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Abstract—The major impediment to accurate airborne repeatpass differential synthetic aperture radar (SAR) interferometry
(DInSAR) is compensating for aircraft motion caused by air turbulence. Various motion compensation (MoCo) procedures have
been used in the airborne DInSAR processing to acquire reliable
deformation mapping. In this paper, we present the use of timedomain backprojection (BP) algorithm for SAR focusing in an
airborne DInSAR survey: No MoCo procedure is needed because
the BP algorithm is inherently able to compensate for platform
motion. In this study, we present the results of a pilot study aimed
at demonstrating the feasibility of deformation mapping with an
airborne SAR system based on the monitoring of the Slumgullion
landslide in Colorado, USA between July 3 and 10 of 2015. The
employed airborne SAR system is an Artemis SlimSAR that is a
compact, modular, and multi-frequency radar system. Airborne
light detection and ranging and global navigation satellite system
(GNSS) observations, as well as spaceborne DInSAR results using
COSMO-SkyMed (CSK) images, were used to verify the performance of the airborne SAR system. The surface velocities of the
landslide derived from the airborne DInSAR observations showed
good agreement with the GNSS and spaceborne DInSAR estimates.
A three-dimensional deformation map of the Slumgullion landslide was also generated, which displayed distinct correlation between the landslide motion and topographic variation. This study
shows that an inexpensive airborne L-band DInSAR system has the
potential to measure centimeter level deformation with flexible
temporal and spatial baselines.
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I. INTRODUCTION
IFFERENTIAL Synthetic aperture radar (SAR) interferometry (DInSAR) is a technique that uses two or more
SAR images to estimate ground surface displacement at the
millimeter or centimeter accuracy level, depending on the radar
frequency and interferogram coherence. A major drawback of
the traditional DInSAR technique is that only deformation along
the line-of-sight (LOS) can be obtained. Because spaceborne
SAR systems fly along near-polar, sun-synchronous orbits, they
are limited to observe accurate deformation occurring close
to the North–South direction (except in polar regions). Even
though spaceborne DInSAR can now retrieve three-dimensional
(3-D) deformations by exploiting both the right- and left-looking
capability [e.g., ALOS PALSAR-2, and COSMO-SkyMed
(CSK)], the accuracy of the estimated North–South deformation
still tends to be much worse than the East–West or vertical components according to [1] where it was reported that the standard
errors of observed deformation were 0.8, 3.4, and 0.7 cm in
East–West, North–South, and Vertical directions, respectively.
Compared with spaceborne SAR, airborne SAR systems have
the advantages of flexible scanning geometry and revisit times,
and higher spatial resolution. Therefore, it is expected that the
routine use of airborne DInSAR could greatly expand access
to the observational data for researchers to better characterize,
quantify, and understand the behavior of many natural hazards
[2]. However, only a few airborne SAR systems have been
successfully deployed for deformation mapping through
repeat-pass interferometry, such as the E-SAR (and its successor F-SAR) system from the German Aerospace center (DLR)
[3], UAVSAR from the Jet Propulsion Laboratory [4], and
OrbiSAR from OrbiSat [5].
Unlike spaceborne SAR that has fairly stable trajectories,
the major challenge for processing airborne SAR data is
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compensating the trajectory deviations. In recent years, various motion compensation (MoCo) procedures have been
proposed [6]–[14]. In order to compensate for motion errors
trajectory information must be acquired, generally by a combination of global navigation satellite system (GNSS) and Inertial Measurement Unit (IMU) systems. Recent improvements
in the GNSS/IMU navigation technology enabled the determination of aircraft trajectories with an estimated precision of a
few centimeters [15], [16]. The basic procedure of MoCo is:
1) generating a linear reference trajectory that best-fits the actual trajectory, and 2) calculating and applying motion corrections. It is also necessary to use an external digital elevation
model (DEM) in the MoCo procedure to make range-dependent
phase corrections [8]–[11]. A center-beam (CB) approximation
is also commonly used to improve computational efficiency at
the expense of degrading the phase accuracy [5], [18].
Even after applying MoCo, errors in the trajectory estimated
from the GNSS/IMU system, referred to as residual motion error
(RME), still exist and can cause erroneous phase undulations in
the final interferogram. Several efforts have attempted to estimate and remove the RME [12]–[17]. For example, in [12]–[16],
multisquint techniques were used to estimate the RME from the
registration error. Through an aperture splitting procedure, SAR
images with different squint angles can be obtained, and the corresponding interferograms can be generated. Then the residual
baseline errors can be estimated from the phase differences between the interferograms. In addition to the multisquint method,
advanced autofocus algorithms have been proposed to compensate RME [17]. In this study, the multisquint method is used for
the RME correction.
In addition to the MoCo methods mentioned above, the timedomain backprojection (BP) technique can also focus the SAR
data obtained from nonlinear platform trajectories [19]–[24].
Unlike the frequency-domain SAR image formation techniques,
the time-domain BP method requires trajectory data as well as
a reconstruction-grid (such as a DEM) to be known [23], [24].
Compared with frequency-domain focusing, the time-domain
BP method has the advantages of:
1) focusing the data obtained from significantly nonlinear
trajectories, which is common for airborne platforms
(MoCo is inherently taken into account without the CB
approximation). For wide-beam airborne SAR with large
squint angle, MoCo becomes very complicated, in which
case BP can be considered as an alternative to perform
SAR focusing;
2) focusing the data directly on the desired reconstruction
grid, thus, avoiding the need for geocoding;
3) applicable to data obtained from different acquisition
modes such as the stripmap, terrain observation by progressive scans or ScanSAR modes.
The major drawback of the BP algorithm is its heavy computational burden, which can be mitigated by employing the
fast-factorized BP method [22].
In this study, we present the airborne DInSAR results using
the BP technique. In July 2015, a series of SAR collections,
using the SlimSAR system developed by Artemis Inc., were

