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Abstract

In this paper, we investigate potentials for data volume reduction in multi-channel SAR. These systems allow for high-
resolution imaging of a wide swath but, on the other hand, require for their operation the acquisition and downlink of
a huge amount of data: together with the intrinsic requirement related to resolution and swath width, this is due to the
fact that the effective pulse repetition frequency (PRF) generated by the multiple channels is typically higher than the
processed Doppler bandwidth, which introduces a certain oversampling in the azimuth raw data. Therefore, convenient
data volume reduction strategies can be proposed, which aim at exploiting the existing correlation between subsequent
azimuth samples. In this paper, realistic multi-channel SAR system architectures are considered, and multi-channel raw
data are simulated using synthetic as well as real backscatter data from TanDEM-X. We analyse the statistical properties
(autocorrelation, Doppler power spectrum, entropy) exhibited by the multi-channel raw signal and discuss the impact of
relevant system parameters. Then, possible approaches for data volume reduction for multi-channel SAR are presented,
highlighting potentials and limitations.

1 Introduction

Multi-channel SAR allows for overcoming the inherent
trade-off of conventional (single-channel) SAR systems in
terms of achievable swath width and azimuth resolution.
Indeed, by exploiting multiple receiving apertures which
are mutually displaced in the along-track dimension, the
coherent combination of the individual received signals al-
lows for adequate suppression of the ambiguous parts of
the Doppler spectra and, in this way, high-resolution wide-
swath imaging is achieved [1], [2]. The drawback for such
an improvement of swath coverage and resolution is rep-
resented by a significantly larger data volume to be ac-
quired and transmitted to the ground, which poses more
stringent requirements on onboard memory and downlink
capacity. Therefore, efficient data volume reduction is of
utmost importance, as the data rate selected for the dig-
itization of the recorded radar signals directly affects the
quality of the resulting SAR products. Currently, one of
the most widely used methods for SAR raw data digitiza-
tion is the Block-Adaptive Quantization (BAQ) [3]. In the
last years, starting from the principle of BAQ, novel al-
gorithms have been proposed, allowing for an improved
performance and resource optimization, as for the FD-
BAQ [4]. These are acquisition-dependent compression
schemes, which can be combined with the implementation
of non-integer data rates [5]. Furthermore, the potentials
of linear predictive coding for efficient SAR raw data com-
pression are shown in [6], [7], and in [8] (the latter in the
specific case of staggered SAR systems). In the context of
multi-channel SAR, a data-driven data reduction technique
based on a principal component decomposition is elabo-

rated in [9], at the cost of a large onboard implementation
effort, while the method proposed in [10] aims at exploiting
the correlation among the multi-channel azimuth samples
by means of a nonadaptive orthogonal transformation (a
simple discrete Fourier transform) in combination with an
optimized allocation of the quantization rates to the trans-
formed coefficients.
In this paper we investigate and analyse potentials and lim-
itations of data volume reduction for multi-channel SAR.
For this purpose, the multi-channel SAR raw signal char-
acteristics are investigated by means of simulation and syn-
thetic data generation, and the trade-space of the relevant
SAR system parameters in the context of data volume re-
duction is discussed. Based on these, possible approaches
for efficient data volume reduction in present and future
multi-channel SAR systems are discussed.
The paper is organized as follows. Section 2 presents the
multi-channel raw data simulations using synthetic data
as well as backscatter profiles from real TanDEM-X SAR
acquisitions and introduces the metrics (autocorrelation,
Doppler power spectrum, entropy) to evaluate the statis-
tical properties exhibited by the SAR raw signal. Section 3
presents the results obtained for three considered multi-
channel SAR mission scenarios, and discusses the relevant
system parameters which impact the potentials for data vol-
ume reduction. Finally, conclusions and outlook are pro-
vided in Section 4.

2 Multi-channel SAR Data Analysis

In this section the multi-channel SAR raw data simulations
and the investigated parameters are presented.



