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MARSIS instrument

Mars Advanced Radar for Subsurface and Ionosphere Sounding

•Synthetic-aperture orbital sounding radar 

•On board the ESA spacecraft Mars Express

•Two 20 meters elements nadir-looking dipole antenna

•Centre frequencies: 1.8, 3.0, 4.0, 5.0 MHz (1.0 MHz bandwidth) chirp

To map the distribution of water in the upper portions of the crust of Mars

•Radar echoes will contain both surface and subsurface reflection components

•Surface backscattering from off-nadir directions is called ”clutter”

•Clutter can mask, or be mistaken for,  subsurface echoes
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MARSIS clutter simulation[16] So, integrating (1) over the surface, the Huygens
principle gives the surface echo:

S fð Þ ¼
ZZ

Ax;y fð Þ: exp 4:i:p:f :R:n=cð Þ:dx:dy

¼ A fð Þ:
ZZ

exp 4:i:p:f :R:n=cð Þ:dx:dy ð3Þ

From each point of the surface, the range is equal to

R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Dx2 þ Dy2 þ Dz2
p

ð4Þ

To calculate the equation (3), we need to discuss the
model of the surface.

3.2. Facet Method

[17] A great body of work exists on surface response
calculations due to an incident radar wave [e.g.,
Kobayashi et al., 2001]. Here we chose to use the Facet
Method because it is most relevant to our work. This is
due to the fact that most of Mars appears smooth relative
to the radar wavelength which is longer than 50 meters.
[18] The foundation of this method is an approxima-

tion of a rough surface through a series of small planar
‘‘facets’’, each tangential to the actual surface (Figure 1).
The Facet Method models the scattering from the com-
bination of such facets by taking into account both their
radiation patterns (modulus and phase) and the distribu-
tion of their slopes.
[19] Thus, each facet behaves like a reflector antenna

illuminated by the incoming radar wave. From the
knowledge of the facet orientation and reflectivity, related

to the dielectric nature of the Mars surface, the reradiated
radar signal can be computed.
[20] So each facet can be seen as an antenna and its

radiation pattern depends on its dimensions. According
to the Facet Method theory [Rees, 1990; Ulaby et al.,
1982], the two criteria which must be satisfied in
choosing these facets are 1) they should be much larger
than one wavelength across (so that the diffraction
effects are minimized) and 2) the actual and the modeled
surfaces do not differ in height by more than about half a
wavelength (to decrease the phase error). Provided that
these two conditions are met, each facet may be consid-
ered as a quasi-specular reflector, and its contribution to
the overall surface scattering can be calculated as a
function of its size and orientation.

3.3. Surface Modeling

[21] Mars surface is approximated by a series of small
planar facets. Our objective is to ‘‘discretize’’ the surface
integral (3) in a sum of surface integrals calculated over
each facet as shown below.
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From the integrals’ theorems, this equivalence is true,
assuming integrals over each elementary surface Si
converge and S ¼

P

i

Si: The sum of all elementary
surfaces has to cover the surface.
[22] We use square facets as elementary surface units.

This geometry allows us to separate the variables in each
surface integral and so, to obtain an analytical expression
for each of them (with far field approximation, see
section 4.2 for details).
[23] A primary objective of this work is to develop a

computationally efficient modeling scheme in order to
allow the calculation of modeled echoes for the entire
MARSIS data set. Mars surface is curved but it can be
covered by square facets if we use facets that are
sufficiently small. One has to keep in mind the scale
length we use is the radar signal wavelength. So to cover
the surface with facets, discontinuities between two
facets have to be much smaller than the wavelength.

Table 1. Subsurface Sounding Radar/Altimeter Parametersa

Parameter Value Units

Center frequency 1.8 MHz
3.0 MHz
4.0 MHz
5.0 MHz

Bandwidth 1 MHz
Peak Transmitted Power 7 Watt
Transmit Pulse Width 30–250 ms
PRF 127 Hz
Receive Window Size 350 ms
A/D Conversion Rate 2.8 MHz
A/D Conversion 8 Bit
Number of Processed Channels 4
Max. nbr of simult. Frequencies 2
Radiation Gain 2.1 dB
Dipole Antenna Length 40 m
Data Rate Output 10.4 kbps
Data Volume 285 Mbit
Mass 19 kg
Power 60 Watt

aThe pulse width depends on the operative mode. From Picardi et al.
[2000].

