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Abstract

The primary scienti7c objective of the Mars Advanced Radar for Subsurface and Ionosphere Sounding (MARSIS), which will be on
board Mars Express mission scheduled for launch in 2003, is to map the distribution and depth of the liquid water/ice interface in the
upper kilometres of the crust of Mars. MARSIS will also provide unique information to help us understand the recent crustal evolution of
the planet. In addition an ionosphere sounding experiment will measure the electron density and structure of the upper atmosphere during
day-time operations.

We describe the design approach and expected performance by focusing on a model of the surface scattering, which is critical to
obtaining a good quality radar response.

We characterize the surface in terms of large-scale morphology upon which small-scale geometric variation is superposed. Moreover,
MOLA data have been processed using a fractals model to better describe the surface roughness of Mars.

We used three categories of rock material with di>erent dielectric properties to assess the performance of the Radar Sounder and detect
the depth of the ice/water and dry/ice interface. This paper will focus on studying the e>ect of Mars surface roughness on the penetration
performance of MARSIS as a subsurface sounding instrument. The impact of ionosphere on MARSIS operation and performance is
signi7cant and will be discussed in a future paper by other authors.
? 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Mars Advanced Radar for Subsurface and Ionosphere
Sounding (MARSIS) is a low-frequency (0.1–5:5 MHz)
nadir-looking pulse limited radar sounder and altimeter
with ground penetration capabilities. It uses an unfocused
synthetic aperture technique and a secondary receiving an-
tenna to isolate subsurface re@ections. MARSIS subsurface
sounding mode operates at 1.3–5:5 MHz frequency range in
order to maximize the penetration capabilities of the trans-
mitted pulse. Taking into account the expected values of
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the plasma frequency in the Martian ionosphere, MARSIS
will operate the 1.8, 3, 4 and 5 MHz frequencies.
The requirement for range resolution calls for a relatively

large transmitted bandwidth in MARSIS design; a 1 MHz
bandwidth provides a vertical resolution of about 150 m in
vacuum which corresponds to 50–100 m in the subsurface,
depending on the wave propagation speed in the crust. The
typical spatial resolution of MARSIS which can be e>ec-
tively operated at any altitude lower than 800 km, will be
from 5–10 Km in the along track direction and from 15 to
30 km in the cross-track direction.
When a short pulse of energy is incident on the top of a

surface, it produces a 7rst (surface) re@ection echo which
propagates backward to the antenna. In general, a portion of
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the incident energy is transmitted through the surface and
attenuated as it propagate in the medium. However, if long
wavelengths are employed, a signi7cant fraction of the en-
ergy can penetrate deeper into the crust. Additional re@ec-
tions, due to the subsurface dielectric discontinuities can be
generated and the resulting in echoes would propagate back-
ward through the 7rst layer medium to the radar antenna.
These secondary echoes will be much weaker than the sur-
face re@ection. Assuming that the propagation speed in the
subsurface media is known, the time delays of the echoes
can be converted into penetration depths. The intensity of
the re@ections could also be analysed to estimate inter-
face re@ectivity and attenuation properties of the intervening
layers.
The MARSIS instrument has an estimated dynamic range

of 50–60 dB, but there are several factors that can strongly
reduce the detection dynamic range such as the system ther-
mal noise and galactic background. Another source of noise
that can reduce the system dynamic range is the clutter. Due
to the orbital sounding geometry, o>-nadir surface returns or
clutter noise might be received at the same time as are sub-
surface echoes; therefore, the echoes re@ected from rough
surface might totally mask the signals generated by subsur-
face discontinuities. As the surface becomes smoother, the
return echoes from o>-nadir angles will decrease. Hence, it
is important to evaluate the possible penetration depths ac-
cording to the transmitted wavelength, the dielectric char-
acteristics of the crust and the surface scattering behaviour
as a function of the surface roughness.
Di>erent techniques are envisioned to increase the MAR-

SIS detection performance in the presence of surface clutter
(Picardi et al., 1999):

• the Doppler Azimuth processing can reduce surface clut-
ter from along-track, o>-nadir direction. The improve-
ment on the overall surface clutter attenuation should be
in the order of 10 dB.

