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Abstract

This paper reviews advanced SAR system architectures and modes for high-resolution ultra-wide-swath SAR imaging.
The comparison includes both direct radiating array antennas and reflector-based system configurations operating in ei-
ther a single-transmit multiple-receive (SIMO) or a multiple-transmit multiple-receive (MIMO) mode.

1 Introduction

Wide unambiguous swath coverage and high azimuth reso-
lution pose contradicting requirements on the design of
spaceborne SAR systems [2]. To overcome these fundamen-
tal limitations, and to enhance the capabilities and perfor-
mance of future SAR systems, several new architectures,
operational modes and processing techniques have been
suggested that are all based on recording the scattered radar
echoes with multiple sub-apertures or feed elements (cf.
Figure 1). The signals from the sub-apertures/feeds are indi-
vidually amplified, down-converted, and digitized. This en-
ables an a posteriori combination of the recorded sub-
aperture/feed signals to form multiple beams with time-
variant adaptive shapes. The additional information about
the direction of the radar echoes can then be used to (1) sup-
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press spatially ambiguous signal returns from the ground, (2)
increase the receiving antenna gain without a reduction of
the imaged area, (3) suppress spatially localized interfer-
ences, and (4) gain additional information about the dynamic
behaviour of the scatterers and their surroundings. By this, it
becomes possible to significantly boost the performance of
future spaceborne SAR systems and missions. SAR systems
with multiple receiving channels are in the following denot-
ed as single-input multiple-output (SIMO) systems. A further
improvement can be achieved by using not only one, but
multiple transmitters that radiate distinct waveforms [13],
[25], [32]. Such systems, which have been dubbed multiple-
input multiple-output (MIMO) SAR, allow not only for an
enhanced suppression of ambiguities, but enable also new
operational modes to satisfy hitherto incompatible user re-
quirements regarding image resolution and coverage [13].
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Figure 1: SAR system concepts for high-resolution wide-swath SAR imaging. From upper left to lower right: HRWS SAR with
real-time digital beamforming in elevation and multiple Rx channels in azimuth [7], MIMO SAR with multiple azimuth channels
[13], [25], [32], ScanSAR with multiple azimuth channels [15], [20], [21], reflector SAR with multiple elevation beams [15], [19],
[22], two-burst ScanSAR with multiple elevation beams [15], and SAR with continuous PRI variation [16], [15], [27], [30].
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2 System Architectures and Modes

Regarding the architecture of SIMO and MIMO systems,
two basic configurations can be distinguished. The first em-
ploys multiple azimuth antennas and/or beams in the along-
track direction [4], while the second employs multiple
beams and/or Rx channels in the elevation direction [3]. In
principle, it is also possible to combine both techniques for
the implementation of an advanced high-resolution wide-
swath SAR imaging system [6], [7].

2.1 Stripmap SAR with Multiple Azimuth Channels

Stripmap SAR systems with multiple azimuth channels are
well suited to obtain a fine azimuth resolution over a mod-
erate swath width (e.g. | m @ 100 km). For this, the scene
is illuminated by a wide transmit beam and the radar echoes
are recorded by a long receiving antenna that is divided in
the along-track direction into multiple short sub-apertures,
each connected to an individual receiving channel. Every
sub-aperture element will then receive signals from a wide
Doppler spectrum, as required for obtaining a high azimuth
resolution. Hence, a high pulse repetition frequency (PRF)
would be needed to avoid azimuth ambiguities. Such a high
PRF can, however, be avoided by combining the signals
from the multiple displaced azimuth sub-apertures. For this,
a dedicated reconstruction algorithm has been developed
that performs a frequency dependent linear superposition of
the signals from the N ambiguous azimuth channels, each
sampled with PRF, to obtain a single unambiguous azimuth
signal, sampled with N - PRF, [11], [17]. As illustrated in
Figure 2, this multi-aperture reconstruction can also be re-
garded as a frequency-dependent null steering that sup-
presses, for each Doppler frequency, the corresponding az-
imuth ambiguities. As the minimum angular separation Ag
between the centre of a beam with maximum gain and its
corresponding nulls is given by A@ = A1/lyy;, it is only
possible to resolve mutually ambiguous Doppler frequen-
cies that exceed Afpop = 2Vq¢/A " Ap without compro-
mising the antenna gain in the direction of the desired Dop-
pler frequency. Here, 4 is the wavelength, vy, is the satel-
lite velocity and [, is the total antenna length. To ensure a
good ambiguity suppression, the PRF has therefore to be
chosen such that PRF = 2v,:/lane-

