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Fig. 33. Histograms of the height differences between the F-SAR and ALS

elevation models corresponding to the first ROIL. The first row shows (Left)
S-band and (Right) X-band single-pass results, while the second row shows
(Left) S-band and (Right) X-band repeat-pass results.
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Fig. 34. Shaded relief images corresponding to the F-SAR elevation models
of the second ROI. The first row shows (Left) S-band and (Right) X-band
single-pass elevation models. The second row shows (Left) S-band and (Right)
X-band repeat-pass elevation models. Fine features can be distinguished in
both bight and vegetated areas.

images of the F-SAR elevation models are given in Fig. 34.
Again, S- and X-band single-pass DEMs appear in the first
row, and S- and X-band repeat-pass DEMs in the second one.
In all the images, fine features can be distinguished in both
bight and vegetated areas. Also in this example, the superiority
of the repeat-pass products over the single-pass ones is clear.
Note that this ROI contains agricultural fields not present in
the laser DEM. Hence, larger inconsistencies are expected
when directly comparing the reference and F-SAR elevation
models. This is readily seen in the histograms of the height
differences shown in Fig. 35. Both repeat-pass distributions
contain a sidelobe around the mean vegetation height of the
fields. The sidelobe is still recognizable in the X-band single-
pass histogram, but it is lost in the S-band single-pass result
due to the increased noise content. For this ROI, the standard
deviation of the height difference should be interpreted with
caution, since it incorporates not only the errors in the F-SAR
DEM but also the disparity of the topographic content.
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Fig. 35. Histograms of the height differences between the F-SAR and

ALS elevation models for the second ROI. The first row shows (Left)
S-band and (Right) X-band single-pass results, while the second row shows
(Left) S-band and (Right) X-band repeat-pass results. Due to the presence of
agricultural fields with tall crops (not included in the ALS reference), larger
inconsistencies are observed.

Fig. 36. Difference between F-SAR S- and X-band DEMs, scaled
from —0.5 to 0.5 m. The image shows that differences in penetration between
S- and X-bands are below a few centimeters for the majority of the scene, and
cause the height differences of around 30 cm for areas with short vegetation.

Differences in penetration between X- and S-band waves
are negligible for the majority of this particular scene. Never-
theless, a few agricultural fields present different topographies
in the two generated DEMs. This can be observed in Fig. 36,
which depicts the difference between S- and X-band F-SAR
elevation models, scaled from —0.5 to 0.5 m. The image shows
that the absolute height difference for vegetated areas is around
30 cm. As expected, in such regions, the X-band DEM is
higher than the S-band one.

Since the main goal of this experiment is to map the
bight area, it is reasonable to merge X- and S-bands into
a final elevation DEM with an improved relative accuracy,
as explained in Section IX. The wavelet fusion scheme
proposed in this paper was performed to combine X- and
S-band data into a final elevation model, neglecting pos-
sible differences in penetration [i.e., using (70)-(75)].
Figs. 37 and 38 show the resulting shaded relief images of
the selected ROIs located at the middle-western and eastern
portion of the bight, respectively. In Figs. 37 and 38, the DEM
presented in the left was constructed by a simple ML esti-
mation, while the one in the right was generated with the
proposed approach. Visually, the ML DEM does not show
much improvement in comparison with the X-band elevation
models in Figs. 32 and 34. In fact, since the quality of the
X-band repeat-pass data is considerably higher, it dominates
the resulting DEM. On the other hand, a quality improvement
of the bight terrain estimation is observed with the wavelet-
domain fusion, which yields a better regularization (i.e., noise
removal), specially within the bight area.

Figs. 39 and 40 show the histograms of the differences
between the final DEM and the ALS reference within the



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

PINHEIRO et al.: GENERATION OF HIGHLY ACCURATE DEMs OVER FLAT AREAS 25

Fig. 37. Shaded relief images of the first ROI. Both results are the
combinations of X- and S-band elevation models. For the DEM presented
in (Left), an ML estimation was performed, while for the one in (Right),
the wavelet-domain fusion was performed.
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Fig. 38.  Shaded relief images of the second ROI. Both results are the
combinations of X- and S-band elevation models. For the DEM presented
in (Left), an ML estimation was performed, while for the one in (Right),
the wavelet-domain fusion was performed.
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Fig. 39. Histograms of the height differences between F-SAR final DEM

and ALS reference for the first ROIL (Left) ML estimation. (Right) Proposed
wavelet fusion approach.

selected ROI. In both cases, Figs. 39 and 40 (left) corre-
spond to the DEM estimated with the ML algorithm, while
Figs. 39 and 40 (right) correspond to the results with the
proposed wavelet fusion. For both ROIs, the two estima-
tion strategies yield a small decrease in the height standard
deviation in comparison to the X-band DEM (from 0.08 to
0.06 m and 0.05 m, for the first ROI and from 0.27 to
0.24 m and 0.23 m for the second ROI). The small reduction
in the standard deviation indicates that the main sources of
discrepancies are residual low-pass disturbances in the SAR
products and residual errors in the ALS reference.

