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Abstract

SHARAD is a subsurface sounding radar provided by the Italian Space Agency (ASI) as a facility instrument to be flown on the NASA
mission Mars Reconnaissance Orbiter (MRO). It shall be launched on August 2005 from the Cape Canaveral Air Force Station and shall
deliver a payload designed to provide observations from a low Mars orbit with a nominal science period starting from October 2006.
SHARAD operating parameters, 20 MHz central frequency with a 10 MHz bandwidth, shall allow to study the planet in a way that shall
complement previous and recent results, shall be complementary to the other Italian sounding radar Mars Advanced Radar for Subsurface
and Ionosphere Sounding (MARSIS) in terms of scale and resolution, and shall return scientific data for Martian soil in order to support
the site selection for future landing missions. In this paper the scientific objectives and the system analysis will be discussed and the

expected performance is evaluated.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

SHAIllow RADar (SHARAD) is a subsurface sounding
radar provided by ASI (Agenzia Spaziale Italiana, the Italian
Space Agency) as a Facility Instrument to the NASA’s 2005
Mars Reconnaissance Orbiter (MRO) mission for the char-
acterisation of the upper Km of the Martian surface. MRO
will be launched on August 2005 from the Cape Canaveral
Air Force Station and will deliver a payload designed to
provide observations from a low Mars orbit, with a nominal
science period starting from October 2006. SHARAD op-
erating parameters, a 20 MHz central frequency with a
10 MHz bandwidth, will allow to study the planet in a
way that will be complementary to the Italian-US sounding
radar Mars Advanced Radar for Subsurface and Ionosphere
Sounding (MARSIS) (Picardi et al., 2003) in terms of scale
and resolution, and will also be used to support the site
selection for future landing missions.
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The search for subsurface water has become a primary
focus of Mars exploration. Its abundance and distribution
(both as ground ice and groundwater) have important im-
plications for understanding the geologic, hydrologic, and
climatic evolution of the planet; the potential origin and con-
tinued survival of life and the accessibility of a critical in situ
re-source for sustaining future human explorers. For these
reasons, a principal goal of the Mars science, astrobiology,
and the HEDS programs is to determine the 3-D distribution
and state of subsurface H,O, at a resolution sufficient to per-
mit access to desired volatile targets by drilling. The three
targets most often discussed are: groundwater, massive de-
posits of near-surface ground ice (e.g. associated with the
ponded discharge of the outflow channels or the relic of a
former ocean), and ice-saturated frozen ground. Based on
the present best estimates of mean annual surface temper-
ature, crustal thermal conductivity, geothermal heat flow,
and groundwater freezing temperature, the mean thickness
of frozen ground on Mars may vary from ~2.5-5 km at the
equator to ~6.5-13 km at the poles (Clifford and Parker,
2001). However, natural variations in both crustal heat flow
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and thermal conductivity are likely to result in significant
local departures from these predicted values. For example,
the lower thermal conductivities consistent with the surface
thermal inertia imply that the base of the permafrost layer
could be only hundreds of meters deep in places (Mellon and
Phillips, 2001). The recent discovery of “young” fluvial-like
features, emanating from the slopes of local scarps, raises
the possibility that liquid water may also exist episodically
at shallow (~ 100-500 m) depth (Malin and Edgett, 2000;
Costard et al., 2002; Gilmore and Phillips, 2002); however,
the true nature and absolute age of these features remains
highly uncertain.

Reports by Boynton et al. (2002), Feldman et al. (2002)
and Mitrofanov et al. (2002) present measurements from
the newest NASA Mars orbital mission, Mars Odyssey, that
appear to confirm the existence, predicted on theoretical
grounds (e.g., Mellon and Jakosky, 1995), of large quanti-
ties of shallow subsurface ice (as inferred from hydrogen
accumulations) in certain parts of the planet. Measurements
of the neutron flux emitted from Mars in several different en-
ergy regimes and spectra of gamma-ray emissions induced
by neutron capture reactions were used to map the global
distribution of near-surface hydrogen on the planet. The
abundance of hydrogen varies widely, the highest concen-
trations occurring pole-ward of about 60°N and 60°S, and
is interpreted to indicate the presence of subsurface water
(not CO») ice, on the basis of the specific patterns of neu-
trons detected and the spatial correlation to regions where
ground ice has been predicted to be stable. Initial results in-
dicate that the best fits for the enhanced hydrogen regions
are consistent with a model surface with a “thin and dry”
(few tens of centimetres; 1-2 wt% H,O) upper layer overly-
ing a “thick and ice-rich” (at least several hundred centime-
tres; 20-35 wt% H,O) lower layer. Details on the thickness
of the ice-rich lower layer are limited by the ~ 1-m sens-
ing depth of the neutron instruments, and it is not possible
to determine the total quantity of subsurface ice present.
However, if the modelling is correct, then the inferred ice
concentration implies an extremely porous, nearly ice-filled
regolith (the layer of rocky debris and dust resulting from
repeated meteoritic impacts) at high latitudes. Separate lines
of evidence suggest a loose and/or porous regolith that could
exceed a kilometre or more in thickness, implying that the
subsurface ice detected by Odyssey may represent only the
tip of an iceberg frozen under ground (Bell, 2002).