A similar improvement of the azimuth resolution can be
obtained by a SIMO SAR that employs a reflector antenna
in combination with multiple azimuth feed elements [14],
[19], [22]. Here, each feed is associated with a narrow beam
that records a small portion of the total Doppler spectrum.
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Figure 3: Timing for a satellite height of hy,; = 700 km and a
duty cycle of A gy, = 10%.
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Figure 2: The azimuth ambiguity suppression in the range-
Doppler domain can be regarded as digital beamforming on re-
ceive where for each considered Doppler frequency f, a narrow
beam with high gain is steered towards the direction of f and, at
the same time, a set of nulls are steered towards the corresponding
azimuth ambiguities at f + i- PRF. By repeating the beam-
forming for each desired Doppler frequency f, a broad azimuth
spectrum can be recovered without ambiguities from the recorded
multi-channel SAR data [11], [17], [22], [28], [29], [38].

By combining the signals from the multiple azimuth feeds,
a wide Doppler spectrum can be recovered. This can, e.g.,
be achieved by employing, for each Doppler frequency, a
linear constraint minimum variance (LCMV) beamformer
to suppress the corresponding azimuth ambiguities [22]. As
this ambiguity suppression performs essentially a null-
steering, it is equivalent to the aforementioned multi-
aperture reconstruction algorithm, and can, if necessary, be
easily extended to other beamformers [28], [29], [38].

A drawback of the stripmap configuration with multiple
azimuth channels is the very long antenna that is required to
map a wide swath. As an example, we consider a swath
width of 400 km which allows for a weekly global revisit.
Assuming a 700 km orbit and an incident angle above 25°,
the maximum PRF is in the order of 425 Hz (cf. Figure 3).
The required antenna length can be computed as l,,;; =
2V¢4:/PRF, which yields for PRF = 425 Hz and vy, =
7.5 km/s a minimum antenna length of {,,,; ® 35 m. To
achieve an azimuth resolution of, e.g., §,, = 3 m, the re-
quired number of azimuth channels would be N,, > 6. It
may be challenging and costly to deploy a planar array an-
tenna with a length of [,,,; = 35 m in space.

2.2 MIMO SAR with Multiple Azimuth Channels

A possible technique to reduce the antenna length is the op-
eration in a MIMO-SAR mode where the leading and trail-
ing edges of the antenna are used to simultaneously transmit
two orthogonal pulses [13], [25], [32]. As illustrated in Fig-
ure 5, this allows for the acquisition of additional phase cen-
tres for each transmitted pulse pair. As the resulting phase
centres cover, if compared to the approach of Section 2.1,
twice the azimuth interval this enables, for the considered
swath width of 400 km, a notable reduction of the antenna
length from Iz, = 35m to lgne ~ 20 m." Such a value is

-\ comparable improvement can be achieved by multi-
dimensional waveform encoding in azimuth where the full anten-
na length is used to illuminate a wide Doppler spectrum via a set
of narrow azimuth beams that transmit, e.g., a sequence of sub-
pulses [13], [23], [31]. This implementation is also well suited for
a reflector-based system with multiple azimuth feeds [14].
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Figure 5: Additional phase centres provided by a MIMO SAR
for high-resolution wide-swath SAR imaging. (Top) azimuth
phase centres for a SIMO SAR where multiple displaced sub-
apertures record the radar echoes from a single transmitter (cf.
[4]). (Bottom) MIMO SAR where the left and right sub-
apertures transmit short-term shift-orthogonal (STSO) wave-
forms that can be separated by digital beamforming on receive
in elevation. The MIMO SAR provides, for each transmitted
pulse, more phase centres and covers therefore a wider span of
the synthetic aperture. Hence, a lower PRF can be used which
allows for the mapping of a wider swath.

