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Abstract

Digital elevation models can be obtained from synthetic aperture radar (SAR) interferograms though the process of phase
unwrapping. Even with high-quality bistatic interferograms, such as those produced by TanDEM-X, however, unwrap-
ping errors occur, which are usually resolved by exploiting an additional acquisition over the same scene with a shorter
baseline. This work proposes to upgrade a bistatic interferometric SAR system with a low-cost CubeSat add-on that allows
detecting and resolving phase unwrapping errors in a single pass of the satellites. Simulation analyses show the effective-
ness of the CubeSat add-on in spite of its much smaller antenna aperture.

1 Introduction

Synthetic aperture radar (SAR) is a class of active coherent
radars particularly suitable for satellite remote sensing.
SAR interferometry is a technique where two SAR images
taken over the same area with temporal or spatial separa-
tion, called the baseline, are combined into an interfero-
gram from which information can be extracted. An im-
portant application of SAR interferometry is the generation
of accurate high-resolution digital elevation models
(DEMs). For such, an across-track baseline must be pre-
sent, so that the interferometric phase is related to the
height of the imaged cell, with a 2rr phase variation corre-
sponding to the variation in height equal to the so called
height of ambiguity. Additionally, acquiring both SAR im-
ages in a single-pass configuration avoids temporal decor-
relation [1]-[4]. Spaceborne single-pass SAR interferome-
try was demonstrated by the Shuttle Radar Topography
Mission (SRTM), and later by the TanDEM-X mission,
where two TerraSAR-X-like satellites fly in close for-
mation. Both these missions achieved the goal of produc-
ing the most accurate global-scale digital elevation model
of their time [5], [6].

Phase unwrapping is a critical step in generating a DEM
from an interferogram, and even with SAR instruments in
a single-pass configuration, such as in TanDEM-X, phase
unwrapping errors may occur [7]. The information from an
additional interferogram acquired over the same area but
with a different height of ambiguity can be used to resolve
phase unwrapping errors. TanDEM-X uses this approach,
with the additional interferogram being obtained in a sec-
ond pass of the satellites [7], which requires adapting the
formation to the new baseline, impacts the acquisition plan
of the mission, and limits the system’s capability of moni-
toring fast-changing dynamic phenomena. This work pro-
poses instead that the additional interferogram is obtained
in a single pass through a low-cost, receive-only CubeSat
add-on flying in close formation with the bistatic interfer-
ometer. The CubeSat add-on is characterized by an antenna
aperture much smaller than that of the main two satellites.

This work describes and analyses this concept and presents
some design examples for the case where a CubeSat is
added to a TanDEM-X-like interferometer.

2 Bistatic SAR Interferometry with
a CubeSat Add-On

We propose an interferometric SAR system concept where
a bistatic SAR interferometer is augmented with one or two
receive-only CubeSat SARs that provide information for
detecting and resolving phase unwrapping errors. Two
configurations are considered. In the first, shown in Fig-
ure 1 (a), a single CubeSat is added with a small baseline
to one of the main satellites. As maintaining this small
baseline in close formation flight may be challenging, the
second configuration, shown in Figure 1 (b), is proposed
where two CubeSats are added with a small baseline be-
tween themselves, and an along-track separation from the
main satellites. One of the main satellites is responsible for
transmitting the pulses that illuminate the scene, and all sat-
ellites record the echoes. Three interferograms are formed
by combining the coregistered images from each satellite.
The large-baseline interferogram, v;, is formed with the
main satellites, and has a large baseline to provide preci-
sion to the resulting DEM. In contrast, a small-baseline in-
terferogram, v, is formed, in the first configuration, from
the CubeSat and one of the main satellites, and, in the sec-
ond configuration, from the two CubeSats. Its small base-
line leads to a large height of ambiguity, which enables it
to be used to resolve phase unwrapping errors. A third in-
terferogram called the medium-baseline interferogram can
be formed, in the first configuration, by combining the im-
ages of the CubeSat and the other main satellite or, in the
second configuration, by combining the large-baseline and
the small-baseline interferograms through
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Figure 1 Diagram showing the two proposed configura-
tions for the CubeSat add-on to a bistatic SAR interferom-
eter. In the first (a), a CubeSat is added in formation with a
small baseline to one of the main satellites. In the second
(b), two CubeSats are added with a small baseline between
themselves and an along-track separation from the main in-
terferometer.

