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Abstract

Multi-channel SAR systems allow high-resolution imaging of a wide swath and represent an attractive solution for
present and next-generation SAR mission concepts. However, their operation requires the downlink of a huge amount
of data: in addition to the intrinsic data requirement related to resolution and swath, in fact, a pulse repetition frequency
(PRF) higher than the processed Doppler bandwidth is usually selected. A convenient data reduction strategy is there-
fore proposed, which exploits the correlation between samples by performing variable-bit quantization of the data after
a block transformation of the multichannel SAR data, e.g., an FFT. Simulations show that this allows reducing the data

volume while keeping the same performance at the cost of a modest onboard processing effort.

1 Introduction

For the design of conventional single-channel SAR sys-
tems, it is well known that the pulse repetition frequency
(PRF) poses opposite constraints for the achievement of
large swath widths and, at the same time, of fine azimuth
resolutions. Indeed, if, for the former, low PRFs are re-
quired to allow sufficient temporal separation between
subsequent pulses, the latter imposes the utilization of
large Doppler bandwidth and, therefore, of high PRFs.

In the last decades, innovative techniques exploiting mul-
tiple receiver apertures mutually separated in the along-
track and digital beamforming have been investigated and
suggested to overcome such inherent limitations. By co-
herently combining the individual received signals, the
ambiguous parts of the Doppler spectra can be oppor-
tunely suppressed, and high-resolution wide-swath imag-
ing is achieved [1], [2], [3], [4], [5], [6], [7]. For such sys-
tems a straightforward signal reconstruction is obtained
in the case of uniform azimuth sampling, i.e. if the fol-
lowing constraint on the PRF is fulfilled
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being vsyt the satellite velocity, N the number of receiv-
ing channels, and dz the azimuth separation between the
sub-apertures (i.e. the azimuth antenna length can be ex-
pressed as L,, = N - dx). In general, signal reconstruc-
tion can be effectively performed also in case of non-
uniform azimuth sampling [1]. As a result, the bandwidth
of the combined signal is higher than the system PREF, i.e.
a better azimuth resolution is achieved with respect to the
corresponding single-channel SAR with the full antenna
length L,, and operating at the same receive PRF. It is
worth pointing out that, for multi-channel SAR systems,
PRF higher than the ratio of the processed bandwidth and
the number of apertures (PRF>PBW/N) is required to
guarantee a sufficient target azimuth ambiguity to signal
ratio (AASR), and this further increases the resulting data

volume.

The price to pay for such a substantial performance im-
provement, besides an increased system complexity, is
represented by an enlarged amount of data to be man-
aged, which implies, from mission design, harder re-
quirements in terms of onboard memory and downlink
capacity. In this scenario, efficient data volume reduction
represents an essential aspect, since the resulting data rate
allowed for the digitization of the recorded radar signals
affects both the amount of data to be stored and transmit-
ted to the ground, and the quality of the resulting SAR
products. Recently, a data-driven data reduction method
for multi-channel SAR has been proposed in [8], which
grounds on the adoption of the principal component de-
composition in combination with the flexible dynamic
block adaptive quantization (FDBAQ [9]) scheme at the
cost of a larger onboard computational cost.

In the next section, a simple but effective method for ef-
ficient data volume reduction for multi-channel SAR is
presented, which exploits the intrinsic correlation exist-
ing among the data samples. In particular, the multi-
channel data are decomposed by means of an orthogo-
nal transformation, and, jointly, an efficient selection of
the quantization rates is applied to the transformed co-
efficients, which allows to optimize the resulting perfor-
mance for the selected data rate. Then, in Section 3, sim-
ulations for a C-band single-platform multi-channel SAR
are conducted, and the preliminary results prove the ef-
fectiveness of the proposed compression scheme. In Sec-
tion 4 conclusions are drawn.