• a secondary antenna, (a monopole antenna) oriented
along the nadir axis, and which will receive mostly the
o>-nadir surface returns. These returns may then be sub-
tracted from the primary antenna composite signal to fur-
ther reduce the surface clutter level by about 15 dB.

• echo pro7les collected at two di?erent bands can be pro-
cessed to separate the subsurface re@ections, which are
strongly dependent on the frequency, from the surface re-
@ections, which are mostly frequency independent. The
achieved improvement in signal to clutter ratio can reach
10–15 dB (Picardi et al., 1999).

2. Reference crustal model

Electromagnetic property of Mars subsurface is not
known. Recent data from Mars Global Surveyor and
Mars Odyssey missions have shown a rather complex sur-
face geology of Mars. The occurrences of recent shallow
water activity revealed by gullies (Malin and Edgett, 2000;

Table 1
Summary of the dielectric characteristics of reference categories and
pore-7lling material used to test the MARSIS performances

Category �′ tan �

Rock material
I 5 0.004
II 9 0.03
III 7.1 0.014
Pore 7lling
Air 1 0
Solid H2O (ice) 3.15 0.0002
Liquid H2O (water) 0.0088 0.0001

Gaidos, 2001; Mellon and Phillips, 2001; Mustard et al.,
2001; Costard et al., 2002; Grimm, 2003; Gilmore and
Phillips, 2002) and @uvial channel reactivation, the pres-
ence of hematite deposits (Christensen et al., 2001) and the
possible surface water distribution inferred from the Hy-
drogen abundance detected by the gamma ray spectrometer
(Boynton et al., 2002), reveal the large variety of materials
which may characterize the upper kilometres of the Martian
crust.
However, in order to evaluate the performance of MAR-

SIS as a tool to investigate Mars subsurface, we need to
assume a certain range of materials with di>erent dielectric
characteristics which may be present in the Martian subsur-
face. We summarized in Table 1 the three main reference
categories and pore-7lling material used in our modelling.
The categories have been de7ned considering dielectric con-
stants of terrestrial volcanic, sedimentary and metamorphic
rocks found in literature.
Two di>erent scenarios are envisioned to test the MAR-

SIS capabilities to detect the air/water/ice transition in the
Martian crust:

1. Ice/water (I/W) interface: The pores are 7lled with
ice down to a depth below which liquid water is stable. The
change of the pore-7lling material causes a discontinuity in
the dielectric constant, which can be detected by the radar
sounder.
2. Dry/ice (D/I) interface: The pore-7lling material is

considered to be gas or some other vacuum-equivalent ma-
terial to a depth below which ice 7lls the pores.

3. Fresnel coe�cients and subsurface attenuation

As stated in Section 1, assuming that the propagation
speed in the medium is known, the time delay of the re-
ceived echo can be converted to depth. The intensity of
the re@ection can be used to estimate the re@ectivity at any
interface de7ned by a dielectric discontinuity, if a refer-
ence re@ection is known, and to estimate the attenuation
properties of the intervening layers, as well. However, the
surface return echoes may reduce the visibility of the
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subsurface echoes. Thus we need to evaluate the backscat-
tering cross-sections (�) of concurrent echoes coming both
from the surface and subsurface layers in order to detect an
interface. The backscatter values for the surface (�s) and the
subsurface (�ss) can be expressed as

�s = �sfs(Hs; ss; 
) (1)

and

�ss = �ssfss(Hss; sss; 
); (2)

where �s and �ss are the Fresnel re@ectivity terms, which are
related to dielectric properties, and fs and fss the scattering
terms, which deal with the geometric structure of the surface
and subsurface. In the following sections we will evaluate
both the Fresnel and the geometric scattering terms using
the crustal properties and models shown in Table 1.
The evaluation of the Fresnel re@ectivity terms requires

the knowledge of the complex dielectric constants of the
crustal material (�r1) and of the interface at depth (�r2). Start-
ing from the dielectric constants of the selected categories
I, II and III, and using an exponential law for the poros-
ity variation with depth (adapting a similar model devised
for the Moon, based on seismic data which are not avail-
able for Mars (Binder and Lange, 1980; Cli>ord, 1993), the
complex dielectric constants can be evaluated using Host–
Inclusion mixture models. Following the assumption that the
crust porosity is a function only of the depth, we can use
the Maxwell–Garnett mixing model to describe the dielec-
tric constant of the solid/pore 7lling mixture (�m) at di>erent
depths, such that

