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Rapid Surface Large-Change Monitoring
by Repeat-Pass GEO SAR
Multibaseline Interferometry

Yuanhao Li*™, Member, IEEE, Cheng Hu

Abstract—Fast observations of rapid surface large-changes are
demanded in disaster evaluations and scientific studies. Digital
elevation model (DEM) differencing before and after the events is
an effective way to retrieve the changes. Owing to a short repeat
cycle, geosynchronous synthetic aperture radar (GEO SAR) sys-
tems can quickly obtain repeat-pass data and generate postevent
DEMs by interferometry. However, interferometric baselines
under its quick revisit cases are short, resulting in generating
low-accuracy postevent DEMs. Moreover, surface large-changes
can bring height ambiguity problems under the single-baseline
interferometric processing. In this letter, we address the problem
through a multibaseline (MB) processing. Since GEO SAR MB
data can derive from the repeat-pass interferometric data of
different subapertures and revisits, a subaperture-decomposition-
based temporal and spatial MB method is proposed. The sim-
ulation results verify the effectiveness of the proposed method,
where the quickly generated postevent DEM can help to realize
the rapid large-elevation change observations.

Index Terms— Change detection, digital elevation model
(DEM), geosynchronous synthetic aperture radar (GEO SAR),
interferometric SAR.

I. INTRODUCTION

TIMELY evaluation of rapid surface large-changes is

significance in disaster emergency reactions and scientific
goals for understanding the Earth surface activities [1], [2].
The preevent and postevent digital elevation model (DEM)
differencing is a good way to obtain the surface large-changes,
because the synthetic aperture radar (SAR) interferograms
in these regions obtained before and after the events have
no coherence [3]. However, obtaining an accurate timely
postevent DEM is always an issue. Available DEMs from both
low Earth orbit (LEO) lasers and SARs could only be accessed
after dozens of days due to their long repeat cycles [4].
Meanwhile, airborne platforms do not fit the DEM generation
tasks for large-scale scenes and also are limited by the weather
conditions.
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In order to monitor rapid surface large-changes promptly,
geosynchronous (GEO) SAR will be an effective tool owing
to its short repeat cycle (almost one day) and long coverage
capability for the targets (dozens of minutes to hours ) [5], [6].
By providing repeat-pass SAR interferometry (InSAR) data
within two days, it can generate a timely postevent DEM
for the dramatic surface change monitoring. However, a long
interferometric baseline is required to improve the accuracy
of the generated DEM, which needs long revisit intervals [7];
thus, it will be contradicted to the temporal requirement. For
example, an interferometric baseline from a ten-day revisit
interval can enable a generated DEM accuracy smaller than
10 m at the apogee under a single look case. In addition, large
surface changes may produce height ambiguities by intro-
ducing phase jumps in the single-baseline InSAR processing.
Fortunately, this problem can be addressed by using tempo-
ral and spatial multibaseline (MB) data sets of GEO SAR.
Spatially, since an integration time of several minutes for a
subaperture can achieve its designed moderate resolution, a ten
times longer full-aperture can provide many subapertures with
varied interferometric baselines [8]. In temporal, we can also
acquire a series of MB data from different repeat-passes due
to quick revisits of GEO SAR. Therefore, with this method,
we can improve the accuracy of the generated postevent DEM
and solve the height ambiguity problem by using GEO SAR
MB data sets [9].

In this letter, we demonstrate our subaperture-
decomposition-based temporal and spatial MB (SAD-TSMB)
method to generate postevent DEMs in Section II. The utilized
MB data sets from different subapertures and revisit intervals
of GEO SAR are explained, and the overall processing
procedures are described. In Section III, we provide a detailed
analysis of the variation of interferometric baselines from
different subapertures and revisits to show the MB capability
of GEO SAR. The accurate simulations are conducted to
verify our proposed method and the related performance
is discussed under different cases. Finally, conclusions are
drawn in Section IV.

II. PROPOSED METHOD

In this section, we illustrate the proposed GEO InSAR
SAD-TSMB method to generate postevent DEMs for rapid
surface large-change monitoring. The sketch map of the con-
cept is briefly shown in Fig. 1.

