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Abstract

Differential shift estimation is an important task for many applications of synthetic aperture radar (SAR). A new genera-
tion of spaceborne SAR systems is being designed to use multiple channels in azimuth, which leads to a large available
azimuth bandwidth for processing, allowing for an extension of the nominal interferometric SAR processing to retrieve
the differential shift between two acquisitions. This contribution estimates the accuracy of the differential shift retrieval
in the along-track direction using a 2-look ScanSAR processing for the particular case of the upcoming ROSE-L mis-
sion. The derived performance is then validated with a simulation using extended targets, which shows that the azimuth
displacement can be retrieved with sufficient accuracy in order to successfully remove the azimuth phase jumps between
bursts occurring in the differential interferogram.

1 Introduction

Modern synthetic aperture radar (SAR) systems aim to
maximise the ground coverage by increasing the swath
width while maintaining a high resolution in the azimuth
direction. In order to combine these two features, ad-
vanced SAR techniques, specifically digital beam form-
ing in the form of scan-on receive (SCORE) or multiple
azimuth channels (MAPS), are used, as a conventional
single-channel Stripmap SAR systems’ swath width and
azimuth resolution are constrained by the pulse repetition
frequency (PRF). While the use of ScanSAR allows to
cover a wider swath at the expense of azimuth resolution,
the usage of multi-channel sensors allows to improve the
azimuth resolution w.r.t. a conventional system. One ex-
ample for a mission that uses ScanSAR in combination
with multiple channels in azimuth is ROSE-L, which in
addition applies SCORE at each sub-swath to improve the
signal-to-noise (SNR) ratio. ROSE-L is a L-band SAR
mission in the frame of the Copernicus Sentinel expan-
sion Programme of the European Union and the European
Space Agency, employing a planar antenna with five re-
ceive apertures and ScanSAR as standard acquisition mode
[1, 2]. For ROSE-L, the available azimuth bandwidth after
the MAPS reconstruction exceeds the required processing
bandwidth by roughly a factor of two. This contribution
evaluates an extended processing approach which uses the
otherwise unused bandwidth in order to retrieve the along-
track and across-track components of the ground deforma-
tion separately. Extending the processed bandwidth allows
to use a 2-look ScanSAR approach, which has already been
used in [3, 4] to retrieve the azimuthal component of the
displacement and proposed for the ROSE-L mission in [5].
Thus, it is well suited for the retrieval technique analysed
in this contribution. The proposed deformation retrieval
would allow to enhance the observation of deformations

Figure 1 Two-way antenna pattern of the ROSE-L satel-
lite in azimuth dimension. The dotted lines enclose the
available bandwidth after the MAPS reconstruction, the
dashed lines the bandwidth used for the nominal 1-look
processing approach and the dash-dotted lines the band-
width of the 2-look ScanSAR approach used in this contri-
bution.

due to earthquakes or volcanic activities, one of the many
applications that SAR interferometry is already success-
fully used for [6]. This contribution puts its focus on the
processing scheme to retrieve the 2-D deformation signals
as well as on the expected accuracy of the along-track de-
formation retrieval, which is limited by the ROSE-L an-
tenna pattern shown in Fig. 1. The limitation occurs be-
cause of the decreasing gain beyond the 1-look processing
bandwidth, hence leading to a decreased retrieval accuracy
due to the increase of the azimuth ambiguities and noise
level in these areas.

This contribution is structured as follows. Section 2 ex-
plains the structure of the deformation retrieval chain. Sec-



Figure 2 Time-frequency diagrams of 1-look and 2-look
ScanSAR. Top panel: 1-look ScanSAR, the exemplary
point marked with the dotted line in the right burst is cov-
ered once. Bottom panel: 2-look ScanSAR, the same point
is covered twice.

tion 3 presents an analytic performance estimation for the
azimuth deformation using the 2-look approach, while Sec-
tion 4 shows the structure of the implemented simulations
and presents their results. Finally, conclusions are drawn
and an outlook is provided in Section 5.

2 2-Look ScanSAR

In SAR systems with multiple receive apertures like
ROSE-L, the acquired data for all Nch channels have to
be reconstructed in order to obtain an unaliased SAR im-
age. Digital processing algorithms as described in [7] are
used, such that after the reconstruction step a signal with
bandwidth

Brec = Nch · PRF (1)

is obtained. In ScanSAR, the temporal extent of each fo-
cused burst Tburst,foc is related to the focusing bandwidth
Bfoc, the azimuth Doppler rate kaz and the ScanSAR burst
duration Tburst,raw or the bandwidth of a target Btarget as

Tburst,foc = Bfoc/|kaz| − Tburst,raw

= (Bfoc −Btarget)/|kaz|. (2)

In order to have a continuous coverage for all sub-swaths,
Tburst,foc is set to the ScanSAR cycle time Tcycle, resulting
in a minimal 1-look bandwidth B1look of

