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Abstract Tracking L-band signals of GNSS satellites by
radio telescopes became a new observation type in recent
years and will be used to improve reference system real-
izations and links between Earth- and space-fixed frames.
First successful test observations were done, with the draw-
back of being single-frequency only. In order to correct
the ionospheric delay by using GNSS phase observations
from co-located receivers, the L4R approach was developed.
Based on residuals derived by a least-squares processing of
the GNSS geometry-free linear combination corresponding
corrections could be derived. As a first validation step L4R
corrections were applied to GNSS L data analysis. Station
coordinate repeatibilities at the 1-cm level were obtained
for baselines of a few thousand kilometers. Comparing the
derived delay corrections to VLBI ionospheric delays for
quasars located in same directions, differences with a stan-
dard deviation of 2.2 TECU could be achieved.

Keywords VLBI - GNSS - Co-location in space -
Tonospheric delay - Geometry-free linear combination -
VLBI satellite-tracking

1 Introduction
1.1 Tracking satellites by radio telescopes

In recent years co-location in space, combining Global Nav-
igation Satellite Systems (GNSS), Satellite Laser Ranging
(SLR) and Doppler Orbitography and Radiopositioning Inte-
grated by Satellite (DORIS) on-board existing low earth
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orbiters (LEOs) and GNSS satellites, was used as an alterna-
tive to the combination of these techniques at ground stations
(Thaller et al. 2011; Flohrer et al. 2011). Due to missing X/S-
band transmitters on-board satellites, suited for co-location in
space, and due to the fact that geodetic used radio telescopes
are mainly not sensitive to the signals typically emitted by
satellites, so far Very Long Baseline Interferometry (VLBI)
was excluded from co-location in space. Considering the
advantages of including VLBI into the combination of space
geodetic techniques in space for determining the Interna-
tional Terrestrial Reference Frame (ITRF) and realizing the
connection to the International Celestial Reference Frame
(ICRF) in space, two scenarios are foreseeable. On the one
hand suitable X/S-band transmitters will be brought into orbit
by future satellite missions dedicated to co-location in space
like GRASP (Bar-Sever et al. 2009). This will take some
years from today. On the other hand, in recent years a few
geodeticly used radio telescopes tracked the L-band signals
of GNSS satellites. Observing GPS by radio telescopes was
proposed by Hase (1999) and further discussed among oth-
ers by the working group on GPS Phase Center Mapping
(Corey 2001), by Dickey (2010) and by Plank et al. (2014).
The first baseline tracking GLONASS L; signals (1.598-
1.605 GHz) was realized in 2010 by the 32 m radio telescopes
at Medicina and the 25m telescope at Onsala usually used
for astrometry (Tornatore et al. 2011, 2014). According to
Haas et al. (2014), a stochastic measurement noise of 4 ps in
15 min could be achieved. In 2013, using the 25 m telescope
at Onsala and the S-Band horn and a special L-Band receiver
at the 20 m radio telescope at Wettzell (RTW) a second base-
line was observing GLONASS L signals (Kodetetal. 2014);
the RMS-scatter of the derived phase delays was below 10 ps
in 2s (Haas et al. 2014). These single-frequency observa-
tions are the best G-VLBI measurements currently available,
therefore, corrections for the ionosphere are essential.
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In general, two observation strategies are feasible: (1)
alternate observations to a GNSS satellite and to calibrator
sources (namely quasars), and (2) stand-alone observations
to a GNSS satellite. The first concept is known as phase-
referencing or D-VLBI in deep space navigation for many
years. Plank (2013) gives an overview concerning the appli-
cations of D-VLBI for near-Earth and lunar missions. Within
this paper a tracking based on the second concept was
assumed, as it was used for the Onsala—Wettzell experiments
described above. To distinguish between both strategies this
concept will be called “G-VLBI”. Due to bandwidth limi-
tations of the feed horns and receivers, the L, signal with
a lower frequency was not tracked so far, and at least for
a number of radio telescopes, participating regularly in IVS
sessions, L, cannot be tracked because of that limitation. For
single-frequency observations the ionospheric refraction will
become the major error source. Within this paper a method to
estimate ionospheric delays using co-located GNSS receivers
is presented (named L4R approach). The impact of the
ionosphere on radio frequency waves will be introduced in
the next subsection. The estimation of ionospheric delays
and corrections will be described in Sect. 2. Also the error
budget as well as advantages and disadvantages compared to
other methods will be discussed. Corresponding results will
be presented in Sect. 3 and two validation steps and results
thereof will be discussed in Sects. 4 and 5. Conclusions and
outlook follow in Sect. 6.

1.2 Ionospheric impact on microwave observations
in space geodesy

Traveling through the upper atmosphere, the so-called
ionosphere (50-1000 km above Earth’s surface), microwave
signals (0.3...300 GHz) are disturbed by free electrons. The
disturbance of the signal phase can be expressed by the phase
refractive index 7 py:

N,
nph = 1 —af—g witha=40.3.10‘6[ (1)

$2 - TECU]

with the electron density N. and the signal frequency f.
Using the total electron content (TEC) E

E— / No(s)ds. @

expressed in total electron content units per square meter
(TECU), along the signal path s, the ionospheric delay /.
for code and the advance Ip, for phase measurements can be
written as follows:

aE

F. 3)

Iejph = £
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Fig. 1 Ionospheric characterization 2013. Top daily maximum Kp
index, middle daily minimum Dgr index and bottom daily mean TEC
(from CODE GIMs)

During ionospheric storms this density will be highly
perturbed (Prolss 2008). Figure 1 shows the ionospheric
behavior during 2013 based on three different quantities. The
first quantity, the 3h K, index,! characterizes the effect of
solar particles on the Earth’s magnetic field in 27 steps from
0 to 9. An ionospheric storm is typically indicated by val-
ues above 5. In Fig. 1 the daily maximum values are shown,
exceeding 5 only for a few days. The second quantity, the
disturbed storm time index”> Dgr represents the strength of
the ring current around the Earth caused by solar particles. As
the ring current is directed opposite to Earth’s magnetic field,
negative values indicate a weakening. Therefore, the daily
minimum value is plotted. Values below —100nT, indicating
a moderate/strong ionospheric storm, occur only twice. The
third quantity, the daily global mean TEC derived from GNSS
observations, represents the seasonal variability of the elec-
tron density. For each day the degree 0 and order O coefficient
between 12 UT and 14 UT given in the global ionospheric
maps (GIM) provided by the Center of Orbit Determination
in Europe (CODE) (Schaer 1999) is plotted. Concerning solar
activity, 2013 is part of the very weak solar cycle 24.

