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Abstract: In 2023, the Chinese company PIESAT launched the multi-static X-band SAR constellation
Hongtu-1 (HT1). HT1 consists of the active monostatic SAR sensor HT1-A and the three additional
passive SAR receivers HT1-B, HT1-C and HT1-D. The passive sensors are arranged as a cartwheel in
a circle around the active sensor. For our SAR interferometric investigation, we were able to use a
multi-static HT1 recording. After a brief introduction of HT1, we describe the processing performed.
Based on the phases of the six single-pass interferometric pairs, we calculated height differences
relative to the Copernicus DEM. Larger deviations were observed mainly for mining areas and for
forest areas. Thanks to the simultaneous acquisition of the interferometric pairs, the high spatial
resolution and the good signal quality, the necessary processing was relatively easy to perform.
Besides the interferometric phase, we also investigated possible applications of multi-static coherence.
Forest can be recognized by its reduced single-pass coherence values. Based on our results, we expect
that the multi-static HT1 coherence and its dependence on the interferometric baseline can be used to
estimate parameters such as forest biomass.

Keywords: Hongtu-1; HT1; PIESAT; SAR constellation; interferometry; cartwheel; bistatic; multi-static;
DEM generation; height changes; single-pass coherence; multi-static coherence product

1. Introduction

Satellite SAR interferometry [1–3] is used for a variety of applications, in particular
for the creation of digital elevation models (DEM) [4–8] and for mapping terrain displace-
ments [9–17]. While the temporal component is essential for terrain displacements, it has
been shown that DEMs can be better derived from interferometric data recorded simul-
taneously. SAR systems that simultaneously record interferometric data with a spatial
baseline use either two monostatic acquisitions or a system with one active monostatic
sensor and at least one additional passive bistatic receiver. Single-pass interferometric sys-
tems are commonly used on airborne platforms. On spaceborne platforms, this technique
was used in the Shuttle Radar Topographic Mission (SRTM) [18,19] and in the Tandem-X
mission [20,21] to create global digital terrain models. Also indicated in the reference list
are the internet addresses of the related mission home pages [22,23] and the site where the
final DEM product can be downloaded [24,25].

A central problem that had to be solved in the derivation of terrain models was
the unwrapping of the interferometric phase. Interferometric pairs with a long spatial
baseline have a high phase to terrain height sensitivity and are therefore essential for the
accuracy achieved. On the other hand, phase unwrapping is prone to errors for these pairs
with denser fringes. As a central element of the solution strategy, several interferometric
pairs with different spatial baselines were used to overcome the unwrapping problem
while achieving high precision. In addition, ascending and descending orbit data were
combined to reduce shadowing and layover effects. A major disadvantage of using multiple
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interferometric pairs recorded at different times is that the surface may change over time.
On the one hand, the terrain surface changes, for example, due to mining and construction
activities, deforestation and forest growth, volcanic activity or the melting of glaciers and
ice shelves; on the other hand, seasonal changes in vegetation and snow cover lead to
temporary changes in the observed terrain heights.

An attractive way to avoid these problems is to use a constellation of satellites that
allows the simultaneous acquisition of several interferometric pairs with different spatial
baselines. This idea, proposed around the year 2000 as the “cartwheel” mission, was
described in [26] and was subsequently evaluated by the European Space Agency (ESA) as
a possible mission concept. However, the idea was not realized. Operating one or several
passive companion satellites was also proposed in [27–29], and more recently, the ESA
decided to move forward its tenth Earth Explorer mission HARMONY [30]. Nevertheless,
the main application addressed with these bi- and multi-static mission proposals is not
DEM generation, but developing applications for bistatic data acquired with significantly
larger spatial baselines, e.g., of interest to obtain different displacement components using
repeat-pass interferometry.

In the meantime, however, the cartwheel idea was taken up by the Chinese company
PIESAT, developed further and put into practice with the launch of the Hongtu-1 constel-
lation in 2023. The actively transmitting satellite is also part of the constellation and not
a pre-existing satellite that has already been planned or realized, as in most of the other
systems proposed. In addition, the navigation data measurements have improved and
there is more experience with the precise control and correction of the satellite orbits, as
several satellites are successfully operated in very narrow orbital tubes.

