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Abstract

Tandem-L is a fully polarimetric bistatic spaceborne SARsin with the goal of monitoring dynamic processes on the
Earth’s surface. Important applications are regular itmees of the global-scale biomass, systematic measurtsmoén
surface deformations with millimeter accuracy, the getienaof digital surface and terrain models, as well as desast
monitoring related to flooding events, earthquakes andavmeruptions. To serve this wide variety of services and
applications, the imaging and mapping requirements extrees of state-of-the-art missions by at least one order of
magnitude.

Such a pioneering mission necessarily initiates new teolgyodevelopments in the fields of radar hardware, data
processing and data distribution. The Tandem-L radarlgateemploy large unfoldable mesh reflector antennas,
which have been identified ideal for highly sensitive, higselution wide-swath SAR acquisitions. This paper gives
an overview of the system concepts of next-generation SAR®s like Tandem-L and details some of the design
aspects and optimisation potentials leading to an imprpeefbrmance and fulfilling the user requirements.

1 Introduction ing SAR missions like BIOMASS [1], NISAR [7, 10]
and Tandem-L. What makes these antennas attractive

Nearing the end of a Phase A study the Tandem-L missiofP" .radar applications is.the _fact tha_t large apertures can
concept has reached a mature status [5, 6]. The mappirg§ InStélled in space using light-weight mesh structures,
capability of the Tandem-L satellites will exceed those offor instance composed of carbon fibre reinforced silicone

present day SAR sensors by almost two orders of magn(_CFRS). The feed array resembles an active phased ar-
tude, allowing for global coverage twice a week. Thef@ antenna, common for many SAR sensors. New in

SAR sensors have to reflect these demanding user rthis context is that the SAR signal is digitized almost im-

quirements in terms of a sophisticated design, with thénediately after reception. This offers the opportunity to
driving parameters summarizedTable 1 employ new SAR imaging modes and to flexibly adapt
the associated beamforming schemes, e.g. to varying to-

mode 1 2 3 pography.

polarization single dual quad

bandwidth 80 MHz 80 MHz 80 MHz .

azimuthres| 7m 7m 7m 2 Reflector SAR Operation

swath width| 350km 350km 175km

NESZ < —95dB | < —25dB | < —28dB The operation principle of an array-fed reflector SAR sys-
ASR < —925dB | < —25dB | < —22dB tem is illustrated irFigure 1. The reflector is illuminated

by an array of feed elements, which are typically patch
Table 1: Main Tandem-L imaging modes. The antennas at L-band frequencies. On transmit all elements
ambiguity-to-signal ratiol SR accounts for range and az- are activated simultaneously such that the entire swath is
imuth ambiguities. covered by a wide and broad antenna footprint. In con-

trast to direct radiating arrays, in the reflector case each
Tandem-L shall map the Earth surface in an 745km orfeed element illuminates a distinct spot in this footprint.
bit with incident angles greater than 26.8t L-band fre-  This means there is basically a direct mapping between
guencies centered around 1.2575GHz. It turned out thathe feed array topology and the Earth surface. On re-
at a reasonable cost-value ratio, only a reflector antennzeive, a couple of elements are used in each elevation col-
based concept can serve the requirements of a sensitiviymn to trace the emitted radar echo on ground employing
better than-25 dB at swath widths of up to 350 km. Rep- digital beamforming (DBF) techniques [4, 11, 2, 3]. Af-
resenting the state-of-the-art in communications, arrayter this elevation beamforming, the associated signals are
fed reflector antennas have found their way into upcomthen downlinked for further processing on ground.



A furtherinnovation to be realized onboard the Tandem-Ln Figure 2b an example of a receive beam after eleva-
satellites is the so called staggered pulse scheme [8]. ThH®n beamforming is shown. Both plots suggest that the
key idea is to vary the pulse repetition interval (PRI) frompatterns can be expected to vary mildly over frequency
pulse to pulse in such a way that never two consecutivevithin the main beam region. This is clearly a conse-
pulses are lost for a given range. By this it is possiblequence of the large offset.

to avoid the typical blind ranges dictated by the timing

constraints of conventional fixed-PRI SAR systems.
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These elevation column signals are downlinked for fur- -20
ther azimuth processing on ground.

(b)

3  The Tandem-L SAR Antenna Figure 2: (a) Transmit pattern versus elevation angle at
five discrete frequency points. (b) Example of a receive

In view of the challenging imaging requirements of beam pointing at near range.

