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PREFACE 

The present PhD thesis is the description of part of the research activity done 

during the period of work at the Second University of Naples, mostly pursued at 

CO.RI.S.T.A. of Naples, Italy and during a short term internship at the Institute of 

Electronic Systems, in the Warsaw University of Technology, Poland. The decision 

to purse the Ph.D. came out not as a natural process after the graduation, but 

form several other working and life experiences. It was a mature process which 

leads to understand the higher education for my scientific learning and interest’s 

growth was also important for cultural and social education. I got a specialist 

education and moreover I got a more structured way of thinking in order to solve 

both theoretical and practical problems. The interaction with people from 

different country and culture, with different formation and opinion, made me 

understanding even more how it is important to appreciate and share the 

knowledge coming out from different experience. The possibility to cooperate as 

a SHARAD Science Team was a great advantage to have a closer connection with 

the instruments and specialists from different fields and environments. The 

present work is focused on the elaboration and interpretation of SHARAD data, 

radar sounder currently in orbit around Mars. This instrument has greatly 

contributed to explore Mars surface and sub-surface also in view of future 

human exploration of the planet. The research work done deals with the 

estimation of dielectric parameters of the soil and subsoil and with the detection 

and interpretation of subsurface morphologies in order to understand the 

formation of the Martian landscape.   
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ABSTRACT 

In this work, aspects of electromagnetic vector wave propagation and scattering 

form Mars surface and subsurface are considered in relation to the investigation 

of Synthetic Aperture Sounder. The work is focused on the elaboration and 

interpretation of SHARAD data, the radar sounder currently in orbit around Mars 

on the spacecraft Mars Reconnaissance Orbiter. Cerberus Palus is a thoroughly 

studied region of Mars, characterized by evident platy textures that were 

interpreted either as evidence for a frozen sea close to Mars’ equator or as being 

resultant of lava, mud or ice-flows coming from Cerberus Fossae through 

Athabasca Valles. Radargrams provided by radar sounder SHARAD clearly show 

the presence of subsurface layers in the area. By exploiting the great amount of 

available data, an accurate quantitative analysis, aimed to estimate 

electromagnetic properties of surface and subsurface layers, has been 

performed in terms of permittivity and attenuation. To this aim, an 

electromagnetic approach has been used, taking into account effects of 

scattering due to surface roughness, for avoiding overestimated results. This has 

been done by using theory of electromagnetic scattering from fractal surfaces 

and by estimating needed parameters from topographic data provided by Mars 

Orbiter Laser Altimeter (MOLA) which was one of five instruments on board the 

Mars Global Surveyor (MGS) spacecraft. Three distinct geologic formations have 

been analyzed, namely a part of Zephyria Planum, the Cerberus plains and the 

bedrock beneath the plains. The retrieved electromagnetic parameters have 

been also modeled as a mixture of volcanic rocks with either ice or air. A deep 

analysis of inversion has been extended to the whole Mars surface, by exploiting 

the full coverage of SHARAD data and by modelling the relationship between 

surface scattering and signal power received by the instrument. 

http://en.wikipedia.org/wiki/Mars_Global_Surveyor
http://en.wikipedia.org/wiki/Spacecraft
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RIASSUNTO 

In questo lavoro,sono analizzati gli spetti della propagazione delle onde 

elettromagnetiche e dello scattering degli strati superficiali e sottosuperficiali di 

Marte, in relazione ad un Sounder ad Apertura Sintertica. Il lavoro si concentra 

sulla elaborazione e l'interpretazione dei dati di SHARAD, un radar sounder 

attualmente in orbita intorno a Marte a bordo del satellite Mars Reconnaisence 

Orbiter. Cerberus Palus è una regione studiata a fondo di Marte, caratterizzata 

da evidenti zone piane che sono state interpretate sia come prova di un mare 

ghiacciato vicino all'equatore di Marte che come il risultato di flussi di lava, fango 

o ghiaccio provenienti dalla Cerberus Fossae attraverso Athabasca Valles. I 

Radargrammi forniti dal radar sounder Sharad mostrano chiaramente la presenza 

di strati nel sottosuolo della zona considerata. Sfruttando la grande quantità di 

dati disponibili, è stato effettuato una analisi quantitativa accurata finalizzata per 

stimare le proprietà elettromagnetiche degli strati superficiali e sottosuperficiali, 

in termini di permettività e attenuazione. A questo scopo, è stato usato un 

approccio elettromagnetico, tenendo conto degli effetti di dispersione a causa di 

rugosità superficiale, onde evitare risultati sovrastimati. Questo è stato fatto 

utilizzando la teoria della diffusione elettromagnetica da superfici frattali e 

stimando i parametri necessari da dati topografici forniti dal Mars Orbiter Laser 

Altimeter (MOLA), che è stato uno dei cinque strumenti a bordo del satellite 

Mars Global Surveyor (MGS). Tre formazioni geologiche distinte sono state 

analizzate, e cioè una parte di Zephyria Planum, la pianura Cerberus e il substrato 

roccioso sottostante pianura. I parametri elettromagnetici recuperati sono stati 

modellati come mistura di rocce vulcaniche sia con ghiaccio che con aria. 

Un'analisi profonda di inversione è stata estesa a tutta la superficie di Marte, 

sfruttando la copertura completa dei dati SHARAD e modellando la relazione tra 

rugosità delle superfici e la potenza del segnale ricevuto dallo strumento. 
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CHAPTER I: INTRODUCTION 

In last four decades the knowledge of Mars through the data returned by 

scientific mission reached a level of details that was not foreseeable during the 

past. However, the evolution of this planet is still puzzling. It takes its name from 

the Roman's God of war, distant rusty orb in the sky, a source of ramble 

speculation for centuries. Could it be home for antagonist civilization? Mars is 

the wider studied planet of the Solar system; this intriguing planetary neighbor 

still activates us and could be a potential base for future colonization and 

keeping biological secrets. It can be the keys of our future and our past. If human 

beings will eve lives in another planet in the Solar System, this is the most likely 

candidate.

 

Figure I-1 MARS Planet reconstruction in white the evidence of water ice 
(picture by NASA) 
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I.1 History 

The Romans associated this distant world with hostility and unrest because of his 

bloody like color and because of his distinctive movement in the sky. The Red 

Planet occasionally appears to be moving backwards crossing the sky, a behavior 

that confounded the observers for centuries, but in 1514 close studies of the 

planetary movements led Polish Astronomers Nicolò Copernicus to a 

revolutionary understanding of the Solar System. For much of the world history 

people thought to be in the center of the universe, so Copernicus founded that 

the explanation was the planet are orbiting around the Sun, so he could explain 

when Mars passes our orbits it appear that goes backwards in our sky. By the 

time of Copernicus's observation, Mars and the Earth has been passing each 

other in the respective orbits for some 4.5 billion years, time enough for the two 

planet to be evolved in two different worlds. The astronomers pointed the first 

ground-based telescopes towards Mars in 1610 despite the development of the 

technology the first blurred images became closer to the eyes of Earth observers. 

The history of these observations are marked by the oppositions of Mars, when 

the planet is closest to Earth and hence is most easily visible, which occur every 

couple of years. Even more notable are the perihelic oppositions of Mars which 

occurs approximately every 16 years, and are distinguished because Mars is close 

to perihelion making it even closer to Earth [1]. In 1877, (a perihelic opposition of 

Mars occurred on September 5) the director of Milano Observatory and Italian 

astronomer, Giovanni Schiaparelli published the first detailed map of Mars. It 

was the most detailed map of Mars ever published, he sketched the Martian 

surface and named its geological features becoming a standard reference in 

planetary cartography. Among the different features that he observed, there 

were the famous “canali”. The word, erroneously translated into English as 

“canals” instead of “channels”, led to widespread speculation over whether the 
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“canals” were constructed by intelligent beings [2]. Some of his observations 

were associated with real features: as an example, a light spot in the southern 

hemisphere, that he called Nix Olympia it is now known as  Olympus Month and 

it is the highest pick known in the Solar System, a dorming Volcano that rises 

about 24 Km (15 miles) above the Martian Surface. He also noticed the existence 

of variable polar caps and the presence of the atmosphere, but supported a 

thesis of the existence of a hydraulic system of channels, that un-fortunately 

does not exist.  

I.2 Missions 

The first big step in the understanding of Mars was obtained when the space era 

started with the successful mission on the Moon. In 1964 the National 

Aeronautic and Space Administration NASA lunched a small exploration 

spacecraft for the Red Planet its name was Mariner 4. The spacecraft passed 

Mars at a distance of 9,868 kilometers recording and transmitting to Earth the 

first close-up picture of Mars. Mariner 4 had a television camera its mission was 

to flight pass Mars and send back pictures. At the time of Mariner 4, the detector 

that creates the image was a vacuum tube resembling a small CRT (cathode-ray 

tube), called a vidicon [3]. It could only make one pass. In 22 pictures, Mariner’s 

TV camera scanned about one percent of the Martian surface, the mission 

completed successfully the first fly-by of Mars It was sending back blurred 

pictures revealing ancient craters of varying size like the ones on the Moon, 

deserts apparently dead. It was a huge let down and big delusion.  The 

enthusiasm for exploring Mars was only tempered. In 1969  NASA launched two 

twin spacecraft performing the first ”dual mission” to Mars in order to have the 

guarantee that at least one was able to survive. The twin space-craft were 

Mariner 6 and 7. The two spacecraft were made to study the surface and 
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atmosphere of Mars during close flybys. In total they send back to Earth 198 

photos covering about 20 percent of the planet’s surface, showing the dark 

features long seen from Earth, but none of the canals observed by Schiaparelli. In 

1971 NASA programmed again a "Dual Mission”, but unfortunately Mariner 8 

failure made it impossible. Mariner 9 mapped 70% of the Martian surface and 

studied the Martian atmosphere. Mariner 9 was engineered to orbit around 

Mars and became the first artificial satellite of the Red Planet. Mars was almost 

totally obscured by dust storms, which lasted for a month. After the storms 

Mariner 9 start to return spectacular images, it discovers the Tharsis region 

which homes to the largest volcanoes in the Solar System, centered near the 

equator in the western hemisphere, it includes the three enormous shield 

volcanoes Arsia Mons. The tallest volcano on the planet Olympus Mounts which 

is located off the western edge of the plateau. Mariner 9 discovered that on 

Eastern part of Mars a Grand Canyon stretching 4.800 kilometers across its 

surface, roughly parallel to the equator called "Valleys Marineris" in honor of the 

mission. The mission provided the about 100 percent of the planet’s surface 

coverage from pictures and made the first close-up photographs of the Martian 

natural satellites: Deimos and Phobos. In 1975 NASA decided to launch two 

spacecraft, Viking 1 and Viking 2, each one consisting of an orbiter and a lander. 

The primary mission goals were to gather high resolution images of the Martian 

surface, characterize the structure and composition of the atmosphere and 

surface, and search for evidence of life. Viking 1 was launched on August 20, 

1975. The landing component was equipped with robotic test instruments. It 

reached the Mars surface On July 20, 1976 at Chryse Planitia. Viking 2 was 

launched on September 9, 1975 and entered Mars orbit on August 7, 1976. The 

Viking 2 Lander touched down at Utopia Planitia on September 3, 1976.The two 

landers where exactly the same the only difference was the area of Landing. 

Viking 1 near the equator and Viking 2 far enough to the Nord to see frost in 



Chapter I: Introduction 

    

      

5 

 

winter both carried out the same experiments, and analyzed soil samples 

without significant results for life. Mars looked like a cold, dry, dead, place. High 

above the Martian surface the Viking orbiters managed to capture a mystifying 

image, while flying over a region of Mars called Sidonia the orbiter snapped an 

image of a land formation under cross lining, startlingly the formation resample a 

human face and as a joke NASA scientists show the photo to the press remarking 

about the face they founded on Mars. Under more even light condition the 

Martian formation doesn't look like a face at all, just a jumble of hills. With no 

divinity evidence of biology resulting from the Viking experiments interest of 

returning to the Red Planet quieted for several years. 

I.3 Planet Geology 

Mars appeared after this intense period of investigation characterized by an 

extended crustal dichotomy. The problem of Martian dichotomy was not solved 

in that period, but only posed. The Martian dichotomy is a global feature 

separating the cratered southern highlands and smooth northern lowlands. Parts 

of the boundary are defined by steep slopes with elevation differences of 2-6 km. 

Older theories foreseen the presence of a giant impact [4], or impacts. 

Arguments against are that the geology of the northern lowlands (Vasteras 

Borealis) is not consistent with a one impact hypothesis [5]. Moreover, the 

lowlands are not radial in shape [6], and there is no evidence of a crater rim. To 

achieve this results was needed the use of laser altimeter, that permitted to 

define the Martian topography. The Mars Orbiter Laser Altimeter (MOLA), an 

instrument on the Mars Global Surveyor spacecraft, has measured the 

topography, surface roughness, and 1.064-m reflectivity of Mars and the heights 

of volatile and dust clouds [7]. Another possible explanation was that the 

northern plains were generated by the erosion of an ancient shallow ocean. 



Chapter I: Introduction 

    

    

6 

 

Topographic profiles across the Mars dichotomy are not consistent with ancient 

coast [8]. Possible shoreline slopes are not orientated in the correct direction. 

Therefore these shorelines were most likely created by compressive tectonic 

stress. The differences between the Northern and Southern hemisphere’s can be 

interpreted using analogues to Earth’s plate tectonics. This could be the Tharsis 

origin. Therefore, the interpretation of this dichotomy is related to the thermal 

history of the planet. The Northern Hemisphere is also characterized by an 

extended volcanism, by the sign of a past extended tectonic activity, which was 

generating the largest rift in the solar System named “Valles Marineris”. The 

extended volcanism produced large volcanoes, arranged in sequences. The 

volcanic features on Mars are very similar in shape, to those found on Earth, but 

their dimension is incomparable. Martian volcanism extended for a large 

timespan and the volcanoes were generated on terrains of variable ages. 

Numerous volcanic landforms can be found in the older cratered highlands and 

in the younger volcanic plains surrounding them. However, the most impressive 

volcanic landforms are associated with the extensive, hotspot-related up-lifts of 

Tharsis and Elysium plateaus. The large scale of the Tharsis shield volcanoes 

suggests that they formed from massive eruptions of fluid basalt over prolonged 

periods of time. The largest volcanos on Mars is called Olympus Mons of relief 

from the summit to the plains surrounding it abrupt basalt scarp, it is one of the 

four giant shield volcanoes associated with Tharsis uplifted region. Other smaller 

volcanoes are Tholi and Peterae characterized by smaller volcanic vents. 

Moreover there is Tholus volcano, which is an isolated mountain with a central 

crater and Patera volcano, dominated by an irregular caldera with gentle slopes. 