�m(z) = �h
1 + 2�(z)y
1− �(z)y

; (3)

where �h is the dielectric constant of the host material and

y =
�i − �h
�i + 2�h

; (4)

where �i is the dielectric constant of the inclusion.
The porosity at depth z is described as

�(z) = �(0)e−z=K ; (5)

where K is the decay constant. The decay constant for Mars
can be calculated by comparison with the measured Lunar
decay constant. In fact, assuming comparable crust densities
between the Moon and Mars, the Martian decay constant
can be calculated considering the ratio between the Lunar
and Martian surface gravitational accelerations, resulting in
a value of 2:8 km (Cli>ord, 1993).
Therefore, the Surface Fresnel reAectivity for a nadir in-

cidence wave in free space is

�s =

∣∣∣∣∣1−
√

�r1(0)

1 +
√

�r1(0)

∣∣∣∣∣
2

= R2
01; (6)

where �r1(0) is the real dielectric constant of the crust eval-
uated at the surface (z = 0).

Table 2
Fresnel re@ectivity coeIcients of the surface (z = 0) for the ice/water
(I/W) and dry/ice (D/I) scenarios. The percentage represents the porosity

�s dB

I/W D/I

�(0) �(0) �(0) �(0)
Categories 50% 20% 50% 20%

I −9.5 −9 −12 −9.5
II −7.5 −6.5 −9 −7
III −8.5 −7.5 −10 −8

Table 3
Fresnel re@ectivity coeIcients of the I/W and D/I interfaces at di>erent
depth

R2
12; z′|dB

I/W D/I

Depth (m) 50% 20% 50% 20%

z′ = 0 −10 −17 −22 −25
z′ = 1000 −12 −20 −26 −32
z′ = 2000 −15 −23 −28 −36
z′ = 3000 −18 −26 −31 −38
z′ = 4000 −21 −28 −33 −42
z′ = 5000 −24 −31 −35 −46

The surface re@ectivity values for categories I, II and III
are shown in Table 2. The re@ectivity values range between
−7 and −17 dB for the I/W scenario and −7 and −25 dB
for the D/I scenario.
The Fresnel re@ectivity for a subsurface layer located at

a depth z′ can be expressed as follows:

�ss; z′ = R2
12; z′(1− R2

01)
210−0:1

∫ z′
0 �(z) d z ; (7)

where R2
12; z′ is the re@ection coeIcient of the interface and

is described by the formula

R2
12; z′ =

∣∣∣∣∣
√

�r1(z′)−
√

�r2(z′)√
�r1(z′) +

√
�r2(z′)

∣∣∣∣∣
2

(8)

and �(z) is the wave attenuation. The results are shown in
Table 3. The re@ectivity intensity at di>erent depth varies
according to the following relations:

I=W R2
12; z′∼= − a− 3z′; 10¡a¡ 18; (9)

D=I R2
12; z′∼= − b− 3z′ 20¡b¡ 28; (10)

where the 7rst term is related to the porosity of the 7rst layer
and the latter is due to the decrease of the porosity with
depth (z′ [km]).
The R2

12; z′ does not depend strongly on the crust ma-
terial but mostly depends on the pore-7lling material dis-
continuity.
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Table 4
Crust attenuation vs. depth (km)

�(z) dB=km MHz

I/W D/I

�(0)50% �(0)20% �(0)50% �(0)20%

I (0:8 + 0:1z) (1:3 + 0:05z) (0:9 + 0:1z) (1:3 + 0:05z)
III (3:7 + 0:54∗z) (6 + 0:25∗z) (4:3 + 0:54∗z) (6:3 + 0:25∗z)
II (8:5 + 1:1∗z) (13:3 + 0:5∗z) (9:5 + 1:1∗z) (13:7 + 0:5∗z)

Considering the two way attenuation:

�dB=m(z) = 1:8× 10−7f0

√
�(z)tan �(z); (11)

we have obtained, with good approximation, a simple an-
alytical expression the of signal attenuation, as depth sum-
marized in Table 4.

