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Abstract

While deformation measurements in the line-of-sight direction using interferometric synthetic aperture radar (SAR) are
state of the art, in most current spaceborne SAR systems they do not provide enough information to allow for inversion of
all three spatial dimensions. Therefore, measurements in the along-track direction are crucial to enable 3-D displacement
inversion with a SAR system like the upcoming ROSE-L mission. Recent study results have shown that the retrieval of
along-track deformations with ROSE-L is possible using the two-look ScanSAR method, exploiting the angular diversity
of the two looks, and hence achieving an accuracy better than the one provided by the azimuth resolution. The retrieval
performance is hereby limited by system-inherent influences on the signal. This contribution presents three approaches
to improve the performance and to partially mitigate resulting errors by using an adapted processing on ground, hence
without changing the system itself. It is shown that the adapted processing can improve the overall retrieval performance.

1 Introduction

Deformation measurements with synthetic aperture radar
(SAR) deliver important data for detecting, tracking and
understanding various geophysical phenomena, such as
earthquakes, landslides, glacier movement and volcanism
[1]. SAR deformation measurements using the interfero-
metric phase are one-dimensional, representing the defor-
mation along the line of sight, thus multiple independent
measurements are needed to separate the spatial compo-
nents and to enable the retrieval of 3-D deformation fields.
In most current spaceborne SAR systems the combination
of coherent and incoherent interferometric measurement
techniques can be used to separate deformation compo-
nents along the track of the satellite and orthogonal to the
track (referred to as zero-Doppler), however with a highly
decreased accuracy of the along-track component with re-
spect to the zero-Doppler component, for the along-track
component is limited by the azimuth spatial resolution.

The future Radar Observing System for Europe in L-
Band (ROSE-L) mission [2] has the potential to retrieve
the along-track deformation component with an improved
accuracy of about a factor 6 in the standard deviation
with respect to correlation methods by using a two-look
ScanSAR technique, which has been demonstrated in [3, 4]
for the TerraSAR-X/TanDEM-X satellites and in [5] for
the ALOS-2 satellite, among others. ROSE-L is a mis-
sion in the frame of the Copernicus Sentinel Expansion
Missions led by the European Commission and supported
by the European Space Agency. It consists of a constel-
lation of L-Band radar sensors, using a ScanSAR acquisi-
tion mode and an antenna with five azimuth channels. The
received signals of all five channels are downlinked and
recombined on ground to reconstruct a wide bandwidth az-
imuth signal, allowing for the exploitation of burst overlaps

for along-track deformation retrieval. The retrieval perfor-
mance is hereby limited by the antenna pattern, which is
optimized for single-look acquisitions rather than the ex-
ploitation of two looks. A modification of the transmit
antenna pattern to improve the retrieval performance has
been suggested in [6] and more recently in [7]; however,
this comes at the expense of signal quality in the single-
look bandwidth. In contrast, this contribution assumes an
unchanged antenna pattern with respect to the current sys-
tem design and presents a brief performance analysis of
a two-look ScanSAR deformation retrieval together with
three approaches to improve the retrieval accuracy during
signal processing on ground.

The retrieval accuracy is driven by the signal-to-noise ratio
(SNR) and the azimuth-ambiguity-to-signal ratio (AASR)
of the reconstructed data. This is why the first approach
uses a modified recombination of the subapertures’ sig-
nals in order to increase the SNR of the measurement and
the second approach increases the SNR by exploiting a
third look. The third approach applies coherent azimuth
ambiguity suppression techniques to improve the retrieval
performance. The performance analysis of this contribu-
tion is focused on end-to-end simulations, the structure of
which has been published in [8]. The presented contribu-
tion furthermore extends the analytic results from [9] and
is structured as follows. First, in Section 2 the along-track
deformation retrieval algorithm is briefly summarized, in-
cluding the relevant performance metrics. Section 3 then
presents the adapted processing for increased performance,
specifically the cascaded beamforming (Section 3.1), the
exploitation of a third look (Section 3.2) and the coherent
azimuth ambiguity removal (Section 3.3). Section 4 shows
an exemplary full simulation and, finally, Section 5 draws
the conclusions of the presented results.