B1look = |kaz| · Tcycle +Btarget, (3)

which corresponds to the scenario shown in the upper panel
in Fig. 2. According to (2), every target on ground can be
covered by more than one burst by enhancing the processed
bandwidth. The particular case shown in the lower time-
frequency diagram in Fig. 2, where every target is covered

Figure 3 The simplified processing chain to retrieve val-
ues of the deformation in azimuth and zero-Doppler direc-
tion.

by two different bursts is referred to as 2-look ScanSAR.
Due to the approximate linear relation between time and
frequency, the minimal required bandwidth for processing
results to

B2look = 2 · |kaz| · Tcycle +Btarget. (4)

Fig. 2 also shows that the two looks occupy different parts
of the spectrum, leading to different Doppler centroid fre-
quencies. The separation of these two Doppler centroids
can be computed as

∆f = |kaz| · Tcycle. (5)

This spectral diversity is equivalent to different look an-
gles, and can be used to compute the relative shift in az-
imuth between two acquisitions, as shown in [8, 3]. During
the interferometric processing, the retrieved azimuth shift
can be used to correct the 1-look interferogram to obtain
the deformation in zero-Doppler direction. As a result, the
processing provides two different deformation values for
each radar pixel: A value for the azimuthal component of
the deformation and a value for the zero-Doppler compo-
nent of the deformation, i.e., the 2-D deformation in radar
coordinates is retrieved. A scheme of the described pro-
cessing chain is shown in Fig. 3.
By combining ascending and descending passes it is then
possible to compute the 3-D deformation (easting, northing
and vertical), e.g., by means of a conventional weighted
least squares inversion. One shall consider that the mea-
surement in the azimuth direction will have in general a
worse performance, as indicated in the next section. Our
suggestion is to try to achieve a similar accuracy as the
line-of-sight measurement by using more looks when esti-
mating the azimuth shift.

3 Performance Analysis

For conventional SAR acquisitions, the optimal estimator
for the azimuth shift is the cross-correlation operation. Its
Cramér-Rao bound is given by [9]

σCC,CR =

√
3

2Nlooks

√
1− γ2

πγ

vg
Btarget

, (6)



where Nlooks is the number of looks, γ the interferometric
coherence, vg the platform velocity over ground and Btarget
the bandwidth of a target in azimuth. Note that the per-
formance is limited by the azimuth resolution. The stan-
dard deviation of the 2-look ScanSAR case can be derived
equivalently to the one of the split-bandwidth case shown
in [9]. While for the split-bandwidth case a similar coher-
ence can be assumed for both looks, this assumption does
not hold here due to the significantly lower antenna gain
on the edges of the 2-look bandwidth. The two looks are
thus considered separately and the resulting variance of the
2-look measurement σ2

2LSC is computed as

σ2
2LSC = σ2

L1 + σ2
L2. (7)

The standard deviation for each look follows the equation
similar to the split-bandwidth case

σL{1,2} =
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, (8)

which results in a two-look measurement accuracy with
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(9)
To determine the interferometric coherence of the looks,
several factors have to be considered. Temporal changes,
thermal noise and azimuth ambiguities cause decorrela-
tion, which deteriorate the signal quality, leading to worse
estimates of the deformation. This is especially relevant
here due to the decreasing gain of the antenna pattern in
azimuth towards the edges of the 2-look ScanSAR band-
width, resulting in an increase of noise and azimuth am-
biguities. The decorrelation due to the signal-to-noise ra-
tio γSNR and due to the azimuth-ambiguity-to-signal ratio
γAASR are thus relevant measures for the performance anal-
ysis. Together with temporal decorrelation γtemp, the coher-
ence model assumed for each look follows the equation of
the well known form

γL{1,2} = γtemp · γSNR{1,2} · γAASR{1,2} (10)

where the subscript {1, 2} refers to the indices of the re-
spective looks.

3.1 Decorrelation Due to Noise
With the assumption of white noise, the SNR depends on
the power of the returned radar signal and the induced noise
power. Given the normalised radar backscatter coefficient
in slant range β0, the antenna gain G and the noise equiva-
lent beta nought (NEBN), the SNR can be computed as

SNR =
β0 ·G
NEBN

. (11)

Assuming a similar SNR in primary and secondary acqui-
sition for each of the looks, the coherence is then computed
as [10]

γSNR{1,2} =
1

1 + SNR−1
{1,2}

. (12)

Table 1 Simulation parameters for ROSE-L.

