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Abstract

SAR instruments with multiple transmit/receive channélevafor a variety of operation modes. The trade-space
includes the instrument and antenna parameters desigresthbide various techniques (operation modes). These are
utilized to achieve a required SAR performance derived ftoenmission and user requirements. Finding a solution
in this multi-dimensional trade space of inter-dependenameters is not trivial and often involves the compromfse o
parameters. This paper addresses the topic of SAR instiuaesign tailored to a set of operation modes. It explains
the SAR techniques and reports the performance highlighgossible compromises between techniques and system
efficiency.

1 Introduction 2 System Requirementsand Trade-

Space Parameters

Single-channel SAR sensors operate within a trade-space
subject to the “fundamental limitation” limiting simulta-
neous wide swath coverage and high azimuth resolutio
Utilizing full polarimetry or interferometry typically re

The most relevant system and performance parameters

r}br the L-band SAR considered in this paper are shown

sults in further performance degradation. Currently,etsherIn Flgure 1 Here the syst_em parameters *??S'C‘f""y de-
scribe the instrument both in terms of quantities fixed by

is a clear trend towards multi-digital-channel systems; ex o svstermn desian such as antenna dimensions. and pa
amples are TerraSAR-X (two channels as a by-producq1 Y 9 ' P

of the redundancy concept) ARARSAT-2 for ATI ap- rameters wh.i(_:h can be alter'ed during operation (e.g. the
plications, ALOS-2 to increase the azimuth resolution.Pulse Repetition Frequency: PRF).

This step towards multi-channel SAR instruments markd'he system parameters will be altered for the various im-
a paradigm change as a consequence of research activifiementations considered later, however, to allow for a
results in the last decade. The main innovative characfair” comparison (and to limit the trade space dimen-
teristic of forthcoming generations of SAR systems is thesion), three system parameters will be fixed. As shown in
use of multiple elevation and/or azimuth receiver chanFigure 1 these are the center frequency, total average Tx
nels combined with digital beamforming (DBF) capabil- power, and orbit height (resulting, for the chosen swath
ity [1, 2, 3]. This allows for the synthesis of multiple or width of 400 km in an incidence angle range fraa° to
dynamic digital receiver beams. Further, multiple trans45°).

mit channels are being suggested as an extension to DBF
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ters describing the system and the performance and show
how they can be traded by virtue of system examples'.:'gure 1: Relevant system and performance parameters

The instrument description remains at a conceptual levdP” SAR. These parameters can be optimized using dif-
to avoid irrelevant technical details. ferent MIMO techniques (modes).



The performance parameters are used to describe hodtl Single Swath Stripmap Mode

good the system actually is. The limiting values of a

sub-set of the performance parameters are usually derivé?dStr"’“ghtforw‘"‘rd approach to reach the required swath

from the mission requirement, as is the case for the amydth and azimuth resolution is shown fiigure 2b and

biguity level. Others may simply be a result of the Sys_consists_ofdime_nsior_li_n_g the Rx antenna so as to yield the
tem parameters, such as the range resolution assumirzﬁath width while utlllz!ng Multiple Az|muth C_hannels
here, that the chirp bandwidth is fixed. The actual value ACS). to reach the azimuth resolution. By this the res-
of the performance parameters result from a model- 0?Iqun is decoupled from the total antenna length. The

simulation-based system analysis and obviously depen%VStem parameters are obtained by determiningié

on the system parameters. To achieve the desired pe\fy:h'Ch allows imaging v, = 400km swath. This

formance, various “MIMQO” techniques might be used.glVeS430 Hz when using the approximation

Thus, for example the data rate (performance) depends PRF < ‘o (1)
on the system (chirp bandwidth) but also shows how effi- T 2Wy sinm;
ciently the system is operated (techniques). wheren; is the incidence angle ang the velocity of

The emphasis of this paper is on the various SARight. The total antenna length is determined according
techniques, depicted ifigure 1, that can be utilized to the condition of uniform azimuth sampling [2]
for multi-channel instruments to yield a desired perfor-

i 2vsa
mance. To demonstrate this, we first aim at determin- L}‘:E}'Ef = PR}; (2)
ing the antenna size of a single-channel SAR that ful- ) ) |
fils the swath and resolution performance when operatefnich vields a considerable value dfr, = 34m!

in stripmap mode.Figure 2a illustrates the interaction Knowing that the individual azimuth element must cover

between system and performance parameters. A systemPOPPler bandwidth corresponding to the azimuth reso-
that achieves an azimuth resolutionsah has, e.g., only lution (or just applying the known approximation for the

a swath width of less thant0 km. Similarly, trying to ~ @Zimuth resolutiony,. = L, /2N) leads to a number
increase the swath width leads to a worsening of the az¥ = 4 of azimuth channels. _
imuth resolution. The reason can basically be traced back’® dimensions of the Tx antenna are set so as to illu-
to Shannon’s sampling theorem. This shows that the rgninate the whole swath in elevation and the necessary

quirement simply cannot be met with a conventional SARPOPPIEr bandwidthBp = vsat/d4. in azimuth. The re-
in stripmap mode. sulting Tx antenna of2m x 0.8 mis relatively small, so

to compensate its low gain the Rx antenna height can be
increasedif the SCan-On-REceive (SCORE) [5, 6] tech-
) ) o~ A& -~ nique is used, which requires multiple elevation channels.