To leverage the additional information provided by the Cu-
beSat add-on, a multi-baseline phase unwrapping algo-
rithm can be used. In this work, we propose a processing
concept based on the dual-baseline phase unwrapping
framework for TanDEM-X [7]. As shown in Figure 2, the
phases of the three interferograms are unwrapped inde-
pendently and converted to heights, forming three DEMs.
The large-baseline DEM height h; is corrected by adding
or subtracting a multiple of the height of ambiguity that
minimizes the difference with the small-baseline DEM
height hg:
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where | - | denotes rounding to the nearest integer, HoA, is
the height of ambiguity of the large-baseline DEM, and
hgina 18 the corrected height. This correction is done pix-

elwise. With this method, the resolution and height vari-
ance of the final DEM are the same as that of the large-
baseline DEM.

The error in the height of the small-baseline DEM with re-
spect to the true height of the terrain can cause residual un-
wrapping errors to be present, i.c., cause the unwrapping
correction procedure to add or subtract an incorrect number
of heights of ambiguity, such that the final height hg,,; con-
tains unwrapping errors. These errors are attributed to the
large height variance of the small-baseline DEM due to its
large height of ambiguity and lower coherence, and to bi-
ases in the small-baseline DEM such as unwrapping errors
or the effect of strong coherent azimuth ambiguities [8].
Because phase unwrapping errors generally occur in large
blobs, it is acceptable to trade the resolution of the small-
baseline DEM to further reduce unwrapping errors or re-
duce the downlink data volume. One possibility is to in-
crease the number of looks used in the small-baseline in-
terferogram, reducing the height variance of the small-
baseline DEM and, therefore, decreasing the likelihood of
residual unwrapping errors. Another possibility is receiv-
ing a smaller range bandwidth in the CubeSat, which would
also reduce the data volume to be downlinked.

Phase unwrapping errors are detected by comparison of the
large-baseline DEM with the medium- and small-baseline
DEMs and, to avoid residual unwrapping errors from being
introduced into the final DEM, this information is used to
skip the phase unwrapping correction described in (2) in
the regions where phase unwrapping errors are not de-
tected. If the difference between the heights of the large-
baseline and medium-baseline DEMs, h; and h,,, respec-
tively, is larger than the difference between the correspond-
ing heights of ambiguity, HoA; and HoAy, i.e., if

|hy — hy| > |HoA, — HoAy|, €))

the heights are considered discrepant, revealing the pres-
ence of unwrapping errors, and the phase unwrapping cor-
rection (2) is performed. This check is evaluated pixelwise
and can fail to detect the unwrapping errors if the offsets
caused by them in the large- and medium-baseline DEMs
do not differ by much more than the threshold in (3). To
avoid this, with respect to the original phase unwrapping
approach of TanDEM-X, we propose to further compare
the heights of large-baseline DEM with those of the small-
baseline DEM, such that if they differ by more than some
predefined threshold, the heights are considered discrepant
and the phase unwrapping correction (2) is performed. The
recommended value for the threshold is 1.5 times the
height of ambiguity of the large-baseline DEM as a height
difference exceeding it would cause the phase unwrapping
correction in (2) to add or subtract two or more heights of
ambiguity to the large-baseline DEM. We additionally pro-
pose to smooth this mask of unwrapping error detections
by blurring then thresholding, or by using an algorithm
such as DBSCAN [9] and selecting all pixels in the Eps-
neighborhoods of all non-noise pixels.
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Figure 2 Block diagram of the phase unwrapping scheme
with unwrapping error correction. ¢;, ¢y, and ¢g are, re-
spectively, the phases of the large-baseline, medium-base-
line, and small-baseline interferograms.