Fig. 1. Optical image of the Slumgullion landslide area from Google Earth
with the red outline indicating the boundary of the active part and black dots
indicating locations of the five GNSS stations used for validation in this study.
The black rectangle denotes the coverage area for Figs. 9–12.

made over the Slumgullion landslide in Colorado, USA. The
Slumgullion landslide, located in the San Juan Mountains near
Lake City, Colorado, is a long-term perpetual moving landslide
with a continual downhill slide. Fig. 1 shows an optical image
of the landslide area. The active portion of the landslide is 3.9
km long and has an average width of 300 m [25]. It is estimated
that the active part of the landslide has been moving for about
300 years [26] and contains many individual kinematic elements
with steady average annual speeds between 0.5 to 7 m/year
[27]–[30]. It is also known that the landslide speed is related to
subsurface water levels and sensitive to seasonal rainfalls; the
speed of the landslide movement is highest during the spring
snowmelt and significant rainfall events [31]. The Slumgullion
landslide has been utilized in several ground-based, airborne,
and spaceborne DInSAR studies due to the convenience of having such a large area of consistent motion [30], [32]–[37].
In addition to the airborne DInSAR measurements, spaceborne DInSAR, airborne light detection and ranging (LiDAR),
and GNSS surveys were also performed simultaneously. The
airborne LiDAR campaign provided high-resolution and highaccuracy topographic data over the study area, and differential GNSS surveys provided independent measurements of the
landslide motion. An intercomparison between the deformation
maps derived from airborne DInSAR and spaceborne DInSAR
observations, which have different sources of errors, was also
been performed.
This paper is organized as follows. A detailed description
of the datasets used in this study including airborne SAR,
spaceborne SAR, GNSS, and airborne LiDAR data is given in
Section II. Section III provides an analysis of the BP algorithm as
well as details regarding airborne and spaceborne DInSAR data
processing strategies. Section IV is a description of the deformation maps generated from both airborne and spaceborne DInSAR. Section V outlines the analysis and discussion of DInSARand GNSS-derived landslide velocities. GNSS results were used
to verify the DInSAR results in LOS directions. Then airborne
and spaceborne DInSAR results were combined to generate 3-D
deformation estimates, which were further compared to the 3-D
GNSS estimates. Finally, the land motion from airborne DInSAR was also compared with that from spaceborne DInSAR.
We conclude with Section VI that summarizes our findings.
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TABLE I
PARAMETERS OF THE E-SAR, UAVSAR, ORBISAR, AND SLIMSAR SYSTEMS

Center frequency (GHz)
Bandwidth (MHz)
Pulse repeat frequency (Hz)
Look angle range (deg)
Altitude (above ground level) (m)
Ground speed (m/s)
Range swath (km)
Polarization
Peak transmit power (kW)
Range resolution (m)
Azimuth resolution (m)
Noise equivalent sigma0 (dB)
Antenna gain (dB)
Receiver noise figure (dB)
Weight (kg)
Antenna size (m)

E-SAR

UAVSAR

OrbiSAR

SlimSAR

1.325
150
10000
25–65
Up to 6000
NA
12.5
Quad-pol
0.9
1.5
0.4
NA
NA
NA
NA
NA

1.2175–1.2975
80
350–855
25–65
2000–18000
100–250
22
Quad-pol
3.1
1.67
0.8
<−50
NA
NA
210
0.5 × 1.6

9.55
150
1600
NA
8000
108
4
HH
2.5
1
1.2
NA
NA
NA
NA
NA

1.3075
185
1510
25–60
300–3000
34
2.5–8.5
Quad-pol
0.06
1
1
<−30
6
3
15
0.15 × 0.15

Note: NA indicates the unknown parameters. Parameters of L-band E-SAR, L-band UAVSAR, X-band OrbiSAR, and L-band SlimSAR are given in the
table. All the four SAR systems can also work in other frequency bands as shown in [2], [5], [15], [38]–[41].

Fig. 2. Installation of the L-band antennas (at the very top and bottom) on the
wing strut.

II. DATASET USED AND ACQUISITIONS STRATEGY
A. SlimSAR System and Data Acquisition Strategy
The airborne SAR system used in this study is an L-band
system called SlimSAR developed by Artemis, Inc., based in
Hauppauge, NY, USA. [2]. The SlimSAR system is a compact,
multicapability radar system available in many different configurations. For this study, the SlimSAR was installed on a Cessna
206 aircraft. Details about the SlimSAR system along with ESAR, UAVSAR, and OrbiSAR are summarized in Table I [2],
[5], [15], [38]–[41]. Compared with other systems, the advantage of SlimSAR is its small size and low signal power, which
makes it suitable for operation on small aircrafts and unmanned
aerial vehicles.
The SlimSAR system was configured with two L-band antennas (Ch0 and Ch1) installed along the right wing strut of the airplane as shown in Fig. 2. The SlimSAR system can collect data
from the two channels simultaneously. The L-band antennas,
each used for both transmitting and receiving signals, provide
two channels of radar data with VV polarization. The baseline
between the two L-band antennas was 1.822 m [32]. The two

Fig. 3.

SlimSAR SAR system with GNSS/IMU unit.

channel radar data allowed us to implement both dual-antenna
single-pass interferometry and single-antenna repeat-pass interferometry. The dual-antenna single-pass interferometry enabled
us to generate a DEM [45]–[47], which is compared with other
DEMs in Section III-B.
One important procedure of airborne SAR imaging is the
acquisition of precise antenna position and its motion. The trajectory of the aircraft is measured using a GNSS/IMU system,
which provides both real-time position and attitude information
to the radar, and also stores the raw observations for posting
processing (see Fig. 3). The post-processing enables more precise computation of aircraft trajectory by blending the airborne
GNSS/IMU observations with ground GNSS observations collected simultaneously. The typical position accuracies of postprocessed results are around 1 and 2 cm in horizontal and vertical
directions, respectively [48], [49].
Airborne SAR flights were performed on July 3, 7, and 10
of 2015; during each flight multiple airborne SAR flight paths
were made as shown in Fig. 4 [32]. Four flight paths (flight A,
C, D, and E) were flown across the earthflow, each focusing on
different portions of the slide. Moreover, we had another flight
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TABLE II
FIVE AIRBORNE SAR FLIGHT PATHS USED IN THIS STUDY
Path

