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Targeting Accuracy for Mars Landers 

•  Orientation of ephemeris to the celestial reference frame has 
been the limiting error source for Mars lander missions. 
•  MSL required 200 m knowledge of Earth-Mars vectors (~ 0.2 mas) 
•  Accuracy met through long program of spacecraft VLBI measurement 

with continued improvement in measurement accuracy 
•  More accurate landing limited by wind speed and drift on parachute. 
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Spacecraft VLBI 

•  VLBI measures spacecraft 
angular position relative to radio 
reference frame 
•  MGS, Odyssey, MRO 
•  MGN, VEX, Ulysses, Cassini 

•  Doppler ties spacecraft position to 
center of planet 
•   MGS, ODY, MRO accuracy <10m 

•  VLBI measurement types; 
•  Doubly-difference range (ΔDOR) 

•  DSN and ESA stations 
•  Differenced carrier phase 

•  Very Long Baseline Array 
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Baselines 

Goldstone-Madrid 
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Source Structure 

•  Long baselines give good measurement accuracy and high 
resolving power 

•  Brighter sources are more likely to have observable structure, 
making center of source position dependent on baseline and 
frequency 

P. Charlot 
IVS General Meeting 
2002 
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Frequency and Media Errors 

•  DSN VLBI delay computed by phase differences Δϕ/Δf 
•  Spacecraft and radio source have very different spectra 
•  Narrow bandwidths about spacecraft DOR tones are sampled 
•  Instrument phase response (ripple) can vary between S/C & radio source 

•  Signal delay due to troposphere and ionosphere is partly calibrated and 
partly canceled between s/c and radio source 
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Spacecraft Orbit Accuracy 

•  Spacecraft orbits generally 
determined by Doppler shift 

•  Low orbits give larger Doppler shift 
•  More sensitive to gravity field and 

atmospheric drag 
•  Better orbit accuracy after 

determination of gravity field 

•  MGS, Odyssey, MRO are low 
circular orbiters, with good Mars 
gravity field 

•  MEX, VEX, MGN (early mission) 
are elliptical orbiters 

•  Cassini has long orbit period  

Konopliv et. al., Icarus 182, 23, 2006  

A global solution for Mars gravity 27

3. Model estimation

The technique described here for solving for the planetary
gravity and related parameters is similar to previous efforts for
Venus (Konopliv et al., 1999), the Moon (Konopliv et al., 2001),
and Mars (Yuan et al., 2001). All the spacecraft data were
processed using JPL’s Orbit Determination Program (ODP) (see
Moyer, 1971, and Yuan et al., 2001, for more details concern-
ing the models), which is the software program used at JPL for
navigation of planetary missions. The ODP models all forces
on the spacecraft, and numerically integrates the spacecraft po-
sition and velocity (state) and the variational equations for the
estimated parameters. To complete the solution in a reasonable
time (due to the numerical integration of 9 years of spacecraft
states, filtering of over 9 million observations, and the estima-
tion of over 9000 parameters), the analysis is done on several
Beowulf Linux clusters with a total of 52 CPUs, requiring about
one week of processing time.

The spacecraft state and other parameters are estimated us-
ing a square root information weighted least-squares filter (or
SRIF; see Lawson and Hanson, 1995, and Bierman, 1977)
in the Mars centered coordinate system defined by the iner-
tial International Celestial Reference Frame (ICRF), which is
nearly equivalent to the Earth’s mean equator at the epoch of
J2000. The estimated parameters in the MGS95J solution con-
sist of arc-dependent variables (spacecraft state, atmospheric
drag, etc.) that are determined separately for each data arc
and global variables (gravity coefficients, orientation parame-
ters, etc.) that are common to all data arcs. A separate square
root information upper triangular matrix (or SRIF equation)
is maintained for the global variables for each mission phase
listed in Table 1. These global SRIF matrices are then op-
timally merged to minimize the data residuals as described
by Yuan et al. (2001) and Yuan (1991). This is equivalent to
solving for all the global variables and all the arc dependent
variables of each data arc. The scale factors embedded in the
SRIF equations are listed in Table 1, and represent the scal-
ing on the a priori data accuracy. The scaling factors for the
MGS and Odyssey mapping phases are near one, and indi-
cate that a true RMS weight of the Doppler data is near opti-
mal.