With its commercially available SAR/InSAR software, version mid-2024, Gamma
Remote Sensing AG, Gümligen, Switzerland [31] supports the processing of SAR data
acquired by various SAR satellites. In order to adapt the software to Hongtu-1 and evaluate
its potential, we received from PIESAT the multi-static Hongtu-1 data on which this work
is based.

After a brief description of the Hongtu-1 constellation and the data used, in Section 2,
we describe the processing performed. The results are then presented in Section 3. We do
not concentrate on the DEM creation, as this is the topic of [32], but focus on the updating
of an existing DEM, the Copernicus 1” DEM, and discuss the observed height differences.
In addition, we present possible applications of multi-static interferometric coherence.
Section 4 discusses our results and findings, followed by our conclusions in Section 5.

2. Materials and Methods
2.1. Hongtu-1 (HT1, Also Known as PIESAT-01)

HT1 is the world’s first multi-static SAR satellite system operating in a cartwheel
formation [32]. The cartwheel formation is a unique satellite constellation in which slight
differences in the eccentricity of each satellite’s orbit ensure that the main satellite remains
in the center of the formation at all times and three auxiliary satellites are evenly spaced
around it at 120-degree intervals [32]. Precise orbit control maintains a planar configuration
of the four HT1 satellites at all times. The main satellite, HT1-A, is located in the center
of the formation, and the three auxiliary satellites, HT1-B, HT1-C and HT1-D, orbit the
main satellite on the same elliptical path [32]. The active main satellite, HT1-A, transmits
and receives radar signals, i.e., it corresponds to a normal monostatic radar. The three
additional satellites, HT1-B, HT1-C and HT1-D, each contain a passive radar receiver which
receives the radar signals transmitted by HT1-A and reflected on the Earth’s surface. An
HT1 acquisition therefore comprises one monostatic SAR image and three bistatic SAR
images. The distance between the passive receivers and HT1-A is small (<1 km) compared
to the distance of the satellites to the imaged ground (~700 km), so the bistatic angles are
very small. The sun-synchronous orbit of HT1 has a repeat cycle of 15 days [32].



Remote Sens. 2024, 16, 3600 3 of 15

2.2. Hongtu-1 Multi-Static SLC Data

Some characteristics of the SLC data that were used are listed in Table 1. The monostatic
backscatter image in slant-range geometry over Yongfeng Town (45.7◦N, 128.6◦E), China, is
shown in Figure 1. The area is relatively flat, with elevations between about 120 m.a.s.l and
450 m.a.s.l. The land cover includes agriculture, forest, rivers and small lakes, and some
smaller built-up areas and other infrastructure such as roads, powerlines and dams.

Table 1. HT1 (Hongtu-1, also called PIESAT-01) stripmap mode SLC characteristics.

Parameter Value

Active satellite
Passive companions

HT1-A
HT1-B, HT1-C, HT1-D

Polarization HH
Look direction Left-looking

Radar frequency 9.600 GHz
Chirp bandwidth 100 MHz

Pulse Repetition Frequency 4201 Hz
Range pixel spacing 0.75 m

Azimuth pixel spacing 1.69 m
Incidence angle 42.5 deg.
Acquisition date 5 September 2023
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Figure 1. Monostatic HT1-A backscatter image in slant-range geometry.

Orbit data are provided separately for each satellite (HT1-A, HT1-B, HT1-C, HT1-D).
Geocoding was performed for the monostatic HT1-A image. In the geocoding process, we
conducted refinement using matching between a simulated image calculated based on the
Copernicus 1” DEM [25] and the multi-looked and detected SLC. The small refinement
offsets of <10 m obtained confirm the high quality of the orbit data. A more comprehensive
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investigation of the geometric accuracy of HT1 is carried out in [33]. The bistatic images
were not directly geocoded, but co-registered to the slant-range geometry of the monostatic
image. The interferometric analysis was performed in the slant-range geometry of the
monostatic reference. Results such as height corrections, updated heights, coherence and
backscatter were then geocoded.

