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VEGA balloons VLBI tracking, 1986

f=1.6 GHz, Af=2 MHz, 20 radio telescopes

Preston et al. 1986, Science, 231, 1414







Huygens VLBI tracking: eavesdropping...

I Ch. B: 2097 MHz

105 km

| Huygens Data

RCXO A TCXO
RUSO TUSO

Huygens I Huygens
Receiversl Probe

“"Channel C" — eavesdropping
on Channel A carrier




VLBI tracking of Huygens, 14 January 2005

09:30 UTC

Jive.
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16:00 UTC

~20 radio photons
per 25-m telescope
per second...



& “Night Flight”: 14 — 15 January

CSIRO (AU) - JIVE (NL)
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Huygens VLBI heritage: 20 photons/dish/s

3D Huygens descent trajectory

™~

Ad hoc use of the Huygens “uplink” carrier signal
at 2040 MHz *; '\>
Utilised 17 Earth-based radio telescopes

Non-optimal parameters of the experiment

(not planned originally)

Achieved 1 km accuracy of Probe’s descent

trajectory determination

Assisted in achieving one of main science goals

of the mission — vertical wind profile

» &> - Titan, 14 January 2005
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Working in the near field with PRIDE @@g

While praying let’s not forget

/ Near field

N B

<
<

/S

D B

| Baseline 100 km 1000 km 104 km

Facility MERLIN EVN EVN |

WE




Spacecraft “imaging” and state
vector estimation by means of
phase-referencing VLBI:

* Near-field delay model
* Propagation effects

* “uv-plane” for near-field case

Details in: Duev et al. 2012, A&A 541, A43




Near-field delay model

Gravitating

Body ~ Spacecraft
S (Ty, Xo)

Solar
System

Barycentre | _ _
£3:19) Light travel times

LT,, LT,

Telescope 1 \ Telescope 2
Ry (T4, X;) R, (T,, X,)

Geometry of VLBI observations of spacecraft in
the Barycentric celestial reference frame




Near-field delay model

Station positions:
ITRF = GCRF (IERS Conventions 2010)
Plate tectonics, ocean loading, solid Earth tides, pole tide,

atmospheric loading
Thermal and gravitational deformations of telescopes

Lorentz transformation GCRF = BCRF

Geometry of VLBI observations of spacecraft in
the Barycentric celestial reference frame




Near-field delay model

Gravitating

Body ~ Spacecraft
S (Ty, Xo)

Solar
System

Barycentre | _ _
£3:19) Light travel times

LT,, LT,

Receiver 1 A, Receiver 2
Ry (T4, X;) R, (T,, X,)

Geometry of VLBI observations of spacecraft in
the Barycentric celestial reference frame




Near-field delay model

Additional contribution to the signal delay
due to clock offsets/rates @ stations,
charged media (IPM and ionosphere) and
troposphere!

N

Geometry of VLBI observations of spacecraft in
the Barycentric celestial reference frame




Why phase-referencing?
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VEX phase behaviour on the baseline Onsala -
Metsahovi, 25.03.2011, no phase referencing




Why phase-referencing?

Red — detected phase fluctuations
power density

1 Blue — scintillation slope fit
\&.ight blue |- with system noise added
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Kolmogorov spectrum of phase scintillations, Onsala, 25.03.2011




Why phase-referencing?
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Scintillation phase:
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Why phase-referencing?

Hl): _ Nodding: t=180s,

f,=1/t=5.5 mHz

Scintillation phase:
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Kolmogorov spectrum of phase scintillations, Onsala, 25.03.2011




Why phase-referencing?