One major byproduct of the numerical integration and es-
timation process for the global parameters is the orbit of the
spacecraft. The accuracy of the MGS orbits has been investi-
gated using orbit overlaps between data arcs. Previous results
(Carranza et al., 2001; Yuan et al., 2001; Lemoine et al., 2001)
indicated about 1 m radial, 10 m along-track (along the space-
craft velocity), and 3 m cross-track (or normal to the orbit
plane) orbit accuracy. Fig. 3 displays the latest overlap error
results for the entire MGS mission. We extend every data arc
in the global solution to overlap with the next arc. The RMS
spacecraft position difference of a one orbit overlap (2 h) is
then computed. Due to the improved modeling (orientation,
gravity, angular momentum wheel desaturations or AMDs, and
drag), the radial, along-track, and normal average orbit error is
15 cm, 1.5 m, and 1.6 m, respectively. This is about a factor
of 10 improvement in the radial and along-track directions, and

Fig. 3. Orbit overlap differences for the entire MGS mission for the (a) radial
direction, (b) alongtrack direction, and (c) normal to the orbit plane.

a factor of 2 in the normal direction. Radial orbit error scat-
ter was less after September 2001, when the number of AMDs
for MGS was reduced. Normal orbit error is the greatest, and
along-track is the least, when the orbit plane is near edge-on as
viewed from Earth (e.g., January 2001). For this geometry, the
signature in the Doppler (which measures the velocity of the
spacecraft in the Earth–Mars direction) is the greatest for mo-
tion in the orbit plane, but is minimal for motion normal to the
orbit plane.
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Measurement Improvements 

•  Since 2001 VLBI measurement accuracy has been improved in 
stages by: 

•  Observation of multiple sources near spacecraft to better cancel 
troposphere and ionosphere effects 

•  Increased sampling bandwidth to increase radio source SNR 
•  Allows use for fainter, more point-like sources 

•  Digitization of signal at higher frequency IF 
•  Reduces phase ripple effects 
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Mars VLBI Accuracy 

J. Border and C. Thornton 
Radiometric Tracking Techniques for Deep-Space Navigation 2000 
descanso.jpl.nasa.gov/Monograph/series1/Descanso1_all.pdf 
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Mars Spacecraft VLBI Residuals 
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Venus VLBI Measurements 

•  MGN and VEX measurements used telemetry harmonics 
•  no DOR tones available 

•  VEX and early MGN orbits were elliptical so orbit accuracy 
also limits VLBI measurement accuracy 

•  Range to VEX ties Venus orbit orientation to Earth orbit and 
so to ICRF with more accuracy 
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Cassini VLBA Observations 

•  Cassini observed using VLBA using carrier phase rather than DOR tones 
•  Measurement accuracy limited by radio source position accuracy 
•  Will be improved by more observations of radio sources used 
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D. Jones et al., AJ 141:29, 2011 
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Summary 

•  Earth, Mars, Venus, and Saturn orbits now tied to ICRF 2.0 
with accuracy of ~ 0.2 mas 

•  MESSENGER range will allow tie to Earth orbit & ICRF 
•  Current data has only northern hemisphere periapses 

•  Which limit orbit accuracy 
•  Extended mission will have southern hemisphere periapses 

•  Juno arrival at Jupiter in July 2016 
•  Will provide opportunity to perform VLBI to tie to ICRF 
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•  Radio catalog   -  Chris Jacobs (JPL) & many others 
•  Venus Express   -  Trevor Morley (ESOC) 
•  Mars VLBI data   -  Jim Border (JPL) 
•  Mars spacecraft orbits -  Alex Konopliv (JPL) 
•  Cassini VLBA data   -  Dayton Jones (JPL), Ed Fomalont (NRAO) 
•  Cassini spacecraft orbits -  Bob Jacobson (JPL) 
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