2. Scientific objectives

The primary objective of the SHARAD experiment is
to map, in selected locales, dielectric interfaces to several
hundred meters depth in the Martian subsurface and to
interpret these results in terms of the occurrence and
distribution of expected materials, including competent
rock, regolith, water and ice, with a vertical resolution of
~ 10 m and a horizontal resolution of a few hundred meters

(300 m—1 km). It is acknowledged that the surface of Mars
will not be uniformly amenable to using radar sounding in
the search for subsurface interfaces. However, it will be
possible to find conditions of favourable radar viewing ge-
ometry, interface scattering, surface and volume scattering,
and material properties, which may allow the identification
of subsurface layers from orbit. When strong internal reflec-
tions do occur, they will be identifiable as aqueous only by
contextual inferences drawn from the characteristic geolog-
ical context of water habitats. Independent of any ability to
directly detect water or ice, SHARAD should make signifi-
cant new scientific data available toward addressing critical
scientific problems on Mars, including the existence and
distribution of buried paleo-channels, subsurface layering,
an improved understanding of the electromagnetic proper-
ties of the “stealth” region, further insights into the nature
of patterned ground, and other morphologies suggestive of
the presence of water at present or in the past. In addition,
it should be possible to answer certain kinds of geologic
questions, such as the character of the surface below the
polar ice caps and the nature of some of the layered terrains.

Although the belief that Mars is water-rich is supported
by a wide variety of geologic evidence, current ignorance
about the heterogeneous nature and thermal evolution of the
planet’s crust effectively precludes geomorphic or theoreti-
cal attempts to quantitatively assess in sufficient detail the
current geographic and subsurface vertical distribution of
ground ice and groundwater (Clifford, 1998). For this rea-
son, any exploration activity (such as drilling) whose suc-
cess is contingent on the presence of subsurface water, must
be preceded by a comprehensive high-resolution geophys-
ical survey capable of assessing whether local reservoirs
of water and ice actually exist. Terrestrial experience has
demonstrated that the accurate identification of such targets
is likely to require the application of multiple geophysical
techniques (Stoker, 1998).

Radar sounding from orbit, with the possibility of
near-global coverage, offers a way out of the risks asso-
ciated with landing a Ground Penetrating Radar (GPR)
on the surface without prior knowledge of its site-specific
subsurface structure. By sure GPR provides better spa-
tial resolution in a limited area, however, there is simply
no other way to obtain global data on the subsurface of
Mars without using radar sounding—at least not at such
cost-effectiveness. Moreover, the sun-synchronous orbit
and the high data rate afforded by MRO provide an ideal
situation for achieving a large coverage in favourable (i.e.
night-time) conditions, with the extra bonus of overlapping
passes offering an opportunity for 3-D mapping.

Probing the upper crust of Mars with radar in the
15-25 MHz frequency range is a unique way to study the
planet, compared to all other investigations completed, in
progress, or planned for the future. The only instrument
comparable to SHARAD, which will be placed in orbit
around Mars, is MARSIS (Mars Advanced Radar for Sub-
surface and lonosphere Sounding, Picardi et al., 1998,
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Table 1
Summary of the main system parameters of the MARSIS and SHARAD
experiments

Table 2
Dielectric properties of reference categories of different Martian crust
materials used to estimate the SHARAD performances

MARSIS SHARAD Category ¢ tan 0
Frequency bands 1.3-2.3 MHz, 15-25 MHz I-1 5 0.004
2.5-3.5 MHz, 1-2 8 0.004
3.5-4.5 MHz, 1I-1 1.5 0.03
4.5-5.5 MHz 11-2 5 0.03
Vertical resolution ~ 70 m (1 MHz ~ 7 m (10 MHz 11-3 9 0.03
(e/eg =9) bandwidth) bandwidth) I 7.1 0.014

~ 0.1 km to ~ 1 km
0.3—1 km x 3—7 km

Penetration depth ~ 0.5 km to ~ 5 km
Horizontal resolution 5-9 km x 15-30 km
(along-track x

cross-track)

