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ABSTRACT

The paper deals with the design of the radar mapping sys-
tem for the MORO mission proposal. The system is able
to operate both in an altimetric mode and in an interfero-
metric SAR mode to provide respectively low and high
resolution topographic mapping of the moon surface. As
a matter of fact either a topographic map of the lunar sur-
face with a spatial resolution better than 1 km and a higher
accurate (better than .5 m) measure of the surface height
and a topographic map with better spatial resolution (about
20 m, comparable with optical systems) and a lower ver-
tical resolution (in the order of a few meters) have been
envisaged as very important goals of the mission. Actually
the spinning platform selected for the mission makes the
system design challenging. Nevertheless, after a careful
analysis, it is shown that the radar can still meet the 3-D
mapping requirements. Moreover the possibility of the
simultaneous operativity of SAR and altimeter is analysed.
The main parameters to assure this joint mapping are set
and the system performance in this condition assessed.

1. INTRODUCTION

In response to a specific call issued by ESA, a group of
European researchers submitted a proposal for a Moon
ORbiting Observatory (the so called MORO mission)
which passed a first selection [1]. Among the on board ins-
truments there is a radar system, named LUMI (LUnar
Microwave Instrument), to be used for the production of
topographic lunar maps. To obtain the desired 3-D imaging
of the moon, LUMI has been provided with two mapping
modes:

¢ low resolution mode (LRM)

* high resolution mode (HRM)

In the LRM the mapping is obtained by means of a radar
altimeter, which operates in pulse limited configuration.

While a low horizontal resolution is obtained in this mode,
the estimate of the mean height inside the resolution cell
is performed with very high accuracy. The HRM makes
use of a SAR (synthetic aperture radar) to achieve the
high horizontal resolution. The height information is pro-
vided by the interferometric processing of multiple SAR
images obtained from different orbits.

The radar altimeter, other than a mapping device, is an
essential support for most of the other instruments on
board because it provides an accurate height reference for
them. Since the selected spacecraft is a spinned satellite
the interferometric SAR (INSAR) mode becomes the main
high resolution mapping instrument. In fact, unlike the ste-
reo cameras, that seem to be highly affected from the rota-
tion of the platform, the performance of the INSAR suf-
fers only small degradation, as it will be shown in the
following.

Nevertheless the use of a spinned satellite, without an
antenna stabilisation, results in a challenging design for the
dual-mode radar sensor. As a matter of fact only for a
small fraction of the platform rotation time the antenna
beam is directed towards the moon surface. The extraction
of all the information necessary for the mapping from the
short time available is addressed in the paper. In particu-
lar, after a quick review of the main characteristics of the
mission is given in Section 2, the design of the two map-
ping modes is addressed. System design and analysis of the
system performance in the LRM and HRM, with specific
attention to the problems caused by the spinning platform,
are presented in Section 3 and 4 respectively. The possi-
bility to obtain the simultaneous operativity of the two
mapping modes, using a switching dual-beam antenna is
presented in Section 5. Particular attention is devoted to
the choice of the pulse repetition frequency (PRF), whose
careful selection can allow to interlace transmission and
reception of the pulses of radar altimeter and SAR making
an optimum use of the available operative time.
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2. THE MORO MISSION

MORO is a lunar polar orbiter able to perform remote
sensing observations of the lunar surface and measure-
ments of the global topography and gravimetry of the
moon. [t will allow to obtain at the same time high reso-
lution imaging together with high quality data on lunar
mineralogy and topography. The MORO spacecraft is
designed to carry five experiments: a stereo camera, an
UV-visible and IR mapping spectrometer, a y-ray spec-
trometer, LUMI and to release a subsatellite for gravime-
tric experiments [1].