For each of the four SLCs, we considered the image spectrum and determined the
Doppler centroid. The spectrum was determined from the SLC using 2D FFTs over small
image sections. The center of the spectrum in the azimuth direction could then be used
to calculate the Doppler centroid. This process was repeated over the entire image to
obtain the range and azimuth-dependent Doppler centroid. Using an accurate Doppler
centroid value is important to achieve good interpolation quality in the co-registration
resampling step.

Considering some identified strong point-like scatterers, we investigated the point
target response and estimated the range and azimuth resolution. The 3 dB range width
determined was 1.6 m, and the 3 dB azimuth width was 2.3 m. The peak-to-side lobe ratios
estimated were around −20 dB. Using data over a site with known, ideal point targets,
such as corner reflectors or transponders, as available in [33], the characterization of the
point target response could be further improved.

The HT1 data used were acquired with an incidence angle of about 42.5 degrees
(relative to nadir). As a result of this relatively large incidence angle, the backscattering
over smooth water surfaces was very low, lower than the system noise, so the backscatter
over water surfaces could be used to determine the noise-equivalent sigma zero (NESZ).
Considering several water surfaces, we determined that NESZ = −22.3 dB.

2.3. Co-Registration of Multi-Static SLCs to Monostatic Reference

The three multi-static SLCs were co-registered to the monostatic reference SLC. In
the first step, a lookup table between the bistatic image and the monostatic reference was
calculated, considering the individual orbit data and the terrain height, as available from
the 1” Copernicus DEM [25]. This lookup table was then used to resample the reference
image to the bistatic image. Then, the offsets between the resampled reference and the
bistatic image were estimated and used to determine a polynomial offset refinement. The
refinement polynomial was used to update the co-registration lookup table. For the co-
registered SLCs, we again estimated the offsets using matching techniques to check the
co-registration quality. The standard deviation of these offsets was below 0.01 SLC pixels,
confirming very high co-registration quality.

2.4. Differential Interferometry

The four co-registered SLCs, one monostatic and three bistatic ones, form six inter-
ferometric pairs with different spatial baselines with perpendicular baseline components
between about 60 m and 500 m (see Table 2). All four acquisitions are quasi-simultaneous,
so the interferometric time difference is 0 for all six pairs.

Table 2. Perpendicular component of interferometric baseline of investigated HT1 multi-static acquisition.

Interferometric Pair Perpendicular Baseline Component [m]

HT1-A–HT1-B 275 m
HT1-A–HT1-C −230 m
HT1-A–HT1-D −64 m
HT1-B–HT1-C −506 m
HT1-B–HT1-D −339 m
HT1-C–HT1-D 166 m

In the calculation of the orbital and topographic phases, and also later on in the
interpretation of the differential interferometric phases, the bistatic nature of the pairs is
considered. The two-way slant range of the pair HT1-A–HT1-B, for example, corresponds
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to the sum of the one-way slant range of HT1-A plus the one-way slant range of HT1-
B. The resulting differential interferograms have high coherence. They all show small
overall phase trends that may be related to the exact geometry of the constellation, orbit
movements, the geometric and phase models used in the bistatic SAR data focusing and
the geometric model used in the simulation of the topographic and orbital phases. Forests
and water areas were masked in the estimation of this overall low-frequency phase term.
The forest areas were not considered, as the phase clearly deviates from the low-frequency
residual orbital phase. Over the water, the phase is noisy and therefore not reliable. The
remaining phase was filtered, unwrapped and spatially interpolated. This low-frequency
residual orbital phase was then subtracted from the differential interferogram to obtain
the “detrended” differential interferogram. For clarity, the intermediate results of this
detrending process are shown for one of the pairs in Figure 2. The six detrended differential
interferograms are shown in Figure 3.
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Figure 2. Differential interferogram detrending steps. From left to right the images show the initial
bistatic differential interferogram (including a substantial low-frequency residual orbital phase); the
masked differential interferogram; the filtered, unwrapped and interpolated masked interferogram
(corresponding to our estimate of the low-frequency residual orbital phase); and the detrended
differential interferogram.
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2.5. Phase Unwrapping and Phase-to-Height Convertion