1999, 2003), on board ESA’s Mars Express spacecraft.
Operating in the 1-5 MHz frequency range, the penetra-
tion depths expected for MARSIS, up to 5 km, will open
up a new realm in the study of Martian crustal proper-
ties and geologic processes, detection of subsurface ice
and liquid water being the main goal of the experiment.
MARSIS, however, has a relatively coarse resolution,
and was conceived to test hypotheses on global models
of subsurface water and ice distribution. New results on
the distribution of subsurface water on Mars, brought by
Mars Global Surveyor (MGS) and Mars Odyssey, have
prompted the need for an instrument complementing the
results of MARSIS. An instrument able to penetrate a few
hundreds of meters below the surface with a finer horizon-
tal resolution and with a vertical resolution on the order of
10-20 m would provide a unique insight into Martian
stratigraphy. This would offer a potentially significant im-
provement in the understanding of sedimentary processes
and geologic activity. The main system parameters of the
two sounders are summarised in Table 1.

3. System analysis

The ability of SHARAD to achieve its science objectives
will be largely dependent on the electrical properties, both
permittivity and permeability, of the soil, degree of scat-
tering off the surface and volumetric debris, and the strati-
graphical layering of the subsurface.

The available data allow a broad characterization of the
Martian surface composition (Bandfield et al., 2000), that is
a basaltic composition in the southern hemisphere, and an
andesitic composition in the north. Although a multitude of
different materials is likely present at the surface of Mars,
it is necessary, to the purpose of an engineering system
analysis, to select a few representative dielectric constants
as most meaningful for electromagnetic modeling (Picardi
et al., 1998). Table 2 shows a reference summary of the
representative categories of possible materials detailing the
real part of their dielectric constant and their loss tangent.

The categories cover a wide range of magmatic rocks (basaltic to
andesitic in composition), low-grade metamorphic rocks and sedimentary
rocks (claystones, sandstones, limestones).

Two simple layering models have been used for a first
preliminary analysis of the theoretical detection capabilities
of subsurface water and ice. In the first of these two models,
called (I/W), the first layer is a porous crust with the pores
filled up by ice from the surface down to a depth below
which liquid water is stable and becomes the pore-filling
material. In the second model, called (D/I), the pore-filling
material of the first layer is considered to be a gas or some
other vacuum-equivalent material down to a depth, below
which ice fills the pores.

The dielectric properties of the mixtures of the different
materials in the above mentioned models, have been evalu-
ated as in Picardi et al. (1998) according to the well known
Maxwell-Garnett model. It is worth noting that for this eval-
uation a model for the variation of the Martian crust porosity
as a function of depth also has been considered (Clifford,
1993; Binder and Lange, 1980): according to that model the
porosity should follow the exponential law

®(z) = P(0) exp(—z/K), (1)

where @(0) is the porosity at the surface and K is a
gravitationally-scaled decay constant (=~ 2.82 km for Mars,
Clifford, 1993). The globally-averaged porosity at the sur-
face of Mars is expected to be in the range of 0.2-0.5
(Clifford, 1993).

Considering now the surface scattering characteristics, an
attempt has been made to assess the extent and distribution
of the surface clutter (i.e. the echoes from off-nadir por-
tions of the surface which can mask the time synchronous
echoes reflected from the wanted subsurface layers) making
also use of the Mars Orbiter Laser Altimeter (MOLA) data.
To this purpose it has been assumed that the topography is
self-affine, i.e. statistical parameters change with scale ac-
cording to a power law: the exponent of such law is called
the Hurst exponent H (Orosei et al., 2003).

Topography is usually modelled as an instance of a ran-
dom process, and, as such, it is characterised by means of sta-
tistical parameters. Most commonly, assumptions are made
on the distribution of quantities such as topographic heights
and slopes, and real topographic data are used to compute
the parameters of those distributions.
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The simplest models describe the topographic height
as a Gaussian-distributed stationary random variable. The
most important moment of the distribution is the stan-
dard deviation, which is estimated by computing the
root-mean-squared (rms) height of discrete samples of the
topography along profiles or grids.

Another property of topography is slope, i.e. the differ-
ence in height between two points divided by their distance,
and its statistical distribution. Slope has also been modelled
as a stationary random variable, and it is usually charac-
terised by means of its standard deviation. In a discretely
sampled topographic profile, this quantity can be estimated
by means of the rms slope s, which is defined as the rms
difference in height between points divided by their lag
or step.