In particular the remote sensing instruments are designed
to study the lunar surface in an entirely new way, allowing
to obtain 3D high resolution imaging of the moon coupled
with topographic data. Modelling of gravity field, geodesy,
the estimate of the thickness of geologic units, spaceflight
engineering and operations and other important scientific
and technical tasks depend on the knowledge of lunar
topography. Remote sensing techniques both spaceborne
and recently ground based were used in the past to acquire
a large scale description of the moon surface, in order to
characterise the moon as a global entity. US lunar orbiters
(Apollo 11 to 17 missions) provided indispensable pho-
tographic coverage of most of the moon from their near
polar orbits. Unfortunately the heights of basin rims and
other rings and the elevations of contained maria are par-
ticularly significant but yet the topography of no basin has
been completely determined. Refinements of the topo-
graphy of the near side still depend on telescopic seleno-
desy. The topography of the parts of the far side and the
polar regions, that were not overflown, is almost comple-
tely unknown and the need for these data is obvious. The
LRM will provide large scale 3-D imaging of the global
moon surface. Moreover the altimeter can provide an accu-
rate measure of the dielectric properties of the imaged
surface together with its geometrical roughness. To obtain
a higher resolution topographic mapping the use of pho-
togrammetric instruments, coupled to the height reference
provided by the LRM, was proposed. Indeed, since the
height resolution of the stereo cameras seems to be seve-
rely affected from the spinning of the platform, the HRM
could represent the desired improvement of the mission.
Moreover, optical systems can be used only for the illu-
minated parts of the orbit groundtracks and the HRM
becomes essential whenever bad illumination conditions
occur. In particular among the regions which are always
in this condition there is one of the poles, which seems to
be rich of information and, as mentioned above, has not
yet been mapped.

A cluster-based spacecraft has been selected for the mis-
sion [1]. Its stabilisation is achieved in the operational
orbit by spinning the satellite at 5 rpm (angular speed
= 30 deg/sec.). The lateral side of the cylinder points
towards the surface of the moon, while the spin axis is kept
perpendicular to the orbit plane. The instruments have
their open field of view on the cylinder lateral surface,
therefore they have a direct view to the moon surface once
per spin revolution, i.e. every 12 seconds. The proposed
orbit is a circular near polar orbit at an altitude of
H =100 Km, which is flown from the spacecraft at an ave-
rage speed of v = 1632 m/s.

3. SPINNED ALTIMETER (LRM)

The main requirements for the LRM are:

e ground resolution <1000 m
* height measurement accuracy <0.5m

* height resolution <lm

* noise equivalent ¢° (single pulse) <-10dB
* surface roughness accuracy <15%

In this mode the antenna is pointing at nadir (or better per-
pendicularly to the spin axis) and, as mentioned in the
introduction, the radar system is working as a pulse limi-
ted altimeter. As a matter of fact a very large antenna (in
the order of two meters) would be necessary to obtain the
required horizontal resolution using a conventional beam-
limited altimeter. On the contrary it is strightforward to
relax the constraints on the antenna size by using the radar
transmitted waveform to synthesise an equivalent beam-
width much smaller than the antenna footprint. With refe-
rence to figure 1 the first echo from the ground contains
the backscattering contribution only from a small disk of
diameter

2R, = 2N/ (H+8) —~H® = 2V26H M)

where & is the compressed radar pulse. Unlike the first, suc-
cessive echoes, corresponding to the same transmitted
pulse, contain the contribution from circular concentric
rings, whose diameter is progressively increasing. If & is
short enough, so that R, is much smaller than the antenna
footprint dimension, taking only the first echo it is possible
to select an area corresponding to a narrower equivalent
beam U,,= R,/ H. In the specific situation, using the same
bandwidth for the transmitted chirp waveform of ERS1
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Figure I - Pulse limited altimeter geometry.

(B =330 MHz, [2]), it results a compressed pulse length
8= ¢/2B = 0.45 m (c being the speed of the light), which
defines the height resolution. The horizontal resolution is
therefore R, = 600 m, corresponding to a 9., = 6mrad
(0.34 deg). While the vertical resolution is given by 9, the
accuracy can be much higher, due to the tracking of the sur-
face in successive pulses. The above figures show clearly
a performance well inside the mission requirements for the
LRM. The effect of platform spinning does not affect the
resolution, but makes impossible a complete pulse limited
mapping. As a matter of fact, with reference to figure 2,
only when the real beam contains the whole narrow equi-
valent pulse limited beam pointing at nadir, the first echo
from the surface is correctly received and the system is
working as illustrated above. Only a lower resolution map-
ping is possible when this condition is no longer verified,
since the echoes are backscattered from thin strips — por-
tions of the mentioned rings — which cannot give a good
resolution in the cross track direction. To assure a complete
coverage, at least at the lowest resolution, the antenna
footprint in the along-track direction is selected to be equal
to the translational motion of the spacecraft during a half
revolution time and two antennas are used, allocated with
an angular displacement of 180 degrees in the satellite
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Figure 2 - Altimetry from spinned platform.

