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1. Introduction

The Mars Advanced Radar for Subsurface and lonosphere Sounding (MARSIS) is a nadir-looking
pulse limited radar sounder, which uses synthetic aperture (SAR) techniques and is carried by
ESA’s Mars Express spacecraft. MARSIS has the main task of evidencing the presence of water,
both liquid and solid, on Mars, with the secondary objective of characterizing the structure of the
Martian ionosphere. Therefore, the MARSIS design has foreseen two operation modes: the SS
(Sub-Surface) Mode and the AIS (Active lonosphere Sounding) Mode.

In its SS mode, MARSIS transmits radar pulses that penetrate through the planetary surface and are
reflected by any dielectric discontinuity in the subsurface. MARSIS pulses consist of “chirps”
(linear FM), i.e. wave packets of duration T = 250 usec, which are linearly modulated in frequency
over a bandwidth B = 1MHz about a central frequency. The latter can be chosen between 4
different values (1.8, 3, 4 and 5 MHz), according to the predicted Sun Elevation Angle (SEA), so
that the chirp frequency is always higher than the local plasma frequency.

Moreover, during the same SAR, MARSIS usually alternates two frequencies at PRF (Pulse
Repetition Frequency) steps from a 40-m dipole antenna with a Pulse Repetition Frequency (PRF)
of 127 Hz, to increase the probability that at least one of them propagates above the plasma
frequency.

The radar vertical resolution after the range compression and after Hanning windowing, that is
applied to reduce the amplitude of the pulse side-lobes, is approximately 210 m in the free-space. In
the subsurface, the resolution is improved by a factor equal to the square root of the soil
permittivity, assuming values of 50-100 m.

The SAR processing is designed to obtain synthetic apertures (called frames) adjacent to each other,
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with a ground resolution of 5.5-10 km along the track and of 17-30 km across the track,

where lower and higher resolutions pertain to higher and lower S/C altitudes, respectively. The
receiving window duration is 350 us and the sampling frequency is fs = 1.4MHz, so that each frame
contains 490 samples that increase to 512 after zero padding and FFT processing.

Each synthetic aperture consists of about 200 radar pulses (this value depends on different
parameters as signal frequency, altitude, tangential velocity etc.), transmitted in a segment of orbit
approximately 5,5 km long (minimum value for a single synthetic aperture). Through unfocused
SAR processing (azimuth and range compression), the measurements (the echo received for each
pulse) are reduced to a single radar trace (frame) which represents the power backscattered from
the surface and subsurface discontinuities versus the two-way travel time. A continuous sequence of
frames produces the so called “radargram” where the X-axis represents the satellite orbital direction
and the Y-axis the two-way travel time, while the power of the signal is coded by the grey scale
color map.In order to reduce the data volume, MARSIS transmits to the ground the signals already
compressed in range, so the main task of the processing pipeline is represented by the software
dedicated to perform the range compression of the radar collected echoes during the subsurface
modes.Since these data have been distorted by the Mars ionosphere, we cannot use an ideal
reference function (the ideal chirp) for range compression. Therefore we shall use a dedicated
algorithm, the Contrast Method (CM), to calculate a phase correction term to modify the Ideal
Reference Function in order to compensate the ionospheric distortion and optimize the compressed
signal.In details, the MARSIS ground processing pipeline is characterized by two steps:

Science Data extractions from scientific telemetries and production of an intermediate product level
(L1B) in Planetary Data System format (PDS), deliverable to science community.

Range compression, through the CM, of the radar signals with production of the last deliverable

product in PDS format, the L2.
- Page 4
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2. Level 2 Elements
The Level 2 processing can be resumed in seven steps (see Fig. 1):
e Data Decompression: the 8 bit data format of the Level 1B is converted in a 32 bit (floating
point) data format
e lonospheric Dispersion Correction (Contrast Method)
e Range Compression
e Gain normalization

e Tracking effect removal

LEVEL 1B FORMAT (8 bit)

LEVEL 1B FORMAT ( 32 bit)

|

CONTRAST
METHOD

|

RANGE COMPRESSION

|

GAIN COMPENSATION

LEVEL 2 FORMAT

Fig.1
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2.1 lonospheric Dispersion Correction

As it is well know if a radio-frequency pulse, of frequency f, propagates through a section a ionized
medium with plasma frequency fp, it will be subjected to an extra-phase shift with respect to the
free-space propagation, causing a distortion of the range compressed signal. In order to maximize
the penetration depth, MARSIS will use low transmission frequencies, as close as possible to the
plasma frequency. As a consequence the chirp code transmitted by MARSIS will suffer a phase
distortion that, if not compensated, will result in an unacceptable loss of performance on the
compressed waveform. As a secondary effect, a percentage of the phase distortion produce an

additive delay to the signal propagation.

In order to reduce the losses, the processing pipeline includes a dedicated algorithm, the Contrast
Method.

