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Abstract

FScan has recently been proposed by Airbus DS as an appealing option to implement high-resolution wide-swath (HRWS)
spaceborne SAR imaging [1]. The concept uses the fanning-out beam pointing characteristic of phased array antennas
operated at high bandwidth in a favorable way to steer the beam over a much wider swath as the nominal beamwidth
would correspond. This paper treats the transmit pulse chirp length as a trade-off parameter and consequentially derives
two variants of the FScan modes. The consequences on echo window length and the benefits of dedicated onboard pro-
cessing for data volume reduction are discussed. In this context, the advantages of using a transform domain BAQ are

pointed out.

1 Introduction

Present day spaceborne SAR sensors use the ScanSAR and
TOPS modes to perform wide swath imaging of 100-400
km at rather modest azimuth resolution of 10 m to 40 m.
Future high-resolution wide swath (HRWS) sensors are de-
signed to overcome this limit by implementing new opera-
tion concepts like SCORE [2] and/or multiple azimuth
phase centers (MAPS) [3]. Optionally, the echoes of sev-
eral beams may be received in parallel, covering the wide
swath in an effective way without relying on bursts. To cir-
cumvent blind ranges corresponding to transmit pulse
events, variable PRI settings may be operated, as e.g. in the
staggered SAR [4] or slow PRI variation modes. Future
SAR sensors will also be able to provide very high resolu-
tion in the sub-meter range. The inherent very high band-
width can alternatively be used to facilitate wide swath
mapping [1], [5]. The multi-frequency sub-pulse (MFSP)
mode proposed in [5] uses sub-pulses within the same PRI,
occupying disjoint range frequency bands to simultane-
ously image multiple sub-swaths. In contrast, the FScan
mode illuminates a wide swath with a continuously chang-
ing center frequency. Here, the proper selection of the chirp
modulation allows for a drastic reduction of the echo win-
dow length [1], at the expense of potentially large chirp du-
rations. This trade-off is discussed in the first part of this
paper. The second part introduces a concept for improved
onboard data volume reduction based on transform domain
block adaptive quantization (BAQ), named block-fre-
quency BAQ, BF-BAQ. Dedicated simulations are con-
ducted which verify the validity of the proposed approach.

2 Chirp Length Dependency

In FScan mode, the chirp length can be treated either as a
pure input determined by traditional trade-offs between in-
strument duty cycle and desired noise equivalent sigma
zero (NESZ) or it can be considered as a FScan design pa-
rameter to ensure the relevant high SNR contributions
across the whole swath to arrive at the receiver quasi sim-
ultaneously (see Figure 1). This section describes the basic

dependency between the chirp length and the swath width
and discusses its implications.

2.1 Time Frequency Diagrams

In Figure 2, the time-frequency diagrams of stripmap and
FScan modes are presented for comparison, illustrating the
potential for echo window length reduction. The grey area
represents the time frequency support of one range line. For
better clarity of the concept, the change of the center fre-
quency is assumed proportional to travel time/slant range,
even though this is not perfectly true in practice, and an
additional modulation is present also due to topography.
However, this non-linearity is absorbed by the over-
sampling of the radar.

For minimizing the echo window length, the radar system
must operate with very large chirp lengths, proportional to
the intended swath width (fully overlapped FScan mode):
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Figure 1 The FScan principle: different targets across the
swath are illuminated by different frequencies, whilst ech-
oes arrive simultaneously at the antenna.


scheiber
Textfeld
This is a preprint version. The final version of the manuscript can be found under https://ieeexplore.ieee.org/document/9472730


fr [MHZ] W near range target
® mid range target
®m far range target

,,,,,,,,,,, 5 L
Bry ,I, r /-  [usec];
i Bry = Bimg i 7{;[[’:1_7’:31;’]
Tswath
Tewl
(a) stripmap mode
£.(MHz]
Kpscan = inf
B
ik >L rrrrrrrrrrrrr T [usec];
I Blmg / r[km]-
Oldeg]
Tewl
Tswath