Parameter Value
Nch 5

PRFch 1567.85Hz
veff 7142.76m s−1

NEBN −26.2 dB
Nlooks 50
Btarget 640Hz
γtemp 0.7

3.2 Decorrelation Due to Azimuth Ambigu-
ities

Azimuth ambiguities may cause additional decorrelation
as the signal power decreases towards the burst edges while
the power of the ambiguities might not. Similar to the
noise, the AASR is assumed the same for primary and sec-
ondary acquisitions of the same look. It has to take into ac-
count the azimuth reconstruction due to the multi-channel
nature of the system and is computed as [7]

AASR{1,2} =
pa{1,2}

ps{1,2}
(13)

where ps{1,2} and pa{1,2} are the total power contributions
of the focused signal and its ambiguities for each look, re-
spectively. The coherence follows as [11]

γAASR{1,2} =
1

1 + AASR{1,2}
. (14)

Note that the model above assumes decorrelated ambigu-
ities, which might not be necessarily the case, especially
for SAR missions with a small orbital tube. In such cases,
coherent azimuth ambiguities can result in interferomet-
ric biases in scenes with very heterogeneous backscattering
[12].

3.3 Application to the ROSE-L Case
In the case of ROSE-L the accuracy is computed using the
antenna pattern shown in Fig. 1 and the parameters listed
in Table 1. The results shown in the following consider
the case of a target located at burst centre, where the looks
with Doppler centroids fDC = 0Hz and fDC = ∆f =
1930Hz are exploited and thus the quality of the looks
varies the most. However, the same analysis can be done
for a target at a 1-look burst edge with parameters adapted
accordingly. The SNR values are computed from radar
backscatter coefficient, NEBN and the antenna gain at the
respective Doppler centroids. Some exemplary values for a
backscatter coefficient β0 = −11 dB are listed in Table 2.
Just like the SNR, the AASR for ROSE-L varies depend-
ing on the Doppler centroid of the target. It is computed
by adding all the ambiguous contributions and dividing it
by the main signal power (see (13)). Hereby the MAPS re-
construction has to be considered, which reconstructs the
signal in Nch = 5 different intervals with scaled ambigu-
ous contributions. The resulting AASR after focusing is
shown in Fig. 4. The resulting retrieval accuracy is shown



Figure 4 AASR of ROSE-L computed from the antenna
pattern after application of the azimuth reconstruction al-
gorithm and focusing. For the analysed 2-look ScanSAR
mode, a point in the burst centre will be covered by the
neighbouring burst with a Doppler centroid at approxi-
mately fDC = 1930Hz (vertical dashed line on the right).

Table 2 Reference values for a target at burst centre with
β0 = −11 dB.

Look 1, fDC = 0Hz
Parameter Value

SNR 15.2 dB
γSNR1 0.97
AASR −40.2 dB
γAASR1 0.99
γL1 0.68

Look 2, fDC = 1930Hz
Parameter Value

SNR 4.2 dB
γSNR2 0.72
AASR −10.8 dB
γAASR2 0.92
γL2 0.47

in Fig. 5. An accuracy of less than 10 cm can be achieved
for backscatter values β0 ≥ −10 dB approximately. This
is a significant improvement of a factor 4-6 compared to
the cross-correlation case, which is limited by the azimuth
resolution. The given multilooking of Nlooks = 50 cor-
responds to a resolution of 50m × 50m in azimuth and
range, however note that the variance of the deformation
measurement can still be decreased by increasing Nlooks,
as becomes clear when looking at (9).

4 Experimental Validation

To verify the analytic results, a more realistic simulation
of the previously described algorithm is implemented. The
following subsections explain the structure of the imple-
mented simulation and its results.

Figure 5 Azimuth shift estimation accuracies over
backscatter coefficient. 1-look Cramér-Rao bound is in
black and 2-look worst case and best case are in blue. Ta-
ble 2 lists examplary values of the worst case.

Raw data generation

Scene 
generation

Radar module Retrieval Evaluation

5 channels

True deformation

Figure 6 Structure of the simulation with the four modules
for scene generation, radar signal generation, retrieval and
evaluation.

4.1 Implementation
The simulation consists of the four main steps shown in
Fig. 6. The scene generation module creates a pair of ar-
tificial SAR images of a scene that is subject to a known
deformation, using an artificial 3-D deformation generated
from the Okada model [13] and a real backscattering SAR
image, in this case of Sentinel-1. The data are then upsam-
pled in azimuth to a sampling frequency asf = 15 · PRFch,
where PRFch is the PRF of one channel. The radar module
generates raw SAR data by defocusing the images by ap-
plying an azimuth decompression, and then accounting for
the used multi-channel ScanSAR acquisition mode. In or-
der to account for the MAPS, the acquired signals for each
of the channels are derived by multiplying the oversampled
signal with the residual bistatic channel impulse responses
Hj(f) [7] for each channel j given by