Briefly , the CM consists in iterating the range compression of the radar echoes: at each step of the
iteration, the following phase compensation is applied to the echoes

Ap(f)="a(f —fo)*+a(f —fo)P+a(f - fo)* (6)

where the 4, term is

S

n
e = AaZ start + (k - E) Aaz 1 < k <n (7)

Where n is the number of iterations, &xstart is the starting value and Aa; the iteration step. &start IS set
to zero for the first frame of a given orbit, while for all the following frames it is set equal to the
best value of &, estimated in the preceding frame.

The upper value of the iteration step is estimated as follow

Aaz < Z_Z: 6.28 - 10-12 rad/Hz? ®)
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In practice, in the Eq. (7) iteration, it is desirable to use a step smaller than Aaz in order to improve
the estimation accuracy. Usually, Aa; = 0.628 - 10-12,
In order to determine the &z and &4 terms to be used in the iteration defined in Eq. (6), we use a

ionosphere model characterized by a constant plasma frequency f,max and an equivalent slab

thickness Leq. Moreover, assuming that (fomax /fo)><< 1 and having defined to=2Leg/C, We obtain

(eq. 17 [1]):
[ aLf)
a,=z—I1- |
ol 7o ©
(a,Y a,f )
a,=02 1 |
Kfo I 0.572'1'}

Actually, the algorithm selects the compensation term Ao, and the related coefficients &z, s and &
of the expansion defined by Eq. (4), that produces the range compressed signal with the best energy
concentration in a defined time interval of the receiving window and uses it to perform the final
range compression. The Contrast Method is applied to all synthetic apertures (frames) collected by
MARSIS and for each frequency. Fig. 2 shows the improvements allowed by the CM in terms of
quality of the range compressed data for a given frame: the black line shows the signal after range
compression without correcting the phase through the CM, while the blue line shows it after the CM
optimization procedure has been applied. It is evident that with the CM there is an improvement of
the signal performances in terms of peak power, signal to noise ratio, a reduction of the main lobe
width, and then a better range resolution; this allows to separate the surface and subsurface echoes

that without correction would be merged together.
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Orbit 10741, OST 9, FRM 85, f=3 MHz, SEA= -7.472°, Lat=-75.684°, Lon= 151.772°
100 - : : ; ;
w CM
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Fig. 2. Reflected power as a function of time during frame 84 of orbit 10741. The black line shows the uncorrected
received signal; the blue line shows the reflected power after correction through the Contrast Method.

2.2 Range Compression

In this phase the ideal reference function modified by the correction term, obtained by the
lonospheric Correction phase, will be used for the range compression of all the Doppler Filters
output.

In particular there are two ways to obtain the range compression:

e The classical matched filter
e Theinverse filter

In both cases the signal will be weighed with the Hanning function to reduce the side lobe level:
e Intime after compression for the matched filter

e In frequency before compression in the case of inverse filter
- Page 8
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v —Matched Filter
100 : ; ——Matched Filter with Hanning
— Inverse Filter with Hanning
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Fig. 3. Ideal chirp after range compression: the blue line shows the chirp compressed with the matched filter without
any weighting function, the red line shows the chirp compressed with the matched filter and weighted with Hanning
while the black line shows the chirp compressed with the inverse filter and weighted with Hanning.

As it is clearly visible in fig. 3, the use of the Hanning function, combined with a classical matched
filter, allows to reduce the side lobes level (SLL) from a starting value of 13 dB to 32 dB, even if
this implies a loss in term of range resolution (the main lobe is wider using Hanning). Anyway, for
a radar sounder the possibility to reduce the SLL is very important, because this means that is
increased the ability to reveal subsurface layers near the surface. On the other side, using the inverse
filter allows to maintain this capability for increasing depth, while with the matched filter the SLL
sharply rise again. For these reasons the default settings of the Level 2 processor are represented by

the inverse filter together with the Hanning function.

2.3 Gain Compensation
As anticipated in the introduction, a single frame is the result of an integration of, at least, 200
echoes. During this process, the amplitude of each echoes is normalized by an Automatic Gain

Control (AGC). The attenuation introduced by the AGC is constant within a single frame, but can
- Page 9
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vary between adjacent frames. Moreover the AGC is quantized with step of 4 dB. The result of this

processing is that a radargram is characterized by the presence of “stripes”.

Fig.4 shows a radargram where the AGC effect is not compensated, while in fig. 5, has been

performed the gain normalization.

time (u sec)

time (u sec)

Orbit 12175

200 300 400 500 600 700 800 900 1000
Frames

Fig. 4. A radargram with the effect of the AGC (“stripes™).

Orbit 12175

200 300 400 500 600 700 800 900 1000
Frames

Fig. 5. The same orbit of fig. 4, after the gain normalization.
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2.4 Tracking Compensation

One of the most important subsystem of MARSIS is represented by the tracking loop. Its task is to
maintain the received signal within the receiving window, following (tracking) the surface
regardless any effect introduced by the Martian topography and any delay produced by the Mars
ionosphere. Unfortunately, a collateral effect of using the tracking loop is represented by the fact
that the data have no more information about the observed scenario.

