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Abstract—In the design of a spaceborne Synthetic Aperture
RADAR mission with multiple modes and swaths, like the
forecoming  Argentinean  constellation = SAOCOM, the
minimization of the number of beams, Pulse Repetition
Frequency (PRF) switching, and the optimization of the coverage
are fundamental issues. The paper discusses the impact of the
roll-steering maneuver on these issues. The optimization of roll-
steering with respect to satellite altitude is found by a theoretical
analysis on a simplified geometry, and by a numerical approach
that accounts for the ellipsoidal earth and all the modes foreseen
for the sensor. The solution found for the SAOCOM case, shows
that a single set of beams and PRFs can be exploited for all the
modes.

Index Terms— Synthetic Aperture Radar,
TOPSAR. Conference topic: SAR/ISAR

STRIPMAP,

1. INTRODUCTION

The future Argentinean constellation of two identical L-
band SAOCOM satellites will have as strategic goals the
mapping of soil moisture of the “Pampa humeda”, a 700 000
km® land dedicated to agriculture and cattle raising, and at the
same time in cooperating with the Italian X-band COSMO
constellation in the management of the emergency [1]. Such
systems foreseen three acquisition modes each of them with
two different polarization schemes: “Dual”, DP, (HH,HV or
VV,VH) and “Quad” (full polarimetric), QP, with
experimental circular polarization [2]. A very wide swath of
about 300 km is achieved by exploiting TOPSAR scanning
[31[4]. A summary of the performances in each mode is in
Tab. 1. If we combine the three modes, the two polarizations
and the different incidence angles, we have a total of 24
different configurations, a few more should be added for
getting the full compatibility with COSMO mission.

The design of such multi-mode systems must aim, as major
goal, to the maximization of the coverage, and the
minimization of the number of beams and PRF switching. The
ground coverage in fact impact on the repeat pass, whereas the
number of beams and PRF switching as a direct impact on the
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calibration and the processing.

In order to understand how these goals are interdependent,
let us revise the timing constraints in the design of a
spaceborne SAR. Let us refer to the geometry of Fig. l.a,

TABLE I
SAOCOM MODES
Mode Polar. Incidence angle | Swath Azimuth
deg depth Resolution

ground (m)

(km)
STRIP- Dual 20-50 30-50 5
MAP Quad 17-35 20-40 6
TOPSAR Dual 25-48 150-170 30
NARROW | Quad 17-35 110 50
TOPSAR Dual 25-48 350 50
WIDE Quad 17-35 220 100

where we assumed for simplicity flat earth. The geometry
draws the SAR antenna in the plane orthogonal to the
trajectory, by assuming a sensor height H and a single swath
included in the slant range intervals R, <R< Ry;. In the figure,
we have defined with 6 the look angle and Py the location of
the sensor’s Nadir.

Given this geometry, the timing of the on-board radar is
constrained to avoid occurrence of the return echo during the
transmission and during the return from Nadir [5]. The two-
way return time from Nadir and echo of a target at distance R
can be expressed as follows:

.
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Fig. 1. Left: simplified SAR geometry, with flat earth. Center and right:

required antenna rotation for compensating the Nadir and the echo return
time at a different satellite height.
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Fig. 2. Diamond diagrams for SAOCOM system at minimum and maximum
satellite heights. In each diagram the dark bands corresponds to contributions
of Nadir returns and transmit time, during wich echoes cannot be received.
The red line marks a possible beam / swath in both cases.

t., t, being the echo and Nadir delays and T, the slow time of
the transmission.

In (1) we have ignored the variation in delay due to the
displacement of the platform along azimuth in the time
corresponding to the two-way travel path and up to a few
echoes afterwards.

The most used tool to design beams is the diamond diagram
[5], as shown in Fig. 2, where the black stripes marks the
combinations of PRF and off-nadir angle (hence range), that
corresponds to Nadir return and to the transmission time. The
thickness of the stripes has been assumed of 5 degrees for the
Nadir return, and by accounting for a duty cycle of 5% for the
transmission. In the diagram on the left, the possible angular
interval for one beam is represented by the horizontal red line.
The same range of angle is not allowed at a different height,
the dotted line in the right diagram. However, we need to
change both the range of angles, hence the beam, and the PRF,
see the continuous line in the figure on the right.

This solution, that leads to a switch of PRF along the orbit and
eventually a design of a new beam, has been so far adopted so
in the majority of the spaceborne systems.

II. ROLL STEERING MANOUVER

Fig. 3. Pictorial representation of the roll éteering maneuver: the off-nadir
angle is changed along track by a mechanical roll of the platform.

The roll steering maneuver was first introduced for ESA
Sentinel-1SAR to minimize the switching of PRF along orbit
(a major mission requirement) [6][7]. The principle is
represented in Fig. 3, where a mechanical rotation of the
platform result in rotating the whole antenna beam, and

pointing in a different range to compensate the effect of
elevation changes.

For better understanding this compensation, let us refer to the
two leftmost geometries in Fig 1. An increment of elevation Ay
causes a proportional shift of the Nadir return. We are not
able to compensate it with roll steering, however, we won’t
need that compensation if we shift the echo return of the same
amount. If we define r. (6,H) the slant range of the target at a
look angle 6 and seen by an elevation H, we have to impose
that at the new elevation, the look angle is modified to shift the
range by the same amount of Nadir shift, that is Ay. The
constraint that follows:

r(O+AyH+A,)—r(0,H)=A, @)

can be solved by differentiating (1):
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Ayg is the amount or look angle rotation, hence of roll steering,
that would perfectly compensate the shift in Nadir echoes.
Notice that it is 0-dependent, so it would be impossible to
compensate simultaneously for all the swaths, and some error
would be introduced.