The formation of large volcanic edifices has produced also a large tectonic 

activity. This was probably produced by mantle processes such as solid state 

mantle convection and gravity and topography can explain the observing 

distribution and strain of radial and concentric tectonic features [9]. The Tharsis 
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load appears to have produced a flexural moat around it, which shows up most 

dramatically as a negative gravity ring. Valles Marineris underwent a complex 

evolution, due to erosion processes. The Valles Marineris walls in the Tharsis 

region of Mars have a relief up to 11 km in the central parts of a 4000 km long 

system of troughs that lie just south of the Martian equator. The present 

configuration of the Valles Marineris walls has been attributes to erosional scarp 

retreat [10] and has been recognized two major types of walls [11]: spur and 

gully morphology, landslide scars, and small-scale talus slopes. Gullying probably 

implies some kind of vertical erosion and longitudinal waste transport by fluids 

or viscous interstitial material, probably ice [10], related to the widening of the 

Central Valles Marineris troughs during the late Hesperian [11], and to the 

emplacement of interior layered deposits. The relative age of different parts of 

the Martian surface was estimated through crater counting, as older surfaces has 

a higher crater density. Three broad epochs have been identified in the planet’s 

geologic timescale, which were named after places on Mars that belong to those 

time periods. The precise timing of these periods is not known because there are 

several competing models describing the rate of meteor fall on Mars [12], so the 

dates are approximate. From oldest to youngest, these periods are the Noachian 

epoch (named after Noachis Terra), in which the oldest extant surfaces of Mars 

formed between 4.6 and 3.5 billion years ago; the Hesperian epoch (named after 

Hesperia Planum), marked by the formation of extensive lava plains 3.5 to 1.8 

billion years ago; and the Amazonian epoch (named after Amazonis Planitia), 

from 1.8 billion years ago to present. The North Polar Caps are unquestionably 

the first planetary futures visible during an approach to Mars trough space, they 

are made of two permanent polar ice. During a pole’s winter, it is called dry and 

frozen Carbon Dioxide, the atmosphere it is very thin, it is all Carbon dioxide, it 

condensed in thick ice slabs of CO2, it lies in continuous darkness, chilling the 

surface and causing 25-30% of the atmosphere to condense out [13]. The frozen 
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CO2 during the exposure to the Sun light sublimes arising winds that sweep the 

poles faster to about 400 km/h transporting a large amount of dust and vapors, 

rising to large cirrus clouds. The polar Caps present spiral troughs which can be 

originated by solar heating and sublimation of ice [14]. Viking Orbiters caused a 

revolution in our ideas about water on Mars by discovering many geological 

forms that are typically formed from large amounts of water [1]. Mars may have 

had conditions for retaining a large amount of liquid water to flow across its 

surfaces. The images show that floods of water broke through dams, carved 

deep valleys, eroded grooves into bedrock, and traveled thousands of 

kilometers, the amount of water involved was almost unthinkable it estimates 

for some channel flows run to ten thousand times the flow of the Mississippi 

River [15](Carr 1996). Mars lost part of its atmosphere by impact erosion and 

hydrodynamic escape [15]. Mars today it is wrapped in a thin atmosphere 

formed of 1.6% argon, 3% nitrogen, 95% carbon dioxide [16]. The pressure on 

the surface varies from around 30 Pa on Olympus Mons’s peak to over 1,155 Pa 

in the depths of Hellas Planitia, with a mean surface level pressure of 600 Pa, 

com-pared to Earth’s sea level average of 101.3 KPa [1].  

I.4 Recent Explorations  

The Mars Global Surveyor (MGS) was and delivered in 1996 by NASA's Jet 

Propulsion Laboratory; in 1997 the spacecraft reached Mars and was operating 

until November 2006. One gully on a crater wall that was imaged in 2001 was 

found to have filled with light-colored material when it was re-imaged in 2005. A 

similar new light-colored deposit appears in a 2004 image of crater gullies 

previously imaged in 1999. The discover that liquid water episodically flows over 

the surface of the planet even today, through release from subterranean 

reservoirs along sun facing scarps and cliffs was one very important discover for 
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the mission[17]. MGS also detected patches of residual magnetization in the 

Martian crust [18]; implying Mars once had a magnetic field similar to the Earth 

today which is shielding from the solar wind. Without such shielding the radiative 

environment at the surface of the Earth would be too hard for life. MGS find in 

Eberswalde crater a fossilized and exhumed delta, which was formed most likely 

by the flow of water from the past [19]. Following to MGS, Mars Odyssey was 

launched on April 7, 2001, and arrived at Mars on October 24, 2001. This mission 

was made to search for evidence of past or present water and volcanic activity, it 

was equipped with gamma ray spectrometer which found the upper layers of 

Martian soil poleward of 55° of latitude contain up to 50% water ice by weight 

[20]. The  sensor could not analyze deep in the surface and was not possible to 

state how deep could be the ice fills, total amount of water could be buried in 

the soil can be equivalent to a global layer 0.5 to 1.5 km deep[20]. On June 2nd 

2003 the European Space Agency (ESA) launched its first mission to Mars: Mars 

Express. It consists of two parts the Mars Express Orbiter and a lander called the 

Beagle 2, designed to perform exobiology and geochemistry research. The 

Orbiter was successfully performing scientific measurements since early 2004, 

while the lander failed. Mars Express Orbiter was performing high resolution 

imaging and mineralogical mapping of the surface, radar sounding of the 

subsurface structure, precise determination of the atmospheric circulation and 

composition, and study of the interaction of the atmosphere with the 

interplanetary medium. The OMEGA spectrometer on board Mars Express 

achieved the first direct identification and mapping of both carbon dioxide and 

water ice in the Martian high southern latitudes, which since the early mapping 

observation of the permanent ice caps on the Martian poles, the southern cap 

was thought to be constituted of carbon dioxide ice, it was showing that this 

south polar cap contains perennial water ice in extended areas [21]. The MARSIS 

subsurface sounding radar on Mars Express could penetrate to depths of more 
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than 3.7 kilometers. It was found from the radar echoes that a composition of 

nearly pure water ice down to the bottom of the deposits, as MARSIS was able to 

map the thickness of the layered deposits over the entire south polar area [22]. 

Perhaps the most important discovery made by Mars Express is the detection of 

methane in the atmosphere by the PFS spectrometer [23].  There are only a few 

processes thought to be able to produce methane on Mars. Volcanism is one 

possibility, but there has been no detection of ongoing volcanic activity on Mars. 

Another potential source could be a reaction of olivine rock with groundwater 

and subsurface heat (serpentinization), but it is unclear if the necessary 

temperatures can be reached in the Martian subsurface. The third possibility is 

subterranean microbial life. The determination of the origin of methane has 

become the new key driver of scientific exploration, ESA’s ExoMars (whose 

launch is planned for 2018) will carry instruments to detect and analyze Martian 

methane [1]. Briefly following Mars Express, NASA’s twin Mars Exploration 

Rovers Spirit and Opportunity launched toward Mars on June 10 and July 7, 

2003, landing on Mars January 4 and January 25, 2004. Spirit landing sites was at 

Gusev Crater, a possible former lake in a giant impact crater, the rover has not 

been communicating with Earth since March 22, 2010. Opportunity is still driving 

on the surface of Mars; the landing site was Meridiani Planum, where mineral 

deposits (hematite) suggest Mars had a water deposit in the past. On November 

26, 2011 the Mars Science Laboratory (MSL), named Curiosity, a NASA rover was 

launched, it landed on Mars Aug. 6, 2012. Few hours after landing the rover have 

begun to send images from the surface. The duration of the mission is expected 

to at least one Martian year (about 2 Earth years) and the purpose will be to 

investigate the past and present ability of Mars to support life. 
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I.5 MRO Mission 

Mars Reconnaissance Orbiter is a mission of NASA launched on August 12, 2005, 

(Figure I-2) and attained Martian orbit on March 10, 2006. In November 2006, 

after five months of aero braking, it entered its final orbit, the probe has reached 

the final orbit, which is almost perfectly circular at an altitude between 250 and 

316 km and began its science activity, which still continues today. Among the 

NASA’s strategies for the exploration of Mars MRO’s scientific goal is to search 

for evidence that water persisted on the surface of Mars for a long period of 

time: while other Mars missions have shown that water flowed across the 

surface in Mars’ history, it is still unclear whether water was ever around long 

enough to provide a habitat for life. MRO is an orbiter with high resolution 

instruments. The tools of the MRO allow NASA to choose the place with less risk 

and greater benefits from the scientific point of view. Another important goal for 

MRO is to provide support to lander missions in the form of high resolution 

observations of the surface for the detection of landing sites. The purpose of the 

MRO mission is global mapping of the surface (in visible and near infrared), 

investigation of the subsurface, identification of future landing sites for 

spacecraft and future communications and navigation support to Martian 

missions.  
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Figure I-2 M.R.O. Satellite launch - Aug. 12, 2005 Cape Canaveral 
Florida (picture by NASA) 

I.5.1 Instruments on board 

Six scientific instruments are included on the orbiter: three cameras, two 

spectrometers and radar are included on the orbiter including two 

complementary tools that will use data from the orbiter to provide scientific 

data. Three experimental technologies are inserted in the orbiter, so that it is 

used also to check the operation of new technical solutions. 

I.5.1.1 Cameras 

 The High Resolution Imaging Science Experiment (HiRISE) is a 

reflecting telescope of 0.5 m, the largest ever used in a space 

mission. It has a resolving power of 0.3 m height of 300 km. Can 

receive color images in the bands of red, green, and blue, and 

infrared. To facilitate the mapping and identification of possible 
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landing sites HiRISE produce stereoscopic images where the 

topographic information will be shown with a definition of 0.25 

meters. 

 The Context Imager (CTX) will provide monochromatic images 40 

km wide with a resolution of 8 meters. The CTX is designed to 

work in conjunction with other image tools to provide the context 

of the maps that are detected by the other instruments. 

 The Mars Color Imager (MARCI) split images of Mars in 5 bands of 

the visible and ultraviolet 2. MARCI will produce global maps of 

the planet to study the daily changes, seasonal and annual 

climate, the tool will also provide the information daily weather 

on the planet. 

I.5.1.2 Spectrometers  

 The Mars Climate Sounder (MCS) is a 9-channel spectrometer 

operating in the visible and infrared; a channel operates at 0.3-3 

micrometers and the other eight operating between 12 and 50 

micrometers. These channels have been chosen to measure 

temperature, pressure, water vapor and level of the powders. The 

instrument will observe the horizon of Mars by dividing it into 

vertical strips and analyzing them separately. Each strip is 5 km 

thick. These measurements will be combined to create daily maps 

of the Martian time. These maps show the variations of 

temperature, pressure, humidity and density. 

 The Compact Reconnaissance Imaging Spectrometer for Mars 

(CRISM) instrument is a visible and near infrared (VNIR) 

spectrometer that is used to produce detailed maps of the surface 

mineralogy of Mars. It operates from 370 to 3920 nm, measures 
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the spectrum in 544 channels (each 6.55 nm wide), and has a 

resolution of 18 m at an altitude of 300 km (190 mi). CRISM is 

being used to identify minerals and chemicals indicative of the 

past or present existence of water on the surface of Mars. These 

materials include iron, oxides, phyllosilicates, and carbonates, 

which have characteristic patterns in their visible-infrared energy. 

I.5.1.3 Radar 

The Radar Shallow Subsurface Radar (SHARAD) was designed to study the 

interior of Martian subsurface; the detailed instrument description will be 

addressed in the next section.  

I.5.1.4 Complementary tools 

 Analysis of the gravitational field: changes in the gravitational field of 

Mars can be derived from the change in the speed of the MRO. The speed 

of the MRO will be determined using the Doppler shift of the radio signal 

that the probe will send to Earth. 

 Analysis of the atmospheric density: sensitive accelerometers installed on 

board the Orbiter have been used to identify variations in the 

atmospheric density during the aerobreaking. 

I.6 Planetary radar sounders 

Radar sounders also called soil penetration radar (or GPR for Ground penetrating 

radar) are used in many areas such as glaciology, archeology, civil engineering 

and mining and oil exploration. These instruments emit signals electromagnetic 

at low frequencies of a few MHz to tens of GHz. In these frequency ranges, 

geophysical soils have the distinction of being more or less transparent, allowing 

the signal to penetrate deeply before being reflected by dielectric discontinuities 
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in the basement and so detect even imaged, objects and buried interfaces. It is a 

method of non-destructive survey of which the sensitivity depends on the 

dielectric environmental parameters surveyed and dimensioning the radar signal. 

The basic laws of electromagnetism are established by James Clerk Maxwell in 

1864. From the early twentieth century, the electromagnetic waves are used as 

air carriers of information (TSF: wireless transmission), and as mine detection by 

the armed forces. Stern Weber, in the early 30s, operates for the first time their 

penetrating properties to estimate the thickness of an Austrian glacier [24], [25]. 

Strangely, this mode use is almost forgotten for twenty years, until a plane the U. 

S. Air Force crashed in Greenland in 1950 [26]. The pilot had misjudged altitude 

in interpreting the radar from the bottom of the glacier as that derived from the 

surface. The renewed interest for geophysical use of subsurface then brings 

NASA to install the instrument Alse (Apollo lunar sounder experiment) on the 

orbiter Apollo 17 mission to test this technology in an interplanetary 

environment [27]. Today, more than a thousand of different models are 

developed by GPR private companies [26]. They are used on the floor, or 

transported by air assets for missions of local or regional surveys. No GPR 

terrestrial applications were on board of a satellite platform till recent days, 

despite the advantages of geographic coverage areas. This is mainly due to the 

small percentage of interesting layers which reduces the profitability of the 

investment, or yet due to propagation problems related to land cover that which 

are not meet on other planets. Surprisingly, despite the growth of space 

exploration by unmanned spacecraft for nearly forty years, the radar Alse 

sounder has not led to other similar projects. Finally, motivated by the presence 

gradually certified of numerous glacial terrain periglacial and the possibility of 

aquifers is the Mars exploration that takes the idea of subsurface radar.  The 

instrument Marsis (March advanced radar for subsurface and ionospheric 

sounding) [28] on board Mars Express (ESA European space agency), followed 
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closely by SHARAD (shallow radar) [29] on Mars reconnaissance orbiter (NASA), 

which signs the real advent of radar sounders planets. The fields of application of 

instruments planetary radars show very large [30]. In addition to imaging of 

interfaces in the basement, they can help constrain the composition and density 

of the surveyed soils.  
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CHAPTER II: SHARAD AND MOLA 

SHARAD is a synthetic-aperture, orbital sounding radar, carried by NASA's Mars 

Reconnaissance Orbiter [29]. It works by transmitting a low-frequency radar 

pulse that is capable of penetrating below the surface, and is reflected by any 

dielectric discontinuity present in the subsurface. SHARAD is capable of a vertical 

resolution of 15 m (in free space) or less, depending on the dielectric constant of 

the material being sounded, operating at a central frequency of 20 MHz and 

transmitting a 10 MHz bandwidth. SHARAD data consist of radar echoes acquired 

along the ground track of the spacecraft during observations. Mars Orbiter Laser 

Altimeter (MOLA) was one of five instruments on board the Mars Global 

Surveyor (MGS) spacecraft, which operated in Mars orbit from September 1997 

to November 2006. However, the MOLA instrument transmitted altimetry data 

only until June, 2001.  

II.1 SHARAD Planetary radar sounder 

SHARAD is the sounder radar placed on the MRO orbiter. It penetrates the 

surface and it is used for exploring the Martian subsurface. The radar 

Engineering Parameters are depicted in Table 1[31], [32]. SHARAD uses a 

Synthetic Aperture Technique in order to reduce the antenna footprint and 

increase the resolution, without the need of a larger antenna. Synthetic Aperture 

Radar (SAR) is a remote-sensing technology which uses the motion of the aircraft 

or spacecraft carrying the radar to synthesize an antenna aperture larger than 

the physical antenna to yield a high-spatial resolution imaging capability [33]. 

