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Preface

Geodetic and astrometric Very Long Baseline Inter-
ferometry (VLBI) observations of satellites and other
near-field targets have come to the attention of more
and more scientists dealing with a variety of applica-
tions. One of the main goals of performing and ana-
lyzing such observations is to establish and improve
the direct link between the quasi-inertial celestial ref-
erence frame of compact extra-galactic objects, such
as the International Celestial reference Frame (ICRF),
and the dynamical reference frames of Earth orbiting
satellites. Another body of interest is the Moon with its
kinematics, so far mostly observed with Lunar Laser
Ranging (LLR).

VLBI and DeltaDOR (Differential One-way Rang-
ing) observations are well established for solar system
spacecraft tracking but just start to be employed for
other applications nearer to Earth as well. For this, first
VLBI observations of artificial satellites and the Moon
were carried out in recent years. As a consequence,
the research areas of near-field VLBI observations are
manifold including technical developments for compo-
nents of scheduling, observations, correlation, fringe
fitting and data analysis.

To bring together scientists working on top-
ics related to near-field VLBI observations and to
explore current possibilities and future opportu-
nities, the First International Workshop on VLBI
Observations of Near-field Targets was held at the
Institute of Geodesy and Geoinformation, Univer-
sity of Bonn, Bonn, Germany, on October 5 - 6,
2016. The workshop was sponsored by the IVS
Working Group 7: Satellite Observations with VLBI
(http://ivscc.gsfc.nasa.gov).

The two-day workshop was dedicated to the presen-
tations of the current status and of recent results in the
form of oral and poster presentations. Considering that

this was the first workshop of this kind, the 45 partici-
pants from Europe as well as from overseas delivering
25 talks and 4 posters are a very good indication of the
interest in these topics. The workshop certainly helped
to exchange ideas and solutions on the personal level
and produced a number of exciting new results.

In order to make available the descriptions of
the activities and the respective results to a wider
group, we decided to call for manuscripts and print
the documents in the Schriftenreihe des Instituts fiir
Geoddsie und Geoinformation der Universitdt Bonn.
We are grateful to all authors who have submitted their
manuscripts for publication in these proceedings and
hope that many more readers will draw interesting
information from the papers.

Axel Nothnagel, Frédéric Jaron
Bonn, February 28, 2017
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Scheduling of VLBI Satellite Observations with VieVS

Hellerschmied A, Plank L, McCallum J, Sun J, B6hm J

Abstract In order to enable VLBI observations of
satellite targets on a regular basis, proper scheduling
procedures need to be in place. The Vienna VLBI
Software VieVS has been used to schedule about 40
of these test sessions, triggering large developments
in the scheduling tools. We report on the current
capabilities of the available software and discuss
present difficulties when preparing a new experiment.
In the second part we concentrate on the scheduling of
VLBI sessions observing the very low APOD satellite
with the Australian AuScope array.

Keywords Space tie, Co-location in space, VLBI
satellite tracking, VieVS, scheduling, APOD

1 Introduction

Scheduling depicts the process of generating suitable
observation plans. This is defining the time sequence
of a VLBI experiment under consideration of the tele-
scopes specific capabilities. The result is a schedule in
a standardized format, e.g. .SKD or .VEX.

The new challenge hereby is the cross-eyed obser-
vation geometry, meaning that the directions from the
participating telescopes to the target cannot be consid-

A. Hellerschmied, J. Bohm
Technische Universitdt Wien, GuBhausstrafie 27-29, 1040, Vi-
enna, Austria

L. Plank, J. McCallum, J. Lovell
University of Tasmania, Private Bag 37, 7001, Hobart, Australia

J. Sun
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ered as parallel any more, as is the case for quasar
VLBI. The satellite targets are moving, requiring ac-
tive tracking of the telescope. In general, accurate tim-
ing and antenna steering is more critical.

We use the Vienna VLBI Software (VieVS, Bohm
et al.| 2012)) for scheduling.

2 Scheduling satellite observations with
VieVS

The satellite scheduling module of VieVSE]is described
in [Hellerschmied et al.| (2015a) and |Hellerschmied:
et al.| (2015b). All antenna specifications and steering
are treated as for standard geodetic scheduling (Sun,
2013). The coordinates for the satellite targets are
implemented via public two-line element (TLE)
orbit data. Running in Matlab, the scheduler works
interactively, where the operator can choose the best
target - a visible quasar or a satellite - and add it to the
schedule. An intuitive program design and interactive
sky plots support this manual process. The program
then internally manages antenna slewing, on source
times for quasars and observation timing requiring
common visibilities. In order to allow tracking tests
at individual stations, the scheduler also works for a
single telescope to be scheduled.

This interactive mode is very suitable for short test
sessions. Over the past years, about 40 of those ses-
sions were scheduled with this program (see Figure|l).

! More information including a user manual is available at
http://vievs.geo.tuwien.ac.at/


http://vievs.geo.tuwien.ac.at/
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date duration name  stations targets

16.01.2014 1h G140116a 08, Wz Glonass

16.01.2014 1h G140116b 08, Wz Glonass

21.01.2014 1h G140121a 08, Wz Glonass

21.01.2014 1h G140121b 08, Wz Glonass

15.06.2015 1h 615aHo Ho GPS + Glonass

18.06.2015 1h  169cHo Ho GPS + Glonass

18.06.2015 2h 169cCd Cd GPS + Glonass

28.06.2015 2h 179a Ho, Cd GPS + Glonass + quasars

19.08.2015 28 min ex1 Wz, Wn, Wd GPS + Glonass

20.08.2015 25 min ex2 Wz, Wn, Wd GPS + Glonass

24.08.2015 11 min ex3a Wz, Wn, Wd GPS

24.08.2015 4h 236a Ho, Cd GPS + quasars

26.08.2015 4h 238a Ho,Cd GPS + Glonass + quasars

12.11.2015 30 min exda Wd, Wn GPS + Glonass

23.11.2015 33 min 23a1 Mc, Wd GPS + Galileo + Glonass

23.11.2015 2h15min  23b1  Mc, Wd GPS + Gallileo + Glonass +
quasars

23.11.2015 2h 30 min 23c1 Mc, Wd GPS + Galileo + Glonass +
quasars

18.04.2016 9 min exba Wz, Wn, Wd Glonass

05.05.2016 6h 126b Ho, Cd GPS + quasars

10.05.2016 6h 131a Ho, Cd GPS + quasars

11.05.2016 6h 132a Ho, Cd GPS + quasars

17.05.2016 12 min ex6b  Wn, Wz Glonass

23.05.2016 12 min ex7a  Wn,Wz Glonass

23.05.2016 3h 144b Mc, 08, Sr GPS + Galileo + Glonass +
Beidou + quasars

23.05.2016 40 min 144d Mc, 08, Sr GPS + Galileo + Glonass +
Beidou

30.05.2016 12 min ex8a Wn, Wz Glonass

06.07.2016 6 min ap01 On APOD

06.07.2016 9 min ap02 On APOD

06.07.2016 8 min ap03  On APOD

14.07.2016 7 min 196b  On APOD

14.07.2016 9 min 196¢c  On APOD

15.07.2016 9min  197¢c  On APOD

18.07.2016 10 min 200a  Yg,Ke APOD

20.07.2016 9 min 202 Yg, Ke APOD

25.07.2016 6min  207a  On APOD

25.07.2016 5 min 207b  On,Wn, Wz APOD

19.09.2016 6 min 263a  On APOD

19.09.2016 6min  263b  On, Wn, Wz APOD

19.09.2016 5min  263c  On, Wn, Wz APOD

11.11.2016 33 min 316a Ke, Yg APOD + quasars

12.11.2016 41 min 317a Hb, Ho, Ke APOD + quasars

12.11.2016 35 min 317b Hb, Ke, Yg APOD + quasars

13.11.2016 26 min 318b Hb, Ho, Ke, Yg APOD + quasars

13.11.2016 26 min 318¢c Hb, Ho, Ke APOD + quasars

13.11.2016 23 min 318d  Yg, Ke APOD + quasars

14.11.2016 40 min 319a  Hb, Ho, Ke, Yg APOD + quasars

23.11.2016 1h 328a Wa GPS

27.11.2016 24 h a333 Hb, Ke, Yg APOD + quasars

01.12.2016 3h 10 min g336  Ho, Cd, Wa GPS + quasar (pol. calibrator)

Fig. 1 List of scheduled satellite VLBI sessions with VieVS.

2.1 Automatic scheduling mode

Prompted by the aim to observe longer sessions of a
few hours duration, VieVS now also allows for auto-
mated scheduling of combined observations of satel-
lites and quasars. It uses the station-based scheduling
approach (Sun et al., 2014), optimising for sky cov-
erage and slew times at each site equally for quasar
and satellite scans. One can define alternating blocks
in a defined time duration for a preselected list of satel-
lite and quasar targets. Following simulations by Plank
et al.[(2016)), we chose a mix of 10 minutes of quasar
observations every 50 minutes in experiments 126b,
131a, and 132a. We also found it useful to restrict the
observed GNSS satellites to only a handful, since re-

observing the same targets allows for better interpreta-
tion of the results (see|Plank et al. | this volume).

This newly developed automatic scheduling mode
is suitable for longer sessions of satellite observations
as well as it supports the integration of satellite scans
into a geodetic schedule.

2.2 Challenges

Having scheduled numerous sessions, we express our
thanks to all our collaborators and stations contribut-
ing to the experiments. It really was the request for
actual sessions’ schedules that triggered the rapid de-
velopment.

Looking back we can say that the only real chal-
lenge in creating a new schedule (for a new station)
is the definition of the correct observing mode in the
.VEX files. While the schedule itself could be made
within a few hours, collecting the necessary informa-
tion about the station’s equipment and capabilities was
the hardest part. One reason for this is the fact that the
observations of GNSS satellites are performed in L-
band, often using different equipment (and telescopes)
than typically used in geodetic VLBI. In addition,
with VLBI being such a complex technique, the local
knowledge of the scheduler is often not sufficient to
thoroughly control the selected mode whether it is
suitable for the individual stations.

As a consequence, we have identified the commu-
nication and feedback loop between station personnel,
correlator staff and the scheduler as an item for future
improvement. This will allow an easy integration of
new telescopes into future observing efforts in VLBI
satellite tracking.

2.3 Observing APOD

The APOD satellite mission (Tang et al, 2016) is a
Chinese CubSat carrying a dedicated VLBI transmit-
ter sending tones in S- and X-band. The orbit is ex-
tremely low, at about 470 km orbital height. This makes
common visibility between two or more VLBI tele-
scopes challenging. VieVS was used for tracking tests
using the telescopes in Australia, Onsala and Wettzell.
In November 2016 intensive observing was done using
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the Australian AuScope telescopes in Hobart, Kather-
ine and Yarragadee. The novelty hereby was the suc-
cessful application of continuous tracking as well as
the integration into a full 24 hour geodetic schedule
observing quasars.

For the scheduling of APOD, again orbit infor-
mation provided by the public TLE was used. Before
the actual tracking, the antenna steering information in
terms of azimuth (Az) and elevation (El) at one second
intervals was calculated using the latest orbit prediction
provided by the APOD mission control centre BACC,
the Beijing Aerospace Control Center.

Initial test sessions in July 2016 showed that the
TLE tracking features implemented in recent Field
System (FS) versions are not suitable to track this
fast satellite with the AuScope antennas. The shortest
available position update interval of 1 second could
not be maintained (blocked all other FS commands)
and larger intervals were not suitable for keeping the
target within the antenna beam. Alternatively, the
continuous tracking mode provided by the antenna
control units (ACU) of the AuScope antennas was
used for satellite tracking. Using this option, the ACU
interpolates positions and adjusts slew speeds between
AzFl tracking points directly loaded from an ASCII
table. At the moment, this mode can only be controlled
manually by changing the tracking mode and loading
the AzEl files via the ACU interface.

Practically the APOD scheduling was done as fol-
lows:

e Define a session time window and search for satel-
lite passes and common visibilities using the lat-
est TLE (several days in advance). VieVS provides
convenient features to check for mutual visibility
and to determine possible observation times while
taking into account various observation restrictions.
The visibility graphs in VieVS (as shown in Figure
[2) ease this process.

e Select suitable passes and request the VLBI sig-
nal switched on at the APOD BACC (minimum
two days in advance). BACC may also provide
predicted APOD ephemeris shortly before the ac-
tual observations. These ephemeris are preferred
for tracking as they are assumed to be more accu-
rate than TLE data.

e Build the schedule. Be aware that final scan times
may change up to a few seconds with updated satel-
lite ephemeris. The APOD scans were either fully

embedded into a geodetic schedule (e.g. session
a333) or at least a block of sveral minutes of quasar
observations was added before and after the APOD
block. While the quasar scans were scheduled auto-
matically, the observations of APOD needed man-
ual interaction. In order to allow for the switch be-
tween the automatic observations controlled by the
FS for the quasar scans and the direct AzEl tracking
mode for APOD, gap times of five minutes were in-
cluded in the schedule. Result of the schedule is a
VEX file defining the observing mode (see Figure
EI), which in our case was identical for the satel-
lite and quasar scans. Furthermore, it triggers the
recording for both types of scans and provides the
source coordinates of quasars.

e Once the latest orbit information was received by
the APOD BACC, the AzEL tracking files were
prepared. These are essentially simple ASCII tables
containing AzEl tracking points at one second in-
tervals. Additional care had to be taken to provide
Az values within the cable wrap limits of the an-
tenna.

x-band

l LI

8100 8200 8300 8400 8500 8600 8700 8800 8900 9000
MHz

x-band

8350 8400 8450 8500
MHz

s-band

2200 2220 2240 2260 2280 2300 2320
MHz

Fig. 3 Observing mode in APOD experiments 316 to 333. We
observed 16 channels with 16 MHz bandwidth at two-bit sam-
pling. In X-band, the DOR tones are covered by channels 2 to
4 with the carrier at 8424.04 MHz. In S-band, all satellite tones
lie within one channel. Due to RFI, all S-band channels were
allocated contiguous to cover a continuous band.
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Fig. 2 Graphical illustration of the APOD visibilities in VieVS (satellite elevation at stations versus time). After checking (a) APOD
visibility roughly for the whole day (Nov. 12, 2016) and selecting suitable passes, (b) definite scan times were accurately determined.
Scan durations for common visibilities are a few minutes at most.
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3 Conclusions

The VieVS satellite scheduling module has been
repeatedly applied for generating observing files for
VLBI satellite observations. The newly developed
mode now allows for automatic scheduling of com-
bined sessions including satellite targets and quasars,
suitable for scheduling sessions of longer duration.
While the scheduling process is easy to run, the most
difficult part of generating a schedule was identified to
be the correct implementation of a selected observing
mode, considering station specific back-ends and
equipment.

Latest developments in VieVS were dedicated to
observing the very low APOD satellite. Hereby the
connection between antenna steering using the field
system and satellite tracking directly via the ACU re-
vealed new challenges for our scheduling module.

Keep up to date with the latest developments at the
IVS Working Group 7 “Observation of satellites using
VLBI” Wiki: http://auscope.phys.utas.
edu.au/opswiki/doku.php?id=wg7:home.
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Technical Challenges in VLBI Observations of GNSS Sources

McCallum J, Plank L, Hellerschmied A, B6hm J, Lovell J

Abstract We have conducted a series of VLBI satel-
lite tracking experiments using the Hobart (Tasmania)
and Ceduna (South Australia) antennas. In this contri-
bution we comment on some technical challenges that
had to be resolved for successful observation and corre-
lation and point out some other effects that were iden-
tified in the data. Some of the discussed items are con-
nected to existing procedures which are not optimised
for these observations, while others are more directly
connected to the different nature of satellite signals.
Certainly the findings suggest further modification in
observation and data processing, with improved results
to be expected.

Keywords Space tie, Co-location in space, VLBI
satellite tracking

1 Introduction

In geodetic VLBI we usually observe natural, far-field
broad-band radiation with low polarisation, emitted
from quasars at vast distances, at very low amplitudes
(typically about a few thousandths of the system noise).
The signals emitted from an artificial satellite on the
other hand are near-field, narrow-band and highly po-
larised, and in the case of GNSS, are dramatically
stronger. This generates many challenges in imple-

J. McCallum, L. Plank, J. Lovell
University of Tasmania, Private Bag 37, 7001, Hobart, Australia

A. Hellerschmied, J. Bohm
Technische Universitdt Wien, GuBBhausstraf3e 27-29, 1040, Vi-
enna, Austria

menting VLBI observations of GNSS satellites, and in
the data processing of such observations.

In this manuscript we report on some issues con-
nected to the series of single-baseline experiments per-
formed on the Australian Hobart-Ceduna baseline. The
interested reader is referred to Plank et al. (this vol-
ume) and Plank et al. (2016) for more details and back-
ground information about these experiments.