cylindrical surface. Therefore the revisitation time is
T = 6 s and the antenna beamwidth in the along-track
direction is selected to be equal to O = vI/h = 98mrad
(5.6 deg). Assuming a wavelength A = 2.77 ¢m (as in the
Cassini mission [3]), the corresponding antenna dimension
is set to D = 22 cm. This assures a complete coverage of
the radar LRM even if only partially done with the maxi-
mum resolution and accuracy. The dwell time on the pulse
limited footprint can be evaluated as the time needed to the
spacecraft to rotate from the two extreme positions +¢,,
symmetric with respect to nadir, where

9-19
ém = qu = 46mrad (263 deg) (2)

The dwell time is therefore T,, = 2, /@ = 0.17 s and, since
the spacecraft moves only 277 m during this time, only one
resolution cell is mapped every half rotation, which corres-
ponds to mapping, in pulse-limited mode, about a 6% of the
lunar surface each orbit. To achieve a low power consump-
tion the radar can be maintained on power only during this
time resulting in an equivalent duty cycle of 7,,/7 = 2.9%.
The PRF of the radar altimeter has been selected as the
maximum PRF, such that two contiguous echoes can still be
considered uncorrelated [4] (see also App. 1 and [5])

PRF < 5.1% 9% 3)

H

Assuming that the portion of lunar surface inside the
antenna footprint can be modelled as a gaussian random
surface with a minimum standard deviation 6, = 1.5 m and
provided that for the selected orbit of 100 km height (H)
the spacecraft speed must be about v = 1632 m/s [6], the
PRF is set at 1500 Hz. The number of radar pulses which
can be integrated by the system to obtain the maximum
accuracy is therefore N; = PRF - T,,. The average height
of the lunar surface in the resolution cell can be obtained
via a maximum likelihood estimate based on the proces-
sing of the available N; pulses. In order to obtain the per-
formance of this processor the samples of the return echoes
are modelled as exponentially distributed random variables
with a mean value expressed as a function of the delay time
T referred to the mean surface echo delay [7], [8]

4
a

_4 2 _dex o6 28
P(1) = k,ooe 5" " {1 +erf( T )} W

oN2
T {% E sin (25)}
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* 62 = (0.425/ By + (26, / c)?

* 9, is related to the antenna beamwidth by defining the
2]
antenna gain as G (y) = exp| —2.8 }/_7[

* k,is a power parameter given by the radar equation

* Iy[..] is the modified Bessel function first kind, zeroth
order.

4. SAR INTERFEROMETRY

Before facing the problems related to the interferometric
processing, we want to discuss the design of the main
parameters for the SAR, devoting particular attention to
the effect of the platform spinning. The main require-
ments for the radar HRM are

e ground resolution <20 m

* height measurement accuracy <5Sm

* height resolution <50m

* Noise equivalent 6° <-10dB
* radiometric resolution <1dB

The required horizontal resolution is easily obtained in
the cross-track direction (r,) via pulse compression. Since
the bandwidth of the transmitted pulse, selected for the alti-
meter, is much higher than the one necessary to obtain the
desired resolution, it is possible to split it to obtain a num-
ber of independent images with the required resolution at
slightly different frequencies. Averaging the different
images yields a multilook image which easily achieves
the required radiometric resolution. Even if the final selec-
tion of the off-nadir angle ¢, (angle between the perpen-
dicular to the radar and the centre of the antenna foot-
print) will be discussed later in the paper after the analysis
of the PRF diagram, let us now assume the likely value
o= 30 degrees. In this case to obtain the required resolu-
tion a synthetic aperture L, is necessary given by