These parameters are routinely computed for the statisti-
cal analysis of topography, both on Earth and in other plan-
etary bodies (e.g., for Mars, Aharonson et al., 1998, 2001;
Garvin and Frawley, 2000; Garvin et al., 1999; Kreslavsky
and Head, 1999, 2000; Smith et al., 1999, 2001), and to
model electromagnetic scattering from natural surfaces (e.g.
Ulaby et al., 1986; Ogilvy, 1991), typically making use of
hypotheses on the shape of the autocorrelation function of
the surface.

This description of topography, however, does not ac-
count for a commonly observed property, that of scale
dependence: rms slope depends on the horizontal distance
between points Ax, and rms height changes in topo-
graphic profiles of the same area with different lengths.
It is found that this behaviour can be described by power
laws:

H—1
S(Ax) =50 (AA;;) ,

where s is the RMS slope of the profile computed at dis-
tance Ax between points and A is the Hurst exponent
(0 < H < 1). These observations have led to the modelling
of topography as a non-stationary random variable by means
of self-affine fractals. Self-affinity is the scaling behaviour
of a topographic surface such that increasing the scale of the
x and y axes by a factor » must be compensated for in the z
direction by a factor 77 for the surface to remain statistically
identical.

Moreover the Mars Orbiter Camera (MOC) images
have revealed the existence of boulder fields on the Mar-
tian surface; however, a survey of 25,000 high-resolution
MOC images (Golombek, 2001) revealed that only
~ 0.1% of the total shows fields of hundred to thousands
of boulders. For this reason we have considered the con-
tribution of these boulders to the surface scattering to be
negligible.

Volumetric scattering has been estimated as in Picardi
et al. (1998), obtaining a worst-case cross-section per unit
volume of about 3.7 x 1072, On average, however, the
cross-section per unit volume should be 8.6 x 1074,

Table 3
Surface Fresnel reflectivity
Scenario ®(0) Is|gs

/w D/l

50% 20% 50% 20%
I-1 -9.5 -9 —12 -9.5
I-2 -8 -7 -9.5 -7.5
11-1 —14 —17 —25.5 —22
11-2 -9.5 -9 —12.5 -9.5
1I1-3 -75 —6.5 -9 -7
I -8.5 -7.5 —10 -8

Subsurface signals must compete with clutter signals aris-
ing from surface reflectors at the same radar delay. Assum-
ing as a first approximation that the surface and subsurface
interfaces have the same average topographic characteris-
tics, the ratio of the above mentioned surface and subsurface
echoes is directly proportional to the corresponding Fresnel
reflectivities. The Fresnel reflectivity (for nadir incidence)
of the Martian crust for the different material categories re-
ported above is provided in Table 3.

The Fresnel reflectivity of a subsurface layer located at a
depth z is given by

Tss. =Ry (1 — R} x 10701 Jy %0 2)

being R7, . the Fresnel reflectivity of the subsurface inter-
face, R3, the Fresnel reflectivity of the surface, and o({) the
two-way attenuation in dB per meter due to the dielectric
dissipation in the crust, given by

age(c) = 1.8 x 1077 fo\/etan d. 3)

An evaluation of the Fresnel reflectivity for different sub-
surface layers, once again for the different categories of ma-
terials considered above, which results almost independent
of either the depth z (in the first km of the crust), and of the
attenuation are reported in Table 4.

The Martian surface back-scattering coefficient can be
evaluated by introducing a fractal geometric description of
the surface in the classical Kirchhoff approximation of the
scattered electric field from a random rough surface. With
this hypothesis, the backscattering coefficient can be written
as (Picardi et al., 2001):

o)~ JROP enor T
T H s 0 | [ 7 (cos 0y
> sin® 9 (2m)H—-1H ] “
Xy (=1)
Zo: (s1)? Lsu)]'/”\/i””(cose)l/'f
T (S;FI 1) : (4)
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Table 4
Reflection coefficient of the subsurface interfaces and attenuation of the first layer per km and per MHz
Scenario ®(0) Ri2|aB O4B/km MHz

w D/1 /w D/1

50% 20% 50% 20% 50% 20% 50% 20%
I-1 —10 —17.5 —21 —29.5 0.95 1.3 1 1.3
I-2 -9.5 -17 -23 -32 1.2 1.7 1.3 1.7
1I-1 —13.5 —21 -17 —25 44 5.8 3.8 5.5
-2 —10 -17.5 —21 -29 7 10 7.5 10
1I-3 -9.5 -17 —24 -33 9.5 13.5 10.5 14
11 -9.5 -17 —22.5 -31.5 3.9 5.5 43 5.5

where |R(0)|? is the Fresnel reflection coefficient, s(1) is the
wavelength-scale rms slope of the surface and I'(x) is the
Gamma function. Eq. (4) gives, for H = 1, the well-known
geometric optics model (Simpson and Tyler, 1982) and, for
H = 0.5, the Hagfors model (Hagfors, 1964). The behavior
of the surface clutter as a function of the off-nadir angle 0
can be easily computed in these two cases of the geometric
optics and Hagfors models, which represent end-members
for the majority of the Martian surface geometry (see Table
1): the corresponding evaluation will be discussed in the
following section.

