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Abstract—Future spaceborne synthetic aperture radar (SAR) Of increasing interest for SAR applications become large
missions shall benefit from digital beamforming (DBF) techiques  reflector antennas in combination with feed arrays [3]-[5].
with the goal of generating high-resolution wide-swath im@ery.  Thege systems are already a mature technique for communi-
The basic idea is to replace parts of the analog receiver hawdare - . . .
by digital components, increasing the flexibility of such sgtems. C‘_'"t'on satellites, where commercial deployable ref_Ieol‘otis
The limited transmit power rises the need of large antennas diameters of more than 22m and surface accuracies up to Ka-
capable of electronically steering the antenna beam over a band are realizable [6]. Reflector antennas typically geteer
large angular domain. An innovative concept is the usage of a shaped beam due to the mechanical molding of the reflector
large unfoldable mesh-reflector antennas in combination vth dish. That means, for any given feed position, only a certain

digital feed arrays. An inherent problem of such systems isthat lid | be illuminated. Theref t of ltiol
every feed element illuminates, after reflection from the mm solid angle can be Iffuminated. erejore a set ol muluple

reflector, an essentially non-overlapping angular domainn the feed elements is required in order to cover the complete
far field. In case of an element failure the radar system wouldbe region of interest. This technology is considered as baseli
‘blind’ in the specific direction. To circumvent costly redundant  for Tandem-L [7], a mission proposal for an interferometric
receiver hardware a new approach to increase the reliabilig of band radar instrument. In [8] a reflector based Ka-Band syste

such systems has been studied. The approach is based on a s . . . .
called defocused reflector which grants visibility of the conplete Por high resolution Earth observation applications hasnbee

angular domain under failure conditions. This article presents the  investigated. Evidently such systems are severely happlexa
electromagnetic considerations leading to the defocuseaftector in case of a feed element failure. A dropped out element
concept. The performance of the defocused reflector systens i would cause a 'blind’ spot in the antenna footprint. Therefo
evaluated in comparison to a conventional parabolic refledlr  gia10.of-the-art systems are planed with redundant receiv
system, utilizing digital beamforming techniques. - - . .
hardware. Clearly this option poses a considerable inerefis
Index Terms—DBF, reflector antennas, SAR, defocused the costs for satellite SAR systems. Moreover, the redundan
electronics, as for example additionally required swi;vaill
produce losses.

The most widely established spaceborne SAR antenna is
YNTHETIC aperture radar imaging is a vastly developinghe planar phased array antenna. This kind of antenna is very
discipline, where information from distant objects can bebust against a single or even multiple element failures in

retrieved contactless. Especially in the field of spacedorterms of beam shape stability. The drawback is clearly theat t
earth observation missions the performance requirementsantenna size required to realize a high-resolution widatisw
terms of revisit time or image resolution continuously g&se. SAR system can render a SAR mission infeasible concerning
Since the radar antenna naturally represents the interfalge costs. Consequently, an antenna design is needed, which
between the scattered electromagnetic energy and the ragtanbines the robustness against element failure of a planar
signals after reception, a careful design of the antennaagay antenna with the high gain of a large unfoldable low-
one key step in the conception of an efficient SAR systemeight reflector antenna. This concept involves a defogusin

A requirement directly affecting the antenna design is thsf the individual element beams by utilizing a new reflector
designated revisit time of the SAR satellite. For applmasi surface.

like earth system dynamics monitoring [1], a short revisit This article is organized as follows. Section Il explaine th
time is desired, which in turn rises the need of large swagystem operation concept of reflector based SAR systems.
widths. At the same time scientists are interested in a higection Il introduces the concept of defocused reflecter an
information content of the SAR signal. This is traditioyall tennas. Section IV demonstrates the performance, cosider
achieved by increasing the signal bandwidth resulting intRe aspect of feed element failure. After a discussion itiGec
higher resolution of the SAR images. Large swath widths and the paper is concluded in section VI.

high azimuth resolutions are contradicting requirements f
conventional SAR systems. This SAR inherent restrictiom ca
be overcome by digital beamforming techniques [2], [3].

|. INTRODUCTION

Il. SPACEBORNESAR WITH REFLECTORANTENNAS

The operation principle of reflector-based SAR systems
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Fig. 1. Reflector SAR system operation with transmit pattgellow) and [ vl
receive beam (red).

feed elements active simultaneously, indicated by theowell feed array
pattern. After deflection by the reflector the pulse impintipes
ground and moves from the near to the far end of the swath.
The signal returning from the ground is again scattered by th
reflector and successively collected by different partshef t
feed array. This is illustrated by the red receive beam,rsicgn reflector
the swath in elevation direction. This mode of operation is
known as SCORE first suggested by [9] and further developed
by [10] and [11]. Note that in Fig. 1 the receive beam on the
feed array moves exactly the opposite direction as thewecei
beam on ground. That means the most right feed element 'sees’
the near end of the swath.