much closer to the 15 m antenna length that has already
been deployed in orbit for Radarsat-2, but it is still consid-
ered a challenge and cost driver. Moreover, a sufficient an-
tenna height h,,,; has to be provided to separate the short-
term shift-orthogonal (STSO) waveforms by digital beam-
forming in elevation [13], [23], [25], [31], [32]. Assuming
that the two waveforms keep their orthogonality for an in-
terval of Atgrgo = 200 us (i.e. 8.5% of the pulse repetition
interval for a PRF of 425 Hz) as well as an orbit height of
hsqe = 700 km and a maximum incident angle of 6; ;;,45,, =
50°, the required antenna height is approximately 10 m in L
band, 2.5 m in C band, and 1.4 m in X band (cf. Figure 4).
The antenna height could in principle be reduced by in-
creasing Atgrgp, but this would be in conflict with the re-
quired swath width and the timing diagram.

To summarize, the proposed MIMO SAR may be an in-
teresting candidate for an X- or C-band system if a very
high resolution in the meter or even decimetre range is re-
quired over a swath width in the order of 200-300 km. Such
a system allows for a transmit PRF above 600 Hz, and
therefore a reduction of the antenna length to 12-15 m. The
required antenna height depends on the STSO interval and
therefore on both the timing diagram and the swath width.
As a first approximation, antenna heights in the order of
1.5 m and 3 m should be sufficient in X and C band, respec-
tively, to map a 250 km wide swath if an advanced range
ambiguity suppression technique like CEBRAS is em-
ployed to separate the STSO waveforms [35].

2.3 ScanSAR with Multiple Azimuth Channels

Another possibility for high-resolution ultra-wide-swath
imaging is the multi-channel ScanSAR (or TOPS) mode
that is illustrated in Figure 1 on the upper right.” This mode
employs multiple azimuth channels to achieve a high reso-
lution in the along-track direction and, in addition, a Scan-

2 Such a high-resolution ScanSAR mode can also be implemented
with a reflector-based system that employs multiple azimuth feeds
which are connected to separate receiving channels.
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SAR operation to map a wide swath with a moderate anten-
na length [15], [20], [21]. Assuming an antenna length of 12
m, the minimum PREF is in the order of 1.25 kHz. A timing
analysis reveals that at least 4 bursts would be required to
cover a 400 km swath without nadir returns. The azimuth
resolution of a conventional single-channel ScanSAR
would then be 6., > (Npyrse + 1) * lane/2 = 30m. To
achieve an azimuth resolution of, e.g., §,, = 5 m one may
employ multiple azimuth channels, where the minimum
number of channels is Ny, > lgn: - (Npurse + 1)/(26,4,)
[15]. Hence, at least 7 channels will be required, and a more
detailed ambiguity analysis using the exact shape of the Tx
pattern may result in even a higher number of azimuth
channels. Further challenges arise also for the multi-
aperture processing due to the varying target Doppler spec-
tra together with the required variation of the PRF values
that may, at least for some bursts, result in a significant de-
viation from the optimum uniform sampling [20].