Heading angle

Look angle

317o

24o –65o
31o –68o
20o –66o
44o –70o
44o –66o

A
B
C
D
E

261o
317o
335o
354o

path (path B) was flown along the earthflow that covered the
entire area in single image. The flight altitude is around 1066 m
above ground level. The heading and look angles for these five
paths are given in Table II.
B. Spaceborne DInSAR Data
Four X-band CSK spotlight images with 1-day interval were
used to estimate the landslide deformation over the study area.
The four images were acquired between July 24 and 26 of
2015 from both ascending and descending orbits as shown in
Table III. The CSK constellation is an X-band SAR system with
3.1-cm wavelength and can be operated in different scanning
modes that include spotlight, stripmap, and ScanSAR [50]. Because the average width of the landslide is only around 300 m,
the high-resolution (1 m × 1 m) spotlight mode data were used.
Moreover, the “tandem-like” interferometry configuration (i.e.,
1-day interval between Master and Slave scannings) was used
to minimize temporal decorrelation due to the fast landslide
movement [52].
C. GNSS Measurements
To obtain deformation reference and validation data, five
geodetic grade GNSS stations were installed along the center portion of the landslide as shown in Fig. 1. An additional
reference station was also installed on a permanent monument
outside the landslide. The baseline lengths for the five GNSS stations in relation to the reference station varied from 74 to 578 m.
The observation duration at each GNSS site was between 5 and
7 h. The 3-D coordinates at each GNSS site were derived from
these baselines, and displacements were estimated from temporally separated observations. The time window for two adjacent
surveys was 7 days for site A and 3 days for the other four
sites. TopconTools software package was employed to calculate the baselines and station coordinates using fixed ambiguity
carrier-phase double difference observables [43], [44]. According to the previous investigations, the differential processing
with baselines shorter than 1 km and occupation periods longer
than 4 h can achieve horizontal accuracy of 2 to 3 mm and vertical accuracy of 4 to 6 mm [43], [44]. The estimated deformation
rates at these five GNSS stations between July 3 and July 10 of
2015 are summarized in Table IV. The GNSS results indicate
that the observed segment of the landslide experienced fairly
coherent movement during the survey period. The horizontal
velocity was about 1.3 to 1.5 cm/day toward the southwest. As
will be discussed in Section V, the GNSS results were used as

the ground truth to verify the DInSAR-derived landslide movements from the airborne and spaceborne platforms.
D. Airborne LiDAR Data
The airborne LiDAR campaign was conducted by the National Center for Airborne Laser Mapping (NCALM) using an
Optech Gemini NIR LiDAR system installed on a Piper Chieftain PA-31 aircraft. The Gemini system can provide up to four
discrete returns for each laser pulse and both vegetation and
the “bare earth” information can be extracted from the discrete
return data. Therefore, two types of LiDAR surface models
were obtained: an unfiltered or first return digital surface model
(LiDAR DSM), and a bare-earth DEM (LiDAR DEM). Airborne LiDAR provided an accurate (<10 cm vertical error with
0.5 m spatial resolution) topographic model of the landslide area.
Fig. 5 shows the LiDAR hillshade DEM overlaid on a Google
Earth optical image. The LiDAR DEM was used in the analysis
of DEM error estimation in Section III-B and spaceborne DInSAR processing using the X-band CSK data in Section III-C.
III. DATA PROCESSING STRATEGY
A. Signal Analysis of the BP Technique
A brief derivation of the time-domain BP algorithm for a
point target is given in this section. The transmitted signal of
the radar is normally a “chirp” (linear frequency modulated
signal). For simplicity, the following analysis is based on stop–
go approximation, i.e., the antenna remains at the same location
during the transmitting and receiving of one pulse. Under the
stop–go approximation, the SAR focusing can be broken into
two separate steps (range and azimuth compressions). The effect
of the stop–go approximation on the focused SAR image is
beyond the scope of this paper. After demodulation and rangecompression, the range-compressed signal can be given by
sRC (i) = Ai exp {−j2πf0 τi }

(1)

where i is the slow-time pulse index, Ai is the amplitude, f0 is
the center frequency, τi is the two-way propagation time from the
radar antenna to the target. Assuming Ri is the real range from
the radar to the phase center of the target, we have τi = 2Ri /c.
An important step for the BP algorithm is to compensate the
phase component in (1) using the estimated two-way propagation time τ̃i . Here τ̃i can be estimated from τ̃i = 2R̃i /c, where
R̃i is the estimated radar-target range from the radar position to
the physical center of a scattering cell. In general, the target is
assumed to be located at the center of the pixel. Therefore, as
shown in Fig. 6, R̃i can be estimated from the SAR scanning
geometry using the trajectory information and specified reconstruction grid. Then we obtain the phase-compensated signal
p
scom
RC (i) as
p
scom
RC (i) = sRC (i)exp {j2πf0 τ̃i }


= Ai exp −j2πf0 (2Ri /c − 2R̃i /c)

= Ai exp {−jkΔRi }

(2)
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TABLE III
FOUR CSK SPOTLIGHT IMAGES USED IN THIS STUDY
Dates
Master

Perpendicular baselines (m)

Heading angle

Incidence angle

−752
911

352o ascending
189o descending

53o
47o

Slave

20150724
20150725

20150725
20150726

TABLE IV
DEFORMATION ESTIMATES FROM THE FIVE GNSS STATIONS ALONG THE LANDSLIDE AREA
GNSS station
A
B
C
D
E

Latitude (degree)
37o 59’28.62404"
37o 59’29.78718"
37o 59’31.08267"
37o 59’33.99763"
37o 59’35.51689"

Longitude (degree)
−107o 15’25.75512"
−107o 15’23.22303"
−107o 15’20.56011"
−107o 15’18.58613"
−107o 15’16.33610"

Velocity (cm/day)
North
East

Vertical

−0.80
−0.87
−0.87
−0.93
−0.97

−0.30
−0.10
−0.13
−0.30
−0.10

−1.10
−0.93
−0.97
−0.97
−1.17

Fig. 6. SAR scanning geometry of one pixel. Point A, B, and C are the
position of the SAR antenna, physical center, and actual phase center of a
scattering target, respectively.
Fig. 4.
area.