Nodding: t=180s, |
f,=1/t=5.5 mHz
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Kolmogorov spectrum of phase scintillations, Onsala, 25.03.2011




Propagation effects

lonosphere:
|GS vertical TEC maps + proper projection onto the LoS

Troposphere:
Ready-to-use (empirical) models:
* Zenith delay + Mapping Function
* Niell Mapping Functions NMF
* Vienna Mapping Functions VMF1
On-demand (dynamic) models:

* Ray-tracing through Numerical Weather Models
(ECMWEF)




Tropospheric delay model

ACTPOHOMHYECKHH )KYPHAJI, 2011, mom 88, Ne 11, c. [—9

VIIK 520.8-77-852-653

MOJIEJIb TPOMOC®EPHOU 3AJIEP)KKU CUTHAJIA
NMPU PAIUOACTPOHOMUYECKUX HABJIFOAEHUSX
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“uv-coverage” for near-field VLBI

Near-field VLBI: Jacobians

instead of uv-projections of
baselines:

/ d(14 — 73) 0(t4 — T3)
a0 : : ,
: Near filed uv's can differ from classic

' UV’s by hundreds of meters
a(ty — Ty) y

00 o o —210° 0

a(TN_l _ TN) a(TN_l _ TN) 2 “ V) 5 c
By PY:) Near Field “uv’s” for EM081c VEX pointings

(in kilometers)
Longest East-West — Ys-Zc,
Longest North-South — Mh-Ys

Duev et al. 2012, AA541, A43




Spacecraft “imaging” and state vector estimation

L(l,m) = f S (u, v)- V(u, v)- R(e™ 2™ Wvmy qy dy
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“Spacecraft imaging” and state vector estimation

\ ON-1.N /

- measurement equation

- differential phases
- vector of corrections

Corrections to the S/C a priori lateral position:

Aa | = ((JT.J)—I.JT-A_Xp)

f

[




sracg,

Tips for “harvesting” in near field w

= Use the most accurate delay model accounting for
"Classical” geometry (geodetic accuracy)

Propagation effects
Dry atmosphere
Wet atmosphere (meteo data)
Local ionised medium (Earth ionosphere)
Total Electron Content (TEC, see presentation by G. Molera)
General relativity effects (light deflection)

= Exploit phase-referencing
thus need for good nearby calibrators

» Bonus: “free” radial Doppler







PRIDE in practice

Proposing the observations
Contacting the telescopes
Getting the ephemeris
Scheduling
The observations

= recording and shipping
Data analysis

= AIPS

= S/CSpectrometer

=  SFXCimplementation

JIVE Board meeting, Dwingeloo 2011.12.12




* JPL's SPICE software.

RA. dearees

* SPICE “kernels” contain navigation and other ancillary information of a specific mission.

* For RadioAstron these kernels are not currently available.
* The spacecraft state vectors with respect to each station were evaluated using built-

in SPICE routines.
* The obtained state vectors in rectangular coordinates were converted to RA/Dec

coordinates, to serve as input for the antenna pointing.

* SCHED/VEX

* Tweaks and hacks for
Geodesy/Astro patching.

Dec, degrees

66.8

66.6

52 54 5.6 58

RA. degrees
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* Standard VLBI observations. Phase-referencing mode.

* 8-16 MHz filters. 512-1024 Mbps. Frequencies (tone in one sub bands). Wide band for
calibration purposes.

* Recorded on Marks (or PCEVN).

* All data can be transferred via Tsunami after the observations.
* Or (possibly) the spacecraft data may be buffered locally (or at the JIVE correlator) while

the phase-reference source may be correlated on real-time (e-VLBI) to check for problems.
[in collaboration with NEXPReS].

The Array:
Metsahovi (Finland)
Tone = x-band RCP Medicina, Noto, Matera (ltaly)
Wettzell (Germany)
; Yebes (Spain)
Four channels of 8 MHz overlapp.ed a?nd shifted Pushchino, Svetloe, Zelenchukskya (Russia)
by 10 KHz (for better RFI determination) and/or Onsala (Sweden)
wider separation for better S/N on the Warkworth (New Zealand)
calibrator Hartebeesthoek (South Africa)
; Fortaleza (Brazil)
VLBA antennas (USA)




Data Analysis

* SFXC correlation of the phase referencing calibrator.
(SFXC s JIVE hardware correlator, which is based on the spacecraft tracking software: Huygens.)

* AIPS standard data reduction for the phase reference calibrator

* Calculation of rates and delays
* Imaging

* S/C spectrometer for analysing the S/C tone.
(see Sergei’s presentation)

* SFXC correlation of the Spacecraft signal.