It becomes clear that in case of an element failure a certain
part of the elevation scan angle domain becomes inacce&d- 3. Perspective presentation of the dual-focus reflemttenna with feed
ble, excluding the option of mechanical steering. A pos:.lsibflrray in the upper focal point.
solution is to defocus the reflector such that adjacent feed
elements illuminate the same region on ground. A defocusi
always involves a broadening of the beams and a loss
gain, or signal-to-noise-ratiaS(VR), respectively. This effect
is usually not desirable. For example communication stesl|
are optimized to illuminate a continuum of directions, th
is for example a whole continent, with a high gain patte

Egmpared to the focused case, generate a broader rotational
symmetric Bessel-like beam.

The favoured method to defocus a reflector antenna is
e{P shape the reflector surface itself. The starting point is a
I%arabolic reflector. Such a shape is generated by rotating a

. . e . rabola for example around theaxis, as indicated in Fig.
simultaneously. However, in a SAR application, the sign L ) .2

. L . : . . Characteristic for such shapes is, that a plane wavedntid
changes its direction of arrival over time, as it travelsrove

round. That means for everv time instance a new beamalrslti—paralIeI to thez-axis is focused in the so called focal
?ormed.digitally onboard the s);tellite point. A simple method to defocus a parabolic reflector is to

. . . . . . onstruct a reflector with two focal points. Such a geometr
Since the receive beam is scanned in elevation, it is man&a- b 9 y

. . N .can be described in Cartesian coordinates a
tory that the reflector is defocused only in this directiam, i serl ! S! ! sas

order to avoid gain loss. All signal energy radiated in the 72 e
orthogonal direction, namely azimuth or the flight direntio Sy + 1F (1)
respectively, is lost for the linear feed array. Y

where F,, and F, denote the focal lengths in the- and
y-dimension, respectively, as given in the cut drawings in
Fig. 2. Fig. 3 shows a perspective view of the dual-focus
The concept of defocusing a reflector antenna is not nengflector antenna with circular projected aperture. Thedmn
Publications like [12]-[14] achieve a defocusing by movinéeed array is placed in the upper focal plane parallel toathe
the feed out of the focal point and leave the shape of tlagis in a centered position. Here the feed elements are wimpl
reflector antenna unaltered. The advantage is that cooveti directed in negative:-direction. In a real SAR system, the
reflectors with paraboloidal, cylindrical or corner sugacan outer feed elements could be tilted slightly, in order toviote
be utilized. If however a defocusing is desired in only ona more homogeneous illumination of the reflector. Also bent
dimension, elevation in this example, a simple displacémdeed array structures might be of interest. The defocusing
of the feed array would not be satisfying, since the patteeffect has been analyzed by simulation of the two-dimeradion
tends to symmetrically defocus in all dimensions. For eXxampelectromagnetic field distribution in the focal plane= F,.
a paraboloidal reflector with an axially shifted feed willFig. 4 shows thez-component of the power flux density or

Il1. DEFOCUSEDREFLECTORANTENNAS



TABLE |

45 REFLECTOR ANTENNA PARAMETERS
% parameter value
2583 frequency 9.65GHz
- reflector diameter 7m
5% focal length (single-focus) 5m
5 E focal lengths (dual-focus) Fp =4.95m,F, =5.05m
number of feed elements 35
-5 feed element spacing (single-focus) 0.9\
15 feed element spacing (dual-focus) (0.8---0.9)A
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5 Fig. 6. Co-polar gain patterns for the dual-focus reflectothvB5 feed
B elements. The solid lines represent the individual padtevhile the dashed
15 line shows the pattern after digital beamforming on receive

contrast in the dual-focus case phase variations in the ofde

Fig. 5. Power density distribution for a conventional s&fpcus parabolic 500° can be observed.
reflector in the focal plane. The squares represent feey atemnents, of
which the black one denotes the element covered by the field.