Figure 1. The facet model of rough surface scattering
[from Rees, 1990].
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The facet model of rough surface scattering

Rees, W. G. (1990), Physical Principles of Remote Sensing

500-meter resolution elevation map of Mars 

from NASA MOLA instrument (Mars Global Surveyor)

Facet model of rough surface scattering
+

Surface echo simulation
Nouvel et al. (Radio Science vol.39, 2004)

[24] Considering Mars’ radius (3398 km) and the radar
wavelength (about 100 m), the above criterion is reached
with facets of about 1 km long (case of a spherical
surface). In our work, we plan to use 500 m facets since
Mars digital topography maps are readily available at this
scale.
[25] Finally, to model the surface, we define a grid of

points on the Mars surface, with a resolution equal to the
facet’s length. Then, to define each facet, we consider
five points over the grid, following the configuration
introduced in Figure 2 (points number one to five). The
central point (point number one) is the facet’s center and
the four other points give the facet’s orientation.
[26] One can note that these four other points are

themselves the center of four neighboring facets. The
facet is tangent to the actual surface at its center point
(point number one in Figure 2). The north/south slope is
calculated from the altitudes of the two points located
north and south of the central point (points number two
and three in Figure 2) and the east/west slope is defined
the same way, from the altitudes of the two points located
east and west of the central point (points number four
and five in Figure 2).

3.4. Facets Radiation Pattern

[27] Once we define the set of facets used to model the
surface, the overall surface response is the sum of all the
individual facet’s responses. Considering an extreme
case, the radiation pattern from an infinite plane is a
delta function. Such a facet is a perfect specular reflector,
so the only way for the point source to receive radiation
back is to radiate rays striking the facet at a normal
incidence.
[28] However, for a wide but finite facet, the radiation

pattern is narrow and sidelobes appear even if their
amplitude is low compared with the main lobe. Finally,
for a narrower facet, the radiation pattern is wider and
sidelobes are still present [Ulaby et al., 1982]. The
qualitative meaning for the terms ‘‘narrow’’ or ‘‘wide’’
used to describe the facet size depends on the wave-
length. Thus a ‘‘wide’’ facet must be many wavelengths
across.
[29] The main condition for and also the main advan-

tage of applying the Facet Method is using facets

whose dimensions are much larger than the wave-
length. Considering the MARSIS radar wave frequen-
cies, we use facets that are 500 m in length. This
length is a compromise that is large enough to reach
this criteria (500 m is three times the wavelength at
1.8 MHz), but small enough to limit the range errors
(see section 4.3.1).
[30] Assuming a carrier frequency of 1.8 or 5 MHz, a

facet size of 500 m and a radar altitude of 300 km, a
cross section of the radiation pattern for each frequency
is shown in Figures 3a and 3b. Sidelobes are presents in
both figures, but the radiation pattern in the case of f =
5 MHz is much more directive than the one in the case of
f = 1.8 MHz.
[31] The width of the main lobe peak at !3 dB is three

times larger with f = 1.8 MHz than with f = 5 MHz
(4 degrees with f = 5 MHz and 12 degrees with f =
1.8 MHz). However, sidelobes have the same amplitude
in both cases (lobes present a cardinal sinus or Sinc
function geometry: the first sidelobe amplitude is 14 dB
lower than the main lobe one).

4. Surface Echo Calculation

[32] In this section, we consider a surface without any
roughness. Our objective is to test the Facet Method over
this theoretical surface. The surface’s dimension can be
calculated as a function of the receive window size of
MARSIS (130 ms, see Table 1) and the radar altitude
(value set to 300 km in this test). In the following, the
surface’s size is fixed to 200 square-km.
[33] Let us use some developments of the range

expression (4), from the simplest to the most complex
form. The double integration shown in (3) can be done
over a flat surface. That is the simplest case and it will be
called the ‘‘reference’’ case, without any use of a facet
approximation. Results from this reference case will be
used as a comparison to test the modeled received echo
and the Facet Method. We will call this case ‘‘Global
surface summation’’, see section 4.1.
[34] Then, we can apply the Facet Method over a

spherical surface, without roughness, and integrate (3)
over each facet. The surface reflection echo will be
calculated by summing up individual facet contributions.
This case is called ‘‘Facet elementary surface summa-
tion’’, see 4.2. We will discuss results from the two cases
in 4.3.

4.1. Global Surface Summation

[35] The surface we consider is a flat and square
surface with a size equal to L. A surface point is defined
by its location (x, y), each coordinate varies from !L/2
to L/2. The altitude’s origin is on the surface. The
spacecraft position is fixed to (xs, ys, h) and we assume
the propagation support is the vacuum space.