(b) fully overlapped FScan mode
fr[MHz]

el

g
5 szcan

Tx BJ’ i T [usec];
img r[km];
 6ldeg]

Tewl

Tswath

(c) fixed chirp length FScan mode

Figure 2 Time-frequency diagrams of near, mid and far
range targets in stripmap (a) and FScan modes. The mini-
mization of the echo window length is achieved with large
chirp length: fully overlapped FScan mode (b), whereas
a trade-off exists between chirp length and echo window
length: fixed chirp length FScan mode (c).

where Ty q:p 15 the desired swath width (converted to two-
way travel time), By, is the bandwidth of the transmitted
chirp and B;p,4 is the fractional part of it, determined by
the Fscan operation of the sensor/antenna, and directly re-
sponsible for the range resolution of the SAR image. The
echo window length is Tey,; = Bimg/k;, with k,. the mod-
ulation rate of the chirp. This mode is illustrated in Figure
2(b), whilst the stripmap case is shown for comparison in
Figure 2(a).

Alternatively, if such large chirp durations 7, are not prac-
tically feasible or are limited by the sensor’s duty cycle,
one may consider the fixed chirp length FScan mode in
Figure 2(c). The echo window length then becomes:

Tewi = Towath — Ten (1 -2 BBLZ;Q) y Ten < Teh full
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In this case, the time-frequency signal support (grey area)
becomes smaller than the area spanned by the echo window
length (EWL) and the sampling frequency (green), i.e.
oversampling is present and data reduction possibilities
should be evaluated.

The parameters in Table 1 are assumed for quantitative
evaluation of a potential FScan system in TerraSAR-X-like
orbit. The desired azimuth resolution of 1 m calls for a
Doppler bandwidth of at least 7000 Hz. With 4 azimuth
channels the PRF can be reduced to below 2000 Hz. Taking
these parameters, one can compute chirp durations and
echo window lengths for the different modes depicted in
Figure 2. The evaluation for an 80 km swath is presented
in Figure 3, demonstrating the considerable reduction of
the EWL compared to the traditional stripmap mode.

Table 1: FScan parameters [1]

Parameter Value
Center frequency 9.8 GHz
Transmit bandwidth Br, 1200 MHz
Target bandwidth By, 300 MHz
Orbit height 514 km
Number of azimuth channels 4

Azimuth resolution Im

swath width: 80 km
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Figure 3 Echo window lengths EWL (solid lines) and
chirp durations (dotted lines) for an 80km wide swath and
sensor operation in stripmap (see Figure 2(a), in blue),
fully overlapped FScan mode (see Figure 2(b), in red) and
for a fixed 240 psec chirp FScan mode (see Figure 1(c), in
green). The required/assumed chirp lengths are indicated
with dotted lines.

2.2 Timing Diagrams

Whether a specific FScan mode is feasible for a certain
look angle and swath width can be assessed by the analysis
of the timing diagram. Figure 4 presents examples for the
EWL corresponding to 30 km and 80 km swath width at
39° look angle. Transmit events are colored in green,
whereas the nadir echo is shown in red. Due to the large
pulse durations in FScan mode, the choice of suitable PRF
settings might become restricted. Feasible echo window
positions are marked in blue. The 30 km stripmap case cor-
responds to TerraSAR-X coverage. The same coverage can
be easily achieved with the fully overlapped FScan mode,
resulting in a chirp length of 181 psec according to (1). The
EWL is minimized in this case to 45 psec. The fixed chirp
length case requires a larger EWL of 104 psec. On the other
hand, the 80 km swath turns out to be unfeasible in tradi-
tional stripmap mode (expected), but also in the fully



overlapped FScan case (chirp length of 483 psec would be
required, which fills the timing diagram completely),
whereas in a fixed chirp length FScan mode, such high cov-
erage becomes possible for two PRF settings (1750 Hz and
2050 Hz). The presented case assumes a 240 psec chirp and
results in a comparable EWL of 242 psec.
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Figure 4 Timing diagrams for a 30km (left) and 80km
(right) swath at 39° look angle in stripmap mode (top),
fully overlapped FScan mode (middle) and 240usec chirp
length FScan mode (bottom).