IV. PERFORMANCE

The more common way to examine an antenna’s perfor-
mance is to look at the gain patterns. Therefore the co-
S=ExH |, (2) and cross-polar components of the electric far field for a
reflector antenna with the specifications given in Tab. | have
as function of the Cartesian coordinatesand y. Note that been simulated, using the EM simulation software TICRA
the z-direction can be associated with elevation and jhe GRASP [15]. Here each feed element pattern is simulated by
direction with azimuth. This power density distributiontiee a linearly polarized Gaussian beam. For reciprocity reason
result of a plane wave arriving anti-parallel to thelirection from the power density distribution shown in Fig. 4 it can
and being scattered by the dual-focus reflector. Clearly obe expected that the individual antenna patterns will also
can observe, that the power density is concentrated in @zimbroaden and suffer a gain loss. This can be observed in the
direction and distributed over a larger domain in the eievat elevation cut plots in Fig. 6. Each gain pattern correspaads
direction, as desired by design. The squares shall regrédsen a feed element, or channel. The most right pattern in Fig. 6
elements of the linear feed array. Here, black squares éenoglongs to the most left feed element in Fig. 4 (not visible
feed elements which are covered by the electromagnetic figdthis plot). Again, for comparison, the analogous plot #or
above a given threshold. Consequently those feed elemesdaventional single-focus reflector antenna is shown in Fig
'see’ the afore mentioned plane wave and serve as redundanHere, the sharp angular separation between the individua
elements in case of a drop out. For comparison, the powstannel patterns can be recognized.
density distribution for a conventional single-focus refite is Clearly, the defocused reflector antenna unfolds its full
depicted in Fig. 5. The power density is concentrated aroupdtential when digital beamforming techniques are applied
the focal point as expected. In case of a failure of the centie innovative hardware structure of such DBF SAR systems
element, the neighboring elements are not able to catchoénotoresees a digitization of the individual channel signdls a
field energy to compensate the gain loss. most immediately after the receiver. These signals are then
As expected from parabolic reflector antenna theory, tipeocessed either onboard the satellite by means of field pro-
phase patterarg{S.} in the region around the focal point isgrammable gate arrays (FPGA) or at the ground station. A
approximately constant for the above plane wave scenario.DBF technique known as minimum variance distortionless

Poynting vector



60

b 0 A
1 ! ! T
r \\'Y v | 4

50 ooy
m 405 o | i r \ 1
o o L 4
& 305 Ll " - & 1 ]
g i Z 0 ‘ |
5, 57 ! 7
[ ---_|dual-focus opt ]
10 A5 qual-focus B
0] + — | single-focus B
-5 0 5
9,°

Fig. 7. Co-polar gain patterns for the single-focus reflestith 35 feed Fig. 8. The solid lines represent the normalized gain pagtem transmit
elements. The solid lines represent the individual padtevhile the dashed for the single- and the dual-focus reflector. Indicated lg diashed line is a
line shows the pattern after digital beamforming on receive heuristically optimized pattern, using phase-only sysithenethods.

response (MVDR) [16] beamforming optimizes the signal-td® Performance under Failure Conditions

noise-ratio of a beamformer output The initial question was how such a defocused reflector SAR
system performs when a feed element fails. Basically twle fai
uppr(t) = w' (9)[a(d)s(t) +n(t)] (3) ure scenarios can be distinguished, a disruption in thesinén