Phase unwrapping is a critical step in the processing of interferometric data and a well-
established area of research [34–37]. Unwrapping the differential interferogram becomes
simpler after subtracting the topographic phase, simulated using the Copernicus 1” DEM,
and applying the detrending step described above. Having multiple interferometric pairs
available over the same area offers additional possibilities. For the unwrapping we used
a minimum cost flow algorithm [35], as available in the Gamma Software [31]. For the
investigated dataset, the unwrapping was not critical for pairs with shorter baselines. For
the longer baselines (>300 m) the solutions obtained for the shorter baselines were used
to check the unwrapped phase for ambiguity errors. Before performing the unwrapping,
we masked areas with very low coherence (<0.2), i.e., water surfaces and radar shadow
areas, which are incoherent because of backscatter levels below the NESZ. Overall, the
unwrapping was not problematic in the multi-static HT1 dataset analyzed.

For each pair, the unwrapped differential interferometric phases were converted into
height corrections, ∆h, using the height-to-phase sensitivity

∆h = ∆ϕ
cRsinθ

2π f B⊥
(1)

with ∆ϕ representing the unwrapped interferometric phase, c the speed of light, R the
slant range, θ the incidence angle and B⊥ the baseline component perpendicular to the line
of sight. In the conversion of the phase-to-height corrections, B⊥ is recalculated for each
pixel considering the geometry with the pre-existing terrain height from the Copernicus
DEM. The ambiguity height, ha, corresponds to a height difference that corresponds to a 2π
interferometric phase

ha =
cRsinθ

f B⊥
(2)

In the investigated HT1 dataset, the ambiguity height varies from about 245 m to
29 m between the shortest and longest baselines of the multi-static pairs. For each of
the six pairs listed in Table 1 a height correction is thus determined; a combined height
correction is then calculated based on the six height correction results. How to best combine
the six height correction results into one combined height correction is not entirely clear.
Using a coherence estimate or a direct estimate of the phase noise from the data together
with the phase-to-height sensitivity, reasonable weights can be determined for the different
corrections. But this approach does not consider the possibility of remaining unwrapping
errors and effects related to spatial filtering in a fully appropriate manner. The weights
for the pairs with the longest baselines are the highest—but small areas or individual
pixels may be affected by phase unwrapping errors. Zhang et al. [32] successfully used
an advanced Two-Stage Programming Approach in the unwrapping and then weighted
averaging and obtained good results for several HT1 acquisitions. Another approach, using
a maximum likelihood algorithm for multi-baseline phase estimation, has been proposed
in [38]. In our work the main objective was not really to independently determine a DEM,
but to investigate the usefulness of multi-static acquisition for the estimation of DEM
changes. We did not have high-quality ground-truth available to validate the result. As a
compromise between avoiding outliers caused by ambiguity errors and achieving good
quality in areas without ambiguity problems, we used the median over the six height
correction estimates as our combined result. This method is simple, but tends to avoid
outliers, e.g., by unwrapping errors, and reduces the noise in the result.

2.6. Geocoding Considering Height Correction

The terrain height was used as one of the inputs of the geocoding process. Using a
terrain height with an error herr resulted in a positional error in the ground-range direction
of herr/sinθ. For the 42.5 deg. Incidence angle of the scene considered, this means that the
positional error was about 1.5 times the height error. Consequently, it is very relevant that



Remote Sens. 2024, 16, 3600 7 of 15

the corrected heights were used for geocoding, as height corrections > 10 m were observed
for some forests and in mining and landfill areas.

2.7. Multi-Static Coherence

For each multi-static interferometric pair, we also estimated the coherence using an
estimator with a spatially adaptive window size [31], with estimator window sizes between
6 range looks × 4 azimuth looks (corresponding to an area on the ground with a diameter
of about 7 m) at high coherence and 21 range looks × 14 azimuth looks (about 25 m on the
ground) at very low coherence. Using a larger estimator window at low coherence levels
reduces the estimation bias [39,40].