B (e ) ( e ) ( ) ( gl ) g The performance parameters of the system are quite good

v ' as shown inFigure 3. The azimuth ambiguity level is
constant at-26 dB. The NESZ follows the shape of the
wide transmit pattern [8].

However, such a system can practically not be realized
performance parameter
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Figure 2: Improving the azimuth resolution causes dif- ™
ferent parameters interactions depending on the system. g
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_ ) ) _ Figure 3: Performance of single swath stripmap system
In this section various SAR instrument and antenna Opéhowing the range-ambiguity-to-signal ratio (RASR) and

tions are investigated. The presented system deSig%ise-equivalent sigma-zero (NESZ) vs. ground range.
should be understood as conceptional in the sense that

further optimization would improve performance by sev-

era_l dBs. Hovyever, here the ip_tention is to show how th%'z Single Swath Sub-Pulse Mode

various techniques can be utilized and to report on their

system efficiency, which is a measure understood here &s possibility to reduce the antenna length of the previ-
an indication of how efficiently the system resources areus system to approximately half is to use sub-pulse tech-
used to achieve the required performance. niques [9]. The basic idea is to illuminate the wide swath

lup to a size where the pulse extension loss becomes rel&jant [



by two sub-pulses from two different azimuth positions I
by using two Tx antennas. Adding the second Tx an- _g-ffirittg o
tenna [10, 11] allows the system to be operated such tha _.; ]
two pulses are transmitted within each Pulse Repetitior g«
Interval (PRI) where typically each sub-pulse is delayed ™
by a small fraction of the PRI with respect to previous

one as shown ifrigure 4. o
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= o~ 0(__* A uth Note that the SAR system described here is truly

a MIMO SAR utilizing both multiple-transmit and
multiple-receive channels.
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Figure 4: Two sub-pulses showing that the position of
the spatial samples depends on the Tx antenna separati8id3 M ulti-Azimuth ScanSAR

and the PRI. ]
Alternatively the ScanSAR burst mode may be used to

Doub”ng the number of Tx pu'ses within the same timeCOVer the W|de SWath Wh|le Ut|I|Z|ng multlp|e aZimuth
interval consumes twice the power [9], but the num-channels (MACs) for the required azimuth resolution
ber of received samples per PRI (i.e. the spatial samH 2], as has been suggested within the Sentinel-1 follow-
pling) is doubled which, here, allows reducing the Rx an-0n Study [13]. A straightforward approach would adopt
tenna length to half the values given by (2), ilg;, = the C-band system parameters, which remain the same in
Luit/o — 17.4m. The spatial distance between the@zimuth due to the beamwidth to Doppler frequency scal-
azimuth Samp'es of the two Sup_pu'ses is main|y deteri.ng, Wh||e the antenna hEIght W0u|d need to be increased
mined by phase center separation of the Tx antenna8y & factor of 4.3 (C-band to L-band center frequency
Uniform sampling is achieved wheA;, = Lg./2, ratio). Here, an alternative design is presented which re-
which, for a single Tx/Rx antenna aperture, requires thagults in an Rx antenna dimensionitf.2m x 2.8m and

the length of each Tx antenna be, = Ly, /2 = 8.7m. 8.azimuth channels. As shown in Fhe timing diagram of
The echo signals of the two sub-pulses arrive at nearl{f!9ure 62 the system is operated imy..s; = 4 bursts,

the same time at the receiver. To separate the two echo¥41ich is the minimum number needed if nadir echoes are
multi-SCORE is utilized here, where two receive beamd@ken into account by the timing consideratitins

are generated, each one maximized to the direction of ar-

rival of one sub-pulse while suppressing the energy of N I
the other [10, 11]. The Rx antenna heidl, required ' b
to place a pattern null at the interfering sup-pulse is com-

puted according to [3]:

2\r tann;
Hpy = ——— 3)
CoAT
ground range at 0 Doppler [km]
wherer is the slant range and\r is the time delay  (a) Timing Diagram (b) NESZ

le [d

between the the start of the two sub-pulses, respec- T T
tively. Taking a single sub-pulse duty cycle ®% gives i T e M Y
E— ] 20 =

Hpg, = 13.4m necessary to suppress the pulses at far «——_ . ———— 1
range (worst case). g

The SAR performance is shown Figure 5 in terms of %t \ E
the NESZ and Doppler pattern. The azimuth performance | ]
is comparable to the previous single-swath stripmapsys- [ T
tem, although here a total of 3 azimuth channels are Uset = e ssbomer o™ T R NS
(this effectively increases the azimuth sampling since it(c) AASR (d) RASR

corresponds to 6 samples per PRI, whereas the previous

system had 4 samples per PRI) to compensate for thelgure 6: Timing diagram and SAR performance of the
shorter Tx antenna length. 4-burst ScanSAR MACs system.
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2An alternative 3 burst operation would result in a somehanilar antenna size but require only 6 azimuth channels. iBhas the expense of
having to suppress the nadir echo through elevation beamitfg techniques.