SAR systems can thus obtain high-spatial resolution geophysical measurements 

http://en.wikipedia.org/wiki/Mars_Global_Surveyor
http://en.wikipedia.org/wiki/Mars_Global_Surveyor
http://en.wikipedia.org/wiki/Spacecraft
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of the Planets over wide surface areas, under all-weather, day/night conditions. 

The most obvious way to increase the resolution on SHARAD would have been 

reducing the antenna footprint by increasing its directivity. Due to the low 

operating carrier frequency of 20 MHz this way was not feasible while increasing 

the antenna gain would have required a much larger antenna with a complex 

deployment system. The antenna chosen for SHARAD is a dipole consisting of 

two fiberglass tubes, each arm 5 m long, a metal wire inside them represents the 

active part of the antenna. The antenna tubes, based on the fiber foldable tube 

(FFT) technology, were folded into five segments, the deployment relayed only 

on the material elasticity to extend to the desired position once released. Figure 

II-1 shows the folded antenna while Figure II-2 shows the SHARAD Instrument on 

the Mars Reconnaissance Orbiter 
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Table 1 Engineering parameters of SHARAD 

Parameters Value 

Nominal orbit altitude 255-320 Km 

Extended orbit altitude 230-407 Km 

Topographic Margin -20/+10 Km 

Centre Frequency 20 MHz 

Chirp Bandwidth(B) 10 MHz 

Pulse width 85 microsecond 

Receive window width 135 microsecond 

PRF(nominal) 700.28 Hz 

PRF(low orbit) 775.19 Hz 

PRF(high orbit) 670.22 HZ 

Power Standby 13W 

Power Acquisition 28W 
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Figure II-1 SHARAD Flattenable Foldable Tube (FFT) antenna Package 

(picture by NASA) 

 

Figure II-2 Figure II-3: The SHARAD Instrument on the Mars 

Reconnaissance Orbiter (picture by NASA) 
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The synthetic aperture principles note that the echo exhibits a Doppler 

frequency shift proportional to the transmit frequency and to the radial 

component of the relative velocity (for 1  ):  









 2
sin

2
Df  

II-1 

The target which are at 90° to the spacecraft velocity has a zero Doppler shift (

0 ) while closing and receding targets have positive and negative Doppler 

shift, respectively. The Figure II-4 shows the Doppler shift of a target with the 

Doppler crossing the zero point at which the target is orthogonal to the 

spacecraft velocity vector. 

 

Figure II-4: Doppler shift of a target 
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The knowledge of the ideal Doppler history of each elementary scatterer history 

can be correlated with the real one to extract its azimuth position; this 

procedure significantly reduces the clutter echo energy, but does not eliminate 

the effect of surface echoes coming from the side of the track, which can 

mistakenly lead to the detection of fake subsurface echoes. One way to avoid to 

discriminate mistaken subsurface echoes it is to use an accurate surface 

simulator[34] which predicts the presence of surface clutter echoes of the , the 

corresponding fake subsurface echoes can be neglected because interpreted as 

clutter. A frequency modulated chirp has been adopted (signal in which the 

frequency varies linearly) to increase the resolution in depth. This technique 

provides the capability of using long pulses without compromise the range 

resolution, which is proportional to the pulse bandwidth. The processed signal-

to-noise ratio (SNR) is proportional to the total pulse energy-long pulses then 

allow one to achieve the same detection capabilities with lower peak power 

[35],.[36], [37]. From Table 1 is possible to see that SHARAD adopt a chirp 

bandwidth B=10 MHz corresponding to a time resolution of 100 ns equivalent to 

a range resolution of 15 m in case of free space and roundtrip [38], the 

resolution change with the velocity of propagation in the medium which is 

proportional to   of the medium. The  range compression is performed on 

ground giving the possibility to employ different processing technique and to 

achieve in the future with new technique to different processing quality, the 

resulting sinc function has the main lobe amplitude equal to 1/B i.e. 6 dB without 

weighting in the compression process. The weighting function gives the control 

of range side lobes which is a very critical aspect of the radar sounders design 

because the weak subsurface echo can be hidden by the side lobes of the surface 

return. SHARAD ground processing uses a modified Hamming window that is 

capable of offering strong side lobe reduction at the expense of a main lobe 

widening. 
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II.1.1 System Performances  

SHARAD is chirp radar for planetary missions, it has low power availability and 

the resolution is a function of the transmitted bandwidth. Following will be 

described the main parameters of the instruments. 

 

Figure II-5 SHARAD Principles of Operation 

II.1.1.1 Vertical Resolution 

In terrestrial dry rocks, values of dielectric constant  usually range between 4 

and 10, decreasing for increasing porosity; for water ice, 3 , for CO2 ice 3  

[39]. 

z=c/(2 B ) II-2 

Where B is the transmitted bandwidth [40]. 
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In order to achieve a vertical resolution of 10 m, a chirp bandwidth between 5 

and 10 MHz is required, depending on the material. 

Figure II-6 shows the features of Subsurface Range Resolution as function of the 

dielectric constant and bandwidth. 

 

Figure II-6 Range Resolution for different scenarios 

In the Figure II-6 except for the II-1 basaltic category, it can be seen that a 

bandwidth of 7 MHz provides resolutions better than 10 meters for all the other 

prospected scenarios. 

II.1.1.2 Cross-Track Resolution 

The SHARAD Pulse-limited resolution is of about 6 Km for 10 MHz bandwidth and 

can be calculated from the following equation [35], [36], [37]: 

r=2(c H/B)  II-3 
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where H is the spacecraft altitude and c the speed of light. 

A higher frequency provides better resolution, but improvement is slow for the 

square root dependence. In case of back-scattering from specular surface, 

(R.M.S. rough surface height < /4 [39]), resolution, which depends on the 

carrier frequency, is given by [41]: 

r=(H /2)  II-4 

Which gives the Fresnel zone size, in case of SHARAD (II-4) gives Km 1.5r   

II.1.1.3 Along-Track Resolution 

Horizontal resolution in the along-track direction can be improved by means of 

synthetic aperture processing, i.e. by the coherent summing of a number of 

echoes: resolution of an antenna having size of the length travelled by the 

spacecraft during the integration time (Ls) is achieved. The PRF has to be selected 

equal to echo Doppler bandwidth in order to adequately sample the response of 

the synthetic aperture [42]. Considering a Synthetic Length of 7.5 Km (indeed an 

integration time of about 2.2 seconds): 

m300
2


s

az
L

H
r


 

II-5 

An along-track resolution from 300 m to 1000 m is considered to be compliant 

with measurement requirements. To cope with the required resolution range the 

resulting coherent integration time can be calculated as in Table 2 for the 

minimum and maximum value of H and Vsc which is the speed of the spacecraft. 
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Table 2 integration time for selected values of H and Vsc 

sTs

sTs

8.05.0

9.26.1

int

int





mr

mr

az

az

1000

300




 

smV

kmH

sc /3440

230

min

min




 

 

smV

kmH

sc /3360

400

max

max




 

 

For continuous coverage (no gaps) a suitable number of synthetic profiles shall 

be computed [43]: 

N=Tint. Vsc/raz 

32 (worst case). 
II-6 

In presence of specular surfaces Doppler processing may be applied on a limited 

number of echoes (about four); therefore also along track resolution will be 

limited by the Fresnel Zone size. Horizontal resolutions have been computed for 

a reference satellite altitude of 300 Km and a carrier frequency of 20 MHz 

II.1.1.4 PRF selection 

Regarding the PRF it is worth to note that its value cannot be uniquely selected 

on the basis of swath extent. Doppler bandwidth shall be correctly sampled. An 

incorrect PRF selection may entail performance degradation for values lower 

than the optimal or, if a two much higher value is selected, undesired increase of 

computational power demand on board and data volume to be transferred on 

ground. Synthetic aperture processing requires additionally that aliasing in the 

observed Doppler spectrum must be avoided. Supposing an isotropic antenna 

pattern in the along track direction, and considering the clutter formulation of 

the fractal equation[44] In the two special cases of H (the Hurst coefficient ) 

equal to 1 to get the models of geometrical optics and ½ the Hagfors model [45], 

as a references models for the subsurface and the surface clutter. It is possible to 
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determine the off nadir observation angle beyond which the off nadir surface 

clutter returns are 30 dB or more lower nadir surface echo: 
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with H=½ [45]. 
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II-8 

The Doppler bandwidth to be observed and thus sampled by the system will then 

be the one enveloped by twice the calculated angle [43]: 




sin
2

2 scV
PRF   

II-9 

Where Vsc is the spacecraft velocity (3.4 Km/s) and  is the center frequency 

wavelength of 15 m. Depending on the R.M.S. slope of the region under 

observation a proper value of the PRF is to be selected.  

The Pulse Repetition Interval contains the radar returns (ambiguity rank = 0) if: 

      
c

z ε2
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H 2
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

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II-10 

A 400 Km worst case altitude requires for the PRF to be less than 366 Hz for a 

penetration depth of 3 Km in a basaltic material having dielectric constant equal 

to 9. The following figure highlights that, in order to explore at least the 35% of 

the Martian surface, the Pulse Repetition Frequency has to be drawn by 

equations (II-7) and (II-8) for an r.m.s. slope of 0.06 (-1.22 on the X-axes of the 

graphic). 
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Figure II-7 Percentage of the Martian surface for which s fall within prescribed 

ranges 

Therefore, according to the above considerations, a PRF of 200 Hz is to be 

selected. Otherwise, coverage of 28% of the Martian Surface requires a PRF of 

150 Hz. The 0()/0() ratio has been computed also for Clutter Returns ranging 

between 20 dB and 45 dB and consequently the PRF have been achieved for the 

two models (Hagfors and Geometric Optic) and for different wavelength-scale 

r.m.s. slope.  

II.1.1.5 Surface Clutter and Penetration Depth 

Surface return echoes can be considered as surface clutter, because the 

subsurface discontinuity detection could be reduced from the surface back-

scattering: thus the back-scattering coefficient can be related to the penetration 

depth z [43]: 
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If surface and subsurface interfaces have the same roughness, the signal-to-

clutter (S/C) ratio is: 
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With H=1 [46] 
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With for H=½ [45]. 

The last term of the above equations can be considered as an improvement 

factor (IF) of the signal-to-clutter ratio, due to the decrease of the surface clutter 

for off-nadir observations: this term can be neglected in the worst case of very 

rough surfaces, no matter what the Hurst exponent is. The Clutter Cancellation 

improvement can be achieved by means of Doppler processing and, if need, by 

means of a second receiving channel. Figure II-8and Figure II-9 presents the Pulse 

Limited Geometry applicable for the SHARAD Radar Sounder: in the Figure II-9 

the circular crowns sliced by the Doppler processing are shown. 
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Figure II-8 Pulse Limited Geometry vertical view 
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Figure II-9 Pulse Limited Geometry top view 

The Improvement Factor coming from Processing Doppler at a depth z can be 

computed as [47]: 
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where  
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II.1.1.6 Surface Signal to Noise Ratio 

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 [48]: 
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To evaluate the above radar equation it is assumed that, 10 Watts peak power 

can be radiated by the antenna. A 10 MHz bandwidth for the radar pulse, 

entailing a 15 meters resolution in free space is used. An average altitude of 300 

Km is considered as intermediate value between the extremes of the orbit which 

are 230 Km and 400 Km respectively. A 6% duty cycle is sustainable by the radar 

assuming roughly a 300 microseconds pulse and a Pulse Repetition Frequency of 

approximately 200 Hz. A synthetic aperture of 7.5 Km has been taken into 

account in the following budgets: it provides a Doppler processing gain of about 

14 db. The noise term is due to Galactic and extra-galactic noise. 
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II.1.2 SHARAD Operative and receiving phase 

SHARAD is designed to remain in a state of minimal power (Stand-By) with only 

the electronics functioning. During the modality operation SHARAD do not 

respond to commands direct the spacecraft, but continue to operate according 

to a sequence of commands previously loaded. All controls necessary for the 

operation of SHARAD are sent to the satellite and 

then passed to the radar, operating from the center of the ground that, during 

the upload, provides instructions to the instrument, by means of the OST 

(Operational Sequence Table), the PT (Parameter Table) and ODT (Orbital Data 

Table).The OST contains instructions on the radar operation to perform. After 

loading the OST and fired, and the instrument starts to work in Automatic 

reading the various entries in the file that was provided. Each line defines a 

single OST operating mode for the instrument, its duration and requirements 

necessary for the proper functioning. The PT contains all the operating 

parameters and engineering of SHARAD. Each parameter is identified by an 

identifier and associated a value.  

The parameters contained in the PT can be associated with three categories  

main: 

 Instrument Configuration Parameters, which are data, do not need to be 

update (i.e. constants like speed of light). 

 Instrument Calibration Parameters, which after the first test are 

controlled by the operations center instruments so that no longer need 

any update (i.e. the parameters for the calculation of the closed-loop 

tracking). 

 Instrument Operating Parameters, which must be updated before each 

execution of a measuring sequence. 
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The Orbital Data Table (ODT) contains the flight parameters of the satellite (refer 

to its orbit) required for the correct calculation of the position of the window 

reception of the received signals. These data therefore, that in actual fact 

concern the position and speed of the satellite are not generated on board but 

still sent by the command of land, and each includes two ODT values for Step (i.e. 

the time interval between two lines of the same ODT) and for the definition of 

the starting point of each line (Start ODT). 

The expected ground penetration of the instrument is 1 km, but it depends on 

the nature of the soil. The along-track resolution for the synthetic aperture radar 

processing in ranges it varies from 300 to 1000 m. The nominal PRF (Pulse 

repetition frequency) is as shows table 1 about 700 Hz. It has been selected in a 

way that is at least twice the maximum expected Doppler shift of the echo with 

respect NY Quist criterion. The PRF is low enough to allocate all the expected 

radar-to-surface range variation due to the orbit altitude range plus topographic 

margin. The receive window is dynamically positioned according to priori 

knowledge of the spacecraft orbit and surface topography (programmed by the 

mission planning). Two extra PRFs are also selectable by command to allow 

operation during an extended mission, in which the spacecraft could be outside 

the orbit range designed for the primary mission. The halved PRF mode is 

available for both. It is also possible to operate the instrument with a halved PRF. 

This feature has been introduced to avoid possible range ambiguities that can 

occur from far off-nadir scatterers (around 40° –50° off-nadir angle) in the 

presence of particularly difficult topographies (at the expense of a 3-dB 

reduction of the SNR). The received signals are captured in a receive window of 

135 sec  positioned for each PRF. This window duration takes into account: 

 Length of the transmitted pulse: +85 sec . 

 Time window for the echo of the subsurface: +20 sec . 
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 Error margin for reception window positioning: + / - 10 sec  – 

 Delay margin due to the Mars ionosphere: +5 sec . 