2 Results

2.1 Observations

The discussed experiments were performed using the
radio telescopes in Ceduna (30m) and Hobart (26m),
both operated by the University of Tasmania. Both
telescopes are equipped with L-band receivers, with a
nominal operating range between 1.2 and 1.7 GHz. The
slew speeds are relatively slow (40°/min in each axis)
with slow accelerations (0.03°/min? in each axis). In
the current observations, a 10 second repositioning in-
terval was used when tracking the spacecraft and this,
combined with the low acceleration of the drives, leads
to a largely continuous tracking. For the recording, DB-
BCs and MarkS5 recorders were used as a sampler and
recorder (and in the case of Hobart also a Mark4 rack
was used). The data were recorded in two linear polar-
isations. Having nominal antenna sensitivities of about
400 Jy for Hobart and 1600 Jy for Ceduna, no obvi-
ous signs of compression in the IF due to saturation
were found while tracking GNSS sources. The record-
ing was made with two-bit resolution, with dual linear
polarisations in four frequencies of 16 MHz bandwidth
each.
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2.2 Correlation

Correlation was done using DiFX (Deller et al., 2011),
with a combined VEX file and modified IM files for the
GNSS sources (see Plank et al. , this volume). After
determining the a priori clock model using the quasar
scans, the GNSS observations were thoroughly stud-
ied with varying time and spectral resolution. For the
creation of the final results we opted for 0.1 second in-
tegration time and 62.5 kHz channel width. This gives
256 channels over the 16 MHz bandwidth. The output
was then converted to the FITS and Mark4 format for
fringe-fitting and further analysis.

In Figure 1 typical signal spectra of three different
satellites are shown for L1 and L2.

L2 spectra L1 spectra

n
o

[e2)

[

o

Amplitude (correlation units)
=

Amplitude (correlation units)

0
1565 1570 1575 1580 1585
Frequency (MHz)

1215 1220 1225 1230 1235
Frequency (MHz)

Fig. 1 Typical signal spectra (autocorrelation) of three satellites.
The amplitudes are normalized using template spectra on the
quasar sources.

The signal in L1 is dominated by a clear peak of the
carrier, largely of consistent amplitude between differ-
ent GPS satellites. This is not the case for L2, where
we find significant differences in the transmitted sig-
nals of various satellites. The difference is linked to the
generation of the satellite. Older generation satellites,
such as PRN19 and PRNO2 transmit the unmodulated
L2 carrier while the newer generation, such as PRN12
transmits the L2C signal (Figure 1).

The cross-correlation spectrum of the data shows
continuous phase against frequency. The residual band-
pass phase shows some structure (Figure 2) and good
agreement between the quasar and satellite response.
While the extreme ends of the bandpass have essen-
tially no signal and highly variable phase these do not
contribute strongly towards the delay estimation. These
findings suggest bandpass calibration a viable tech-
nique for these observations, although this has not been
performed for this data set.

—— 1921-293

1570 1575

Frequency (MHz)

Fig. 2 Typical cross-correlation spectrum in L1, averaged over
one scan. The residual phase after delay calibration is shown.
One clearly sees a residual bandpass phase with good agreement
between the quasar and satellite response.

2.3 Fringe-fitting

To estimate total delays in the usual geodetic frame,
Sfourfit (part of the HOPS package) was used to estimate
single-band delays per IF. No multiband delay estima-
tion was attempted between the L2 and L1 bands of the
satellite, or for the quasar sources. The FRING task in
AIPS was also used to examine the data, which proved
particularly useful in examining effects at time resolu-
tions less than the 10 second scan time.

Figure 3 shows the output from fourfit after fitting
to a single 10 second scan. Note that while the peak
channels are dominant in fitting for the total delay, the
results are consistent with the fit to the broader car-
rier. The variable phase in the band edges is due to low
signal to noise at these frequencies. This is due to the
filters in the DBBC.

2.4 Gain variations

The visibilities show a large amplitude variation with a
period of two seconds. We have traced this back to an
effect of the automatic gain control (AGC) within the
DBBC, which struggled to maintain an optimal sam-
pling level in the presence of the very strong narrow-
band GPS signals. This varying gain causes a delay
‘noise’ with a peak-to-peak amplitude of almost 1 ns,
through the relative amplitude of the peak channels
with respect to the total bandwidth. These variations
are not present in the data recorded using the Mark4
system at Hobart, which uses fixed attenuation settings.
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Fig. 3 Fourfit fringe-fit outputs of a GPS scan in L1. The upper left panel shows the single-band delay resolution function while
the upper right shows the averaged amplitude and phase against frequency after applying the fitted delay and rate. The lower panel
shows the residual phase and amplitude against time, after applying the fitted delay and rate.

2.5 Tracking effect

At sub-integration times the effects of the stepwise
tracking are clearly apparent, both in amplitude and in
the estimated delay. The amplitude of these delay vari-
ations are typically between 40 and 400 ps (less than
those caused by the AGC issue), we assume that they
largely cancel out in the data when integrating over the
entire scan length of 10 seconds.

2.6 Polarisation

The signal emitted from the GPS satellites is strongly
circularly polarised (RCP), while the data were
recorded in dual linear polarisation. This signal should
be able to be reconstructed by applying proper polar-
isation calibration of the differential delay, gain and
the leakage terms per station. Unfortunately neither
Hobart nor Ceduna is currently well calibrated or well
suited to polarisation calibration. They have different
and unusual receiver mountings, are expected to have
moderately high leakage terms and potentially variable
gains. As a results, no polarisation combination has
been done so far. All results are from the XX correla-
tion product, though the same conclusions hold for the
other polarisation products. The differences between

the XX and YY product are at the level of 1-2 ns,
different for each observed satellite.

One alternative would be to use the quadrature hy-
brid feeds existent at both stations. However, they are
known to only work over a relatively small frequency
range and thus are not suitable for observing both the
L2 and L1 bands simultaneously.

3 Conclusions

Standard tools from geodetic quasar VLBI have been
adopted and used for VLBI satellite observations.
While a general process chain was successfully
developed and applied, thorough investigations of the
recorded signal in auto- and cross correlation revealed
some unforeseen effects. In addition, the application
of fringe fitting in AIPS has proven beneficial in order
to reveal some hidden effects of gain variations.

These investigations have enabled us to identify
several procedural modifications that we will apply to
future observations:

e The implementation of a proper continuous track-
ing mode instead of 10 second step wise tracking.
In a first step, applying a different update interval
(e.g. 9 seconds) may confirm whether the observed
effects are indeed caused by the step-wise tracking.



McCallum et al.

e 8-bit instead of 2-bit sampling. A higher resolution
in the sampling of the signal shall enable a better
capture of the varying amplitude, minimising the
effects on the measured delay that are observed in
the present data. The 8-bit mode is implemented in
the DBBC2, which our observatories are equipped
with at the moment.

o AGC usage. We suggest to use fixed attenuation set-
tings in the DBBC and disable active AGC during
recording (pulsar mode). The prominent 2 second
loop was not seen in the data when the Mark4 rack
was used in Hobart.

e Improve quasar observations. Due to a mismatch in
the recording mode no quasar signal was detected
in the two extra bands. Hence a bandwidth synthe-
sis for improved delay precision has not been suc-
cessful for the quasar scans.

e In improving the understanding of the residual
fringe delays and solving the remaining issues
with the polarisation, the final aim is a proper
combination of the L1 and L2 signals, in order to
generate an ionosphere free linear combination.

Following the observations described here, Aus-
tralian VLBI observations of GNSS satellites were
continued in December 2016, this time enlarging the
network with the 30 m radio telescope in Warkworth,
New Zealand (Petrov et al., 2015).
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Co-Location on the Ground and in Space

Kodet J, Schreiber U, Neidhardt A, Eckl J, Herold G, Kronschnabl G, Plétz C, Mahler S, Schiler T, Kllgel T,

Riepl S

Abstract The classical approach for co-locations of the
space geodetic instrumentation, namely SLR, VLBI,
GNSS and DORIS is to regularly measure local ties
between the reference points. At the Geodetic Obser-
vatory Wettzell (GOW) we reestablish the local ties ev-
ery other year, which do not show displacements larger
than Imm. However one can identify noticeable dis-
crepancies between the local survey the measurements
of the techniques of space geodesy. The cause are sys-
tematic measurement biases, which are not correlated
with the local ties measurements and are not captured
by the established calibrations techniques.To observe
near Earth objects like GNSS satellites using classical
geodetic VLBI network is a challenging task. Observ-
ing the same satellites using VLBI, SLR and GNSS
will greatly improve local ties because it provides a tie
both in space and on the ground. The ties can be further
improved by multi-technique ground targets, which are
concentrating the different measurement systems at a
single point on the observatory. The goal is to over-
come the problem that local ties monitor only geomet-
ric distances between the reference points of the in-
struments. Multi-technique ground targets use the same
signal originating from a common clock and the known
respective path delay for tying the instruments to a sin-
gle point of reference on the observatory. This provides
both, intra- and inter- technique comparisons and delay
control. The talk summaries the ongoing activities at
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the GO Wettzell leading to observe GNSS satellites by
the VLBI systems on a regular bases and outlines the
concept of the multi-technique ground target. Further-
more we show the first experimental results.

Keywords SLR, VLBI, GNSS, Calibration

1 Introduction

The combination of space geodetic techniques, e.g.
GNSS (Global Navigation Satellite System), SLR
(Satellite Laser Ranging), and VLBI (Very Long
Baseline Interferometry) is important in creation of
International Terrestrial Reference Frame (Altamimi
et al.,, 2011), geophysics and studding of new ob-
servations techniques. All the major measurement
techniques are providing very high measurement
precision, while precision still contains biases and
not calibrated delays. These measurement errors are
minimized in preprocessing process as parameter
estimation. However such a process does not often
represents physical origin of the biases.

In this context geodetic observatories includ-
ing more then one space geodetic technique are
very important, because we can measure geometric
distances between the reference points of different
space geodetic techniques. On the another hand this
characterization has disadvantage, because it doses
include only geometry and do not use the signal
origin of the measurement techniques. At Geodetic
Observatory Wettzell we are investigating local ties
on regular basis every second year. During last 30
years the reference points at the observatory do not

11
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show significant movements. However realization of
reference systems shows inconsistency between the
different space geodetic techniques.

2 Observing GNSS satellits

One possibility is to observe GNSS satellites with all
relevant techniques at the same time. In the path we
have modified Wettzell 20m radio telescope such a
way, that we can observe L1 GNSS signals using S/X
receiver. The biggest disadvantage of this modification
is a large attenuation of approximately 60 dB in S band
feed, which is compensated by large parabolic antenna
gain of 47 dBi. Such a large attenuation does not al-
low to observe GNSS satellites and quasars at the same
frequency. Additionally, one must consider large delay
dependency around GNSS frequencies, because the S
band feed attenuation is dropping very rapidly and one
can expect also large signal delay dependency.

The Wettzell North radio telescope is the first tele-
scope from TWIN, which was put in to a regular oper-
ation. Because of the feed and waveguide cut off fre-
quency is much higher then the GNSS L1 we use stan-
dard GNSS antenna connected to in house build VLBI
GNSS receiver, which mix down L1 and L2 signals to
IF band. The IF band is then recorded using standard
Mark5 VLBI system. The small baseline geometry is

Fig. 1 Geodetic Observatory Wettzell, 20m radio telescope
Wettzell is equipped with modified VLBI L1 receiver, which en-
ables observation of the GNSS L1 signals using S band feed.
Wettzell TWIN North telescope do not enable the same receiver
modification. Therefor we use GNSS antenna installed on the
roof of the VLBI building to observe satellites.

shown in Fig. 1. The GNSS antenna installed on the
roof of the VLBI building has retro-reflector in refer-

ence point, which was added in to a local ties measure-
ment.

Observation of the Glonass and GPS satellites were
tested in a series of experiments using local VLBI net-
work at Wettzell observatory. We found cross correla-
tion in all made experiment.

3 Multi-technique Ground Target

Another activity at Geodetic Observatory Wettzell is
the realization of new timing system, which will keep
all the important signal paths constant or the signal de-
layes can be measured and recorded. The future goal of
this activity is to keep time as a new and independent
tie between the different space geodetic techniques.
Closure measurements over several measurement sys-
tems using a clock as the origin and endpoint reveal
even small time delays thus going beyond the currently
applied calibration schemes.

For new closure calibration purposes, we have de-
signed a new Multi-technique Ground Target, which is
combining all relevant measurement techniques in to
a central reference point at the observatory. The target
is accessible to the local ground survey and its elec-
tronic will be synchronized to the new timing system.
The current prototype of the multi-technique target is
shown in Fig. 2. The target is installed on the top of the
5.5 meter tall tower near WLRS laser ranging station.
It provides a good visibility for both SLR systems and
all radio-telescopes.

The GNSS receiver on the target is used for moni-
toring of the target reference point. The GNSS solution
demonstrates the solid construction of the monument.
There is no significant target movement in the weekly
GNSS solutions, see Fig. 3.

The SLR reflector is mounted on a turnabl table
and integrated into SLR operations as a target for lo-
cal tie measurements and as an external calibrating tar-
get for both SLR stations. We have modified WLRS
SLR station such a way that we can use retro reflector
mounted on the Multi-technique Ground Target as an
external target and to range to this target in an eye save
mode. The second SLR station SOS-W uses a bistatic
mount with separated transmit and receive telescopes.
In such a system the calibration target is too close to
see it from both telescopes, therefor the transmit tele-
scope will be used for transmitting and receiving of the
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Fig. 2 The development version of multi-technique ground tar-
get. On top there is a GNSS antenna, the SLR retro reflector,
which will be used as a SLR calibration target and for local ties
measurement, is mounted below the GNSS antenna and at the
bottom there is a X-band antenna, which will be used for VLBI
calibration.

optical signal. In Fig. 4 is shown calibration delay to
Multi-technique Ground Target of SOS-W SLR station
compared to local ties measurement. One can see a dis-
crepancy between local ties measurement and SOS-W
calibration delay. The reason of the measurement bias
is under investigation.

The most challenging task is to establish the multi-
technique ground target for VLBI calibration purposes.
For that purpose we are using a small X-band antenna
to transmit a microwave frequency comb with 1 MHz
tone spacing. In Fig. 5 is shown experimental concept
with marked all important delays. The idea is to extract
phase (¢; and ¢,) of the comb transmitted from the
target. This phase carries information about the VLBI
range to the target. The VLBI instrumental delay is
measured using another microwave comb, which is in-
stalled in the VLBI technique and is standardly used
in the VLBI measurement. The target extracted phases
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Fig. 3 North and East components of weekly GNSS solutions
of the multi-technique ground target during the 13 weeks in the
year 2015 (start day 200).
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Fig. 4 Calibration delay to Multi-technique Ground Target of
SOS-W SLR station (dots) compared to local ties measurement
(solid line).

¢ and ¢, contain delay inside target microwave comb
generator, therefor in the first experiment it was possi-
ble to measure only phase difference between the tele-
scopes (@] — ¢). The experiment was further compli-
cated, because 20 m radio-telescope Wettzell was con-
nected to maser EFOS 18 and TWIN North was con-
nected to maser EFOS 60. We have estimated maser
time difference using TWOTT technique.

The resulting phase difference with distracted all
known delays is in Fig. 6. The telescope instrumen-
tal delays were monitored using radio-telescopes pCal
systems. The cable delay distributing reference fre-
quency for the pCal systems was monitored only in 20
m radio-telescope. In the graph in Fig. 6 the phase dif-
ference varies in range of & 2 mm with 2.8 ps rms.
The goal of this experiment is to run such measurement
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Fig. 5 Experimental setup of VLBI calibration.
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Fig. 6 The resulting calibration VLBI phase difference between
20 m and TWIN radio-telescopes Wettzell.

on everyday bases. This results can be further used for
mapping and understanding of the VLBI uncompen-
sated delays.

4 Conclusions

We are systematically working on improving the local
ties at the Geodetic Observatory Wettzell. Long-term
measurements of the geodetic markers at the station
(spanning more than 30 years) do not show signifi-
cant displacements. We are therefore focusing on the
co-location and comparison of the different geodetic
instruments among each other and across the various
techniques. A promising approach is the observation of
GNSS satellites using VLBI technique. We have mod-

ified VLBI radio-telescopes at Wettzell observatory to
be able to track the GNSS satellites.

Another approach is the use of a multi-technique
ground target for the calibration of all space geodetic
techniques. The goal is to establish one central geodetic
reference point for all the geodetic techniques and re-
late instrumental reference points to this common point
in order to capture measurement biases in the form of
time delays that otherwise would go unnoticed. In this
way the space geodetic techniques in conjunction with
a delay compensated clock distribution are used for the
monitoring of the local ties.
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Observing GNSS Satellites with VLBI on the Hobart-Ceduna

Baseline

Plank L, McCallum J, Hellerschmied A, Béhm J, Lovell J

Abstract We have conducted a series of VLBI satel-
lite tracking experiments using the Hobart (Tasmania)
and Ceduna (South Australia) antennas. We give an
overview of the newly developed process chain which
spans everything from scheduling, observing, correla-
tion and fringe fitting to a final geodetic analysis. The
aim was to keep as close as possible to standard geode-
tic VLBI operations: we use VEX-files for the obser-
vations, DiFX and fourfit for the correlation and fringe
fitting and VieVS for the analysis. Observations were
made in the L1 and L2 band, with GPS satellites as the
main targets as well as a few quasars for calibration. So
far, only results of L1 are used, applying a simple iono-
spheric delay correction based on GPS TEC maps. The
results are time series of up to six hours of total delays.
The procedures we have developed now allow routine
VLBI observations of GNSS satellites to be made. We
hope this will trigger future observations and trigger
further progress in this exciting area.

