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Abstract— The following paper presents the analysis of the
feasibility study of the SAR radar for lunar space missions.
The European Students Moon Orbiter (ESMO) project is con-
ducted by the Students Space Exploration and Technology
Initiative (SSETI) association. The phase A of this project
is supported by the European Space Agency (ESA).
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1. Introduction

For many years space technology has been out of reach
for many scientists or students. This situation was changed
at the beginning of the 21st century, when in 2001, the
European Space Agency (ESA)! Education Office founded
the Student Space Exploration and Technology Initiative
(SSETI)? association. The main objective of the SSETI
association was to motivate the large number of students
from European countries to participate in space projects
and learn more about the space and science in general.
The SSETI association is supported by ESA. This has en-
abled students participating in these projects to exchange
information with experts from ESA and perform tests of
the designed space components at the ESTEC Test Center
Laboratory (Noordwijk, The Netherlands). Students are re-
sponsible for designing and manufacturing the whole space-
craft. Currently, there are two active SSETI space projects:
European Student Earth Orbiter (ESEO) and European Stu-
dent Moon Orbiter (ESMO). The paper presents the con-
cept of the synthetic aperture radar (SAR) subsystem of
the second project. This concept has been worked out
by students from space synthetic aperture radar (SSAR)
team, who have gained already practical experience with
SAR technology, developing and implementing SAR algo-
rithms and processing the recorded data from the airborne
campaigns [12, 19]. The example of SAR image obtained
from recorded data is presented in Fig. 1.

The involvement of students in working projects has the
great educational impact. Nowadays many educational insti-
tutions intend to incorporate such projects into their teach-
ing process. The description of another student educa-
tional radar project can be found in [15]. In that case
students has designed the laboratory models of Doppler
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Fig. 1. Results of the SAR processing performed by the students:
Leba village (Poland).

and SAR radar. Reading their paper, everyone can notice
that this project gained their enthusiasm and helped them
to enhance the educational experience.

2. The SSETI-ESMO

The ESMO satellite is going to be orbiting around the
Moon and collecting the Moon surface 3D images. It
will be treated as the reconnaissance platform, as well as
a step towards the missions to other planets. The launch
of the satellite is expected in 2010 year with the use of
the Ariane 5 rocket. At the time being, there is no final
decision about the ESMO payload. Several possibilities
are taken into account. The basic SSETI-ESMO experi-
ment plan consists of: reaching the Moon orbit, making of
2D/3D maps of the Moon surface using optical cameras,
synthetic aperture radar in 2D mode and/or interferometric
synthetic aperture radar (IfSAR) in 3D mode, making the
Moon hight map using laser hight finder of LIDAR (light
detection and ranging), the Moon magnetic field study and
landing of student-made object at the Moon surface. The
satellite in transportation phase should fit into the cylin-
der 1.5 m height and 1.5 m in diameter. The mass of the
satellite should be below 300 kg. The weight of the SAR
payload should not exceed the 20 kg. The whole ESMO
mission should take 1 month.

To fulfill all the requirements, operational team has per-
formed feasibility study on space SAR technology, col-
lecting many different ideas described in open literature.
The work has been started by analyzing the geometry of
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the space borne SAR system. The comprehensive analysis
of that problem can be found in [14]. In the second step,
the fundamentals of the SAR technology for airborne and
space applications have been reviewed. In the article [6]
the basic description of radar system design and the limita-
tions of the SAR radar swath width (coverage), range and
azimuth resolution in function of radar velocity, antenna
dimensions and pulse repetition frequency can be found.
After wide analysis of above (and many others) articles
and the construction of ESA and NASA SAR satellites, the
students SSAR team proposed the ESMO SAR experiment
plan. There are planned three stages of SAR image forma-
tion. In the first stage the Moon surface will be scanned by
SAR/IfSAR radar, and the raw radar data will be stored on
the board of the satellite. In the second stage the collected
data should be transmitted to the data ground station on
the Earth. In the last (third) stage, the final SAR image
will be formatted off-line, after application of all required
corrections (Fig. 2).
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Fig. 2. The SSAR experiment plan.

The authors of this paper reviewed the state of art and
the future trends in the spaceborne SAR technology. The
design consideration about the key hardware blocks will be
briefly discussed in Section 4.

3. The SAR, IfSAR technology

Synthetic aperture radar is an aircraft or spacecraft
mounted sensor designed to obtain high-resolution radar
images of the observed terrain by means of microwave ra-
diation [9]. In this case of imaging, the radar is placed on
moving platform. Radar pulses are aimed towards the Earth
or another planet. The obtained image is a two dimensional
estimate of the electromagnetic reflectivity of the mapped
area. The resulting radar image is characterized by resolu-
tion in two directions: slant-range and cross-range. Slant-
range refers to the range transversal to the path of flight,
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while cross-range refers to the range along the path of flight
(see Fig. 3).

Fig. 3. The SAR geometry.

Fine slant-range resolution is obtained by transmission of
frequency modulated (FM) pulses, a technique used in
many different types of radars, not only in SAR. The slant-
range resolution depends on the transmitted signal band-
width, according to the following equation:

C

5= —
T 2B7

where: c — light velocity, B — transmitted signal bandwidth.