Finally, Fig. 41 shows the profiles of the final DEM along
the (left) North and (right) East directions. The profiles were
extracted from the first ROI, i.e., they correspond to intertidal
mudflats including several water tidal channels. The result
of the ML estimation is shown in black curve, the result
considering the wavelet reconstruction appears in red curve,
and the MAP+TYV regularization appears in blue curve. The
profiles show that both wavelet and MAP+TYV reconstructions
are able to reduce the noise while also fairly recovering small
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Fig. 40. Histograms of the height differences between F-SAR final DEM and
ALS reference for the second ROI. (Left) ML estimation. (Right) Proposed
wavelet fusion approach.
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Fig. 41. Profiles of the F-SAR final DEM along the (Left) North and (Right)

East directions. In both cases, the result of the ML estimation is shown in
black curve, the result considering wavelet reconstruction appears in red curve,
and the MAP+TV regularization appears in blue curve. An offset of 20 cm
has been introduced in the MAP+TYV regularization result in order to improve
visualization.

features. The blocking artifacts in the blue curve are due to
the nature of the TV regularization [109], and can be avoided
by using higher order priors.

XI. CONCLUSION

In this paper, a methodology to generate highly accurate
elevation maps from large-baseline airborne InSAR data has
been described. The procedure uses DFDB data sets to ensure
the relative and absolute height accuracy of the derived model.
This combination profits from the stability of single-pass
interferograms in relation to slowly varying errors and the
low noise sensitivity associated with large-baseline elevation
models.

Specifically, the dual-frequency redundancy is exploited in
the phase unwrapping, unwrapping error correction, base-
line calibration, and regularization steps. On the other hand,
the unbiased single-pass information mainly supports the cor-
rection of low-frequency disturbances and absolute calibration
of the repeat-pass data. Moreover, the single-pass elevation
models can be used to fill the gaps corresponding to areas
where the repeat-pass interferograms are completely decorre-
lated, typically the case of volume scatterers.

The strength of the DFDB configuration is the exploitation
of the consistence between the data sets. Hence, its use is
not suitable when the penetration differences between the
X- and S-band waves are large, which might occur, e.g., when
imaging terrain covered with snow or glaciers. In such cases,
an alternative to promote proper unwrapping is to use smaller
baselines in order to ensure that the penetration differences
are smaller than the HoAs. Alternatively, we can replace the
S-band data set for a second X-band one with a smaller
baseline. In this case, the baselines should be such that the
corresponding HoA is larger than the expected residual low-
pass errors, thus also resulting in decreased relative height
accuracy. Moreover, both solutions will also lead to degraded
absolute referencing due to the suboptimal calibration caused
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by inconsistency between the data sets (differences in the
phase centers or differences between low-pass artifacts).

Although the DEM generation chain was derived for the
DFDB configuration, modifications can be performed accord-
ing to the available data, and the proposed algorithms can be
used according to the characteristics of the specific configu-
rations and systems. As mentioned earlier, it can be adopted
for data from a single-frequency/dual-baseline configuration,
albeit with an overall performance loss. In another example,
if a simultaneous acquisition with different carrier frequencies
is not viable, a dual-frequency configuration can be emu-
lated by splitting the range spectrum of a single data set
into two subbands, provided the bandwidth of the system
allows, as suggested in [13] and [110]. Also, depending on
the required accuracy, the role of the single-pass data to
support calibration can be fulfilled by external references, e.g.,
the TanDEM-X global DEM.

The efficiency of the DFDB configuration and proposed
chain has been validated with airborne SAR data of an
experiment conducted in Germany with the F-SAR sensor
over tidal flats in the Jade Bight in the North Sea, consisting
of two passes separated by an effective baseline of around
30 m, each one acquiring data simultaneously in X- and
S-bands. The proposed algorithms allowed the generation of
elevation models with vertical relative and absolute accuracies
in the order of centimeters in a 1 m x 1 m spatial grid,
unprecedented results for the F-SAR sensor. Although the data
used for the validation are flat, a good performance is also
expected for steep terrain. Note that the proposed calibration
approaches are fairly robust to topography, since they rely
on phase differences. Moreover, the suggested fusion strategy
mainly exploits the consistency between X- and S-band data,
thus not assuming smooth terrain. The critical step for such
scenarios would be the phase unwrapping. In fact, the dual-
channel unwrapping strategy discussed in Section IV also
performs well for complex scene, as shown in [36] using
TanDEM-X large-baseline data acquired over the Atacama
desert/mountains. Moreover, remaining unwrapping errors can
be corrected by the active-contour-based strategy proposed
here (also based on phase differences), provided that the
accuracy of available reference DEMs (e.g., the TanDEM-X
DEM) is good enough to allow for the verification of single-
pass data sets.

APPENDIX

This section provides the solution of the minimization
problem defined for identifying unwrapping errors in X- and
S-band repeat-pass phases. Writing the global functional as

6
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the final system of coupled PDEs used for the evolution is
given by
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where g() assumes zero on edges and a positive value other-
wise, example
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delta measures are given by [76]
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As in the original classification in [75], (82) is embedded
in an iterative scheme such that
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The initialization is performed by simply applying the signed
distance function to initial unwrapping error maps, e.g.,
the ones obtained with (40). The evolution of (86) is then
alternate with the reinitialization
4% = @it!
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PINHEIRO et al.: GENERATION OF HIGHLY ACCURATE DEMs OVER FLAT AREAS

until no further changes are observed
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