Hj(f) = exp

(
−j ·

π ·∆x2
j

2λ ·R0

)
· exp

(
−j

π ·∆xj

veff
· f
)
,

(15)

where ∆xj is the distance of the j-th receive aperture’s
phase centre to the transmit aperture’s phase centre, λ is
the carrier frequency’s wavelength and R0 is the minimal
slant range distance. Then azimuth ambiguities are intro-
duced by subsampling the raw data in time domain to an
azimuth sampling frequency asf = PRFch, which adds 14
ambiguities, four of which are later compensated for by the
azimuth reconstruction algorithm. As an additional source



Figure 7 Left: Reflectivity of the Sentinel-1 image used
for the simulation including the Turkish city of Antakya.
Centre: Phase of the differential 2-look interferogram, the
phase contribution due to the along-track deformation is
clearly visible. Right: Difference of the retrieved 2-look
interferometric phase and the phase due to the along-track
deformation used for the scene generation. Azimuth is ver-
tical. The figure shows a cutout of the simulated scene.

of decorrelation, independent realisations of circular white
Gaussian noise are added to the channel signals. The in-
jected noise power is hereby equivalent to the NEBN. Fi-
nally, the ScanSAR acquisitions are retrieved by cutting
bursts from the raw data. The retrieval module computes
the reconstructed and focused signal for both acquisitions
and implements the interferometric processing described
in Section 2. Hereby the signal is focused with the 2-look
bandwidth B2look given in (4) for the along-track deforma-
tion retrieval, but limited to the 1-look bandwidth B1look
from (3) for the computation of the interferogram in line of
sight.

4.2 Results
For a simulation using the parameters from Table 1 the dif-
ferent interferometric results are shown in Fig. 7 and Fig. 8.
The results of the 2-look processing are shown in Fig. 7
along with the Sentinel-1 reflectivity used in the simula-
tion, corresponding to a data take over the Turkish-Syrian
border close to the East Anatolian Fault. Note that instead
of the temporal coherence given in the table, the actual co-
herence of the Sentinel-1 acquisition has been used for the

Figure 8 Left: 1-look interferogram in line of sight, phase
jumps can be observed at the burst edges. Centre: 1-look
interferogram after removal of along-track deformation es-
timated by 2-look processing, where no phase jumps be-
tween bursts can be observed. Right: Along-track com-
ponent of the interferometric phase in line of sight. Az-
imuth is vertical. The figure shows a cutout of the simu-
lated scene.

simulation. As these data are acquired in C-band, a higher
dynamic range of the reflectivity and a higher coherence
would be expected for a similar acquisition in L-band [14].
Fig. 8 shows the results of the 1-look processing. It can be
clearly observed that the phase jumps that occur due to the
along-track motion of the scene can be properly compen-
sated for with the proposed processing approach.
To analyse the retrieval accuracy in different parts of the
bursts, a simulation with clutter as signal is more suited
than the Sentinel-1 reflectivity from the previous results.
The standard deviation of the measured deformation er-
ror in along-track direction along azimuth for clutter with
β0 = −11 dB is shown in Fig. 9. The deformation can be
retrieved with an accuracy of 9 cm to 15 cm. As expected,
the accuracy depends on the position of the target within
the burst, while best case and worst case accuracies are in
the order of magnitude predicted by the analytic approach.
Possible deviations between simulation and analysis can
be explained by the role of coherent ambiguities, which
are not considered in the analytic approach but occur in the
simulation.



Figure 9 Error standard deviation of the measured along-
track deformation along azimuth for a simulated clutter
signal (blue) and the corresponding analytic values (black).
The error is inhomogeneous due to the different signal
qualities in different parts of the bursts.

5 Conclusion and future work

This contribution has shown that the current system de-
sign of the ROSE-L system allows for measurements of
the along-track deformation using a 2-look ScanSAR ap-
proach, which allows a retrieval accuracy beyond the per-
formance that can be obtained with the azimuth resolu-
tion. The advantage is that nothing needs to be changed
in the system, being the only requirement that the ground
processor focuses a wider azimuth bandwidth. The exact
accuracy hereby depends on the multilooking. For ex-
ample, with a resolution of 50m × 50m in azimuth and
ground range respectively a mean accuracy of approxi-
mately 12 cm can be achieved for a region with a mean
power of −11 dB. The proposed processing also allows the
independent retrieval of the along-track and across-track
deformations, such that by combining ascending and de-
scending orbits one can retrieve a 3-D deformation map.
While the accuracy within the current system depends on
the target position within the overlapped bursts, the differ-
ence in performance are not significant. Further simula-
tions (not shown) have been performed by using an alter-
native antenna pattern, as suggested in [5]. In this case,
variability of the retrieval accuracy within the burst is re-
duced while maintaining the same mean accuracy. This
comes at the price of a reduced peak antenna gain and thus
a worse SNR and AASR within the 1-look bandwidth. Ad-
ditional investigations with alternative transmit or receive
antenna patterns would be needed to evaluate whether the
impact on the 1-look images could be minimized.
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