3-D view of the five airborne flight paths over the Slumgullion landslide

A basic BP process is to coherently integrate the phasep
compensated range-compressed radar echoes scom
RC (i) to form
the image. For a point target, the backprojected signal is

IBP =

M

i=−N

Fig. 5.
image.

Airborne LiDAR hillshade DEM overlaid on Google Earth optical

where k = 4π/λ and ΔRi = Ri − R̃i . λ is the wavelength. For
simplification, here we assume that precise trajectory data are
available for radar position. In practice, the residual trajectory
error can also be estimated using the multisquint or autofocus
methods [12]–[17]. It should be noted that range migration correction procedure is not needed in the BP algorithm because the
range values can be directly estimated from the trajectory data
and reconstruction grid.

p
scom
RC (i) =

M


Ai exp {−jkΔRi }.

(3)

i=−N

Here i is assumed to vary from −N to M during the integration along the azimuth. For a system with zero squint angle, we have N = M . The range difference ΔRi comes from
the offset between the physical center and phase center of a
scattering cell. Therefore, we can see that the backprojected
signal IBP contains the “residual phase” caused by range difference ΔRi [24]. In order to further study the properties of
the BP algorithm, a detailed analysis of this “residual phase” is
needed.
In Fig. 6, point A, B, and C represent the position of the SAR
antenna, physical center, and actual phase center of a scattering
target, respectively. For further analysis, the coordinates of point
A, B, and C in Fig. 6 are set to (xA , yA , zA ), (xB , yB , zB ), and
(xC , yC , zC ), respectively. Assuming the offset vector between
point B and C is ε(εx , εy , εz ) = C–B, range Ri and R̃i can be
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squint angle. Substituting (6) into (2) we can obtain
p
scom
RC (i) = Ai exp {−jkεr cosαi − jkεa sinαi }

≈ Ai exp {−jkεr − jkεa αi } .

(7)

Since αi is very small (< 2°– 5° for airborne SAR, and
< 3×10-6 ° for spaceborne SAR), we have cosαi ≈ 1 and sinαi
p
≈ αi . Interestingly, the signal scom
RC (i) has constant phase and
linear phase components after this approximation.
For simplification, we assume that the system squint angle is
zero and M = N . Therefore, (3) becomes
Fig. 7. Decomposition of the offset vector ε into slant-range and along-track
directions.

IBP ≈

N


Ai exp {−jkεr − jkεa αi }.

(8)

i=−N

Assuming the response of the target is symmetric with respect
to i = 0, which means Ai ≈ A−i and αi = −α−i , (8) can be
rewritten as

expressed as [24]
R̃i = A − B

= (xA − xB )2 + (yA − yB )2 + (zA − zB )2

IBP = A0 exp {−jkεr } +
= A0 exp {−jkεr } +
(4)

Therefore, the range difference ΔRi can be estimated from
(4) as
ΔRi = Ri − R̃i ≈

(B − A) · ε
=μ·ε
B − A

(5)

N


(A i exp {−jkεr })

where μ =
is the unitary vector from Point A to B. Therefore, we can see that the range difference ΔRi can be estimated
by the length of the component of vector ε in the instantaneous
AB direction during the scanning. The approximation in (5) is
valid since vector AB and vector AC can be assumed to be
parallel. Since vector ε is not on the slant-range and along-track
plane like vector AB, only the partial component of vector ε
in this plane can make a contribution to the range difference
in (5). Therefore, we assume the component of vector ε on the
slant-range and along-track plane is ε .
For further analysis, we decompose the offset vector ε into
the slant-range and along-track directions as ε = εr + εa . As
shown in Fig. 7, ΔRi can be obtained as
ΔRi = μ · ε = μ · ε = εr · μ + εa · μ
= εr  cosαi + εa  sinαi
(6)

where αi is the angle between vector AB and the slant-range
direction. It should be noted that the system squint angle is
assumed to be zero and the slant-range direction here is the slant
range direction at zero Doppler time. For the cases of nonzero
Doppler centroid, a similar result can be obtained. During the
scanning, vector AB can be regarded as the instantaneous LOS
direction. Consequently, αi can be regarded as the instantaneous

(9)

i=1

where Ai = 2Ai cos(kεa αi ). From (9), it can be seen that the
essence of the BP algorithm is a coherent summation procedure. The BP algorithm also only contains the information of
range offset εr . Therefore, the backprojected signal IBP for a
scattering cell has the form of
IBP ≈ |IBP | exp {−jkεr } .

B−A
B−A

= εr cosαi + εa sinαi

(Ai exp {−jkεr } · 2cos (kεa αi ))

i=1

Ri = A − C = A − B − ε
(A − B) × ε
.
≈ R̃i −
A − B

N


(10)

For BP-focused single-look-complex (SLC) images, we can
see that the known phase components caused by range R̃i have
already been removed, leaving a residual phase caused by the
unknown range offset εr from the physical center to the phase
center of the scattering cell.
It is known that the azimuth-compressed signal for one target
in the frequency domain has the following form:
IFreq ≈ |IFreq | exp {−jkR0 }

(11)

where R0 is the shortest range from the antenna to the target at
time i = 0, in which case ΔR0 = R0 − R̃0 = εr . Since R̃0 is
known from the geometry, we can add back the phase component
of R̃0 into IBP as





IBP exp −jk R̃0 = |IBP | exp −jk εr + R̃0
= |IBP | exp {−jkR0 } .

