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Planetary Ephemeris

• Used for dynamical studies of the solar system, tests of general 
relativity, prediction of occultations and eclipses, pulsar timing, and 
interplanetary spacecraft navigation. 

• Inner planets are tied together to a few meters in current ephemeris 
through radar and range tracking of multiple missions including 
orbiters and landers. 

• Inner planet orbit orientations known to 0.25 mas from VLBI of Mars 
orbiters relative to ICRF

• Outer planets not as well tied to inner solar system, or to each other.  
(Jupiter orbit known to about ~20 mas)

• Cassini was the first outer planet mission to provide high accuracy, 
long term position measurements for Saturn

• Juno will be the first outer planet mission to provide high accuracy, 
long term position measurements for Jupiter. 
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Very Long Baseline ArrayVery Long Baseline Array 

Good baseline range, good stability, good calibration, good coverage of ecliptic declinations 
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Phase Referenced Astrometry

Source switching time < time scale of typical systematic errors 

• Phase differencing reduces model delay errors by 1/(sep)

• Troposphere delays and souce position offsets are the main     
error sources in residual phase differences at X-band 

• Unmodeled troposphere delay error between close sources 
~ 1 ps (1λ at 8.4GHz = 120 ps) 

• Best relative position accuracies are < 0.05 mas 

• Our goal is ~ 0.2 mas (dominated by error in link to ICRF)
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Phase-Referenced ImagingTroposphere Calibration 

Center at RA 10 22 29.44110000  DEC 12 00 32.0080000

CASSINI  IPOL  8427.734 MHZ  CASSI BJ061E.ICL001.3
PLot file version 1  created 04-AUG-2009 14:05:21

Peak flux =  4.9283E+00 JY/BEAM 
Levs = 4.928E-01 * (-10, -9, -8, -7, -6, -5, -4,
-3, -2, -1, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10)
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Center at RA 10 22 29.44110000  DEC 12 00 32.0080000

CASSINI  IPOL  8427.734 MHZ  CASSI BJ061E.ICL001.5
PLot file version 1  created 04-AUG-2009 14:40:20

Peak flux =  5.6415E+00 JY/BEAM 
Levs = 5.642E-01 * (-10, -9, -8, -7, -6, -5, -4,
-3, -2, -1, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10)
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Baseline Total DelaysBaseline Total Delays 
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Cassini VLBA Data

• VLBA observations determine Saturn orbit plane to ~ 0.25 mas.
• Uncertainty limited by position of phase reference sources.

• Improving with follow-up quasar observations.
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4. Revision of VLBA measurements 
Following the integration of DE435, one more VLBA measurement was processed (D. L. Jones, 
private communication) and further radio source position updates became available (Gordon et 
al. 2016). The updated residuals are shown in Figures 7 and 8. The measurement uncertainties 
have significantly improved. Previously many of the estimated uncertainties were limited by 
uncertainty in the radio source positions dominated the Saturn position uncertainty. With the 
updated radio source position catalogs, the uncertainties are now mainly due to uncertainty in the 
position of the spacecraft with respect to Saturn. The declination residuals and uncertainties 
appear consistent, The right ascension residuals and uncertainties shoe hints of systematic errors 
not yet taken into account. Overall the residuals of the reprocessed measurements are near zero 
mean with no clear orbital signature. It is unlikely updating the Saturn ephemeris estimated 
would result in a significant change from DE435. 

 
Figure 7: Residuals of VLBA right ascension measurements Saturn updated after creation of 

DE435. 

 
Figure 8: Residuals of VLBA right ascension measurements Saturn updated after creation of 

DE435. 
4. Orbit of Jupiter 
DE434 was primarily intended to update the ephemeris of Jupiter for the Juno mission (Park et 
al., 2015a). DE435 uses the same observation set for Jupiter as DE434 did, but the relative 
weights of the different data types were changed slightly, after examination of the residuals 
following the delivery of DE434. The resulting change in the position of Jupiter is shown in 
Figures 9, 10, and 11. The difference is less than the estimated uncertainty (Park et al., 2015b). 
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Cassini Orbit Determination

Unlike inner planet orbits, Cassini orbit period is much longer than one day.
Most orbits include multiple maneuvers and one or more satellite flybys.

(Figure provided by W. M. Folkner, JPL)
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Mars Orbiters 

Jupiter Orbiter 
 
 Jupiter orbit insertion in mid-2016 

Mars Express                  Mars Odyssey    Mars Reconnaissance Orbiter  

Juno 
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Juno Orbit 2016-2018

• Jupiter orbit insertion 5 July 2016.

• Low altitude flyby every orbit; Doppler will provide good orbit.

• Initial mission duration covered less than ¼ of Jupiter orbit.

• Longer orbit period extends range of Jupiter orbit longitudes covered.
(Figure provided by W. M. Folkner, JPL)
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Orbit Design to Minimize Radiation Exposure
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Juno DSN Tracking Plan
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Ecliptic longitude coverage
Cassini

SOI

Cassini
de-orbit

Ulysses

Juno JOI

Juno de-orbit

63°

(Figure provided by 
W. M. Folkner, JPL)

1992

(original plan)
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VLBA Observation of Juno during Cruise

Center at RA 10 23 27.5776000  DEC 13 21 48.001000

CONT: JUNO  RR  8395.937 MHz  JUNO-B.RCL001.4
PLot file version 4  created 03-NOV-2014 16:53:06

Cont peak flux =  7.0837E-01 JY/BEAM
Levs = 7.084E-03 * (-5, -3, 3, 5, 10, 20, 40, 60,
80, 90)
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VLBA Observation of Juno during PJ3

Center at RA 13 09 25.94230000  DEC -06 02 08.713000

JUNO  IPOL  8405.000 MHz  JUN BJ085D.ICL001.1
PLot file version 1  created 31-DEC-2016 14:47:02

Peak flux =  3.3375E+00 JY/BEAM
Levs = 3.338E-01 * (-10, -9, -8, -7, -6, -5, -4,
-3, -2, -1, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10)
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Summary

• VLBA astrometry of spacecraft orbiting other planets 
provides the highest accuracy link to the ICRF

• Improved planetary orbits reduce mission delta-V 
(and fuel) requirements, allow extended mission 
duration

• Troposphere delay calibration remains challenging

• Continuing VLBI observations of reference sources 
are providing ever increasing position accuracies

• This technique is applicable to all future interplanetary 
missions, but long-duration orbiters will provide the 
greatest improvement in the accuracy of the planetary 
ephemeris
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Cassini view of Saturn backlit by Sun
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Reference Source Structure