2 Along-track deformation retrieval

The along-track deformation retrieval is based on the ex-
ploitation of ScanSAR burst overlaps, which, due to their
different azimuth Doppler centroids, show different sensi-
tivities to the along-track component of the deformation.
By computing the difference of the interferometric phases
of both looks for a specific target, the along-track com-
ponent of the deformation can be inverted from the mea-
sured deformations in line of sight. The performance of
this retrieval technique is limited by the accuracy of the
interferometric phase, which is driven by the SNR and
the AASR, as analyzed in detail in [8]. The resulting ef-
fects are demonstrated using a simulation of a two-look
acquisition over eastern Turkey, using the reflectivity of a
Sentinel-1 acquisition together with a artificial deformation
field, modeled with the Okada model [10], and a temporal
decorrelation assumed constant with Yemp = 0.7 as inputs
to the simulation [8]. Three bursts of the simulation of a
single sub-swath are shown in Figure 1.

SNR and AASR are both significantly influenced by the
system’s antenna pattern. As in the case of ROSE-L the
antenna pattern is not optimized for an exploitation of two
looks, a decrease in coherence towards the burst edges can
be observed from the simulated coherence in Figure la.
This decrease in coherence leads to increased noise in the
interferometric phase, as shown in Figure 1b. In addition
to the increased phase noise, also phase biases caused by
coherent azimuth ambiguities can be observed. When com-
puting the differential interferometric phase, these mea-
surement errors appear in the signal as well, as is shown
in Figure lc. The unwrapped differential interferometric
phase ¢gint, uw can then be converted to the along-track de-
formation dyjong-track by multiplying with a conversion fac-
tor depending on the sensor velocity over ground v, and the
spectral separation of the two looks in the azimuth Doppler
spectrum A f. The conversion is then given by [3, 5]
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Figure 1d shows the deformation measurement derived
from the differential interferometric phase for the present
simulation.

The two error components —noise and biases— can be sep-
arated in the simulation, as shown in Figure le. While the
noise can be partially mitigated by spatial averaging, the
biases are more complex to remove. Further simulation
results have shown that the measurement biases due to co-
herent azimuth ambiguities can be even stronger than in
the given example, to a degree where a proper unwrapping
of the differential interferometric phase would not be pos-
sible [8]. This case occurs for scenarios with a very het-
erogeneous backscatter and large differences in the local
interferometric phases, e.g. glaciers. In these cases, am-
biguity removal algorithms can help with the mitigation of
potential measurement errors.

3  Performance optimization

To improve the measurement accuracy, noise and ambigu-
ity biases have to be reduced. The phase noise can be re-
duced by spatial averaging, leading to a more coarse reso-
lution [8]. Another approach to improve the SNR, preserv-
ing the original resolution, is based on the multi-channel
structure of the ROSE-L system. As a larger bandwidth
than required for the two-look mode is reconstructed, an
additional beamforming step could be used to increase the
SNR [9]. The second optimization approach proposes the
partial exploitation of a third look to increase the SNR.
Furthermore, an algorithm to suppress coherent azimuth
ambiguities is proposed. Several algorithms for compen-
sating coherent azimuth ambiguities on interferogram level
exist, which could be also applied to the along-track defor-
mation retrieval case. The one presented in this contribu-
tion is based on the algorithm proposed in [14].

3.1 Cascaded beamforming

The ROSE-L antenna consists of five subapertures, used as
independent receive channels for the radar signal. Those
five channels are downlinked and recombined into a sin-
gle receive signal during the on-ground processing. Com-
monly, an algorithm based on a least-squares estima-
tion is used for this step, as for example proposed in
[11]. This algorithm reduces aliasing within the subsam-
pled channel signals, reconstructing a total bandwidth of
Biec = No, - PRF, where Ny, is the number of chan-
nels used for the reconstruction (ROSE-L: N, = 5) and
PRF the pulse repetition frequency. As By, is larger than
the bandwidth required for the two-look processing, it is
possible to reduce the number of channels used for the
reconstruction, using M subsets of N < N, channels,
and add a separate step of maximum-steering beamform-
ing with the M reconstructed signals to improve the SNR.
This is referred to [N + M ]-beamforming in this paper and
is similar to an approach proposed in [12]. The reconstruc-
tion can be expressed as an inversion, where a signal u|y;
is reconstructed from N aliased signals u,, in IV spectral
intervals f,,, withn = 1,..., N, given as
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where P, ( f,) is the reconstruction factor of the gth channel
signal on the pth frequency interval. In the next step, the
M reconstructed channels are weighted and summed as

M
UIN,M] = Z WnU[N]m 3)
m=1

where u[y, ) is the signal after a N-channel reconstruc-
tion and M-channel beamforming, vy, is the mth re-
constructed signal and w,,, is the beamforming weight. The
latter is computed as [12]
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Figure 1 Deformation retrieval with the two-look ScanSAR simulation showing three consecutive bursts. (a) Coherence
and (b) Interferometric phase. (c) Differential interferometric phase and error. (d) Along-track deformation measurement

and error. (e) Noise and ambiguity error contributions.

where f,, is the frequency in the azimuth Doppler spec-
trum, v, the satellite velocity and Az, the distance be-
tween phase center of the reconstructed channels and phase
center of the complete antenna array. Note that this beam-
forming step is also performed in the range-Doppler do-
main.