The relationship between delay and frequency allows
to minimize the ionospheric delay using dual-frequency
measurements and the ionosphere-free linear combination
thereof. Using X- and S-band signals in VLBI the remain-
ing ionospheric delay is negligible (Hawarey et al. 2005),
for GNSS so-called second- and third-order terms have to
be considered (Fritsche et al. 2005). If only single-frequency
observations are available the delay for X-band VLBI obser-
vations will be, depending on the elevation, between 0.1 and

! http://umbra.nascom.nasa.gov/sdb/yohkoh/ys_dbase/indices_raw/
2013, Oct 2014.

2 http://www.wdcb.ru/stp/data/geomagni.ind/dst/dst2013.txt, Oct
2014.
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2ns, corresponding to 4...60cm (Sovers et al. 1998). For
GNSS L-band signals the delay will be between 3 and 15ns
(1...15m). Derived baseline lengths will be shortened by a
scaling factor of about 1ppm per 10TECU (Beutler et al.
1988) assuming a cut-off angle of 15°. Considering G-VLBI
as described in Sect. 1.1, i.e. for co-location in space, correct-
ing the ionospheric delay will be mandatory (Ménnel et al.
2014). In the following section we present an approach suited
for deriving ionospheric corrections in the case of G-VLBI
observations.

2 The L4R approach
2.1 Idea and formalism

As G-VLBI will observe GNSS L-band signals, the
ionospheric delay between a GNSS satellite i and aradio tele-
scope will almost be identical to the delay between the GNSS
satellite i and a co-located GNSS receiver r, located not more
than a few hundred meters apart. Therefore, an ionospheric
delay between satellite i and GNSS receiver r determined by
dual-frequency GNSS observations can be used to correct the
ionospheric delay in the G-VLBI observation (Fig. 2). In prin-
ciple, the ionospheric delay for a special satellite-baseline
pair could be estimated using GNSS code observations on the
single-difference level as described by Hernandez-Pajares
et al. (2011). The accuracy of the derived delays will be at
several TECU (corresponding to a few meters in L) due
to measurement noise, multipath effects and uncertainties in
the differential code biases. Using the phase observations
L1 and L», ionospheric delays can be computed with the
geometry-free linear combination L4 = L1 — Ly, where the
geometrical range and all frequency-independent biases are
removed. In order to get rid of phase biases and resolve the
carrier phase ambiguities, double differences are formed. For
a combined GPS/GLONASS double-difference analysis the
geometry-free linear combination can be written in metric
units as follows:

sat i GNSS
G-VLBI

ionosphere

telescope 1 baseline b

~100 m

Fig. 2 The idea of L4R, the signal paths of GNSS and G-VLBI within
the ionosphere can be assumed as identical

L),y =17 —LY
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Here ®.  is the phase observation in cycles between

receivers r and s and the satellite i at frequency L,, n =
1,2).

The corresponding signal wavelength is given by A; and
the difference between the wavelengths of different satellites
is A}, . These differences are only relevant for GLONASS,
where satellites have different carrier frequencies. As a con-
sequence also the single-differenced ambiguities Nrjs,,, for
the reference satellite j are part of the observation equa-
tion. The small biases present in Lr 5.4 due to the frequency
difference between the two GLONASS satellites are not sig-
nificant as A%, will not exceed 1.5mm for L and 2.0mm
for L,. However, the term A)fj N . Will cause problems
when fixing the ambiguities. N01se and multlpath effects are
absorbed in e 5.4+ After fixing the ambiguities Ny}, for GPS

and GLONASS only the ionospheric delay I,s contained
in L4 remains in the residuals (i.e. observed-computed) I,§
computed during a least-squares adjustment. As an alterna-
tive to fixing ambiguities, phase observations can be leveled
to the corresponding code pseudoranges. But the disadvan-
tages mentioned in the first paragraph of this section—except
for the noise level—remain and, therefore, we did not pursue
this strategy. It should be mentioned, however, that consid-
erable progress was made lately in the determination of the
zero-difference code biases in the context of zero-difference
ambiguity resolution.

To apply double-difference ionospheric delay corrections
to G-VLBI observations, first single-difference residuals
have to be derived from the double-difference residuals.
Because n — 1 linearly independent double-differences have
to be transformed into n single-differences Ir’S, an additional
and independent constraint has to be applied. Following
Alber et al. (2000) by introducing a weighted zero-mean

condition D, w' [ = 0 with the weights w,, this regu-
larization step can be written as follows:
rfi
-10 0 0 N {rlsz
1 0-10 0 Iy Iy
I? :
rs .
Sl=1 G @
Do : : Irs
: : : in
rs
a)} a)fs ...... a)fs z] er rs
LX=1 -
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As indicated by the indices IA,XS, Eq. 4 has to be computed
baseline-wise using the observations to all common satellites.
The zero-mean condition has to be introduced for each mea-
surement epoch. A weighting function has not been applied
in our case. Once the single-difference residuals have been
computed, they represent the difference of the ionospheric
delays between the two stations, or in other words, the rela-
tive ionospheric delays. The absolute part of the ionospheric
delay I, cannot be computed by this approach and is applied
using an ionospheric model, i.e. the GIMs produced by
CODE in our case. The corresponding equation for the total
ionospheric delay correction I/, can be written as follows:

I;fs = frlv +7VS' (5)
The model part is defined by

S > YN Y
rs — - ’
n n

(6)

where 7 is the number of observed satellites (i.e. the num-
ber of single-differences) and I' is the satellite-specific
ionospheric correction derived from the model. In the fol-
lowing this algorithm will be called L4R.