Keywords Space tie, Co-location in space, VLBI
satellite tracking, VieVS
1 Introduction

While VLBI satellite tracking has been around for a
few years now, observational data that can actually be

L. Plank, J. McCallum, J. Lovell
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used for analysis is sparse. The reasons for this are that
the observations themselves are complex to realise and
the standard processing chains are not yet ready to deal
with this novel type of data.

In the literature one finds simulation studies about
suitable satellite orbits for space tie satellites and a
matching telescope network for tracking, as well as
on the inclusion of such observations into standard
geodetic experiments (Plank, 2014; [Plank et al., 2014,
2016). Strategies to account for the effect of the iono-
sphere in L-band observations have also been devel-
oped (Mannel and Rothacher, 2016). In terms of ob-
servations, great efforts have been undertaken by re-
searchers at Onsala, Wettzell and Medicina (Tornatore
et al., 2014} Haas et al., 2014} [Hellerschmied et al.|
2014), mainly observing a single GLONASS satellite
over one hour duration. So far, the link between such
test observations and a final geodetic analysis (which
the simulation software is capable of doing) has been
missing.

Using recent developments of a complete satel-
lite scheduling tool (Hellerschmied et al., [this volume)
combined with the necessary experience in VLBI cor-
relation as well as with near-field delay models, a series
of test experiments were performed on the baseline be-
tween Ceduna and Hobart (approx. 1700 km). A num-
ber of new routines were developed in order to make
the standard VLBI procedures applicable to the satel-
lite observations. Once a working process chain had
been established, observations could be repeated and
modified to improve the data quality. Overall we would
like to emphasize the importance of serious test obser-
vations, demonstrate how they allowed us to identify
and resolve unforeseen issues, and comment on new
problems which will have to be addressed in the future.
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This manuscript is a brief summary of the experi-
ments and findings that are also the topic of a journal
paper that has been submitted to Journal of Geodesy.
The interested reader is referred to |Plank et al.| (2016)
for more details and background information.

2 Results

Starting and finishing with the Vienna VLBI Software
(VieVS, [Bohm et al.|[2012), a complete process chain
was developed (Figure[I)): from the scheduling tool and
the implementation in the field system for observing, to
the correlation process using a near-field delay model
and generating total delays which can then again be
used in VieVS for a geodetic analysis. Wherever pos-
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Fig. 1 The developed process chain in four steps: scheduling,
observation, correlation, and analysis.

sible we use the standard procedures that are regularly
applied in geodetic VLBI.

2.1 Scheduling

For the scheduling, the satellite scheduling module of
VieVS has been used (Hellerschmied et al.| 2015). It
creates VEX files which can be loaded at the stations
using the NASA Field System and automatically oper-
ate the telescopes and manage the recording during the
observation. The target’s position is input via publicly
accessible two line element (TLE) orbit information.
For the experiments discussed we use the telescopes
in Hobart (26m, Tasmania) and Ceduna (30m, South
Australia), both equipped with L-band receivers. In or-
der to follow the satellites on their track through the
sky, the topocentric right ascension and declination of
the satellite was calculated with an update interval of
10 seconds. This means one gets a different VEX file
for each of the tracking stations.

The scheduler further produces a combined VEX
file, which is later used for correlation. A third format
is the VSO file, which is the newly developed standard
input for near-field targets in VieVS. It is used to create
the a priori delay model as well as for the final geodetic
analysis.

In the course of these experiments, an automated
scheduling tool was developed and applied to sched-
ule the whole session of six hours duration. At regular
intervals (every 50 minutes) a block of quasar obser-
vations was scheduled, applying standard optimisation
criteria for sky coverage etc. For each experiment a set
of about five GPS satellites was selected, which were
then re-observed regularly during the whole session of
up to six hours. This has proven beneficial for assessing
the quality of the a priori model. For the GNSS targets,
fixed scan durations of five minutes were chosen.

2.2 Observations

The aim of the observations was to record the satellite
signal both in the L1 and L2 band, as well as to add
additional bands for the quasars in order to allow for
bandwidth synthesis. Testing several setups in the ini-
tial experiments (also observing GLONASS satellites),
the final mode was chosen to use eight intermediate
frequency (IF) channels of 16 MHz bandwidth each.
We used two-bit sampling and recorded in dual linear
polarisations. This gives two channels each for L1 and
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L2 and four channels for the quasar only, in total four
frequency bands with dual polarisation.

For the tracking itself the station checks (e.g. preob)
were held to a minimum in order to be able to keep
up with the 10 second relocation interval. At the start
of each scan, the telescope was put into position one
minute before the satellite came in to the beam. This
allowed the automatic gain control (AGC) to smoothly
adjust the power levels and at first sight no additional
attenuation was necessary. During a five minute scan
data were recorded continuously. For a session of six
hours duration about 1 TB of data was recorded per
station.

The fact that the satellite signal is vastly stronger
than a quasar signal turned out beneficial in checking
and adjusting the tracking procedures. By connecting
a spectrum analyser to the telescope back-end, the in-
coming signal can be monitored live during the obser-
vation (Figure[2).

15/06/15 02:15 M-
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Spectrum
Ref: -5.0 dBm RBW: 1 MHz
VBW: 3 MHz
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Fig. 2 Live L1 GPS signal as seen on the spectrum analyser dur-
ing the observation. The carrier signal with its peak at 1575 MHz
as well as the side lobes are clearly visible.

2.3 Correlation

The data of the experiments were correlated using the
DiFX software correlator (Deller et al.,|2011)). For con-
figuration the combined VEX file was used. This is es-
sentially the merger of the individual station-dependent
VEX files, with the $SOURCE block having the infor-
mation of the target position as seen from one telescope
(topocentric right ascension and declination). Using
this VEX file to run through DiFX’s vex2difx and cal-

cif2 processes, first the input model (IM) files were
created using the standard (quasar) model in Calc. In
a next step, this erroneous delay model was replaced
with a near-field model created in VieVS. There the
satellite positions are read in from IGS orbit files in
sp3-format. For correlation the rapid orbit product is
sufficient.

Prior to correlation of the satellite scans the clock
model was determined using the quasar data. The AIPS
package (which is widely used in astronomical VLBI)
was used for detailed studies of the auto- and cross cor-
relation products and the residual fringe delays at high
spectral and temporal resolution. In order to get the
standard (geodetic) output we used fourfit of the HOPS
package for fringe fitting in single-band mode. This has
the advantage that we get total delays (a priori model
plus residual delays) in the geodetic sense, referenced
to reception at the first station at integer seconds.

As both stations recorded dual linear polarisation,
we obtain four polarisation products for each frequency
band. The generation of a combined polarisation prod-
uct has not been successful so far (see [McCallum et al.,
this volume)). We also find worse results for the L2 band
data, suggesting a combination of L1 and L2 data in
order to account for ionospheric effects not feasible so
far.

2.4 Analysis

The main product is a six-hour time series of total de-
lays to a handful of GPS satellites. This data-set can
then be used as input for the analysis software, in our
case VieVS. While single-baseline observations are not
sufficient yet to achieve geodetically useful results, the
data are certainly well suited for testing and develop-
ment of the analysis tools.

An initial check of the data can be done by compar-
ing the observed with the computed delays, as for ex-
ample done in Figure [3] For most of the five satellites
the residuals show a systematic behavior, revealing in-
sufficient modeling. It is also evident that there is good
consistency between the individual ten-second results
within a five minute scan for some of the satellites (red,
pink, black), while others show rapid changes (green
and blue). We think that this is due to the unresolved
issues with the polarisation.
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Overall one finds residuals within 8 ns or 2.5 m.
On closer inspection, an elevation dependency can be
identified, showing larger residuals for lower eleva-
tions. This is a strong indication that the residual delays
are due to atmospheric propagation. When correcting
for an ionospheric effect, which was calculated using
global maps of the total electron content (TEC) pro-
vided by the IGS, the level of residuals decreases to
about 4 ns or 1.2 m.

observed minus computed

ot ®
- é‘
22| ¢ A .
= | ne 0¥ 'fi Y
4t
: )
6 A A A
18 20 20

t [hours of May 10 UT]

Fig. 3 Observed minus computed for a six-hour session in May
2016. Residuals for each satellite are color- and symbol coded.

These residual delays can subsequently be used in
a least squares adjustment for the estimation of geode-
tic parameters. While the software (VieVS) would be
ready to do so, the data does not have the quality yet
(single baseline, only six hours, unresolved issues with
the polarisation etc.) to give meaningful results.

3 Conclusions

The work described realises VLBI tracking of GNSS
satellites from scheduling to analysis. The observations
are unique in providing a time series of total delays
over a session of six hours duration.

Performing this set of observing sessions showed
that many more things need to be considered for this
novel type of observations. Yet it also taught us which
standard programs can be easily adjusted and which
will need to be rewritten from scratch.

The authors hereby invite all interested col-
leagues to work with the data themselves and

share their findings. Access to the data and
information on comparisons is provided at
http://auscope.phys.utas.edu.au/
opswiki/doku.php?id=wg7:home.
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Near-Field VLBI Delay Models

Jaron F, Halsig S, Iddink A, Nothnagel A, Plank L

Abstract Reliable VLBI delay models are essential for
geodetic applications. Near-field targets make it neces-
sary for delay models to take curvature of the wave-
fronts into consideration. We have implemented two
finite-distance delay models (Sekido & Fukushima,
2006; Duev et al., 2012) in the VLBI analysis software
ivg::ASCOT. VLBI observations of GPS satellites and
the lunar lander Chang’e 3 enable us to compare com-
puted delays with observed delays. We introduce the
concepts behind these two delay models and present
our results.

Keywords VLBI near-field models, geodetic VLBI,
ivg::ASCOT

1 Introduction

VLBI observations of near-field targets make it nec-
essary to take into consideration the curvature of the
wavefronts. In particular, the assumption of planar
wavefronts is no longer valid for the modeling of the
VLBI delay.

Figure 1 gives a schematic overview of the post-
correlation VLBI analysis steps. The fundamental ob-
servable is the group delay, which is the result of fringe
fitting of the correlator output and which has to be
corrected for atmospheric and instrumental effects to
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Fig. 1 Post-correlation VLBI analysis steps.

obtain the corrected observable. A priori knowledge
about station coordinates and source positions is com-
bined to model the VLBI delay. The difference be-
tween the corrected observed (O) and the computed (C)
delay, O — C, serves as the right-hand side of a normal
equation system, which is finally used to determine the
parameters of interest in a least squares fit.

The usual geodetic VLBI experiment consists in
observing a quasar located at a distance so far away
from the observer that the wavefronts can be consid-
ered planar upon their arrival at the telescopes (see
Fig. 2, which appears as Fig. 1 in Sovers et al. 1998).
The geometric delay 7 is then proportional to first or-
der to the scalar product between the source unit vector
k and the baseline vector b,

T k-b. (1)
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Fig. 2 Schematic diagram of a standard VLBI experiment. A dis-
tant quasar is observed, the wavefronts can be considered planar.
Figure 1 in Sovers et al. (1998).

However, this assumption of planar wavefronts is not
valid anymore in the case of near-field targets, which is
why special near-field models are needed.

In Sect. 2 we present the concepts behind the two
near-field VLBI delay models by Sekido & Fukushima
(2006) (SFO6 hereafter) and Duev et al. (2012) (D+12
hereafter). We implemented both of these algorithms
into the VLBI analysis software ivg::ASCOT !, and in
Sect. 4 we present our results in comparison to obser-
vational data. We give our conclusions in Sect. 5.

2 Models

In this section we give a short explanation of the two
near-field VLBI delay models by SF06 and D+12. For

"http://ascot.geod.uni-bonn.de

further details the reader is referred to the original pa-
pers.

2.1 Sekido & Fukushima (2006)

Fig. 3 Geometry of a VLBI observation of a near-field target.
In the SFO6 model, the pseudo source vector K points from the
middle of the baseline into the direction of the source and plays a
fundamental role in the computation of the VLBI delay. Figure 1
in SF06.

The geometry of a VLBI observation of a near-field
target is shown in Fig. 3 (Fig. 1 in SF06), where all
vectors are given in the barycentric reference system
(BCRS) and times are given in the barycentric dynam-
ical time (TBD). A radio source in the near-field (de-
noted by S in Fig. 3) emits a radio signal at time 7; and
position X. The signal is received at station 1 (P in the
figure) at time 7; and station coordinates 5(1. After a
certain delay it arrives at station 2, i.e., at 7 and f(z.

The principle idea of SF06 is to construct a pseudo
source vector K, which points from the middle of the
baseline B into the direction of Xy, i.e., the position of
the source at time 7y. However, time and position of
the emission of the signal are not known a priori and
have to be determined first by solving the light-time
equation,
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Xo(To) — Xe(Th) —Rie(Th)|

To=T —

—ATg 01,
) o))
Ty signal emission time,
T; signal reception time at station 1,
Xo(Ty) source position at T,
Xg(T1) Earth barycenter,
R;g(T1) vector from Earth barycenter to station 1,
¢ speed of light,
AT, 01 gravitational delay.
Equation (2) states that the time T, of emission of the
signal, is obtained by subtracting from the time 7}, of
reception of the signal at station 1, the time it takes
the signal to travel from the source to receiver 1. This
equation has to be solved numerically, and we use the
Newton-Raphson method as proposed by SF06.
Once the light-time equation has been solved, the
pseudo-source vector can be constructed,

def M
K= R+ Ra(T) @
with
Rl(~) Xo(T; ( ) XI(TI)
= Xo(Ty) — Xe(T1) —Ri(Th). 4)

The delay is then given by

2
Kb 2Wg  VE2VEV2 VE ‘b RyVo  (VE+2v) K
_T<1_7_T - I+ =72 == |+ ATray

<1+“2V’><1+H) ’
(%)

K pseudo source vector,
b baseline vector,
Wr gravitational potential,
V, coordinate velocity of object i in the TDB
frame,
v, coordinate velocity of station 2 in GCRS,
ATy gravitational delay,
¢ speed of light,
R, =Ry/ Rz,
H= % X ﬁ
The use of the pseudo source vector K makes the for-

mula look similar to the conventional far-field delay
model (IERS Conventions, 2010),

¢ VZ42VE-
_kb (17%715+72EV2>7VE" <1+RVE>+ATgraV

k(VE+vy)
c

gRb second order correction term.

1+
(6)

2.2 Duev et al. (2012)

n-th Gravitating

Body Spacecraft
. ) (Tnz xo)
Solar
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Fig. 4 Geometry of a VLBI observation of a near-field source.
In case of the D+12 model the delay is obtained by solving the
light-time equation twice, i.e., once for each signal propagation
path (denoted by LT1 and LT2). Figure 2 in D+12.

Figure 4 (Fig. 2 in D+12) shows the geometry of a
VLBI observation of a near-field source. The principle
of the D+12 delay model is to solve the light-time equa-
tion (2) for each of the two signal propagation paths
from the source to receiver 1 (denoted by LT1 in Fig. 4)
and to receiver 2 (LT2).

The difference between the so obtained light travel
times 77 and 75 has then to be transformed from TBD
to TT, in order to obtain the VLBI delay,

2 1
-4 008)] - 39) (1 250)

(N
Le = 1.480826867411078, 1 — L & (41€G),
¢ speed of light,
Ug gravitational potential,
Vg velocity of the Earth,
i, ¢c station 2 GCRS velocity,
b baseline vector.

_ (T2-T1
T= ( 1-L¢

3 Observations

On August 24, 2015, four GPS satellites (PRN02, 12,
24, 25) were observed on the baseline Hobart-Ceduna.
Details about these observations can be found in
Hellerschmied et al. (2016) and Plank et al. (submit-
ted), and about GNSS observations on the baseline
Hobart-Ceduna in general in Plank et al. (this volume)
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Fig. 5 Observed minus computed VLBI delays (O — C) obtained
with our implementations of the here presented near-field delay
models. Top: SFO6 model. Middle: D+12 model. Bottom: Dif-
ference between the results for the two models.

The results that we obtain for the observations of
the four GPS satellites are presented in Fig. 5. The
top panel shows the results for SF06, and the mid-
dle panel for D+12. The results are so similar that the
plots look identical at first glance. In particular, both
share the overall constant offset of ~ 10.3 us. In addi-
tion to that, every GPS satellite has its individual sys-
tematic trend. In particular, satellite PRN2S is offset to

the other satellites by ~ 50 ns. PRN12 presents a large
scatter at 13:12 UTC.

In order to investigate the differences between the
results obtained with our implementation the models
we plot the differences

TObserved — TSekido — (TObserved - TDuev) = TDuev — TSekido-

(®)
The bottom panel of Fig. 5 shows that the difference
between the two models is varying between +50 ps.
Again, these variations in difference present systematic
trends for the individual satellites.

5 Conclusions

Near-field targets require near-field VLBI delay mod-
els, because the assumption of planar wavefronts is not
applicable to these sources. Here is a summary of the
features of the two models presented in Sect. 2.

The principle of the SFO6 model is to construct
a pseudo source vector in order to obtain a formula
(Eq. 5) which resembles that of the conventional far-
field delay (IERS Conventions, 2010). This feature
may become useful in the context of delay-referencing
by alternate observations of quasars and near-field tar-
gets. For the SFO6 model the light-time equation has to
be solved only once, and abberational effects are taken
into account in the final delay formula (Eq. 5).