L=—2AH - 626m (5)
2rycosQ

where r, (usually equal to r,) is the along-track ground
resolution. Given the orbit parameters, while the spacecraft

moves of L, it rotates of only 0.36 degrees, which is well
contained within the 5.6 degrees of the beamwidth. It is
therefore evident that the required resolution can easily be
achieved also in the along-track direction despite the spa-
cecraft is spinning. The only condition necessary to assure
the complete coverage is an overlapping between the
antenna footprints after a half rotation of at least L,. Since
in a half rotation the spacecraft moves of vI = 9.8 Km
and the along-track dimension of the footprint is

AH  _

11.4 Km the overlapping is more than the
Dcoso,

required one, at least for the central part of the swath in
the cross-track direction (Figure 3). This suggests that
even more than one look images can be obtained. At the
extremities of the cross range swath the overlapping condi-
tion is not verified any more, in fact, due to the satellite
spinning the centre swath, as well as its extremities depend
on the rotation angle. Assume as a reference the condition
in which the antenna pointing is normal to the spacecraft
track, the angle ¢ can be defined which identifies the rota-
tion of the satellite around its axis. Due to the spin the
beam pointing moves from the direction orthogonal to the
track as ¢ moves from its reference and the centre swath
moves in the along track direction of

No)=H.tgo (6)

with respect to the spacecraft position, passing from
forward to backward. The off-nadir angle changes as
o o) = arccos(cos O - cos ¢) causing the extrema of the
footprint in the cross-track direction to be a function of ¢

g0

2 .2
Vtg o + sin"c

Xmin =

-H-rg{a(a)—]ﬂ

(N

Figure 3 - SAR from spinned platform.
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Xmax =

8% __.g. zg{a(o)+ iﬂ (8)

Vo2 3
1g 0 + sin’c =

where 7yis the antenna beamwidth in the cross-track direc-
tion. The behaviour of eq (7) and (8) is shown in figure 4,
where the antenna cross-track dimension has been set to
L = 0.5 mresulting in y= A/ L = 43mrad (2.5 deg). It is
easy to realize from it the presence of a large strip of the
scene continuously imaged by the SAR. The spinned plat-
form causes only some loss at the extrema of the swath in
the cross range direction. An additional slight drawback
of the spinned platform is the presence of a much stron-
ger effect of amplitude modulation of the return echoes
from the rotating antenna, which might cause slight reso-
lution losses. The main parameter which remains to be set
is the SAR PRF. Two bounds control its choice: the
Nyquist sampling of the clutter spectrum seen from the
antenna sets the lower bound

PRF > %V ~ 13 KHz )

where D has been set equal to 0.25 m.

The upper bound is given by the need to keep unambiguous
all the cross-track swath dimension

pRF < € L-cosa, 24 KHz

10
20-H -tga, (10

A PRF of 15 KHz seems to be a good choice for the sys-
tem allowing to maintain some margins without overloa-
ding the data rate. This value is only indicative of course
and must be checked by taking into account the order of
ambiguity of the return echoes and the Altitude Line Echo
(ALE or nadir returns) problems [9], [10]
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Figure 4 - Motion of the extrema of the cross-range swath:

a = Xpin b= Kmax

The height resolution, as mentioned in Section 1, is obtai-
ned via the coherent processing of multiple SAR images
of the same scene obtained in different orbits horizon-
tally displaced by a length By, called baseline. The height
information is basically derived exploiting the relationship
between the pixel height ¢; (measured with respect to a
reference plane) and the phase difference AY; of the single
pixel in the two complex SAR images (see figure 5)
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Figure 5 - Geometry for interferometric SAR.
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(11)

i

where n; is the component of the horizontal baseline By in
the direction normal to the slant range axis. The height
resolution A, is approximately obtained from eq (11) as the
value of the height relative to a phase change of 2w [11]

_AH 1o
2 n,

_AH 130
2B,cos 0,

Ag (12)

Therefore to obtain a height resolution equal to or better
than the one required for the HRM the baseline must be
B, > 14.5 m which does not represent a limitation for the
present situation. On the contrary a higher bound on the
choice of the baseline is given from the necessity to com-
pare the phases of two scenes still sufficiently correlated
to each other. To derive this second bound lets observe
that to the first order the eq (11) represents also the rela-
tionship between the errors on the estimate of the height
0, and of the phase Gy, once ¢; and A'¥; have been repla-
ced with 0, and G,y respectively. The error on the phase
estimate in the presence of thermal noise and by consi-
dering a processing based on ; looks can be shown to be
[12]
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1 N1+sNRM)-p