2.2 Extension to zero-difference residuals

In principle the described regularization step can be applied
for a second time to derive zero-difference delays, i.e. delays
for individual satellite-receiver pairs. In analogy to Eq. 4 this
step can be written as follows:

1 -10 0 0 N 12
0 —-10 0 [} Iy3
I :
= N (7
: : I,
:‘ fi 1n R
o] @y o ), " 2 ol
Lx=12 a

As indicated by the index I )’C all observations to one satellite
are processed together; therefore, only linearly independent
baselines should be introduced. The total ionospheric delay
corrections 1! is then

I'=1'"+1, with I, =
n

®)
2.3 Implementation

An adapted version of the Bernese GNSS Software V5.2
(Dach 2013) was used for this work. Additional subroutines

were implemented to read and process VLBI observations to
satellites and quasars (based on the work of Schmid 2009) and
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Fig. 3 Processing procedure, the upper left box is a common
GPS/GLONASS processing, lower left the L4R processing, upper right
validation 1, middle right validation 2 and lower right the intended cor-
rection of G-VLBI observations

to transform double-difference residuals into baseline-wise
residuals (based on the work of Wang et al. 2014). Also the
splitting into zero-difference residuals and the possibility to
introduce ionospheric corrections into GNSS and G-VLBI
observations were implemented. In Fig. 3 the processing
procedure is shown. Following the GNSS part, where ambi-
guities are resolved, the L4 residuals are computed and
the regularization (based on Eq. 4) is performed. Then the
estimated ionospheric corrections are introduced into the
G-VLBI processing. The validation steps in Fig. 3 will be
described in Sects. 4 and 5. The processing of daily sessions
is automated using the Bernese Processing Engine (BPE).

2.4 Accuracy level and remaining error sources

Plank (2013) showed weekly station coordinate repeatabil-
ities of 5-10mm based on 800-1300 simulated G-VLBI
observations per day. Assuming an error of the ionospheric
delay correction for an individual observation below 2 TECU
(corresponding to 32cm in L and 20ps in X-band), these
coordinate repeatabilities could be reached. In the following
these values will be used during the validation using external
solutions. A value of 0.3TECU (5cm in L;) will be used
when analyzing the scatter of the L4R-derived ionospheric
corrections. N

Apart from the ionospheric signal the residuals L’r]é 4 Will
contain errors related to unresolved ambiguities and non-
ionospheric, station-specific biases like multipath effects
and receiver noise. These non-ionospheric biases are mainly
elevation-dependent and can reach cm-level for very short
baselines (below 100 m) as shown by Wang et al. (2014). Con-
sidering baseline lengths that are typical for VLBI (hundreds
to thousands of km) these biases are negligible (Crocetto et al.
2008).
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Remaining unresolved ambiguities in the least squares
adjustment will be estimated as real numbers and will,
therefore, influence the corresponding residuals by partly
absorbing the ionospheric signal. Using the possibilities of
the Bernese GNSS Software, a considerable effort is made
to fix as many ambiguities as possible. The corresponding
ambiguity resolution process is similar to the one described
in Steigenberger et al. (2006). In a first step, widelane
ambiguities are fixed using the Melbourne-Wiibbena linear
combination. In a second step, this is done using phase obser-
vations only. Due to ionospheric delays processing phase
observations by this method is only reasonable for baselines
shorter than 200 km. The quasi-ionospheric free (QIF) algo-
rithm is the next step that is applied to baselines up to 2000 km
and followed by the SIGMA algorithm applied directly to the
L1 and L, phase data. For GLONASS ambiguities only the
SIGMA algorithm for phase data is usable (Dach et al. 2007).
To evaluate the impact of absorbing ionospheric delays into
float ambiguities as a worst-case scenario, a float solution
was computed and compared to the residuals of a solution
including ambiguity fixing. For the float solution residuals
are smaller by up to 20cm (approx. 1 TECU) for baselines
of around 1000km and up to 50cm (approx. 3 TECU) for
baselines longer than 5000 km.

A third error source arises by introducing absolute delays
derived from a (smoothed) model. The CODE GIMs used are
developed into spherical harmonics of degree and order 15
valid for two hours. The accuracy of such GIMs is, accord-
ing to Hernandez-Pajares et al. (2011), between a few and
10 TECU in the vertical component depending on solar cycle,
station latitude, station local time and geomagnetic activity.

2.5 Comparison with other methods

Naturally, since the ionospheric delays are varying fast in
space and time, the quality of a correction approach depends
on the deriving of the corrections as closely as possible in
time, location and direction to the actual observations. There-
fore, the different methods are compared with respect to
their proximity to the observing situation (including usage of
same equipment) and their limitations regarding secondary
or technique-specific error sources. Also the applicability
of a correction has to be considered (i.e. the range of pos-
sible applications, the effect on the observation scenario
and additional processing load). In Table 1 we compare
the following approaches to correct ionospheric delays for
single-frequency satellite tracking: (1) introduction of TEC
maps resp. GIMs (e.g. Sekido et al. 2003; Gordon 2010;

Table 1 Comparison of diverse

approaches to derive ionospheric TEC maps Local VTEC D-VLBI* L4R
corrections for VLBI processing Corrections based on
GNSS X X X
VLBI X
Same source X
Same telescope(s) X
Same frequency X X
Same signal path X¢ xd
Same epoch X X X
Limitations
Quality GNSS proc. X X X
Plasma effects® X
Mapping function X X
Temporal smoothing X
Spatial smoothing X X
Co-located GNSS rec. X X
Add. quasar obs. X
Additional processing X X
Applications
Single-freq. VLBI X X
G-VLBI X X X X
Planetary S/C X X X