* high spectral resolution needed. Not possible with hardware correlator.
* SFXC specially modified for Near-Field VLBI and tropospheric corrections
* strict collaboration with JIVE R&D

Jjive-
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EM081 — EVN observations of ESA’ s Venus Express spacecraft 3C446, 2.5 ly

Fringe Finder at a distance Of
15 deg (North) from target

y, arcsec (from south to north)

09"05™ TDB
OnWzMaMcMhSvZc

-40 =30 -20 -10
X, arcsec (from west t¢

- J2211-13,0.17 Jy ' l L 09"30™ TDB  +Ys
reference source at a distance ‘ OnWzMaMcYsMhSvZc
of 2.5 deg (South) from target

09h55m TDB -Sv
OnWzMaMcYsMhZc

dec, mas. +10

10M20™ TDB  -Mh
OnWzMaMcYsZc

10
-5 dec, mas 5

10"45™ TDB  -Zc
+10 .5 RA, mas 5 OnwzMaMcys
Imaging Results with EVN array of On,Wz,Mc,Ma,Ys,Mh,Sv, Zc,

2011.03.28

10  RA, mas
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Generic PRIDE configuration

R

PRIDE: a multidisciplinary enhancement
of the mission science return with
minimum on-board instrumentation

We are here I

Planetary

Radio
Interferometry &
Doppler
Experiment
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ESA planetary science missions — VLBI “customers”

Europa Jupiter System Mission

Selected by ESA
in Feb 2013

JUICE-Laplace

MarcoPolo-R
(asteroid sample return) .

SEIS 2025 Subject of selection

in 2013

BepiColombo [ kcoPoLo-

MMO

-

Special consideration by
ESA, NASA, RFSA

2015

VenusExpress &
MarsExpress

Operational or firmly on track for launch

11th EVN Symposium, Bordeaux LIG 10.10.2012




PRIDE-2013 vs Huygens VLBI tracking

Transmitter Time DeI% (@" nal
P R

Distance ) Band : C) ccuracy
power/gain resolution
(lateral)

Mission

[AU] [GHZz] [m]

Huygens

VLBI 3 W /3 dBi

\S
a{k\\}v /6dBi | 8.4 (X)

32 (Ka)

Conservative estimate, today’s technology
Minimal special requirements for the on-board instrumentation

11th EVN Symposium, Bordeaux LIG 10.10.2012




Science case for generic PRIDE

Direct characterisation of the spacecraft signal by means of VLBI
tracking and radial Doppler measurements

VLBI estimates of the S/C state vector

Gravimetry
Celestial mechanics at the accuracy level of relativistic effects
Input to the fundamental physics

“Cruise” ad-hoc science plus mission diagnostics (“health check”)
= Complementary to DeltaDOR and “two-way” range measurements

plus
= Direct-to-Earth (DtE) delivery of critical data (e.g. via SKA after 2020)

11th EVN Symposium, Bordeaux LIG 10.10.2012




ESA: Jupiter Icy Satellites Explorer (JUICE)

Progressing from explorat/on to character/satlon of habitable worlds

. ‘JU|Q
JUICE Science Themes 3
* Emergence of habitable worlds around gas giants. 1

» Jupiter system as an archetype for gas giants

search of “hidden” bodies of water
* by tidal deformations
plus
« ephemerides of Jovian system

Launch: 2022
Arrival to Jovian system: ~2029

11th EVN Symposium, Bordeaux LIG 10.10.2012




Exploration of the habitable zone

CF:

(OF:

nymede

Largest satellite in the solar system
A deep ocean

Internal dynamo and an induced
magnetic field — unique

Richest crater morphologies

Archetype of waterworlds
Best example of liquid environment
trapped between icy layers

llisto

Best place to study the impactor
history

Differentiation — still an enigma
Only known example of non active
but ocean-bearing world

The witness of early ages

Eu

ropa
A deep ocean
An active world?

Best example of liquid environment

illc8htdét with silicates

11th EVN Symposium, Bordeaux

LIG




PRIDE for Gaia?