3. Results
3.1. Height Update

The phase of the detrended differential interferograms corresponds primarily to resid-
ual topographic phase and phase noise. There is no deformation phase due to the simulta-
neous acquisition of both images in the interferometric pair. The atmospheric path delay
phase [41–44] is also negligible and only non-zero because of the slight spatial separation
of the observation paths (by up to a few hundred meters). The residual topographic phase
depends linearly on the difference between the true effective height of the scatterer and
the assumed height based on the used DEM and linearly on the baseline component that
is perpendicular to the line of sight. For a longer perpendicular baseline, the same height
difference results in a larger differential interferometric phase—accordingly, pairs with
longer baselines have higher phase-to-height sensitivity. While this has the positive effect
of more precise height estimation, it also means that the higher phase gradients make phase
unwrapping more challenging. Figure 4 shows the geocoded differential interferogram
phase of a smaller section of the scene for three pairs with different baseline lengths. A sig-
nificant non-zero phase is observed for forest areas and for areas where the topography
has changed, e.g., due to mining or landfill. While the deviations from the zero phase are
smaller than half a phase cycle for the shortest baseline—which makes phase unwrapping
trivial—more significant phases are present in the pairs with longer baselines.
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Figure 4. Images showing 9 km × 9 km sections of geocoded, detrended, multi-static HT1 differential
interferograms. The sensor combination and the estimated perpendicular baseline are indicated
below the images. One color cycle corresponds to one phase cycle.

The determined height corrections are shown in Figure 5. Positive values indicate
that the height estimated with the HT1 data of 5 September 2023 is higher than the 1”
Copernicus DEM height. Both positive and negative height corrections are observed. No
height correction was estimated for water areas and radar shadow, where the signal noise
dominates. In the updating of the DEM, the height of the pre-existing DEM was used for
these areas.
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derived from multi-static HT1 acquisition. The image brightness corresponds to the radar backscatter.
Different color scales are used in the two visualizations. With the finer color scale used in the image
to the right, small, meter-scale corrections become visible. The letters A to D indicate areas with
different types of height changes (A: mining area; B: forest area; C: agricultural field; D: trees/hedges
along a road) further discussed in the text.

The 1” Copernicus DEM used as topographic reference and the HT1 multi-static ac-
quisition used to calculate height differences correspond to different dates. The Copernicus
DEM is generated based on TanDEM-X/WorldDEM data acquired between December
2010 and January 2015 and ICESat GLAS reference point data acquired between 2003 and
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2009. A more detailed description of the Copernicus DEM is provided in the Copernicus
DEM Product Handbook [45]. The HT1 multi-static dataset used in this work was acquired
on 5 September 2023. During the more than eight years between the acquisition of the
two datasets, the terrain height changed in some areas. Location A in Figure 6 indicates
a mining area—as confirmed with optical imagery found in Google Earth. The observed
height difference of more than −20 m relates to lowering of the surface height by the
mining activity during the period between the dates of the two datasets. Other examples of
such temporal height changes include landfill sites, rock falls and landslides, glacier ice
melt, and volcanic and seismic activity. Identifying such changes is well supported by a
multi-static SAR constellation such as HT1. Having a well-defined date for the information
is a clear advantage over using data acquired over a longer time period. The next HT1
acquisition could be used to map the height change occurring in this well-defined period
between the two acquisitions.

Positive height differences, mostly in the range of 5 m to 10 m, are observed over
forests. This means that the HT1-based height is higher than the 1” Copernicus DEM height.
An example of this is location B in Figure 6. The single-pass interferometric height of a forest
is expected to lie somewhere between the ground and the top of the canopy, depending on
various factors, including the used radar frequency and the incidence angle, and possibly
also the baseline length. The interferometric Tandem-X data used for Copernicus DEM
generation and HT1 are both operated in the X-band—so the frequency is the same. Using
different incidence angles may be an explanation for the different heights observed over
forest. The incidence angle of the HT1 acquisition is 42.5 deg. The Tandem-X data used
for DEM generation is also acquired at lower incidence angles, but still above 30 deg.
Based on the available information, it is difficult to provide a definitive explanation for
the significant positive height difference observed over the forest. Seasonal effects, along
with the used baselines and the estimation process, may also be relevant factors. We also
observe examples of forest areas with negative height differences in the range of −5 m to
−10 m which correspond to forests present in 2019 and then cut before the HT1 acquisition.
This clearly shows that the Copernicus DEM height of a forest is not the ground elevation.
Consequently, the height differences in forest areas have to be interpreted with caution, as
both values lie somewhere within the canopy and do not perfectly represent neither the
ground elevation nor the canopy top. The calculated height difference is clearly not a direct
measurement of the canopy height. For the forest stand at location B in Figure 6, the average
height difference calculated was 7.4 m with a standard deviation of 3.3 m. Applying spatial
filtering reduces the standard deviation—median filtering with 7 × 7 pixels reduces the
standard deviation to 1.5 m. The standard deviation value is partly related to phase noise
and partly to the forest structure.