2.1 Raw Data Simulations
A multi-channel SAR with N receiving azimuth apertures
is considered, flying at velocity vsat and transmitting at a
pulse repetition frequency PRFsys; dx represents the az-
imuth separation between the sub-apertures, such that the
total azimuth antenna length Laz = N ·dx. If the following
constraint on the transmit PRF is fulfilled

PRFsys =
2vsat

Laz
, (1)

then the azimuth raw data stream is uniformly sampled,
hence the resulting system is equivalent to a single-channel
SAR with PRFeff = N · PRFsys and in practice conven-
tional SAR processing can be applied. More in general,
due to timing constraints, PRFsys is often selected so that
(1) is not fulfilled. In this case, an appropriate signal recon-
struction of the unambiguous Doppler spectrum of the non-
uniform azimuth data, based on the generalized sampling
expansion, needs to be carried out on ground by properly
combining the N subsampled channels, as in [1], [2]. On
the other hand, the Doppler bandwidth of the reconstructed
multi-channel signal is larger than the system (transmit)
PRFsys, i.e. a finer azimuth resolution is achieved with re-
spect to the corresponding single-channel SAR operating
with the full antenna length Laz and at the same PRFsys,
and multi-channel SAR systems are indeed able to image a
swath width of 100 km and more with an azimuth resolu-
tion in the order of one meter [2], [11].
In this work, multi-channel raw data have been generated
using simulated data as well as backscatter profiles from
real SAR acquisitions. In particular, we have considered
two simulated azimuth profiles: a homogeneous backscat-
ter profile, where the power level of the complex signal
is kept constant, and a profile with a “jump” of 20 dB
(i.e. varying from -10 to +10 dB along azimuth, these
profiles are not depicted due to space constraints). Fur-
thermore, Figure 1 shows two backscatter profiles obtained
from TanDEM-X data: Figure 1(a) depicts an azimuth pro-
file taken from an agricultural (rather homogeneous) site in
Iowa (USA), corresponding to the horizontal black line in
Figure 1(c); similarly, Figure 1(b) shows a backscatter pro-
file along azimuth over Mexico City, which corresponds to
the black horizontal line in Figure 1(d). The area is quite
heterogeneous and is characterized by urban settlements
and rugged topography. For both profiles in Figure 1, a
one-pixel, single-look azimuth line has been considered.
The variety of the backscatter profiles and statistics con-
sidered in this analysis is exploited to gain more confidence
and representativeness with respect to the obtained results
and performance. The simulated profiles and the ones
shown in Figure 1 are used to generate multi-channel SAR
raw data along azimuth, and from these different param-
eters and quantities are analyzed for three multi-channel
SAR system examples, as it is detailed in the next section.

2.2 Parameters for Multi-channel Data
Analysis

In this section we present the parameters considered to
evaluate data volume reduction for multi-channel SAR:

for this purpose the azimuth autocorrelation, the Doppler
power spectrum characteristics and the multi-channel sig-
nal entropy are investigated, in order to identify the system
parameters impacting the potentials for data volume reduc-
tion. These parameters are recalled in the following.

2.2.1 Autocorrelation
The autocorrelation Rx(τ) provides information about the
spatial coherence and second-order redundancy of a signal.
Rx(τ) can be expressed as the inverse Fourier transform of
the raw data power spectral density Pu(f) as function of
the time lag τ . In case of a rectangular antenna aperture,
the autocorrelation can be expressed as:

Rx(τ) = F−1

{
sin4

(
π

L

2vsat
f

)/(
π

L

2vsat
f

)4}
, (2)

where F−1 is the inverse Fourier operator, BR = 2vsat
L is

the 4-dB bandwidth of Pu(f). From (2) it can be observed
that long antennas L result in more directive beams, im-
plying a more narrow low-pass Doppler filter and therefore
higher Rx(τ) values; also a low satellite velocity vsat im-
plies that target responses are more overlapped, which also
results into higher Rx(τ) values. From the sampled SAR
raw data signal X[n], Rx(k) can be estimated along az-
imuth direction as

Rx(k) =

∑N−1
n=0 X[n] ·X∗[n+ k]∑N−1

n=0 |X[n]|2
, (3)

being k the sampled time lag, N the number of sig-
nal samples, and ∗ the complex conjugate operator. In
this work, Rx(k) is estimated assuming a uniformly sam-
pled multi-channel SAR signal, since a potential correla-
tion/redundancy in the data can be exploited within the
N -channel azimuth data block. In general, the azimuth
autocorrelation is influenced among the others by the an-
tenna pattern shape (azimuth length, carrier frequency),
the number of azimuth channels N , the PRF and, more
specifically, the oversampling factor of =

N ·PRFsys

PBW , being
PBW = vg/∆az the Doppler processed bandwidth (where
vg and ∆az indicate the ground velocity and the azimuth
resolution, respectively).
If the multi-channel signal exhibits sufficiently large auto-
correlation for small k > 0, convenient approaches based
on predictive coding and quantization (as proposed in [6],
[7], [8] in the context of single-channel SAR) can be ex-
ploited for efficient data volume reduction.