The main challenge of this concept is that CubeSats are
characterized by smaller antennas and therefore lower re-
ceive gains, which leads to lower signal-to-noise ratio
(SNR), and wider antenna patterns, which cause elevated
range and azimuth ambiguities. The elevated ambiguities
are mitigated by the fact that the antenna pattern on trans-
mit is defined by the antenna of one of the main satellites,
which appropriately illuminates the scene. As an example,
considering the antennas of the main satellites to be planar
with the same size as those of TanDEM-X, i.e., with length
of 4.8 m and height of 0.7 m, and the antennas of the Cu-
beSats to be planar with length 0.5 m and height 0.5 m, the
receive and two-way antenna patterns are as shown in Fig-
ure 3. Similar results would be of course obtained if the
CubeSat antenna is a reflector of equivalent size. The re-
ceive pattern of the CubeSats is very wide, but the two-way
pattern offers some ambiguity suppression, thanks to the
the transmit pattern of the main satellite. Considering also
the pulse repetition frequency (PRF) to be 3000 Hz and the
processed Doppler bandwidth to be 2750 Hz, the resulting
azimuth-ambiguity-to-signal ratio (AASR) and range-am-
biguity-to-signal ratio (RASR) are, respectively, —17.4 dB
and —24.9 dB for the images acquired by the main satel-
lites, and —8.1 dB and —26.2 dB for the images acquired by
the CubeSats. Furthermore, Figure 4 shows the effect of
the lower receive gain on the SNR decorrelation of the in-
terferograms formed with CubeSat images. There is less
SNR decorrelation on the small-baseline interferogram in
the first configuration because one of the images used for
the interferogram is the image from one of the main satel-
lites, which has a higher SNR compared to the CubeSat.
Finally, the small-baseline interferogram has a lower spec-
tral shift decorrelation and lower volumetric decorrelation
than the large-baseline one.
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Figure 3 Example two-way antenna patterns for the pri-
mary satellite and the CubeSat add-on along (a) azimuth
and (b) elevation. The blue and red shaded intervals are, in
(a), the processed and ambiguous bandwidths, and, in (b),
the main and ambiguous swaths, respectively.
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Figure 4 SNR decorrelation of (blue) the large-baseline in-
terferogram and (orange, green) the small-baseline inter-
ferogram for each of the two configurations show in Fig-
ure 1 as a function of the SNR of the main satellites. The
vertical dashed lines and associated error bars mark the
SNR in the images of the main satellites corresponding to
the mean and 90% occurrence interval of the backscatter
from soil and rock at X-band on an incidence angle of 36°
for the HH and V'V polarizations according to the model
from [10].

The probability of occurrence of residual unwrapping er-
rors after the correction (2) serves as a metric for the per-
formance of the CubeSat add-on and it can be evaluated as
a function of the coherences, heights of ambiguity, and
number of looks of the large-baseline and small-baseline
interferograms under the assumption that both are unbi-
ased. The coherence of the small-baseline interferogram
can in turn be computed as a function of the size of the
CubeSat antenna and the coherence of the large-baseline
interferogram. Figure 5 shows the probability of residual
unwrapping error as a function of the number of looks in



the small-baseline interferogram and the antenna area of
the CubeSat where it has a rectangular antenna and is added
in the first configuration, shown in Figure 1 (a), to Tan-
DEM-X-like system, indicating that, with 49 looks in the
small-baseline interferogram and a coherence of 0.8 in the
large-baseline interferogram, an antenna of 0.25 m? would
lead to 0.3% probability of residual unwrapping errors, i.e.,
on average, only 0.3% of the pixels would contain unwrap-
ping errors in the final DEM.

—
<
(=}

20%

T
F =

co
(=]

15%

=
s 8
&l =
: S
ks R
g =9
o
= 5
2 z
=S 60 e
[72]
s =
M 10% e
T 40 Z
£ ~
7]
I o, B
= 20 A
= =
=z =
g €
— 0% IS

0.1 0.2 0.3
Area of the CubeSat Antenna [m?]

Figure 5 Probability of residual unwrapping error as a
function of the area of the rectangular CubeSat antenna and
the number of looks used in the small-baseline interfero-
gram. A TanDEM-X-like system is assumed for the main
satellites, with a large-baseline interferogram with coher-
ence of 0.8, a height of ambiguity of 20 m, and 25 looks.
The CubeSat add-on is assumed in the first configuration,
shown in Figure 1 (a), with a small-baseline interferogram
with a height of ambiguity of 70 m.

3  Design Example

A design example based on a TanDEM-X-like bistatic in-
terferometer with a CubeSat add-on in the first configura-
tion, shown in Figure 1 (a), is presented to demonstrate and
analyze the phase unwrapping correction capability
brought by the proposed concept. The analysis uses as in-
put the coregistered pair of images from a TanDEM-X ac-
quisition over an area southwest of Rosenheim, Germany
(cf. Figure 6 (a)). From them, estimates of the backscatter,
interferometric coherence (cf. Figure 6 (b)) and terrain
height across the scene are computed and used to simulate
the focused SAR images of the three satellites in the exam-
ple system over the same scene and with the same inci-
dence angle, but with different baselines. The simulated
heights of ambiguity are 20 m, 28 m, and 70 m for the
large-, medium-, and small-baseline interferograms, re-
spectively. Note that the height of ambiguity of the large-
baseline interferogram is much smaller than the typical
height of ambiguity of 30 to 35 m for TanDEM-X [7]. This
improves the precision of the final DEM and is possible

because the drawback of increased likelihood of unwrap-
ping errors is resolved by the CubeSat add-on. The simula-
tion also includes the two first-order azimuth ambiguities,
obtained by shifting the images along azimuth and scaling
them according to the expected AASRs, which are
—20.5 dB and —12.1 dB for the main and the CubeSat im-
ages, respectively.
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Figure 6 (a) image and (b) interferometric coherence from
the TanDEM-X acquisition over an area southwest of
Rosenheim, Germany used as input for the simulation.
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The simulated images are combined to form the large-, me-
dium-, and small-baseline interferograms, which are then
multilooked by averaging over moving boxcar windows of
5 by 5 pixels and 7 by 7 pixels for the large-baseline and
the medium- and small-baseline ones, respectively. Fig-
ure 7 shows these multilooked interferograms and Figure 8
shows their coherences estimated over the same windows
as used for the multilooking.