The effect on the noise can then be quantified as a noise
scaling factor ®.,s, a function of the ratio between the
SNR of the cascaded beamforming (SNR.,s.) with respect
to the SNR of a single channel signal (SNR.y,), compared
to the reference case, where all channels are used for the re-
construction (SNRg,1), with the PRF where uniform sam-
pling is achieved (PRF;,;). The scaling factor follows as
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where A, is a scaling matrix, computed from the cas-
caded reconstruction matrix P,s. and the beamforming
weights, given as
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The exact increase in SNR with respect to the full recon-
struction hereby depends on the PRF. For the first sub-
swath of ROSE-L, an increased SNR by up to 1dB was
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Figure 2 Cascaded beamforming results on the simulated
scene. Left: Full reconstruction; Center: [4 + 2]; Right:
[3+ 3]

reached, while keeping azimuth ambiguities at a reason-
able level. In this case, the cascade beamforming was
performed with N = 4 and M = 2 (ie. [4+2]-
beamforming). The interested reader is referred to [9] for
a more detailed theoretical analysis. Note that the refer-
enced paper assumes fully decorrelated ambiguities, while
the simulation in the present paper works with coherent
ambiguities, where the temporal coherence of signal and
ambiguities are assumed the same.

The results in Figure 2 show the measurement error with
the same simulated scene as in Figure 1. While the im-
proved SNR is only barely visible, the increased azimuth
ambiguity biases due to the decreased number of channels
in the reconstruction can be clearly identified.

To evaluate the impact of the increased SNR on the mea-
surement accuracy, the deformation measurement of a sec-
ond simulation is evaluated. For this purpose, we gen-
erate a homogeneous scene of distributed scatterers with
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Figure 3 Standard deviation over the range dimension of
the along-track deformation measurement error with a ho-
mogeneous scene.

backscatter 0p = —25 dB. By computing the standard de-
viation of the measurement error over range, we compare
the measurement accuracy as a function of the azimuth po-
sition. Figure 3 shows the standard deviation of all range
samples plotted over the azimuth sample position, show-
ing a slightly decreased standard deviation for the [4 + 2]-
reconstruction with respect to the full reconstruction refer-
ence. Also here, the large ambiguity increase in the [3 + 3]-
reconstruction case leads to a lower measurement accuracy
than the reference. The small measurement performance
increase is in line with the results from [9].

3.2 Exploitation of a third look

A second approach to increase the SNR of the measure-
ment includes the further exploitation of the available
bandwidth by using a third look. In case the full bandwidth
is available for processing, an even larger overlap could
be processed allowing for the processing of an additional
look. As the spectral separation of the outer looks and the
one closest to zero-Doppler is the same, two differential in-
terferograms could be computed and averaged in order to
reduce phase noise while maintaining the same resolution.
Simulation results have shown that this approach indeed in-
creases the SNR in certain areas close to the two-look burst
edges. Figure 4 shows the simulated scene, processed with
an additional third overlapping burst for 50% of all pixels.
Due to the significantly decreasing SNR towards the edges
of the extended bursts, an exploitation of the third look for
the remaining 50% of the pixels would lead to a decreased
measurement accuracy in these areas. Furthermore, the ex-
ploitation of a third look will introduce more biases due to
coherent azimuth ambiguities. The effect of the increased
SNR is again analyzed stochastically with the same homo-
geneous scene as in Figure 3. The resulting standard devi-
ation of the error is shown in Figure 5.

3.3 Coherent ambiguity removal

Given the small orbital tube of the ROSE-L repeat-pass
interferometric acquisition mode and the resulting small
interferometric baselines, ambiguities correlate and con-
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Figure 4 Extended overlap processing results on the sim-
ulated scene. Left: Two looks; Right: Partial three looks
(50%).
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Figure 5 Standard deviation over the range dimension of
the along-track deformation measurement error with a ho-
mogeneous scene.

tribute a coherent signal which biases the signal of inter-
est. These biases cannot be mitigated by averaging or ad-
ditional beamforming. Instead, an algorithm to estimate
and coherently subtract the biases from the interferograms
is proposed based on [14]. A block scheme of the proposed
removal algorithm is shown in Figure 6.