The Figure II-10 shows the area for positioning the window reception when the 

PRF = 700.28 Hz. For the correct positioning of the receive window is necessary 

to know with spacecraft relative precision the distance spacecraft-surface, this is 

the tracking operation. SHARAD adopt two different techniques: 

 The Open-loop tracking instead uses a priori knowledge of the 

distance of the satellite from the ground. When the radar using that type 

of function, using two different sets of data: one referring to the 

elevation profile along the predicted Martian ground-track of the satellite 

(profile obtained by the MOLA data present on M.G.S. Orbiter) and the 

other with the prediction of the orbit kept form the spacecraft. Those 

data are contained in the Parametric Table (PT) and in the Orbital Data 

Table (O.D.T). 

 The Closed-loop tracking in which the information for the positioning of 

the listening window are generated independently by instrument through 

an algorithm for calculation of the tracking. The initial data for this 

algorithm are always provided by the ODT and the PT; through them it is 

calculated the round trip time of a pulse. The measurement is taken as 

reference while a filter controls the positioning of the listening window 

compared to that value. 
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Figure II-10: Positioning of the listening window of the radar in case of 

PRF=700.28 Hz 

The high fidelity of the signal reconstruction, in terms of linearity and 

amplitude/phase distortions (which, in turn, affects the side lobes of the 

compressed signal) is obtained mainly by avoiding any upconversion or down-

conversion process in the system, and by reducing the analog electronics to a 

minimum. The transmit chirp is synthesized directly at the transmit frequency 

(15–25 MHz) by a digital signal generator and then amplified at the required 

power level before being sent to the matching network and the antenna. In the 

receiver, no analog conversion to baseband is used. Thanks to the large data 

storage and download capabilities of the MRO spacecraft, SHARAD has no need 

to perform range compression and synthetic beam formation onboard to reduce 

the final data rate. The availability of raw or close-to-raw data on the ground 

gives the user the capability to apply different types of optimized processing to 
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the acquired data, both now and in the future when improved processing 

techniques may be available. It also allows the range compression to be 

performed on-ground, using as reference for the correlation not a theoretical 

chirp but rather an optimized one derived from the calibration performed both 

on-ground and in-flight to account (and to compensate) for the instrument’s non 

idealities.  

II.1.3 The SHARAD data  

SHARAD can operate in four different Operative (or Measurement) Modes 

corresponding to the different actions that the instrument may perform under 

the guidance of OST entries. Telemetry is always generated during Operative 

Modes and monitoring is active. In case of other error or anomalies during 

Operative Modes processing, an automatic transition is performed to Safe/Idle 

State. 

 SUBSURFACE SOUNDING (SS) MODE SHARAD shall perform scientific 

measurements by transmitting radar pulses and collecting, processing 

and formatting received echoes. P.R.I. and duration are variable.  

 RECEIVE ONLY (RO) MODE is used to perform passive measurements 

mainly during the on-orbit phase. 

 CALIBRATION MODE is used to perform instrument calibrations during 

the on-orbit phase 

 TEST MODE is a debug mode used to generate a stream of science data 

simulating an instrument operative mode, to exercise all internal 

functions of the instrument.  

The Data produced using the last two Operative Modes have no scientific value 

and will not be used to produce EDR data products. The procedures for the 
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processing of data on the orbiter are limited to the minimum to avoid 

overloading of the onboard software/hardware. The data processing performed 

on board is limited, to simplify instrument operations: Phase compensation of 

the transmitted chirp to correct for radial motion of the spacecraft; conversion of 

the analog signal into a digital stream of echo samples: tracking of the echo 

position in time for the correct opening of the receiver; pre-summing and 

compression of echoes. The collected data is compressed to reduce the amount 

of memory required, packaged and then sent to the ground. All operations that 

deformat and control the data, and the whole chain of processing (compression 

in range and azimuth) necessary to obtain the Radar images are executed on the 

ground through different software tools installed at the operational center of the 

instrument. The data, once the telemetry are received, are tested checking  the 

information integrity of the data, the right execution of commands and presence 

of malfunctions of the radar, as well as acquired, are read and structured in 

specific files. The scientific data are formatted according to the standard dictated 

by the PDS (Planetary Data System) called Level 1A product, also known as EDR 

(Experiment Data Record). Such products then undergo further processing of SAR 

type that allows the generation data RDR (Reduced Data Format), i.e. the level 

1B. 

II.1.4 Level 1a data: Experiment Data Record (EDR)  

The Experiment Data Record (Level 1A data) contains the data acquired by 

SHARAD with all auxiliary information necessary to place the data in space and 

time. In order to produce the EDR, the scientific data collected by the radar are 

sorted in time and cataloged according to the different operating modes of the 

SHARAD. Depending on the operating scenario, different levels of pre-summing 

can be selected, i.e.: pre-summing 1 (no presumming), 2, 4, 8, 16, 28, 32. When 
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pre-summing "N" is selected, the samples from N sequential PRIs are summed 

sample-by-sample, thus reducing the data rate by a factor N. The result of the 

sum of N echoes is referred to as a data block [49]. The selection of the 

operation mode of the radar is essential because the pre-summing is changing 

and a different calibration of the data may be needed. The packets of data 

duplicates are removed while those corrupt are replaced by a null value that 

indicates the absence of the required data. In particular, the processing at level 

1A consists of the following operations: 

 Deformatting of data packets. 

 Sorting data over time. 

 Cataloguing data based on the operating mode of the instrument to time 

of shooting. 

 Test data quality. 

 Creation of auxiliary data for the location of those in the scientific space 

and time. 

 Generation of output formats such according the rules dictated by the 

PDS node. 

The inputs for the creation of Experiment Data Record data are sent to the 

ground, from the MRO antenna. These data are following: 

 The telemetry scientific SHARAD in the form of Raw Instrument Science 

Products, sent to the Earth after the compression. 

 The files containing the information on the engineering tool. 

 The telemetry of the spacecraft and all the ancillary information on the 

satellite about the trajectory, orbit and orientation. 
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 The value of the coefficients of the MRO clock edge to be converted in 

the format of Coordinated Universal Time (UTC) by the NAIF (Navigation 

and Ancillary Information Facility), one the nodes of the PDS. 

The data stored within a single EDR are an aggregation of Data Blocks (set of 

scientific data formed by returning echoes of one or more P.R.I.) and are named 

Data Take, connected continuously in space and time, and characterized by the 

same operation mode i.e. a single OST command. The EDR Data are divided in 

three files: 

 A binary file containing the scientific instrument telemetry called Science 

Telemetry file. Each row (i.e. record), is formed by an initial part 

containing information as the value of OST command corresponding to 

the processed data, the time and the parameters used to process the 

Data Block,  scientific data formed by 3600 sample. The sample's length 

can vary from two to eight bits and consequently varying it will vary also 

the record length, note that the records defined by the same OST value 

keep the same sample length.  

 A binary file called Auxiliary Data file. Each record of this file contains the 

information generated on the ground of the navigation satellite data in 

correspondence with the relevant records of the Data Block written in the 

Telemetry file. Most of these values are expressed as real numbers in the 

format of eight or four bytes.  

 A file in ASCII (American Standard Code for Information Interchange), 

named label, which describes the contents of the data reported in the 

two binary files. This document is written in accordance with the PDS 

standards and describes both observations in which the data were 

acquired and the file format where such data were recorded. 
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II.1.5 Level 1b data: Reduced Data Record (RDR)  

The Reduced Data Record (Level 1B Data) is consisting of the data of Level 1A on 

which has been performed some operations. The backscattered Echoes have 

been Doppler filtered and Range compressed and has been included in the data 

the necessary information for the space and time localization. The data obtained 

are formatted as PDS standard requires known as ISO Level II 27.3. In order to 

realize the data processing, a specific Software tool, Level 1B (L1B) Tool has been 

designed and implemented from the CO.RI.STA within the program SHARAD 

Ground Data System managed by the A.S.I. (Italian Space Agency). The read the 

EDR data and perform the processing operations:  

 Range Compression 

 Azimuth compression (also called Doppler processing),  

 Ionospheric effects correction.  

According to the standards two separate files are created:  

 The first file has a binary format containing the processed data, the 

scientific data auxiliary, the engineering parameters and geometric 

information used to locate the observations in space and time. 

 The second file is, as in the case of EDR, a label ASCII, its content is the 

description of the first one.  

In order to obtain the desired spatial resolution both in depth and along 

track (ground track) the echoes of the SHARAD need to be properly processed 

once sent to Earth. The echoes of the SHARAD need to be properly processed 

once sent to Earth In order to obtain the desired spatial resolution both in depth 

and along track (ground track). 
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The processor of Level 1B performs an estimation of the parameters Doppler 

above before starting the chain of azimuth processing by of statistical techniques 

based on maps of the planet and on data collected from the same M.O.L.A. The 

algorithm for this task is called Chirp Scaling Algorithm, the can provide a 

maximum resolution, depending on precisely the Doppler parameters estimated 

up to 300 meters [41]. 

II.1.5.1 Level 1b data: Ionospheric effects correction  

The propagation of the electromagnetic signals towards the Martian Ground 

crosses the Martian Atmosphere. The signals meet the ionospheric distortion of 

the transmitted waveform, caused by the ionospheric plasma. While Earth’s 

ionosphere has four layers, the Martian ionosphere is a single layer of ionized gas 

that extends from about 100 km to several hundred kilometers above the 

surface from Viking Lander 2 direct measurements [50].The indices of refraction 

of the ionosphere is frequency dependent, and introduces a variation of the 

group velocity within the chirp transmitted from the lowest frequency to higher, 

causing degradation of the signal/noise ratio (SNR). The studies on Martian 

ionosphere were numerous with the creation of models mathematicians that 

would provide both the composition is precisely the effects on radar signals [51]. 

Even today many of the theories developed are based on the developed in 1931 

by S. Chapman [52] that dictated the formulas for predicting of a layer of the 

ionosphere, hypothesized to simple composition and its performance during the 

day. The refraction index varies dramatically depending on time of day and solar 

weather, as charged particles from the solar wind interact with the Mars’s 

magnetic field. The variation of the ionosphere during the day is due to the fact 

that the Ionosphere is ionized by solar radiation and its effects are therefore 

more evident during the day time than night time. It is therefore needed to a 

correction during the processing of the data collected by SHARAD during the 
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Martian day. The choice of a deterministic correction of the signal distorted due 

to the ionosphere, however, would have required knowledge of the physical 

structure of it, which was not possible for the suite of scientific instruments 

transported on board of the orbiter and neither was obtainable from previous 

missions. The correction implemented by the software L1B in the ground data 

processing was based on an algorithm that did not include any a priori 

knowledge of the ionosphere, called the PGA (method of Phase Gradient 

Autofocus) originally developed for images of SAR [53]. The PGA was developed 

to obtain a reliable estimation of the gradient of the phase error directly from 

the complex SAR image. The process exploits the redundancy estimation 

information about the phase error contained in the image degraded regardless 

of the image scene [54].  

II.2 MOLA  

The Mars Orbiter Laser Altimeter (MOLA) is an instrument on the Mars Global 

Surveyor orbiter. The primary objective of MOLA is to map globally the 

topography of Mars at a level suitable for geophysical, geological, and 

atmospheric circulation studies of Mars. Secondary objective is to measure the 

heights of atmospheric reflections to better understand the three-dimensional 

structure of the Martian atmosphere; to measure 100 m scale surface roughness 

of Mars to contribute to geo-logical characterization of the surface and to assist 

in assessment of future potential landing sites; to measure the surface 

reflectivity of Mars to contribute to knowledge of surface composition and 

seasonal changes; and to attempt to measure the time-varying topography of 

the Martian polar caps to contribute to understanding seasonal cycles. With data 

collected in the capture orbit during the first 15 months of mapping orbits of the 

Mars Global Surveyor mission [55], all MOLA objectives, with the exception of 
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those relating to temporal changes, have been fully met. In addition, the status 

and major accomplishments of the MOLA investigation are reviewed as of June 

1, 2000, at which time the instrument was turned off for a two-month period 

surrounding solar conjunction. MOLA measures the round trip time of flight of 

individual laser pulses between the MGS nadir deck and the Martian surface or 

atmospheric layer. Every 14 seconds, the laser fire time is compared to the MGS 

spacecraft time so that the location of the laser spot on the Martian surface can 

be reconstructed. The spacecraft time stamp has a resolution of 1/256 second, 

the range resolution is 36.5cm. The width of MOLA ’ s backscattered laser pulse 

provides a measure of the target height variance or relief, which can be 

interpreted as footprint-scale slope or root mean square (RMS) roughness. Pulse 

width can be measured in two ways from MOLA, and the results represent the 

first quantitative measurements of the local vertical structure of the Martian 

surface and atmosphere at 160-m length scales. 

II.3 SHARAD Data acquisition 

SHARAD acquired a total of 12389 science observations up to Jul. 28, 2012 

(RM149_b) 

 5567 observation during PSP 

 2393 observations during ESP 

 4429 observations during EM1 (79% of PSP Observations and 185% of ESP 

Observations and 56% of PSP+ESP Observations)  

The Operation Center of SHARAD received ~2.69 TB of raw data up to Mar. 25, 

2012 (RM140_b)  

 ~1.21 TB during PSP 

 ~0.59 TB during ESP 
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 ~0.89 TB during EM1  

A total of ~7.38 TB of EDR + RDR products  have been generated up to Jun. 16, 

2012 (RM146_b) and 19707 EDR + RDR Products  (about 6.554TB) delivered to 

PDS Node covering an acquisition period up to Feb. 11, 2012 (RM137-b)  

 

Figure II-11 Ground Track Coverage up to June 2, 2012 (observation 27431_01 – 

RM145_b) 
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Figure II-12 North Pole Ground Track Coverage (Left Side) and South Pole 

Ground Track Coverage (Right Side) 

II.3.1 Mola Data Product  

Raw MOLA Experiment Data Records (EDRs) are transmitted from MGS to 

stations of the NASA Deep Space Network, after which they are transmitted to 

NAA/GSFC, where all processing occurs [6]. The Precision Experiment Data 

Records (PEDRs) are the processed EDR, thy contains profiles of all MOLA ’ s 

measured and derived parameters, as well as the value of the aeroid [56] at each 

shot location and a flag to indicate ground returns.  The profile data are 

assembled into Experiment Gridded Data Products (EGDRs) of a resolution that 

depends on data density and distribution. When MOLA was turned off prior to 

Mars solar conjunction in June 2000, the laser had accumulated over 390 million 

pulses, making it by far the longest-lived laser ranging instrument that has so far 

flown in space [57]. The Figure II-13 shows the topographic model based on 

333,689,830 MOLA ground shots. Date were corrected for spacecraft attitude, 

for pointing angles < 6° except where off-nadir ranging was performed to cover 

the North and South poles in areas not routinely sampled due to the 92.8° of 
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inclination of the MGS orbit[58]. To derive location coordinates and median 

heights, all ground shots were projected and binned on a 1/64° latitude 1/32° 

longitude global grid. The resolution of the global grid is currently approximately 

1 X 2000 km2 at the equator, with longitudinal spacing decreasing with the cosine 

of latitude. More than half of the bins contained at least one observation, and 

usually more than three, while the remainder was interpolated by minimum-

curvature-under-tension [59]. Planetary radii were then projected and similarly 

binned, and a spherical harmonic expansion was subsequently fit to the data 

[60].  
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Figure II-13 Mars topography from MOLA [58]. Topography is shown as color 

coded elevation draped over shaded relief. The projection at mid-latitudes is 

Mercator and at high latitudes is polar stereographic. On Mars approximately 

1° is 59 km. 
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CHAPTER III: INVERSION MODELS OF CERBERUS 

PALUS  

The following chapter establishes the theoretical background of Inversion 

mathematical modeling and characteristics of the Cerberus Palus, which will is 

the area under investigation. 