Three decomposed subapertures in the full-aperture and two
revisit interval cases are shown in Fig. 1 as an example,
where it is assumed that the satellite visits the target region
after the event in day 0. Two 1-day repeat InNSAR data can
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Fig. 1. Sketch map of the SAD-TSMB method in GEO InSAR.

derive from the day 0 image with the day 1 image, and
the day 1 image with the day 2 image. The day O image
and the day 2 image form the two-day repeat data. For
each subaperture, we generate the accordingly interferograms
of different revisits based on the same way; therefore, we
have N -M(M + 1)/2 interferograms in total, where N is
the number of the decomposed subaperture and M stands for
the maximum revisit interval of continuous data acquisition.
M is selected as a tradeoff between the temporal resolution
for the large-change monitoring and the estimation accuracy.
A large M can provide more feasible MB data to reduce
noises, while it can make the timeliness worse. The entire
processing flowchart of the GEO InSAR SAD-TSMB method
for rapid large-elevation change monitoring is shown in Fig. 2.
The main processing steps include as follows.

A. Subaperture Decomposition and Interferogram Generation

The first step in the SAD-TSMB processing, the subaperture
decomposition, is realized by obtaining the number of possible
subapertures and calculating the orbit position of the individual
subaperture. Before the decomposition, the lengths of the
full-aperture and the subaperture should be settled. The full-
aperture length is determined by the coverage time of GEO
SAR system toward the target, which can be expressed as

L
_ L(p.D.O) 0
Up (pa 0)
where L. is the length of the footprint, p is the vectors of the
orbit elements, D is the along-track antenna length, 6 is the
look angle, and v}, is the beam velocity on the ground.
Meanwhile, the length of the subaperture can be calculated

as
T, = L(m )
205(P) - pa
where 1 is the wavelength, R is the slant range, v is the
satellite velocity, and p, is the azimuth resolution.
After the lengths of the apertures are selected, we can get
the maximum number of the possible subapertures by

. Tc_sz‘i‘Ta‘P
N= int 3)
a+pr) -1,

where T, is the margin time at the edges of the full-aperture,
P is the percentage of the subaperture length describing the
protected window length between adjacent subapertures, and
int[-] is the function converting the value into an integer
number.

When all the aforementioned information is acquired,
the position of each subaperture can be determined and the
corresponding interferograms can be generated by the complex
conjugation of each GEO InSAR data pair.
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B. Temporal MB Processing

Based on the maximum likelihood (ML) estimator, low
accuracy DEMs are generated by each subaperture MB InSAR
data from different revisit intervals, which are required in the
following terrain correction and spatial MB processing. The
utilized ML method can improve height estimation accuracy
and eliminate the ambiguity. The overall ML likelihood func-
tion for each subaperture can be written as [10]

M(M+1)/2

[T rflonG pinG. )y @

n=1
where ¢ is the interferometric phase, ® is the temporal MB
phase vector, h is the height, i and j are the indices of
the pixels, f{-} is the probability density function of the
wrapped phase in the individual interferogram which relates
to coherences y and interferometric baselines.

The height estimation values based on the ML method can
be expressed as

hpij=argmax (FL{®G, NI, DI}, sty J) > ym
(5)
where yg is the threshold of the coherence. It is applied

to remove the low coherence regions at severe layover and
shadow areas if possible.

FL{®@, )InG, j)} =

C. Terrain Correction

Terrain correction is applied to remove the geometric dis-
tortions produced by the terrain variation in the subaperture
interferograms. It is a necessary step to align these interfero-
grams of different viewing angles in GEO InSAR SAD-TSMB
processing if a second ML height estimation will be operated.
To realize it, the generated DEMs in the previous step are
utilized to geocode all the subaperture interferograms. Since
temporal MB data is applied to improve the accuracy, these
DEMs have better quality than the single-baseline ones and
can support the correction. In this way, all the subaperture
interferograms are coregistered without geometry distortions
after the correction. It should also be noted that when gen-
erating each subaperture low-accuracy DEM the geocoding
information can be reused in the terrain correction; thus,
the required calculation time is reduced.