As derived in [13], the ambiguous signal can be modeled
as a complex sum of main signal and coherent ambigu-
ities. Hence, a first estimate of the ambiguous compo-
nent of the interferogram can be obtained by combining
estimates of ambiguity amplitude, coherence and interfer-
ometric phase. In a next step this estimate can be used to
subtract the ambiguous signal. The computation of the in-
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Figure 6 High-level block diagram of the ambiguity re-
moval algorithm.
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Figure 7 Along-track deformation retrieval with the glacier scene, before and after ambiguity removal. (a) Amplitude
of the focused SAR image. (b) Initial along-track deformation measurement and error. (c) Corrected along-track de-
formation measurement and error. (d) Interferometric phase without ambiguity removal. (e) Interferometric phase with

ambiguity removal.

terferometric phase is however not trivial, as it requires an
unbiased retrieval result. We propose to iteratively retrieve
deformation and correct for systematic errors to retrieve an
unbiased deformation map. Furthermore, this approach re-
lies on the assumption that the mean backscatter of a target
does not vary as a function of the Doppler centroid.

To demonstrate the ambiguity removal, results from a dif-
ferent simulation with stronger ambiguity biases are shown
in Figure 7. The scene is located around a highly decor-
related glacier tongue, where the combination of high
backscatter in the ambiguity origin area, together with
lower backscatter around the glacier and the increasing
AASR towards the burst edges cause significant measure-
ment biases. With the given removal algorithm, these bi-
ases are partially suppressed in the interferograms, which
can then be used to compute a new along-track defor-
mation estimate. The corrected interferograms still show
some residual biases. As the algorithm itself is unbiased,
these residual biases are likely caused by ambiguity model
mismatches, such as sub-pixel shifts and mismatches in
the impulse response, which are currently being investi-
gated. As an alternative, an adapted version of the algo-
rithm proposed in [15] may also be applied. The algorithm
has shown to relax the necessary assumptions and require-
ments with respect to the precise knowledge of the before
mentioned error sources, which may be further improving
the suppression performance.

4  Exemplary results

To show the deformation retrieval results over a larger area,
the full simulation results of both previously introduced
scenes are shown in Figure 8. Both simulations take the
reflectivity of a Sentinel-1 subswath (approx. 300km in
azimuth and 80 km in ground range) together with a given
deformation as input. The interested reader is referred to
[8] for more details about the structure of the simulations.
Due to the different error contributions within the given
scenes, the simulation over Turkey is exploiting a third
look to increase the SNR where needed as shown in Sec-
tion 3.2, while the simulation over the glacier compensates
azimuth ambiguities as presented in Section 3.3.

5 Conclusions

The presented results show that the along-track defor-
mation measurements accuracy with ROSE-L can be in-
creased by applying the three proposed techniques. Which
technique —or which combination of techniques— is most
effective, depends on the scene. Scenes with low noise im-
pact and strong ambiguities will not benefit from cascaded
beamforming, while for scenes with strong noise impact
and small biases, improving the SNR might be sufficient.
In general, all three techniques could also be applied in
conjunction, note, however, that the presented techniques
to increase the SNR will in return increase the ambiguity
bias and vice versa, so the tradeoff between ambiguities
and noise cannot be avoided by applying multiple tech-
niques at the same time.
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Figure 8 Full simulated scenes. Left: Amplitude of the
de-bursted image. Right: Measured along-track deforma-
tion. (a) Scene over eastern Turkey with deformation sim-
ulated based on the Okada model. (b) Scene over the Pe-
termann glacier in Greenland, with realistic deformation
1nput.

Furthermore, the application of the two-look technique in
general —and even more the proposed exploitation of a third
look- require the availability of at least the two-look band-
width after the reconstruction. This would require the stor-
age of twice the amount of data, hence having a clear im-
pact in the ground segment of the mission. On the other
hand, a clear advantage of the proposed technique is that no
changes are needed within the satellite system itself, hence
preserving the image quality of the single-look products.
The exploitation of the proposed approach would allow
the retrieval of accurate 3-D deformation measurements,
as well as the computation of the interferometric phase in
zero-Doppler direction, which is beneficial for phase un-
wrapping as it removes phase jumps at the burst edges.
Further applications would also benefit from the larger an-
gular diversity, e.g., ionospheric mitigation.
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