Cross-range resolution in SAR is obtained by coherent in-
tegration of the received signal, as the radar travels along
the mapped area. The process of coherent integration can
be thought of as the formation of the large antenna — the
synthetic aperture. The theoretically achievable cross-range
resolution is equal to the half of the real antenna aperture
(antenna along-track length).

Both, slant-range resolution and cross-range resolution do
not vary with the distance between the radar and the tar-
get. The process of SAR image formation can be divided
into two consecutive stages: range processing and azimuth
processing. These two steps correspond to resolution im-
provement in two different directions. The range processing
(also called pulse compression) is realized by matched fil-
tering of the received FM signal. The result of the pulse
compression is a series of so called range profiles, which
are used in further processing. This part of processing is
relatively simple, because the parameters of the matched
filter are independent of the platform movement and hence
are invariant in time. The following step is the azimuth
processing which is the essential part of SAR processing.
Similarly as in pulse compression, the azimuth compression
uses matched filtering. However, this time radar platform’s
movement strongly influences on the received signal. For
this reason the matched filter has to be constantly adjusted
to the changing situation. Since there is no navigation
system providing that information with required accuracy,
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the sophisticated motion compensation algorithms based on
received signal are used. For high-resolution imaging, in-
stead of using two single-dimensional filters, it is necessary
to use more complicated 2-dimensional filter to mitigate the
range-migration effects.

Second antenna

Fig. 4. The IfSAR geometry.

An extension of SAR technology is the IfSAR technology.
Using IfSAR configuration (Fig. 4) 3D high resolution im-
ages can be obtained. The resulting 3D radar image can be
characterized by the resolution in three directions: slant-
range, cross-range and height. The IfSAR configuration
consists of two receiving antennas so the same objects are
observed from different angles. This causes a phase shift
between the received signals which enables the height es-
timation of the observed objects [13].

4. Space SAR system considerations

The feasibility of designing and manufacturing of SAR
radar for small satellite is limited by the available tech-
nology, including antenna technology, microwave transmit-
ters’ technology, digital signal processor (DSP) technol-
ogy and others. Especially in this project, such technol-
ogy must be available for student team. It is assumed that
the temperature for the electronic components should be
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Fig. 5. The SAR radar block diagram. Explanations: FTU —
formatter and timing unit, LOU — local oscillator unit.
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between —40°C to +85°C (industrial or military grade).
The classical concept of space SAR system is presented
in [2]. On the basis of the above mentioned concept, the
SSAR team proposed the functional block diagram of the
SAR radar (Fig. 5).

The payload computer unit controls all aspects of payload
operations. The high power microwave circuit (HPMC)
provides the amplification of the radar signal from the LPT
(for radar pulse transmission) or received by the antenna.
Timing and data handling system (T&DH) provides very
stable synchronization (master oscillator) of every SAR
subsystem and formats the received raw data for storage in
the on-board memory and transmission to the Earth. The
key system blocks for every SAR radar are: antenna, mi-
crowave transmitter-receiver, memory storage devices and
signal processing subsystem (performing calibration and
image formation tasks).

4.1. Antenna subsytem

There are two main antennas technologies which can be
taken into consideration: planar and dish antenna. The
main advantage of the dish antenna is the ease of the man-
ufacturing and simplicity. The main disadvantage is its
weight and dimensions. The alternative concept is the us-
age of planar antennas. The planar antenna can be designed
and manufactured in three technologies: waveguide, mi-
crostrip and as an active array of T/R modules. However,
the fast development of the active antenna arrays enables
new processing schemes in SAR technology [17]. The us-
age of such device in this project seams to be impossible
because of the high costs of this technology. The usage of
the waveguide or microstrip technology seems rather inter-
esting, due to antenna low weight, low manufacturing costs
and wide bandwidth.

4.2. Microwave amplifier (HPMC subsystem)

The authors of [1] deal with the problem of building a small
(less than 120 kg) satellite with SAR radar on-board.
The main conclusions are that manufacturing and building
SAR radar for microsatellite is feasible, however its param-
eters (resolution) won’t be comparable with big systems
like ERS 1/2 or EnviSAT. The main advantage of such
system would be low costs of obtaining satellite SAR im-
ages. The effective swath size would be about 3 km width
(antenna aperture width about 2 m). Such satellite could
operate at the altitude of 400-500 km, using the 300 W
TWT (travelling wave tube) amplifier. The SSAR team
performed similar studies taking into account technology
available for the students at Warsaw University of Technol-
ogy and the cost reduction. The main assumptions were as
follows: X-band radar, 11 dB detection threshold, 12 dB of
total hardware system loss, 0.7 x 1.5 m antenna aperture,
2.5 kHz pulse repetition frequency, 50 us pulse time du-
ration. The transmitted pulse power in the SAR mode
for 30 km orbit, 60 km orbit, 120 km orbit height and
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45° incidence angle were as follows: 10.3 W (1.2 W aver-
age), 82.4 W (9 W average), 659 W (72 W average). It ap-
peared that the best solution for this student project is to use
solid state amplifier. That limits the orbit to about 60 km,
because of the maximum available transmitting power.