4 Also known as phase-referencing, only the same beam method is considered (Kikuchi et al. 2008)
b TEC maps based on other techniques (e.g. ionograms) are not considered here

¢ Assuming a 1° separation the signal paths are separated by roughly 7km at a height of 400km

4 Assuming a local tie of 100m the signal paths are separated by 98 m at a height of 400km

¢ Interplanetary and interstellar plasma
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Tierno Ros et al. 2011), (2) estimating the local vertical TEC
(VTEC) (Sardon et al. 1994), (3) using D-VLBI (e.g. Duev
et al. 2012; Kikuchi et al. 2009) and (4) using L4R.

From Table 1 one can conclude that TEC maps are easy
to apply but limited temporal and spatial resolution reduces
the quality of derived corrections (Gordon 2010; Tierno Ros
et al. 2011). TEC maps are also an input for some of the
other methods, like L4R or phase-referencing. Local VTEC
values derived from co-located GNSS observations might by
a good option; however, errors are introduced by mapping the
vertical TEC to the observation direction. Compared to both,
the methods D-VLBI and L4R are superior, as the actual
ionospheric situation in observation direction is taken into
account. Both methods are using an additional observation
closely aligned to the observed signal path. As the ionosphere
also varies with the direction (expressed by ionospheric gra-
dients) the separation angle between both signals has to be
small. In L4R the maximal separation is given by the distance
between radio telescope and GNSS receiver, which is usually
below 1km. In the case of GNSS satellites the choice of the
maximal separation angle in D-VLBI is a delicate trade-off
between baseline length, the number of calibrator sources
and the variability of the ionosphere. Based on that Plank
(2013) concludes that a modified D-VLBI concept might be
necessary to track GNSS satellites. However, using a large set
of calibrator sources, D-VLBI might be applicable to derive
ionospheric corrections. In summary, we conclude that the
L4R method to derive ionospheric corrections for single-
frequency tracking of GNSS satellite is currently the most
promising approach.

3 Ionospheric results derived by L4R

Within this section the ionospheric delays derived by the
L4R approach will be discussed in three main parts. After
a short introduction of the used database, first, the differ-
ences between double-difference residuals and correspond-
ing CODE GIM values allow to characterize the processing
results. Second, the splitting of double-difference into single-
difference residuals will be studied to assess the impact of
the introduced zero-mean condition. And third, the station-
specific ionospheric behavior will be discussed using zero-
difference residuals. All result are given for the GNSS L
frequency.

3.1 Database

For the following work 11 fundamental sites in Europe and
North America (Fig. 4), each equipped with a radio telescope
contributing to the International VLBI Service for Geodesy
and Astrometry (IVS), were used to analyze potential G-
VLBI baselines. The selected stations allow to compare (1)
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Fig. 4 Map of fundamental sites, the station names according to IGS
and IVS are given in Table 2

Table 2 Selected radio telescopes and GNSS receivers for each fun-
damental site; sys indicates available GNSS systems; G = GPS, R =
GLONASS; distance between VLBI and GNSS

Site VLBI telescope GNSS Distance (m)
Receiver  Sys
Greenbelt GGAO7108 GODZ GR 33.23
Matera MATERA MATE GR 58.00
Medicina MEDICINA MEDI G 62.77
Metsahovi METSAHOV METS G 128.88
Noto NOTO NOT1 G 71.69
Ny Alesund  NYALES20 NYAL G 112.44
Onsala ONSALAG60 ONSA GR 79.57
Svetloe SVETLOE SVTL GR 77.53
Westford WESTFORD WES2 GR 57.70
Wettzell WETTZELL WTZR GR 139.45
Yebes YEBES YEBE G 183.53

different baseline lengths and (2) different baseline orienta-
tions. All selected sites are also equipped with at least one
co-located GPS or even GNSS receiver participating in the
International GNSS Service (IGS). Table 2 gives an overview
of the selected sites including the distances between radio
telescope and GNSS receiver as given by the ITRF2008
(Altamini et al. 2011). GNSS observations with a data rate
of 30s, provided as RINEX files, were used to derive the
ionospheric delays. For validation also VLBI observations
given in NGS card file format provided by the IVS were
used. More details will be given in Sect. 5.1. Final GNSS
orbits and 30s clocks, as well as Earth rotation parameters
and ionospheric maps provided by CODE and coefficients
for the VMF tropospheric mapping function provided by TU
Vienna (Bohm et al. 2006) were used. During the analyzed
period (2013, Jan 1 to Dec 31) only minor data gaps occurred,
e.g. RINEX files for day of year (DoY) 265-294 are missing
for station WES2.
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Table 3 Selected baselines; NS = north-south, EW = east-west, sys =
GNSS with GPS (G), GLONASS (R)

Station 1 Station 2 Length [km] Orientation Sys
ONSA WTZR 919.7 NS GR
MATE YEBE 1667.6 EW G
MATE ONSA 1891.1 NS GR
GODZ YEBE 5892.5 EwW G