We then need to impose the further constraint: that the return
does not superpose with the echo transmission. As the latter is
independent on the altitude the constraint should impose the
same range (see Fig. 1 on the left):
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And it can be likewise can be solved by differentiating:
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We notice a similar dependence on the look angle asin  (2).
We should then find Ag(Ay) to satisfy both constraints (3) and
(5). This would then be integrated to get the perfect roll
steering law, 0(Ay). Unfortunately it is not possible to derive
this solution, as the two constraints leads to two different
surfaces, as Fig. 4 shows. Therefore, we need to minimize the
error in some norm.

Fig. 4. The two surfaces shown would provide the differential roll that solve
the two constraints involved in the roll steering determination.



III. ROLL STEERING OPTIMIZATION

In the design of the actual roll steering, we have to account
that the optimization should apply to all the modes foreseen
for the mission, hence for beams extending over a range of
angles from 20° to 50° off-nadir angles, and for PRF from 1.7
to 4 kHz, including DP and QP modes. The difference is
significant, the roll rate predicted by (5) would change from
0.07 deg/km (0 =50°) to 0.23 deg/km (6 =20°).

Furthermore, we need to account for ellipsoidal earth, instead
than the flat one so far assumed.

Therefore, the optimization has been run by a numerical
approach, in which the differential roll Aq for each altitude Ay
(with respect to a reference H;) has been found by minimizing
the following figure of merit:
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Fig. 5. Up surface: cost function used for optimizing the roll steering. Mid-
right plot: optimal differential roll-steering as a function of satellite height.
Mid-left plot: integration of the differential roll steering: notice that the
curve is very close to linear. Lower plot: normalized cost as function of the
linear roll steering rate.

where the summation is extended to all the PRFs in the
diamond, and C( ) is the extent on the ground of the forbidden
location, e.g. the shaded area in the diamonds. This cost
function (penality), is represented in the surface in Fig. 5, for
each altitude, and for each differential roll steering. The
optimum differential roll steering is plotted in the same figure
together with the optimum roll steering, obtained by
integrating the differential relation. We notice that the roll
steering is very close to linear with height, as it came out from
(3) and (5), therefore we found the linear rate that minimize
the cost function, according to the last plot in Fig. 5. Notice
that, at the optimal rate, the cost function improves of 70%
with respect to the no-roll steering case.

Notice that the law is approximately linear with the elevation,
as it could be derived also by looking at the constraints (3)
and (5). To better explain the role of the roll steering, we have
represented in Fig. 6 on the left the superposition of all the
diamond diagram at different elevations. This what we would
get without any roll. The amount of free-space available is so
shrunk that there is no solution that conserves the PRFs and
the beams. In the same figure, on the right, we have
superposed all the diamond diagrams, after compensating each
one by the optimal roll found here. The amount of free space is
much more increased, allowing now for a single design over
the whole orbit.

IV. SENSITIVITY ANALYSIS

In order to appreciate this fact, we can do a sensitivity on the
simple geometry assumed in Fig. 1. The coverage on the
ground can be approximated as:

C RM — Rm

s

sin@ sin@d
Where Cs is the slant range coverage. Now we assume that the
echo return time changes one of the two extremes, then the
ground coverage variation is:

AC — or, .1 - 2

¢ OH sin6 sin 20
This means that at off-nadir angle 30° we get 60 km change in
the 25 km altitude variation of SAOCOM. AS the average
SAOCOM swath is 50 km wide, the complete blocking of the

diamond in Fig, 6 is justified. Moreover, if we consider the
effect on Nadir return on slant range, we get:

4

(7

ac, = Ly 1\ (8)
¢  OH sin6 sin@
that compares closely to the condition (7).

V. SAOCOM MODE DESIGN

The superposition of diagrams after roll steering
optimization in Fig. 6 has been assumed as the basis for the
design of the beams and the PRF in the SAOCOM SAR. The
actual design is shown in the diamond diagrams of Fig. 5. The
design has been made following the guidelines for TOPSAR
design and optimization in the paper [4]. The design basis on
two sets, each of nine beams, one for DP (the left diagram in
Fig. 5), and the other for QP (the right diagram in the same



figure).

These beams allows a continuous coverage through the whole
orbit, with no PRF switch. Each beam corresponds to one
STRIPMAP mode, whereas the medium resolution “TOPSAR
NARROW” has been designed by combining three
STRIPMAP beams in DP or five beams in QP, and the coarse
resolution, “TOPSAR WIDE” (350 km coverage in DP and
250 in QP) combines 6 beams in DP and all the 9 QP beams.

VI. CONCLUSION

The feasibility of roll steering mode has been analyzed by both
a theoretical approach based on a simplified geometry and a
numerical approach suited for the actual beams design. This
second approach led to the optimal roll steering, derived for
each satellite altitude. The law is indeed very close to a smooth
linear rate of 0.07 deg/km.

The use of roll steering has been shown quite effective for
systems with small swaths, like for the L-band SAR or high
resolution systems, allowing for a single set of beams and PRF
can be kept though the whole orbit.
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Fig. 6. Above: superposition of all the diamond diagrams made at different
satellite altitude. Below: the same superposition in the case of optimal roll-
steering.
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