It is easy to see from fig. 6, that the effect of the tracking loop is to flatten a radargram so,
apparently, the surface has no features. Obviously, this effect is undesirable, and is removed when

the signal is processed by the Level 2.

Orbit 2632

time (u sec)

100 200 300 400 500 600 700 800 900 1000 1100
Frames

Fig. 6. A radargram where the secondary effect of the Tracking Loop is not removed.

3. Level 2 Input

The main source of inputs for the Level 2 is the Level 1B, that is in PDS format.
The Level 1B contain all the data produced by the Marsis instrument (Subsurface Data, Active

Ionosphere Sounding Data, Passive Ionosphere Sounding Data, Auxiliary Data...), reconstructed
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from the scientific telemetry. Moreover there are many other spacecraft telemetry relevant for
calibration and processing, as spacecraft position, radial and tangential velocity, altitude... (Geometry Data).

Not all these information are useful for Level 2.

Then in this section we will consider only the data necessary for Level 2 processor.

The Level 1B structure will be as illustrated in the fig. 4.

The Data directory will be organized in set of ten orbits, while the subdirectories named

EDR_XXXX (Experiment Data Record) will contain the instrument data sorted by operative mode

for each orbit.

Than for each Operative Mode there will be the collection, for different status (acquisition or

tracking), of the relatives frames in a dedicated file.

The structure of these files is described in fig.5, for the frames collected during the subsurface

modes.

Therefore, according to the operative modes used in the timeline, a different amount of data will be

transmitted from Marsis and then the information of the orbit subdirectory will vary.

It is worth noting that, according with the Operative Mode SS1, SS3, SS4 and SS5, the scientific

information will consist in a variable number of Doppler Filter that represent the signal after the on

board azimuth compression. As it is show in fig. 5 the signal will be given in frequency and will be

represented by 512 samples for the Real and the Imaginary part, in a 8 bit format (compressed).

Only exception is the Operative Mode SS2, where the signal is transmitted to the ground already

compressed in time and also after a multilooking processing. In this case the 512 samples represent

the power of the signals obtained with two different frequencies.

In conclusion as described in fig. 7 the radar signals of a single frame will be stored in the files

named Marsis Data FRM with the correspondent Ancillary and Geometry data.

- Page 12
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e The Marsis Ancillary Data File shall contain characteristic parameters used and/or estimated
on board during the operational activity of Marsis (Acquisition Phase, Tracking Phase,
Individual Echoes, Active lonosphere Sounding, Receive Only and Calibration).

e The Geometry Data File shall contain orbital parameters (tangential velocity, radial velocity,
altitude...) coming from MEX.

e The PIS data files shall contain the information collected during the Passive lonosphere
Sounding mode.

Furthermore for each EDR_XXXX stored in the DATA directory there is an equivalent
EDR_XXXX in the CALIB directory that shall contain a LOG file with a set of parameters
estimated on board during, for instance, the Contrast Method or the FSR Method. These LOG file
shall contain also the a set of Reference Functions calibrated during the Calibration Phase and the
information necessary to the ADC Correction and the HW Calibration phases (see the table in the

next page).

- Page 13
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4. Level 2 Output

The Level 2 software output is in PDS format and maintain the organization of the Level 1B as
illustrated in the following scheme:

As it is well know the primary task of Level 2 data processor is the Range Compression of the
Marsis collected echoes during the subsurface modes (except for the SS2 Mode).

Since these data have been distorted by the lonosphere the Level 2 processor shall use the Contrast
Method to estimate the lonospheric distortion and to calculate a complex correction to modify the
Ideal Reference Function in order to optimize the signal compression.

This means that each file of raw data (the echoes compressed in azimuth) will be replaced with a
file containing the same data compressed in range too. Obviously the subdirectories will change the
names, in fact the EDR_XXXX will be replaced with RDR_XXXX.

The Level 2 will be in PDS format and will maintain the organization of the Level 1B as illustrated
in the fig. 6, moreover the Level 2 processor shall convert the 8 bit data format of the Level 1B in a
32 bit (floating point) data format.

The only change in the Level 1B structure is the introduction of all the information about the Level
2 steps in the LOG file.

It is worth noting that, even if the Level 1B data shall be given in their complex (I and Q)
components, the data product of the Level 2 shall be represent the signal in module and phase (see
fig. 7).

Note that even if the raw data provided by Level 1B are in frequency, the output of Level 2 is in
time.

The last thing to note is that, as anticipated in the previous section, the signals collected during the
Operative Mode SS2 has been already compressed in range, than the only variation about these
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information is related to the passage from the original 8 bit format to the new 32 bit format.
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