: (13)

where SNR is the signal to noise ratio and p is the modu-
lus of the complex correlation coefficient between the
two images F (xq, Yo) and F5 (xq, yo) conventionally defi-
ned as

(14)

<F1 (x0,¥0) sz (xor .Vo)>}
2\ 12 S \I2
(IF oy} (P2 yo)l)
Assuming that the SAR point target response is given by

W(x, y) = sinc(mx/r,)sinc(my/r,) and in the hypothesis of
a white gaussian uncorrelated scene, it yields [12]

p=(1-0)-sinc(nd,) - sinc[xd, (1 - 0)] (15)

where ¥,, ¥, are the misregistration errors in cross and
along-track directions expressed in fractions of resolu-
tion cell and the so called decorrelation parameter

)
rncos o

AH

6§=2 (16)

takes into account for the decorrelation due to the diffe-
rent observation angle of the single pixel in the two orbits.
To set the bounds for the baseline the normalised error
e,= \WLO",/r). [12]is shown in figure 6 for different SNRs
and misregistrations. As it is evident from the figure once
a maximum value has been fixed for the normalised error
e,, the range of variation of 8 is constrained. Since there
is a linear relation between & and the baseline By, also the
bounds for B, are obtained. To achieve the required height

= /
0.8 ©n
0.6 d
. a&yﬁ
0.2 5
0 0.2 04 06 08 1

Figure 6 - Normalised height error e, Vs decorrelation d for:
@) SNR = o0, O, 9, = 0; b) SNR = 10dB, ¥,, O, = 0; ¢) SNR = oo,
9, ¥, =0.3;d) SNR = 10dB, ¥, ¥, =0.3.

accuracy of 5 m with a horizontal resolution of 20 m and
in the hypothesis of N; = 4 looks the threshold on ¢, is set
to 0.5, which is obtained with a decorrelation & between
0.25 and 0.75, having assumed a SNR of 10 dB and mis-
registration of 0.3 pixels. The admissible values of the
baseline to match the requirements are therefore approxi-
mately between 21 m and 63 m. The requirement for coar-
ser spatial resolutions or height accuracy would obviously
relax the constraints-on the orbit allowing to longer base-
lines. A drawback caused from the spinned platform is that
in successive orbits it is not likely for the radar to image
the single point in the scene from the same horizontal
angular direction, due to the small equivalent duty cycle.
If this mismatch is small we may refer to the discussion
reported in [13] since an angular mismatch corresponds to
a doppler frequency mismatch and conclude that the effect
is a further decorrelation term to be taken into account. The
term is expected to act in similar way of the former, repre-
senting the decorrelation in the horizontal plane instead
that in the vertical one. Its effect is expected anyway to be
small at least for sensible displacements of the platform'.

It can be concluded therefore that the interferometric SAR
above can meet the requirements for the HRM, neverthe-
less the platform is spinned.

5. INTERLACING ALTIMETER AND SAR-IN

After having set the main design parameters for the radar
system in the two modes LRM and HRM it remains to be
shown how the two modes can operate simultaneously. To
obtain this result an antenna able to commute its pointing
from the nadir to the 30 degrees off-nadir angle, in times
in the order of a s has to be selected. This allows to com-
mute between LRM and HRM on a pulse to pulse basis.
Two different solutions have been identified to obtain this
result. The first is to use a phased array with approxima-
tely 23 x 46 elements driven by ferrite phase shifters. The
great flexibility of this solution has drawbacks in terms of
weight and power consumption. The other possible solu-
tion is to use two horn antennas 30 degrees apart connec-
ted to the same transmit-receiver module by means of a fer-
rite power switch. The latter solution, nevertheless is less
flexible and provides a smaller decoupling between the
two modes, shows some advantages in cost, power

1. In any case it is worthwhile to mention that we shall have in
general a number of images of the same site greater than 2 and
we may select in principle the best ones by the analysis of the
interference fringes.
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consumption and reliability and seems to be the favourable
solution to the problem.