The D+12 model solves the light-time equation
twice and transforms the resulting signal travel time
difference from barycentric dynamic time to terrestial
time. By explicitely computing both signal propagation
paths aberration is taken into account during this step.
However, numerically solving the light-time equation
twice also means approximatly twice the computation
time when compared to the SFO6 model. A future in-
vestigation could include a comparison of the two mod-
els with respect to computation time.

We have implemented in ivg::ASCOT both the
SF06 and the D+12 model. Here we present our con-
clusions from our experience with the performance of
our implementations of these models. We have tested
these two algorithms by investigating the difference
between the observed and computed VLBI delays
(O — 0), a quantity which is essential for the final
estimation of the parameters of interest.
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In the case of the VLBI observations of four GPS
satellites on the baseline Hobart-Ceduna (Heller-
schmied et al., 2016; Plank et al., submitted), we find
that there are well discernible systematic trends in
the order of ~ 100ns (top panel of Fig. 5). There are
both systematics within each observed satellite, but
also between the satellites, in particular PRN25 has a
large offset compared to the other satellites. A search
for a dependency of these observed sytematics on the
elevation of the telescopes, the distance and velocity
of the sources remained elusive. Further investigation
is necessary in order to determine the origin of these
systematic effects.

We find that the two models are consistent to about
450 ps in case of observations to GPS satellites, which
have an altitude of ~ 20000km. The differences be-
tween the two models are clearly systematic. Further
investigation is needed to clarify under which condi-
tions one model may be preferred over the other.
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Implementation of VLBI Near-Field Delay Models in the c5++

Analysis Software

Klopotek G, Hobiger T, Haas R

Abstract We describe the implementation of two near-
field delay models in the c5++ analysis software. The
motivation for this work is to allow the calculation of
a priori delay information for the correlation of VLBI
raw observations of near-field targets and to prepare for
the analysis of VLBI data of near-field objects. The
software is tested by correlating VLBI observations
of the Chinese Chang’E lunar lander on the Onsala—
Wettzell baseline.

Keywords VLBI near-field models, geodetic VLBI,
Chang’E-3, Moon, c5++

1 Introduction

During recent years, the geodetic VLBI community
has become more and more interested in VLBI obser-
vations of objects located at a finite distance. One of
the main drivers for an increasing interest in this topic
are ideas of future co-location satellites that will be
equipped with VLBI transmitters together with other
space geodetic equipment, including GNSS receivers
and Satellite Laser Ranging (SLR) reflectors. It is ex-
pected that such co-location satellites could be used to
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improve the International Terrestrial Reference Frame
(ITRF). However, so far only a single prototype satel-
lite exists and only a few experimental test sessions
have been performed. Other near-field objects tracked
with VLBI during the last years are GNSS satellites
which were observed with regional VLBI networks in
Europe, Australia and Asia on an experimental basis
(Tornatore et al., 2014). Missions to other planets in
the solar system and the Moon have been also areas of
interest for utilization of VLBI observations (Lebreton
et al., 2005; Kikuchi et al., 2009; Jones et al., 2015).

In late 2013 a robotic lander and a rover was
deployed to the surface of the Moon within the
Chang’E-3 (CE-3) mission of the Chinese Lunar
Exploration Program (CLEP). The main scientific
goal of this project was to examine the geological
structure of the Moon and observe celestial bodies in
the visible/near-infrared spectrum (Li et al., 2015).
First European observations of the CE-3 signals with
geodetic VLBI telescopes were performed in April
2014 on the Onsala—Wettzell baseline. Following
these, an observational program was proposed to the
IVS Program Committee to regularly observe the lunar
lander with a global network of IVS stations (Behrend,
2013). Four OCEL-sessions (Observing the Chang’E
Lander with VLBI) each year were granted by the IVS
in 2014, 2015 and 2016.

An object is considered to be at a finite space
“near-field”) if the distance between the source and
a pair of telescopes creating a baseline is signifi-
cantly smaller than the ratio of the squared baseline
length divided by the observed wavelength (Born
and Wolf, 1970). For these situations the commonly
used plane-wave approximation is no longer valid
and so-called "near-field models” have to be used for
the data correlation as well as data analysis. Practical
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approaches for the computation of VLBI near-field
delays can be found e.g. in Moyer (2000), Klioner
(2003), Sekido and Fukushima (2006) or Duev et al.
(2012). However, there is a lack of comprehensive
comparison of these models, in particular the latter
two approaches which are used in VLBI spacecraft
tracking. Therefore, we present their brief comparison
using delays from both approaches computed in the
c5++ analysis software (Hobiger et al., 2010) for the
target source located on the surface of the Moon.
Moreover, we use the two aforementioned models for
correlation of observations of the Chang’E-3 lander
carried out in April 2014 during a test experiment at
the Onsala Space Observatory and at the Geodetic
Observatory Wettzell. In addition, we highlight the
role of the c5++ analysis software in the processing
pipeline of lunar VLBI data with the main aim of
obtaining multi-band group delay observables. Finally,
we formulate the outlook concerning observations to
artificial radio sources on the Moon through the use of
the VLBI technique.

2 Method & Data

First European test observations to the Chang’E-3 lan-
der were carried out on April 8, 2014, at the Onsala
Space Observatory and at the Geodetic Observatory
Wettzell. The test session LUN04b consisted of 2 hours
of lunar observations with scans of 15 second length
when observing the lunar lander signal. Three blocks
of observations to natural radio sources were included
in the schedule, using a frequency setup with four S-
and X-band channels each of 8 MHz bandwidth. For
the lunar lander observations, the strong X-band sig-
nal of the Chang’E communication channel was ob-
served, also with 8 MHz bandwidth. In this test session
no DOR-tones were observed.

Data gathered during this experiment were corre-
lated at the Onsala Space Observatory using the DiFX
software (Deller et al., 2007). A simplified flowchart of
the processing pipeline used in this study is depicted in
Fig. 1. Manually created VLBI experiment (VEX) files
were used to produce inputs to the mpifxcorr utility.
After correlation, the resulting DiFX output files were
converted to Mark4 format so that the Fourfit program
could be used for fringe fitting.

Theoretical VLBI delays can be computed by de-
fault in the DiFX environment with the calcif tool that
produces so-called "IM” (interferometer model) files
containing VLBI delays expressed in polynomial form.
However, calcif only includes a VLBI far-field models
and thus is not suitable for lunar observations. Instead
the difxcalc tool could be used, since it also includes
VLBI near-field models. An alternative approach fol-
lowed in this study is to use c5++ to replace the far-
field model delays by near-field model delays.

For the LUNO4b experiment data correlation was
carried out using theoretical delays from the c5++
analysis software. This program is mainly utilized in
the analysis of VLBI, SLR and GNSS data (Hobiger
et al., 2014, 2015). However, a recently developed
module was used to include a priori VLBI near-field
delays into correlation process of this session. This
was achieved by replacing the default delay poly-
nomials in the IM files by those computed from the
c5++ software which can provide near-field delays in
accordance to the models described by Sekido and
Fukushima (2006) and Duev et al. (2012). In c5++,
VLBI delays or delay polynomials of a given degree
can be computed using the spacecraft state vector in
the body-fixed reference frame of a planet or the Moon
(Archinal et al., 2011). The latter requires information
from JPL’s ephemeris files (Folkner et al., 2009). In
case of satellites, NASA/NORAD Two-Line Elements
(TLE) data or Multi-GNSS Experiment (MGEX) orbit
products can be used to calculate position of objects
either in ITRF or ICRF.

The aforementioned analysis software supports
transformation of object’s state vectors and reference
points of telescopes to the Barycentric Celestial Ref-
erence System (BCRS) in which computed difference
of reception times at both stations is expressed in
the barycentric dynamical time (TDB) (Sekido and
Fukushima, 2006). The conversion of the computed
delays to the time-scale at observing stations is also
supported in the c5++ software.

Delay differences between the near-field models
described in Sekido and Fukushima (2006) and Duev
et al. (2012) during a period of 30 days for an object
located on the lunar surface are presented in Fig. 2.

For short baselines such as ONSALA60-
WETTZELL, the delay differences show a variation
on the level of tens of picoseconds, see Fig. 2 . This
level of disagreement tends to scale with the increasing
distance between VLBI stations.
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Fig. 1 Simplified schematics of the VLBI data correlation with DiFX using the common processing chain supplemented by the
c5++ analysis software. After the DiFX processing is finished, the program Fourfit program can be used for fringe-fitting.
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Fig. 2 Delay differences for a period of 30 days computed with
the c5++ analysis software for a stationary object located on
the Moon (44.12 N, 19.51 W) using the models of Sekido and
Fukushima (2006) and Duev et al. (2012). No technique-specific,
atmospheric nor tidal effects contributing to the VLBI delays
have been considered here.

For intercontinental baselines such as KOKEE-
NYALES20 the delay differences reach up to hundreds
of picoseconds at several epochs during the consid-
ered period. Conclusions on the origin of such large
discrepancies and pattern cannot be made at this stage
and further investigations are needed, both in terms of
baseline length and configuration as well as distance
and type of the tracked source.

3 Results

Correlation of VLBI observations of the communica-
tion channel of the Chang’E lunar lander using the

processing chain presented in Fig. 1 was carried out
for session LUNO4b twice, each time applying a dif-
ferent near-field delay model. Results from the fringe-
fitting with Mk4/DiFX Fourfit for a single scan on
the ONSALA60-WETTZELL baseline are shown in
Fig. 3

Almost identical single band delay values were ob-
tained in the two runs. The difference between the es-
timated single band delays is a few ps. The signal to
noise (SNR) as well as the mean amplitude values of
the cross-correlated signal are almost identical. A slope
of the correlator phase and amplitude w.r.t. time for a
single reference frequency of 8491.98 MHz is not seen
on the plot.

4 Conclusions and Outlook

In this study we compare a priori VLBI delays for
the target source on the Moon that were computed
using two near-field models commonly used in VLBI
spacecraft tracking. In addition, we present results
of data correlation from the test observations of
the Chang’E-3 lander located on the surface of the
Moon. We also describe the role of the c5++ analysis
software in correlation of VLBI data. Near-field delays
calculated in c5++ for the source on the Moon using
approaches described in Duev et al. (2012) and Sekido
and Fukushima (2006) differ at the level of tens of
picoseconds for the shorter baselines (< 2000 km).
However, this fact did not affect the obtained de-
lays on the ONSALA60-WETTZELL baseline in
a significant manner. Differences between delays
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Fig. 3 Fringe-fitting results for the X-band carried out in the Mk4/DiFX Fourfit ver. 3.11 using VLBI near-field models described
in Duev et al. (2012) (left) and Sekido and Fukushima (2006) (right) on the ONSALA60-WETTZELL baseline. A priori delay
polynomials for the DiFX correlation were determined with the c5++ analysis software and then fed into IM files for DiFX.

from both models tend to scale with the distance
between stations and they can reach up to 300 ps at
some epochs on intercontinental baselines such as
TSUKUB32-WESTFORD. This needs to be investi-
gated in the future. Moreover, the correlation of lunar
observations on intercontinental baselines using these
two theoretical models could also be beneficial for
such a comparison.

No major problems related to the correlation and
fringe-fitting processes have been identified. The
high SNR and amplitude values obtained on the
ONSALA60-WETTZELL baseline indicate that the
observation time of the Chang’E-3 lander could be
decreased in this case in order to schedule more lunar
observations within the same session.

Incorporation of the c5++ analysis software into
the data correlation chain described here allowed us to
identify numerical issues, correct bugs concerning cal-
culation of VLBI delays in a finite space and develop
a module capable of processing of IM files used in the
DiFX software.

Our results can provide new insights into the corre-
lation of lunar observations from previous, recent and
future lunar exploration missions. Further work related
to the observation of radio transmitters on the Moon is
considered in order to validate the two VLBI near-field
models within the c5++ environment. It is also planned
to carry out simulations concerning determination of

the position of an object on the lunar surface through
the use of geodetic VLBI. Furthermore, we will also
study optimized observation schedules dedicated for
lunar observations and the potential impact of those
observations on estimation of Moon and Earth-based
parameters. This is thought to enable geodetic VLBI
to observe and monitor artificial radio sources on the
surface of the Moon.

5 Acknowledgments

The authors would like to thank Dmitry Duev for his
feedback concerning VLBI near-field model, as well
as Alexander Neidhardt from the Technical University
of Munich for providing data from lunar observations
carried out at the Geodetic Observatory Wettzell.

References

Archinal, B.A., A’Hearn, ML.E., Bowell, E., Conrad, A., Con-
solmagno, G.J., Courtin, R., Fukushima, T., Hestroffer, D.,
Hilton, J.L., Krasinsky, G.A., Neumann, G., Oberst, J.,
Seidelmann, PK., Stooke, P., Tholen, D.J., Thomas, P.C.,
Williams, I.P., 2011. Report of the IAU Working Group on
Cartographic Coordinates and Rotational Elements: 2009.



Near-Field models in c5++

33

Celestial Mechanics and Dynamical Astronomy 109, 101-
135. doi:10.1007/s10569-010-9320-4.

Behrend, D., 2013. Data Handling within the International
VLBI Service. Data Science Journal 12, WDS81-WDS84.
doi:10.2481/dsj.WDS-011.

Born, M., Wolf, E., 1970. Principles of Optics. Fourth ed., Perg-
amon Press Inc., Bath, Great Britain.

Deller, A.T., Tingay, S., Bailes, M., West, C., 2007. DiFX: A
Software Correlator for Very Long Baseline Interferometry
Using Multi-processor Computing Environments. Publica-
tions of the Astronomical Society of the Pacific 119, 318-
336. doi:dx.doi.org/10.1086/513572.

Duev, D.A., Calves, Molera, G., Pogrebenko, S.V., Gurvits,
L.I, Cimo, G., Bahamon, T.B., 2012. Spacecraft VLBI
and doppler tracking: algorithms and implementation. As-
tronomy & Astrophysics 541, A43. doi:10.1051/
0004-6361/201218885.

Folkner, WM., Williams, J.G., Boggs, D.H., 2009. The Planetary
and Lunar Ephemeris DE 421. IPN Progress Report 42-178.

Hobiger, T., Otsubo, T., Sekido, M., 2014. Observation
level combination of SLR and VLBI with c5++: A case
study for TIGO. Advances in Space Research 53, 119
—129. doithttp://dx.doi.org/10.1016/7j.asr.
2013.10.004.

Hobiger, T., Otsubo, T., Sekido, M., Gotoh, T., Kubooka, T.,
Takiguchi, H., 2010. Fully automated VLBI analysis with
c5++ for ultra rapid determination of UT1. Earth Planets
Space 62,933-937. doi:10.5047/eps.2010.11.008.

Hobiger, T., Rieck, C., Haas, R., Koyama, Y., 2015. Combin-
ing GPS and VLBI for inter-continental frequency transfer.
Metrologia 52, 251. doi:10.1088/0026-1394/52/2/
251.

Jones, D.L., Folkner, W.M., Jacobson, R.A., Jacobs, C.S.,
Dhawan, V., Romney, J., Fomalont, E., 2015. Astrom-
etry of Cassini With the VLBA to Improve the Saturn
Ephemeris. Astronomical Journal 149, 28. doi:10.1088/
0004-6256/149/1/28.

Kikuchi, F.,, Liu, Q., Hanada, H., Kawano, N., Matsumoto, K.,
Iwata, T., Goossens, S.J., Asari, K., Ishihara, Y., Tsuruta,
S., Ishikawa, T., Noda, H., Namiki, N., Petrova, N., Harada,
Y., Ping, J., Sasaki, S., 2009. Picosecond accuracy VLBI
of the two subsatellites of SELENE (KAGUYA) using mul-
tifrequency and same beam methods. Radio Science 44.
d0i:10.1029/2008RS003997.

Klioner, S.A., 2003. A Practical Relativistic Model for Microarc-
second Astrometry in Space. The Astronomical Journal 125,
1580. doi:10.1086/367593.

Lebreton, J.P., Witasse, O., Sollazzo, C., Blancquaert, T., Couzin,
P., Schipper, A.M., Jones, J.B., Matson, D.L., Gurvits, L.I.,
Atkinson, D.H., Kazeminejad, B., Perez-Ayucar, M., 2005.
An overview of the descent and landing of the Huygens
probe on Titan. Nature 438, 758-764. doi:10.1038/
nature04347.

Li, C., Liu, J., Ren, X., Zuo, W., Tan, X., Wen, W., Li, H.,, Mu, L.,
Su, Y., Zhang, H., Yan, J., Ouyang, Z., 2015. The Chang’e 3
Mission Overview. Space Science Reviews 190, 85-101.
d0i:10.1007/s11214-014-0134-17.

Moyer, T.D., 2000. Formulation for Observed and Computed
Values of Deep Space Network Data Types for Navigation.
JPL Deep-Space Communications and Navigation Series.

Sekido, M., Fukushima, T., 2006. A VLBI Delay Model for Ra-
dio Sources at a Finite Distance. Journal of Geodesy 80,
137-149. doi:10.1007/s00190-006-0035-y.

Tornatore, V., Haas, R., Casey, S., Duev, D., Pogrebenko, S.V.,,
Calvés, G.M., 2014. Direct VLBI Observations of Global
Navigation Satellite System Signals, in: Rizos, C., Willis, P.
(Eds.), Earth on the Edge: Science for a Sustainable Planet:
Proceedings of the IAG General Assembly, Springer Berlin
Heidelberg, Berlin, Heidelberg. pp. 247-252. doi:10.
1007/978-3-642-37222-3_32.






