Spacecraft observations
and IPS
with VLBI radio telescopes
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Very Long Baseline Interferometry (VLBI)
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Metsdhovi is a member of the European VLBI
Network (EVN). The current correlator node is
at Joint Institute for VLBI in Europe (JIVE), the

Netherlands.

Hartebeesthoek

More than 20 radio telescopes worldwide are
members of the EVN community and conduct

VLBI sessions regularly.
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VLBI configuration

Antenna

\ / VLBA rack

Baseband
. S Mark IV PC-EVN / Mark5A
RF Receiver converters .
formatter Recording system
sampler

1-16/32 subbands, 2-bit mode, 2-16 MHz bandwidth.

Data processing at JIVE:

IPS Workshop - 23/24 Nov 2013 - Nagoya 3



Spacecraft observations

Huygens probe landing in Titan legacy, 2005.
First attempt, tracking of the signal transmitted NASA’s spacecraft Ulysses in 2008.

We initiated observations of Venus Express spacecraft in coordination with the
European Space Agency. The sessions have extended for 3 years (2009 to 2013).

And results for EVN array, after the adaptive tropospheric correction
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Our targets

Prospective PRIDE missions

* ESA Venus Express (VEX) « Phobos/Seil

* ESA Mars Express (MEX) e ESA GAIA 2014

* JAXA Akatsuki & Ikaros  ESA-JAXA Bepicolombo 2015

* NASA Stereo A/B « ESA ExoMars 2016

* NASA Mars Rover * ESA Jupiter Icy Europa moons 2020.
* NASA Ulysses « ESA MarcoPolo-R 2020

* GLONASS satellites e RSA Venera-D 2024

* RadioAstron Space VLBI'S/C




ESA Venus Express spacecraft

Venus Express (VEX) is operative since 2006.
Data links transmits in S & X-bands.
S/C observations made in X-band

S/C signal Power transmitted 1W

Flux denisty 0.5 mJy
A

“EX observalion recorded with ibob 27 Aug 2009

Spectra Power
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— - Wettzell VLBI radio telescope

ESA/ESAC Cebreros ground station
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Power spectra

Detecting S/C signal

Power spectra (8§ MHz) of VEX S/C @On on 23.08.2010

Time—integrated spectra
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Power (log scale)

Detection of spacecraft in narrow band

Detection of the spacecraft signal viewed for 4 different radio telescopes in a
narrow band of 20 Hz around the carrier with a frequency resolution better than 1

mHz. . .
q VENUS EXPRESS detections with VLBI antennae (23/08/2010)
110 Frequency detections em081a - S/C phases for scan 1 em081a
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diagram (Molera et al., IPPW-8 2011)
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Software

— Software Spectrometer
A high performance software spectrometer used to detect the S/C tones. VLBA and
MKkIV formats and Mark5A, PC-EVN, Mark5B, VDIF and raw input.
Each pass extracts the 8 or 16 MHz BW data performs an accurate cos-square
windowed overlapped discrete Fourier transform (3.2M DFT points) and spectrum time
integration.
All settings are full adjustable.

— an ultra-high spectral resolution spectrometer-correlator.

The spacecraft tone tracking software uses and adaptive filtering extracts and filters
stopped tones down to a several kHz wide BW using a 2nd order WOLA (Window-
Overlap-Add) DFT-based algorithm of the Hilbert transform aprox.
Time-domain sample sequence of every filtered tone is written as an output for post-
processing using
Residual phase in a stopped band is determmed with respect of polynomials applied for
phase stopping. Depending on the S/C SNR and individual tones, the final BW of phase
detections can range from several kHz to several mHz.



Propagation of the radio waves

 We extracted Doppler detections and signal phase
from the carrier line in all our observations.
@5 * The phase fluctuations are used to characterize the
IPS at any epoch.
* VEX campaign has lasted for more 3 years, covering 2
full orbits of Venus around the Sun.
Earth  More than 100 sessions conducted.

Residual phase from VEX signal
observed at low and high solar elongation
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Phase comparison

Detected phases on em081a - Pu-On-Mh-Mc

100 200 300 400 00 GO0 7OO =00

Phase is in radians, and we added +4, +2, 0 and -2, to make the view of the
data more clear.
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Spectral power density

Kolmogorov spectra for 3 different epochs at Wz
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The spectral power density of the phase fluctuations showed a clear Kolmogorov-style

spectrum.



Spectral power density
Glonass satellite
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Spectral slope dependence?

Slope of phase fluctuation spectra
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TEC (TECU)

Estimated TEC

10"

Simulated TEC for the MEX, VEX signal path and ionosphere
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TEC of IP (TECU)
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Phase scintillation indices

and estimated TEC

Comparison of phase scintillation indices and estimated TEC
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Improving the results?

A) Improving the phase scintillation indices by removing the scintillation noise

2 2 2
GSC — GSC_ GN

B) Improving the phase scintillation indices by removing the proportional contribution
of the vertical Total Electron Content of the ionosphere

2 2
GSC = GSC_ VTECion

C) Compare more carefully SNR observations, Doppler noise of the detection and level
of the fluctuations.

D) Discard anomalous data for known events...



Future work

VLBI observations to determine the velocity of the solar wind.
At least, we will need 3 radio telescopes and good baseline
coverage.

Cover the inferior conjunction. We don’t have almost data
from that part of the orbit. Data will come in the following
months.

Combined EISCAT + VLBI observations.

Suggestions are welcome.