Tandem-L, a large array-fed reflector antenna has been

considered as best solution. The most important geomeks schematically indicated iffigure 3 the planar feed
rical dimensions are listed ifable 2. The projected cir-  grray is composed of 32 microstrip patch elements in el-
cular aperture of the parabolic reflector has a diametegyation and six elements in azimuth. A peculiarity of
of 15 m resulting in a maximum theoretical directivity of ;g design is that always two feed elements are com-
45.9dB. In order to minimize multipath effects betweenpined to a doublet in such a way that cross-polar field
the reflector and the feed array a relatively large offset inLomponents are damped. This results in three azimuth
elevation of 9m has been chosen. rows of 32 feed doublets. Finally, always three azimuth
doublets are pre-summed using fixed weights and thereby

diameter 15m > e . . .

focal length 13.5m form a single digital elevation channel. This is motivated
offset (elevation) 9m by the fact that the staggered SAR scheme requires a rel-
azimuth elements 6 atively large pulse repetition frequency (PRF) raising the

32 need of optimized azimuth beams in order to mitigate az-
imuth ambiguities. The fixed complex coefficients;
apply on transmit as well as on receive. A potential im-
plementation of this concept might be by means of power
Table 2: Tandem-L reflector and feed array specification.dividers/combiners and different cable lengths for phase

adjustment. After reception and digitization the individ-
Figure 2a shows an elevation cut of the transmit pat- ual elevation signals are combined to a single data stream
terns at five frequency points within the 85 MHz band.in the DBF unit.

elevation elements
azimuth spacing 0.6
elevation spacing | 0.6816\




i ] sign of the filter and the consequeftd SR degradation
o g ] are provided in [9].
@% O ... E
PAH—<® e [ Ll 5 Staggered SAR Performance
] ] E
s | [ JI§  The Tandem-L SAR instruments support fully polarimet-
- alevation ® ric operation. Inthe subsequent performance analysis itis

assumed that the power of the TRMs of both polarization
Figure 3: Basic hardware architecture of the feed arraychannels can be routed to a single polarization channel,
The fixed complex weights);; shall be realized via dif-  effectively doubling the output power. Each TRM has an
ferent cable lengths and power dividers/combiners. output power of 56.6 W. Alternatively, TRMs with twice
the output power might be regarded during later phases.
As mentioned above a relatively high meBRF is re-
quired for acceptable azimuth ambiguity levels, which
4 Data Volume Reduction lie at 2600 Hz for the single- and dual-pol modes and
at2 x 2100Hz for the quad-pol mode. The respective
In order to meet typical azimuth ambiguity requirements PUlSe duty cycles are chosen to be 4% and 8% result-
a staggered SAR system needs to employ a high medRd in quite short pulses. _These _pul_s_es can be tra_cked
PRF on transmit, i.e., data are to be oversampled iRy the Tandem-L beams without significant losses, since
azimuth. This causes an increased data volume, whicihe beams are broader than the projected pulse exte_nsion.
can be, however, reduced by on-board Doppler filtering\€vertheless, the pulse duty cycle offers some margin for
and decimation [9]. This data volume reduction strat-2djustmentin case more transmit power might be needed.
egy can be better understood considering first the cadggure 4summarizes the performance in single-/dual and
of a SAR system with constamtRI. If data were just quad-pol operation. A_s beamforr_nmg technique in eleva-
decimated prior to downlink (e.g., by a factor of 2 if the tion MVDR beamforming on receive [3] has been used to
PRF is larger than twice the processed Doppler bandMaximize the sensitivity.
width), a considerable degradation of tHel SR would
occur. However, if Doppler filtering is performed before
decimation, the additional ambiguous energy due to dec- N ﬁvﬁrﬁ Ve
imation can be substantially reduced. Due to the large LT
amount of data, acquired by typical high-resolution wide- 2AV .
swath (HRWS) systems, the number of on-board opera- | N N
tions per sample has to be minimized, while avoidinga = "~ -
degradation of the impulse response. The Doppler filter- s s
ing can be therefore performed in time domain using a @) (b)
finite impulse response (FIR) filter with a relatively small
number of taps. The filter will introduce a distortion of s s TEER
the Doppler spectrum of the signal, which can be com- _ _} Ny
pensated for in the SAR processing (on ground). Ina . \V . \Mnuj/ :
stgggered SAR system, the Doppler _fllter has to be ap- . M Moenihha AN
plied to raw data resampled to a uniform PRI, but, in T Sl v VA A I
practice, resampling, Doppler filtering, and decimation pound range kon ground range,
can be also jointly performed. Each sample of the resam- (¢) (d)
pled data is obtained as a linear combination of some of
the samples of the raw staggered SAR data, while each =f=+ i e A
sample of the filtered data is obtained as a linear combi- _* N - M,\)’\M/I‘va
nation of some of the resampled data. This means that 5 .
each sample of the filtered data can be obtained directly ~ e N
as a linear combination of some of the staggered SAR - S |
data. Moreover, there is no need to compute the samples, ™ ™ swdmein @ % * growaange "
which would anyway be discarded by the decimation op- (e) ®
eration. The FIR filter can be designed as a Wiener filter, ) o ) ]
i.e., exploiting the knowledge of the power spectral dend-19ure 4: Azimuth ambiguity-to-signal ratio{ A SR) for
sity (PSD) of the useful and disturbance signals. An alterSingle-pol mode (&) and for quad-pol mode (b). Range
native to design the FIR Wiener filter is given by the mini- @mbiguity-to-signal ratio RASE) for single-pol mode
mum variance distortion less response (MVDR) or Caport€) @nd for quad-pol mode (d). Noise equivalent sigma
beamformer, where only the knowledge of the PSD of thé€r0 (VESZ) for single-pol mode (e) and for quad-pol
disturbance signal is exploited. The formulas for the deMmode (f).
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Especially the quad-pol mode with its high averdjeF’  shaped array with three individual azimuth channels.
turned out to be a design driver. Therefore, the swatliFigure 6 shows the stripmap performance (i.e. constant
width had to be halved to 175km in order to meet thePRI with range gaps) for the single-/dual-pol modes with
performance requirements. The quad-pol performanca PRF of 2600 Hz and for the quad-pol modes a?BF
proved to be best with the swath starting at an incidenof 2 x 2330 Hz. It is important to mention that only the
angle of 28.4, closer to near range. Additionally, a con- very basic MVDR beamformer has been applied here and
cept has been exploited where the cross-polarized chaneo nullsteering concepts. The goal here was clearly to
nels have been merged. By this the cross-pdldrSR ~ have a design which is inherently robust. The ambiguity
could be improved in the order of 2 dB, while the cross-performance for the quad-pol mode is only violated punc-
polar RASR and NESZ benefit by a factor of two. tually, but this might be mitigated to a certain degree by
more sophisticated beamforming techniques. Also note-
worthy is that the quad-pol mode shows an excellent sen-
6 A Hig h-Resolution Mode sitivity. This is because here the 175 km swath is acquired
using the near range beams.
So far Tandem-L is intended to acquire SAR imagery
with resolutions down to 7 m. Due to potential demands
of finer azimuth resolutions in the future also the concept
of a 3-m mode has been investigated. In principle the m'”j\

