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1. Background
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» CE-3 lander moon surface absolute position
accuracy <100m. (VLBI group delay + range)

» CE-5/Mars probe require more accurate position.
(1mas~2m, Moon; 1mas~2km, Mars)

» Phase reference VLBI imaging can reach
<0.1mas-level accuracy in astronomy
observations.

» mas-level spacecraft positioning by phase
reference VLBI imaging is attractive.




2. VLBI Imaging principle
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uv sampling and imaging results



Phase-reference VLBI Imaging

By phase reference VLBI method, target phase is
calibrated by a reference source (calibrator).

* Nearby reference calibrator and fast switching.

 The calibrated target phase only contains phase
caused by position offset.

* The center of the phase-reference image is the
relative position of the probe to the calibrator with
high accuracy.




« Spacecraft: switching cycle time <4min, and
separation angle <5° for X-band.

 The accuracy of far/near field VLBI time delay value
will affect the phase-reference VLBI results.

« CVN, hundreds of ps time delay error will cause tens
of mas positioning error.

« Accurate far/near field time delay models of
IERS(2010) and Sekido (2006).

« UVW is defined as W-axis point from the Geocenter
to the observed target, U-axis point to the East, V-
axis point to the North pole.




Spacecraft Date Session length DistaEnac;tehfrom Frequency
CE-2 2013-05 ~6h ~5x107 km S band
CE-3 2013-12 | ~30h(5 positions) ~4x10° km X band

CE-5T1 2014-12 ~6h ~4x10° km X band
MEX 2015-01 ~2h ~1.9895AU X band
Rosetta 2015-09 ~10h ~1.7889AU X band

14U =1.49597870699626200 x 10°km



CE-2 vs. 0952+179

SAT—CEDZ at 2.2171 GHz in RR 2013 May 06
—r— ==

(=4 ™
g .‘ . > \ \ \ “\‘ -
- s e - \\ \ \‘\.
- - .“ \- \ \\\.
4 "y -y Q \\\ \\ \\\. =
r -“ . 5\\“\ \\:
o. .- " \ 1] N i r
. ..‘ \\ \' ‘.‘:. \ “I’,;
8'-.":\\“‘.‘0‘ N
-, '. \ L 5 .‘. |
SR # ‘." _“ . :c.
- - » -
l“.“' m,‘ 'I.I . ~
= a L) »
oS A g -,
ﬁg:‘.\\\\:“v .0..
\—\ LY \\\\ e w o B
,‘\ - hd - 1 1
-250 300 350 400 i ;

CE-2 phase-reference results and UV coverage
Freq = 2.2088 GHz, Bw = 4.000 MH Calibrated with CL # 2 but no bandpass appl
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Lower frame: Log10(Amp) Jy Top frame: Phas deg

Received CE-2 signal

Distance from earth:

~5x10" km
Separation angle: <7°

@ S-band

Station: SH. KM. UR

~4h observation data

Results is consistent with
CE-2 orbit determination
(~10km)

Correlator: SCORR
-- CVN software correlator




CE-3 In-beam observation of Lander and Rover
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CE-3 phase-reference imaging results 3-D positioning method using imaging results



CE-5T1 vs. 1920-211
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 Distance from earth:

~3.8 X 10%m

Separation angle: <<1.3°
@X-band

Station: SH, BJ, KM, UR
e ~2h observation data

 Results is consistent with
CE-5T1 orbit
determination (~100m)

 Correlator;: SCORR

Received CE-5T1 signal
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Relative Declination

MEX and 2155-152

Residual RR map.  Array: CVN
SAT-MEX1 at 8.420 GHz 2015 Jan 05
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CVN and JIVE phase-reference results of MEX

Residual RRmap. Array: EVN
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Freq = 8.4185 GHz, Bw = 4.000 MH No calibration applied and no bandpass applied
I

DT, ST T T T~ 2T R
.an 300 _ﬁ‘* ' + +++ + 4 : %-o.{ P/ i++ . +2";¢+ *@:{
0 200r+ il + B + - s *H%ﬂ* @
2 100 [F A H N & ‘%ﬂt*"b.__——'ﬁﬁm E : + **4}34- s f :
o ad 4. w e + + +. gt *
0 L'%L&! **4& 1 T;o“ I L e } I ‘1-{;! ++04+*+*;
SH-BJ | I | | | [ I 1-2
0.5 — —
0.0 —
05 A l L —
>
2 |
= 1.0 ] L —
E :
§ 1.5 1
€ 20 —
Ll It ‘ H i .I.l!. ‘ i
K igi [P AT iy -
4.5 l!'!;':\.‘ oA 1 ’_II ih I ¥ '1Ii!| ji ii‘l’ ‘“E-Ill"
30 [ff I | | I r 1 i | I iF
! ! i
35 !ﬂ
i | | | | | |
8418.5 8419.0 8419.5 8420.0 84%25 - 8421.0 8421.5 8422.0
FREQ z

Lower frame: Log10(Amp) Jy Top frame: Phas deg

Received MEX signal

Distance: ~1.9895AU

Separation angle: <2.5° @
X-band

SH, BJ, KM, UR, BD joined
~1.5h VLBI observation data

Both CVN and JIVE results
keep consistence with MEX
precision orbit ~1mas

Correlator: SCORR & SFXC



Rosetta vs. 0J287

Dirty RR Map. Array: CVN Rosetta angular offset
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Clean image J0856+2111 vs. OJ287 in Rosetta session

Clean RR map. Array: BHHHKKSSTWWWWYZ Clean RR map. Array: CVN
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e y T T \ — ~ T y T T = y T T T y g T T
(a) DiFX ' (b) SCORR 3

2
™y
)
W
// /0
(mas)
2
d,w
I e

Relative Declination (mas)
0
3
7'y
C>) r g
g
ol
Relat Declinat
o

1 s 1 L l L 1 L L 1 1 L I 1 L 1 L
' & 4 2 0 -3 A s '6 4 2 0 —2 - —
Right Ascension (mas) Right Ascens ion (mas)

Discrepancy of SCORR and DiFX results ~0.1mas
SCORR far-field delay accuracy is the same level of DIFX




4. Next plan

Chinese lunar probe lander CE-3 imaging experiment.

IVS session?

Lunar lander absolute position hopes to reach meter
level or better.

Long time observation perhaps can improve Lunar
ephemeris?




5. Summary

 CVN spacecraft phase reference VLBI imaging can
obtain mas-level positioning results.

 Phase-reference VLBI doesn’t need special
designed radio beacon.

« Observation session is not very long.

 Phase reference VLBI imaging applies in
lunar/Martian surface lander high accuracy
positioning in the future .
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