Finally, by considering the requirement on the penetra-
tion depth and a possible dynamic range of the useful sig-
nals of about 50 dB, evaluated for a reasonable set of crust
materials (see the Tables 2 and 4), a transmitted frequency
of 20 MHz seems to be attainable, thus reducing the iono-
sphere propagation and Faraday rotation problems encoun-
tered at lower frequencies. The required bandwidth should
be on the order of 10 MHz in order to obtain a free-space
range (depth) resolution of 15 m. The required ground reso-
lution is obtained via the classical pulse-limited geometry in
the cross track direction and via synthetic aperture process-
ing in the along-track direction. Collection of sufficient co-
herent data takes up to about a couple of seconds to achieve
the better resolution required, that is 300 m. It is worth not-
ing that the requirements on the Spacecraft motion and at-
titude needed to perform this synthetic aperture processing
are well within the capabilities of the mission ephemeris re-
construction, mainly driven by the high resolution imaging
instruments on board the MRO, so that this kind of process-
ing does not impose particular constraints.

4. Performance evaluation

A preliminary sizing of the radar sounder requires the
evaluation of the link budget with sounding assumptions for
its relevant parameters which will guide the design of the
SHARAD instrument.

The single-look signal-to-noise ratio for non-
coherent surface back-scattering is given by (Picardi et al.,

1999, 2003 ):
S _ PGP PGPRe’ o DC.
N~ (4n)PRKTsL ' (4n)*R°KTsL Vi
_ P,G*/’6°V2ADC
~ (4n)3R2S5KTSLV; ’

(5)

where P, is the peak power, G the antenna gain, A the
wavelength, ¢° the surface backscattering coefficient, 4 the
area of the ground resolution cell, t the transmitted pulse
width, N the number of coherently integrated pulses within
the synthetic aperture, R the range, K the Boltzmann con-
stant, 75 the system temperature, L the propagation losses
and AN = Raz2V2RAT(Ls/Vi)PRF = (AR/V})V2RADC,
being Ra7 the along track resolution, 4 the range resolution,
Lg the length of the synthetic aperture, PRF the pulse rep-
etition frequency, V; the spacecraft tangential velocity and
DC = 1 PRF the system duty cycle.

To evaluate the radar equation in Eq. (5) it is assumed
that the peak power radiated by the antenna is 10 W (which
is a specification requirement to the design of the transmit-
ter), the range resolution in free space is 15 m, the average
altitude is 300 km and the duty cycle is about 5%. Regard-
ing the PRF it is worth to note that its value cannot be es-
tablished uniquely from the need to avoid overlap between
transmitted pulses and received echoes. Synthetic aperture
processing requires additionally that aliasing in the observed
Doppler spectrum must be avoided. Provided that SHARAD
will use a dipole antenna and considering the clutter formu-
lation of Eq. (4), the final value of the PRF' (about 700 Hz)
has been selected in order to ensure a limited impact of the
aliasing.

The link budget with the above mentioned system assump-
tions is shown in Table 5, where ¢ is evaluated by means of
Eq. (4): the surface reflectivity is between —7 and —17 dB
for the I/W scenario, and between —7 and —25 dB for the
D/I scenario; the rms slope s(4) is between 0.006 and 0.1.

The surface return echoes can be considered as sur-
face clutter, because the subsurface discontinuity detection
could be reduced by the surface backscattering. Then the
backscattering coefficient, as in Eq. (4), can be related to the
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Table 5

Surface signal-to-noise ratio after coherent integration

Scenario /w D/l
S/N dB S/N dB

Py (10 W) 10 10

G 0 0

73 35 35

a® 54-0 54 to —8

64m° —33 -33

R>® (R =300 km) —137 —137

K(=138 x 1072%) 228 228

TsL (Braun Model) —49 —49

V24 (4=15 m) 7 7

DC (5%) —13 —13

Vo (4 km/s) —36 —36

Single look S/N 66-12 66—4

penetration depth 0 in terms of equivalent off-nadir angle of
the incoming interfering clutter:

o [20VE
n R

: (6)
If the surface and subsurface interfaces have the same rough-

ness, the signal-to-clutter ratio is given by

S

C = Riz|a — oaB/m0 — I'|as

dB
0
—101log (exp(— %)) (7

for H =1 (Simpson and Tyler, 1982), and

S
C = Riz|a — taB/m0 — I's|as
dB
NG
15log( 14 —Y—" 8
+ Og( +4nzs4(i)R) ®

for H =0.5 (Hagfors, 1964). Table 6 shows the parameters
of Egs. (7) and (8) for the selected reference models.

