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Abstract In recent years, the tracking of GNSS satel-
lites by radio telescopes has become possible for a
number of VLBI stations. Due to hardware limitations
these measurements will usually be limited to one fre-
quency, and ionospheric delay corrections have to be
taken into account. Beyond the possibility of using
ionospheric models, we present a method to correct
these ionospheric delays by using observations from
co-located GNSS receivers. The VLBI observations
of quasars and simultaneous GNSS observations with
comparable azimuth and elevation from different ses-
sions in 2013 were used for validation. Station coordi-
nates are a major result from simultaneous tracking of
satellites using different space techniques. By combin-
ing real GNSS and SLR observations with simulated
SLR and VLBI data for a number of European stations,
the accuracy of station positions is assessed.

Keywords VLBI, SLR, ionosphere, GNSS

1 Introduction

The co-location of geodetic space techniques allows
the investigation of technique-specific error sources
and errors related to the links between them, by provid-
ing an alternative possibility of combining these tech-
niques using on-board satellite offsets (space ties). Us-
ing present co-locations between GNSS, SLR, DORIS,
on-board low Earth orbiters, and GNSS satellites, very
promising results were presented in recent years (e.g.,
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[1, 2]). Unfortunately, VLBI could not be considered
for co-location in space due to the impossibility of
tracking near-Earth satellites by radio telescopes and
bandwidth limitations of the receiver chain. Thanks to
recent hardware developments at some stations, track-
ing of GLONASS satellites will become the first possi-
bility of combining VLBI with other space techniques
in space. The first GLONASS tracking sessions were
already carried out for the baselines Medicina—Onsala
and Wettzell-Onsala, see [3], [4], and [5]. As usual
L1 GNSS signals are tracked, this kind of observations
will not be possible for all VLBI stations and, depend-
ing on hardware characteristics, may consist of only
one frequency. Therefore, our first goal was to analyze
possibilities for correcting the remaining ionospheric
delays. In a second stage, prospective accuracies for
station coordinates were estimated from real and simu-
lated GNSS, SLR, and VLBI data.

2 Real Observations and Simulation
Method

We used real VLBI and GNSS data collected at the Eu-
ropean stations Matera, Onsala, and Wettzell in 2013
to investigate ionospheric corrections. For accuracy
studies, GNSS and SLR data of GPS week 1774 (5-
11 January 2014) were used, together with simulated
SLR and VLBI observations of GLONASS satellites
for the same time span. Table 1 gives an overview of
all observations and synthetic data. The simulation of
VLBI data included a turbulence model for wet tro-
posphere delays and receiver clock behavior following
[6]. White noise of 2 cm and 67 ps for SLR and VLBI
were added to the computed distances. These simula-
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tions were repeated 26 times to allow statistical inter-
pretation (based on [7]). To obtain a realistic scenario,
measurements of three GLONASS satellites within one
hour per day by n stations were simulated using an ob-
servation interval of 60 s. The SLR simulation was only
performed for one laser station at Wettzell, and VLBI
was simulated both for a single baseline and for a small
European network. For both simulation and process-
ing, a modified version of the Bernese GNSS Software
V5.2 was used.

3 lonospheric Delay Correction

3.1 GNSS-based lonospheric Models

A well-investigated method for correcting single-
frequency VLBI observations for ionospheric delays
is the usage of a GNSS-based ionospheric model (e.g.,
[8, 9]). To check the quality of different models, data
from VLBI session R1615 were used (see Table 1).
Figure 1 shows the impact of applying such models
for three European baselines. The differences of the

Table 1 Data used for investigations: /; = ionosphere model; I,
= ionosphere from GNSS observations; /3 = accuracy investiga-
tion; Ma = Matera, On = Onsala60, Wz = Wettzell, Mc = Medic-
ina, Ys = Yebes40m, 'IGS station name 2ILRS station name.