There are also small relative height differences around one meter observed for some
agricultural fields (e.g., at location C in Figure 6). The plausible explanation is that these
are fields with crops such as maize or rice which may still not have been harvested in early
September. Being able to discriminate a 1 m height difference between such a field and
neighboring fields may also be used to characterize the precision of the method. It indicates
that meter-scale height changes can be identified for homogeneous areas with a size in the
order of 100 m.

Interesting features in the resulting height difference include the relatively long and
narrow linear structures with height corrections of several meters (see D in Figure 6). These
features correspond to hedges and trees located along roads and water canals. In the 1”
Copernicus DEM with a spatial sampling of about 30 m, we do not see these features. This
clearly demonstrates the finer spatial details obtained using the HT1 dataset. This is also
confirmed by the shaded reliefs of the 1” Copernicus DEM and the height updated with
the HT1 data shown in Figure 7. Consequently, in addition to updating a DEM temporally,
improving the spatial resolution of a DEM with a spatial resolution larger than 10 m may
be an attractive application for HT1 data.
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3.2. Coherence

In addition to the interferometric phase, the coherence is also of interest. It character-
izes the phase noise and is therefore useful, e.g., in phase unwrapping. But beyond this,
the coherence relates to the characteristics of the target. Figure 8 shows the multi-static
coherence for three pairs with short to long baselines. For much of the area, the coherence is
high as there is no temporal decorrelation. However, we clearly observe reduced coherence
levels over forests—this in spite of the simultaneous acquisition of the set of multi-static
SLCs. The reason for the reduced coherence is volume decorrelation [46]. With an increas-
ing baseline, the average coherence level over a given forest stand decreases (Figure 9).
This behavior is well known and can be used to estimate forest parameters such as the
forest stand height or biomass. Simultaneously obtaining multiple single-pass coherence
images with different spatial baselines is very attractive for these applications as it permits
us to prevent confusing baseline-related effects with effects caused by temporal changes in
the targets, such as seasonal changes, leaf-on leaf-off effects and vegetation growth.
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Figure 9. Baseline dependence of average multi-static single-pass coherence over forest stand B (see
Figure 6).

The backscatter is very low over water surfaces and in radar shadow areas; in fact, it is
below the NESZ. Here, the radar signal is dominated by noise, and therefore, the coherence
level is very low.

The coherence of repeat-pass SAR interferometric pairs with relatively short temporal
separation provides useful landcover information, as demonstrated using ERS-1/2 Tandem
acquisitions at the C-band with one-day time intervals [40]. Combining the coherence,
the average backscatter and the backscatter change between the two acquisitions into an
RGB color composite provides a color image that permits visually recognizing the main
landcover classes [40]. This RGB composite is often called a “coherence product”. As for
the C-band repeat-pass case, the multi-static X-band coherence is lower over forest than
over open unvegetated or sparsely vegetated areas—which permits defining a “multi-
static coherence product” with characteristics similar to the repeat-pass coherence product.
Figure 10 shows a section of the multi-static coherence product generated with the HT1
data. For the red channel, the average of the six estimated coherence values was used,
with linear scaling. For the green channel, the average backscatter over the four mono-
and bistatic acquisitions was used with logarithmic scaling for visualization. For the blue
channel, the standard deviation of the four backscatter values was used with logarithmic
scaling for visualization. Forests appear in a green color thanks to the reduced red and
blue values. Water surfaces appear blue thanks to the low red and green values. The
blue value (backscatter standard deviation) is relatively high as noise dominates the HT1
backscattering over water. The same characteristics are also observed for radar shadow,
e.g., visible in Figure 10 behind forests. Orange colors are observed over agricultural
fields, relating to high coherence (red), intermediate backscatter (green) and low backscatter
standard deviation (blue). Similar characteristics are observed for other open surfaces such
as river banks. Built up areas with high coherence (red), high backscatter (green) and low
backscatter standard deviation (blue) appear in yellow, with high spatial variability of
the backscatter.
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4. Discussion

