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Introduction:  Crosslink occultation measure-

ments between Earth-orbiting satellites have demon-
strated the potential for efficient, accurate, globally 
distributed sounding of the Earth’s atmosphere and 
ionosphere [1]. In this technique, precise measurement 
of the Doppler shift observed on the radio crosslink 
link between two Earth orbiters, as the raypath passes 
through the atmosphere, yields information on the ver-
tical profile of refractivity and, in turn, on profiles of 
density, pressure, and temperature.  Here we examine 
the possibility of establishing for the first time a simi-
lar capability at another planet, taking advantage of the 
telecommunications payloads onboard the current suite 
of  Mars relay orbiters. While previous Mars occulta-
tion measurements have been made on the deep space 
link between an individual Mars orbiter and Earth, this 
new class of Mars crosslink occultations would pro-
vide much greater latitudinal and temporal coverage.  
We address several key elements needed to understand 
the technical viability and scientific benefit of Mars 
occultation measurements among the Mars relay orbit-
ers, including:  1) analyzing the spatial and temporal 
distribution of occultation events based on the orbits 
of the relay spacecraft;  2) quantifying the occultation 
link characteristics based on the orbiters’ UHF relay 
communications payloads;  3) assessing the opera-
tional impacts related to acquisition of occultation data 
and explore options to minimize these impacts;  and 4) 
evaluating the potential of such measurements to pro-
vide unique information regarding the Martian iono-

sphere, atmosphere, and surface properties. 
Approach and Results:  Figure 1 illustrates the 

basic concept of a crosslink occultation measurement 
between a pair of Mars orbiters.  As the raypath be-
tween the two spacecraft passes through the ionosphere 
and neutral atmosphere, the refractive index in these 
media induces a phase delay on the received crosslink 
signal, which in turn can be analyzed to extract vertical 
profiles of the atmospheric and ionopsheric refractiv-
ity.  Currently four operational spacecraft are orbiting 
Mars, each equipped with a UHF relay payload in-
tended to provide relay communications support to 
landed missions.  These include NASA’s Mars Global 
Surveyor (MGS)1, Odyssey (ODY), and Mars Recon-
naissance Orbiter (MRO), all in low-altitude, sun-
synchronous, near-polar orbits, as well as ESA’s Mars 
Express (MEX) spacecraft, in a highly elliptical orbit.  

                                                                    
1 As of the time of this abstract submission, it appears 
that the MGS spacecraft may have been lost. Crosslink 
measurements between MRO and ODY or MEX con-
tinue to be viable. 

 

Figure 2:  Simplified view of crosslink occultation meas-
urement between two Mars orbiters. 

 

 

Figure 1:  A view of the constellation of Mars relay or-
biters (MGS, Odyssey, Mars Express, and MRO), illus-
trating the relative orbit geometries in the May, 2008 
time frame. 
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The highly capable Electra relay payload on MRO 
allows it to establish a UHF crosslink with any of the 
other orbiters.  Figure 2 illustrates the relative orbits of 
these four spacecraft. 

To characterize the ability of crosslink occultations 
to quickly provide global coverage, we conducted a 
simulation for a 10-day period in 2008, determining 
the latitude and local time of each crosslink occulta-
tion (i.e., the tangent point of the crosslink raypath 
relative to the Mars planet), as well as of the deep 
space occultations between the individual orbiters and 
Earth.  The results, shown in Figure 3, illustrate that 
the intersatellite crosslinks sample Mars from pole to 
pole and over a variety of local times, whereas the 
deep space link occultations provide only very limited 
sampling.   

Based on the detailed specification of the UHF ra-
dio payloads on each orbiter, a link analysis was per-
formed to determine the strength of the received 
crosslink signal, which in turn determines the precision 
of the Doppler measurement and, ultimately, the preci-
sion of the extracted atmospheric profile.  For a repre-
sentative crosslink between ODY and MRO, the re-
ceived signal-to-noise ratio is 55 dB-Hz, resulting in a 
highly accurate carrier phase measurement with a 
phase precision of 1 mrad in a 1 s integration time, 
corresponding to a relative path length measurement 
precision of just 0.15 mm. 

Discussions with the current NASA orbiter project 
teams have established the feasibility of acquiring 
crosslink measurements. MRO’s Electra UHF payload 
provides flexibility in tailoring the detailed measure-
ment technique.  Closed-loop measurements of the 
received carrier wave signal phase and amplitude can 
be made at sampling rates of 10 Hz or higher, provid-
ing the necessary temporal and resulting vertical reso-
lution.  Alternatively, Electra can acquire multi-bit 
open-loop samples of the received signal, which can 
then be transmitted to Earth for detailed post-
processing.  Spacecraft pointing was considered to 
improve link performance, but represents significant 
additional operational complexity, so it is recom-
mended that initial crosslink testing be conducted with 
the spacecraft in their nominal nadir orientations. 