|sessi0n |I] |12 |I3 |stati0ns |date (year, doy)|

R1615 X Ma, On, Wz [2013, 343/344
R1566 x| [Ma, On, Wz  [2013, 002/003
R1567 x| [Ma, On, Wz  [2013, 007/008
R1569 x| |On, Wz 2013, 022/023
R1570 x| |[Ma, On, Wz  |2013, 028/029
R1578 x| [Ma, On, Wz  [2013, 084/085
R1580 x| |On, Wz 2013, 098/099
EUR123 x| |[Ma, On, Wz  [2013, 126/127
R1585 x| |On, Wz 2013, 133/134
R1591 x| |On, Wz 2013, 175/176
EUR124 x| |On, Wz 2013, 185/186
R1606 x| |[Ma, Wz 2013, 280/281
R1615 x| |Ma,On, Wz  [2013, 343/344
R1616 x| |[Ma, On, Wz  |2013, 350/351
GNSS (real) x|GOPE!,ONSAT[2014, 005-011
POTS!,WTZR!
SLR (real/sim) x|WLRS? 2014, 005-011
VLBI_I (sim) x|On, Wz 2014, 005-011
VLBI_2 (sin) x|Mc, On, Wz, Ys|2014, 005-011

baseline lengths w.r.t. ITRF2008 positions caused by
applying or ignoring the ionospheric corrections from
NGS Card files are shown in black (1st bar) and red
(2nd). The green (3rd) and blue bars (4th) represent
the differences for a global ionosphere model provided
by the Center for Orbit Determination in Europe
(CODE) and for a regional model based on smoothed,
undifferenced GPS code observations of eight well-
distributed European IGS stations. The regional model
could not fully compensate for the ionospheric delay,
resulting in an elongation of the baselines. As a global
model cannot represent local structures, the results
are not satisfactory either. It has to be mentioned that
ionospheric delays might also be compensated by
other parameters such as wet tropospheric delays and
receiver clock offsets. Here, depending on the solution
type, differences of up to =5 cm for tropospheric wet
delays and changes in receiver clock offsets of up to
+0.1ns could be detected. In general, GNSS-based
ionospheric models are a possibility for correcting
VLBI observations for ionospheric delays. However,
if GNSS satellites are observed, it might be worth
trying to derive ionospheric delay corrections from
co-located GNSS observations.
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Fig. 1 Changes of the baseline length w.r.t. ITRF2008 for dif-
ferent options for correcting ionospheric delays: standard pro-
cessing (Ist bar), without ionospheric correction (2nd), CODE
model (3rd), regional model (4th).

3.2 lonospheric Delays from GNSS L4
Residuals

When combining GNSS L; and L, phase observations
using the geometry-free linear combination Ly,
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Ly=L;—Ly=AN — N>+ (1 — f—12> dion; (1)
I

only phase ambiguities and ionospheric delays remain
in the observable. After fixing the ambiguities, the re-
maining residuals resulting from a least-squares ad-
justment contain the ionospheric delay. As it is nec-
essary to form double differences between two stations
and two satellites for ambiguity fixing, these residu-
als have to be split up into two satellite components
RE, , for each individual baseline B. Because there are
only n — 1 linearly independent double differences for
nsingle baselines, an additional and independent con-
straint has to be introduced ([10]). This regularization
step can be performed by fixing one satellite S or by in-
troducing a zero-mean condition over a certain period
of time. For the following investigations, an epoch-
wise zero-mean condition was used. As the resulting
residuals Rg only provide relative information, a bias
parameter has to be added to get absolute values. An
epoch-wise mean slant delay correction I,,,4.; based on
a CODE ionosphere model is able to provide this abso-
lute information. The ionospheric delay correction If
can be written as

IB = Rg +I_modela (2)

i.e., the estimated values will be model-mean values
instead of zero-mean values. In principle, this method
could be applied to all baseline lengths as visibility
conditions are nearly identical for co-located VLBI
and GNSS stations. Unfortunately, fixing ambiguities
for GLONASS observations might be difficult for
very long baselines using the Bernese GNSS Software
([11]). As a solution, the regularization step described
above could be repeated to obtain undifferenced
residuals. Then, ambiguity fixing could be done using
shorter baselines w.r.t. additional GNSS stations.