paths, for example caused by a loss of high power amplifiers
wherew is a complex weight vectos is the array manifold, (HPA), and failures in the receive chain. Fig. 8 shows the
s is the signal of interest ana represents the thermal receivenormalized transmit gain pattern when elements 18, 24 and
noise in each channel. The MVDR weights are given as 33, counting from right to left, fail. Such a large number of
lost elements is an unrealistic scenario and serves heydanl
illustration purposes. For instance, the German SAR #atell
TerraSAR-X uses phased array antenna technology with 384
transmit/receive modules. Since the launch of the satdiliie
where (.)" means conjugate transpose (Hermitian) &g years ago, all T/R modules are working properly. The single-
is the noise channel covariance matrix. Generally, for afgcus system sustains a 12dB gain loss at the center of the
choice of the weight vector, the precise knowledge of thgattern, decreasing towards the border of the pattern. The
embedded complex array patterns is relevant. That meagigfocused reflector is able to keep the gain loss on a constant
effects from multi-path propagation or reflector surface imevel of roughly 3dB. Indicated by the dashed red line is the
perfections, which potentially deteriorate the singlersrel result of a phase-only pattern synthesis, taking into astou
characteristic, will not impact severely the beam shaper afthe four elements 22, 23, 25 and 26 around the failed element
applying the complex weights. Insofar digital beamforming4. This attempt shows that there might be the potential to
allows to tolerate even unknown error sources to a certdirther reduce the effects from a lost element on transmmit fo
degree, as long as the array manifold is known accuratglgfocused reflector systems by a proper weight selection.
enough. In practice this knowledge is obtained via a cdiisna ~ On receive, the situation is different. Here at every time
campaign over rain forest. Equation (3) is written with ngixeinstance, or at every elevation angle, respectively, a reavrb
variablest for time andd for the elevation angle. This canis formed. However, even with the MVDR beamformer the
be done since there is a functional relationship, given ley tlsingle-focus reflector is prone to large gain losses in tliermor
imaging geometry, between those two variables. For every ti of 12dB at the pattern center, as indicated in Fig. 9. The
instance, or elevation angle, a new set of complex weightspietential of the defocused reflector in combination withitaig
computed. The dashed red curves in Figs. 6 and 7 repredegamforming techniques becomes evident, when lookingeat th
the patterns after digital beamforming on receive. Hereler solid red curve in Fig. 9. With MVDR beamforming the gain
purpose of illustration the noise has been neglected and thes can be significantly reduced. As reference the pattern i
signal has been set to one. For the array manifokimply plotted, when no special DBF techniques are applied (dashed

s Ryta(d)
v = FOR:a@) @

the co-polar electric field is inserted, yielding red curve and denoted with unity). In this case only the five
elements receiving the highest power (compare to Fig. 4) are
a(W) =[ E1(¥) Ex(¥) ... En(9) ]CTO_pol . (5) activated on receive.
In our caseN is 35. Substituting equation (4) into (3) the V. DISCUSSION

resulting pattern, as plotted with dashed red lines in F&gs.

and 7, is then As stated in the beginning, a major cost driver for a reflector

based SAR system is the feed array, including feed antennas
G(¥) =a"()a(9) . (6) and electronics. In order to minimize the number of feed



ual-focus (unity)
rdual-focus (MV
ngle-focus (MVDR)

-5

N
a1

9,°

Fig. 9. Normalized gain pattern after digital beamformingth elements 18,
24 and 33 dropped out. The dashed line shows the receiverrpatithout
DBF techniques, when only five elements are turned on at aitistance.

beamforming will be impacted only marginally, assuming a
precise knowledge of the complex patterns.

VI. CONCLUSION

Future synthetic aperture radar systems based upon reflecto
antennas with digital feed arrays are in need of redundant
receiver hardware, because a feed element failure wilkel@av
blind spot in the swath to be imaged. This article introduced
the innovative concept of a defocused reflector. Instead of
moving the feed array out of the focal plane, the defocusing
has been achieved by shaping the reflector surface itself.
This gives the unique advantage of one-dimensional deéatus
antenna patterns. A surface with the potential to genetetle s
patterns was shown to be a double-parabolic reflector with tw
focal points, where the feed array is centered in one of the
two foci. In case of a feed element failure, the neighboring

elements a relatively large feed element spacing of 08% element patterns ensure a sufficient visibility of the otlise
(see Tab. I) has been chosen. As can be observed in Figoli@d spot. The inevitable gain loss for the individual et
this causes a basically unwanted ripple on the gain patfesn apatterns is compensated by digital beamforming techniques

digital beamforming for the conventional single-focuseetor

where the individual channel signals are combined to a singl

system. With the dual-focus system the ripple vanishes andhigh gain signal. Such defocused reflector concepts have the
smooth gain pattern over the entire swath can be realizg@tential to significantly reduce the costs for spaceborkig S
Despite the defocusing it shows that reflector SAR systersgstems.

in general suffer especially, if an element at the border of
the array fails. The consequence is a reduced swath-width,
which can be illuminated adequately. A possible stratedg is
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