Research and Analysis of Lunar Radio Measurements of the

Chang’E-3 Lander

Tang G, Nothnagel A, Haas R, Neidhardt A, Schiler T, Zhang Q, Cao J, Han S, Ren T, Chen L, Sun J, Wang M,

Lu W, Zhang Z, La Porta L

Abstract The China Chang’E-3 successfully landed
softly on the lunar surface on December 14, 2013, the
lander was equipped with X-band DOR transponder,
which could be an ideal VLBI beacon on the moon.
The Lunar Radio Measurements (LRM), including the
ranging, Doppler, carrier phase, VLBI delay and delay
rate can be acquired from ground TT&C antennas
and VLBI antennas, which will greatly contribute
to space geodesy than LLR that only provides the
ranging observation. Since 2014, OCEL(Observing the
Chang’E-3 Lander with VLBI) project has been con-
ducting jointly by IVS and BACC(Beijing Aerospace
Control Center), a global IVS R&D network aug-
mented with two China Deep Space Stations was
configured for Chang’E-3 lander observation. In this
paper, the progress and preliminary analysis results
based on the experimental data with MEKAS (Moon
Earth Kinematical Analysis Software) is presented.
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1 Introduction

In the 1970s, the Apollo era, a program of ALSEP-
Quasar VLBI has been carried out for the first time
(Slade et al, 1977). Nearly 40 years later, the successful
deployment of the Chang’E-3 lander on the moon with
its X-band transponder has opened a new window for
VLBI observations of the moon(Tang et al, 2014). The
VLBI observations of the moon provide a direct op-
portunity to tie the Extragalactic-planetary frame and
wide distribution of IVS station provides a new chance
to break through the limitations that Lunar Laser Rang-
ing (LLR) confronted. As LLR in some sense is in-
dependent of International Celestial Reference Frame
(ICRF) which limit LLR increasing its impact in earth
and lunar science (Williams et al, 2004).

In this paper, a brief introduction about the LRM tech-
nical system mainly focusing on the radio transponder
on the lander is given on section 2, then we talk about
OCEL project in section 3, and experimental data pre-
liminary results are discussed in section 4, conclusions
and prospect of future work are given in section 5.

2 Chang’E-3 lander

Launched on December 2, 2013. ChangE’3 made a soft
landing at the plains of Sinus Iridum (Rainbow Bay) on
lunar surface on 14 December 2013 successfully. Since
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then, the lander has been serving as an ideal VLBI bea-
con on the moon for many scientific observations.

Fig. 1 Chang’E-3 lander and Yutu rover.

The lander is equipped with X-band DOR transponder,
which can transmit X-band signal to the ground when
it is tracked by China Deep Space Network (CDSN).
This signal not only can be utilized to provide range
and Doppler observations by CDSN, but can also be
received by wide distributed IVS antennas to provide
VLBI observations. Three years after its landing, the
lander transponder still works well.

Besides the standard coherence-transmitting mode, the
DOR transponder could also be worked as One-Way
mode, which means the transponder produces the sig-
nal with the USO onboard and transmits it. The advan-
tage of the second mode is that the transponder could
be still active out of the view of CDSN, which makes
the observation arc much longer for the observation of
IVS stations. Fig. 3 shows the downlink signal of the

lander. .
Two groups of DOR tones are coherent with the car-

rier, with the re-transmit ratio 1/2200 and 1/440 respec-
tively. Usually two DOR tones with smallest spanned
bandwidth is used for resolving ambiguity, and the
DOR tones with widest spanned bandwidth is used
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Fig. 2 Downlink signal of X frequency band in Change 3 lander.

- to acquire the residual delay observable(Kikuchi et al,
' 2004; Tang 2012) .

3 OCEL Progess

Following proposals to the IVS Observing Program
Committee, a global IVS R&D network augmented
with two China Deep Space Stations was configured
for joint observations of the lander in a project called
OCEL (Observing the Chang’E-3 lander with VLBI).
From July 2014 to the end of 2016, the Chang’E-3 lan-
der was observed successfully during twelve sessions,
eight of which is 24-hour sessions. More than 10 sta-
tions distributed all around the world participated in
each observing session.

For the OCEL observations, the DeltaDOR mode
was adopted, which means a sequence of “Quasar
- Chang’E-3 - Quasar”. Here, quasars with small
separation angles are preferred to eliminate common
errors as much as possible. As discussed above,
the Chang’E-3 Lander is equipped with an X-band
transponder which transfers an X-band carrier and four
DOR tones at +/-19.25 MHz and +/-3.85 MHz, DOR
tones are recorded in five different channels. Phase
calibration (PCAL) is used to remove any offset in
phase due to the BBC electronics of different channels.
When the phases of the PCAL tones are too noisy,
a strong calibrator is used to mannually specify the
phase of each channel.

4 Preliminary Results

4.1 Correlator BSCS

BSCS(BACC Software Correlator System) is designed
to run on Beowulf clusters consisting of commodity
machines with parallel processing algorithms adopted
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| eration, estimation of uncertain parameters and covari-

ance analysis. The observations that can be processed

g in MEKAS include Ranging and Doppler, VLBI de-

lay and rate, DOR and DOD, Lunar laser Ranging, et.

al. The parameters that can be estimated or consid-
" | ered includes locations of lunar landers or reflectors,
- station coordinates, Earth rotation parameters, obser-
" vation bias, and lunar love numbers.

+ =% We analysis the experiment data in 2014, the whole ob-

s sie
T cooperating vLs st
Future s site

STt

Fig. 3 Traéking stations in'OCEL01(4—arv1gle star)

in the software(Han et al, 2014). The control terminal
and processing cluster are connected via a LAN, an op-
erator logins into the manager node, runs the software
via shell script. The basic steps include: raw data and
parameter file preparation, core processing, error elim-

ination.
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Fig. 4 Flow Chart of data processing
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OCEL experiment data is transferred to BACC through
shipment, Fig. 5 shows the interferometric fringe of the
X-band channels of a lander scan. Besides DOR tones,
wide band data communication signal could be identi-
fied.

4.2 analysis

MEKAS (Moon-Earth Kinetics Analysis Software) is
developed at BACC. The main component of the soft-
ware is a collection of modules, which are coded in
FORTRAN. MEKAS has the four main basic func-
tions: observation simulation, partial derivatives gen-

servable consists of data obtained in eight days. There

‘| are about eleven IVS stations involved in the observa-

tion. All of the observables in 2014 are used to solve

| the position of the lander. In our algorithm, we solve

the position of the lander by iteration. When we use
all the IVS delay data to solve the position of the lan-
der, the result is convergent, and the position solved
is (1172753.438 -416374.684 1208176.687)(m) in the
principal inertia axis of Moon, which deviate (-422.992
-80.258 64.954)(m) from our initial position. In our
calculation, the largest number of the data points we
used is given by the baseline NY-WZ; the smallest root
mean square of the residual is given by the baseline
SH-ZC, it is about 0.2 m. The residuals of baseline SH-
ZC is shown in the following picture.All the units of the
vertical axes is meter.
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Fig. 6 The residual given by the baseline SH-ZC(IMJD =
56911).
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Biases or secular terms could be identified in the resid-
uals. If we fitted out these secular terms, we believe that
the root mean of squares are all small to the level 0.1
m. The reasons which lead to the secular terms in the
residuals include residual uncalibrated wet atmosphere
delay and larger separated angle between the lunar and
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calibration quasar, which has a serious bad effect on
the low elevation angle case.

5 discussion

After the high accuracy position determination, the lan-
der could be utilized as a very good radio beacon to
contribute to lunar and earth science as LLR reflectors.
OCEL projects has been conducting since 2014, with
global distributed IVS antenna tracking the lander, it
is convenient and cheap to expand the ground observe
distribution which is the target that LLR technique al-
ways be eager to pursuit, this is expected to contribute
more to earth and lunar science.

In the following work, with the improvement of the
measurement accuracy and the increasement of the arcs
of observation, a more accurate position of the lander
will be expected by making use of the IVS observables
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Abstract We present the current status of a re-
search and development (R&D) project to observe
the Chang’E-3 lander with VLBI. During 2014 to
2016 twelve so-called OCEL (Observing of the the
Chang’E-3 Lander) sessions were conduced. The
purpose of these sessions is to integrate the lunar
observations into VLBI sessions with a standard
geodetic approach to benefit from relative observations
of nearby quasars and from directly observed auxiliary
information such as observed UT1-UTC and nutation
offsets of date. The scheduling strategy and frequency
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setup were continually refined during the project.
The observed data were correlated with the standard
geodetic software correlator DiFX. Several strategies
were tested to fringe-fit the correlator output but
so far no conclusive results were achieved. More
investigations on this topic are needed before the
final VLBI observables can be produced and analyzed.
Meanwhile, two VLBI data analysis software packages
have been extended to allow the analysis of the lunar
lander observations.

Keywords VLBI, Chang’E-3 lunar lander, DOR sig-
nals, Scheduling, Correlation and fringe fitting, Tech-
nical realization

1 Introduction

The successful deployment of the Chang’E-3 landing
module (Fig.|I)) on the Moon in 2013 (Barbosa, 2013}
Tang et al. 2014; Zheng et al., [2014) is not only a
success for modern lunar surface exploration but also
for the first steps of Earth-Moon system geodesy be-
yond Lunar Laser Ranging (LLR) and lunar orbiters
like previous Chang’E and SELENE or the Lunar Re-
connaissance Orbiter (LRO). The reason is that the lan-
der is equipped with a radio frequency transmitter at
X-band which emits a faint modulated signal which is
detectable on Earth by geodetic radio telescopes. With
geodetic and astrometric very long baseline interfer-
ometry (VLBI) being predominantly sensitive to angu-
lar variations of the transmitting radio source, VLBI
observations of the lander provide invaluable comple-
mentary information on the kinematics of the Moon
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Fig. 1 Chang’E-3 lander.

represented through the fixed position of the lander on
the Moon.

Observations of the lander alone would certainly
provide some benefits in their own right. However,
referring the lander observations to those of the
extremely accurate positions of quasars and other
compact extra-galactic radio sources tabulated, e.g., in
the Second Realization of the International Celestial
Reference Frame (ICRF-2) (Fey et al.| 2015) produces
a much better accuracy in an absolute sense. In our
analysis approach we use the group delay observables
of quasars in the vicinity of the direction to the Moon
to compute corrections for the lander observations
(Sec. [8). The main reason for the necessity of these
calibrations is the lack of S band observations needed
for ionosphere corrections. The second is that the
estimates of the clock behavior and of the wet atmo-
sphere contribution can thus be carried out only with
the quasar observations leading to a clear separation
of these estimates from the lunar observations and any
unwanted side effects.

In order to exploit these favorable circumstances,
a project called Observing the Chang’E-3 Lander
with VLBI (OCEL) was initiated preparing for joint
VLBI observations of the Lander and natural compact
extra-galactic radio sources (mostly quasars). Follow-
ing observing proposals to the Observing Program
Committee (OPC) of the International VLBI Service
for Geodesy and Astrometry (IVS) (Nothnagel et al.|
2016), we were able to schedule four 24 h observing
sessions each in the three years of 2014 to 2016 with
subsets of the IVS observing network (Table [)).

It should be noted here that space agencies such as
NASA, ESA, or CSA have long experience with VLBI
and DOR observations (differential one-way ranging)

of spacecraft emitting modulated signals. They pre-
dominantly observe frequency channels with very nar-
row bandwidths and employ up to 8-bit digitization.
The difference of the OCEL project, however, is that
we use radio telescopes of the IVS which are set up
almost exclusively for observations of faint signals of
natural radio sources such as quasars with 2-bit digiti-
zation at maximum. Here, we avoid system and setup
changes as much as possible keeping the high sensi-
tivity for the quasar observations because we want to
determine the position of the Lander with respect to
the quasi-inertial celestial reference frame. At the same
time, we want to observe the lander and the quasars
with the same setups to avoid unwanted group delay
biases. This of course leads to some necessary com-
promises.

2 Previous Moon observations and
expected results of the OCEL project

The Moon as the Earth’s only permanent natural satel-
lite has always been a prime object of study and explo-
ration. Numerous space missions have been undertaken
to study the Moon. The current main type of observa-
tions of the Moon is lunar laser ranging (LLR). It links
the Moon and the Earth directly and helps to determine
a number of parameters of the lunar orbit, librations,
and the Moon’s interior structure (Mueller et al.| 2013}
Munghemezulu et al.,2016). Considering the long his-
tory of LLR observations, the yield is rather sparse.
There are only 22 361 LLR observations from 1969 to
2015, and more than 85 % of the observations are con-
centrated on two sites, McDonald, USA and Grasse,
France (Bougquillon et al., 2013} |Barache et al., 2015)).
Using a radio frequency transmitter on the Moon
was already employed almost 50 years ago. From 1969
to 1972 the Apollo program was carried out by the
US National Aeronautics and Space Administration
(NASA) which accomplished landing the first humans
on the Moon. With the Apollo program, the Apollo Lu-
nar Surface Experiments Package (ALSEP) was car-
ried to the Moon which comprised a set of scientific
instruments placed at the landing sites including S band
(2.3 GHz) transmitters for each of the 5 ALSEP sites
(King] [1975; King et al.| 1976} Bates et al.,|1979).
The analysis of observations of the differential
ALSEP phases by the Massachusetts Institute of Tech-
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nology (MIT) group estimated the relative ALSEP
positions and physical librations with over 16 month
of observations making use of 6 radio telescopes. The
technique of differential VLBI was used to measure
the relative positions of the ALSEP transmitters with
quoted uncertainties of less than 0.005” of geocentric
arc (Kingl [1975; |[King et al., |1976) which is about
9.2m on the surface of the Moon. Combined with
LLR data, the uncertainties in the relative coordinates
of the 5 ALSEP transmitters were 30 meters in the
radial coordinates and 10 meters in the two transverse
coordinates (King| [1975; |King et al., [1976). Values
determined for the libration parameters have uncer-
tainties smaller than the uncertainties obtained only
with LLR (King, |1975} |King et al.,|{1976)).

A program of differential ALSEP-Quasar VLBI ob-
servations was planned and carried out around 1977
at the NASA Jet Propulsion Laboratory (Slade et al.|
1977). However, soon afterwards on September 30,
1977 the ALSEP operations ended with the termina-
tion of support operations (Bates et al.||1979). The gen-
eral scientific goals of ALSEP-Quasar program were
to obtain high accuracy observations of value to tie
the lunar ephemeris to the inertial reference frame of
extra-galactic radio sources, to test gravitational theo-
ries, and to measure the Earth-Moon tidal friction in-
teraction (Slade et al.| [1977).

The deployment of the Chang’E-3 lander on the
Moon in November 2013 and its capability to trans-
mit weak modulated signals opened up the window for
a new era of lunar observations from Earth. With an
initial VLBI observing session of one hour duration
on December 14, 2013 with 4 radio telescopes carry-
ing out unified X-band (UXB) observations (includ-
ing range and range rate from Doppler measurements)
and with two-hour UXB observations of 3 telescopes
on December 17, 2013, the position of the Chang’E-3
lander was estimated at the Beijing Aerospace Control
Center (BACC) (Cao et al.,[2016). Compared with po-
sitioning results of NASA Goddard Space Flight Cen-
ter (GSFC) employing observations of the Lunar Re-
connaissance Orbiter (LRO), the differences in a Mean
Earth System are about 2.4 meters in altitude, and
0.002° (7.2 arcseconds) in latitude and longitude which
is about 85 meters on the Moon (Cao et al.,[2016).

Compared with all these observations, VLBI in the
OCEL project can be undertaken by a number of sites
distributed over the globe with more than a hundred
observations within one observing session of 24 h du-

ration. At the onset of the OCEL project a few scientific
goals and possible results were identified.

Firstly, the accuracy of the determinations of the
Chang’E-3 lander positions in the inertial frame is ex-
pected to be superior to any previous determinations.
Assuming a conservative angular sensitivity of the long
baselines employed in the IVS network observations
of 5 mas (milliarcseconds) results in a tangential un-
certainty of 9.2 m in each component. This precision is
about a factor of three better than that of LRO which
is about 30 m in the horizontal components and 5 m in
the vertical direction.

Fig. 2 Equatorial reference frame showing the Euler angles (¥,
O, @) used to describe the lunar principal axis (PA) system (Tay-
lor et al.| [2010).

Secondly, the lunar librations are currently mainly
calculated with LLR observations and published in lu-
nar ephemeris. For instance, LLR observations from
1970 to 2007 were used for the computation of the JPL
ephemeris DE421, and likewise from 1970 to 2012 for
DE430 (Folkner et al., 2008} [2014). The libration part
of the JPL lunar ephemeris after DE430 are all based
on DE430. Therefore, the librations after 2012 can only
be obtained by extrapolations which cause a loss in ac-
curacy. Comparing the Euler angles from the DE421
and DE430 JPL ephemeris files, shifts of about 2 mi-
croradians (0.41”) occur.