D. Spatial MB Processing and DEM Differencing

In this step, we consider spatial MB processing by fusing
these N subaperture data to improve the accuracy of the
generated DEM. Two ways can be implemented.

1) Second ML Height Estimation: When all the subaperture
interferograms are coregistered, for each pixel, the temporal
and spatial overall ML likelihood functions Fpy{-} and the
height estimation expression /1 ;. j are written as

N

Fu{®' (i, j)IhG, j)} = [ | Fi®aG. HIRG, )}

n=1
hpij = argmax{Fu{®'G, j)IhG, )Y}, sty G J) > yn
(6)

where @’ is the temporal and spatial MB phase vector.

2) DEM Averaging: To decrease the data processing burden,
we can also directly generate the high accuracy postevent
DEM by averaging all the low accuracy DEMs, which is given
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Fig. 2. Flowchart of the GEO InSAR SAD-TSMB method for rapid surface large-change monitoring.
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Finally, the surface large-changes can be simply obtained by
the differencing between the generated postevent DEM and
the DEM before the event, which is shown as the last step
in Fig. 2.

III. SIMULATION AND PERFORMANCE DISCUSSION

In this section, GEO SAR SAD-TSMB performance is
analyzed based on simulations, whose parameters are listed
in Table I. The large “figure-8” GEO SAR orbit, as shown
in Fig. 3, is utilized as the input orbit. Generally, interfer-
ometric baselines of GEO SAR vary obviously for different
locations [7]. Observation scenes also include distinguished
land topographies. Thus, we consider two scenes observed by
different looks angles and orbit positions. One scene is a near
apogee observation (Fig. 3 position A), where its baselines
are relatively small, and includes many mountains and valleys.
As shown in Fig. 3 position B, the other scene is a relatively
flat plateau, which is an observation approaching the equator
and has large baselines. Their preevent DEMs derive from the

SIMULATION AND PROCESSING PARAMETERS. FIRST PAIR IS THE INSAR
PAIR GENERATED BY THE DAY 0 AND DAY 1 IMAGES; SECOND PAIR
IS THE INTERFEROGRAM GENERATED BY THE DAY O AND THE DAY
2 DATA; THIRD PAIR USES THE DATA OF THE DAY 1
AND THE DAY 2

Parameter Case 1 | Case 2
Orbit inclination (deg) 53
Orbit eccentricity (deg) 0.07
Wavelength (m) 0.24
Bandwidth (MHz) 18
Antenna size (m) 30
Incidence angle (deg) ~14 | ~28
Integration time (s) 120
Location of scene center point 1(3223 OI\II:’) (834%..8136"112\;’
Scene size (deg) 0.15 0.15
Observation int«z(ri\;agl)of true anomaly [179.4, 184.6] | [234.7,240.2]
True anomaly (deg) 180.3 235.6
. 1% pair 491.8 141.5
! amb}ilgel‘ngf; () | 27pai 310.7 69.9
3" pair 843.5 138.2
True anomaly (deg) 181.2 236.5
. 1* pair 399.7 140.8
2 ambli{geﬁ}; ) |2 pair 2384 69.6
© 3" pair 590.3 137.6
g True anomaly (deg) 182.0 237.5
[ . 1* pair 3204 140.2
S ) [2pair 182.2 693
c suy 3 pair 4225 137.0
° True anomaly (deg) 182.9 238.4
. 1% pair 273.7 139.8
4 ambli{;lngt}; ) | 2pair 1516 69.1
3" pair 339.6 136.5
True anomaly (deg) 183.8 2393
. 1% pair 2394 1394
3 amblfgeﬁl;t ) | 27pai 130.1 68.9
3" pair 284.8 136.1
SNR (dB) 10
Temporal decorrelation factor 0.95
Number of looks 6 | 25

shuttle radar topography mission (SRTM) 1 arc-second data
set and we assume some surface large changes are generated
to produce the postevent DEMs.

Authorized licensed use limited to: TU Delft Library. Downloaded on February 06,2023 at 09:47:07 UTC from IEEE Xplore. Restrictions apply.
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and their ratios. (a) Case 1 (near the apogee). (b) Case 2 (near the equator).