4. Surface backscattering models

Considering the MARSIS wavelength as the scale, we
can evaluate the Martian surface backscattering (Ulaby et
al., 1986) by considering two main contributions: (1) the
large-scale scattering, resulting from gentle surface undula-
tions on a scale of many hundreds to thousands meters, and
(2) the small-scale scattering, resulting from slight varia-
tions of the surface height over a horizontal scale of tenths
of meters. A plausible range for the parameters describing
the surface geometry is listed in Table 5.
From the statistical point of view, the surface height will

be modelled as a Gaussian random process, where �h1 is the
surface RMS height. At a second-order level we suppose an
isotropic surface autocorrelation function.
Taking into account the classical studies (Ulaby et al.,

1986; Fung et al., 1992) on the validity conditions of the
backscattering models, the Kirchho> theory can be used
to estimate the backscattering contribution for gently un-
dulating surfaces (large-scale models) and the Small Per-
turbation Method can be applied to slightly rough surfaces
(small-scale model).

4.1. Large-scale (Kirchho?) scattering evaluation

Under the hypothesis of the Kirchho> approximation the
scattered electric 7eld towards the receiving antenna is given

Table 5
Summary of the values range for the geometric parameters of the surface

Large-scale model Small-scale model

RMS slope (ms) Correlation RMS Slope RMS height
Length (L) RMS Slope RMS height

0.01–0:1 rad 200–30; 000 m 0.1–0:6 rad 0.1–1 m
(0:57◦–5:7◦) (5:7◦–34:3◦)

by the following integral (Ulaby et al., 1986):

Es(t) =
1
2�

∫ ∞

−∞
F(!)

(
− j
2


)∫
S
G(P)R(P)

× n̂ · (2R̂1)
R2
1

e−jk2R1 dSej!t d!; (12)

where Ei = (1=R1)e−jkR1 is the incident spherical wave, k =
2�=
 is the wave number, 
 is the wavelength, F(!) is the
Fourier transform of the transmitted pulsed waveform, P is
the generic point on the surface, G(P) is the normalized
antenna gain in the direction of the point P on the surface S,
R(P) is the local (at point P) Fresnel coeIcient, R1 is the
distance from the radar to the point P, R̂1 is the unit vector
corresponding to the path from the radar to the point P, and
n̂ is the unit vector normal to the surface at the point P.

If we make the further assumption of an isotropic antenna
pattern and that the surface tilt is small enough to allow to
assume the nadir axis equal to the local normal to the surface,
we have G(P)= 1 and n̂ · R̂1 ≈ ẑ · R̂1 = cos !, where !is the
incidence angle with respect to the vertical. Moreover, the
distance from the radar to the generic point P(x; y; z) can be
approximated, with the far-7eld approximation, as

R1 ≈ h− z cos !+
x2 + y2

2h
; (13)

where h is the distance from the radar to the mean surface.
With all these assumptions Eq. (12) becomes:

Es($) =− 2
4�c

cos !
h2

R(!)
∫
s
dS

×
∫ ∞

−∞
ej!($−((x2+y2)=hc)+(2z cos !=c))j!F(!) d!;

(14)

where $= t−(2h=c) and the angle of incidence ! is assumed
to undergo no signi7cant variation within the pulse limited
integration area, and has been therefore taken out of the
surface integral.
The average scattered power at time $ can be computed

taking the average of the product of the scattered electric
7eld with its complex conjugate:

〈Es($)E∗
s ($)〉=

4�s(!)
(4�ch2)2

cos2 !
∫

d!1

×
∫

d!2!1!2F(!1)F∗(!2)ej(!1−!2)$

×
∫
S1

dS1

∫
S2

dS2e−j=ch[!1(x21+y2
1)−!2(x22+y2

2)]

×〈ej(2 cos !=c)(!1z1−!2z2)〉 (15)

where �s(!) = |R(!)|2 is the Fresnel re@ection coeIcient.
The average on the height z can be expressed as a function
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of the surface two-dimensional characteristic function:

〈ej(2 cos !=c)(!1z1−!2z2)〉

=e−2�2
h1(cos

2 !=c2)(!2
1+!2

2−2&(x1 ;x2 ;y1 ;y2)!1!2): (16)

The solution of integral (15) is not trivial in the general
case. A closed form has been derived (Fung and Eom, 1983)
assuming a Gaussian correlation coeIcient (l is the corre-
lation length), and a Gaussian pulse spectrum which corre-
sponds to a Gaussian shape of the compressed pulse:

S(j!) =
$P√
�
e−$2P!

2 → f(t) = e−(t2=4$2P)cos!0t (17)

being $P related to the system bandwidth BW: $P ≈ 0:37=BW

and then to the radar range resolution.
These assumptions lead to the following results (Cia>one

et al., 1994):

〈Es($)E∗
s ($)〉= �s(!)

1
4h2

cos2 !(Pc + Pnc1 − Pnc2); (18)

where Pc($) is the coherent (specular) scattering compo-
nent:

Pc($) =
1

1 + F
e−(2k�h1 cos !)

2=1+Fe−$2=2$2P(1+F) (19)

We de7ne Pnc($)=Pnc1($)−Pnc2($) to be the non-coherent
(di?use) scattering component:

Pnc1($) =
)√

1 + 2F

√
�
2
e)

2=2e−)($=$P
√
1+2F)

×Erfc
[

1√
2

(
) − $

$P
√
1 + 2F

)]
; (20)

Pnc2($) =
)√

1 + F
√
1 + 2F

√
�
2
e−(2k�h1 cos !)

2=1+F

×e)
2(1+F)=2(1+2F)e−)($=$P

√
1+2F)

×Erfc

[
1√
2

(
)

√
1 + F
1 + 2F

− $
$P
√
1 + F

)]
;

(21)

where the normalized projected roughness(F) is

F =
1
2

�2
h1 cos

2 !
(c$P=2)2

(22)

and the equivalent pulse width ($eq) is

$eq =

√
$2P +

(
2�h1 cos !

c

)2
= $P

√
1 + 2F (23)

and the surface parameter ()) is

) =
c$P
2H

√
1 + 2F

m2
s cos !

(1− e−(2k�h1 cos !)
2
) (24)

where ms is the rms slope (ms =
√
2(�h1 =l)).

Therefore, the cross-section of the large-scale surface
model is given by

�1($) =
〈Es($)E∗

s ($)〉
〈Ei($)E∗

i ($)〉
4�h2

=�s(!)�h2 cos2 !(Pc + Pnc1 − Pnc2): (25)

The maximum power is received if full coherent re@ection
occurs, i.e. when the surface is perfectly @at (�h1 = 0). In
such a condition it is easy to verify that Pnc1 = Pnc2 and the
non-coherent term Pnc reduces to zero, while the coherent
term Pc approaches the shape of the transmitted pulse, which
is maximum for $= 0 so that:

�1;MAX(0) = �s(0)�h2; (26)

which is a value consistent with the backscattering of
perfectly @at surfaces. As the surface becomes rougher
(�h1 referred to 
) the coherent component decreases to-
wards zero and the non-coherent scattering becomes:

�1MAX;nc($)≈�s(0)�h2
)√

1 + 2F

√
�
2
2e−)2=2

≈�s(0)�h
c$P
2

√
2�

1
m2

s

≈�s(0)�h
c0:37
2BW

√
2�

1
m2

s

≈�s(0)�h
c

2BW

1
m2

s
(27)

According to the geometrical optics model, the quantity√
2h(c=2BW) is the radius of the well-known pulse-limited

region in radar altimetery 7eld.
In the next paragraph, we will refer only to the maximum

of the return waveform when dealing with a fractal model.