The previous analysis revealed that the mapping of a
wide swath with a reasonably short antenna may require a
rather large number of bursts. In consequence, significant
variations of the Doppler centroids will be observed for dif-
ferent along-track positions within the SAR image. The cor-
responding squint angles cover an interval that may be ap-
proximated as AY = (Npypse + 1) *A/28,,. Assuming,
e.g., an L-band SAR with 5 m azimuth resolution and 4
bursts, this yields a squint angle variation of Ay = 6.8°.
The high squint angles and their variations during the SAR
data acquisition may have several detrimental implications
for SAR imaging and SAR interferometry. Examples are a
rather large range cell migration, significant variations in
the line-of-sight angle for deformation and target motion
measurements [26], as well as discontinuities among the
burst transitions due to atmospheric propagation effects.
Especially for low frequency SAR systems, the latter may
become an annoying error source, as it has, e.g., been
shown in [34] that already rather small variations in the
look angle may be associated with significant ionospheric
phase disturbances. As such effects have already been ob-
served at the burst transitions of TOPS acquisitions with
TerraSAR-X and Sentinel-1A [39], and as these effects in-
crease with both the wavelength and the squint angle differ-
ence, they may become challenging for future low frequen-
cy high-resolution ultra-wide-swath SAR systems that in-
tend to use the multi-channel ScanSAR mode with its
inherently large squint angle variations.
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Figure 4: Minimum antenna height for L (green), S (yellow),
C (red), and X (blue) band. The maximum incident angle is
0; max = 50°, and the satellite height is h;,, = 700 km.
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2.4 SAR Systems with Multiple Elevation Beams

The system architectures discussed in Sections 2.1 to 2.3
used essentially multiple azimuth channels to resolve the
contradicting requirements between azimuth resolution and
swath width. In addition, it was implicitly assumed that these
systems use also the scan-on-receive (SCORE) or Sweep-
SAR technique which employs an enlarged elevation aper-
ture in combination with real-time beamforming on receive
to obtain a high antenna gain towards the expected direction
of the arriving radar echoes [1], [5], [7], [9], [18]. As the
scan-on-receive technique requires anyway multiple eleva-
tion channels, it may be worth to consider also SAR systems
that form from the received sub-aperture or feed signals not
only one but multiple elevation beams at the same time [3].
An example for such a system is illustrated on the lower left
of Figure 1. The system illuminates a wide swath with a high
PREF as required to obtain a fine azimuth resolution. In con-
sequence, the radar echoes from multiple transmitted pulses
will arrive simultaneously at the radar. In a conventional
SAR, these echoes would be regarded as annoying range
ambiguities, but by taking advantage of the high receiving
aperture and the multiple elevation channels one may form
not only one but multiple narrow elevation beams, each fol-
lowing the radar echo of a different transmitted pulse. By
this, it becomes possible to map multiple swaths at the same
time. The individual swaths are, however, separated by blind
ranges, as a spaceborne radar can typically not transmit and
receive at the same time. Several options to avoid such gaps
in the SAR image will be discussed in the following sec-
tions. If compared to systems with multiple azimuth aper-
tures, systems with multiple elevation beams may have the
following benefits:

* Only a single azimuth channel is required to map a wide
image swath with high azimuth resolution. This avoids
the duplication of hardware for multiple azimuth channels
and can therefore significantly reduce the system com-
plexity, power demands, mass and costs.

A wide image swath can be mapped using neither a long
antenna nor the ScanSAR mode with its possible chal-
lenges due to the high squint angle variations.

SAR systems with multiple elevation beams may lead in
many cases to a compact antenna architecture where the
antenna height and length are well balanced. This sup-
ports the employment of alternative antenna types by re-
placing, for example, a long direct radiating array with a
circular reflector illuminated by a digital feed array.

The use of a single azimuth channel supports the em-
ployment of advanced on-board data compression tech-
niques [36], while a system with multiple azimuth chan-
nels may first need a reconstruction of the unambiguous
SAR signal from all azimuth channels.

A main challenge for the implementation of a multiple
swath SAR system is the suppression of range ambiguities
and nadir echoes. While range ambiguity suppression in a
conventional SAR benefits from the combined two-way
transmit and receive antenna pattern, it has now to be per-
formed by relying solely on digital beamforming on re-
ceive. An interesting technique to support this objective is
the hybrid on-board/on-ground beamforming approach
CEBRAS, which allows for an efficient suppression of
range ambiguities also in case of non-ideal antenna patterns,
pointing-errors and topographic variations [35].

.
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Figure 6: Two-burst ScanSAR with multiple elevation beams
and slow PRI variation. Top: Illustration of burst positions for
different slant ranges. The dark green area shows the extension
of the 3-dB antenna footprint in azimuth. Bottom: Exemplary
parameters for the corresponding C-band SAR system.