3.2 Analysis of double-difference residuals

First, double-difference residuals IArlﬁ converted to L will
be analyzed. As mentioned above these residuals might be
affected by float ambiguities. In accordance with the double-

difference definition model-based ionospheric delays Tlrjv

biased by model accuracy and smoothing effects, can be com-
puted. Besides these effects the differences I ,’{ —Tlrls are a first
quality indicator. As individual differences might be strongly
affected by unresolved ambiguities or model smoothing (e. g.
during periods of higher ionospheric variability) our analysis
is based on mean values and their standard deviation. For the
following analysis the four baselines listed in Table 3 were
selected. Figure 5 shows daily statistics for these baselines
for 2013. The baseline lengths and the number of observed
GNSS define the total number of double-differences formed
for each baseline and day. The daily mean values are expected
to be rather small as they represent the difference of four
individual delays. For long baselines the large range of
ionospheric conditions and the small number of commonly
visible satellites will cause offsets and higher day-to-day vari-
ations. These effects are clearly visible in Fig. 5, where the
baseline length has the greatest impact. However, by com-
paring the shorter east—west baseline MATE-YEBE (length
1667.6km) against the north—south baseline MATE-ONSA
(length 1891.1km), also the major role of the baseline ori-
entation becomes visible. When we consider the impact of
baseline orientations the ionospheric variations with respect
to both, latitude and time have to be discussed. Concern-
ing latitudinal variations the ionosphere is divided into three
regions: equatorial (below 30°), mid latitude and high lati-
tude (above 60°).3 As the baselines are located in the more
quiet mid- and high-latitude regions the impact of latitudi-
nal variations might be comparatively small. Time-dependent
ionospheric density changes are strongly related to local time.
East—west baselines will be highly affected by these vari-
ations as the local time will differ by several hours (e.g.
AUTgopz—vYEBE = 5h). Depending on solar activity and
seasonal effects, changes in the total electron content of more
than 10 TECU/h are possible (Zolesi and Cander 2013). The

3 With respect to a magnetic reference frame (latitude of the geomag-
netic north pole is 87.2° N).

daily standard deviations are affected in the same way. Look-
ing at the TEC values in Fig. 1 we see that higher standard
deviations coincide with higher TEC values. When analyz-
ing the discrepancies between the mean values as derived
from residuals and from the models, even for GODZ-YEBE
the differences are below 0.5 m. In general, therefore, a good
agreement can be observed. Looking at the standard devia-
tions for Onsala—Wettzell smaller values for 7',‘2 are visible.
They might be caused by a smaller influence of the smoothed
model related to the short baseline and the high number of
double-differences. For the longer baselines the smoothing

causes higher standard deviations for 7,..
3.3 Analysis of single-difference delay corrections

The quality evaluation concerning the residual splitting is
presented in two steps. First, epoch-wise standard deviations
of delay corrections /; i are computed to assess the impact of
the number of visible satellites. The different zenith distances
cause the major deviations between individual delays. To
convert the original slant delay I to a vertical delay I, the
approximation

R N R
Bo= 1 cos(—RE_ gn(FTE)). )
R+ H 2

with the Earth’s radius Rg, the ionospheric layer height
H = 350km and the zenith distance z, was used. To compute
the vertical delays for the corrections, formally the average
zenith distance in Eq. 9 needs a compensation term (Wang
et al. 2014). However, that term will not affect the charac-
terization within this section. Figure 6 shows the standard
deviation for all epochs as a function of the number of satel-
lites. In order to include also a very short baseline we replaced
the baseline MATE-ONSA by METS-SVTL (GPS, baseline
length 298 km). In general, and in accordance with Fig. 5, the
standard deviation is increasing with the baseline length. The
increase with the number of satellites reflects that, especially
for longer baselines, the better hemispheric coverage leads
to larger differences in the delay corrections. The number of
epochs with a certain number of satellites heavily depends
on the baseline geometry and available GNSS as shown in
the histogram in Fig. 6 (right).

Ideally the differences between slant ionospheric delays
of consecutive epochs are given by ionosphere variations and
the changed satellite position with respect to the baseline, i.e.
in general they will be very small. If the zero-mean condi-
tion is applied for each epoch individually, all changes in
the visible GNSS satellite constellation will cause additional
variations in the derived ionospheric delays. Figure 7 shows
the effect on the delays by computing the delay difference
between consecutive epochs for the same satellite. Plotting
these values as a function of mean zenith distance 7,,, defined
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(gray) and forth row difference of mean and standard deviation (44— 7%)

and of the time of the day, in bins of 20min and 2°, respec-
tively, differences below 2 cm predominate. As the difference
is computed by / (1) — I 1 (1) increasing delays are charac-
terized by positive and decreasing delays by negative values.
However, the deviations of single-difference corrections will
only represent the differences not the ionospheric delays
itself. Considering all differences, only a minor number
exceeds 5 cm. This is visible in the histogram (Fig. 7, right),
where 93.1 % of all computed differences are below 5cm.
Therefore, introducing the zero-mean constraints epoch-wise
does not degrade the derived ionospheric delays.

3.4 Analysis of zero-difference residuals

The splitting of the single-difference residuals into zero-
differences allows the analysis of station-specific effects.
Using the delay differences between consecutive epochs as a
quality criterion, the percentage of differences below 5cm is
79 % for Wettzell. The biggest differences occur at low eleva-
tions showing decreasing values during day and increasing
values during evening hours. In summary also the second
splitting procedure does not significantly degrade the derived
ionospheric delays.

Daily mean and monthly median values of the vertical
delays for the IGS stations NOT1, WTZR and NYAL are
plotted in Fig. 8. The main difference is caused by the station
latitude: NOT1 and WTZR are located in the mid-latitude
region, NYAL already in the high-latitude region. Seasonal
effects are visible: one maximum occurs in spring (April,
May and June) and a second one in autumn (October and
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Fig. 8 Daily mean vertical delays and their monthly median value for
stations NOT1 (36.8° N), WTZR (49.1°N) and NYAL (73.3°N)

November, not visible for NYAL). Decreasing day-to-day
variations indicated by daily mean values can be found for
higher station latitudes. More details concerning the variabil-
ity of the free electron content and the ionospheric delay can
be found, e.g., in Hernandez-Pajares et al. (2009).