(12)

Comparing (12) with (11), it can be seen that the BP algorithm obtains the same phase component as frequency domain
focusing methods. Therefore, we can perform the SAR interferometry in the slant-range direction using the backprojected
signal IBP . In practice, it is not necessary to add back the phase
component of R̃0 into IBP . The differential interferogram can
be directly obtained by calculating the complex conjugate multiplication of the backprojected signals IBP of the master and
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slave data. In other words, unlike frequency-domain differential interferometry, the time-domain slant-range interferometry
can be implemented without the procedure of flattening and removing topographic phase components. For clarification, in this
study, all the interferograms are the DInSAR images generated
from signals IBP . It should also be noted that the BP-focused
images are inherently geo-registered and projected onto the reconstruction grid [20], [23]. Therefore, no geocoding is needed
in the interferometry procedure.
In the BP method, the motion of the platform is compensated by calculating the range R̃i and removing the corresponding phase component. In other words, the MoCo is inherently
applied to every individual target, and no CB approximation
is needed. Therefore, the BP technique can fully compensate
the aberrations caused by the trajectory turbulence. However,
it should be noted that the antenna positions are assumed to
be known precisely in the analysis above. Therefore, in practice, the RME can be introduced by an inaccurate trajectory
estimated from the GNSS/IMU system, and the phase accuracy
mainly depends on the accuracies of the trajectory measurements and DEM. How to remove the DEM error and RME will
be discussed in the following section.
B. Airborne SAR Data Processing
As mentioned in previous section, the DEM error and the
RME of trajectory estimates can lead to amplitude and phase
errors in the SAR image. The effects of DEM error on the BPfocused image and interferometric phase have been studied in
[24], [53], [54]. It has been found that the interferometric phase
varies slowly as the DEM error increases. It was suggested that
an iteration procedure can be used to remove DEM errors [54].
In this study, we corrected the DEM error using the dual-antenna
single-pass interferometry and the RME using the multisquint
method described in [12], [13]. The flowchart of airborne SAR
data processing is shown in Fig. 8. First of all, a DEM is generated from the dual-antenna single-pass interferometry through
an iterative process [54]. For the dual-antenna single-pass interferometry, the RME tends to be similar for the two channels and
tend to cancel out in the interferometry procedure [5]. Therefore,
the differential interferogram generated from the dual-antenna
single-pass interferometry is directly proportional to the magnitude of the DEM error, and the phase information can be used
to correct the DEM. Specifically, the SAR images were first
formed by the BP algorithm with an initial DEM, which may
be of low quality or resolution; for example, the Shuttle Radar
Topography Mission (SRTM) DEM with 30 m spatial resolution
can be used. Then the DEM corrections were calculated from
the dual-antenna single-pass interferogram, and the SAR data
were reprocessed using the improved DEM. This process was
iterated until the interferogram showed no DEM errors. Next
the RME correction was implemented using the multisquint
technique described in [12], [13]. First, we can create two SLC
images with different squints using the master raw data by a
split-aperture processing in azimuth. Then we interfere each of
them with the corresponding looks using the slave raw data.
Finally, the differential phases can be obtained by the complex

Fig. 8.
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Flowchart of the airborne DInSAR data processing.

conjugate multiplication of the two interferograms from the two
subapertures. In short, the RME can be estimated by integrating
the phase error difference between two subapertures as [13]

φdiﬀ (x , r) 
dx + Constant
(13)
φerr,res (x, r) =
Δx(r)
where x and r denote the azimuth and range positions, respectively, φdiﬀ is the differential phases of two interferograms generated from the two subapertures, Δx is the azimuth distance
between the center of these two subapertures.
Multisquint technique can be used to estimate low frequency
nonlinear RME. One key factor is the bandwidth of the subaperture. A long subaperture cancels out frequency components
of RME higher than the subapertures’ bandwidth [12]. In other
words, multisquint technique only estimates the average of the
true RME. The larger the subaperture, the less accurate the estimation of the high-frequency RME. However, if the subaperture
is too short, the differential phases become noisy. As discussed
in [14], the optimal bandwidth depends on the coherence and
magnitude of RME and should be selected on a case-by-case
basis. In this study, the bandwidth of the two subapertures was
set to be 35 Hz each and with center frequencies of −17.5 and
17.5 Hz.
Moreover, the global constant and linear components of RME
cannot be directly estimated in the integration procedure of the
multisquint technique. One way to estimate the constant and
linear RME is described in [14]: Fitting the differential interferogram with a model and estimating the unknown parameters
using weighted least squares estimation. After removing RME,
the ground deformation is estimated from DInSAR with singleantenna repeat-pass interferometry using either channel (Ch0 or
Ch1).
As an example, an InSAR-derived (or InSAR-corrected)
DEM segment (indicated by the black rectangle in Fig. 1) is
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Fig. 9. Comparison of (a) SRTM DEM, (b) LiDAR DSM, (c) LiDAR DEM,
and (d) airborne InSAR DEM.

shown in Fig. 9 along with the SRTM DEM, LiDAR DSM,
and LiDAR DEM. The InSAR DEM was generated from the
iteration procedure as shown in Fig. 8 using the SRTM DEM
as the initial DEM. It has been found that using the high resolution LiDAR DEM as the initial DEM gives similar results.
It can also be seen from Fig. 9 that the InSAR-derived DEM
and LiDAR DSM/DEM have much better resolutions (≤1 m)
and topographic details than the SRTM DEM (30-m resolution).
Therefore, we can conclude that the DEM error has been corrected using the dual-antenna single-pass interferometry with
an iterative procedure.
In order to further investigate whether the DEM error has
been successfully removed, dual-antenna single-pass interferograms using initial SRTM, LiDAR, and InSAR DEMs were
generated and presented in Fig. 10 using data acquired on
07032015_105554 (mmddyyyy_hhmmss). The dual-antenna
single-pass interferograms were obtained by directly calculating
the phase difference between two SAR images from Ch0 and
Ch1. The SAR images were focused by the BP algorithm with
using SRTM, LiDAR, and InSAR DEMs, respectively. It should
be noted that the phase difference between these two channels
should be a constant value if no DEM error exists, because the
topographic phase components have been removed inherently
in the BP focusing process. However, since channel Ch0 and
channel Ch1 are not perfectly phase matched, the interferometric phase is not exactly zero even when there is no DEM errors.
In this case, the interferometric phase has a nominal value of
−1.16 when there is no DEM errors. In Fig. 10(a), we can see
that significant residual phase errors exist when using the SRTM
DEM, which indicates the existence of a significant DEM error.
On the contrary, as can be seen in Fig. 10(d), the single-pass
interferogram generated with the InSAR DEM shows negligible phase errors. Therefore, we can see that the error in the
initial DEM used in the iteration process has been successfully removed. Interestingly, from Fig. 10(b) and (c), we can see
some phase errors caused by the “errors” in LiDAR DSM/DEM,

