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Abstract The ability of differential interferometric synthetic aperture radar (DInSAR) technology used for
centimeter level deformation detection has been well-proved. Nevertheless, the applications of DInSAR under
the low Earth orbit (LEO) are limited to the line-of-sight (LOS) measurements, the limited observation area
and the long revisited time. Geosynchronous SAR (GEO SAR), which runs in the height of 36000 km with the
advantage of a short revisit time and a large observation area, is a potential approach to overcome the series
problems in LEO SAR. This paper focuses on estimating three-dimensional (3D) displacements by using GEO
SAR DInSAR measurements acquired from multiple imaging geometries. Aiming to provide a normal solution for
geologic hazard monitoring and relative geophysical application in the future, the errors induced by decorrelation
noise, orbital ramp and ionospheric distortion are analyzed for the GEO SAR DInSAR measurements. A series
of experiments have been conducted to find the relationship between the 3D displacements and the DInSAR
observations which are provided with different noises and combinations of imaging geometries. The results reveal
that 3D displacements can be expected from the combination of left- and right-looking GEO SAR DInSAR
measurements. In particular, the north-south solution can achieve centimeter and even millimeter level.
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1

Introduction

Differential interferometric synthetic aperture radar (DInSAR) has been widely used in the field of surface
displacement monitoring with the accuracy of centimeter to millimeter level [1–3]. However, the InSARdetected displacement is the projection of the real three-dimensional (3D) surface displacements on the
line-of-sight (LOS) direction, which has great limitations in the understanding of geo-hazards and their
geodynamics mechanisms. During the past decades, quantity of methods have been proposed to resolve
3D displacements based on DInSAR LOS measurements, and can be divided into three groups. The
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first method is integrating the multiple DInSAR LOS measurements from at least three independent
imaging geometries. For instance, Wright et al. [4] proposed to estimate 3D deformations with leftand right-looking InSAR LOS measurements from both of ascending and descending passes. However,
under the low Earth orbit (LEO) the left-looking measurements are very rare [5]. The second method is
combing the DInSAR LOS measurements and the offset-tracking (OFT) or multi-aperture InSAR (MAI)derived azimuth measurements from ascending and descending passes. Since the azimuth displacement
acquired by OFT or MAI method can achieve an accuracy of decimeter level, this method is only suitable
in the investigation of large ground motions such as earthquake [6], volcano eruption [7] and glacier
movements [8, 9]. The third method is combining the InSAR LOS and GPS sparse 3D measurements
by such as simulated annealing [10], weighted least squares [11], variance component estimation [12] and
SISTEM methods [13]. Obviously, the accuracy of this method depends on the number and distribution
of the GPS stations in the study area. Therefore, on the basis of LEO DInSAR the existing method is
quite limited in the application of estimating 3D displacements.
In this study we discuss how to resolve 3D displacements with DInSAR measurements acquired on the
geosynchronous orbit. The concept of geosynchronous orbit SAR (GEO SAR) was proposed in 1978 [14].
With the orbital height of about 36000 km and the inclination of 50 degrees, GEO SAR can acquire
the images on the area of 2.5 × 107 km2 in 6 h with the resolution of at least 100 m. Compared to
conventional LEO SAR, the imaging area of GEO SAR is much larger and provide a faster revisit time in
the area of interest. With respect to the imaging geometries that is an important factor in resolving 3D
deformations, GEO SAR can provide different viewing angles including those from left- and right-looking
geometries.
The orbit of GEO SAR can be circular, elliptical, or figure ‘8’, depending on the orbit inclination
angle, orbit eccentricity, and argument of perigee. The ability of using GEO SAR with circular orbit
to monitor 3D displacements has been proved [15]. With the small eccentricity and inclination, the
relationship between the geosynchronous circular SAR (GEOCSAR) imaging geometries and 3D surface
deformations had been derived. Compared to conventional SAR, circular SAR (CSAR) are still under
the research stage, which has a number of problems needed to be resolved. The feasibility of focusing of
GEO SAR system runs in the inclined geosynchronous orbit (IGSO) has been proved [16, 17], and the
solution of initial system is also proposed [18–20]. Therefore, the GEO SAR system runs in the IGSO is
more mature.
Our study focuses on the capability of estimating the 3D displacements from interferometric GEO
SAR with figure “8” orbit. According to different angles of the satellite and the orbital parameters of
the shape of figure “8”, we derive the relationship between the interferometric phase and 3D surface
deformations based on the imaging geometries of GEO SAR. The critical condition of spatial-temporal
baseline in geosynchronous orbit is different to that in LEO, and the effects of orbital ramp and ionospheric
distortion also play an important role in the retrieving of3D surface deformations [21–24]. Hence, we
analyze the impact of decorrelation noise, orbit ramp and ionospheric distortion in the estimating of 3D
displacements. The simulations are performed in this paper to validate the analyses. In addition, the
comparison between the results from only right-looking images and from the combination of left- and
right-looking images are presented. An approach to improve the 3D deformation estimations, an attempt
to combine the observation of LEO SAR and GEO SAR is also implemented in the last of this paper.