III.1 Scattering form Natural Surfaces: Fractal 

Geometry  

Scattering problems arise whenever there is interaction of electromagnetic fields 

with materials. Scattering from natural surfaces plays a fundamental role in wave 

propagation and remote sensing. The mathematical models of the natural 

surfaces on Mars or other ones too are not made by man. The Euclidean 

geometry experimentally has been proved is not the appropriate one: a better 

match is obtained by employing the fractal geometry [61], [62]. The reason is 

that forces that model natural surfaces: gravity and microgravity, tensions, 

frictions, vibrations, erosions, thermal and freezing gradients, chemical reaction, 

etc.; and periodic and a-periodic happenings: seasons and vegetation changes, 

sun, wind, rain, snow, slides, subsidence, etc. generate surfaces whose 

topological dimension is larger than 2; i.e., larger than the Euclidean one[63]. The 

geometry of natural surfaces is surrounded by volumes; the topological 

dimension in the range from 2 for Euclidean surface to 3 for Euclidean volume. 

This topology and geometry is well described by the fractal geometry. Fractal 
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geometry brings to mathematical abstraction of fractal physics and 

electromagnetic field. The field scattered by the modeled surface illuminated by 

prescribed sources: it exhibits properties on all scales and does not allow the 

derivative operation at any point. Natural surfaces are observed, for their 

intrinsic nature, band limited and the mathematical fractals must be band limited 

[44]. When the natural surface is illuminated by an electromagnetic field, a 

scattered field is generated the electromagnetic scattering must be modeled by 

fractal natural surfaces theory. 

III.1.1 The scattering 

The electromagnetic incident field, radiated from a microwave emitter, is the 

incident field in the medium, usually homogeneous and called free-space 

medium; it is usually a plane wave. The scattered field is a solution of the source-

free Maxwell equations, satisfying radiation conditions at infinity. Both incident 

and scattered fields including the conditions of tangential component continuity 

and of total fields on the natural surface constitute the electromagnetic field. In 

the case of natural surfaces, the modeling of the surface is achieved in two 

different coupled steps: 

 Surface modeling which implies to make choices with subsequent 

mathematical elaborations. 

 Development of Fractal method for evaluating the scattered field by the 

electromagnetic theory.  

There are two ways of representing the geometric shape of natural surfaces:  

 Deterministic function can be used to model the surface geometry in the 

case a specific natural surface is under study, the scattering from it will be 

considerate 
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 Stochastic process can be used to model the considered whole class of 

natural surfaces in the case of not a particular natural surface is under 

study, but a class of it, and only some significant parameters of the 

expected scattered field are desired. 

Following will be taken in account the stochastic process modeling method as on 

Mars it is possible to refer to a class of backscattering geometric models. In the 

stochastic description of rough surfaces, the geometric shape may be modeled 

by means of a stochastic process of two independent space variables. In this 

case, a Cartesian coordinate system is employed  

),()( yxzrz   III-1 

Where yyxxr ˆˆ   and 0z is the mean plane and ),( yxz  describes its 

stochastic corrugations [44]. It is worth recalling that a stochastic process )(rz


 is 

a rule for assigning to every outcome ς of the statistical ensemble a function z(r). 

Thus, a stochastic process is an ensemble of functions of the space variables 

depending on the parameter ς. Alternatively, a stochastic process can be read as 

a function z(x,y,ς)of three variables: the domain of (x,y) is R2, the domain of ς is 

the set of all the experimental outcomes. The field scattered from a natural 

surface can be analytically evaluated in a stochastic form if the surface 

description is provided in stochastic terms: in such a case, the problem consists 

of determining the stochastic characterization of the field scattered from a 

prescribed class of surfaces. In the pharos domain, the vector stochastic process 

E(x,y,z) is a rule for assigning to each ensemble element ς of the surface a 

function )(rE


 of three independent space variables; at any space point, the 

scattered field is a vector random variable. Accordingly, fractal models, and in 

particular the fBm one, have been used recently in different disciplines to 

describe natural surfaces. Although use of fractal models in electromagnetic 
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scattering is not straightforward, some successful attempts have been reported 

recently. Such approaches can be roughly divided into two categories: the first 

one includes methods in which the fBm model is approximated by using the WM 

band-limited function; the second one includes methods that directly use the 

definition of the fBm process. A stochastic process is determined to the first 

order if, for each ζ and for each r, the first-order Cumulative-Distribution 

Function(CDF),F(ζ,r), is assigned: 

Pr{z(r)≤ζ} =F(ζ,r) III-2 

Where Pr{·} means probability, and ζ is an independent random variable. 

The fBm is used to describe natural isotropic surfaces, defined in terms of the 

corresponding increment process. The stochastic process z(x, y) describes an 

isotropic fBm surface if, for every x, y, x’, y’, all belonging to R, the increment 

process z(x, y) − z(x’, y’) satisfies the following relation [44]: 
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where H is the Hurst coefficient, s is the standard deviation of surface increments 

at unitary distance measured in [m1-H] The value of z at a given point should be 

specified z(0) = 0 and it is defined so that the surface is self-affine.  

The equation (III-3) exists if 0 < H < 1, and that with probability 1, an fBm sample 

surface has a fractal dimension:  

D = 3 − H III-4 

The equation (III-3) shows that if τ → 0, then z (x, y) −z (x’, y’) → 0, that means 

any sample function z is continuous with respect to x and y. The fractal 

dimension D of the (III-4) can be considered as a “measure” of the surface 
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roughness [64].The Topothesy is a characteristic length of the fBm surface 

expressed in meters; and defined as the distance over which chords joining 

points on the surface have a root mean square (RMS) slope equal to unity: 

 HTs  1  
III-5 

This has a relation with incremental standard deviation s. 

The equation (III-3) can be rewritten using the (III-4) and (III-5) as follows: 

 

22

2)1(2

2

)1(

)'()'(

2
exp

1
))''(,(Pr

yyxx

d
TTs

yxzyxz
HHH











 

















 
III-6 

Although a full stochastic characterization of the scattering surface is not 

achievable from the fBm fractal model represented by (III-3) and the prescription 

z(0) = 0, the presented fractal model is sufficient to evaluate the scattered-power 

density from such a surface[44], [63].  

The expression of the NRCS of an fBm random rough surface can be obtained by 

using the Kirchhoff approach with the expression that follows: 
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With the limit of validity illustrated in literature[64] 
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III.2 Cerberus Palus 

Cerberus Palus is located between 144.5°E and 152.5°E, and between 1°N and 

8.9°N, is where the Mars Express High Resolution Stereo Camera acquired 

images of platy-ridged terrains that were interpreted as evidence for a frozen sea 

close to Mars’ equator [65]. Athabasca Valles in Elysium Planitia is one of the 

best-preserved valley networks on Mars. Fluid emanating  from  the  Cerberus  

Fossae, flowed Southwest through  Athabasca  Valles,  and  solidified ~300 km 

downstream in Cerberus Palus[66]. Cerberus Palus is a thoroughly studied region 

of Mars, characterized by evident platy textures that were interpreted either as 

evidence for a frozen sea close to Mars’ equator or as being resultant of lava, 

mud or ice-flows coming from Cerberus Fossae through Athabasca Valles[65]. 

 

Figure III-1 Location on a map of Cerberus Palus (144.5°- 152.5°E, 1°N - 8.9°N) 
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III.2.1 Structure and Geology of the region 

The area should consist of several layers of lava flows, many of which would be 

thinner than MARSIS resolution(i.e. MARSIS operates with a very high fractional 

bandwidth: 1 MHz bandwidth allows a vertical resolution of 150 m in vacuum 

which corresponds to 50-100 m in the subsurface, depending on the 

electromagnetic wave propagation speed in the crust[67]. Different lava flows 

made of the same material would still be discernible in SHARAD radargrams, as 

they would be separated by mechanical discontinuities (i.e. voids). If all layers 

were basaltic lava flows, however, very little penetration would be possible. 

Other studies of the Martian topography and images have focused on these platy 

features that are hundreds of meters to kilometers wide, interpreting them as 

being resultant of lava-flows, mud-flows, or ice-flows, with both lava and water 

erupting from Cerberus Fossae and reaching Cerberus Palus through Athabasca 

Valles [68]. The surface of the area is extremely young, perhaps less than 10 Ma 

old. The area is not uniform in age, however, as multiple events are testified by 

overlapping flows and variation in crater density. The stratigraphy of the area 

should consist of several layers of lava flows, many of which could be just a few 

tens of meters thick [67]. Determination of the real nature of the platy terrain 

will affect current understanding of the geologic history of the region, but will 

also have implications on the study of the history of water on Mars.  
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Figure III-2 A general stratigraphy of the area [67] 

The Radargrams in the Figure III-3 provided by radar sounder SHARAD clearly 

show the presence of subsurface layers in the area.  

 

Figure III-3 level 1b image of R 0207401 001 SS19 700 which shows the first 

layer backscattering and a subsurface layer 

III.3 SHARAD Backscattering 

The SHARAD data have been used to study the stratigraphy of Cerberus Palus, 

and a mathematical method was developed to infer the dielectric properties of 

the platy terrains. These properties are then interpreted in terms of the material 

constituting the surface and subsurface of the area. SHARAD has a great amount 

of available data, on which it is possible to perform an accurate quantitative 

analysis aimed to estimate electromagnetic properties of surface and subsurface 

layers, in terms of permittivity and attenuation. Rough surfaces scatter the 

incident radar pulse in all directions, and echoes reflected towards the radar are 

thus weak because are summed incoherently, the scattering behavior depends 



Chapter III: Inversion Models of Cerberus Palus 

    

      

57 

 

only on the Fresnel normal reflectivity ρ and a roughness parameter [69]. 

Horizontal and smooth surfaces and subsurface interfaces produce the strongest 

echoes.  

The radar signal propagating in the subsurface is attenuated due to dielectric 

losses, to volume scattering and scattering off rough subsurface interfaces. 

Volume scattering is caused by random discontinuities of the dielectric 

properties within the first layer such as, for example, cracks or large rocks within 

a regolith.  

For volume scattering to take place, dielectric discontinuities should have a 

characteristic size comparable to the wavelength of the radar, and would appear 

in radar data as a diffuse echo between the surface and the base of the first 

layer. We see no evidence of this in radargrams, which leads us to the conclusion 

that volume scattering can be neglected in modeling radar echoes for signal 

inversion. Subsurface scattering will be taken into account. 

Because of the long (10-100 m) wavelength of radar pulses required in 

subsurface sounding, it is extremely challenging to produce an antenna that has 

both an acceptable gain and good directivity. SHARAD in fact transmits through a 

dipole, which has negligible directivity, with the consequence that the radar 

pulse illuminates the entire surface beneath the spacecraft and not only the 

near-nadir portion from which subsurface echoes are expected.  

The electromagnetic wave can then be scattered by any roughness of the 

surface. If the surface of the body is being sounded is not smooth at the 

wavelength scale, i.e. if the R.M.S. of topographic heights is greater than a 

fraction of the wavelength, then part of the incident radiation will be scattered in 

directions different from the specular one. This means that areas of the surface 
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that are not directly beneath the radar can scatter part of the incident radiation 

back towards it, and thus produce surface echoes that will reach the radar after 

the echo coming from nadir, which can mask, or be mistaken for, subsurface 

echoes. This surface backscattering from off-nadir directions is called "clutter". 

Clutter can produce in a radargram the impression of subsurface structures 

where there are in fact none. 

SHARAD processed data are usually displayed in the form of radargrams, which 

are produced by using echoes acquired at a rate of 700 Hz along the ground 

track. Radargrams are visualizations in which the vertical axis corresponds to 

time delay of the echo, the horizontal axis represents distance along the surface 

of Mars, and brightness is proportional to echo strength. The resulting image is a 

radar section of the Martian crust along the ground track of the spacecraft. 

III.4 Mathematical Model  

Radar echoes can be analyzed to retrieve the dielectric properties of the layers 

producing subsurface reflections, to constrain or even identify their composition. 

The so-called signal inversion of subsurface sounding radar data is an inverse 

problem for which different approaches have been presented over the years 

([70], [71]). 

Once it reaches the surface of a planet, an electromagnetic wave emitted by an 

orbiting spacecraft will be partly backscattered towards the radar, partly diffused 

by surface roughness, and partly transmitted into the subsurface. As the 

transmitted wave propagates into the subsurface, it can be scattered by 

inhomogeneity in the medium, until it reaches a dielectric discontinuity that 

causes it to be again partly backscattered, partly diffused and partly transmitted. 

Retrieving the dielectric properties of a subsurface layer thus requires that all 
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these phenomena are modeled, at least to some extent, so that the correct 

reflection coefficient of the subsurface layer can be determined and its dielectric 

properties inferred. 

To this aim, realistic values can be obtained even by using simplified 

electromagnetic model for both surface scattering [72] and wave propagation. 

The selection of this approach is reinforced by the fact that the area under study 

shows very strong layers and it is very flat in topography. 

Used model follows the simple sketch shown in Figure III-4 and it is based on the 

following main assumptions: 

 Only two main interfaces are considered, i.e. the surface (subscript s) and 

the subsurface (subscript ss). Both interfaces are assumed to have 

negligible local slope values; 

 the two layers in between the interfaces and after are supposed to be 

homogeneous and not dispersive media, characterized by different 

dielectric relative constants and (the real parts); 

 the first layer is a low-loss medium with an attenuation factor and a 

depth d, that can be expressed as a function of the time delay between 

surface and subsurface as: 
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 the two interfaces are rough, being characterized by a backscattering 

coefficient and depending on incidence angle; 
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Figure III-4  Adopted electromagnetic model for SHARAD data inversion 

With these assumptions, powers related to surface and subsurface can be 

evaluated by using classical “radar equation” [43], [72]. For the subsurface power 

the transmission coefficient of the surface and the attenuation of the first layer 

should also be taken into account.  

By taking the ratio of the two powers and by eliminating common terms, it is 

possible to write: 
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where the incidence angle is evaluated at nadir ( 0 ) taking into account the 

looking geometry of the sounder and is the power Fresnel reflection coefficient 

at the first interface that, for the polarization used by SHARAD, can be written as:  
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and is the first layer attenuation factor that, in case of homogeneous low-loss 

medium, can be expressed as a function of material loss tangent such as [39]: 
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
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 III-11 

where the wavelength is considerate as the free space wavelength. 

It is worth noting that, even if the surface is supposed to be rough, expression 

(III-9) uses as power transmission coefficient. This approximation, strictly valid 

only for flat interfaces, is well acceptable in the case of the area under study 

where the value of surficial roughness is expected to be much lower than the 

wavelength. 

Moreover, the power Fresnel reflection coefficient at the second interface is: 
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Evaluation of backscattering coefficient is based on a fractal characterization of 

Mars surface, since it is by now widely recognized that fractal models are very 

useful in the description of natural surfaces because they properly account for 

the scale invariance property typical of such surfaces [61], [62].  