= What is needed:
Gaia S/C velocity

Random error o < 2.5 mm/s
Systematic error o < 1 mm/s

Gaia position
o < 150 m (for each cartesian component)

= Can PRIDE deliver?

Yes, but...

need understand how to work with
phased array antenna

Wait for EVN test with Herschel

= Science-driven support

11th EVN Symposium, Bordeaux LIG

_ Lunar orbit

_~ Phasing loops

- Moon at swingby

1.5 million km







PRIDE tracking of Spektr-R, 2011.11.15

detfrqresidual (Hz)

i Ry 4 F:
Sttt Somni

+

* Doppler tracking test of RadioAstron with Metsahovi and Onsala

* Processing with narrow-band software correlator

RISC mtg, Mosow, Russia 2013.06.20-21




RadioAstron and PRIDE

= PRIDE (near-field VLBI) trackmg of RadioAstron

Several test runs conducted C— -\

Efficiency/accuracy — high S T T -
' M March 2012
o,=0.1.mm/s
Corresponds to 0, << 1 km
Improvements feasible
But

Operational issues must be addressed:
* A subject of observing proposals?

* Separate or a part of sci proposals?

* In- and out-of-session runs?

RISC position on PRIDE involvement?

RISC mtg, Mosow, Russia 2013.06.20-21




Example of RA X-band “PRIDE” fringes - |

Spectral domain On-Mh Lag domain

iAo

RA distance ~100,000 km, “visible RA motion” ~7.5 degr/hour, pointing difference On-Mh ~1.5 degr;
Calibrators: red - J0217+7349, blue - JO019+7327. RA - green



Example of RA X-band “PRIDE” fringes - li

Post-correlation residual delays over a priori delay models.
Cubic time-trend fit shown as solid lines.

Goodness of fit over 2 hours

J0217+7349 180 ps .
J0019+7327 600 ps 190 ps = (6/c) cm
RadioAstron 190 ps

RISC mtg, Moscow, Russia 2013.06.18-20-21







RA fringes on SFXC

8 OO0

Reference Integrations Polarisations

|X| re03fu Fringes

0.1
] RadioAstron AGN fringe survey experiment REO3FU:
T ] test correlation with the SFXC correlator at JIVE
5 0.05
] ]
1d g Report is prepared by: T. Bocanegra Bahamén, G. Cimo, D. Duev, L. Gurvits,
] _J’ A. Keimpema, M. Kettenis, G. Molera Calvés, S. Pogrebenko, H. Verkouter
0.0 - 4, o P Ryt 4
0.04 4 Summary:
S ] Mk5B data from: Ra, Ef, Gb, Sv, Zc, Bd, Ys.
0 - Source observed: 0716+714.
o 002 Fringes obtained to all stations that had observed.
1 e i Data were correlated using the a priori delay model developed at JIVE. The formatter
. ) b ” (OTTL AT T i . . off_set for Ra was corrected using the a priori model, the clock offsets/rates were
0.0 - : o : ' adjusted.

T
0 256 s FITS-files available on demand provided a PI's permission.
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RA fringes on SFXC @ JIVE

PLot file version 1 created 28-MAR-2013 16:16:59 5 G HZ

PLot file version 1 created 28-MAR-2013 16:11:28 22 GHz
Amplitude and Phase vs Time for REO3FU-C+UVDATA.1 Vect .. s

R Amplitude and Phase vs Time for REO3FU-K+2S.UVDATA.1
IF2 CHAN1-32 STKLL IF2 CHAN1-32 STKLL
1

| RA-GB (1-5) ! ! !

RA-EF (1-9)

1

50

s 3
i 2400 2500 2600 2700 2800 2900 3000 3100 3200 3300 3400 3500 3600

time, seconds of the day

Closure phase (rad)
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Near field VLBl R~ B4 y = FRemewy
L et Wi o Interferometry&'

. .'.-_’Doppler L
Experlment

Ty > 1018 K?

Kardashev, Parijskij & Umarbaeva, 1973

Baseline 100 km 1000km 10*km 105km 10°km 10°km 108 km
Facility MERLIN | EVN WE R-Astron

-
*

I Astrometry of extragalactic pulsars?