2

Principle of estimating 3D displacements with GEO SAR

Without considering the DInSAR inherent errors, the LOS displacement DLOS can be decomposed into:
DLOS = DU · cos θinc + DH · sin θinc ,

(1)

where DU and DH are the deformation vectors in the vertical and horizontal directions, respectively. θinc
is the radar incidence angle. For estimating 3D surface displacements, DH can be further decomposed
into
DH = DE · (− sin (αazi − 3π/2)) + DN · (− cos (αazi − 3π/2)) ,
(2)
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Figure 1 GEO SAR geometry with the ground squinted angle, ρ is the ground squint angle between the projection of
radar’s LOS direction and that of slant range direction.

where DE and DN are the deformation vectors in the eastern and northern directions, respectively. αazi
is the azimuth angle, which denotes the angle between the flight direction of satellite and the North
(positive clockwise from the North).
From (1) and (2) the LOS deformation vector DLOS can be rewritten as
DLOS = DU · cos θinc − DE · sin θinc sin (αazi − 3π/2) − DN · sin θinc · cos (αazi − 3π/2) .

(3)

It however should be noted that this model only works for the present LEO SAR systems.
As shown in Figure 1, with respect to GEO SAR system with IGSO, an important factor we need to
consider is that the ground squinted angle (i.e., the angle between the projection of slant range direction
and that of radar’s LOS direction), which is necessary to improve the revisited time. The sensitivities of
3D displacements in the LOS direction will be quite different compared to those of LEO SAR, and the
robustness of GEO SAR system have to be reconsidered. Therefore, the ground squint angle should be
included in the model of estimating 3D displacements. Formula (3) is then changed into
DLOS = DU · cos θinc − DE · sin θinc sin (β − 3π/2) − DN · sin θinc · cos (β − 3π/2)

(4)

β = αazi − ρ,

(5)

with
where ρ is the ground squinted angle (positive clockwise from the LOS direction). When the ground
squinted angle ρ reach zero, the model of GEO SAR system is the same as that we used in LEO SAR
system.
For obtaining the robustness of estimating 3D displacements, an appropriate imaging difference between
viewing combinations is indispensable. The imaging difference can be acquired by the combination of
left- and right-looking images or that of images with large different incidence angles [4]. An advantage of
GEO SAR is the high revisited frequency in the monitoring area (i.e., the center of China), which means
that the satellite have to switch the right-looking mode in the ascending orbit to the left-looking mode
in the descending orbit. The imaging geometries of GEO SAR with left- and right-looking are shown in
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Figure 2

Imaging geometries of GEO SAR with the left- and right-looking radar.

Figure 2. Therefore, Eq. (4) is no longer applicable to estimate the 3D deformations with left-looking
images. Because of the rotation of the spacecraft, the azimuth angle of left-looking images should be
rewritten as
α′azi = −αazi ,

(6)

where α′azi is the azimuth angle of left-looking radar. By taking into consideration of the ground squinted
angle of left-looking radar, the LOS deformation with the left-looking radar can be decomposed as
′
DLOS
= DU · cos θinc + DE · sin θinc sin (β ′ − 3π/2) + DN · sin θinc · cos (β ′ − 3π/2)

(7)