2 Data Reduction Strategy for
Multi-Channel SAR

Let us consider a multi-channel SAR composed by N az-
imuth sub-apertures. In such a system, the samples re-
ceived by the N azimuth channels can be modeled as par-
tially correlated random variables. Such a correlation is
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Figure 1: Two-way (blue) and single element receive
patterns (dark red) versus Doppler frequency (in trans-
mission a phase spoiled pattern is employed). The shaded
green area indicates the processed bandwidth, whereas
the IV - PRF effective sampling bandwidth is depicted in
orange.

primarily due to a consistent oversampling of the azimuth
data stream, and depends on the specific antenna pattern
(or Doppler spectrum) and on the PRF [10]. Moreover,
the effective PRF is typically larger than the actual pro-
cessed bandwidth PBW

PRF.¢ = N - PRF,,, > PBW. 2)

Fig. 1 shows the single receiver element (in dark red)
and the two-way antenna patterns (in blue) for a C-
band multi-channel SAR with N=8 azimuth channels,
which is considered in this study. Phase spoiling [11]
is applied in transmission, and a system PRF (PRFgy)
of about 1170 Hz is considered. The actual processed
bandwidth PBW is depicted in green and is about 5.6
kHz, which corresponds to 60% of the effective PRF
(8- 1170 ~ 9.4 kHz). A list of the simulation parame-
ters, considered for the present analysis, is given in Table
1. For such an exemplary system, it is worth pointing out
that the relation in (1) is actually fulfilled, but, in gen-
eral, a sophisticated calibration and reconstruction of the
multi-channel signal needs to be implemented on ground.
For this, several algorithms have been proposed, such as
(11, [12].

An independent quantization of the multiple channels
would not be able to exploit the described azimuth over-
sampling. Considering the spectral selectivity offered by
the present multi-channel system (as in Fig. 1), one easy
way to get rid of such a sample correlation is, e.g., to
perform a Fast Fourier Transform (FFT) before the data
compression block. This allows for the implementation
of an efficient quantization strategy, by allocating less
resources for those sub-bands which "carry" a smaller
amount of information, and vice-versa. In this scenario, a
similar compression scheme for single-channel SAR has
been proposed in [13].

Fig. 2 summarizes the workflow for the proposed strategy

Parameter Value
Satellite Height, hgqt 700 km
Satellite Speed, vgat 7500 m/s
Carrier Frequency, f. 5.4 GHz
Pulse Repetition Frequency, PRF | 1172 Hz
Total Processed Bandwidth, PBW | 5600 Hz
Target Azimuth Resolution, A,, 1.2m
Radar Wavelength, A 5.55cm
Azimuth Antenna Length, L,, 12.8 m
Number of Azimuth Channels, N | 8

ADC Resolution 10 bits

Table 1: List of simulation parameters.

for onboard data reduction: for each instant of time m, the
signal received by the ¢-th azimuth channel s; (s € RY )
is first digitized by an analog-to-digital converter (ADC)
and then decomposed by means of an orthogonal trans-
formation M (M € REXN ). In our case, M corresponds
to the digital Fourier transformation matrix (a more gen-
eral transformation can be also considered). Then, a
proper selection of the quantization rates is applied to
the output transformed coefficients y = Ms (y € RY),
which are further compressed by means of a set of block
adaptive quantizers (BAQ) [15] [16], represented by the
BAQ b; blocks (b; expressed in bits/sample), in order
to optimize the resulting data volume and performance.
The set of quantized coefficients y is then downloaded to
the ground, where the inverse transform, multi-channel
reconstruction [1], and signal focusing are carried out.
In the following, we will refer to the present method as
Multi-Channel Block Adaptive Quantization (MC-BAQ).
Without loss of generality, we assume the number of out-
put coefficients to be equal to the number of the input
samples (i.e. K = N, for K < N itis not strictly an or-
thonormal transform). Hence, for each instant of time m,
the input signal array is decomposed into a set of K az-
imuth beams, each one corresponding to a different por-
tion of the Doppler spectrum