A further challenge may arise for the suppression of nadir
echoes. Here, a reflector-based system could have the ad-
vantage to reduce the illumination in the nadir direction,
thereby avoiding possible saturation effects in the relevant
receiver channels that might arise in case of very strong na-
dir returns. The strength of the nadir signal can further be
reduced by a careful design of the Tx antenna pattern and, if
necessary, an appropriate adaptation of the scan-on-receive
technique by steering a fixed null towards the nadir direc-
tion (either on-board in real-time or a posteriori with CE-
BRAS via the acquisition of some extra radar echoes via a
fixed nadir beam). An additional improvement can be
achieved by varying the waveforms among the transmitted
pulses which allows for a spread of the nadir energy in the
range-focused echoes. A further option is a variation of the
pulse repetition interval (PRI) which will be discussed in
more detail later in this chapter.

2.5 Two-Burst ScanSAR with Multiple Elevation Beams

In Section 2.3 we discussed a high-resolution ScanSAR
mode with multiple azimuth channels. A possible drawback
of this mode may be the rather high variation of the squint
angles that are, especially for low frequencies, required to
map with a compact antenna an ultra-wide swath with high
azimuth resolution. The squint angle variation can, howev-
er, be mitigated by reducing the number of bursts. Such a
reduction becomes possible by using not only one but mul-
tiple elevation beams at the same time. In this case, two
bursts with slightly different PRFs are, in principle, suffi-
cient to map an ultra-wide swath if it is possible to suppress
nadir echoes by digital beamforming on receive (cf. illustra-
tion in the lower middle of Figure 1).
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The use of multiple elevation beams favours the use of
more compact antennas with less azimuth channels. As an
example, consider a system with a single azimuth channel.
To achieve an azimuth resolution of, e.g., §,, = 5 m with
two bursts, the antenna length should be in the order of
lane = 3 m. To avoid azimuth ambiguities, the PRF has
then to be above 5 kHz. Assuming again an orbit height of
heet =700 km and a maximum incident angle of
0; max = 50°, the minimum antenna height to separate the
pulses from the different swaths is in the order of 10 m in L
band, 2.5 m in C band, and 1.4 m in X band (cf. Figure 4).

The required antenna height can, of course, be reduced
on the cost of an increased antenna length by employing not
only one but multiple azimuth phase centres. For example,
two azimuth phase centres may allow for a more compact
L-band antenna configuration by reducing in the previous
example the minimum antenna height from 10 m to 5 m
while increasing the antenna length from 3 m to 6 m. Such
a system could also be well implemented by a reflector-
based configuration that employs a digital feed with multi-
ple elevation and azimuth channels [22].

2.6 Two-Burst ScanSAR with Slow PRI Variation

An inherent peculiarity of the multiple-beam ScanSAR
mode is the constant burst length for all sub-swaths. As a
result, the azimuth resolution will vary with range. The per-
formance of the two-burst multiple-elevation-beam Scan-
SAR mode can be improved by using additional PRF values
or even a slow continuous variation of the PRF during the
target exposure time as illustrated in the lower right of Fig-
ure 1. An example of such a system is sketched in Figure 6,
where we consider a periodic linear PRF increase from 5000
Hz to 5145 Hz which shifts the blind ranges smoothly across
the swath. For each range, one obtains then a contiguous
burst which is longer than that for the twin PRF case. The
SAR focusing of the individual bursts requires, however, a
(simple and straight-forward) interpolation of the azimuth
raw data to a uniform sampling interval.