VLBI has a high sensitivity in the transverse direc-
tion. For this reason, corrections to the three Euler an-
gles which describe the rotation of the Moon (Taylor
et al.[2010, as shown in Fig. E]) can be estimated, espe-
cially the angle between the direction of the intersec-
tion of the Moon’s and ICRS’s equator to the Equinox
(D).
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Besides the Euler angles, the free libration param-
eters can be estimated. Combining the OCEL obser-
vations with LLR data will help to improve the esti-
mates of all libration parameters. With better libration
modeling, all other parameters of interest such as the
positions of the Chang’E-3 lander or lunar orbital pa-
rameters will also benefit.

Thirdly, the effects, which cause the Moon’s mean
longitude to depart quadratically with time from the
predictions of the Newtonian or general relativistic
gravitational theory, are a time variation of the gravita-
tional constant G and tidal friction (Slade et al.,{1977).
The mean motion is commonly used to characterize
these effects in mean longitude. We will combine our
results with LLR data to increase the sensitivity of the
OCEL observations for the mean motion of the Moon if
longer observing time will be available. Then we may
learn more of the effect on the lunar mean longitude
as a consequence of the slow time variation of G or
even to estimate some parameters of the Parametrized
Post-Newtonian (PPN) formalism (Will, 2014])). Poten-
tial parameters include the parameters which cause the
light deflection effect, the orbital polarization effect
and/or the Nordtvedt effect.

3 Signal Characteristics

The Chang’E-3 lander is equipped with a DOR
transponder with an on-board power of about 0 dBW.
Two kinds of working modes are supported (Han et al.|
2015). One is coherent transmission which means that
the lander receives an up-link signal and transmits a
signal with the frequency multiplied by a fixed ratio.
The other one is a one-way mode where the lander
produces the transmission signal with its onboard USO
(Ultra Stable Oscillator). The Chang’E-3 DOR module
is only operating if activated by the ground control
station.

Two groups of DOR tones are coherent with
the main carrier of 8470 MHz with ratios of 1/440
(£ 19.25 MHz) and 1/2200 (+ 3.85 MHz), respec-
tively. Consequently, the lander transmits 5 DOR-
tones at 8450.75, 8466.15, 8470.00, 8673.85, and
8489.25 MHz (located in X band). Figure [3] depicts
the spectrum of the DOR tones with the main carrier.
In the Chang’E-3 case, the DOR tones are modulated
with additional signals which can be identified next
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Fig. 3 Signal spectrum of Chang’E-3 transmitter.

to the main peaks in the picture. The output power of
the transmitter for these DOR-tones is on the order
of 1 W over the bandwidth of the five DOR tones. In
the vicinity of the DOR tones, communication with
the lander is realized at 8496 MHz, and/or 8497 MHz
with much higher output power (12/25 dBW). S band
signals are not transmitted by the lunar lander.

4 Preparation of Observing Sessions

Observations of an artificial radio source on the Moon
are different in several aspects compared to usual
geodetic VLBI observations. As seen from a pair of
radio telescopes on Earth, the Chang’E-3 lunar lander
has to be considered as a near-field target. This means
that the right ascencion (RA) and declination (DEC)
that are usually used to steer radio telescopes for the
observation of radio sources, are station-dependent.
The artificial radio source is also much stronger
than the usually observed natural radio sources (see
Sec. E]) Thus, we carried out several test observations
and developed a suitable strategy to plan observing
schedules for networks of globally distributed IVS
stations.

4.1 First test observations

As a preparation for the OCEL project, first test obser-
vations with IVS stations were performed in April 2014
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using the Onsala 20 m, Wettzell 20 m and Tianama
65 m radio telescopes. The goal was to test whether the
way to prepare the necessary vex-files (see Sec. {.2)
worked and what attenuation was necessary at the ra-
dio telescopes in order to receive the rather string lunar
lander signals.

The communications channels at 8496 MHz and
8497 MHz were specified with an output signal level of
12 dBW and 25 dBW at the lunar lander (see Sec. [3).
Calculations based on these a priori information indi-
cated that we had to expect reception of signals, which
are stronger by 27 dB and 40 dB, respectively, than the
rather strong natural radio source 4C39.25 at X-band.
Correspondingly, the DOR signals were expected to be
stronger by at least 15 dB.

The pictures presented in the upper row in Fig.
show the signal spectrum observed with the Onsala
VLBI system for the test experiment on April 10,
2014. At this date only the communication channel
at 8496 MHz was active, but no DOR signals were
transmitted. The upper left photo clearly shows that the
communication signal is prominent in the spectrum,
and the zoom-in on the upper right photo shows
that the signal is at least 15 dB stronger than the
background. The lower left photo shows the signal
spectrum observed at Wettzell, while the lower right
photo shows the corresponding signal observed at
Tianma.

Based on these test observations, we drew the con-
clusion that the lunar lander signals would not saturate
the VLBI systems and that modern digital backends
would be able to adjust attenuation with automatic gain
control (AGC) when observing natural radio sources
and lunar lander signals in an alternating mode. Never-
theless, in order to build in a further level of protection
for the VLBI systems, we concluded to prepare the vex
files for the real OCEL-sessions by adding a special lu-
nar lander setup (see Sec. [d.3) that allow stations that
are not yet equipped with modern digital backends, to
adjust attenuation levels accordingly.

Test observations were also planned and performed
at other international IVS stations. Figure [5] depicts
spectra obtained from autocorrelation of observations
done with the Hobart 26 m radio telescope on June
10, 2014. At this date, both the communication channel
(left) and the central DOR tone (right) were transmitted
and could be observed.

The data observed on April 10, 2014 were used to
test the data correlation, too. This was done with the
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Fig. 5 Spectra of the lunar lander communication channel (left)
and the central DOR-tone (right) observed during a test experi-
ment on June 10, 2014 using the Hobart 26 m radio telescope.
These graphs are autocorrelation results of observations done
with several channels of 8 MHz bandwidth.

DiFX software correlator (Deller et al., 2007b) which
is installed on a server at the Onsala Space Observa-
tory. The a priori delay values needed in the .im-files
were calculated with a special version of the c5++
software (Hobiger et al.| 2010) that was extended by
Klopotek et al.| (this volume) by the near-field VLBI
models following (Duev et al.,2012) and (Sekido and
Fukushima, [2006). Correlation with DiFX and fringe-
fitting with fourfit (Sec.[/) seem to have been success-
ful (Klopotek et al.| ithis volumej).
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Fig. 4 Spectra of the lunar lander communication channel observed during a test experiment on April 10, 2014 using the Onsala
20 m (a, b), Wettzell 20 m (c) and Tianma 65 m (d) radio telescopes. The upper left photo (a) is taken at Onsala and covers 150 MHz
bandwidth, while the upper right photo (b) is a zoom-in to 20 MHz bandwidth only and uses the max-hold option of the spectrum
analyzer. The signal peak is at 416 MHz, corresponding the to communication channel at 8496 MHz that is down-converted with the

LO-frequency of 8080 MHz.

4.2 Scheduling the OCEL-sessions

Table [T]lists the world-wide IVS stations participating
in the 12 OCEL sessions in 2014 through 2016. The
site distribution is rather dense in Asia and Europe,
however there are also a few stations in the American-
Pacific region.

So far, scheduling of near-field sources is not
standard in the geodetic VLBI scheduling software
sked and skd-files with near-field radio
sources are not possible. Also, VEX2
is not available yet, meaning that it is not possible to
have a station-specific RA/DEC in a common vex-file
for all stations that are involved in a session. Instead,
for a session with n stations observing a near-field
radio source a total number of n individual vex-files

need to be prepared. The software sked was used for
the scheduling process and included a combination
of automated scheduling and manual scheduling. The
following scheduling strategy was applied:

Step 1: Chang’E-3 visibility

Time series of RA/DEC, azimuth (AZ) and elevation
(EL) of the Chang’E-3 lunar lander were calculated for
all stations participating in the session to be planned.
This was done using the JPL Horizons system (JPL
[HORIZONS] 2016). Average values of the lunar lander
RA/DEC for hourly temporal resolution as well for
the whole 24 h session were determined. The mean
RA/DEC with hourly temporal resolution were plotted
together with the ICRF radio sources allowing to
identify sources within close distance (< 3 degrees)
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Table 1 Overview of the stations participating in the 12 OCEL
sessions observed in 2014 through 2016. The IVS 2-character
station abbreviations are used to indicate the individual stations:
Bd — (Badary 32 m), Ft — (Fortaleza 14.2 m), Hh — (HartRAO
26 m), Ho — (Hobart 26 m), Ht — (HartRAO 15 m), Kk — (Ko-
kee Park 20 m), Km — (Kunming 40 m), Ma — (Matera 20 m),
Mc - (Medicina 32 m), Ny — (Ny-Alesund 20 m), On — (On-
sala 20 m), Sh — (Shanghai 25 m), Ur — (Urumqi 25 m), Wz —
(Wettzell 20 m), Zc — (Zelenchukskaya 32 m).

OCEL
#01 #02 #03 #04 #05 #06 #07 #08 #09 #10 #11 #12
Bd Bd Bd - Bd Bd Bd Bd Bd Bd Bd Bd
- - - - Ft Ft - Ft Ft Ft Ft Ft
Hh Hh - - Hh Hh Hh - Hh Hh Hh Hh
Ho - Ho Ho Ho Ho Ho Ho Ho Ho Ho
- - H H - - - Ht - - - -
Kk Kk Kk Kk Kk
- - - - - - - - - - Km -
- Ma Ma Ma Ma Ma Ma Ma Ma - -
- - - - - - - - - McMc -
Ny Ny Ny Ny Ny Ny Ny Ny Ny
On - - - On On On On On - On
Sh Sh Sh - Sh Sh - - - Sh - -
- U U U - - - - - Ur Ur Ur
Wz Wz Wz Wz Wz Wz Wz Wz Wz Wz Wz Wz
Zc Zc Zc Zc Zc Zc Zc Zc Zc Zc Zc
number of participating stations
8 8 9 7 11 11 9 10 10 10 12 11

(Fig. [6). Additionally, elevation plots for all stations
were produced in order to see which stations would
be able to observe the lunar lander at what time, and
whether common visibility existed. An example of
such a visibility plot is presented in Figure [/| for the
session OCEL-11 (RD1609). The inhomogeneity of
the network becomes clear, with many Asian and
European stations, but few in the American-Pacific
region.

Step 2: Adjustment of radio source catalogue in sked
If not available already in the standard
dio source catalogue used in the sked program
(source.cat.geodetic.good), the near-by radio sources
identified in the previous step were added to the
catalogue. The necessary position and flux information
was adopted from the Radio Fundamental Catalog
RFC| (2016)). The lunar lander was also added to the
source and flux catalogues, using the average RA/DEC
over 24 hours for the position and a strong flux of 99 Jy
as the flux. The actual transmission power of the lunar
lander corresponds to even larger flux values, so this

ra-

flux can be regarded as a very conservative assumption.

Step 3: Automatic and manual scheduling

The general overall scheduling strategy was to use
alternating observing blocks of primarily 30 minutes
length, where the observations were scheduled either
a) using the standard automated approach in sked, i.e.
optimizing for local sky coverage for all stations, or b)
using a manual scheduling approach to observed the
lunar lander alternated with near-by radio sources. The
first type of scheduling can be called ”geodetic”, while
the second type can be called “delay-referencing” (Sec.
[), though the arc length between the lunar lander and
the near-by radio source sometimes were much larger
than just a few degrees. The delay-referencing inter-
vals were of course only scheduled for the stations that
could see the Moon and during times when the lunar
lander was actively sending. While the lunar lander
was not sending for about 9 hours every night during
the first four OCELSs, it was just interrupting the signal
transmission every 5.5 h for a duration of 30 minutes
for the other OCELSs. These outages were necessary to
avoid overheating of the lunar lander.

For the geodetic intervals, the standard SNR goals
of 25 and 15 in X- and S-band, respectively, were
used. However, for the delay-referencing intervals,
the X band SNR goal was increased to 35 in order
to compensate for that only 5 DOR tones instead of
8 channels could be observed (Sec. [d.3] Tab. [2). The
stations that could not see the Moon were scheduled
during these intervals with the standard geodetic
approach. The reason for this strategy, i.e., alternating
between geodetic and delay-referencing blocks, was
to assure that there were observations in all directions
for each station, in order to be able to determine the
standard geodetic parameters especially atmospheric
and clock parameters for the lunar observations in
these sessions, too. As an example, Figure [§] depicts
sky plots of all stations participating in OCEL-11
(RD1609). Bands of lunar lander observations and
close-by radio sources are visible in all sky plots,
except for Ny-Alesund that could not see the Moon
during this session at all.

Step 4: Creation of a template vex-file for the session

Once the 24 h schedule was completed, the informa-
tion was saved directly from the sked-program as skd-
and vex-file. The resulting vex-file was sent through
a small program to replace in the m scans observing
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Fig. 6 Chang’E-3 lunar lander right ascencion (RA) and declination (DEC) during OCEL11 (RD1609, 2016-09-13/14). Shown are
hourly values of the mean RA, DEC (small red circles) as seen for the 12 stations network for OCEL-11, and areas with 3 degree
radius around (dashed blue lines). Also shown are the ICRF radio sources in this area of the sky. Defining sources of the ICRF2 are

shown with red dots.

the lunar lander the radio source name OCEL-xx by
a radio source name consisting of “"L-HHMMSS”
and the start time of the scan in hour (HH), minute
(MM) and second (SS). Thus, m different radio source
names such as, e.g., "L-173015” were included in
the vex-file. The sections $MODE, $BBC, $FREQ,
$IF in the vex-file were edited and corresponding
information for the lunar lander observations were

added. For example, for the first 10 OCEL sessions,
there were different frequency setups for the “geode-
tic” and the “delay-referencing” observations. The
”geodetic” observations used standard frequency
setups, e.g., as in the IVS R1 or T2 sessions, while
the frequency setup for the lunar lander observations,
and the corresponding delay-referencing sources, were
adapted to fit to the DOR-frequency setup of the lunar
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Fig. 7 Time series of lunar lander elevation for all stations participating in OCEL-11 (RD1609, 2016-09-13/14). The ”American-
Pacific-gap” in the network becomes clear. For about 2 hours after about 2.00 UT on September 14, the Moon is only visible for one

single station in the network, Fortaleza.

lander. Only for the last two sessions, (OCEL-11 and
OCEL-12), a special frequency setup was used that
avoids the necessity to change frequencies between the
geodetic and the lunar lander (and delay-referencing)
observations. More details on this issue see Sec. d3]

Step 5: Creation of station-specific vex-files

The result of the vex file adjustment in the previous
step was a template vex-file for the whole session. This
template vex file still contained just a single common
RA/DEC position of the lunar lander, for all times and
all stations. Thus, the template vex file was then copied
n times to create n station-specific vex files, one for
each of the nstations participating in the session. Fi-

nally, the station-specific right RA/DEC information
was added in the $SSOURCES section of the vex file.
This was provided by BACC as time series of RA/DEC
for each station with 1 minute temporal resolution. Us-
ing these, RA/DEC for the particular scan start times
were interpolated and added to $SOURCES sections
in the individual vex files.
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Fig. 8 Sky plots for OCEL11 (RD.16.09, 2016-09-13/14).
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4.3 Frequency Setups for OCEL Sessions

Considering the frequency allocations described in
Sec. [3] the initial plan for the OCEL sessions was to
observe in different modes for different purposes:

e quasar observations with a wide coverage of right
ascensions and declinations for precise clock, at-
mosphere and Earth orientation parameter determi-
nations using standard geodetic frequency bands

e intensive observations of one or two quasars close
to the lander direction for delay referencing in a fre-
quency mode which matches the frequency alloca-
tion of the DOR tones

e lunar lander observations covering the five frequen-
cies listed above

For these sub-sessions, suitable frequency setups
needed to be found. Several challenges occurred:

e The purely geodetic observations were supposed to
be done with an as good as possible wide-band fre-
quency setup, e.g., as for the IVS R1 sessions

e The lunar lander DOR tones require a narrow-band
frequency setup and the minimum separation be-
tween the DOR tones is less than 4 MHz

e Alternating between wide-band and narrow-band is
not possible for some IVS stations without hard-
ware changes, i.e., not possible during a running
session

e For some IVS stations the contrast in signal
strength between natural radio sources and the
lunar lander signals might challenge the receiving
system

The approach to address the issue of frequency
setup was to test a number of different setups. The goal
was to learn from experience gained and to adapt the
frequency setup accordingly for the planning of the fur-
ther sessions. In the end, this plan did not work out
completely, since difficulties in correlating and analyz-
ing the data occurred, and thus the experience gained
sometimes came too late to be used for the planning of
the next sessions.

The first OCEL-session was planned with a
standard wide-band R1-setup with 8 MHz channel
bandwidth for the geodetic observations, and to a
special narrow-band frequency setup with 8§ MHz
bandwidth, aiming at the DOR-tones for the delay-
referencing observations (Tab. |2)) . In order to allow
for potentially necessary changes in signal attenuation

during the delay-referencing observations due to the
strong contrast in signal strength between the lunar
lander and natural radio sources, a third setup was
introduced, too. However, this approach turned out
to be unfavorable since several DOR-tones fell in the
same 8 MHz wide channel, a situation which could not
be handled by fourfit.

Thus, for OCEL-02 the frequency setup was
changed to use only 4 MHz bandwidth per channel.
The frequency setup for the EURO sessions was used
for the geodetic parts of the session, and a correspond-
ing frequency setup for the lunar lander. This approach
was also used for OCEL-03. However, for OCEL-04
the wide-band frequency setup similar to OCEL-01
was used again.

