40µs is considered (see Table 2).
The contribution of the uncertainties in the estimated station
clocks and zenith delay parameters in the precision of the
UT1–UTC estimated in the combined solution is not consid-
ered but could be included in the analysis by increasing the
VT measurement precision accordingly.

In the following figures, results from the combined VT
and GNSS solutions are presented. For ten successive days,
a sampling of 15min and an elevation cutoff angle of 3
degrees, all possible VT observations of Galileo satellites
were determined and for each of them a combined daily
solution was computed and the resulting precision of the
transferred UT1–UTC parameter determined. With this, a
total of 12,156 combined solutions with single VT observa-
tions were obtained.

Figure5 shows the total visibility time of all Galileo
satellites during a full Galileo repeat cycle of 10 days. As
expected,wefind longer commonvisibility for the short base-
lines. For the shortest baseline WzAz, we observe a mean
daily visibility of around 6h per day per satellite (with the
exception of E14 and E18 that were deployed on eccentric
orbits). Interestingly, we also find reasonably good visibility
for the long baseline WzIs of about 3h per day per satellite,
while WzAg offers only around 1.5h of common visibil-
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Fig. 4 (Left) Effect of the inputUT1–UTCprecision fromquasar obser-
vations on the uncertainty of the transferred UT1–UTC value for four
baselines. The dashed vertical line corresponds to 20µs. (Right) Effect

of the synchronization precision of VLBI station clocks on the formal
error of the transferred UT1–UTC value

Fig. 5 Cumulative visibility time interval per 10 days for each Galileo satellite and the baselines Wettzell–Kokee Park (top left), Wettzell–Ishioka
(top right), Wettzell-AGGO (bottom left), Wettzell–Azores (bottom right)

ity per satellite and day, which is similar as for the long
baseline WzKk. The large difference in the common visi-
bility of WzIs and WzAg is due to the section of the ground
track that is visible (see Fig. 2). While for baselineWzAg the

satellites are visible close to the equator where they rapidly
move along meridian circles, the baseline WzIs has com-
mon visibility of the ground track section around latitude of
55 degree where the satellites change direction of motion
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Fig. 6 Histogram of estimated UT1–UTC transfer precisions for all possible visibilities of Galileo satellites and four baselines. Wettzell–Kokee
Park (top left), Wettzell–Ishioka (top right), Wettzell-AGGO (bottom left), Wettzell–Azores (bottom right)

in North-South direction. The figure, however, only presents
the possible VT observation occasions, which are directly
depending on the common visibility of the stations; it does
not indicate the contribution of these observations to the
transfer precision of UT1–UTC.

The histogram of the number of the transferredUT1–UTC
parameters for a given precision estimated in the combined
solution computed over all VT observations of Galileo satel-
lites is displayed in Fig. 6. The precision of the transferred
UT1–UTC reflects the strength of the observation geome-
try (UDOP) and the precision of the input UT1–UTC from
the IVS session. The best results with a UT1–UTC precision
around 30µs are obtained for baselines WzIs and WzKk.
However, WzIs surpasses WzKk in terms of the number of
results due to the better visibility and observation geome-
try. Among all considered baselines, WzIs thus provides the
largest number of high precision UT1–UTC values. The best
10% of all baseline solutions (in total there are 1597, 2853,
1723, 5988 solutions with 15min sampling in 10 days for
WzKk, WzIs, WzAg, WzAz, respectively) provide a preci-

sion of the transferred UT1–UTC of better than 38µs for
WzKk, 35µs for WzIs, 50µs for WzAg, and 58µs for WzAz
(see Table 2).

Complementing the histograms in Figs. 5, 6 and 7 shows
the distribution of the visibility time intervals for all satellites
as a function of time for 10 days aswell as the temporal distri-
bution of the achievable precision of the estimatedUT1–UTC
parameter for eachGalileo satellite for the four baselines.We
again observe a large number of visibility intervals providing,
however, relatively low UT1–UTC precision for the shortest
baseline WzAz, while, for the longest baseline WzKk, the
visibility intervals are relatively sparse and scattered in the
achievable precision of the transferred UT1–UTC.

Figure8 shows the distribution of the geographical loca-
tions of Galileo satellites for which VT observations are
performed together with the corresponding precision of
UT1–UTC transferred from the IVS UT1–UTC precision to
the GNSS solutions, separately for the four baselines con-
sidered. We note a spatial pattern which is very similar to
that shown in Fig. 2 for the UDOP, clearly indicating the
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Table 2 UT1–UTC transfer simulation inputs for the measurement precisions and UT1–UTC uncertainties from intensive session and results of
transfer precisions of the top 10% of all solutions for different baselines

Baseline Measurement
precision (mm)

UT1–UTC input
(µs)

Total Number of
solutions

Precision of the
best 10% of total
solutions (µs)

WzKk 9 20 1597 ≤ 38

WzIs 9 20 2853 ≤ 35

WzAg 9 40 1723 ≤ 50

WzAz 9 40 5988 ≤ 58

Fig. 7 Visibility intervals and obtained UT1–UTC transfer precisions [ µs] for each Galileo satellite for 10 days for the baselines Wettzell–Kokee
Park (top left), Wettzell–Ishioka (top right), Wettzell-AGGO (bottom left), Wettzell–Azores (bottom right)

importance of the geometrical configuration of the observed
Galileo satellite and the two observing VLBI stations. The
difference in the magnitude of the uncertainties displayed
in the two figures results from the additional uncertainties

contributed by the input UT1–UTC value and the GNSS
observations as discussed in Sect. 3.
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Fig. 8 UT1–UTC transfer precisions for different baselines including all Galileo satellites as a function of geographical location. Wettzell–Kokee
Park (top left), Wettzell–Ishioka (top right), Wettzell-AGGO (bottom left), Wettzell–Azores (bottom right)