3  Dedicated Onboard Processing

Although the fixed chirp length FScan mode in Figure 2(c)
does not minimize the EWL, it is possible to considerably
reduce the data amount for downlink by means of onboard
processing. Three possible onboard implementations are
reported, two featuring a deramping operation and one fea-
turing a block-wise FFT. The first two are described in the
following subsection 3.1 while the latter in subsection 3.2.

3.1 Employment of Deramping Operation

Independently of the FScan chirp parameterization, the
sensor’s ADC needs to sample the data with a rate higher
than the transmit pulse bandwidth B, in order to avoid ali-
asing effects. In fixed chirp length mode, the time fre-
quency support is not completely filled (as seen in Figure
2(c)) and a deramping operation followed by low-pass fil-
tering and decimation can achieve an overall bandwidth
and thus data sample reduction. One should notice that this
reduction is less than the ratio of chirp and target band-
width, as the target bandwidth Bj,,, will be increased by
an amount proportional to the FScan rate Kpscqn.
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The resulting number of EWL samples is shown in Figure
5, where an oversampling factor of 20% has been assumed.
For chirp lengths approaching the fully overlapped FScan
case (right end of each line), the EWL becomes minimum
and the benefits of onboard processing start to diminish.
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Figure 5 Effective window lengths as a function of chirp
duration. Onboard processing (dashed lines) offers data re-
duction possibilities up to 45% for shorter chirp length.

3.1.1 Onboard Implementation Options

The onboard implementation of the deramping is per-
formed by a complex phase multiplication at range line
level. Then two options are possible for data reduction (see
Figure 6 (left) and (middle)): (1) a low pass (LP) FIR filter
is implemented, followed by decimation and traditional
BAQ. (2) LP filtering is performed as part of a FFT-BAQ,
which allocates zero bits to the high frequency spectral
parts [6, 7], which do not carry any information (run length
encoding).
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Figure 6 Concepts for onboard data volume reduction. FIR
filter, decimation and traditional BAQ (left). FFT, sample
discard and variable bit BAQ (center). Block-wise FFT
with BP filter and BAQ in frequency domain (right).



Out of these two options, the second one is preferred:

e In the fully overlapped FScan mode, the tradi-
tional BAQ completely loses its adaptiveness
with target range, as all targets overlap (see Figure
2(b)). A transform domain BAQ is a better choice
for data compression, in this particular case with-
out the need neither for deramping nor for apply-
ing blocks in time domain. Adaptiveness to tar-
gets is completely achieved in frequency domain.

e In the fixed chirp FScan mode, adaptiveness is
possible with blocks in time and frequency do-
main with allocation of different bits in frequency
domain.

Considering now the need for floating point operations for
the deramping, the FFT option would not impose a consid-
erable larger computational effort having the advantage of
improved BAQ compression and LP filter performance.
However, feasibility depends on available HW resources
and trade-off analyses are still to be conducted once the
mission mode design - including the FScan parametrization
in terms of chirp length - has been completed.

3.2 Block-wise FFT BAQ (BF-BAQ)

In this section, another approach has been investigated,
with the goal of achieving a more efficient data volume re-
duction capability. The basic idea is to avoid the quantiza-
tion of the whole signal support (i.e. the green area in Fig-
ure 2(c)), but only of those components which are actually
received after the FScan operation. For doing that, we in-
troduce a novel quantization method called Block Fre-
quency BAQ (BF-BAQ), which can be summarized with
the block scheme on the right-hand side of Figure 6.
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Figure 7 Example of a block-wise operation on the EWL
signal in frequency domain: the x axis represents the band-
width and each single colored line represent one block (in
this case, N, = 15 blocks are considered), while the y-axis
represents the range position of the block before the FFT
operation. For each block, the two small black vertical lines
represent the boundary for applying the run-length coding
(i.e. number of zero bit encoded samples, outside the two
lines) and for operating the BAQ (between the two lines).