]

feed design discussed above is capable of covering the §—s{‘,

required Doppler frequency domain. This can be realized | V\ ) R
by recording and downlinking the three azimuth rows L. ZM' Vqsowm e I e )
separately and applying multi azimuth channel process- e

ing techniques [3]. However, it showed that the perfor- @) ()
mance degrades severely in near and in far range due to
defocusing effects. This motivated an optimization of the
feed array from the scratch. For this, plane waves, orig-
inating from within the desired antenna footprint, have :
been simulated. These plane waves generate, after de- ! "/,"
flection at the reflector, an electromagnetic field in the :
plane of the feed array. Then, feed elements have been
placed such that at least 80 % of the power of the incident (¢) (d)
plane wave is captured. Repeating this process for each
plane wave from within the antenna footprintfinally gives =/ \/\ \,4
the entire feed array as depictedRigure 5. This feed ; :

design shows a distinct 'bone’ shape, which can be ex- » |
plained due to the defocused fields especially in far range ~ S
(left part of the plot). Please note, that the patch elements ™}
are quadratic and only appear rectangular due to the dif- ™ ™ swwdomein @ T o
ferent scales of the axes. (e) ®
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Figure 6: Performance for the 3-m stripmap mode with

constant PRI (gaps). Azimuth ambiguity-to-signal ratio

90 (AASR) for single- and dual-pol modes (a) and for quad-
pol mode (b). Range ambiguity-to-signal ratiBA SR)

. m
30 ° for single- and dual-pol modes (c) and for quad-pol mode
i ) ““I"““““"““““““"““ g,)__— (d). Noise equivalent sigma zert&/{S7) for single- and
LT 3.0 2 dual-pol modes (e) and for quad-pol mode (f).
9.0
150 7 Conclusion

Tandem-L is an interferometric spaceborne SAR mission

Figure 5: Field distribution in the feed array plane. The With ambitious goals. In this paper some ideas and con-
patch elements are placed such that, for each incide§epts have been presented which help to realize such a

plane wave, more than 80 % of the incident power is colnext-generation SAR system. It has been shown, that the
lected. performance requirements can be met employing an inno-

vative digital feed array. Beyond that a way to implement
For the purpose of performance computation the 'bone& high-resolution mode with multiple azimuth channels
shaped feed array has been filled up to a rectanguldras been discussed.
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