4.2 Multiple VT observations and network solutions

After considering solutions involving single satellite VT
observations, let us address, as a case study, the preci-
sion of the transferred UT1–UTC determined with solutions
involving several observations of the same satellite during a
simultaneous pass. Figure9 shows four arbitrary examples
of the formal precision of the transferred UT1–UTC param-
eter for a series of VT observations for baseline WzKk. The
dots in the figure corresponds to UT1–UTC transfer preci-
sions obtained for single VT observations at the indicated
epoch while the curves represent the formal error from a
cumulative solution with adding more and more observa-
tions with a sampling of 30s. In three of the examples, the
UT1–UTC precision of the solutions based on a single VT
observation improves because the satellite is moving toward
a region on the sky promising a better observation geometry,
i.e., a smaller UDOP, while, for one of the examples, the sin-
gle VT solution degrades with time. The formal precision of
the cumulative solution of course gradually improves when
more VT observations are added and reaches a precision that
is slightly better than the best single VT solution. However,
as this difference is small, the most efficient way to achieve

a high UT1–UTC transfer precision is to acquire a single VT
observation at a satellite location offering highest sensitivity.

Finally, let us assess, based on a few examples, the
improvement of the transferred UT1–UTC value when con-
sidering VT observations from more than a single baseline.
Table 3 shows the precision of UT1–UTC transfer for one
VT observation for different single baselines as well as for
VT observations of two different Galileo satellites acquired
by two different baselines. The results show a significant
improvement also when considering a longer baseline than
considering a shorter one or when combining two short base-
lines. In the considered examples, except for the last one, the
VT observations are acquired at different epochs. Similar
examples with VT observations from different satellites and
acquired from different baselines within the same hour can
be scheduled, which would, e.g., fit into an IVS Intensive
session.

5 Conclusion

The feasibility of the transfer of the UT1–UTC obtained
from VLBI quasar observations to the Galileo constellation
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Fig. 9 Four examples indicating UT1–UTC transfer precision for single observations at different epochs (dots) and continuous observations over
2.5h for baseline Wettzell–Kokee Park

Table 3 Examples of
UT1–UTC transfer precision
achieved with observations from
one and from two baselines

Baseline Satellite Epoch UT1–UTC precision (µs)

WzIs E33 15:30:00 29.63

WzIs E27 07:30:00 70.72

WzKk E31 07:30:00 32.41

WzAg E31 13:30:00 48.17

WzAz E33 09:45:00 55.94

IsWzKk E33+E31 07:30:00 & 15:30:00 22.49

AgWzKk E31+E31 07:30:00 & 13:30:00 27.80

AgWzIs E31+E33 13:30:00 & 15:30:00 25.22

AgWzAz E31+E33 09:45:00 & 13:30:00 36.49

IsWzKk E27+E31 07:30:00 22.15

through onboardVLBI transmitters is investigated using sim-
ulated observations for four baselines. The idea is to directly
transfer theUT1–UTCvalue estimated inVLBI sessions, i.e.,
the information about the variations in the Earth rotation, to

the Galileo constellation using the space tie realized by the
VT.

The results of the simulations performed show that the
transfer of UT1–UTC information via VLBI transmitters on
the Galileo satellites is feasible for single observations with
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a precision level around 30 µs for the long baselines WzIs
and WzKk. The short baselines WzAg and WzAz provide a
precision around 50 µs and 55 µs also due to the fact that
IVS Intensive sessions based on such short baselines would
provide UT1–UTCwith a lower precision. Although the pre-
cision of UT1–UTC achievable with VT observations on the
long baselinesWzKk andWzIs are similar, the baselineWzIs
offers nearly two times more VT observations than the base-
line WzKk because of more favorable visibility conditions
for Galileo satellites.

The estimated precision of the transferred UT1–UTC is
mainly driven by two factors: the geometrical setting of
the Galileo satellite with respect to the two stations of the
baseline that may be quantified by the UT1–UTC dilution
of precision (UDOP) and the UT1–UTC precision obtained
fromquasar observations in an IVS session.While theUDOP
indicates the sensitivity of aVTobservationonUT1–UTCfor
a given baseline, the UT1–UTC input from the IVS session
inflates the uncertainty achievable for the UT1–UTC transfer
to the Galileo constellation. Neglecting this contribution to
the uncertainty, the limiting UT1–UTC transfer precisions
are around 20 µs for WzIs, 25 µs for WzKk and WzAz, and
35 µs for WzAz.

Increasing the observation number of VT results in a
slightly improved UT1–UTC transfer. However, the UT1–
UTC precision is essentially given by the observation that
provides the highest sensitivity to UT1–UTC, while addi-
tional observations of the same satellite pass lead only to a
modest further improvement. For UT1–UTC transfer to the
satellite constellation, it is thus important to properly sched-
ule a few VT observations with high sensitivity. Adding VT
observations acquired by different baselines, on the other
hand, significantly improves the UT1–UTC transfer preci-
sion. It is, however, not straightforward to schedule regular
1h IVS Intensive sessions that include several Galileo VT
observations. Alternative observation concepts may thus be
envisaged that complement long baselines of IVS Intensive
sessions with few observations from additional baselines that
optimize VT visibility. In this way the higher precision of
UT1–UTC estimated on long baselines using quasar obser-
vations and optimized VT sensitivity for UT1–UTC can be
exploited for UT1–UTC transfer to the Galileo constellation.
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