To verify the MB capability of GEO SAR, interferometric
baseline variations within the full-aperture for two cases (one-
day and two-day repeats) are shown in Fig. 4. The interfer-
ometric baselines of the two revisits are a few kilometers
and vary more than twice within the full aperture for case 1
(near the apogee). Meanwhile, their ratio changes from 1.4 to
nearly 1.9 within the aperture. In case 2 (near the equator),
the two revisit interferometric baselines are much larger than
those in case 1, while their lengths and ratio within the
aperture vary much smaller. These varied baselines provide
the MB capability for both the noise smoothing and the height
ambiguity eliminating. Compared to case 2, case 1 has a
higher MB capability from a larger baseline diversity. In our
simulations, the postevent DEMs are generated after two days
of the event to achieve both the timeliness and the baseline
diversity (see Fig. 2). Five subapertures are decomposed from
the full-aperture. We reserve a 2-min window at the edges of
the full-aperture and a margin region of a length of subaperture
between different subapertures to decrease the duty cycle of
the system or realize the possible working mode shifts. The
information of these subapertures and the corresponding height
ambiguities are listed in Table 1.

When simulating the interferograms of subapertures,
the selected DEMs have been resampled into GEO SAR image
coordinates based on the orbit positions of the subapertures
and the scene geometries to generate topographic phases.
We assume the back-projection imaging algorithm is used
and the imaging grids are along the latitude and longitude.
For other phase components, besides the decorrelation noises
generated from the parameters given in Table I, we also
consider the impacts of atmospheric phases and orbit error
phases. Since atmospheric artifacts can seriously deteriorate
the performance of DEM retrievals, some corrections for
these phases must be done in the preprocessing. The split-
spectrum method is applied to remove ionospheric phases [11].
Tropospheric phases can be compensated based on weather
models and multispectral observations [12]. Thus, we consider
the residual phases after these corrections in our simulations.
Assuming a feasible averaging scale in the split-spectrum
processing is 5 km, the simulated residual ionospheric phases
have a standard deviation of 0.13 rad and a spatial correlation
scale of 5 km. The residual tropospheric phases are consid-
ered as uncorrelated noises and have a standard deviation of
nearly 0.5 rad at L-band (i.e., corresponding to the correction
accuracy of 1 cm for tropospheric delays). We take a 10-cm
orbit accuracy in three dimensions into account to generate the
orbit error phases in the simulation. Because of the high orbit
and small simulated scenes, the incidence angles change less
than 0.2° in the scene, which results in a small variation of
the orbit error phase in the scene. Fig. 5 shows one realization
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Fig. 6. Generated postevent DEMs and the surface changes. (a)—(e) Casel:
Postevent DEM from the single subaperture MB data (No. 1-5). (f) DEM from
the signal-baseline data (the fifth subaperture and two-day repeat). (g) DEM
from SAD-TSMB (second ML and all the subapertures). (h) DEM from
SAD-TSMB (DEM-averaging and all the subapertures). (i) Retrieved surface
change by (g). (j)—(n) Case2: Postevent DEM from the single subaperture MB
data (No. 1-5). (0) DEM from the signal-baseline data (the fifth subaperture
and two-day repeat). (p) DEM from SAD-TSMB (second ML and all the
subapertures). (q) DEM from SAD-TSMB (DEM-averaging and all the
subapertures). (r) Retrieved surface change by (p).

of the residual atmospheric and orbit error phases. Since the
separation between each subaperture is hundreds of kilometers,
we treat these phase error sources independently for each
interferogram.

After obtaining the interferograms, following Fig. 2, we
conduct the SAD-TSMB processing, which also includes the
general phase filtering, multilooking, and geocoding. The
interferograms have approximately 100 m resolutions in both
ground-range and azimuth direction after multilooking. One
stable reference point is taken to acquire absolute heights.
The generated postevent DEMs by SAD-TSMB are shown
in Fig. 6. To compare the results, we also generate the DEMs
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TABLE II

PERFORMANCE ANALYSIS OF THE DEMS
GENERATED BY DIFFERENT CASE

D RMSE of case 1 | RMSE of case 2
ata

(m) (m)
Sub-aperture 1 22.5 50.7
Sub-aperture 2 16.9 64.0
Sub-aperture 3 154 53.2
Sub-aperture 4 17.1 41.9
Sub-aperture 5 24.6 76.7
Sub-aperture 5 (Single-baseline) 73.0 50.7