4.2. Fractal topographic model

Following recent attempts to describe the topography of
a planet surface by fractals, and several papers (Plaut and
Garneau, 1999; Orosei et al., 2002) on the analysis ofMOLA
(Mars Orbital Laser Altimeter) data, from the Mars Global
Surveyor spacecraft, a fractal model was introduced in our
instrument performance evaluation. MOLA is a Laser Al-
timeter whose data can be reduced to topographic height
and, due to the time interval between the measurements,
have a horizontal surface measurement spacing Px0 of about
400 m.
Regarding the fractal pro7le, the properties we wish to

remind brie@y some of the peculiarities of the surface statis-
tical parameters (Shepard et al., 1995; Shepard and Camp-
bell, 1999). In particular, the RMS height depends on the
length of the pro7le and this dependence can be expressed
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by the following power law:

�z(L) = [〈(z − Qz)2〉]1=2 = �z(L0)
(

L
L0

)H
(28)

whereH is the Hurst exponent and L0 is the reference length.
The Allan variance (a measure of the di>erence in height

between points separated by a distance Px) and the RMS
slope depends indeed on the step size Px and in particular
while the 7rst increases with increasing step size the latter
one decreases according to the relations:

v(Px)2 = 〈[z(x)− z(x +Px)]2〉= -(Px0)2
(

Px
Px0

)2H

= 2�2
z [1− &(Px)]; (29)

s(Px) =

√
〈[z(x)− z(x +Px)]2〉

Px

= s(Px0)
(

Px
Px0

)H−1

: (30)

The correlation coeIcient is given (Shepard et al., 1995) by

&(Px) = 1− c2

ks�2 |Px|2H (31)

for stationary pro7le (i.e. the statistical properties of similar
length segments are identical) ks = 2.
Remembering the classical Gaussian and exponential cor-

relation function, we can introduce the following:

&(Px) = exp

(
−|Px|2H

L2H
f

)
≈ 1− |Px|2H

L2H
f

: (32)

The RMS slope obtained with the correlation coeIcient
given by Eq. (32) is shown in Fig. 1b. This result can be
easily compared with what has been reported by (Plaut and
Garneau, 1999) and (Orosei et al., 2002) (see Fig. 1a).

4.3. Scattering end-models

The surface scattering and back-scattering terms can be
evaluated by introducing a fractal geometric description of
the surface and, as the worst case, in the classical Kirch-
ho> approximation of the scattered electric 7eld from a ran-
dom rough surface. Starting again from Eq. (12) with the
same assumption that leads to Eq. (14), the backscattering
cross-section, vs. scattering angle, can be written as (Biccari
et al., 2001):

�0(!) =
�s(!)
h cos2 !

[
(2�)(H−1)=H

[s(
)]1=H
√
2
1=H

(cos !)1=H

]2 ∞∑
s=0

(−1)s

× sin2s #
(s!)2

[
(2�)(H−1)=H

[s(
)]1=H
√
2
1=H

(cos !)1=H

]2s

×�
(
s+ 1
H

)
; (33)
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Fig. 1. RMS slope vs. lag distance obtained: (a) by (Plaut and Garneau,
1999); (b) with an exponential correlation function as given in Eq. (33).

where s(
) is the surface RMS slope extrapolated at a scale
equal to the wavelength, and �(x) is the Gamma function.
Eq. (33) gives, for H =1, the geometric optics model, and,
for H = 0:5, the well-known Hagfors model.
In fact in the case of H = 1 it is easy to obtain:

�0(!) =
�s(!)

2m2
s cos4 !0

∞∑
s=0

1
s!

(
− tg2!
2m2

s

)s

≡ �s(!)
2m2

s cos4 !0
exp
(
− tg2!
2m2

s

)
; (34)

while for H = 0:5 it comes out:

�0(!) =�s(!)
C
2
(cos4 !+ C sin2 !)−3=2 → C

=
1

(2�)2s4(
)
: (35)
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Fig. 2. (a) Backscattering at nadir angle vs. s(
) and for di>erent values of H normalized to the backscattering computed for H = 1. (b) Backscattering
for near nadir angle vs. # for s(
) = 5◦ and for di>erent values of H .

Hence, we can consider as end models (s. normalized be-
haviour as shown in Fig. 2) the geometric optics and the
Hagfors models.
Introducing now the orbital parameter and the subsurface

depth we can write:

�0(!) =f(!) = f
( r
h

)
= f

(√
2z
h

)
→ r

=
√
2hz ⇒ zss =

z√
�

(36)

where h is the orbiter altitude and r is the surface displace-
ment referred to nadir point.