2.2.2 Doppler power spectrum
For a multi-channel SAR, the Doppler power spectrum
Pu(f) describes the signal power distribution within the N
azimuth channels. In particular, the power contribution of
the i-th channel σ2

i is estimated as the fraction of the cor-
responding power spectrum integrated over the processed
Doppler bandwidth as

σ2
i ∝ Pi

∫ PBW/2

−PBW/2

∣∣∣∣∣ sin
(
πK f+PRF(K/2−i)/K

PRF

)
sin

(
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PRF

) ∣∣∣∣∣
2

df. (4)
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Figure 1 Backscatter profiles taken from real TanDEM-X acquisitions used for the multi-channel SAR raw data gen-
eration: azimuth backscatter profile taken from (a) an agricultural area in Iowa (USA) and (b) the urban area of Mexico
City. The profiles are located in correspondence of the black lines in (c) and (d), respectively.

Hence, σ2
i is proportional to the integral of the Dirich-

let kernel of the discrete Fourier transform over the pro-
cessed bandwidth PBW, scaled by the power associated to
the i-th transformed coefficient Pi. This, in turn, represents
the contribution of the antenna pattern in the corresponding
portion of the Doppler spectrum. If the PRF is sufficiently
larger than the processed bandwidth PBW (and so of is suf-
ficiently large) then the existing redundancy between sub-
sequent azimuth samples can be exploited by applying the
method proposed in [10]. Here, a discrete Fourier trans-
form is applied on the multi-channel SAR data block and
then a variable bitrate is allocated according to the Doppler
power distributions derived in (4).

2.2.3 Multi-channel SAR entropy
A well-known concept of information theory, the entropy
measures the average amount of information needed to de-
scribe the outcome of a random variable. SAR raw data
are modeled as a discrete normally distributed variable X ,
which can take K values/symbols, and a probability mass
P (x), such that its first-order (i.e. single-pixel) entropy can
be expressed as

H(X) = −
K−1∑
x=0

P (x)log2P (x). (5)

In general, H(X) is maximum if X is uniformly dis-
tributed, corresponding to maximum uncertainty and lack
of information about the variable’s value. Contrarily, the
more X is concentrated around a few values (resulting into
higher predictability), the smaller H(X), i.e. the lower
the information content. To estimate the signal entropy,
we consider the ADC-quantized multi-channel SAR data
at different bitrates. If entropy values lower than the ef-
fective number of bits used for compression are observed,
this makes data volume reduction by means of entropy (e.g.
Huffman) coding possible.

3 Results and Discussion

In this work, three multi-channel SAR system examples
are investigated, and the corresponding system parameters
are summarized in Table 1: in particular, different radar
frequencies are considered, and the parameters represent
realistic scenarios for currently investigated multi-channel
SAR missions, such as ROSE-L or HRWS systems at C
and X band.
As an example, an HRWS C-band single-platform multi-
channel SAR operating in C band (mid column in Table 1)
and equipped with N = 8 azimuth channels is consid-
ered. Figure 2 shows the antenna patterns (Tx in red, Rx



Table 1 Multi-channel SAR system parameters.

Figure 2 Azimuth antenna patterns (Tx in red, Rx in
blue) for the HRWS C-band system. The processed band-
width, the effective PRF and the resulting oversampling
factor (reported in the legend) are depicted for the 1.5-m
azimuth resolution case.

in blue) for the considered system. The processed band-
width and the oversampling factor of are depicted for a
1.5-m azimuth fine resolution case. Clearly, in case coarser
resolutions are targeted (i.e. smaller Doppler bandwidths),
opportunities for increased data volume reduction can be
exploited.
Figure 3 shows the Doppler power spectrum for the C-
band multi-channel SAR for the homogeneous backscat-
ter (Figure 3(a)) and the Mexico City profile (Figure 3(b)).
For comparison, the power spectrum of the X-band HRWS
systems is also depicted in Figure 3(c)), and in all cases
∆az = 1.5 is assumed. In general, the power distribution
within the Doppler channels is only negligibly affected by
the underlying scene (and so the achievable data reduction
performance), and the large oversampling factor (of ≈ 2