SAD-TSMB (2™ ML) 10.0'/10.8%/10.4° | 24.6'/34.2%/31.3°

SAD-TSMB (DEM averaging) 11.7'11.7%12.7° | 40.2'/36.0%/45.23

! all sub-apertures;
2 without the sub-aperture with the worst accuracy;
3 without the sub-aperture with the best accuracy.

from the single-baseline data sets (the two-day repeat data of
the fifth subaperture) and the DEMs generated by the MB
method from the single subapertures. The corresponding root
mean square error (RMSE) analysis is provided in Table II.
From Fig. 6(a)—(f) and Table II, although all the retrieved
postevent DEMs from different data sets in case 1 are alike
to the reference DEM in Fig. 3, the single baseline DEM has
a much larger RMSE error than the subaperture MB DEMs.
In case 2, the subaperture MB results shown in Fig. 6(j)—(n)
can retrieve the large change, which cannot be distinguished
in the single-baseline DEM [Fig. 6(o)]. However, because the
large baselines of the subaperture MB data in case 2 give rise
to many ambiguity errors (dark red areas), the generated DEMs
have low accuracy. When the SAD-TSMB method is applied,
as shown in Fig. 6(g), (h), (p), and (q) and Table II, both the
accuracies of the generated DEMs in two cases improve and
the height ambiguities are effectively addressed. It can also
be concluded that the second ML-based SAD-TSMB method
achieves better results than the DEM averaging because it
has minimal RMSEs in both two cases (i.e., 10 and 24.6 m,
respectively). Its good performance profits from more accurate
overall likelihood functions in the final height estimation by
fusing the coherence-weighted likelihood functions from all
subapertures. In this way, it can effectively reduce noises
and ambiguity errors. The performance of the DEM-averaging
SAD-TSMB depends much on the quality of individual sub-
aperture MB DEM. In case 1, because of the relatively small
RMSE of the individual DEM, these averaged DEMs are much
accurate than the single-baseline DEM. On the contrary, aver-
aging the DEMs with many ambiguity errors in case 2 does not
help to improve the accuracy much. Meanwhile, although more
subapertures improve the performance of the second ML-based
SAD-TSMB, low-accuracy subapertures have little benefit for
the DEM averaging method and even make the averaging
performance worse. Comparing two studied cases, the method
performs better in case 1 with higher robustness to noises and
ambiguity errors, because of both the better baseline diversity
and lengths in its MB data from the near apogee observation.
Without a good baseline composition, case 2 still suffers some
residual ambiguity errors, which ends up with a higher RMSE.
According to the generated postevent DEMs of the second
ML-based SAD-TSMB, we can finally obtain the surface
changes by the DEM differencing with the preevent DEMs.
They are shown in Fig. 6(i) and (r) under two cases, which
are similar to the reference produced changes shown in Fig. 3.

4002905

These results verify that the postevent DEM generation for the
rapid surface large-change monitoring can benefit from the
proposed SAD-TSMB method.

IV. CONCLUSION

Aiming at rapid surface large-change monitoring by DEM
differencing, this letter has proposed a SAD-TSMB algorithm
by using GEO SARs to generate postevent DEMs and has
presented its performance. GEO InSAR data of long observa-
tion times and quick revisits provides the required temporal
and spatial MB data. We have conducted the simulations of
two scenes observed by the typical orbit positions of GEO
SAR to verify the method, which suggests the generated
postevent DEM under the short-revisit case has an improved
accuracy for large-change observations. The results show that
the second ML-based SAD-TSMB algorithm performs well
for both two cases. The SAD-TSMB processing through the
DEM averaging relies much on the high-quality subaperture
MB data; without them, averaging many poor DEMs does not
help to improve the accuracy. The near apogee observations
can provide a better MB capability for SAD-TSMB processing
due to their good diversities and proper lengths of the base-
lines. Thus, according to different locations of target regions,
proper observations for the processing should be achieved by
adjusting incidence angles and squint angles, which will be
deeply studied in the future.
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