2.7 Staggered SAR

Sections 2.3 to 2.6 used burst modes to map an ultra-wide
swath with a compact antenna. An alternative is a stripmap
mode with multiple elevation beams. Here, the emergence
of blind ranges can be avoided by a fast variation of the PRI
as originally suggested in [16], [15] and elaborated in detail
in [27], [30]. This staggered SAR mode has also been se-
lected as baseline for Tandem-L, which uses a deployable
reflector with a diameter of 15 m in combination with a dig-
ital feed array [33], [42]. Figure 7 shows, as an example, the
range and azimuth ambiguities for an L-band staggered
SAR that covers a 400 km wide swath with an azimuth res-
olution of 5 m. The system has an excellent performance
where the ambiguity-to-signal ratio is always below -25 dB.
The NESZ varies between -32 dB and -25 dB in near and
far range, respectively, assuming a peak transmit power of
5.3 kW and a pulse duty cycle of 6%, which corresponds to
an average radiated power of only 320 W. A challenge of
staggered SAR is the required azimuth oversampling which
implies a high mean PRF and therefore a high data rate. To
overcome this problem, a new on-board data compression
technique has been proposed which allows for an efficient
data reduction that even excels that of conventional SAR
systems in terms of the required bits per image pixel [36].
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Figure 7: Range (left) and azimuth (right) ambiguities for an
L-band staggered SAR system employing a 15 m reflector with
a 7.15 m x 0.86 m offset feed to cover a 400 km wide swath with
an azimuth resolution of S m. The feed has 50 digital elevation
channels, each combining signals from 6 azimuth patches.

2.8 Staggered SAR with Multiple Azimuth Channels

The staggered SAR mode is a promising solution to map an
ultra-wide swath with an azimuth resolution in the order of
642z = 5 m which requires an effective aperture length in
the order of l;,,; = 10 m. A very high azimuth resolution in
the order of §,, = 1 m or below would, however, require a
rather short antenna in combination with very short pulse
repetition intervals of less than 0.1 ms to avoid azimuth
ambiguities. Hence a very high antenna would be required
to suppress range ambiguities and the associated narrow
elevation beams may affect the SAR performance due to
topographic variations, attitude errors, etc. Such problems
can be avoided by adding again additional azimuth aper-
tures or feed elements in the along-track direction. A new
processing technique is, however, required to combine the
staggered SAR mode with an antenna architecture that
comprises multiple azimuth channels. Such a technique has
been developed in [43] for a reflector-based system by tak-
ing advantage of the phase centre shift technique from [37].
A similar approach can also be applied for a planar stag-
gered SAR system with multiple azimuth channels. Such a
system is well suited for future missions that shall map ul-
tra-wide swaths with very high azimuth resolution.

3 Discussion

This paper discussed several SAR system architectures and
modes for high-resolution ultra-wide-swath SAR imaging.
Systems with multiple azimuth apertures need either a pret-
ty long antenna or an operation in a multichannel Scan-
SAR/TOPS mode to obtain a wide swath. Multi-channel
ScanSAR may face challenges for low frequency SAR sys-
tems, as it implies a rather high variation of the squint an-
gles. An alternative are SAR systems with multiple eleva-
tion beams. Here, a systematic variation of the pulse repeti-
tion interval in either a two-burst ScanSAR or a staggered
SAR mode is a promising technique for ultra-wide swath
SAR imaging. Finally, the combination of staggered SAR
with multiple azimuth channels poses great potential for the
imaging of ultra-wide swaths with very high azimuth reso-
lutions and without blind ranges.

A further option for high-resolution wide-swath imaging
is a distributed SAR [8]. Here, a bistatic SAR allows for the
simultaneous pulse transmission and reception thereby
avoiding the blind-range problem in a multiple elevation
beam SAR [10]. Additional opportunities arise in reconfig-
urable fully-active SAR systems which may serve several
purposes like along-track and cross-track interferometry
and tomography in concert with ambiguity suppression for
high-resolution wide-swath SAR imaging [12], [24], [40],
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[41]. An appropriately designed MIMO-SAR system with
N fully-active satellites may, for example, achieve a per-
formance gain of N2 if compared to a gain of N for a con-
stellation of N independently operated satellites. This gain
is due to the fact that each satellite collects the transmitted
signal energy from all other satellites. Moreover, if com-
pared to a monostatic MIMO SAR, the separation of the
multiple STSO Tx signals is alleviated as the whole PRI
interval can now be exploited for signal transmission. This
supports the use of smaller satellites.
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