The Hongtu-1 Multi-Static X-band SAR Constellation permits simultaneously acquir-
ing one monostatic and three bistatic SAR scenes. With processing bandwidths of 100 MHz
in the range direction and 3775 Hz in the azimuth direction, it provides high-resolution
SAR imagery. Thanks to the simultaneous acquisition of the scenes and interferometric
baselines much smaller than the critical baseline, the coherence level is generally very
high, with reduced coherence levels for volume scatterers (e.g., forest areas) and very low
coherence levels for areas with very low backscattering, below the NESZ, where noise
dominates (e.g., smooth water surfaces and radar shadow).

Having six simultaneously acquired single-pass interferometric pairs available has
significant advantages for the interferometric processing performed to retrieve height
differences relative to a pre-existing DEM. Thanks to the single-pass nature of the pairs,
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there is no temporal decorrelation, no deformation phase and almost no atmospheric path
delay phase. Having multiple pairs available facilitates phase unwrapping and permits
optimizing the results (reducing noise, reducing the presence of ambiguity errors). Deriving
the height difference relative to an existing DEM, here shown relative to the 1” Copernicus
DEM, is relatively straightforward. Using only data acquired in a single acquisition means
that the results refer to a single date. This is of high interest to study multi-temporal
developments in terrain height changes (e.g., for volcanoes, mines and land-fill areas) or
surface cover such as forest, other types of vegetation, ice and snow.

The HT1 data investigated demonstrated promising potential for mapping height
changes at high spatial resolution (e.g., 5 m) or for updating DEMs at such spatial resolution.
And it would be possible to do this at short temporal intervals, e.g., every 15 days.

Determining the height difference compared to the 1” Copernicus DEM heights, de-
rived from Tandem-X data acquired between December 2010 and January 2015, permitted
identifying height changes related to mining and landfill that look very plausible. Fur-
thermore, positive height differences up to 10 m were observed for forest stands. Here,
we think the change does not so much relate to a significantly changing forest height, but
rather, to different characteristics between Tandem-X and HT1, such as the flatter incidence
angle of HT1. There are also a few forest areas with negative height differences, relating to
forests which were cut between the Tandem-X and HT1 acquisitions. For more open areas
(e.g., agricultural fields, grassland) the height corrections determined are very small (<1 m).
This good correspondence is understood as an indication that both the Copernicus DEM
and the determined updated height are of good quality. But it cannot be interpreted as a
validation of the results. Besides updating the existing DEM to a newer date, an important
aspect is that the updated DEM was generated with a higher spatial resolution.

In addition to the interferometric phase, the coherence is also of interest. On one hand,
the coherence serves as a quality parameter for the interferometric phase and is used to
calculate weights in phase unwrapping. On the other hand, it relates to the characteristics
of the target. For forests, the single-pass coherence becomes lower with increasing forest
height as well as with increasing baseline length. Consequently, the coherence can be used
to retrieve forest parameters, particularly if it is available over the same forest at the same
time with different baselines. We expect similar behavior for other volume scatterers such
as ice, snow and dry sand, and recommend investigating the related potential of X-band
multi-static phase and coherence data.

The HT1 X-band multi-static coherence product showed good potential to visually
discriminate important landcover classes such as forest, open areas, urban areas and water.
It differs from previously used coherence products in that it uses data acquired on a
single date.

5. Conclusions

Investigating multi-static single-pass interferometric data acquired by HT1 confirmed
the high potential of such an X-band constellation, above all to map height changes and
update DEMs, but not only for these purposes. Thanks to the simultaneous acquisition
of the data, there is no temporal decorrelation, no deformation phase and almost no
atmospheric path delay phase—which facilitates processing and makes the results more
accurate. Furthermore, retrieving landcover information and forest information such as
biomass or forest heights based on the multi-static coherence is an additional promising
use of the data.
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