3.3 Validation of Delays Based on GNSS
L, Residuals

To evaluate this method, real VLBI and GNSS
observations were screened to find corresponding
observations, i. €. observations in the ”same” direction
at the ”same” epoch. As we split the residuals only
into single differences, this condition should be

fulfilled at both VLBI stations, which hardly occurs.
Therefore, thresholds for direction and observation
time differences were defined. If deviations in eleva-
tion and azimuth are smaller than 2° and 5°, resp.,
and if the time difference is smaller than 15 min,
the GNSS observation was accepted as a so-called
associated observation. Besides, only baselines shorter
than 1,000 km, namely Onsala—Wettzell and Matera—
Wettzell, were analyzed. For a typical 24 h session,
we found 15-25 quasar observations associated with
200-300 GNSS observations. In Figure 2, associated
observations are shown for session R1615 at Wettzell.
To validate the estimated GNSS-based ionospheric

WETTZELL - R1615
o 0°

Atime [min]

Fig. 2 Associated observations to quasars (asterisks) and GNSS
satellites (colored dots) for session R1615 at Wettzell, including
baselines w.r.t. Matera (without circle) and Onsala (with circle).

delay corrections (L4R) available for each associated
observation, VLBI-derived ionospheric corrections
contained in the X-band NGS Card observation
files (NDC) were used. These corrections Ty ,,, are
computed as [12]

2
/ fs

A7

X,ion —
with 71 ;s and 7o ;, representing the receiver-specific
offsets. Hence, the difference L4R — NDC also contains
an unknown receiver offset, which can be considered as
constant over 24 h [12]. As a consequence, a baseline-
specific mean difference can be assumed to represent
the receiver offsets of the corresponding VLBI stations.
Therefore, the baseline-specific standard deviation of

(TX - TS) + Tl,inst - TZ,inst (3)

IVS 2014 General Meeting Proceedings



Mannel et al.

StDev L4R-NDC [TECU]

464
12 600 10 ottt
— mean = 5.5
104 500% 8-imed =4.7 |
8 . —sf400 ¢
[ 8 2 6 B
6 e o8 . 300©° @
J See | g & 44 =
4+ d 20()%:&
2- H11Hy 100% 27 i
L
0 0 0 T
£323525825852535852:23¢% 0369
g 522 Rgagsige ¢ Stev [TECU]
e 222 205 2050 2 ©
r ©CoCoC OCCLEruoc o x

Fig. 3 Validation of ionospheric delay corrections based on
GNSS Ly residuals by means of ionospheric correction values
from NGS Card files. Left: standard deviation of the mean dif-
ference L4R-NDC (dots) and number of associated observations
(bars) for different sessions; right: histogram of the standard de-
viations. OW = Onsala—Wettzell, MW = Matera—Wettzell.

the mean difference L4R — NDC is used as a validation
criterion. In Figure 3, results from various sessions in
2013 are shown. The standard deviations of the mean
differences are between 1 and 10 TECU!. Consider-
ing all 4,599 associated observations, mean and median
values of 5.5 and 4.7 TECU can be found. Differences
in the resulting standard deviations arise from remain-
ing unresolved ambiguities in the L4R approach, the
distribution of associated observations over each ses-
sion, and also the ionospheric activity. The impact of
the thresholds is below 1 TECU as regards time and
elevation (see Figure 4). As the standard deviations
increase with increasing azimuth thresholds, azimuth
differences of associated observations should be kept
small for future validation scenarios. At this point the
balance between the number of remaining associated
observations and small standard deviations is impor-
tant. Further validation steps will be based on GNSS
observations only, comparing solutions using our ap-
proach and results based on the ionosphere-free linear
combination L3, and tests with real VLBI tracking data
of GLONASS satellites will be provided.