N
Ypm] = Z (sapc,i[m]) e 2T R/N | = 1,2, K].
i=1
3
In the above relation, the same notation as in Fig. 2 has
been used. The optimum bitrate to be selected for the k-th

output channel is determined from rate-distortion theory
[14] as
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where R is the mean allowable rate and 0%}, is the power
associated to the k-th subband. In turn, this contribution
is obtained as the fraction of the corresponding power
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Figure 2: Workflow for the proposed MC-BAQ for onboard data reduction of a multi-channel SAR system: for each
time instant m the signal received by the i-th azimuth channel, s;, is first digitized by a high-precision analog-to-digital
converter (10-bit ADC), and then decomposed by means of an orthogonal transformation M. As a next step, a proper
selection of the quantization rates is applied to the transformed coefficients which are then compressed through a set
block adaptive quantizers (the BAQ b; blocks in the figure) to optimize the resulting data volume and performance. The
quantized coefficients are then downloaded to the ground, where the inverse transform, multi-channel reconstruction,

and signal focusing are carried out.

spectrum integrated over the output Doppler bandwidth
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Aside from of a normalization factor 1/K 2 02 is re-
lated to the energy associated to the k-th transformed
coefficient Eg, scaled by the integral of the Discrete
Fourier Transform (DFT) kernel function over the pro-
cessed bandwidth PBW, which is given by the relation
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The energy associated to the k-th transformed coefficient
Ej, represents the contribution of the antenna pattern in
the corresponding portion of the Doppler spectrum, and
is (offline) numerically estimated from a sequence of co-
efficients of length L as

L
B, = Y |yu[m]. 7
m=0

Fig. 3 shows the Doppler power spectrum for the antenna
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Figure 3: Doppler power spectrum for the eight azimuth
channels, depicted with different colors. The resulting
compression rate to be assigned to each channel is de-
rived from (4), where the power term o2}, is obtained
by integrating the corresponding power spectrum in the
range between -PBW/2 and PBW/2 (indicated by the
dashed red lines), according to (5). The black dashed
lines delimit the PRF interval.
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Figure 4: Backscatter profile and signal-to-quantization
noise ratio (SQNR) for a distributed target. A mean rate
of 3 bits/sample has been considered. Nominal BAQ with
equal number of bits for each sample is depicted by the
green line. Results from quantization in the Fourier do-
main, in case a constant BAQ rate for each sub-band is
used, is shown by the red line. Finally, MC-BAQ with
optimized bit allocation (according to (4) and rounded as
in (10)) is depicted in blue.

pattern displayed in Fig. 1 for the eight azimuth channels,
each one depicted with a different color. The PRF and the
PBW intervals are delimited by the dashed black and red
lines, respectively.

In terms of onboard processing effort, for the implemen-
tation of a N=8 samples FFT, a modest amount in the or-
der of a few tens of additional operations is required for
each received range sample (exploiting the well known
relation for the complexity C = O(nlog2n)).

3 Preliminary Results and
Discussion

A first assessment of the proposed MC-BAQ method has
been carried out for two simulated SAR scenes: a dis-
tributed target, showing a constant power distribution,
and an artificial scene with a rectangular profile in az-
imuth direction. The corresponding azimuth profiles are
sketched in black in Figs. 4 and 5, respectively. For
the artificial scene, the backscatter step difference is of
15 dB, which represents a large dynamic range typically
occurring in, e.g., urban area scenarios. For both scenes
we have evaluated the signal-to-quantization noise ratio
(SQNR), defined as the energy ratio of the uncompressed
signal s to the quantization error e affecting the recon-
structed signal §, ¢ = s — §

P 2
szl |sp|
P 27
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being P the total number of pixels. The SQNR has been
derived for different quantization strategies, which are

shown in Figs. 4 and 5 with different colors. The green
lines represent the "nominal" compression scheme, i.e.