and of ≈ 5 in the two cases, respectively) allows for con-
venient data reduction exploiting transform coding in com-
bination with variable bitrate allocation as in [10], espe-
cially for lower resolution cases.
In this scenario, convenient methods for data volume
reduction aiming at exploiting the intrinsic correlation
among neighbouring azimuth and range samples have been
introduced. In particular, in [10] the multi-channel SAR
data are decomposed by means of a nonadaptive discrete
Fourier transform, while in [9] a data-driven transforma-
tion of the multi-channel signal based on the Principal
Component decomposition is proposed. Furthermore, an
optimized allocation of the quantization rates can be ap-
plied to the transformed coefficients, which allows for an
increase of the resulting performance for a preselected data
rate. Finally, in [6], [7] and [12] the applicability of predic-
tive coding in the context of single-channel SAR is demon-
strated, but the technique can be also applied for multi-
channel SAR among the azimuth direction in presence of
sufficient correlation/oversampling.
As metric for performance assessment, we consider the
signal-to-quantization noise ratio (SQNR), defined as

SQNR =
σ2
s

σ2
q

, with q = s− sq. (6)

In the above equation s and sq represents the reference
(non-quantized) signal and the quantized one, respectively.
SQNR represents the figure-of-merit of a quantizer, and
can be linked to SAR and InSAR performance measures,
such as the total SNR or the interferometric coherence, as
discussed in [8].
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Figure 3 Doppler power spectrum for the HRWS C-band obtained for (a) homogeneous backscatter, (b) the Mexico
City profile (Figure 1(b)), and (c) the HRWS X-band system with N = 8 channels, assuming homogeneous backscatter
distribution. For all cases ∆az = 1.5 m is assumed.

3.1 Linear Predictive Coding (LPC)
For the application of linear predictive coding on multi-
channel SAR data, the coding gain GM has been derived in
closed form based on the autocorrelation values of the cor-
responding system as in [12] and, from this, it is possible to
derive the achievable data volume reduction DV R% (con-
sidering an average SQNR gain of about 5 dB/bit). Table
2 summarizes the achievable GM and DV R% for the con-
sidered systems, which highlights the great potential of the
proposed method at the cost of a modest additional compu-
tational burden (for this analysis, a prediction order M = 4
is assumed). The large differences in terms of resulting
DV R% (ranging from negligible values for the HRWS C-
band up to more than 65% for the 8-channel HRWS X-
band system) is due to the varying oversampling factors
(in turn related to the number of channels N ) as well as to
the specific shape of the azimuth antenna pattern.

3.2 Doppler-Based Transform Coding
The results of the SAR data compression based on joint
Doppler frequency transform coding of the multi-channel
azimuth block and adaptive bit rate allocation as in [10]
are reported in Figure 4, in terms of achievable SQNR (in
green) with respect to a standard BAQ (in red) for the
HRWS X-band system and different assumptions on the
number of channels and target azimuth resolution. The re-
sulting DV R% ranges from about 5% for the case depicted
in Figure 4(a) until 25% for the highly oversampled case in
Figure 4(d). For the ROSE-L case, given the typical over-
sampling factor of in the order of about 3 one could expect
a similar data volume reduction achievable as for the X-
band HRWS system with N = 4 channels.

4 Conclusions and Outlook

In this paper we investigate potentials for data volume re-
duction in multi-channel SAR. For such systems, conve-
nient data reduction strategies are proposed, which aim at
exploiting the existing correlation between subsequent az-
imuth samples. We have introduced the relevant param-
eters used to assess the statistical properties (autocorrela-
tion, Doppler spectrum, entropy) exhibited by the multi-

channel raw signal and we have considered three multi-
channel SAR system architectures. On the basis of these
considerations, we have simulated multi-channel raw data
using synthetic data as well as backscatter profiles from
real SAR TanDEM-X acquisitions. We have then intro-
duced suitable approaches for data volume reduction for
the considered multi-channel SAR based on Linear Pre-
dictive Coding as well as Doppler-based transform cod-
ing, highlighting potentials and limitations, and assessed
the achievable data volume reduction performance. In this
paper we concentrated on systems operating in Stripmap
mode, while in future studies efficient data volume re-
duction will be investigated in the context of other acqui-
sition modes, such as ScanSAR, as to be employed on
Sentinel-1 Next Generation (NG), together with the inclu-
sion of higher-order statistics (e.g. cumulants) to better ex-
ploit the raw data properties and redundancy.
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