The BF-BAQ consists of an arbitrary division in blocks of
the EWL signal and an independent FFT operation for each

of the blocks. According to the FScan theory, the target sig-
nal is concentrated in a specific bandwidth portion as func-
tion of the range position, i.e. as the range position of a
targets increases, they are associated to lower frequencies
within the overall spectrum. By performing an FFT opera-
tion of a small part of the EWL signal (one block) we are
able to isolate the target information on a few samples, thus
excluding the useless part of the target with a simple run-
length coding. A visual example of the target information
dependency on frequency is reported in Figure 7, where
N, = 15 blocks have been considered. It is clear that the
target information is bounded to a smaller number of sam-
ples (approximatively one third) with respect to the whole
range line extension. From this representation, quantizing
only the relevant part of the block is quite straightforward,
hence, we discard those samples which lie outside of the
informative frequency support. A key aspect of this quan-
tization method is the fact that, by performing a run-length
of the non-informative samples, we can encode the samples
with a given bitrate, thus maintaining the required repre-
sentation accuracy while reducing the overall needed
memory for one range line.

3.2.1 Encoding Performance: SQNR

The Signal-to-Quantization Noise Ratio (SQNR) is a well-
established performance metric to assess the impact of
quantization errors, and can be easily related to the coher-
ence or the interferometric phase noise in SAR images. It
is defined as the power ratio between the noise-free SAR
data I and the quantization error ¢ = I — I

§=1|Is|2
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where S represents the total number of considered samples.

SQNR = (5)

3.2.2 Data Volume Reduction

The amount of data volume reduction DRy, is estimated by
means of signal encoding quality comparison, i.e. we ex-
pect to reach the same encoding quality of the BAQ which
operates at a higher average bitrate. It is calculated as fol-
lows:

(1-B)

DRy, = -100 (6)

eq
where B represents the average bitrate of the BF-BAQ and
B, represents the bitrate of the BAQ achieving the same
SQNR encoding performance.

3.2.3 Computational Complexity

Another relevant aspect concerns the amount of resulting
computational effort to be considered onboard for the im-
plementation of the proposed BF-BAQ. This is typically
defined as the number of floating-point operations, repre-
sented by 0. We will compare the computational complex-
ity of the BF-BAQ to the second technique proposed in
Figure 6, which consists of full range line FFT, sample dis-
card and variable bit BAQ, claiming a sample reduction up
to 45 % (see Figure 5). We want to point out the advantage
of performing multiple smaller FFTs with respect to a
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Figure 9 SQNR for BAQ and BF-BAQ with 15 blocks as
function of overall average bitrate. The BAQ at 8 bits is a
uniform ADC, therefore the gain w.r.t. the 6 bits BAQ is
lower than expected (every bit more is translated to a gain
of about 6 dB for the BAQ). Due to the employment of run-
length coding in frequency domain, the overall average bi-
trate for the BF-BAQ is fractional and it is reported at the
corresponding value with a label.

single FFT on the whole signal. For a Ng-point FFT, the
computational complexity is denoted as

Oppr = NslogN; . @)

If multiple blocks are considered instead of the full EWL
signal of Ng samples, the computational complexity be-
comes:
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Figure 8 Block scheme of the simulator used for the per-
formance evaluation. The FScan data is encoded and de-
coded through BF-BAQ and standard BAQ in time domain
and the encoding metrics are derived after the range com-
pression in the Performance Evaluation block.

N
Op_rrr = N lOgN_Z' (3

where N, is the number of considered blocks. From this
latter expression it is clear that the computational complex-
ity is lower with respect to the other approach featuring the
full range line FFT. Moreover, the reference technique im-
plements onboard deramping as well, which adds more
computations, and has not been considered in the calcula-
tions.