SQNR = (8)
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Figure 5: Backscatter profile and signal-to-quantization
noise ratio (SQNR) for an artificial scene with a backscat-
ter "jump" of 15 dB across the azimuth direction. A mean
rate of 3 bits/sample has been considered. Nominal BAQ
(i.e. operating independently on each channel) with equal
number of bits for each sample is depicted by the green
line. Results from quantization in the Fourier domain, in
case a constant BAQ rate for each sub-band is used, is
shown by the red line. Finally, MC-BAQ with optimized
bit allocation (according to (4) and rounded as in (10)) is
depicted in blue, and a performance improvement up to 3
dB is observed.

when each input sample is quantized (independently for
each channel) with a constant BAQ rate at 3 bits/sample.
The red lines, on the other hand, show the performance
for quantization of the transformed Fourier coefficients
with a constant compression rate for each coefficient (3-
bit BAQ in this case). For this, the SQNR gets slightly
worse (around 1-2 dB) if compared to the same bitrate
allocation strategy independently for each channel. Fi-
nally, transform coding with optimized bit allocation (ac-
cording to (4)) is shown by the blue lines, and a perfor-
mance improvement up to 3 dB can be noticed, which
verifies the potentials of the proposed method. For the
artificial scene case in Fig. 5, a sensitive loss in terms of
SQNR is observed for all compression techniques in the
low backscatter area (with a mean backscatter of -5 dB)
as a consequence of the "masking" effect induced by the
presence of the high backscatter targets in close vicinity
(this effect is usually referred to as low scatterer suppres-
sion [16], [17]). For the present example, considering the
antenna pattern in Fig. 1 and the system parameters in
Table 1, the set of compression rates R for 3 bits/sample
is given in the following

Ripits = [1.1,1.8,3.8,3.8,3.9,3.8,3.8,1.9]. (9

However, it has to be pointed out, that the relation in (4) is
strictly valid in case that the quantization errors are uni-
formly distributed and for large rates, which is not the
case for typical SAR signal statistics and acquisition sce-
narios. Hence, one can conclude that the relation in (4)
can be used as a starting reference for the bitrate selec-
tion, but then a numerical optimization of the bitrates may
be needed. Possible benefits or performance improve-



ment in this context will be further investigated. For the
specific example in Fig. 4 and 5 we have then rounded
the bitrate set in (9) as follows

R3bits = [0727434;4747472]' (10)

It is worth pointing out that, even if the used sequence
is not the optimum one, we still obtain a consistent per-
formance improvement in terms of SQNR (lines blue vs
lines green in Fig. 4 and 5). However, the resulting Ry,
are typically non-integer numbers. Instead of perform-
ing a rounding of the quantization rates, or embedding
the quantizer with additional hardware/software blocks,
fractional quantization rates can be "synthesized" by op-
portunely toggling the bitrate selection of an integer-bit
quantizer along azimuth, as discussed in [18]. This way,
higher flexibility of compression is achieved without in-
creasing the overall scheme complexity. This aspect will
be investigated in future studies.

4 Conclusions

In this paper on-board data volume reduction for mul-
tichannel synthetic aperture radar (SAR) systems is ad-
dressed. In this context, an increased amount of data
is typically acquired in order to enlarge the unambigu-
ous Doppler spectrum to be reconstructed on ground.
Indeed, the samples received by the multichannel SAR
instrument intrinsically exhibit some degree of correla-
tion, which can be exploited to reduce the total amount
of data to be stored and transmitted to the ground. For
this purpose, an orthogonal transformation (FFT) is ap-
plied to the multichannel data, and, jointly, an efficient
selection of the quantization rates is applied to the trans-
formed radar data. Preliminary simulations are carried
out for a single-platform C-band system, and for differ-
ent SAR backscatter distributions, showing that the intro-
duced Multi-Channel BAQ (MC-BAQ) grants a perfor-
mance improvement (in the order of about 3 dB in SQNR
for the considered examples), a gain which could also be
exploited to achieve, for a given allowed distortion, a re-
duction of the resulting data volume.
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