4 Validation using GNSS signals

For a first validation of the L4R corrections GNSS measure-
ments will be used. When processing dual-frequency GNSS
data by forming the ionospheric-free linear combination L3,
99.9 % of the ionospheric delay for GNSS observations can
be removed (Herndndez-Pajares et al. 2011). The correction
of remaining higher-order ionospheric effects is described,
e.g., in Fritsche et al. (2005). The results of an L3 processing
(hereafter referred as Vi3) are assumed as “truth”. Compar-
ing them to single-frequency results, where the L4R delay
corrections are applied (VL4r), allows a quality assessment
and validation of L4R. In addition, a comparison to solu-
tions where only corrections derived from the CODE GIMs
were applied (V) are possible. In the following, remain-
ing residuals and station coordinate repeatabilites are studied
corresponding to the processing scheme of Fig. 4.

To minimize the absorption of the ionospheric delay,
while analyzing the residuals, all parameters except remain-
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Fig. 9 Daily RMS of residuals for baseline Matera—Wettzell; left
residuals of Vi 3 and residuals of Vi 4r; right residuals of Vi and resid-
uals of Vi4r (corrections derived by co-located baselines); plot 1-3:

ing ambiguities were fixed to their a-priori values. In a second
step, station coordinates were estimated and their repeatabil-
ities (i.e. the variation of daily solutions with respect to the
combined solution) were studied.

4.1 Analysis of residuals

Figure 9 shows daily RMS values of remaining residuals
for the 990km long baseline Matera—Wettzell. The corre-
sponding mean values are listed in Table 4. The receivers at
Matera are denoted by MATE (MT) and MAT1 (0A), those at
Wettzell by WTZR (WR) and WTZZ (OM). The RMS of V; 3
is around 2 cm for both, a combined GPS/GLONASS and a
GPS-only solution. Using the L4R delays to correct an GPS
L solution, the RMS increases slightly to 2.5 cm. Caused by
a higher number of float ambiguities degrading the L4R cor-
rections, the RMS of the combined solution increases to 4 cm,
which is still rather small compared to Vj;. However, the
residuals highly benefit from introducing delay corrections
derived from the same baseline, as in this case receiver noise,
multipath and float ambiguities are identical. As Matera and
Wettzell are equipped with more than one GPS receiver, a
co-located baseline can be used to estimate the delay correc-
tions and to assess the impact of different ambiguity, noise
and multipath characteristics. The daily RMS values increase
to 20-50 cm when applying delay corrections derived for the
co-located baseline, although the RMS values are mainly
below the W1 solution. Here the residuals are affected by a
number of unresolved phase ambiguities in both baselines.
However, this validation step cannot account for radio tele-
scope biases and ambiguity-free delays in the real G-VLBI
case. The G-VLBI residuals and results will also be limited
by uncorrected biases in the radio telescope.

Analyzing other baselines with comparable lengths, e.g.
Onsala—Wettzell and Matera—Onsala, the same level of RMS
values can be obtained (Table 4). Comparing the RMS val-
ues for very long baselines, e.g. Wettzell-Greenbelt (GODZ,
GODN), the V.3 RMS values are around 2.5 cm and increase
to 8cm for Vi4gr, while Vy leads to RMS values >50cm
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GPS/GLONASS (black dots) and GPS-only (gray dots), for plot 4 the
colors identify two different baselines
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Table 4 RMS statistics for baseline Matera—Wettzell (mean values and
standard deviation [cm]); G = GPS, R = GLONASS; MT = MATE, 0A
=MATI1, WR = WTZR, OM = WTZZ

Table 6 Coordinate repeatabilities in North, East and Up [cm]; M T=
MATE, 0A =MAT1,ON=0NSA, WR =WTZR, OM = WTZZ; baseline
length is given in km

Baseline L4R Sys Vi3 VL4r A%V Baseline L4R (km) Vi3 VL4r ™
MTWR MTWR GR 2.33 3.77 42.33 ONWR ONWR 920 N 0.28 0.34 8.73
+0.50 +0.49 +11.01 E 0.19 0.29 3.29
MTWR MTWR G 2.18 2.66 43.56 U 0.51 0.65 10.91
+0.26 +0.24 +12.29 MTWR MTWR 990 N 0.23 0.32 9.39
0AOM MTWR G 2.35 30.20 43.63 E 0.17 0.35 4.23
+0.20 +8.12 +13.17 U 0.29 0.54 15.38
MTWR 0AOM G 2.18 33.39 43.56 MTON MTON 1890 N 0.30 0.44 7.62
+0.21 +12.82 +12.78 E 0.27 0.57 4.16
U 0.34 0.89 15.20
0AOM MTWR 990 N 0.31 3.74 9.63
Table 5 RMS statistics for baseline Greenbelt—Wettzell (mean values E 0.18 241 4.85
and standard deviation [cm]); G = GPS, R = GLONASS; GODZ = 05, U 0.28 3.83 15.96

GODN =G5, WR = WTZR, OM = WTZZ

Baseline L4R Sys Vis ViI4r V™M

05WR 05WR GR 2.52 7.83 53.39
+0.27 +1.76 +10.36

G50M G50M G 2.46 7.50 54.34
+0.37 +1.81 +10.82

(see Table 5). Residuals express the remaining errors, i.e. the
remaining ionospheric delays and the effect of unresolved
ambiguities, but not the impact on requested parameters.
Therefore, a closer look at station coordinates and their
repeatabilities is given in the next section.