During the first four OCEL sessions, phase-cal was
active and the frequencies used ended on .99 to allow
the stations to monitor the pcal-signal locally with an
oscilloscope. This was also the case for the lunar lander
observations, i.e., the lunar lander DOR tones were not
in the middle of the channel bandwidth. For OCEL-
05 through -12 instead the frequencies aiming at the
lunar lander were set to really get the DOR-tones in
the center of the channels.

The geodetic parts of OCEL-05 to OCEL-09 were
using the wide-band R1-setup with 8 MHz bandwidth
channels, while the delay-referencing parts used a
narrow-band lunar lander setup with 4 MHz bandwidth
channels. It was realized that the change in channel
bandwidth caused delay offsets. Thus, for OCEL-10
the frequency setup was modified to use also 4 MHz
for the geodetic parts. For OCEL-05 to -07, phase-cal
was switched off everywhere deliberately because it
was thought at that time that it would interfere with the
DOR tones.

Finally, starting with OCEL-11 a special narrow-
band frequency setup was used that avoids any
frequency and/or bandwidth changes when switching
from geodetic to delay-referencing observations.
Keeping the DOR frequencies with their 3.85 MHz
smallest common denominators, the outer frequencies
were chosen to match the 360 MHz spanned band-
widths of the IVS narrow band setups and, at the
same time, to produce a reasonable delay resolution
function. This allows 8-channel geodetic observations
and 5-channel delay-referencing observations without
a need for channel re-allocations.
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Table 2 Frequency allocations for delay-referencing and lunar lander observations with bandwidths (BW), upper sideband, shaded

if channels do not match the DOR tone sequence. BW (x/y/z)

with x for quasar observations, y for nearby quasars (for delay

referencing), z for lunar observations. DOR tone frequencies at the bottom

Channel number, frequency, and bandwidth (MHz)

OCEL|CHO1 |CHO2 |CHO3 |CHO04 |CHO5 |CHO6 |CHO7 |CHO8 |BW
#01 [8212.99(8252.99(8465.99(8491.99|8446.99|8461.99|8465.99|8485.99|8/8/8
#02 |8448.99|8463.99|8467.99(8471.99(8486.99 8493.99|8468.99|8494.99 |4/4/4
#03  [8466.99(8492.99(8448.99(8463.99|8467.99|8471.99|8486.99|8497.99|4/4/4
#04  (8212.99(8252.99|8446.9918461.99(8465.99(8469.99|8484.99(8491.99|8/8/8
#05 [8212.99(8252.99(8448.75(8464.15|8468.00(8471.85|8487.25|8492.00|8/4/4
#06  [8212.99(8252.99(8448.75|8464.15|8468.00(8471.85|8487.25|8492.00|8/4/4
#07  [8212.99|8252.99|8448.75(8464.15(8468.00(8471.85|8487.25|8492.00|8/4/4
#08  [8212.99(8252.99(8448.75|8464.15|8468.00(8471.85|8487.25|8492.00|8/4/4
#09  [8212.99|8252.99|8448.75(8464.15(8468.00(8471.85|8487.25|8491.10|8/4/4
#10 [8212.99(8252.99(8448.75(8464.15|8468.00(8471.85|8487.25|8491.10|4/4/4
#11  [8210.05(8221.60(8448.75|8464.15|8468.00(8471.85|8487.25|8568.10|4/4/4
#12  |8210.05[8221.60(8448.75|8464.15|8468.00(8471.85|8487.25|8568.10|4/4/4
DOR tone frequencies (MHz)
DOR 1 |[DOR2 [DOR3 |[DOR4 [DOR 5
8450.75(8466.15|8470.00 |8473.85|8489.25

5 Near-field VLBI Delay Models

VLBI observations of near-field targets require special
delay models which take into consideration the cur-
vature of the wavefronts. Two such models are de-
scribed in [Sekido and Fukushimal (2006) and [Duev
et al.| (2012)). Both exist in the CALC11 module em-
ployed for computing the a priori delays in the cor-
relation process (Sec. [6). We have also implemented
both of these algorithms in the VLBI analysis software
ivg::ASCO’lﬂ The algorithms were also included by
Klopotek et al.|(this volume) in the c5++ software (Ho-
biger et al.,|2010) to both produce a priori delay values
for the DiFX correlator and to allow the data analysis of
VLBI observations of near-field targets. The two mod-
els differ in concept but are consistent to about +50 ps
for observations of GPS satellites, which have an alti-
tude of ~20 000 km. However, the differences between
the two models are clearly systematic. A further dis-
cussion about the implementation and comparison of
the two models is presented in [Jaron et al.| (this vol-
ume)). Since the differences are rather small, it does not
matter which model is used for computing the a prioris
for the correlation.

For the subsequent data analysis, a model of choice
does not exist yet. Solving the light-time equation ex-

Uhttp://ascot.geod.uni-bonn.de

plicitly for the two signal propagation paths should in
principle allow the Duev et al. (2012) model to yield
better results than the |Sekido and Fukushimal (2006)
model. The reason is that the latter model employs a
pseudo source vector which uses some approximation.
Both models, however, work in the BCRS, which is not
the optimal reference system for describing orbits of
Earth satellites. Our further investigation will therefore
include modifying the |Duev et al.|(2012) model by ex-
pressing the formulas in the GCRS.

6 Correlation

The correlation of the OCEL sessions is being car-
ried out in Bonn where the Distributed FX Corre-
lator (DiFX) (Deller et al., [2007a) is installed on a
high performance computing cluster with 2 Gbps in-
ternet connection. Most of the data have therefore been
transferred via Internet and only a few modules were
shipped to Bonn. The files required for the correlation
in DiFX are a .vex file, such as one produced by the
programs SKED or SCHED, and a .v2d configuration
file. The .vex file contains all information about the
settings of the base band converters (BBCs) and their
allocations, the station locations, the technical details
of the radio telescopes (in particular type of mounting,
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e.g., equatorial, azimuth-elevation), the a priori station
clock models, the planned observations (scan start and
stop time for each participating station, selected target),
the coordinates of the target source and the Earth orien-
tation parameters. The .v2d file is used to specify cor-
relation options, e.g., the number of spectral channels
to be used for the FFTs, the integration time, and the
media types for each station.

The OCEL sessions include three different kinds
of observations. In the frame of each 24-hr session, a
large number of quasar observations was carried out
with a frequency set-up used in routine IVS sessions,
mainly to determine the clock parameters of the ob-
servatories. In between, blocks of Chang’E-3 observa-
tions were carried out having special X band setups
to match the frequencies of the tones emitted by the
lander (Sec[4.2). Finally, quasars which are located at
close angular distance from the Moon have been ob-
served with that same frequency setup before and after
each lunar scan block in order to calibrate the lander
observations. For various reasons, it is convenient to
use slightly different options for correlation in the three
cases which in turns means to deal with three different
passes of correlation per session.

Following the scheduling process (Sec. [4.2)), each
station used a station-specific .vex file to run the obser-
vations which is a consequence of the apparent celestial
coordinates of the target depending on the observer’s
position on Earth. Quite some editing work is there-
fore needed to prepare the .vex file for the correlation
of the lunar lander scans. In particular, we had to mod-
ify the $SSOURCE section, where DiFX expects to find
the geocentric celestial coordinates of the target and
not station based coordinates. The program Vex2difx
reads the .vex and the .v2d file and produces .input and
.calc file pairs for each job (scan). The .input file is used
by mpifxcorr to drive the correlation proper whilst the
.calc file manages the geometric model calculation. In
the standard DiFX pipeline it is then enough to run the
program startdifx to produce the visibilities (amplitude
and phase) for each accumulation period.

The apriori model delays, which are used to align
the data streams before correlation, are produced by us-
ing the Goddard CALC package. The version of CALC
(CALCO09) included in the DiFX installation as of June
2016 did not include a near-field model. Only at the be-
ginning of 2016, a newer version of CALC (CALCI11)
has been released, which includes a near-field option.
When working with the lunar lander scans we therefore

abandoned the standard processing pipeline and used
the program difxcalc, which calls CALC11 for com-
puting the correlator model. Another difference w.r.t.
the standard processing data flow is that after running
vex2difx, we must also edit the .calc files. In the stan-
dard case the target is a fixed object in the sky, i.e., its
coordinates are the same for each station, whereas for
a near-field object we need to feed DiFX the position
of the target as a function of time. We wrote a stan-
dalone C++ based package which uses the JPL SPICE
libraries to compute the ephemeris of the lunar lander
for each scan. Finally, by running the program difxcalc
on all .calc files we produced the .im file for each scan
and startdifx to run the correlation.

7 Fringe Fitting

The fringe fitting process follows correlation and is
applied to determine group delays, phase delays and
(phase) delay rates from the arrays of visibilities. The
standard fringe fitting program used in connection with
geodetic correlators is the Haystack Observatory Pro-
cessing Software (HOPS) component fourﬁﬂ Another
option is program PIMA (Petrov et al.|[2011).

7.1 Fourfit-DOR

The program fourfit is being used at the Bonn Cor-
relator Center for processing geodetic correlation
output of observations of natural extra-galactic radio
sources such as quasars (Bertarini, 2013; |Cappallo}
2016). When observing quasars for geodetic appli-
cations, normally flat-spectrum candidates in the
radio frequency domain (mostly at S and X band) are
chosen and finite bandwidth channels are digitized and
recorded. Based on the theory of Fourier transform,
a rectangular function in one domain corresponds to
a SINC function in the other. Its main lobe width is
inversely proportional to the rectangular width. So, for
a rectangular bandpass the peak in the delay domain is
as sharp as the spanned bandwidth permits (Fig. [9).

In contrast to this, the Chang’E-3 DOR tones pro-
duce rather narrow peaks in the frequency spectrum

2 http://www.haystack.mit.edu/tech/vlbi/

hops.html
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Fig. 10 Cross-power spectrum of DOR tones and delay resolu-
tion.

and, thus, the signals in the delay domain are different
from quasar continuum spectra (Fig. [I0).

Apparently, fourfit does not seem to be capable of
DOR tone processing for some hard-coded limitations
related to the flat spectrum of the assumed natural radio
sources. In contrast to this, the bandpass of a standard
observing channel contains the man-made DOR tone,
normally appearing as a sharp peak, plus some more or
less pronounced noise contribution (see, e.g., Fig.[T4]
middle panel). The latter one needs to be filtered out
for the group delay determination to provide the correct
result. For this reason, we extended the fringe fitting al-
gorithm of fourfit to allow for processing of DiFX cor-
relation output of DOR tones. The extended program is
called fourfit-DOR below.

The idea behind fourfit-DOR is that the correlator
output is pre-processed in the frequency domain first
to identify the frequency of the DOR tone in the cross-
power spectrum. Normally, this is identical to the nom-
inal transmission frequency but may have been cor-
rupted easily by noise contributions. The time series
of amplitudes and phases per accumulation period for
each channel are then used for a 2-dimensional search
of the residual multi-band delay and residual delay rate.
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Fig. 11 Original cross-power spectrum of DOR tone channel #1
and #5. In the right panel the DOR tone is masked almost com-
pletely by RFI just sticking out of the second rise as a small peak.

More details about the background of fourfit-DOR can
be found in|Han et al.|(in prep.).

Here, the new algorithm is validated with data of
the OCEL project. After correlation with the DiFX
correlator, the visibilities are used to first compute the
observables with fourfit (Version 3.12, Opensuse Leap
42.1 Operation System) and then with fourfit--DOR, in
which the new algorithm is implemented.

Test 1

In OCEL sessions -01/-02/-03/-04, the scheduled
observing channel frequency spacing is different from
that of the DOR tone frequencies. In the first test, we
study the effect of the inconsistent frequency spacing.
For example, in OCEL-01 the observed channel
bandwidth is 8 MHz with the frequencies of the two
outer channels being 8446.99 MHz and 8485.99 MHz.
They cover the two outer DOR tone frequencies
8450.75 MHz and 8489.25 MHz, respectively (Tab. |Z|)
When the fourfit algorithm searches for the multiband
delay, it assumes a flat cross-power spectrum and refers
the phase of each channel to its reference frequencies
(8446.99 MHz and 8485.99 MHz). However, in the
case of DOR tones, the respective reference frequency
has to be that of the tones at 8450.75 MHz and 8489.25
MHz. So, two things are incorrect at the same time, the
phase and frequency relation (¢ (®)) and the spanned
bandwidth which is taken as 39.0 MHz while correctly
it is only 38.5 MHz, thus affecting the 7 = d¢ /dw
relationship.

A complication for the test is that for the whole
session OCEL-01, signals were also transmitted on
the data communication channel. Since this signal was
very strong, its sidelobes have interfered with the DOR
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Fig. 13 Comparison of the two algorithms using BACC group
delay determinations as reference. Scans are displayed in a reg-
ular sequence.

channels, especially at the +19.25 MHz channel (see
Fig. [IT).

For excluding the influence of RFI and studying
only the effect of incorrect spanned bandwidth, the in-
terference signal in channel #5 (+19.25 MHz) has to be
mitigated before the data are entered into fourfit. This is
done by identifying the frequency lag, where the DOR
peak sticks out, and replacing all the other visibilities
with white noise with similar power than that of the
—19.25 MHz DOR tone channel (Fig.[T2). All the data
were kept strictly in Mark IV type 1 binary data format
to be used as input of both, fourfit and fourfit-DOR.

As a result, systematic differences of a few
nanoseconds between the two fringe fitting programs
can be identified in Fig. where the group delay
determinations of BACC serve as reference (Kikuchi
et al.| 2004} Tang| 2012).

It should be mentioned here that the BACC de-
lay determinations work with the phases of the cor-
related DOR tones directly, first using the phases of
the two nearest channels (-3.85, +3.85 MHz) to pro-
duce a first group delay approximation. Extending the
d¢ /dw-slope to the phases of the -19.25 and +19.25
MHz tones identifies the most probable, ambiguity-free
phase values for these frequencies. The final residual
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Fig. 14 Cross-power spectrum of DOR tones channel #1, #4, and
#5 of OCEL-09.

group delay for a single accumulation period (AP) of
normally 1 s duration is then computed just from the
two channels furthest apart according to 7 = d¢/d®.
For all APs, the arithmetic mean represents the residual
group delay of a single scan. This procedure is com-
monly used in spacecraft navigation. Therefore, they
are a good reference for our studies.

The fourfit-DOR results agree at the level of
about 10 ps with the group delay determinations
realized at BACC while the fourfit results are off by
a few nanoseconds. This is attributed to the incorrect
frequency spacings in the first four OCEL sessions.

Test 2
The second test concerns the influence of moderate in-
terference where the signal itself has a level which is
a factor of two or more of the interference signal. In
OCEL-09 as an example, the frequency setup follows
exactly the spacing of the DOR tones with a 4 MHz
channel bandwidth and the center frequencies match-
ing the nominal DOR tone (Tab. . However, in some
scans (e.g., on 2016-01-21 from 15:00 to 15:30 UT),
the DOR tone signal is interfered by other signals (most
probably by the data communication signal) as shown
in Fig. [T4 The DOR tones in the +19.25 MHz DOR
channel could not be identified because of this interfer-
ence, so we chose the +3.85 MHz DOR channel (fre-
quency 8471.85 MHz) instead. Although the spanned
bandwidth is now reduced to 23.1 MHz and channel #4
shows some level of interference, the resulting group
delays determined with the two algorithms can still be
compared (Fig. [T3)). The differences are at the level of
several nanoseconds. Again, the reference is the BACC
realization mentioned above.

As in the test before, the fourfit-DOR results are
close to the BACC results while the fourfit results are
offset by a few nanoseconds. It is not the differences
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w.r.t. the BACC results but the differences between the
two fourfit results which demonstrate the effect of the
interference.

The signal interference mainly comes from the
strong data communication signal which is transmitted
by another antenna on the lander. It is not coherent
with the carrier and the DOR tones. This interference
exists quite common in OCEL-01/-02/-03/-04 and for
parts of the scans of OCEL-05 to -12. In some cases
the +19.25 MHz DOR tones are totally submerged
and could not be identified any more. In this case only
the +3.85 MHz DOR tone is used instead to achieve
maximum channel separation.

Test 3

Here, we just focus on the random errors of the two al-
gorithms in cases where interference does not exist and
the frequency setting is the one as used from OCEL-09
onwards. In principle, the fourfit algorithm does a three
dimensional fit over all delays and accumulation peri-
ods (AP) by transforming the visibilities from the fre-
quency domain into the delay domain through Fourier
transformation. This ignores some of the information
content and inevitably induces more noise which then
distributes over the whole frequency band within the
channel.

Taking again baseline NYALES20-ONSALAG60 in
OCEL-09 as an example, Fig[T6|and Fig. [T7) show the
differences of the residual delay (and residual delay
rate) w.r.t. reference values from the BACC algorithms
used in navigation. The RMS (root mean square)
errors of the residual delays are 0.198 ns and 0.009 ns,
and the RMS of residual delay rates are 0.0559 ps/s
and 0.0258 ps/s for the fourfit and fourfit-DOR fringe
fitting, respectively.

Assuming that the BACC DOR processing
(Kikuchi et al., 2004} |Tang}, [2012) provides a ground
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truth, the results presented here demonstrate that
Sfourfit-DOR can better deal with (a) low SNR, (b) RFI
issues, and (c) observing channel allocations which do
not agree exactly with the DOR tone separations.