The classical parameters usually employed to describe natural surfaces (i.e., 

standard deviation and correlation length) change when the scale at which the 

surface is observed changes [61]. Conversely, fractal parameters of a natural 

surface are independent of the observation scale. The most useful fractal model 

for natural surfaces is the fractional Brownian motion (fBm) [63] that has also the 

advantage of having an analytical evaluation of electromagnetic scattering. In 

fact, the mean-square value of the field scattered along an arbitrary direction by 

a surface illuminated by a plane wave can be evaluated in a closed form, with the 

Physical Optics (PO) solution under the Kirchhoff Approximation (KA) [63]. 

Therefore the backscattering coefficient can be written as: 
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where  is generic distance between two points on the surface, is the zero-order 

Bessel function of first kind, is the generic power Fresnel coefficient and k is the 

wavenumber given by: 






2
k  III-14 

Previous expression involves the definition of the two characteristic fractal 

parameters; i.e. equations (III-4) and (III-5), at nadir, expression of backscattering 

coefficient (III-7) can be significantly simplified [44]: 
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where  is the Gamma function. The last expression can be rewritten by isolating 

the factor G that accounts for geometric effects due to the fractal characteristics 

of surface, that is: 
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Coming back to equation (III-9), that can be considered as the basic relation 

involved by the envisaged inversion procedure and by taking the logarithm, we 

get: 
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where:  
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with the position: 
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Therefore, both attenuation and subsurface dielectric constant can be estimated 

by linearly fitting logarithmic values of power subsurface/surface ratio as a 

function of depth. First value is just half the angular coefficient of the linear fit, 

while the second one is a function of the intercept C, according to: 
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It is worth noting that first layer depth d can be evaluated by means of (III-8) and 

by measuring the time delay between surface and subsurface returns directly 

from the radargram. 

In other words, expression (III-18) states that, by performing a linear fit of the 

logarithm of power subsurface/surface ratio as a function of depth, it is possible 

to estimate both the relative dielectric constant of the subsurface (
ss ) and 

attenuation of the surface ( ) by knowing statistic properties of both interfaces 

(in term of fractal parameters) and their time delay (  ). 
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III.5 Fractal parameter evaluation 

Equations in the previous paragraph show that estimation of fractal parameters 

H and T is needed for evaluation the dielectric constant of subsurface layer. 

Suitable estimation of fractal parameters can be done by using topographic data 

provided by laser altimeter MOLA [7], [73], [74], that offers product data with a 

spatial resolution of about 460 m at the latitude of the analyzed site, that is 

smaller than SHARAD horizontal resolution (about 6 km in pulse-limited 

condition). Figure III-5 shows Digital Elevation Model (DEM) of the area as 

extracted by MOLA topographic database available on Planetary Data System 

nodes (PDS, http://pds-geosciences.wustl.edu/missions/mgs/mola.html). 

 

Figure III-5 MOLA Digital Elevation Model (DEM) of the area under study. Grey 

boxes represent zones where fractal parameters have been estimated (ZP is 

Zephyria Planum, CP is Cerberus Palus).  
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Grey boxes superimposed on DEM represent areas where fractal parameters 

estimation has been performed: one central for the flattest zone of Cerberus 

Palus (CP), two eastward (CP-E) and northward (CP-N) with respect the previous 

and three smaller for the hilly zone called Zephyria Planum (ZP-I, ZP-II and ZP-III). 

Estimation of H and T values has been done by using the periodogram method, 

i.e. by computing the standard deviation of height differences (σ) as a function 

space distance (τ). More specifically, H and T can be estimated by a linear fit of 

the log-log data [75], [76]: 

       TlogH1logHlog   
III-23 

Results for the previously mentioned areas are shown in Table 3 in which also 

the corresponding values of the geometric factor G have been computed 

following expression (III-17).  

  



Chapter III: Inversion Models of Cerberus Palus 

    

    

66 

 

 

Table 3 Fractal parameter evaluation results 

Zone Latitude [°] Longitude [°] No. pixel H T G G mean 

ZP 

I 0.000/0.563 150.797/153.172 305 x 74 0.80 3.6e-8 1.93e4 

1.79e4 II 0.883/1.656 152.562/153.914 174 x 100 0.84 2.9e-10 2.25e4 

III -1.469/-0.500 151.695/154.328 338 x 125 0.73 2.3e-5 1.19e4 

CP-N 6.352/8.711 152.531/155.461 376 x 304 0.63 4.5e-4 6.24e4 

1.70e5 

CP-E 3.461/6.273 154.640/157.726 396 x 360 0.72 1.1e-6 2.77e5 

CP 4.141/6.242 151.023/154.320 423 x 270 0.58 3.6e-4 7.57e5 

In particular, for the inversion procedure described in the following paragraphs, 

three G values have been considered: 1) the value evaluated for CP area that, 

being the greatest, represents the flattest zone of Cerberus Palus, 2) the value 

averaged over CP-E and CP-N areas as representative of a “rougher” zone still 

within Cerberus Palus, 3) the value averaged over ZP-I, ZP-II and ZP-III areas as 

representative of Zephyria Planum area.  

The averaged values are still shown in Table 3 the three values of geometric 

factor G will be associated to the three main interfaces (see color lines in Figure 

III-6) where inversion procedure has been applied, as described in the following 

paragraph. 
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Figure III-6 Typical radargram of the area under study with a schematic 

indication of considered surface and subsurface interfaces. 

III.6  Inversion results 

All data products used hereafter have been downloaded from PDS node 

(http://pds-geosciences.wustl.edu/missions/mro/SHARAD.html). Analyzed 

radargrams have been produced by using the official focused processor [77] 

provided by the Italian Space Agency (ASI). 

A typical radargram of the area under study is shown in Figure III-6 (observation 

no. 589803), where subsurfaces are clearly visible under either the flat area on 

the left (the Cerberus Palus, CP) and hilly zone of Zephyria Planum (ZP), where 

our analysis started. 

http://pds-geosciences.wustl.edu/missions/mro/SHARAD.html


Chapter III: Inversion Models of Cerberus Palus 

    

    

68 

 

 

Figure III-7 Typical radargram image of the area under study (observation no. 

589803): dotted red line represents the delay compensated subsurface over 

Cerberus Palus area, white boxes are the zones with different depth where 

attenuation value has been estimated. On the left side are indicated geological 

A and B units  

Relative dielectric constant value of this area has been evaluated by 

compensating the time delay induced by the topography of the first large hill, 

under which the subsurface interface is visible. 

Our analysis gives a relative dielectric constant value of 3 over the ZP area (Zone I 

in Figure III-5), and is in agreement with the results in literature [78]. It is difficult 

to assess the uncertainty of these values, since the compensation method is 

based on a visual analysis of the produced images. The corrected radargrams 

obtained in literature[78] with relative dielectric constant values of 2 and 4 

suggest an overall precision of ±0.5, that corresponds to an uncertainty in 

positioning the subsurface interface of about ±3 pixels. 

At this stage, attenuation and subsurface dielectric constant can be estimated by 

linearly fitting logarithmic values of power subsurfaces/surface ratio as a 

function of depth, according to (III-18) and (III-21). It is worth noting that the 

previous mentioned uncertainty of the dielectric constant affects the evaluation 
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of depth values in (III-18), that only contributes to the estimation of the 

attenuation value , by means of the fitting procedure. Therefore, since the 

depth is proportional to the root of dielectric constant, an additional relative 

uncertainty of 9% should be considered to the following estimated values of 

attenuation and corresponding precision. 

Fitting error can be maintained low if data with a wide range of depth values are 

available. To this aim, the first two hills over ZP area (Zone I and Zone II of Figure 

III-5) can be exploited. Over these two zones a maximum local slope of 0.2° has 

been measured by using MOLA topographic data. Results are shown in Figure 

III-8-A that shows logarithmic values of power ratio (subsurface/surface) as a 

function of layer depth with the corresponding linear fit (red line corresponds to 

nominal fit, while black corresponds to variation of fitting parameters). In order 

to better assess fitting errors, colors representing power ratio values density 

have been added to Figure III-8-A.  

Power values are evaluated by taking the square modulus of data samples 

directly extracted from radargrams by a dedicated software that is able to detect 

automatically surface and subsurface layers. 
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Figure III-8 ZP area: (A) logarithmic values of power ratio (subsurface/surface) 

as a function of subsurface interface depth and its linear fits (red line 

corresponds to nominal fit, black lines correspond to variation of fitting 

parameters). Colors represent power ratio values density. Power ratio values 

have been taken from Zone I and Zone II of Figure III-5 by using the products 

and the parametric values of Table 2; (B) subsurface relative dielectric constant 

as a function of the geometric factor (subsurface/surface). Red line has been 

obtained by using the nominal fitting parameter value (the C parameter of 

equation (III-18)); black lines correspond to variation of the fitting parameter. 

Star represents the nominal value obtained from the fitting procedure 

(dielectric constant of ss=3.14).  
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Table 4 Zephyria Planum area: products and parameters used for inversion 

procedure (symbols are those involved in equations (III-21) and (III-22). 

Product ID 03419-02-001 

05898-03-001 

20165-02-001 

03208-02-001 

03986-01-001 

06254-03-001 

03419-02-001 

05898-03-001 

20165-02-001 

03208-02-001 

03986-01-001 

06254-03-001 

G ratio ( ) 0.024 

Surface dielectric constant ( ) 3 

 

As far as the geometric factor is concerned, the schematic situation shown in 

Figure III-6 has been taken into account. The basic assumption is that ZP overlies 

an interface morphologically similar to CP (straight red line of Figure III-6). This 

allows us to apply fractal parameters estimated over CP area (see Table 3) for the 

subsurface interface under ZP, obtaining therefore a geometric factor ratio, as 

reported in Table 4. 

The fitting procedure, performed on more than 6000 records of 12 level 1b 

products (see list reported in Table 4), gives the following values: 

 

sss GG

sε
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For the relative subsurface dielectric constant, ambiguity of equation (III-22) has 

been solved by discarding non-physical solutions (near or less than 1). 

For all calculations mentioned hereafter dedicated software has been developed 

in order to automatically detect the two interfaces. Time delay between these 

has been estimated by resampling the radargram in the range direction. 

In addition, to evaluate the sensibility of the geometric factor variation, Figure 

III-8-B shows subsurface relative dielectric constant as a function of the 

geometric factor (subsurface/surface). Red line has been obtained by using the 

nominal fitting parameter value (the C parameter of equation (III-18)), while 

black lines correspond to variation of the fitting parameter. For example, by 

considering a relative variation of ±25% for the geometric factor ratio, it is 

possible to evaluate a maximum variation of in the range 3.6-4.0. 
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We used the same approach in 

Cerberus Palus area. In the CTX image 

shows the contact between two distinct 

terrains over Cerberus Palus. The 

geometry of these contacts can be 

tracked in the subsurface on the 

SHARAD radargram shown in Figure 

III-6, where it is evident how CPss (unit A 

in) outcrops along the radar section. 

The situation is also graphically depicted 

in Figure III-6 where the subsurface 

layer (CPss, the blue line) emerges in 

the zones around the flattest area of CP. 

Therefore, a geometric factor ratio of 

has been used that corresponds to the 

ratio of CP and the mean value of CP-N 

and CP-E areas of Table 3. In this case 

more than 22000 records has been used 

extracted from the 17 level 1b products 

listed in Table 5 

 

Figure III-9 CTX image 

P03_002081_1866_XN_06N206W over 

the study area. Trace of radargram 05898 

(Figure III-6) is shown as black line. 

Within this very flat area, we can 

distinguish the contacts between A and B 

units, that can be also observed along the 

radargram shown in Figure III-7 
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Table 5 Cerberus Palus area: products and parameters used for inversion 

procedure (symbols are those involved in equations (III-21) and (III-22)). 

Product ID 0186301_001 

0207401_001 

0207401_001 

0264101_001 

0306301_001 

0320802_001 

0341902_001 

0341902_001 

 

0363001_001 

0398601_001 

0398601_001 

0440801_001 

0440801_001 

0518603_001 

0575303_001 

0625403_001 

0661003_001 

G ratio ( ) 4.453 

Surface dielectric constant ( ) 3.8 

 

Results of the fitting procedure, as plotted in Figure III-10-A, are the following: 

)1(58.01.10

)1(e2.1e1.1

ss

32



 

 III-25 

Also in this case sensibility of the geometric factor variations have been studied. 

Results are shown in Figure III-10-B, where Red line has been obtained by using 

the nominal fitting parameter value (the C parameter of equation (III-18), while 

sss GG

sε
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black lines correspond to 3  variation of the fitting parameter. For example, 

by considering a relative variation of ±25% for the geometric factor ratio (

1.1134.453 = Gs/Gss  ), it is possible to evaluate a maximum variation of ss in 

the range 8.4-12.3. A summary of all inversion results obtained is reported in 

Table 6. 

 

Figure III-10 CP area: (A) logarithmic values of power ratio (subsurface/surface) 

as a function of subsurface interface depth and its linear fits (red line 

corresponds to nominal fit, black lines correspond to 3 variation of fitting 

parameters). Colors represent power ratio values density. Power ratio values 

have been evaluated by using the products and the parametric values of Table 

5; (B) subsurface relative dielectric constant as a function of the geometric 

factor (subsurface/surface). Red line has been obtained by using the nominal 

fitting parameter value (the C parameter of equation (III-18)); black lines 

correspond to 3  variation of the fitting parameter. Star represents the 

nominal value obtained from the fitting procedure ( 1.10ss ). 
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Table 6 Summary of inversion results 

Area 
Relative dielectric 

constant  
Attenuation  and  

Geometric factor ratio 

 

ZP  
 

 

 

 

 

 

 

 

 

 

 

CP 

 

 

 for ±3 

variation of  fitting 

parameter C of eq. (12) 

and 25% of relative 

variation of geometric 

factor ratio 

 

CPss 

 

 

 for ±3 

variation of  fitting 

parameter C of eq. (12) 

and 25% of relative 

variation of geometric 

factor ratio 

 


 tan
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III.7 Discussion of results 

The origin of the area known as Cerberus Palus within Elysium Planitia has been 

debated for over 30 years, with interpretations varying from volcanic to 

sedimentary to lacustrine processes [68]. The analyzed area is centered around 

152° E, 3°N and the values retrieved through the inversion of SHARAD data are 

tied to its structure and nature and can thus provide insight on the origin of the 

area. Natural materials expected to constitute the bulk of the layers sounded by 

SHARAD are water ice and rocks. Water ice has a relative permittivity of about 

3.1 at the range of frequencies of the radar [71]. Rocks have a relative 

permittivity usually comprised between 4 and 10, with outliers caused by high 

porosity (lower end) or high metallic content (upper end) [71]. The main factor 

controlling the relative permittivity of dry rocks is porosity, with metal oxide 

content providing an important but not easily quantifiable contribution [78]. 

These findings lead us to conclude that any interpretation of the values of the 

dielectric constants found through the inversion procedure will not constraint 

the composition of the rock, but will give a sensible indication on its porosity, 

and, possibly, on the presence of a second material, such as ice, in the pores. 

As shown in Figure III-6, the three geologic formations probed by SHARAD, for 

which the relative permittivity has been estimated, are the Cerberus plain (CP), 

the underlying bedrock (CPss) that is supposed to emerge northward and 

eastward with respect to CP, and the North Hill, belonging to Zephyria Planum 

(ZP) and thus part of the Medusae Fossae formation (MFF). Over the CP and ZP 

areas the attenuation values have also been retrieved. 