It is worth noting that, according to Eq. (6), the last term
of Egs. (7) and (8) represent the decrease of the surface
clutter with the off-nadir angle, and can be considered as an
improvement factor (IF) of the signal-to-clutter ratio when
both the signal and the clutter are evaluated at nadir inci-
dence. Taking into account the values of the IF reported in
Table 6¢, evaluated for different surface slopes and penetra-
tion depths and, just as an example, for ¢ =5, it is possible
to arrive at the conclusion that this IF is negligible in the
worst case of very rough surfaces, no matter what the Hurst
exponent is. Taking also into account the increase of the IF
that can be achieved by means of the Doppler processing,
as discussed below, we can estimate the maximum depth at
which the subsurface echo is still observable as the depth

Table 6

Values of the terms (a) due to the Fresnel reflectivity of the surface
and subsurface interfaces. (b) Due to dielectric losses. (¢) Geometric
contribution to the signal-to-clutter ratio

(a) Values of the terms due to the Fresnel reflectivity
Scenario @(0)  Ryiqp-1s|aB

/w D/1

50% 20% 50% 20%
I-1 —0.5 —8.5 —8.5 —20
I-2 —1.5 —10 —13.5 —25
11-1 0.5 —4 8 -3.5
11-2 —0.5 -9 -85 —20
11-3 -2 —10 —15 —26
I -1 -10 -12 -23

(b) Values of the terms due to dielectric losses

Scenario (D(O) 4B, (100 m) (20 MHZ)

w D/1

50% 20% 50% 20%
I-1 2 2.5 2 2.5
I-2 2.5 3.5 2.5 3.5
1I-1 8 11.5 7.5 11
11-2 12 20 14 20
11-3 17 27 20 28
1T 8 11 8 11

(¢) Geometric contribution to the signal-to-clutter ratio
2/ed 24/
; ~101 _Lvee 15log| 1+ =2
K o (exP < 2Rs? )) °g< 4n2s;{R>
Geometric optics Hagfors model

0.1 200 0.65 3.6
300 1 5

0.05 200 2.6 16.7
300 3.9 19.2

0.01 200 o4 58
300 97 61

at which the signal to clutter ratio is equal to —30 dB. The
results are shown in Table 7.

5. Hardware description

Key elements for the radar design are represented by the
identified center frequency, 20 MHz, the bandwidth of the
radar pulse equal to 10 MHz, and the requested spatial res-
olution that should range between 300 and 1000 m.

Similarly to the MARSIS radar, SHARAD can be then
conceived around 3 major subsystems: Antenna S/S, RF
S/S, and Digital S/S. The antenna will be essentially com-
posed of a dipole radiating element roughly matched in
length to half the wavelength of the carrier frequency. An
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Table 7
Maximum sounding depth compatible with a signal-to-clutter ratio of
—30 dB

Scenario @(0) Max. penetration depth (km)

/w D/l

50% 20% 50% 20%

I-1 1.5 0.7 1 0.3
I-2 1.5 0.7 1 0.3
1I-1 0.4 0.35 0.4 0.3
-2 0.25 0.2 0.1 0.05
1I1-3 0.15 0.1 — —
I 0.4 0.3 0.15 0.1

impedance matching network will also be required to match
the transmitter and antenna impedances. The RF S/S, en-
velops the Transmitter, the Tx/Rx switching net and the re-
ceiver down to the Analog to Digital Converter. The Digital
S/S envelopes the Command and Control functions inter-
facing with the spacecraft bus, the processing capabilities to
pre-claborate the science data collected during the observa-
tions, as well as the digital synthesis of the radar pulse and
generation of the system timings.

The radar shall be able to transmit frequency modu-
lated radar pulses of about 85 s length and bandwidth of
10 MHz. To cope with the 300—1000 m spatial resolution
requirement, SHARAD shall actually operate as a nadir
looking synthetic aperture radar sounder. Synthetic aperture
processing also referred as Doppler filtering, aids reduction
of off-nadir, along-track clutter disturbance, improving the
sub-surface detectability by roughly 10 dB. On the opposite
it can be easily demonstrated that, for the indicated resolu-
tion figures, a fully focused synthetic aperture processing is
required.