We refer to the computational complexity reduction as

Op—ppr - 100
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Rk OFFT

(€))

3.3 Simulation Result

In order to assess the encoding capabilities of the previ-
ously introduced BF-BAQ, a dedicated FScan simulator
has been developed. It consists of a FScan range line gen-
erator through inverse focusing of a distributed target. The
considered mode assumes a fixed length chirp. Two differ-
ent quantization methods are investigated: BF-BAQ and a
standard BAQ operating in time domain.

The encoding sample bitrate is considered equivalent for
both techniques, even though it is worth to recall that the
overall bitrate will be lower for the BF-BAQ. This is due
to the fact that the employment of run-length coding dis-
cards many samples of the received FScan range line,
hence reducing the number of samples.

The block scheme of the simulator is reported in Figure 8.
An uncompressed version of the range line is kept through
the quantization process in order to estimate the SQNR, ac-
cording to (5).

The considered bitrate for encoding the samples is the same
for both techniques (e.g. BF-BAQ at 1.04 average bitrate
is employing a 3-bit BAQ on the samples). The comparison
of the two different quantization methods can be done by
comparing the BF-BAQ technique with the BAQ equiva-
lent fractional bitrate achieving the same SQNR [9].

The summary of the simulation results is reported in Table
2. Different number of blocks have been considered, sug-
gesting that the higher the number of blocks is, the higher
the capabilities of the technique will be for reducing the
overall bitrate and the computational complexity. The “Bi-
trate” column refers to the number of bits employed for

Table 2: Summary performance results for the investi-
ated cases of BF-BAQ.

Blocks [Bitrate |Avg. BAQEq.[DRy, |CCry
[bps] Bitrate |[bps] [%] [%]
[bps]
5 3.00 1.20 2.8 57.14  [13.23
5 4.00 1.60 3.8 57.89  [13.23
10 3.00 1.08 2.8 61.43  |18.92
10 4.00 1.44 3.8 62.11  |18.92
15 3.00 1.04 238 62.86  [22.25
15 4.00 139 B8 63.48 [22.25
20 3.00 1.02 P38 63.57 P4.62
20 4.00 136 B.7 6324 P4.62
25 3.00 1.01 2.8 63.93 2645
25 4.00 134 B.7 63.78 2645




each sample, while the “BAQ Eq.” column refers to the re-
quired bitrate for a direct BAQ for achieving the same en-
coding performance of the BF-BAQ. The data volume re-
duction factor is derived by considering this latter bitrate
as reference as described in Section 3.2.3. The computa-
tional complexity reduction is computed in comparison to
a full range line FFT operation (as proposed in Figure 6)
and derived in Section 3.2.1.

4 Conclusions

This paper presented the chirp length as a trade-off param-
eter for defining the FScan mode and in consequence the
echo window length of the recorded range lines. For shorter
swath widths, the fully overlapped FScan mode can mini-
mize the echo window length. However, for large swath
width, timing constraints might ask for an upper bounded
fixed chirp length. In the latter case, dedicated onboard
processing was shown to be beneficial for decreasing the
data amount for downlink. We argue that a state-of-the-art
time domain BAQ loses adaptivity with target range in
FScan mode in general, and we propose a transform do-
main block-wise FFT BAQ for better compression perfor-
mance at slightly larger computational cost. The proposed
BF-BAQ shows a superior performance in terms of data
volume reduction and computational effort with respect to
alternative techniques. The significant data reduction of
about 64% is much higher than the compression rates of
the techniques exploiting deramping (best case of 45%).
We are confident that there is further room for improve-
ment, especially in the boundary level decision, leading to
the expectation of an even higher compression rate. Future
performance assessments will include analysis on targets
with different brightness as well as a FScan 2D SAR scene
simulation.
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