Fig. 10. Dual-antenna single-pass interferograms generated with different
DEMs. (a)–(d) are generated using SRTM DEM, LiDAR DSM, LiDAR DEM,
and InSAR DEM, respectively.

Fig. 11. (a) Repeat-pass wrapped interferogram and (b) coherence values of
InSAR pair 07032015_105554-07072015_104040 without RME correction.

especially for the nonlandslide area covered by vegetation. The
phase error in Fig. 10(b) and (c) is caused by the fact that laser
and microwave radiation have different penetrating capabilities
and their returns are produced by different backscattering centers. In other words, even though LiDAR DSM/DEM are more
accurate, they do not “fit” the SAR data as the InSAR DEM
represents the effective heights of the scatterers.
After removing the DEM errors using dual-antenna singlepass interferometry, SAR SLC images can then be obtained,
and repeat-pass DInSAR can be implemented. First, a singleantenna repeat-pass interferogram without RME correction was
computed as shown in Fig. 11. The temporal baseline is 4 days
and the deviation between the two repeat tracks is within a
15-m tube. The movement of the landslide is clearly visible
when compared to the nonmoving areas surrounding the slide.
We observe the surface displacement due to the landslide gradually increase from the bottom to the top. The average coherence
of the interferogram is 0.5. For this interferogram, RME was
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Fig. 12. Repeat-pass wrapped interferograms for InSAR pair 07032015_
103909-07072015_104040 before (a) and after (b) RME correction.

Fig. 14.

Flowchart for spaceborne DInSAR processing.

Fig. 13. Estimated residual baseline error in LOS direction of InSAR pair
07032015_103909-07072015_104040 (for middle range).

very small due to insignificant turbulence and, therefore, no
RME correction was necessary.
In contrast, Fig. 12 shows a case where airborne DInSAR performance was noticeably improved by applying the
RME correction. Fig. 12(a) shows that residual phase errors
exist even after the DEM error was removed. It is known
that RME can result in a phase undulation in azimuth direction [12], [13], which can be seen in the upper-left of
Fig. 12(a). In this case, we estimated the RME by iteratively implementing the multisquint technique as shown in
Fig. 13. We can see that the RME has reduced from 1.2 cm
to <0.8 mm after four iterations. From Fig. 12(b), it is clear that
the phase undulation has been successfully removed with the
RME correction.
Hitherto, dual-antenna single-pass interferometry was used
to correct the DEM error, and RME was also estimated and
removed to acquire more reliable ground deformation. The results above demonstrated the feasibility of using BP algorithm
to focus SAR data without traditional MoCo procedure. The
major shortcoming of this BP algorithm is the heavy computational burden. However, thanks to the progress in computing
technology, it can be easily mitigated by using alternate computing devices, such as graphics processing unit (GPU). For
example, in this study, a desktop with a 1.8-GHz Quad Core
CPU processor and two GeForce GTX TITAN X GPU devices
were used to perform the BP focusing. For a SAR SLC image
containing 4228 × 4404 pixels, the average processing time for

Fig. 15. Comparison of (a) SRTM, (c) NED, and (e) LiDAR DEMs along
with the corresponding wrapped and geocoded spaceborne CSK differential
interferograms in (b), (d), and (f), respectively. The spatial resolutions of SRTM,
NED, and LiDAR DEMs are 30, 10, and 0.5 m, respectively. The CSK data pair
20150724–20150725 with a perpendicular baseline of −752 m was used to
generate the interferograms. Circle in (f) denotes boundary of LiDAR DEM.

BP focusing was 73 s. Therefore, the computational burden of
the BP method was not a significant concern in this study.
C. Spaceborne DInSAR Processing
A flowchart for traditional spaceborne DInSAR processing is
shown in Fig. 14. Once we obtain an interferogram (and a coherence map) from the coregistered master and slave SLC images,
the topographic phase contribution is removed using a reference
DEM to generate a differential interferogram. Finally, a deformation map can be generated after filtering and unwrapping the
differential interferogram.
In this study, we have tested SRTM DEM (30 m), National Elevation Dataset (NED) DEM (10 m), and LiDAR DEM
(0.5 m) in CSK DInSAR processing as shown in Fig. 15. The
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Differences between SRTM and NED DEMs with the LiDAR DEM.