β ′ = α′azi − ρ′ ,

(8)

with

where ρ′ is the ground squinted angle with left-looking radar (positive clockwise from the LOS direction).
For solving 3D displacements, at least three observations from different viewing directions are required.
As shown in Figure 2, GEO SAR can provide both left- and right-looking images, which can be pretty
favorable for obtaining more accurate results. Supposing all the observations from right-looking images,
Eq. (4) can be written in the matrix form:
L = BX,

(9)

 1
T
T
2
3
where L = DLOS
DLOS
DLOS
is the observation matrix, X = [DU DE DN ] is the unknown matrix,
and the coefficient matrix B can be written as


1
1
1
− sin θinc
· sin(β 1 − 3π/2) − sin θinc
cos θinc
· cos(β 1 − 3π/2)


2
2
2
2
2

(10)
B=
 cos θinc − sin θinc · sin(β − 3π/2) − sin θinc · cos(β − 3π/2)  ,
3
3
3
cos θinc
− sin θinc
· sin(β 3 − 3π/2) − sin θinc
· cos(β 3 − 3π/2)
where the superscripts i = 1, 2 and 3 represent different beam positions, respectively. By applying the
weight least squares (WLS) algorithm, Eq. (9) can be resolved for the 3D displacements. Since the
condition number of matrix B would be very large with all the right-looking images in IGSO, the 3D
displacement estimations would be contaminated by the observation noises such as decorrelation noise,
orbital ramp, and ionospheric distortion. Therefore, a better well-posedness can be obtained by combining
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the left- and right-looking images, and matrix B is given by

1
1
1
cos θinc
− sin θinc
· sin(β 1 − 3π/2) − sin θinc
· cos(β 1 − 3π/2)

2
2
2
2
2
B′ = 
 cos θinc − sin θinc · sin(β − 3π/2) − sin θinc · cos(β − 3π/2)
′
′
′
′
3′
3
3
cos θinc
sin θinc
· sin(β 3 − 3π/2) sin θinc
· cos(β 3 − 3π/2)
′




,


(11)

′

3
where θinc
and β 3 are the incidence angle and the difference between the azimuth angle and the ground
squinted angle of left-looking images.

3

Simulations of GEO SAR DInSAR measurements

To assess the performance of GEO SAR DInSAR in the retrieval of 3D surface deformations, a series of
simulations have been conducted, which allow quantitative analysis. In this test, we generate DInSAR
measurements with the surface deformation induced by subsurface fluid flows, and the steps can be
described as follows.
According to the elastic half-space theory, the total contribution of all the blocks within the underground source volume could lead to different ground deformations at each point. Firstly, we simulate the
fractional volumetric change of the subsurface fluid at a 400 × 450 grid base on
2

Zv (i, j) = Zv,max · e−((i

+j 2 )/ω)

,

(12)

where Zv (i, j) is the fractional volumetric change at a block (i, j); Zv,max is the maximum value of the
fractional volumetric change (Zv,max = 2 × 10−3 in this experiment); and ω is the factor which is used to
controls the size of the volumetric changes and the gradient. The grid sizes are all 10 m × 10 m. After
obtaining a volume changes of subsurface fluids, the 3D displacements can be determined according to the
relationship between the volumetric change of the subsurface fluids and the surface displacement [25,26]:
Z
Gl (x, y)Zv (y)dy,
(13)
dl (x) =
V

where dl (x) is the surface displacement in the point x, with l = 1, 2, 3 indicating the east-west, north-south
and up-down components, respectively; Gl (x, y) is Green’s function defined as
Gl (x, y) =

(v + 1) (xl − yl )
,
π
S3

(14)