4 Simultaneous Observation Time Series

Real and simulated tracking data of GLONASS satel-
lites by GNSS, SLR, and VLBI (see Section 2) are
used to derive station coordinates. As input files, GNSS
orbits and clocks as well as ERP final products from
CODE were used. Coordinates, troposphere (GNSS

11 TECU corr. to 0.6 cm (X-band) and 80 cm (GNSS L)

and VLBI), and receiver clock offsets (VLBI) were set
up in the data processing. For GNSS and VLBI, an
NNR and NNT condition was applied, whereas single
SLR station coordinates are estimated w.r.t. the GNSS
orbits. Table 2 shows the number of observations, the
formal errors and the repeatability of the station coor-
dinates for real and simulated data. Comparing real and
simulated SLR data reveals a higher number of simu-
lated observations, as we do not take weather and clear
sky conditions into account. Therefore, smaller for-
mal errors are reasonable. Using the simulated VLBI
data for the baseline Onsala—Wettzell, formal errors of
1.2 cm for the north and up components can be found.
The significantly smaller value for the east component
might be a result of the orientation of the baseline. This
effect also shows up in the repeatability values, where
the north component is around 1.5 cm and the other val-
ues are below 1 cm. If a small network is used, the re-
sults get worse. Only the formal errors for the up com-
ponent are improved, perhaps due to the higher number
of observations. The degradation of the other compo-
nents might be associated with sky coverage and ob-
servation scheduling, as the simulated satellites were
chosen randomly from different orbit planes.

5 Conclusions and Outlook

The presented method based on GNSS L4 residuals for
the estimation of ionospheric delay corrections will be
applied and further validated by using real VLBI satel-
lite tracking data. Referring to standard deviations of
STECU (80cm for GNSS L) for the presented vali-
dation approach, the method will be more accurate for
real tracking data as a consequence of using the same
signal from the same source. Further investigations re-
lated to the influence of the ambiguity resolution qual-
ity on the ionospheric corrections should be done in
terms of satellite tracking observations based on longer
baselines. According to simulations, a station coordi-
nate repeatability of 1-2 cm can be expected for a base-
line such as Onsala—Wettzell when observing different
GLONASS satellites under good sky coverage. Anal-
yses of different scenarios (e.g., single-pass tracking
and shorter observation intervals per satellite including
careful scheduling) and assessment of their prospective
benefits will be the subject of further research.
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Table 2 Results from real and simulated tracking data (GNSS also includes IGS stations GOPE and POTS; VLBI; = baseline
Onsala—Wettzell; VLBI, = European network; number of observations per station for SLR and within the network for GNSS and
VLBI).

StDev [TECU]

| [ ] real | simulated |
GNSS SLR| SLR| VLBI, VLBI,
stations| |ONSA[WTZR|WLRS|WLRS| On| Wz| Mc| On] Wz| Ys
observations 250,000 each 216 378 377 957
formal error [cm][N| 0.012] 0.012[ 0.39] 0.19[1.26[1.16]2.10]1.68[1.48]1.50
E| 0.012| 0.012| 0.76] 0.28/0.74(0.72(1.70(0.97|1.42|1.57
U| 0.003| 0.004| 0.70] 0.14]1.22|1.33]0.76|0.36|1.15/0.33
repeatability [cm]|N - - -l 0.13[1.58]1.49|2.00{1.51|1.88|2.39
E - - -| 0.20[0.65[0.65|2.221.58|2.71{2.29
U - - -| 0.32]0.76]0.93/0.38|1.62{1.08]0.52
10 +MaWz —OnWz~——=——————- 550 10 +—Mawz—0nwzi—— 250 10 -Mawz-0nwz 250
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Fig. 4 Impact of different thresholds for differences in time, azimuth, and elevation on the standard deviation (session R1566).
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