7.2 PIMA

PIMA is a software for processing the correlator out-
put visibilities data from VLBI experiments, which
performs data inspection, data calibration and fringe
fitting (Petrov et al., 2011). Similar to the Haystack
HOPS software or the NRAO AIPS and CASA soft-
ware packages, PIMA is designed for batch processing
of VLBI experiments for astronomy and geodesy ap-
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plications. As a tool for fringe fitting, we used PIMA
to process the OCEL sessions for testing.

7.2.1 General Algorithm

The concept of PIMA aims at wide-band baseline-
based fringe fitting across all the bands of a bandwidth
synthesis setup (Petrov et all 2011). According
to the PIMA source code and a related guide, the
program reads the correlator output data in FITS-IDI
format. This contains the complex spectra of the
auto-correlation function and the spectrum of the
cross-correlation function for each accumulation
period (AP). After a spectrum re-normalization, PIMA
first does a coarse fringe search. For this, a Fast 2D
Fourier transform (FFT) is performed using time
and frequency as dimensions. This produces coarse
estimates of the group delay and delay rate whose
accuracy depends on the grid resolution. To refine the
estimates, a 3D Fourier transform is performed cycling
through group delay rate, group delay, and phase delay
rate to compute a 3D delay resolution function. This is
then searched for its maximum amplitude to determine
an intermediate group delay rate, group delay, and
phase delay rate.

Since normally imperfections of the baseband fil-
ters exist at any of the stations, the spectrum of a chan-
nel may be distorted by phase and amplitude varia-
tions. This then also applies to the cross-power spec-
trum of the correlation process. Consequently, a non-
rectangular shape of the amplitude response will cause
the group delay to vary with time (Petrov et al., [2011]).
In the case where bandpass calibration from a refer-
ence source is available, a complex bandpass calibra-
tion may be performed in PIMA after the coarse search.
With one station selected as the reference station, the
complex bandpass function for each of the other sta-
tions can be computed and applied to correct for in-
strumental frequency-dependent delays and fading of
the amplitude with increasing frequency.

After bandpass calibration, a fringe search is per-
formed again to obtain the final residual phase delay,
group delay and their time derivatives for a baseline at
a given time with respect to the a priori delay model.
The a priori delay model is usually the same as that
used for the correlation. However, when the a priori de-
lay model used for correlation is not continuous, PIMA
can generate its own a priori delay model based on the
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Fig. 18 (a) X-band fringe phases vs. frequency of 5 DOR
tone channels of baseline BADARY-ONSALAG60, (b) respective
fringe amplitudes, (c) fringe phases vs. frequency of 5 DOR tone
channels for source 0507+179, (d) respective fringe amplitude.

one used for correlation. Then according to the scan
reference time (SRT), which is normally within 1 sec-
ond of the middle of the observation duration, the total
path delay is computed by adding the residual delay to
the a priori delay. PIMA also allows to specify inde-
pendent fringe reference times (FRT).

7.2.2 Preliminary Results

PIMA (version 2.22, 29.02.2016) was applied to do
the fringe fitting of the OCEL-09 session. To process
the OCEL observations, we changed the mode from
baseline-based to geocenter-based fringe fitting to
keep it comparable to the fourfit results. In a first test,
we used all channels (8448.75 MHz, 8464.15 MHz,
8468.00 MHz, 8471.85 MHz and 8487.25 MHz)
for both, the Chang’E-3 lunar lander and the delay
referencing source 0507+179, on baseline BADARY-
ONSALAG60 (Fig. [I8). It should be mentioned that
64 spectral lags had been computed in the Fourier
transform of the correlation process with DiFX for
this example. The amplitudes and phases of the
cross-power spectrum are reasonably balanced for the
quasar fringe fit, though not optimal. In contrast to that
the lander’s DOR frequencies appear as sharp peaks
in the amplitude spectrum with the phases showing
a rather arbitrary scatter. Only the carrier frequency
band which has a much higher signal strength has
a well defined sequence of phases. Looking at the
3D fringe plot of PIMA for this setup (Fig. [I9), we
see that it displays a smooth wave form of a series
of maxima. This suggests that the final group delay
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determination becomes rather uncertain. In a series of
test combinations, we discovered that the tone on the
carrier frequency is responsible for this behavior. Most
probably it is the increased intensity of this channel
which causes the delay resolution function to become
so awkward.

7] s
PeRpaD-11] s/s
St1: BADARY St2: ONSALABO Sou: L-168010 Exp: RD16801 8.9805YD-14 s/s
Obs: 11 Scen; 020~1830 Start: 2016.01.20~-18:30:49.200 Duration:
Ampl: 0.0341139 SNR:  107.80
Gr_del: —2.003609D—07 sec Ph_rat: 1.516783D-12 s/s

56.320 sec
Processed on: 2017.02.07 11:43:27
PIMA v 222 2015.02.23

Fig. 19 PIMA 3D fringe plot of all five DOR tone channels for
the Chang’E-3 lunar lander on the BADARY-ONSALAG60 base-
line.

For this reason, we had a look at channel combina-
tions which might be more suitable for a reliable group
delay determination. The starting point is to choose
just the outer two channels #1 and #2 spanning a to-
tal of 39.0 MHz. Here, the basic figure of phases ver-
sus frequencies (Fig.[20) looks the same as for all five
channels, just taking out the three central bands. At
the same time, we can also look at the phases ver-
sus time (Fig. [21I). The phase and amplitude behavior
calculated from a 3-dimensional delay resolution func-
tion with frequency, channel and time as dimensions in
which the phase rotation and counter rotation are ap-
plied looks much more stable for the lunar lander (left
column) than for the quasar (right column). It should
be pointed out that the scan length of about 240 s is
rather long and the radio source thus seems to be rather
weak (SNR 12.1). The delay resolution function (Fig.
[22) shows pronounced peaks about every 12.7 ns. This
appears to be about half of the theoretical ambiguity
spacing of 1/38.5 MHz = 25.974 ns. Looking at Fig. 23]
for some more insights, we see sidelobes here also at
about half of the natural ambiguity spacing. So, we as-
sume that every second peak is a sidelobe rather than
a full ambiguity peak. The reason for theses sidelobes
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Fig. 20 (a) X-band fringe phases vs. frequency of DOR tone
channels #1, and #5 of baseline BADARY-ONSALAG60, (b) re-
spective fringe amplitudes, (c) fringe phases vs. frequency of
DOR tone channels #1, and #5 for source 0507+179, (d) respec-
tive fringe amplitude.
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Fig. 21 (a) X-band fringe phases vs. time of DOR tone chan-
nels #1, and #5 of baseline BADARY-ONSALAGO, (b) respec-
tive fringe amplitudes. (c) fringe phases vs. time of DOR tone
channels #1, and #5 for source 0507+179, (d) respective fringe
amplitude.

are still unknown so far because the theoretical delay
resolution function from a pure Fourier transformation
of two or three frequency bands does not show these
extreme sidelobes.

The final choice of selected frequency channels
for the group delay determination with PIMA is actu-
ally #1, #2, and #4. Here, the delay resolution func-
tion looks rather promising in shape with a single pro-
nounced maximum (Fig. @) The last channel (#5) is
de-selected because it was shown in Sec. [Z.1] that this
channel is often compromised by RFI. Unfortunately,
there are still two rather large side lobes which may
produce sub-ambiguities in the group delay determina-
tion. However, we hope to be able to cope with them
in the lunar parameter estimation process because the
natural ambiguity spacing is 129.870 ns.
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Fig. 22 PIMA 3D fringe plot of DOR tone channels #1, and #5
for Chang’E-3 lunar lander on the BADARY-ONSALAG60 base-
line.
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Fig. 23 PIMA 3D fringe plot of DOR tones channel #1, #2, and
#4 for the Chang’E-3 lunar lander on the BADARY-ONSALAG60
baseline.

Before we look at the estimated group delays,
we should also contemplate our expectations. The
frequency setup of the channels for the DOR tones
#1, #2 and #4 produces an RMS bandwidth v,,,; of
9.6 MHz. Entering this into the approximation of the
standard deviation of the group delay o;

1
Or=—"—— 1
T2 -SNR - Vyys )
with a signal to noise ratio (SNR) of 50 results in a
standard deviation of approximately 330 ps. To be on
the safe side, 0.5 ns appears to be a good first estimate
of the delay determinations.

From the different PIMA fringe fitting processes,
we deduce a few example delays (Tab.[3). These do not
show a clear picture. For the HARTRAO-ONSALAG0
scan, the group delays with and without channel #3
(Columns 4 and 5) may differ by one ambiguity spac-
ing. Omitting also channel #5 (Column 3) produces a
delay which is 3.6 ns off the first two determinations.
However, considering the RFI effect of channel #5 may
well explain this small discrepancy. Although a bit
larger, we see a similar discrepancy on the BADARY-
ONSALAG60 baseline. In both cases, columns 2 and
3 differ by some arbitrary number which can only be
attributed to some linear combination of ambiguities
with a lot of imagination.

8 Delay Referencing

During the scheduling process specific care was taken
that a good number of extra-galactic objects could be
observed which are close to the direction to the Moon.
With these radio sources a special delay referencing
will be applied in the final analysis steps. The idea of
delay referencing is to compute delay calibration val-
ues for the lunar observations from neighboring radio
source observations. The total lunar observation will
be composed of the initial lunar observation T](Sbs and a
lunar delay correction ATl

— ATk, )

L _ L
TObs, Corr = TObs
with

3)

ATt =A TClock + A Tatm,w + A TAtm,h + A Tion.

The first term, the clock contribution consists of the
difference of the two clock values to be computed from
the estimates according to Eq. (3) applying the respec-
tive observing epoch of the lunar observation ¢ for tele-
scopes a and b

“)

Atey(t) = e, (1) — T, (1),

with

At (1) =To, +T1.(t —10) + T, (t —10)*. (5

In principle, the same applies to the atmospheric
corrections, where the zenith wet component Tam, w
could be taken from the estimates. Since normally
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Table 3 Residual group delay and SNR results with different IF combinations of Chang’E-3 lander for HARTRAO-ONSALAG60

and BADARY-ONSALAG0 baselines.

IFs H1HS |[#H1H2 HA|#]1H#2 HAHS | #1 H#2 #3 #4 45
HARTRAO-ONSALAG60

Residual group delay (ns)| -20.026 | 34.507 30.977 -99.258
SNR 46.4 46.0 55.7 115.7
BADARY-ONSALAG60

Residual group delay (ns)|-183.431|-217.469| -209.723 -209.361
SNR 57.8 63.6 76.4 107.8

time derivatives in the form of piece-wise linear
polygons are estimated as well, the lunar corrections
for the zenith wet component for each station can be
computed from

A Tzitm,w (thrl ) —A Tf«tm,w (tn)
Iny1—1In
+A T/ZXtm,w (tVH-l ) )

“(t—tnt1)

(6)

A 1’-/itm,w (t) =

where £, is the epoch of the polygon before and 7, | the
epoch of the polygon after the lunar observation. The
final correction for the wet component then reads

@)

ATAtm,W = AT,ZAmLW 'mW(e)a

with m(€) being the mapping function computed for
the elevation of the lunar observation. The hydrostatic
correction ATamp is computed as usual from the hy-
drostatic correction in zenith direction At accord-
ing to the modified Saastamoinen formula (Davis et al,
1985)) and the hydrostatic mapping function m,(€).
The ionospheric correction is a bit more tricky
because the observations of the extra-galactic ra-
dio sources only provide baseline-related and not
station-related ionosphere corrections. Furthermore,
the elevation angles at both stations differ for the
quasar and the lunar observations. To cope with
these intricacies we devised the following scheme.
First, the ionosphere and its total electron content at
both stations is extracted from total electron content
(TEC) map for the epochs of the quasar observation
directly before and the one directly after the lunar
scan. From that theoretical ionosphere corrections
are computed for the pairs of quasar directions.

3 available, e.g., at https://cddis.nasa.gov/Data_

and_Derived_Products/GNSS/atmospheric_
products.html#iono

Quite naturally the theoretical ionosphere corrections
deviate from the ones computed from the S and X
band group delays because the latter corrections are
based on observed values which might be biased by
instrumental effects. Consequently, each baseline has a
unique bias between modeled and observed ionosphere
corrections of approximately 50 to 250 ps. Setting
the station-based bias of one of the stations to zero,
relative station-related biases can be computed from
the baseline-related biases with a simple adjustment
program.

The station based biases can then be applied as cor-
rections for the model values from the TEC maps. If
the reference station is selected very carefully, these
corrections are consistent with the observed ionosphere
corrections of the observations of the “delay referenc-
ing sources” because they also contain the effects of
the systematic differences between the S and X band
observations due to instrumental effects.

9 First results

Considering that not all correlation, fringe fitting, and
calibration options have been tested yet, we are nev-
ertheless able to produce the first interim results al-
ready. These are the observed minus computed delays
(O-C) produced in the analysis software ivg::ASCOT.
No parameter estimation module for near-field targets
is available yet in ivg:: ASCOT.

Out of the many baselines observed, the O-C val-
ues of two example baselines of the OCEL-09 session,
which was carried out on January 20-21, 2016, are de-
picted in Fig.[24]as representative results. In both cases
we show that results using the Duev et al.|(2012) model
and the |[Sekido and Fukushima/2006/ model look iden-
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Fig. 24 Two example baselines, as indicated in the plot titles,
for the Chang’E-3 observations (OCEL-09 session, carried out
on January 20-21, 2016). Data points for the lunar lander are
plotted in black, for the quasars in gray. Top: Both lunar and
quasar observables follow the same trend, but the lunar ones are
offset from the quasar ones and are subject to jumps. For this
baseline a constant offset of —161 us has been subtracted from
the data. Bottom: In this example the overall variance is much
less than in the data shown in the top panel. However, here it is
worth of note that while the lunar data follow a systematic trend
the quasar data are also subject to random variations. For this
baseline a constant offset of —32 s has been subtracted from
the data.

tical. For both baselines a constant offset in the mi-
crosecond regime for all observations has been sub-
tracted from the data as indicated in the figure caption
to center them around zero, a measure which can also
be considered as subtraction of a constant clock offset.

On the baseline Badary—Ny-Alesund (top panel of
Fig.[24) both lunar and quasar observables mostly fol-
low the same trend. However, there is a distinct offset
between the two in the order of ~10 ns. In addition, the
lunar lander data are subject to occasional jumps, not
present in the quasar data here.

In the bottom panel of Fig. [24]the data for the base-
line Matera—Wettzell are shown. The overall variance

is much less here than in the data presented above (hun-
dreds of ns in the top panel compared to tens of ns in
the bottom panel). However, in this example it is strik-
ing that the lunar lander data are dominated by a sys-
tematic trend while the quasar data are also subject to
random variations.

10 Conclusions

We developed a chain of processes to include obser-
vations of an artificial radio source on the Moon, the
Chang’E-3 lunar lander, into geodetic VLBI sessions
to benefit from relative observations of nearby quasars
and from directly observed auxiliary information such
as observed UT1-UTC and nutation offsets of date.
The scheduling strategy alternates between 30 min-
utes long slots of standard geodetic observations and
30 minutes long lunar lander observations. During the
latter the lunar lander DOR-signal is observed, alter-
nating with close-by radio sources in order to allow for
phase- and/or delay-referencing.

In total twelve so-called OCEL sessions were
scheduled and observed during 2014 to 2016, in-
volving networks with between 7 and 12 worldwide
IVS stations. However, constraints due to station
availability sometimes made it impossible to observe
the lunar lander for several hours due to the Pacific gap
in the IVS network.

The choice of a suitable frequency setup that allows
both observations of the DOR tones of the lunar lan-
der and normal natural radio sources turned out to be
rather difficult. Various approaches were tested during
the different OCEL sessions. Based on the experience
gained, a suitable frequency setup was finally devel-
oped and used in the two most recent OCEL sessions.

The correlation of the lunar lander observations
was done with DiFX, the standard software correla-
tor used for geodetic VLBI. The necessary a priori
delays were calculated with state-of-the-art near-field
delay models. While the correlation is rather straight-
forward with the standard version of DiFX, the spe-
cial signal structure of the Chang’E-3 lunar lander re-
quired to modify the standard fringe fitting software
fourfit in order to handle the DOR tones properly. Be-
sides fringe-fitting with fourfir-DOR also tests with the
fringe-fitting software PIMA were performed.
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Two near-field models were introduced into two in-
dependent VLBI data analysis software packages. The
two near-field models show some level of disagree-
ment, which is however not of importance for the data
correlation but will be of interest for the future data
analysis. Since so far no OCEL session is completely
correlated and fringe-fitted, VLBI databases for further
analysis are not yet available. However, the data anal-
ysis software packaged ivg::ASCOT and c5++ have
been extended and prepared for data analysis, for c5++
also including parameter estimation Klopotek et al.| (in
prep.).

The work will continue with a thorough compar-
ison and evaluation of the different approaches for
fringe-fitting and to determine group delay observ-
ables. After that the VLBI observables for all twelve
OCEL-sessions will be produced and analyzed. Mean-
while, we aim for further OCEL sessions to make use
of this target-of-opportunity, the Chang’E-3 lunar lan-
der, as long as it is working.
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