4.3. The SAR data compression

The SAR technology generates high amount of data. For
example for the SAR radar analyzed in this article raw rate
data transfer can be up to 10 Mbit/s for the 12 bit ADC
(analog to digital converter) [10]. The study of the litera-
ture [23] and SSAR team research [10] showed that SAR
data can be sampled using 8—12 bit ADC and than degraded
to 1-4 bit representation using block adaptive quantization
(BAQ) algorithm [21]. The example images obtained using
12 bits data and 1 bit data are presented in Figs. 6 and 7,
respectively.
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Fig. 6. The SAR image for 12 bit ADC.
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Fig. 7. The SAR image for 1 bit ADC.

Comparing these images (Figs. 6 and 7), it can be
clearly seen that the image degradation is acceptable.
More detailed analysis can be found in [10]. To simplify
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the hardware installed on the satellite, it is assumed that
final image processing will be performed on the Earth,
using PC’s and software SAR processor developed by the
SSAR team.

4.4. Data storage subsystem

The raw radar data must be stored on the board of SAR
satellite prior to sending it to the Earth ground station.
There are two reasons for this temporary storage — the satel-
lite can scan the part of Moon invisible from the Earth and
this same microwave system will be used both for SAR
scanning and for data comunication. The fundamental in-
formation about designing data storage system for space
application can be found in [16]. There are several candi-
dates for mass storage in the outer space. It is possible to
record data using hard disks, magnetic tapes, optical discs
and solid stat memories (DRAM, EEPROM). After inten-
sive analysis, the SSAR team has chosen 2 GB solid state
memory for storing raw SAR radar data, photos and data
from other measurements. To reduce the costs, the com-
mercial off-the-shelf (COTS) memory components should
be used. To enhance its reliability the redundancy and error
detection and correction (EDAC) codes should be consid-
ered [4, 24]. SAR technology generates large amounts of
data and requires high speed data bus (HSDB) to trans-
fer them between transmitter/receiver system and process-
ing and storage system. Very good comparison of data
buses properties for space applications is given in [18].
It seems that the most adequate standard to use in the
small/microsatellite are the Spacewire [22], and IEEE 1394.
The idea of such network is described in [5]. These two
buses are very compatible at the physical level and therefore
can easily be combined. Analysis presented in that paper
shows that the effectiveness of the IEEE 1394/Spacewire
architecture can achieve the same fault tolerance capability
as the IEEE 1394/12C architecture with less redundancy.
The components for building such network can be imple-
mented in the field programmable gate array (FPGA) struc-
ture [11, 20].

The architecture of the processing and storage data sys-
tem are shown in Fig. 8. It can be seen that the payload
subsystems should be connected to the HSDB for fast data

High speed data bus (Spacewire/IEEE 1394)

Y Y A A
v =
Camera| | SSAR
? vee
’ system | [system Memory COMM OBDH
& & & Scientific 4 1
v v A paybad A

‘ Command and control data bus (CAN)

Fig. 8. Processing and storage architecture. Explanation:
OBDH - on-board data handling.
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exchange and storing in the on-board memory. For the cost
and weight reduction, the hardware of the SAR and com-
munication (COMM) systems can be partially combined
together [7, 8].

4.5. The ESMO SAR satellite vision

After careful and detail analysis, the SSAR team proposed
the first vision of the ESMO satellite (Fig. 9). This concept
is similar to the one used for the TerraSAR-X [3] satellite.
The shape of this satellite is compact and easy to manufac-
ture. The number of moving parts is minimized. The other
advantage is connected with the fact that for the certain
height and width (during the transport, the satellite should
fit in the specific cylinder) a prism has a bigger capacity
than a cuboid.

- - Solar panels
() o & Propulsion
SAR planar
o : antenna
1500 ] 1500

Fig. 9. The SSETI-ESMO satellite vision.

The main advantage of using non moving solar panels, is
the simplification of the satellite design and reduction of the
probability of system failure. However, during all satellite
maneuvers, the precise position of the Sun must be taken
into account. Especially during SAR scanning the ESMO
satellite must be between the Sun and the Moon’s surface.
The feasibility of the IfSAR mode requires further stud-
ies. The main problem is that the second antenna must
be equipped with deployable boom. The position and the
baseline (length of the boom) between the two antennas
have to be known precisely [17].

5. Conclusions

Analysis presented in this paper shows that building SAR
radar for small lunar satellite is feasible. The SSAR team
has the potential to design space SAR radar and develop
the algorithms for SAR data processing. Students at the
Warsaw University of Technology have the technical abil-
ity to design and manufacture the low frequency part of the
system, specify the requirements for the microwave fron-
tend and antenna, implement algorithms for space SAR
system control and off-line processing of raw SAR data.
The members of the SSAR team think that the state of
art of electronic and software engineering technology en-
ables the usage of some COTS components and indus-
trial standards. This of course degrades the reliability of
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the system, but such solutions are used with success in
many “low budget” space projects.
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