Moreover in order to improve the subsurface detectability,
the same synthetic aperture concept could also be applied in
the cross-track direction by processing, on ground on a best
effort basis, the coherent data taken from many appropriate
close orbits if available. Different non-coherent processing
techniques are under analysis as well.

The SHARAD proposed concept is aimed to a HW design
which meets the mission constraints. Current best estimates
indicate roughly 17 kg for the mass and 44 W for the peak
power during science observations.

6. Science data

The Martian ionosphere poses a major limitation
on low-frequency wide-bandwidth radar observations
of the surface and subsurface. At these frequencies,
frequency-dependent propagation delays (dispersion) will
degrade the signal, and different frequencies will suffer
different delays, an effect whose severity increases with
relative bandwidth and with proximity of the radar’s band

to the maximum plasma frequency. Through the Chapman
theory of planetary ionospheres, it is estimated that the
lowest frequency that can penetrate the Martian ionosphere
varies from about 4 MHz on the day side of Mars to some-
what below 1 MHz on the night side. Having a much higher
frequency range, however, SHARAD is in principle able to
operate at any time in the orbit, independently of the Sun
illumination conditions.

During its normal operation SHARAD will be an
open-loop controlled instrument switching among different
modes of operation according to a pre-determined sequence
of commands. Within a single orbit, the instrument can be
operated in any of its observation modes, in any desired
sequence, either continuously or discontinuously. The time
limit is set by the portion of overall data volume allocated
to SHARAD vs. the selected operational modes, while the
choice of the orbits in which the instrument will operate is
largely set by a non-interference rule with down-link to the
DSN.

SHARAD is a surveying instrument, in which mean-
ingful observations are built by multiple data collections
over a given area of interest. Because of this, and because
MARSIS will provide data on subsurface structure with a
limited spatial resolution, the vast majority of SHARAD ob-
servations will be planned in terms of passages over target
regions that will extend several tens or hundreds of kilome-
ters, rather than in terms of point-like data acquisitions as
in optical imaging instruments.

It is currently expected that MRO will downlink a geo-
metrical mean of at least 7.2 Gb of SHARAD data per day,
although this quantity will vary considerably according to
constraints and opportunities arising from operations plan-
ning. The data volume allocated to SHARAD over the en-
tire MRO mission is currently set at 15% of the total: this
corresponds to 4 Tb of raw data being produced by the in-
strument during approximately one Martian year. Dividing
this number by the instrument data rate, it is estimated that
the total time of data taking will be sufficient to achieve
global coverage with a minimum spacing of 10 km at the
equator, if observation opportunities are provided over the
entire surface of the planet.

Chirp radars, like SHARAD, are used when the length of
the pulse for the desired range resolution is so short that to
achieve good signal-to-noise ratio the pulse would require a
peak power exceeding the limits imposed by the mission de-
sign. The chirp, a longer pulse that is modulated in frequency
(for SHARAD, the modulation is a linear frequency sweep,
as in MARSIS), allows a resolution that depends on the
bandwidth: with a bandwidth B, the approximate time reso-
lution of the output pulse after processing is 1/B, and if the
transmitted amplitude is constant during the pulse, the out-
put takes the form of a sin x/x pulse whose amplitude is Bt
times the amplitude of the input signal (Cook and Bernfeld,
1967), where 7 is the chirp duration. This process, called
range compression, is performed on ground for SHARAD,
on the digitally sampled data, to properly compensate
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Fig. 1. An example of data from the Apollo Lunar Sounder Experiment (ALSE) on-board Apollo 17, the only orbiting subsurface-sounding radar for
which data currently exist (modified from Peeples et al., 1978). (a) A segment of the Apollo 17 ground track for revolution 16 in Mare Serenitatis. (b)
Coherent ALSE radar returns, with surface clutter largely removed, drawn to the same horizontal scale. (¢) A power versus time trace of the digital data
from a single radar echo. Time is arbitrarily referenced to zero at the nadir specular reflection.

ionospheric effects: accurate coherent pulse compression
requires in fact detailed knowledge of the modulation of
the returning signals, whose phase structure is distorted in
their (two-way) propagation through the ionosphere.