Figure 7 Simulated interferograms for the (left) large-,
(center) medium-, and (right) small-baseline interfero-
grams after multilooking.
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Figure 8 Estimated coherence of the (left) large-, (center)
medium-, and (right) small-baseline interferograms shown
in Figure 7.



The interferograms are unwrapped, and the resulting large-
and small-baseline DEMs are shown in Figure 9. Many un-
wrapping errors are present in the large-baseline DEM in
the mountainous region as evidenced by the various dis-
continuities indicated by the yellow arrows in Figure 9 (a)
and the large height errors shown in Figure 10 (a). The
small-baseline DEM, on the other hand, is robust to un-
wrapping errors, but appears as much noisier, due to its
large height variance. The large-baseline DEM is com-
pared to the medium- and small-baseline DEMs to detect
phase unwrapping errors, and the resulting mask of detec-
tions is smoothed by executing the DBSCAN algorithm [9]
with 8 as the minimum number of neighbors and with Eps-
neighborhoods defined by a radius of 5 pixels under the
Manhattan metric, and then selecting all pixels in the Eps-
neighborhoods of all non-noise pixels. The smoothed mask
of detections is shown in Figure 10 (b) and includes
99.98% of the pixels with unwrapping errors. On the areas
indicated by this mask, the small-baseline DEM is used as
a reference to correct the unwrapping errors in the large-
baseline DEM through (2), resulting in the final DEM
shown in Figure 11. The residual unwrapping errors pre-
sent in it are shown in Figure 12. They generally occur on
areas with very low coherence, such as the edge of forests
or the foreshortening areas on the mountainous region.
Only 0.26% of the pixels with coherence estimated in the
large-baseline interferogram larger than 0.4 contain resid-
ual unwrapping errors. Conversely, 95% of the pixels with
residual unwrapping errors have a coherence estimated in
the large-baseline interferogram smaller than 0.4. Overall,
the proposed phase unwrapping correction scheme re-
solved 93% of the unwrapping errors present in the large-
baseline DEM and 81% of the ones not resolved were par-
tially resolved, i.e., had the height error reduced by the un-
wrapping correction.

(b)
Figure 9 DEMs obtained by unwrapping the (a) large-
baseline and (b) small-baseline simulated interferograms
after multilooking shown in Figure 7. The yellow arrows
in the large-baseline DEM point to some of the height dis-
continuities characteristic of unwrapping errors.
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Figure 10 (a) height error of the large-baseline DEM
shown in Figure 9 and (b) the mask, shown in white, of
unwrapping errors obtained by comparing the heights of
large-baseline DEM with the medium- and small-baseline
DEM:s.



Figure 11 Final DEM obtained by using the small-baseline
DEM shown in Figure 9 (b) as a reference to correct the
unwrapping errors in the large-baseline DEM shown in
Figure 9 (a) through (2) in the areas indicated by the mask
shown in Figure 10 (b).
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Figure 12 Residual unwrapping errors in the final DEM
shown in Figure 11.

4 Conclusion

A CubeSat add-on to bistatic interferometry for detecting
and correcting phase unwrapping errors in a single pass of
the formation is proposed and analyzed. The concept
enables the capability of monitoring fast-changing dy-
namic phenomena, which is limited in the dual-pass ap-
proach employed by TanDEM-X. A design example shows
that, even having a lower coherence (due to the much
smaller aperture), the additional interferograms, which use
the CubeSat add-on data, are effective to correct phase un-
wrapping errors in the bistatic interferometer through the
use of a phase unwrapping algorithm based on the one used
in TanDEM-X for combining two passes [7] with key mod-
ifications that improve its performance. With the proposed

concept, residual unwrapping errors are mostly only pre-
sent in areas with very low coherence.

The CubeSat add-on therefore allows obtaining accurate
digital elevation models, free of phase unwrapping errors,
in a single pass of the satellites and paves the way to dis-
tributed interferometric systems using clusters of Cu-
beSats.
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