Figure 6b shows that the NESZ variation within the Here the receive antenna dimensions are chosen to be
swath is smaller compared to the previous modes, which.8 m x 5.5m. This mode gives some flexibility in de-
is aresult of the reduced sub-swath width. However, thereiding on the antenna dimensions as long as the mini-
is a Doppler dependent variation (known as scallopinginum antenna area does not go below a critical values.
which is indicated by the different curves showing (for If, for example, the antenna height is increased the range
each ground range position) the performance at the centambiguity suppression will improve allowing an increase
and max/min Doppler frequency. The range performance the PRF, which in turn allows to reduce the antenna
is acceptable but for the extreme far range of the swathgngth. Here, the number of azimuth channeld/is= 3,
nevertheless it is believed that a pattern optimization cawhich is determined by the length of the antenna ele-
yield the required performance, i.e. the antenna height imment (corresponding to one channel) necessary to cover
sufficient to allow for ambiguity suppression. the system Doppler bandwidth
The burst mode operation has some advantages. SinT#e azimuth performance, digure 7b, is good, mainly
only part of the swath is illuminated for each burst, thedue to the oversampling effect. It is seen that the even
power density can be increased taking advantage of theumbered sub-swathes have a worse performance; this a
high gain Tx antenna (assuming a Tx/Rx antenna configresult of the different PRF values, which, according to
uration with TRM), this more or less compensates the re¢2) result in an operation at %% non-uniform azimuth
duced power density due to the wider illumination in az-sampling [15]. The elevation performance shown here
imuth. For the same reason the PRF can be increased airdterms of the range-ambiguity-to-signal ratio (RASR)
by this the total antenna length reduced. The ScanSARoes not satisfy the requirement, as seen fRogure 7c.
mode is suitable for interferometric applications [14]. Nevertheless, the antenna heights0§ m is considered
The disadvantage is somehow the required increase guifficient for ambiguity suppression if a dedicated beam-
the covered Doppler bandwidth by a factoraf,..: +1,  forming technique is used. FroRigure 7d it is seen that
which at the end results in a reduced Rx antenna gain duge angular separation between the pattern nulls are such
to the larger azimuth beamwidth. In total, the ScanSARnhat they could be positioned at the two nearest ambigui-
mode has an acceptable system efficiency. ties. Two techniques could be utilized here: suppressing
(pattern nulls) the range ambiguities [16], a task which
3.4 Multi-Azimuth Multi-Elevation Two s somehow complicated since the ambiguity suppression
Burst ScanSAR strongly depends on _the posmqn c_)f_ the null, and more-
over the angular position of ambiguities change from near
An alternative technique to cover a wide swath is theto far range. Another opportunity is to realize that the
two-burst ScanSAR mode. Here multiple sub-swathesmbiguities for one sub-swath are actually signals for the
are imaged simultaneously taking advantage of DBF onethers, which are measured. This is the principal idea of
receive. To fill the gaps occurring due to the transmitthe CEBRAS method [17] of a posteriori removal of the
instances, a burst mode operation is utilized, for which(known) range ambiguities.
two PRFs/bursts are sufficient to fill (¢figure 7a). The advantage of this mode is that it needs only two
bursts. On the other hand there are two main disadvan-
denco e e tages which reduce the system efficiency. One is that
Pt T e the number of channels is higher than what is needed to
reconstruct the instantaneous Doppler bandwidth, which
effectively increases the data rate. The second disadvan-
tage is that the transmit beam illuminates the complete
swath, although only part of it (approximately the half) is
imaged for each burst; this increases the required power.
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: & ' 2 and is explained in the following starting from lower

EIE AN 111 /1 left. The limiting factor for the swath is a timing issue

constraint by the available echo window length. Multi-

I SCORE technique can be used to increase the swath

- R N T e et 7" width; here multiple digital beams are generated, each

(c) AASR (d) RASR tracking the ground echo of —otherwise— ambiguous sig-
) o ) nals. However, the total wide swath will contain gaps.

Figure 7: Timing diagram and SAR performance of the 14 gyercome this, the pulse-to-pulse interval is varied

2-burst ScanSAR MACs system. over time [3], a technique known as staggered PRF. This

3The system Doppler bandwidth corresponds the azimuth bétmilluminated by the transmit antenna, whereas the rettocted Doppler
bandwidth, which is smaller than the system bandwidthdgi¢he azimuth resolution.

RASR [dB]
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