To assess the potential of crosslink occultation 
measurements to provide accurate profiles of the Mars 

atmosphere, we performed an analysis in which ODY-
MRO crosslink measurements were simulated, using 
the actual spacecraft orbits, detailed modeling of the 
crosslink measurement error budget (including contri-
butions from oscillator instability), and representative 
input profiles for the neutral atmosphere and iono-
sphere based on MGS deep space link occultation 
measurements [2].  Inversion of the simulated 
crosslink phase measurements provided an estimated 
atmospheric and ionospheric profile, which was then 
compared to the input profile to determine the retrieval 
accuracy.   

At the relatively long-wavelength UHF frequency, 
the ionosphere dominates the observed phase delay, 
contributing well over 10 m of path delay; by contrast, 
the neutral atmosphere contributes about 2 m.  An im-
plicit assumption in the retrieval algorithm is that the 
atmospheric refractivity distribution is spherically 
symmetric.  Deviations from spherical symmetry will 
result in errors in the retrieval; in particular, because of 
the large ionospheric contribution to the total path de-
lay, horizontal gradients in the ionosphere will impact 
the accuracy of the neutral atmosphere retrieval.  As a 
result, realistic ionospheric horizontal gradients were 
simulated to assess their impact as well. 

 

Figure 3:  :  Latitude - Local Time coverage of crosslink and Earth-
based occultations. 
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Figure 4 illustrates a representative input refractiv-
ity profile and the resulting errors in the retrieved pro-
file, with and without considering the effects of un-
modeled horizontal gradients.  Figure 5 summarizes 
the RMS errors observed over an ensemble of 18 input 
profiles, expressed either as an absolute or percentage 
error in the refractivity vs. altitude.  The results of the 
retrieval analysis indicate that if horizontal gradients 
are ignored, the single-frequency UHF crosslink meas-
urements can determine the refractivity density to bet-
ter than 1%, at in the lower neutral atmosphere (alti-
tudes of <20 km), and in the ionosphere (altitudes of 
120-215 km).  However, with realistic horizontal iono-
spheric gradients, the neutral atmosphere retrievals are 
degraded, with errors of up to 5% at 20 km altitude. 
Modeling of the large-scale global ionospheric struc-
ture may allow some reduction in the errors induced by 
the ionopsheric horizontal gradients; however, a better 
ultimate solution is to collect dual-frequency crosslink 

measurements, allowing separation of the dispersive 
ionospheric effects from the non-dispersive neutral 
atmosphere. 

While our discussion here has focused on crosslink 
occultation measurements of the Martian ionosphere 
and neutral atmosphere, we also point out the potential 
benefits of these measurements as probes of the Mar-
tian surface and sub-surface. Bi-static radar observa-
tions (in which the transmitter and receiver are spa-
tially separated) have been performed between Earth 
and individual Mars orbiters; extending this technique 
to crosslink scenarios between pairs of Mars orbiters 
offers the advantages of greatly improved coverage 
and higher signal-to-noise.  UHF wavelengths are an 
attractive length scale to study the Martian surface for 
future landed missions, inferring surface roughness and 
surface slopes on a scale that matches the spacecraft 
lander capabilities. 

 

Figure 4:  Crosslink simulation results, showing an input refractivity profile (left) and the errors in the retrieved re-
fractivity profile (right), with and without unmodeled horizontal gradients in the ionospheric refractivity. 
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Significance of Results:  This analysis has demon-
strated the feasibility and scientific potential of 
crosslink occultation measurements.  The existing suite 
of relay orbiters at Mars has the necessary functional 
capabilities to acquire crosslink observations.  Analysis 
of the link budget between pairs of spacecraft confirms 
the high precision of the crosslink phase observable, 
while coverage analysis shows that the crosslink events 
among the existing orbiters enable much better global 
sampling than current occultation measurements on the 
deep space link between a single orbiter and Earth.  
Based on a simulated retrieval analysis, the accuracy of 
estimated refractivity profiles has been determined, 
showing the potential for 1% accuracies in the lower 
atmosphere and in the ionosphere; however, horizontal 
gradients in the ionosphere appear to represent a sig-
nificant error source for the neutral atmosphere pro-
files.  Planning is currently underway for an initial 
proof-of-concept demonstration of crosslink radio sci-
ence measurements between ODY and MRO. 
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Figure 5:  Summary of retrieval errors for 18 simulated input profiles, shown  on the left as absolute refractivity er-
rors and on the right as percentage errors.  
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