4.2 Analysis of station coordinate repeatabilities

Station coordinates can be a major result for upcoming G-
VLBI analyses. Therefore, the behavior of station coordinate
repeatabilities was tested for the baselines Onsala—Wettzell,
Onsala—Matera and Matera—Wettzell. The corresponding
RMS values in north, east and up direction are listed in Table
6. The repeatablities are computed baseline-wise with keep-
ing one station fixed. Considering the baseline length (third
column of Table 6) there is a corresponding increase of the
coordinate repeatabilities derived by Vi 4r compared to V1 3.
Nevertheless, the 1-cm coordinate repeatability is achieved
for the first three baselines. Having a closer look at the height
component of Matera—Wettzell (Fig. 10), no significant dis-
crepancies between the results for the baselines MTWR and
0AOM are visible for solution types Vi3 and V. In Vi,
model deficiencies cause a higher noise level and higher day-
to-day variations of the coordinate repeatabilities. They are
at the level of a few dm. As the Vi 4r coordinates of MTWR
agree quite well, the impact of transferring corrections to an
other baseline is investigated using the co-located baseline

@ Springer

0AOM. As a consequence, the repeatabilities increase to a
level of a few cm and show higher day-to-day variations. This
degradation might again be mainly caused by float ambigui-
ties in both baselines.

In Fig. 11 (left) coordinate repeatabilities for all baselines
containing Wettzell are shown. In the case of using the same
baseline to derive L4R corrections Vi4r is clearly superior
to Vm. Except for the longer baselines between Westford
and Wettzell resp. Greenbelt and Wettzell, Vi 4r is nearly
as good as Vi3. Unfortunately, only a small number of the
selected sites are equipped with more than one GNSS receiver
delivering to the IGS. Therefore, we modified the co-located
baseline comparison in such a way that one station is identical
for the estimation of L4R corrections and the L processing.
In the following we replaced WTZR by WTZZ in the L
processing part. As visible in Fig. 11 (right) the repeatabilities
increase with the baseline length. For the long baselines Vi
gives the better results. This is a consequence of the lower
percentage of resolved ambiguities in L4R.

S Validation using VLBI signals

The second validation part aims at getting closer to the G-
VLBI situation shown in Fig. 2. Therefore, the ionospheric
delays derived with the L4R approach are validated against
ionospheric delays estimated from dual-frequency VLBI
observations to quasars. In order to compare identical
ionospheric situations, requirements concerning the spheri-
cal distance «/j between the satellite and the quasar observed
at epochs tj. and tjq., respectively, have to be fulfilled for both
stations j = (1, 2) of the VLBI baseline:
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o] <3°and ap < 3°

Aty < 15" and Aty < 15" with Atj = t; - t;.].

(11)
12)

The spherical distance o ; for each station is computed by

q

) al —a'
with Aa; = e

13)

aj =cos! (sin(e;'-)sin(ejq.) + cos(eé)cos(e?)cos(Aaj))
i Y
cos( o

;

where e;., e? denote the elevation angle of the satellite and

quasar, respectively, and ai., a? the corresponding azimuth
angles. GNSS observations who meet these conditions will
be called associated observations. The ionospheric delays
for VLBI are computed using the X-band and S-band obser-
vations provided via the NGS Card observation files:* in
the following they are referred to as NDC (NGS delay
correction). In the next session these delays will be dis-
cussed in more detail. As the correction values computed
by L4R are provided in TECU, also the NDC values are
converted to TECU using Eq. 3. The validation results are
finally reconverted into metric units using the VLBI X-band
frequency.

4 http://lacerta.gsfc.nasa.gov/mk5/help/dbngs_format.txt, Oct 2014.
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Fig. 12 Availability of VLBI observations during 2013; each dot indi-
cates that the corresponding station was part of the VLBI network

5.1 VLBI database and theoretical considerations

Together with the GNSS data the above-described quasar
observations from different VLBI sessions in 2013 were
used. According to the DBC-codes described by the IVS
master file format description5 XA, XB, XE, XH and XK
sessions were analyzed. Figure 12 shows the participation of
each radio telescope (see also Table 2) within the analyzed
VLBI sessions. Station GGAO7108 at Greenbelt, MD, USA
was chosen, but participated only in the skipped intensive ses-

3 ftp://ivscc.gsfc.nasa.gov/pub/control/master-format.txt, Oct 2014.
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sions. By using the remaining 10 VLBI stations, 45 baselines
could be defined with lengths between 200 and 7200 km. The
following steps were carried out in a baseline-wise mode.
Considering the threshold value for the direction differ-
ence, comparable to the separation angle y, the maximally
possible baseline length by, can be calculated by
siny

bmax = 2R sin~! (aGNSS_) .
Rg

(14)
Depending on the semi-major axis agnss of the GNSS con-
sidered and testing the conditions (Eq. 11) individually, the
maximal baseline length for o; = 3° results in 2796km
(2690 km for GLONASS); hence 28 out of the 45 baselines
theoretically available can be used. Assessing the possible
total area of the hemisphere covered by these requirements
gives the probability of finding associated observations.
Using the given threshold values approx. 5% (GPS and
GLONASS) of the hemisphere is covered. Therefore, the
number of usable quasars will be rather small. Consider-
ing the different ionospheric conditions acting on the signals
separated by o = 3° the horizontal distance between the
ray paths can be computed. For zenith distances of 10° the
distance is below 50km also at a height of 1000km, for ele-
vations below 5° the separation at an altitude of 1000km
will be larger than 300km, obviously leading to distinct
TEC differences. Concerning the VLBI ionospheric delays
two effects are worth mentioning. First, the ionospheric
signals derived by X/S-band signals of quasars are also
affected by the interplanetary and interstellar plasma. Sekido
et al. (2003) assumed that the additional delay is below one
TECU. Second, the VLBI ionospheric delays 7% ; ., that are
derived directly from the differences between the X- and S-
band observations as defined by Hobiger (2006), contain the
instrument-specific offsets 71 inst and 72 inst:

P

TXjon = 2 — 2
fX S

(tx —ts) + T1,inst — T2,inst- (15)

These instrument-specific offsets are typically absorbed by
the receiver clock estimation and can be considered as con-

stant during one session (Sekido et al. 2003). This allows
to study the difference of the ionospheric delays derived by
GNSS and VLBI without knowing 7y ;,s, T2.ins: by either
analyzing the differences after subtracting the session-wise
mean value or by analyzing the session-wise standard devi-
ation (only if more than 10 associated observations for one
session are available).