The difference of about an order of magnitude between the
PRFs selected for the two modes suggests to transmit and
receive a set of SAR pulses for each altimeter pulse. The
problem in handling at the same time SAR and altimeter
pulses avoiding superposition made more serious from
the fact that SAR PRF has been chosen so that the system
is receiving pulses corresponding to the transmission done
a number of pulse repetition times before (the radar is
ambiguous in range). We will therefore identify the admis-
sible regions of PRF for either SAR and altimeter and
chose the dual — mode system PRF in their intersection.
This will assure the possibility to operate at the same time
the two modes without collisions, except the unavoidable
loss of two SAR pulses when the altimeter is transmitting
orreceiving. Let us now evaluate the minimum and maxi-
mum delay respectively for altimeter and SAR as follows

T = 28 (17)

T;:,LL\T = ZTH &(];9/2*) (18)

and

T =2 e (19)
= Zﬁi"ggg(aiij;7§j (20)

The requirements to avoid the loss of some part of the
received echo for the altimeter are

4
. : PRF > —~
ALT J T LALT
Tmin 2 + 7T T
PRF TNHII T
= ; (21)
. j+1
/ <
Tn:(LL: S d * 1 -7 PRF - ALT
PRF o

where 7 is the uncompressed pulse length and the integer
j represents the order of ambiguity for the altimeter. The
analogous for the SAR are

Loty ==t ¥ EREF 2 =
PRF Tmin -7
=2 (22)
prigdtl _ ¢ PRF < —i+1
max PRF T 5}‘R

max

where i represents the order of ambiguity for the SAR. The
regions above are shown in figure 7 as a function of the
off-nadir angle o, within the range of admissible PRF’s
for the SAR, provided by the eq (9) and (10). The regions
jointly admissible for the two modes are highlighted (by
means of a simple shadowing), representing possible PRF
choices. In particular a PRF between 14 and 14.5 KHz is
chosen for the system, decreasing the off-nadir angle at
about 25 deg. The desire to avoid the presence of the alti-
tude line echo (ALE) would require the further constraints
to be respected

15000 N%(sz

14500 %
14000

f \\\\\\
13500 o
13000
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12500| @ \ \ \ ~
[ RN
20 25 30 35 40

Figure 7 - System PRF selection diagram. Lower and upper
bound on the PRF are shown respectively for altimeter (j = 8)
a)-b)and (j = 9) ¢)-d), SAR (i = 10) e)-f) and (i = 11) g)-h). The
highlighted region is the zone of joint admissibility. The ALE
constraints are m) upper bound (I = 1); n)-0) lower and upper
bound (I = 2); p) lower bound (1 = 3). The triangular highligh-
ted regions are the admissible ALE free zones.

l
IRy 1, 2H PRE = S om
PRF ¢ min = ¢
= (23)
(g ) PRF < — 141
“ " PRF ¢ zmx-zfi

being [ the order of ambiguity of the ALE. In order to
satisfy also eq (23) the admissible regions must be redu-
ced to the small triangular regions that can be identified
in figure 7 being highlighted with a double shadowing.
Since the choice would become too sensitive to the off
nadir angle the ALE will be more simply avoided main-
taining a null of the antenna radiation pattern at nadir.

The last problem to be faced is the evaluation of the SAR
point target response when 2 out of 10 echoes are missing
as already mentioned above. Since the orders of ambiguity
of the altimeter and SAR are respectively 9 and 10 (j =9,
i =10 in the selected region of figure 7), the two missing
echoes are adjacent and the effect can be taken into
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account, pretending that the SAR echo sequence is modu-
lated from a square-wave with a duty cycle of 80%. Assu-
ming that all the echoes are received, the signal sequence
received from the SAR observing a point target during the
synthetic aperture time can be represented as the chirp
signal

. B, 2
Y

x(1) = & 7o T,y (24)
2

where Ty = L, /v and B, = v /r,. The received signal when
the 2 pulses are missed can be written as s(¢) = x(t) - y(t)
where the modulating square wave y(t) is expressed by
means of its decomposition in terms of spectral compo-
nents, as

8~ Sin(wn8/10) -prirRr
y(t) = = —_ e
=4 ,,Z n 8/10

(25)