SHARAD on-board processing of the pulse echoes con-
sists in artificially adding a delay, corresponding to a phase
shift, to the samples of each pulse, and then in summing
the samples so as to allow the constructive sum of the
signal component whose delay (phase shift) from one
pulse to the next corresponds to the nadir direction. This is
called synthetic aperture processing, and is used to improve
both horizontal resolution in the along-track direction and
signal-to-noise ratio: horizontal resolution becomes that of
an equivalent antenna whose length is equal to the segment
of the spacecraft trajectory over which pulse echoes are
summed coherently, whereas signal-to-noise ratio improves
by a factor equal to the number of coherently summed
pulses (see Eq. (5)).

SHARAD performs unfocussed on-board processing on
the samples, which reduces data rate by a factor of up to 32:
the use of more sophisticated processing schemes, further
reducing data rate, is limited by the accuracy of the space-
craft ephemeris required to correctly perform the coherent
sum of signal samples. Further synthetic aperture process-
ing of SHARAD pre-summed echoes will take place on the
ground and is conceptually identical to on-board processing,
except that phase correction accounts for the curvature of
the sampled wave-front, using reconstructed orbit data: this
allows for the longer synthetic apertures which are needed to
achieve the desired along-track horizontal resolution, which
will range between 300 and 1000 m.

Calibrated echo profiles will be produced following stan-
dard procedures for radar signal processing and building

on MARSIS experience. The data products will be rela-
tively model independent, although the optimum choice of
the processing parameters will require some subjectivity. An
example of a radar echo after aperture synthesis and range
compression is shown in Fig. 1(c). It can be seen that sev-
eral features not due to subsurface reflection are still present
in the signal, caused by off-nadir surface reflections (surface
clutter). Radargrams, i.e. 2-D (ground distance, time delay)
images in which the dependent variable is calibrated power,
can be produced by collating and stacking individual echoes
along track: an example is provided in Fig. 1(b), in which
continuous subsurface layers can be clearly discerned. In
this figure, clutter was largely removed by applying stereo
methods on adjacent, parallel orbits.

Thus, sections of the dielectric properties of the shallow
crust will be produced, which, as coverage accumulates, will
constitute a full three-dimensional description of the Martian
subsurface structure. These data will provide a unique ability
to map the subsurface distribution of water on a global basis
with a single spacecraft. Such a reconnaissance would likely
also yield significant new insights regarding the subsurface
structure and lithology of the crust, including the nature
of the polar layered deposits. Although the unambiguous
identification of a specific volatile target is probably not
possible using orbital sounding alone, it provides the only
approach for achieving global coverage of this important
data type.

Beyond individual radar echoes and radargrams, maps of
surface reflectivity, elevation and roughness will be pro-
duced, through higher-level processing of radar pulses. Maps
will be created as coverage accumulates, and it is possible
that early releases can be generated, being updated during
the course of the mission.
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7. Conclusions

In this paper, the design of a shallow, high resolution
subsurface radar for the search of subsurface water on Mars
has been illustrated. This radar, named SHARAD, will be
flown on NASA’s Mars Reconnaissance Orbiter in 2005.

In the radar design process, models of the Martian
stratigraphy have been considered, based on the dielectric
characteristics of materials that are deemed to constitute
the Martian crust. Then, the backscattering characteristics
of the Martian topography have been analyzed, in order to
understand how undesired surface echoes (clutter) limit the
detection of subsurface features. Finally, an optimization
of the radar system parameters, namely carrier frequency,
bandwidth, dynamic range and sensitivity, has been carried
out to define the main requirements of the radar: SHARAD
is designed to detect subsurface interfaces down to about
1 km depth, due to the low carrier frequency of 20 MHz; to
have a vertical resolution in the order of 15 m, due to the
transmitted bandwidth of 10 MHz; to achieve a sidelobe
control of 50 dB for the expected dynamic range; and to
obtain a ground resolution in the order of a few hundred
meters to a few km. It has been found that, even without
dedicated processing devoted to surface clutter cancellation,
a large part of the Martian surface, including the poles, can
be analyzed with the SHARAD experiment.

SHARAD continues the probing started with MARSIS
to “follow the water” by directly detecting ice and possible
aquifers, with an increased likelihood of success due to the
mission design. The capability to probe the upper 1 km at
high resolution allows testing of hypotheses of recent shal-
low water reservoirs, and feeds forward to characterization
and selection of possible sites for drilling experiments in
2007 and beyond. While SHARAD will benefit from MAR-
SIS design heritage, the design of a 2005 sounder cannot
benefit from MARSIS data due to the close consecutive
launch opportunities. Consequently, most risks associated
with uncertainties in the Mars environment (ionosphere, at-
tenuation in the crust, nature of interfaces) will apply to both
MARSIS and SHARAD.
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