5.2 Validation results for single-difference L4R
corrections

In a first step, differences NDC-L4R were computed for
all associated observations by subtracting the corresponding
mean difference. Figure 13 (right) shows these reduced dif-
ferences in a histogram: 91 % of these differences are below
Scm. In Fig. 13 (left and center) the reduced differences are
plotted as a function of their observation time and the mean
of both quasar elevations. In the first case only small system-
atic effects are visible. Concerning the elevation, caused by
the observation geometry, the number of associated obser-
vations is decreasing with increasing elevation angle. Due
to the longer signal paths within the ionosphere and larger
distances between the signal paths, differences increase for
low elevations.

Figure 14 shows the number of associated observations
for each session and baseline together with the derived stan-
dard deviation for the single-difference case (black dots). In
total, 3014 associated observations for 66 baseline-session
pairs were analyzed; 96 % of them show a standard deviation
smaller than Scm. The mean of 1.6cm and the median of
1.4 cm (corresponding to 2.7 and 2.2 TECU) are quite small.
Because of the baseline geometry and the GNSS satellite tra-
jectories only five out of the 28 possible baselines contribute
a significant number of associated observations. In view of
the definition of associated observations it is clear that the
standard deviations also contain effects caused by the distri-
bution across the hemisphere and the distribution over time.
Also the variable ionospheric behavior within the window in
direction and time has an impact on the delay differences.
This is discussed in Sect. 5.4.
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Fig. 13 Differences NDC-L4R (after subtracting a session-specific mean value) for single-difference L4R corrections with respect to observation

time (/eft), mean quasar elevation (middle) and as a histogram (right)
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Fig. 14 Statistics for the validation using VLBI observations: num-
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corresponding standard deviations (middle) and a histogram of the stan-
dard deviations (bottom); LAR corrections based on single-differences
(black) and zero-differences (gray)

5.3 Validation of zero-difference corrections

If the ionospheric corrections are derived for zero differences,
two different GNSS satellites or one satellite at different
epochs !, 4 might be used for validation, too. Depending
on the time difference t]1 — t21 and the elevation difference
distinct variations of the ionospheric delays are possible. In
order to avoid large degradation in the derived corrections,
the time difference Ar = tll - t21 has been limited to 30 sec-
onds. In fact, the number of associated observations increases
dramatically compared to the single-difference case, if differ-
ent observation epochs for one GNSS satellite within the time
threshold (Eq. 12) are allowed. Figure 14 shows this increase
for the zero-difference L4R corrections (gray dots). The stan-
dard deviations show no significant systematic difference.
Also here the majority (around 85 %) of all standard devia-
tions, estimated baseline- and session-wise, are below 5 cm.
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In the zero-difference validation 14 out of 28 baselines con-
tribute a significant number of associated observations. The
increasing in the standard deviations compared to the single-
difference case are due to the involvement of two different
GNSS satellites in combination with a minor degradation
of the ionospheric corrections derived from zero-differences
due to the second splitting procedure.

5.4 Impact of threshold values

In Sect. 5.1 the total area of the hemisphere covered by the
available set of GNSS satellites was shortly addressed. In
fact, for this validation type, the balance between wide open
and very restrictive threshold values is crucial. Using very
restrictive conditions for associated observations (reducing
degrading effects caused by different signal paths) will lead
to a small, probably too low data amount. On the other
side, using data too far away from the VLBI observation
and the original ionospheric situation will also degrade the
results. This is shown in Fig. 15 for each of the requirements
by fixing the other conditions and using single-difference
L4R corrections. Naturally both, the mean number of associ-
ated observations per session and the corresponding standard
deviations, are increasing when threshold values increase.
A limitation on the spherical distance between satellite and
quasar has a bigger impact than the time offset. Also the num-
ber of observations increases quite slowly while increasing
the time window. In summary, the chosen threshold val-
ues allow a good balance between the number of associated
observations and assuring the same ionospheric conditions
as shown by the 40 observations per session and the standard
deviations below 2 cm.

6 Conclusions and outlook

G-VLBI observations will be a great opportunity for the
integration of VLBI into the co-location of geodetic space
techniques in space. Correcting for the ionospheric delays
will be mandatory, as G-VLBI observations might be single-
frequency data. Using GNSS phase observations derived
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Fig. 15 Effect of the chosen threshold values for time and separation angle: the mean value of the corresponding number of associated observations
(gray bars) and the overall mean value of the standard deviations for all available baselines (black line)
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from co-located GNSS receivers by the L4R method is
a good possibility to compute corresponding corrections.
Other approaches to correct the ionospheric delays might
result in a lower accuracy or enforce a different observation
concept. The range of L4R applications is, in principle, lim-
ited to the tracking of GNSS satellites, as the main advantage
consists in the observation of the same L-band signal. How-
ever, in special cases the L4R method might be suitable for
single-frequency astrometry.

The validation of the L4R approach presented here using
the geometry-free linear combination shows good results
especially for the baselines between radio telescopes already
used for G-VLBI (Onsala, Wettzell, Medicina). A 1-cm daily
repeatability level for baseline coordinates could be achieved
when introducing the L4R corrections into an L |-based coor-
dinate estimation. Differences to ionospheric delays from
VLBI also show a good agreement at the level of a few
TECU. For longer baselines, the method could not be tested
against VLBI ionospheric delays as the quasar and the satel-
lite could not be observed from both stations at roughly
the same time. However, for such baselines a precise point
processing (PPP) including ambiguity resolution might be
preferable, as the double-difference approach suffers from
the small number of common satellites. One opportunity for
improvement will be the introduction of ionospheric mod-
els with higher spatial and temporal resolution. In the future,
L4R will be tested using the first real G-VLBI observations
available. The results will not only show the potential of
these observations but also the potential of our method for
correcting the ionospheric delays.
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