Figure 2. Facet definition.
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Facet definition

Nouvel et al. (Radio Science vol.39, 2004)
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MARSIS clutter simulation
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the data to be volume scattering from sediments filling a crater is revealed by simulations to 

be in fact surface scattering from a crater floor that is flat from the topographic point of view, 

but must possess a relatively high roughness at meter scale. 

Fig. 1: (Top) Radargram from 

SHARAD orbit 1948 over 

Meridiani Planum, in which a 

diffuse echo past the first bright 

surface echo is visible in flat 

crater floors, giving the 

impression that sediments filling 

the craters are penetrated down 

to the bedrock. (Middle) 

Simulated radargram obtained 

making use of the MOLA 

topographic dataset (Smith et al. 

2001). (Bottom) Topographic 

map centered along the ground 

track of the MRO spacecraft 

during observation. 

A code for the simulation of radar wave surface scattering has been developed, based on the 

work of Nouvel et al. (2004), using the MOLA topographic dataset (Smith et al. 2001) to 

represent the Martian surface as a collection of flat plates called facets. The radar echo is 

computed as the coherent sum of reflections from all facets illuminated by the radar. The 

computational burden of every simulation is very high but, thanks to a collaboration with 

CINECA, the code has been parallelized and ported for use in a Blue Gene/Q system. The 

code has been tested and its performance evaluated on the Fermi machine at CINECA. 

The goal of this proposal is to use a parallelized and numerically optimized version of such a 

code to simulate the entire MARSIS dataset, consisting of several thousand observations, and 

to produce a dataset of simulated observations that will be made publicly available to the 

international scientific community for MARSIS data analysis. This wealth of information 

provides the only possible way to unambiguously identify subsurface echoes in MARSIS 

radargrams. Echoes reaching the radar after nadir surface echoes will be identified as coming 

from the subsurface if they are not present in simulations. Conversely, any secondary echo 

that is present in both real and simulated data must be interpreted as coming from the surface. 

Such dataset will be a unique contribution to subsurface sounding data analysis, and it is thus 

of interest for the whole scientific community studying Mars. A complete set of high fidelity 

simulations such as this will allow novel and more efficient ways to exploit MARSIS data, 

increasing the scientific return from the existing dataset. It will be possible, for example, to 

use automated procedures to detect subsurface interfaces, or to study the correlation between 

real and simulated surface echo strengths to detect unusual surface properties. For this reason, 

making such data available to the scientific community at large is an important aspect of this 

project. The most effective way to achieve this end is the co-location of the simulated dataset 

in the same public archives where MARSIS observations are freely available for download. 

SHARAD observation 

(orbit 1948)

Clutter simulation

MOLA topography

SHARAD (SHAllow RADar) - carried by NASA Mars Reconnaissance Orbiter
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MARSIS clutter simulator

Orbits (about 10000)

Echoes (about 1000)

Frequency bands

In band frequencies
(hundreds)

MATLAB/OCTAVE version (R. Orosei)

Serial C version

Complex 
reflectivity 
calculation

Estimated time required for the calculation of a 
testing orbit (#2665) on a single core of the 

CINECA PLX cluster 
(Intel Westmere 2.40 GHz): 25.6 days

All the orbits: > 600 years

Input: orbit data, MARSIS parameters, Mars elevation

Output: simulated echoes
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Parallelization

Orbits (about 10000)

Echoes (about 1000)

Frequency bands

In band frequencies
(hundreds)

Complex 
reflectivity 
calculation

MPI

OpenMP

More orbits can run simultaneously

No need for communications between MPI processes

Further level of parallelization can be 
introduced whether accelerators are 
available (GPU, Intel MIC, ...)
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Scalability
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Tested on CINECA PLX and Fermi BG/Q clusters

PLX Fermi
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Required resources

Time required for the calculation of a testing orbit (#2665):

PLX (336 cores, 10%): 1.7 hours
Fermi (4096 cores, 2.5%): 0.43 hours (all the orbits: 180 days)

Input (orbit data, MARSIS parameters, Mars elevation): ∼ 5GB

Output (simulated echoes): ∼ 600GB

Memory allocation: 1.2TB (per orbit, 4096 cores on Fermi)
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Conclusions

•Parallelization allows calculation on suitable hardware

•Computing resources allocation requested in 7th PRACE call

•Since the simulations of each echo and each orbit are independent, MPI is 
not necessary

•Application can be suitable for a Map-Reduce approach
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