Fig. 18. Deformation maps and coherences from (a), (b) ascending and
(c), (d) descending tracks of CSK spotlight scanning. Areas with coherence
less than 0.3 were discarded.

ies [25]–[31]. On the other hand, the parallel-path result [see
Fig. 17 (c)] shows much slower landslide speeds (<1 cm/day).
This is because the parallel-path’s LOS direction is nearly perpendicular to the landslide flow direction, while the cross-path’s
LOS direction is almost parallel to the landslide flow direction.
Fig. 17. Deformation maps and coherences from (a), (b) cross and (c), (d)
parallel paths of the L-band airborne data acquisition. Areas with coherence less
than 0.3 were discarded.

differential interferograms using both the SRTM and NED
DEMs contain residual topographic phases over the landslide
area [see Fig. 15(b) and (d)]. The residual phases are caused by
the errors in the SRTM and NED DEMs, which was further confirmed by differencing the SRTM or NED DEMs with LiDAR
DEM (see Fig. 16). On the other hand, Fig. 15(f) shows that the
CSK DInSAR using the LiDAR DEM led to a better result (i.e.,
less residual phases). Note that the NED DEM was used for the
area with no LiDAR coverage, and the black circle in Fig. 15(f)
shows the boundary between NED and LiDAR DEMs. It is easy
to see that the LiDAR DEM generated more reliable (smooth)
results, whereas NED DEM caused residual phase errors. Even
though SRTM and NED DEMs have already been successfully
used in spaceborne DInSAR applications, the LiDAR DEM
was needed in this study due to the changing topography of the
landslide site as well as long spatial baselines as summarized
in Table III. Therefore, LiDAR DEM was used for spaceborne
CSK DInSAR processing to generate deformation maps.
IV. DINSAR RESULTS
A. Airborne DInSAR Results
The estimated landslide velocities and the corresponding coherence maps from the airborne L-band DInSAR observations
are shown in Fig. 17 [(a) and (b) from the paths across the
landslide, and (c) and (d) from the parallel paths]. The areas
with coherence lower than 0.3 were discarded. The coherences
shown in Fig. 17(b) and (d) are relatively high (>0.6). The crosspath results [see Fig. 17(a)] show significant motion along the
landslide (>1 cm/day). The neck area of the landslide shows
the fastest motion, which is consistent with previous stud-

B. Spaceborne DInSAR Results
Fig. 18 shows the landslide velocities obtained from the pairs
of CSK data with the LiDAR DEM, and their corresponding
coherences. In the ascending track geometry, the landslide
moves toward the platform resulting in negative velocity
values in Fig. 18(a). Using the descending pair, shown in
Fig. 18(c), the landslide moves away from the satellite, which
led to positive velocity values. From both the ascending and
descending pairs, the maximum velocities were again observed
around the “neck” of the landslide area. The coherences shown
in Fig. 18(b) and (d) are high (>0.8) over most of the landslide
area. However, over the nonlandslide area, the coherence is generally low (<0.5), which is caused by volume decorrelation due
to vegetation [52] given that the CSK SAR system tends to be
relatively sensitive because of its short X-band wavelength. Furthermore, as shown in Table III, the spatial baselines of the two
interferometric pairs are relatively long (>750 m), which can
exacerbate baseline decorrelation [52]. Due to the fast landslide
motion, the vegetation on the landslide area is generally very
sparse, leading to relatively higher coherence over the landslide.
By comparing Figs. 18 and 17, we can see that spaceborne
DInSAR achieved higher coherence over the earthflow area.
This may be due to the fact that the airborne SAR scannings were
affected by aircraft turbulence while the orbits of the spaceborne
platform were more stable. On the other hand, the airborne DInSAR results showed slightly better coherence around the forest
areas outside the landslide than the CSK results. This could be
due to CSK’s shorter wavelength (X-band) and longer spatial
baselines (>750 m). For the L-band airborne SAR, a pilot guidance system called “DragonFly” from Artemis, Inc., was used
during the flight to ensure that the pilot flew the aircraft nearly
the same track as the baseline flight [51]. Therefore, it was
possible to maintain short spatial baselines (<15 m), which
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Fig. 19. Comparison of the GNSS-derived velocities in LOS directions with
(a), (b) airborne, and (c), (d) spaceborne DInSAR results.

allowed the airborne DInSAR system to have less baseline
decorrelation.
V. DISCUSSION
A. Comparison of GNSS and DInSAR Results in
LOS Direction
In this section, the landslide motion estimates from airborne
and spaceborne DInSAR are compared with deformation estimated by the five GNSS stations (see Fig. 1). The motion
estimated from GNSS is considered to be the “true” 3-D deformation of the landslide while the DInSAR-derived deformation
is motion projected onto the LOS direction. Therefore, in order
to directly compare GNSS and DInSAR results, it is necessary
to project the GNSS results onto the LOS direction. In this case,
we projected the GNSS results onto four different LOS directions (corresponding to the LOS directions of the airborne cross
and airborne parallel paths, as well as the spaceborne ascending,
and spaceborne descending paths).
From the comparisons in Fig. 19, all of the airborne and spaceborne DInSAR results fit the GNSS results very well. The root
mean square differences (RMSD) between the GNSS, and airborne and spaceborne DInSAR-derived velocities, are 0.6 and
0.2 mm/day, respectively. As stated earlier, the GNSS survey
and the airborne SAR scanning were conducted between July 3
and July 10 of 2015, whereas the spaceborne CSK images were
acquired between July 24 and July 26 of 2015. We can see from
Fig. 19 that the spaceborne DInSAR estimation is still consistent with the GNSS results, and the deformation rate remained
similar during the time period between July 10 and July 24 of
2015. This consistency enables us to generate a 3-D deformation
map by combining the airborne and spaceborne DInSAR LOS
deformation estimates, as presented in the following section.
B. 3-D Deformation Map
Given that the airborne and spaceborne DInSAR results agree
with the GNSS results very well, it is possible to estimate
3-D motion of the landslide by combining their four different
scanning geometries. First, we generated four deformation maps
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Fig. 20. Maps of the 3-D deformation components (a: North, b: East, and c:
Vertical directions) estimated from two airborne and two spaceborne DInSAR
LOS deformations. The absolute speed is shown in (d). The white line in (a) is
a profile along the slide center which will be examined for further analysis.