The MFF has been previously studied through radar sounding using MARSIS [80] 

data and with SHARAD data [78]. Both the studies find evidence of a relative 

permittivity close to that of water ice, which they explain as resulting from a 
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lithic material with a high porosity, such as volcanic ash. Another interpretation 

of the MFF composition compatible with its dielectric properties, although not 

favored by those authors, is that its main component is water ice mixed with a 

relatively small amount of dust. 

In the present work the relative permittivity value found for ZP area is similar to 

previous estimates, but further insight can be added by the retrieved attenuation 

value, that is linked to loss tangent by means of (III-11). Whereas relative 

permittivity for rocks and ice are not very distant, values of the loss tangent 

differ by orders of magnitude. In addition, for water ice the loss tangent is 

strongly dependent on temperature. By considering an average temperature of 

210 K [13] for the Mars area under study and by applying the Mätzler model [81], 

it is possible to evaluate a loss tangent of 9x10-6, value that will be used for the 

following considerations. 

To determine if the additional information on the loss tangent can provide 

indications on the nature of the involved materials, a comparison with available 

mixing models has been performed in order to evaluate in what extent the 

retrieved dielectric properties could be obtained as a mixture of a plausible rock 

component with either the Martian atmosphere (here considered to be 

equivalent to vacuum) or ice. Many of these models exist in the literature [82], 

several of which are specialized for particular geometries within the mixture. 

Because of our complete lack of knowledge about the size and shape of pores or 

ice inclusions in the rock, one of the simplest and yet more widely used model 

has been used, the Polder-van Santen model.  

This formula has the special property that it treats the inclusions and the hosting 

material symmetrically, i.e. it balances both mixing components with respect to 

the unknown effective medium, using the volume fraction of each component as 

a weight [82]. 
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To this aim, it has been assumed that the relative permittivity of the rock without 

porosity, the hosting material, could range from 4 to 12, and that its loss tangent 

could independently vary between 10-3 and 10-1. Then all possible combinations 

of relative permittivity, loss tangent and porosity (the volume fraction of 

intrusion material) that produce a complex dielectric constant as the one 

measured for ZP area (see Table 6), for both empty pores and ice-filled pores, 

have been evaluated by using the Polder-van Santen mixing rule. Results are 

shown in Figure III-11, from which possible combinations containing water ice in 

the pores have been considered unlikely, because they correspond to high values 

of ice volume fraction (80-90%) within high loss hosting material with low 

relative permittivity (4-5).  

 

Figure III-11 Results from Polder-van Santen model on ZP area. Permittivity and 

attenuation values for the effective material (hosting + intrusion) are those 

reported in Table 6. Volume fraction of intrusion material as a function of 

relative permittivity (on the left) and loss tangent (on the right) of hosting 

material for ice-filled (blue area) and empty pores (green area). Water ice has a 

relative permittivity of 3.1 and a loss tangent of 9x10-6 

Therefore it is possible to conclude that the analyzed area of North Hill within ZP 

is most likely a very porous deposit of volcanic ash, in agreement with previous 

interpretations. In particular, with a relative permittivity in range 7-10 for the 
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hosting material, which would be typical for basalts of negligible porosity [79], it 

is possible to derive from Figure III-11 a porosity (void volume fraction) of about 

50-60% and a tangent loss of the hosting material of about 0.015. The Cerberus 

plain, where the units CP and CPss are located, has been previously studied 

through radar sounding by two studies both using MARSIS data [83], [84]. The 

first study shows that the shape of MARSIS surface echoes has been compared to 

models of the expected echo decay as a function of subsurface composition, 

concluding that radar data favor a volcanic origin of the rafted plate terrain [83]. 

Although no number for the real dielectric permittivity is explicitly mentioned, 

values of epsilon for such a terrain would be higher than those for an ice-laden 

regolith. In the second study, there are calibrated MARSIS surface echoes which 

are compared to simulations, in order to determine the ratio between the real 

echo strength and the one computed for a given dielectric permittivity [84]. 

Although the area examined in this work is marginal with respect to the focus of 

their study, the map presented in Figure III-5of their work allows us to infer that 

the estimated real dielectric permittivity for the Cerberus plains ranges between 

6 and 7, a value compatible with literature results of the first study [83] results, 

and somehow intermediate between the values of epsilon for CP and CPss 

presented in Table 6. The difference between results obtained from MARSIS data 

and those presented here may be caused by many factors, including the different 

methods and assumptions behind them, but the very different resolution of the 

two radars might also play a role. MARSIS is incapable of detecting layers that 

are significantly thinner than its vertical resolution of about 100 m in a material 

with a dielectric permittivity close to 3, and would not discriminate between a 

low permittivity layer a few tens of meters thick and high permittivity bedrock 

beneath it. The power reflected by such a two-layer surface at MARSIS 

wavelengths would be determined by the combination of the properties of the 

two layers, weighted by their relative thickness within the vertical resolution of 
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the radar. With the same assumptions and input parameters (Table 6), the 

Polder-van Santen model has been also applied to CP area and the corresponding 

results are shown in Figure III-12. 

 

Figure III-12 – Results from Polder-van Santen model on CP area. Permittivity 

and attenuation values for the effective material (hosting + intrusion) are those 

reported in Table 6. Volume fraction of intrusion material as a function of 

relative permittivity (on the left) and loss tangent (on the right) of hosting 

material for ice-filled (blue area) and empty pores (green area). Water ice has a 

relative permittivity of 3.1 and a loss tangent of 9x10-6 

For Cerberus plains, no unambiguous explanation for the nature of the material 

within the pores could be obtained. The complex dielectric constant of the 

material could in fact be reproduced both using empty pores and ice-filled pores. 

In the case of ice intrusions, the fraction of ice required to match the measured 

value was well above 60% [about 80% with a relative permittivity of about 7 for 

the hosting material, from Figure III-12, and the required loss tangent [about 0.1 

with a relative permittivity of about 7 for the hosting material] of the hosting 

rock was at or above the maximum value expected for basalts. Although this last 

fact would seem to make the presence of ice in the material less likely, the 

porosity required to match results for empty pores is also extremely high [in the 

range 40-50% with a relative permittivity in the range 7-10 for the hosting 
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material and a tangent loss of 0.05-0.06, from Figure III-12, contradicting the 

interpretation of authors that the entire surface of the plains is covered by lava 

flows [85]. Such high porosity is in fact typical of explosive, rather than effusive, 

volcanic rocks [86] and the high gas content required to produce such high 

porosity would greatly increase the viscosity of the lava and make its flow over 

long distances impossible. 

III.8 6. Conclusions regarding Cerberus plains 

The contradicting results obtained for both empty and ice-filled pores prevent us 

from drawing any conclusion. We can only note that evidence from other remote 

sensing experiments, such as cameras and spectrometers, is indicative of the 

nature of a layer a few microns thick, at most, while everything beneath such 

layer is essentially unknown. Even data from instruments such as the Neutron 

Spectrometer of the Mars Odyssey Gamma Ray Spectrometer [87] probe at most 

the first meter from the surface, a zone where has been estimated that ice is 

thermally unstable and would sublimate in the atmosphere[13]. SHARAD on the 

contrary is insensitive to layers that are significantly thinner than its vertical 

resolution of about 10 m in a material with a dielectric permittivity close to 3, 

and would not discriminate between a thin, dry layer and a thicker, ice filled 

layer, providing an electromagnetic response that is a sort of weighted average 

of the dielectric properties of the two layers. 

As far as the CPss layer, the value of 10.1 retrieved by the inversion procedure 

(see Table 6) most likely implies a composition of dense basalt, with at most a 

few percent of porosity. 

To summarize, SHARAD radar echoes over the area centered on Cerberus Palus 

could be inverted to obtain estimates of the dielectric properties of three distinct 
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geologic formations, namely a part of Zephyria Planum (ZP), belonging to the 

Medusae Fossae formation, the Cerberus plains (CP) and the bedrock beneath 

the plains (CPss). The obtained results are reported in Table 6. These properties 

could be interpreted in terms of porosity and pore content of the material using 

mixing models to compare the measured complex dielectric constants with those 

resulting from a mixture of rock and vacuum or rock and ice. The properties of 

the bedrock are consistent with those of dense basalt, with at most a few 

percent of porosity. The ZP material is significantly porous [50-60%, with relative 

permittivity in range 7-10], and its attenuation properties [tangent loss of 0.015] 

are compatible with empty pores rather than with ice-filled pores. Ambiguous 

results were obtained for the plains material [80% of porosity, relative 

permittivity of 7 and loss tangent of 0.1 for the hosting material, in case of ice-

filled pores, 40-50% of porosity, relative permittivity of 7-10 and loss tangent of 

0.05-0.06 for the hosting material, in case of empty pores], but the resulting 

porosity is high both in the case of empty and of ice-filled pores. Such a large 

porosity is contradicting the common interpretation that the Cerberus plains are 

covered by lava flows produced from effusive volcanism and extending for 

hundreds of kilometers. 
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CHAPTER IV: MARS DATA MAPPING 

In the following pages will be interoduced a model used to make the map of the 

durface of Mars using the SHARAD Data. 

IV.1 Mapping: introduction 

One of the mission's main goals of Mars Reconnaissance Orbiter (MRO) is to map 

the Martian landscape in order to choose landing sites for future surface 

missions and to understand the geologic stratigraphy of the planet. MRO's 

Shallow Subsurface Radar i.e. SHARAD is designed to probe the structure of the 

Martian surface and subsurface. It is acknowledged that the surface of Mars will 

not be uniformly amenable to using radar sounding in the search for subsurface 

interfaces. Although the study of signal subsurface is in fact the most common 

application, the echo from the surface itself is useful to study the first layer of 

the Mars surface and it will be possible to find conditions of favourable radar 

viewing geometry, interface scattering, surface and volume scattering, and 

material properties, which may allow to have with a proper mathematical model 

the surface dielectric map, studying the reflectivity of the surface echo is a 

means to obtain information on the composition and geometry of the ground. 

When strong internal reflections do occur, they will be identifiable as aqueous 

only by contextual inferences drawn from the characteristic geological context of 

water habitats. Independent of any ability to directly detect water or ice, 

SHARAD is making significant new scientific data available toward addressing 

critical scientific problems on Mars, including the existence and distribution of 

buried paleochannels, subsurface layering, an improved understanding of the 
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electromagnetic properties 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 contributes 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 [91].  

SHARAD data gathering and processing should be transparent to the user, the 

first requirement, for the majority of users of SHARAD data, is that the data 

collection and processing techniques used to produce the images should be 

irrelevant, and scientific properties should be the main interest. A goal for the 

remote sensing scientist would be to model the relationship between some 

geophysical parameter and some set of radar backscatter measurements, so the 

scientific characterization of the data is needed to describe the data using an 

external calibration [89]. The classical method to calibrate the data i.e. checks of 

the form of the impulse response, point targets such as trihedral corner 

reflectors, with a large RCS (Radar Cross Section) [91] cannot be employed on 

Mars surface. SHARAD reflectivity should allow the study of Mars regions, but it 

requires the processing of more than 2 TB of data volume. An automatic method 

for locating echoes has been developed to be applied to the set of global Mars 

data, dedicated to the extraction of the surface echo. A mathematical method of 

calibration has been developed, making use of models of surface scattering in 

place of “ground truth”, to estimate the variation of geophysical parameter 

across the Martian surface. Several parameters affect the surface echo power: 

the dielectric constant, roughness, and slope. Most backscattering models 

separate the effect of the dielectric constant from the remaining parameters 

[90]. In the present work, a statistical model to take in account the effects of 

scattering due to surface roughness and slope has been developed using the 

theory of electromagnetic scattering from fractal surfaces and estimating the 
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parameters from topographic data provided by the MOLA laser altimeter [73, 92, 

93].  

IV.2 SHARAD Data Signal description 

The ground penetration of SHARAD is expected to be around 1 km, depending on 

the nature of the soil [94]. The along-track resolution for the synthetic aperture 

radar processing along the ground track varies from 300 to 1000 m.  

To handle the SHARAD data arises some problems which have to be overcome: 

 Tracking of the surface echo position in recorded echoes, enough simple 

and fast, but also robust to minimize errors detections. 

 estimation of the power losses due to the shape of the geometry 

As a first step, has been taken advantage of oversampling of SHARAD range 

signal to improve the estimation of the Power Echo. In order to improve The S/N 

is provided a low-pass filtering operating in Azimuth and adopting a Local 

regression using weighted linear least squares and a 2nd degree polynomial 

model on the radargrams for the benefit of keeping better uniformity of the 

horizontal continuity of the echoes. The wavelength of the signal is greater than 

the plasma frequency of the ionosphere, allowing it to pass there through. 

However, during the propagation of the wave undergoes disturbances depending 

on SZA (solar zenith angle) of the Satellite and the position of Mars. In order to 

avoid filtering and compensation due to the Ionosphere distortion [95], only 

nocturnal data are used; a filter operating on the SZA data acquisition has been 

characterized to estimate the data in the nocturnal angles, i.e. angles between 

95° and 175°. The echo generated by the surface is usually the first that arrives in 

time and it is generated by a high dielectric contrast. The  surface echoes in a 

pulse echo is made by identifying the highest peak once the S/N has been 
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increased and the noise subtracted from the Echo, to avoid that the side echoes 

can match or exceed the true signal power from the ground to the nadir of the 

probe.  

 

Figure IV-1 Surface Power Echo in linear scale extracted by the automatic 

routine from the observation 0659501 001 SS19 700A, low-pass filtered and 

weighted with linear least squares with a 2nd degree polynomial model 

3D Electromagnetic model to estimate the backscattering from natural rough 

surface has been developed (96) in order to correct the variation of the Echo 

Power due to the geometry. The Fractal geometry model has been adopted as it 

is scale invariant and has high fidelity in surface backscattering estimation the 

data adopted for the fractal backscattering estimation are the Precision 

Experiment Data Records (PEDRs) are the processed EDR of MOLA following 

indicated as MOLA data, containing profiles of all MOLA’s measured and derived 

parameters, as well as the value of the aeroid [97]. 
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IV.3 SHARAD Data Signal correction 

The signals extracted from the RDR need still several corrections in power in 

order to be comparable. These corrections show the influence of orbitographic 

phenomena (changes of altitude), technical issues (Satellite orientation, 

acquisition mode) geometry on the acquisition Signal. 

IV.3.1 Orbitographic phenomena 

Electromagnetic waves propagate with a geometric attenuation factor of 1 / h ². 

This means that, for the same reflective surface, the power intercepted by the 

Radar will decrease with increasing altitude. For comparing the signals received 

at altitudes, it is necessary to compensate this loss, can be easily estimated when 

is known the distance between the surface and the probe. For observation 

carried out at an altitude h the correction power due to the altitude must be: 
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IV-1 

Where href is the reference altitude. 

IV.3.2 Technical Issues 

In addition to the gain variations due to roll of the satellite which are corrected in 

pretreatment, each of the configuration involves disturbance variables on 

SHARAD signal. Four typical configurations have been identified and studied: 

SS04, SS05, SS11, and SS19. The corrections to be applied to the signal are 

provided with data and are related with magnitude of it [98] 
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IV.3.3 Geometry  

The geometry is affecting the power that the antenna detects the effective 

aperture on the ground which takes into account that the power backscattered 

from the ground is incident on the antenna: 
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IV-2 

Where B

Hc0

is the half cross track resolution of the satellite, while dB3sin



represents the half along-track resolution which is from 300 m to 1000 m. 