=—oo

After the azimuth compression operation, which consists
basically in passing s(t) through a filter matched to the
waveform eq (24), the azimuth point target response is
given by [14]

i sin (7n 8/10) . JRLLPRE -t

t) = VB,T 8
8(1) “* 10 21 8/10

_sin[wB,(t =n PRF/10-T,/B,)- (1-t|/ T,)]

(26)
nB,(t—nPRF/10-T,/B,)

—Ty<t<T,

It is instructive to observe g(t): the whole response is
obtained as the sum of a set of terms given by the auto-
correlation function for the complete echo sequence
(second term in (26)) translated of 7, = nPRF/10 - T;/B, and
weighted by the Fourier series component of the square
wave at frequency n/10. The term for n = 0 is the desired
response, which corresponds to the zero frequency com-
ponent of the modulating square wave. It would be the only
component present in the (constant) modulating wave-
form in absence of missing sample and with respect to that
condition it appears reduced by 8/10 (~1dB). The other
terms in the sum are the paired echoes corresponding to
the successive frequency components of the square wave
and in fact the shift 7, is given by a number of resolution
cells ~/B,, equal to the ratio between the total integration
time 7 and period of y(t), i.e. the fundamental component
of the modulating waveform. The paired echoes are the-

refore centred at t = 7, and since they are enough displa-
ced from each other their amplitude is given approxima-
tely by

VBT. 8. sin (7tn 8/10)

2
10 7tn 8/10 7)

resulting in a maximum sidelobe about 6.38 dB below the
peak. This is the real limitation caused by the joint ope-
rativity of the two modes. To avoid this drawback two
actions can be done: (i) use a lower PRF for the altimeter,
resulting in a lower accuracy for the height estimation in
the LRM; (ii) control the sidelobe level during the pulse
compression using a weighting network which subtracts
from g(t) shifted and scaled versions of itself to counte-
ract the sidelobes. As demonstrated in [15] by means of
this latter technique an improvement in the peak to side-
lobe ratio up to 10-11 dB can be easily obtained. It is
moreover interesting to observe that the spin has no
influence on the SAR resolution

CONCLUSIONS

The design of a dual mode radar system for the 3-D map-
ping of the lunar surface in the context of the MORO mis-
sion has been presented. The radar altimeter and the inter-
ferometric SAR have been shown to meet the requirements
for the mapping in LRM and HRM respectively. In parti-
cular the effect of the platform spinning on the system per-
formance in the two modes and on the achievable mapping
coverage have been studied. Moreover the possibility to
operate simultaneously the two modes has been asserted,
even if with some performance degradation, and the main
parameters have been chosen to allow this joint operation.
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APPENDIX 1

The decorrelation distance in a radar altimeter can be eva-
luated by considering the geometry of figure A.1 (see also
[5]) where the radar is flying at an altitude H over a wave-
less sea. The contribution to the received echo due to a
scattering element on the surface (the point P for instance)
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Figure A.1 - Geometry for the evaluation of the decorrelation dis-
tance d.

is different in the case of A and B because of a phase term
Ad which is proportional to the distance d. As a matter of
fact from the geometry depicted in figure A.1 and by
means of very simple arithmetic manipulations, we can
write

A¢=477T7(1W—P_B)z4”4% (A.1)

A
and by letting A¢ equal to a fraction k of 21 and remem-

bering that for a pulse limited altimeter r = V28H where
d is the radar range resolution, we obtain

d~L1._1 WH

(A.2)
k 22 Wé

thatis in terms of decorrelation PRF (Pulse Repetition Fre-
quency)

PRF = k~2\f2“%-ﬁ (A3)

VH

(v being the spacecraft velocity)

which is fully consistent with the results given in [5].
Moreover, as discussed justin [5] the effect of a rough sea
surface can be modeled as a worse range resolution d of
the radar and in particular it can be demonstrated that in
eq. (A.3) & can be substituted with the standard deviation
of the rise time of the leading edge of the mean return
pulse, that is 6, = V6? + o} if oy, is the standard deviation
of the wave height. By considering that in general J is
smaller (or of the same order) than 6y, and by giving to the
constant k a suitable value we obtain the eq.(3) which is

in turn fully in agreement with [5]. It is worth noting that,
with the necessary differences in the operating geometry,
the same approach leads to the important definition of the
baseline decorrelation [12] in interferometric processing.
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