using both airborne and spaceborne CSK SAR datasets, as
shown in Figs. 17 and 18, respectively. Then the LOS vectors were estimated using the trajectory (or orbit) information
as well as the scanning geometry. Finally, for every pixel, the
3-D deformation vector was acquired using a least-squares inversion [55], [56]. The final 3-D deformation component maps
are shown in Fig. 20 for the North, East, and Vertical directions.
Fig. 20(a), (b), and most areas of (c) show that the landslide
velocities have negative values in the North, East, and Vertical directions, which is consistent with the fact that the landslide moves in the South-West-Down direction. The upper right
corner of Fig. 20(c) shows slightly positive values, which are
caused by low coherence of the spaceborne DInSAR results
in that area. Moreover, compared with the horizontal motion,
the deformation in the vertical direction is much smaller (<0.5
cm/day). The absolute speed of the landslide motion is shown in
Fig. 20(d), from which we can see that the “neck” of the landslide has the fastest speed of ∼2.1 cm/day. Similar deformation
pattern has also been obtained from the UAVSAR measurements
as shown in [36]. Due to different acquisition dates, our absolute
deformation values are different from the UAVSAR results in
[36]. Compared with UAVSAR system, one major advantage of
SlimSAR system is its low cost. As a commercial product, the
current market price of SlimSAR system is around $4 83 000.
One way to compare the cost of SlimSAR and UAVSAR is to
compare the usage fee. The current cost for UAVSAR G3 flight
hours is approximately $2500 per flight hour [42] while it costs
about $500 to $1000 per flight hour for SlimSAR.
As shown in Fig. 21, the RMS errors (RMSEs) from the
least-squares inversion of the estimated 3-D deformation in
the North, East, and Vertical directions were generally small
(< 0.2 cm/day) over most of the landslide area. The upper right
part of the landslide shows slightly larger error, which is again
caused by low coherence, especially for the airborne SAR parallel flight as shown in Fig. 17(d) and the CSK DInSAR results
as shown in Fig. 18.
In order to further visualize the motion pattern of the landslide, the horizontal deformation is illustrated with color-coded
arrows in Fig. 22(a). It is easy to see that the direction of the
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Fig. 21. Least-squares inversion RMSEs of the estimated 3-D deformation
components in the North, East, and Vertical directions. (a) North. (b) East. (c)
Vertical.

Fig. 23. Comparison of GNSS and DInSAR-derived 3-D deformation map in
North, East, and Vertical directions.

Fig. 24. Comparison of the airborne and spaceborne DInSAR results along
the center of the landslide. (a) and (b) shows the spaceborne results projected
on the LOS directions of the airborne cross and parallel tracks, respectively.

Fig. 22. (a) Downsampled horizontal velocity field, and (b) vertical velocity
field of a profile along the center profile of the landslide shown in Fig. 20(a).
The background in (a) is the spaceborne SAR amplitude image. The x-axis in
(b) is the easting coordinates given in Universal Transverse Mercator coordinate
system in meters.

landslide motion is along the “flow” direction of the earthflow
and the “neck” area has the fastest motion. A profile of 3-D
deformation along the center line shown in Fig. 20(a) is plotted
with arrows in Fig. 22(b). The topography from the airborne
LiDAR DEM is used to generate the elevation profile. As would
be expected, we find that the direction of the landslide is highly
related to the variation of the topography, especially over the
upper part of the landslide. When the slope of the topography
becomes steeper, the landslide speed increases and the motion
direction changes with changes in the topographic slope.
C. Comparison of GNSS and DInSAR-Derived 3-D
Deformation Map
After generating the 3-D deformation map it is necessary to
compare the 3-D velocities derived from the spaceborne and

airborne combined observations with the velocities obtained
from the GNSS observations. The results of this comparison
are shown in Fig. 23 and show overall good agreement between
them. The RMSDs between the GNSS and DInSAR-derived
velocities in North, East, and Vertical directions were 1.2, 0.2,
and 0.4 mm/day, respectively. The comparison in the North
direction shows a slightly larger difference, which could be
due to the fact that spaceborne DInSAR is less sensitive to the
deformation in the North–South direction.
D. Comparison of Airborne and Spaceborne DInSAR Results
The previous sections analyzed the 3-D deformation estimated from the four airborne and spaceborne LOS deformations. It was already shown that both the airborne and spaceborne DInSAR fit the GNSS results very well. In this section,
we attempt to directly evaluate the performance of the airborne
DInSAR using the spaceborne DInSAR results. It should be
noted that it is not possible to directly compare them because
they were acquired with different LOS directions. However, as
discussed in Section V-B, the motion direction is correlated with
the surface gradient. Assuming motion is along the surface gradient, a “3-D deformation” can be generated using spaceborne
measurements only. Then we projected the “3-D deformation” to the LOS directions of the airborne cross and parallel
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flights, respectively. Finally, we directly compared the projected
spaceborne results with the airborne results as shown in Fig.
24. We can see that the airborne DInSAR results show similar
spatial patterns and agree well with the spaceborne DInSAR results. The values of the R2 parameters and RMSD are 0.47 and
1 mm/day for airborne cross track, and 0.34 and 1.1 mm/day
for airborne parallel track, respectively. The deviations in
Fig. 24 could be caused by the errors of the estimated gradient
directions, or the bias between the surface gradient directions
and the real-motion directions.
VI. CONCLUSION
In this paper, airborne DInSAR observations of the Slumgullion landslide, processed using the time-domain BP algorithm,
were presented. Dual-antenna single-pass interferometry was
performed to remove the SRTM DEM error through the iterative process and RME was also corrected using the multisquint
method. The airborne DInSAR results showed good agreement with those of GNSS and spaceborne DInSAR results. The
RMSD between the airborne DInSAR and GNSS results was
0.6 mm/day. A 3-D deformation map was also generated by integrating the airborne and spaceborne DInSAR results from four
different LOS directions. The map showed that the maximum
landslide speed was ∼2.1 cm/day, and there exists a relationship between the landslide motion and topographic variation.
We demonstrated that the airborne DInSAR system using the
BP algorithm has a potential to provide time-transient variability
in land surface topography with high precision (centimetric with
L-band) and high resolution (<1 m). The successful application
of airborne DInSAR using BP could open new avenues for scientific studies and commercial applications with greater flexibility
in selecting the temporal and spatial baselines of the datasets.
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