The along-track resolution is enhanced in SHARAD through what is called 

azimuth, Doppler, or synthetic aperture processing [99] this is another factor to 

take in account in the calculation of the normalized backscattered power: 
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  IV-3 

Where Az is the term that takes into account the broadening factor due to the 

non-ideal matched filter used in azimuth compression and also of the 

displacement in the sampling of data acquisitions for the operation mode used, 

0 is the radar cross section estimated for linear polarizations, Pt the power 

backscattered, Aeff the effective aperture of the ground. 

IV.4 Reference Area 

The measured backscattered power does not allow a direct estimate of the 

Fresnel reflection coefficient of the surface, because topographic roughness also 

affects the backscattering coefficient. In order to achieve this result, the received 

power must be calibrated by comparing it to the reflection from a surface 
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characterized by a known reflectivity and nature [40]. To calibrate the signal, we 

used as reference the power backscattered by a Martian region that is 

homogeneous, smooth at the scales of the SHARAD wavelength, and has a 

known composition, making it possible to estimate with precision its permittivity 

and to measure its backscattered power without the contribution of a diffuse 

component of the signal. The radar backscatter for a known target is extracted 

from the data and used to test this hypothesis. The model it is based on the 

following main assumptions: 

 Scattering takes place at the interface between two media, i.e. 

space and the Martian surface. 

 The first medium is supposed to have the permittivity of open 

space. 

 The second medium is supposed to be homogeneous and non-

dispersive, and its surface is slightly rough, being characterized by a 

backscattering coefficient depending on incidence angle and on dielectric 

relative permittivity; 

With these assumptions, power backscattered by the surface is directly 

measurable from radargrams and can be evaluated by using the classical “radar 

equation” [100]. The flatter areas of the Martian surface are on the polar ice 

caps [101], but the possible presence of CO2 just below the surface of Planum 

Australe [102] introduces uncertainties in the determination of the dielectric 

permittivity of the area, and directs the choice over the North Polar cap. The 

chosen calibration area is located inside the North Polar cap, between 82°N and 

84°N, and between 180°E and 200°E. The area consists primarily of water ice 

with a few percent of dust [103]. Over this area the radargrams show the 

minimum recorded noise. The MOLA data show that this area is essentially 

smooth at the scale of SHARAD wavelength, and thus the estimation of the 
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surface echo power can be made avoiding clutter noise. The real part of the 

dielectric constant is known from the literature. 

IV.5 Constant Extraction 

The calibration of the signal requires the determination of a constant that takes 

in to account the backscattering gain due to the radar system and the surface, to 

compensate the power losses due to the orbitographic phenomena. The 

determination of this constant is obtained using the reference area over Mars. 

For which the real part of the dielectric constant has been estimated through 

other means (i.e. 3.14). The constant has been calculating starting from the 

power backscattered on this area and taking care to neglect all the terms 

depending on the geometry, ground and orbit. The slope has been estimated 

considering the geometry of the area: the point target has been individuating in 

the MOLA data and from it the zone that contributes to the backscattering, a 

mean plane has been calculated and for each point the angle has been 

evaluated. The backscattering is evaluated using the statistical parameters 

estimated along the orbit with the fractal theory for a monostatic radar 

configuration [96]. Taking care that the backscattering in the specular direction 

occurs only in the case of normal incidence, ϑ = 0; in this case, results are 

polarization independent as shown: 
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IV-4 

Where H and T are respectively the Hurst and Topothesy coefficients,  is the 

gamma function, k is the wave vector and R0 is the Fresnel reflection coefficient 

of the mean plane.  The topography has been characterized by fractal processes 
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[104] using the MOLA data and estimating Topothesy and Hurst coefficients over 

the whole of Mars.  

 

 

Figure IV-2 Mars Hurst calculated on Mars MOLA data 

  

Figure IV-3 Mars Topothesy calculated on Mars MOLA data 
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The surface power echo is extracted from Level 1B data, as showed in Figure 

IV-1, it is now necessary to model the surface backscattered power measured by 

the radar using the fractal geometry of the area [105]. The calibration constant is 

needed also to compensate for the power losses due to altitude changes; 

moreover calibration constant must be valid over the whole dataset. Following is 

the formulation the calibration constant: 
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IV-5 

Where Gice is the antenna gain on the ice, Pr is the received power, H is the 

altitude of the spacecraft, Aeff is the antenna effective area at 3dB of the ground, 

Az is the azimuth factor, 0 is the radar cross section estimated for linear 

polarizations with fractal geometry.   

IV.6 Data Calibration 

The calculation of the calibration constant Kice brings to the analysis of the  

surface power echo extracted from the Level 1B data, where the surface power 

measured by the radargram is  modeled using the fractal geometry of the area 

[105], again the slope and radar footprint needs to be estimated using the MOLA 

data. The radar cross 0 is estimated in the specular direction in the case of 

normal incidence, the altitude of the spacecraft extracted from the Level 1B 

data, Aeff and Az are estimated from the MOLA data, compensating also the 

power losses due to altitude changes. The Fresnel reflection coefficient at normal 

incidence at the plane interface between two media with refractive indexes and 

respectively, is defined as follows: 
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Has been developed and automatic procedure which using the equations (IV-5) 

and (IV-6), is able to estimate the dielectric constant from the following 

equation: 

zeff
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HGPK
=Γ

0
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IV-7 

in this case G is the two ways gain of the antenna on the surface. 

IV.7 Discussion Results 

In this section, we present the results obtained through the proposed calibration 

method using the full dataset of SHARAD in all available operational modes, 

highlighting the results for a particular area of interest, Argyre Planitia. As 

discussed above, the calibration method uses as calibration set of data the RDR 

located on the North Polar Cap. Figure IV-4 shows the occurrences of the 

dielectric constant after calibration of that area: it shows a consistent set of 

results from the model, as the highest occurrence of the dielectric constant it is 

near 3.14 which is the input data for the calculation of the calibration constant. 
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Figure IV-4 Occurrences of the dielectric constant in the calibration area after 

calibration 

In Figure IV-5 and Figure IV-6 are showed respectively the dielectric constant 

map of Mars and the power map of the RDR. The effect of the correction of 

backscattered power due to the model: is evident, there is no direct relation 

between the two maps because the model operates by taking out the effect on 

the backscattering caused by the topography of Mars. The model thus reveals 

the contribution due to the dielectric properties of the surface material. 
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Figure IV-5 Map of Mars dielectric constant 

 

Figure IV-6 Map of the SHARAD RDR data surface extracted power (linearly 

scaled) 

Figure IV-7 shows a particularly interesting area of the map which is located 

around 320°E, 50°S. The area is called Argyre Planitia. These preliminary results 

show that this area has in some parts a low dielectric constant. This could be due 

to the presence of ice near the surface. 
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Figure IV-7 Map of the Dielectric constant of Argyre Planitia 

IV.8 Conclusions related to the obtained maps 

The description of the method to extract the dielectric constant of the surface of 

Mars from the echoes of the subsurface sounding radar SHARAD is made giving 

also a brief description SHARAD data signal and MOLA data peculiarity. The 

relative strength of the surface echo is equated to the reflectivity, and the effects 

of surface roughness are modeled using the MOLA topographic dataset. The 

resulting information provides insight on the nature of the materials constituting 

the Martian surface. In particular, low values of surface permittivity indicate 

either a very loose, porous regolith or an ice-rich terrain, whereas high values are 

characteristic of solid rock. The last part of this work focuses on the area of 

Argyre Planitia. The area is a large impact basin centered at 320°E, 50°S whose 

rim is very rugged and ancient. It has been found that the southern half of the 

rim has a high dielectric constant, as expected, while the northern half, which is 

extremely similar from the geologic point of view, exhibits a much lower 

permittivity. This fact points to the possibility that the northern part of Argyre 
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Planitia contains large quantities of ice in the ground, perhaps a relic of a past ice 

age such as the lobate debris aprons found elsewhere at similar latitudes on 

Mars [106]. 
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CHAPTER V: SYNOPSYS AND OUTLOOK 

The present PhD thesis is focused on the elaboration and interpretation of 

SHARAD data, the radar sounder currently in orbit around Mars. This instrument 

has greatly contributed to explore Mars surface and sub-surface also in view of 

future human exploration of the planet. The research work done deals with the 

estimation of dielectric parameters of the soil and subsoil and with the detection 

and interpretation of subsurface morphologies in order to understand the 

formation of the Martian landscape.  

The work has been developed in two subsequence steps. First, a detailed study 

has been conducted over a specific geological area of Mars, the Cerberus Palus, 

with the aim of estimating the dielectric characteristic of the strong subsurface 

layer present in the zone. Secondly, the analysis has been extended to the whole 

Mars surface, by exploiting the full coverage of SHARAD data and by modelling 

the relationship between surface scattering and signal power received by the 

instrument. 

V.1 Technological approach 

Synthetic Aperture Sounding is an important advancement over conventional 

sounder, and it can be used to directly resolve the stratigraphy of the subsurface 

and to determine the composition of the first meters of the surface. Radar 

echoes can be analysed to retrieve the dielectric properties of the layers 

producing surface and subsurface reflections, to constraint or even identify their 

composition. The signal inversion of subsurface-sounding radar data is an inverse 
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problem for which different approaches have been presented over the years 

[39], [65], [92], [96] 

V.2 Cerberus Palus 

After the introduction and the description of radar data used in this study, 

Chapter 3 describes the use of SHARAD data to determine the composition of the 

subsurface, The first analysis has been done on an area known as Cerberus Palus, 

located between 144.5°E and 152.5°E, and between 1°N and 8.9°. Over this area 

the Mars Express High Resolution Stereo Camera acquired images of platy-ridged 

terrains that were interpreted as evidence for a frozen sea close to Mars’ 

equator [65]. Cerberus Palus is a deeply studied region of Mars for its interesting 

geological features and for the presence of sub-surface layers. Radargrams 

provided by the SHARAD radar sounder clearly show the presence of subsurface 

layers in the area. SHARAD is the subsurface sounding radar provided by the 

Italian Space Agency (ASI) as a facility instrument on NASA’s Mars 

Reconnaissance Orbiter (MRO) mission [107]. The science objective of SHARAD is 

to map, in selected regions, dielectric interfaces to depths of up to one kilometre 

in the Martian subsurface and to interpret these interfaces in terms of the 

occurrence and distribution of materials such as rock, regolith, and ice or water 

[108]. The area, being essentially flat and surrounded by simple geological 

structures, is well suited for a sub-surface investigation by using data provided by 

low-frequency radars like SHARAD [65], [67]. SHARAD transmits a low-frequency 

radar pulse capable of penetrating the Martian surface with a vertical resolution 

of 15 m in vacuum, thanks to its central frequency of 20 MHz and transmitted 

bandwidth of 10 MHz SHARAD data consist of radar echoes continuously 

acquired along the ground track of the spacecraft during observations. Rough 

surfaces scatter the incident radar pulse in all directions, and echoes reflected 

towards the radar are thus weak. Flat surfaces and subsurface interfaces produce 
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the strongest echoes. The radar signal propagating in the subsurface is 

attenuated due to dielectric losses, and subsurface echoes are thus generally 

much weaker than surface echoes [77]. The Fractal approach has been used to 

model the roughness and the geometry of the observed scene [44] The analysis 

of the radar data in order to make the inversion of subsurface sounding radar 

data is an inverse problem for which different approaches have been presented 

over the years [70], [71]. By exploiting the great amount of available SHARAD 

data, it has been possible to perform an accurate quantitative analysis aimed at 

estimating electromagnetic properties of surface and subsurface layers, in terms 

of permittivity and attenuation. To this aim, the electromagnetic approach must 

take into account effects of scattering due to surface roughness, for avoiding 

overestimated results. All data products used have been downloaded from PDS 

node (http://pds-geosciences.wustl.edu/missions/mro/sharad.html). Analysed 

radargrams have been produced by using the official focused processor [77] 

provided by the Italian Space Agency (ASI). This has been done by using theory of 

electromagnetic scattering from fractal surfaces and by estimating needed 

parameters from topographic data provided by MOLA. Three distinct geologic 

formations have been analysed, namely a part of Zephyria Planum, the Cerberus 

plains and the bedrock beneath the plains. The retrieved electromagnetic 

parameters have been interpreted as a mixture of volcanic rocks with either ice 

or air [108]. The Zephyria Planum material was found to be significantly porous 

[50-60%] with attenuation more likely compatible with empty pores. Ambiguous 

results were obtained for the plains material, being the resulting porosity high in 

both the cases of empty [40-50%] and of ice-filled [80%] pores [108]. The 

obtained results do not allow giving evidence of a frozen sea in the Cerberus 

Palus area.  
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V.3 Mars Mapping procedure 

Chapter 4 is focused on the study of radar signal backscattered from the Mars 

surface. This signal is highly dependent on physical parameters (permittivity and 

roughness) characterizing the near surface (0-10 m deep) and we can therefore 

potentially learn about its composition. A robust automatic method to extract 

the power of the surface backscattered echo from SHARAD radargrams has been 

used to build and present maps of overall reflectivity [109]. A calibration 

procedure has been devised in order to derive a relationship between the 

geophysical parameters, dielectric constant, and a set of radar backscatter 

measurements. The model to extract the dielectric constant of the surface of 

Mars from the echoes of the radar takes into account the signal distortion 

source. The relative strength of the surface echo is equated to the reflectivity, 

and the effects of surface roughness are modelled using the MOLA topographic 

dataset. The resulting information provides insight on the nature of the materials 

constituting the Martian surface. The results are the production of dielectric 

constant maps of the Martian surface. In particular, low values of surface 

permittivity indicate either a very loose, porous regolith or an ice-rich terrain, 

whereas high values are characteristic of solid rock. In the end the analysis of a 

restricted area has been made. Argyre Planitia is a large impact basin centred at 

320°E, 50°S whose rim is very rugged and ancient. It has been found that the 

southern half of the rim has a high dielectric constant, as expected, while the 

northern half, which is extremely similar from the geologic point of view, exhibits 

a much lower permittivity [110]. This fact points to the possibility that the 

northern part of Argyre Planitia contains large quantities of ice in the ground, 

perhaps a relic of a past ice age such as the lobate debris aprons found 

elsewhere at similar latitudes on Mars [106] 
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V.4 Future works 

The developed analysis method can be further improved in the next future: 

 it can be applied to different areas of interest, to understand the 

composition of both surface and subsurface (for example, Valles 

Marineris, the giant valley system that stretches along the Martian 

equator, was entirely glaciated during Late Noachian to Early Hesperian 

times and still contains huge volumes of fossil ice[111]); 

 it can exploit the most accurate High Resolution Stereo Camera (HRSC) 

images the entire planet in full color, 3D and with a resolution of about 

10 meters, it is on board of Mars Express Orbiter [112] which has 50 m of 

space resolution while the MOLA resolution is of 1/128° about 500 m [73] 

 it can be optimized by using more accurate DEM resolution 

 it can be applied to future SAR sounder mission for planetary exploration; 
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