5. Signal/Clutter ratio estimation

The Subsurface Signal to Clutter (S=C) ratio vs. the Sur-
face Signal to Clutter (S1=C1) can be written as

S
C

∣∣∣∣
dB

∼= R12|dB +
∫ z′

0
�(z) dz − �s|dB +

Si
Ci

∣∣∣∣
SdB

= �ss +
Si
Ci

∣∣∣∣
SdB

(37)

assuming that the surface and the subsurface interfaces have
the same roughness uncorrelated. Including the Doppler
processing we obtain:

S1
C1

=

∫
An

�0(!) dA∫
Aon

�0(!) dA
=

∫√
2h�

0 f( r
h) dr

f(
√
2z′=h)(

√
2h(z′ + �)−√

2hz′)

≈ h
�

∫√2�=h
0 f(x) dx

f(
√
2z′=h)

√
2z′

h
; (38)

where � is the range resolution and z′ is the depth.

When clutter is the limiting factor to the detection per-
formance using the Eq. (37), we can obtain the maximum
at which the subsurface echo can be detected against the
surface clutter.

6. Detection of the ice/water interface with MARSIS

Taking into account the Doppler beam sharpening which
is the Doppler processing in the along tack directions, and
the results from Eq. (37) we can evaluate the maximum
penetration depth of the MARSIS signal.
Table 6a shows the penetration depth of the signal, con-

sidering the I/W and D/I scenario, for a dynamic range 50
and 60 dB. This dynamic range can be reached if the signal
to noise ratio estimate is met and the surface clutter is not
the limiting factor in the detection (i.e. smooth surface with
specular re@ection).
Table 6b, show the detection depth calculated for di>erent

values of the surface RMS slope.
We can notice how the surface topography can strongly

a>ect the radar penetration depth.

7. Conclusions

The main features of the MARSIS radar sounder and the
expected subsurface sounding performance have been dis-
cussed, with respect to models of the Martian crust com-
position and topography as revealed from the analysis of
MOLA data.
We have described the main features of the radar sounder

and presented the expected penetration performance accord-
ing to fractal models of the Mars crust, composition and
geometric structure.
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Table 6
MARSIS estimated detection depth in di>erent subsurface scenarios. s(
) is the surface RMS slope extrapolated at a scale equal to the wavelength. H
is the Hurst exponent: (a) dynamic range as limiting factor; (b) surface clutter as limiting factor

(a)

�′ tan � I/W I/W D/I D/I
Depth (km) Depth (km) Depth (km) Depth (km)
(40 dB) (50 dB) (40 dB) (50 dB)

I 5 0.004 ¿ 5 ¿ 5 4:4−¿ 5 ¿ 5
II 9 0.03 1.1–1.8 1.5–2.2 0.8–1.3 1.1–1.8
III 7.1 0.014 2.1–3.3 2.8–4 1.6–2.5 2.3–3.3

(b)

�′ tan � I/W I/W I/W I/W I/W I/W
H = 1 H = 0:5 H = 1 H = 0:5 H = 1 H = 0:5
Depth (km) Depth (km) Depth (km) Depth (km) Depth (km) Depth (km)
s(
) = 0:1 s(
) = 0:1 s(
) = 0:06 s(
) = 0:06 s(
) = 0:03 s(
) = 0:03

I 5 0.004 ¡ 4 1.9–5.3 2.1–5.4 5:3−¿ 6 ¡ 4 1.9–5.3
II 9 0.03 ¡ 0:3 ¡ 0:5 ¡ 0:5 ¡ 1:2 ¡ 0:3 ¡ 0:5
III 7.1 0.014 ¡ 1 ¡ 1:5 ¡ 1:5 1.1–2.8 ¡ 1 ¡ 1:5

Considering the preliminary information available from
the Mars Express science orbit with the constraints given
by the solar zenith angle and data rate and the MOLA
data and targets selected over Mars, the calculated sound-
ing performances allow to optimize the operation plan-
ning and commanding by selecting the optimum operative
mode.
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