where v is Poisson’s ratio (a typical Poisson’s ratio of 0.25 is used in this paper), and the S = ((x1 −
y1 )2 + (x2 − y2 )2 + (x3 − y3 )2 )1/2 is the distance between block y and x [27, 28]. The depth and the
thickness of the simulated subsurface fluids are 5000 m and 100 m, respectively. Finally, the multiple
DInSAR observation along the corresponding LOS directions are simulated from the 3D displacements
under the different geometries of GEO SAR.
Figure 3 exhibits the spatial representation of the positions of GEO SAR satellite used for estimating
the imaging geometries in the simulation. The center of the scene is located in 30.5◦ N, 114.3◦ S, and the
size of the scene is about 8 km × 9 km. The 3D surface deformations are shown in Figure 4 (a)–(c), and
the generated four interferograms with different imaging geometries are shown in Figure 4 (d)–(g).
As aforementioned, the DInSAR observations would be contaminated by severe inherent errors. In
order to get a comprehensive understanding of the effects of DInSAR observations’ errors, we add artificial
noises to the simulated data.
Coherence is a measure of the linear similarity degree of radar’s echo signal [29]. Therefore, we analyze
the factors affecting the coherence, which directly determines the quality of the interferograms. Previous
studies shown that spatial-temporal decorrelation, registration decorrelation, atmospheric artifact and
orbital ramp are the main error sources in the application with the LEO DInSAR measurements [30]. A
short revisited time is an advantage of GEO SAR system, which can weaken the influence of temporal
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(Color online) The location of GEO SAR orbit and all of the imaging positions superimposed on the Tianditu

decorrelation and troposphere delay on estimating surface deformation. Resultantly, four error sources
in GEO SAR processing should be specially considered: 1) spatial decorrelation; 2) registration decorrelation; 3) ionospheric distortion; 4) orbital ramp. Considering the distribution characteristics of those
errors, the spatial and registration decorrelation noises are combined as ‘random error’, while the orbital
ramp and ionospheric distortion are combined as ‘systematic error’.
3.1

Random errors

There are severe disturbances in the geosynchronous orbit due to the height of satellite. When we
acquire the repeat-pass images used for generating interferograms, spatial decorrelation will be caused by
the unavoidable difference between orbits, which can be associated with volume and surface scattering.
The decorrelation caused by surface scattering denotes that the changes of scatterer’s relative viewing
angle in the resolution cell due to the difference of viewing angles of SAR images in the same reference
plane. As the second part of spatial decorrelation, volume scattering decorrelation means the variation
of the height distribution of the effective body scattering coefficient. Therefore, the spatial decorrelation
is caused by the difference of baselines and viewing angles when satellite imaging independently. The
spatial decorrelation γspat is given by [31]
γspat = 1 −

2 cos φ2 B⊥ Ry
,
λR0

(15)

where B⊥ is the perpendicular baseline, Ry is the resolution in the range direction, φ is the viewing angle
and the R0 is the slant range. The critical baselines of the three interferograms with viewing angles 1, 2
and 3 are given by 157, 378 and 801 km, respectively.
Registration of phase should be applied with the moving of subpixel level, which caused the change of
scatterer in the pixel, this is the so-called registration decorrelation. The damage of coherence caused by
registration can be derived as [32]
rreg =

sin(πδrg ) sin(πδaz )
·
,
πδrg
πδaz

(16)

where δaz and δrg are the registration accuracies in azimuth and range directions, respectively. The
random error can then be modeled by an additive Gaussian random process with zero means and following
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standard deviation:
2

σn2 =

1 − (rspat · rreg )

2L · (rspat · rreg )2

,

(17)

where L is the look number. Let Ry = 20, the viewing angle φ as we supposed in deformation generation
and the slant range can be derived with relative viewing angle and the height orbit of 36000 km, we
can obtain the critical baseline and corresponding coherence with (15). Combining the spatial and
registration coherences, we directly add the random errors with the standard deviation derived by (17)
into the simulated interferograms (as shown in Figure 5).

3.2

Systematic errors

Orbit perturbation of GEO SAR system could be more significant than that of LEO SAR due to the
severe solar, lunar and Earth’s gravity. Therefore, the orbital measuring accuracy of GEOSAR is worse
than that of LEO SAR [21]. Considering that orbit errors are characterized by low frequency in spatial
domain, we use a second order polynomial to simulate orbit errors for the four interferograms (Figure 6
(a)–(d)).
Comparing to the LEO SAR system, the signal of GEO SAR suffers more serious ionospheric phase
since the signal passes through all of the ionosphere from 200 to 400 km. Simultaneously, the synthetic
aperture time is nearly 10 min, which could lead to the more complex dispersion property of ionosphere
in interferograms [22]. Ionosphere causes severe error along the propagation path, and the relationship
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between Slant Total Electron Content (STEC) and ionospheric delay is given by
∆ρ ≈

2K0
STEC,
f2

(18)

where K0 = 40.28 m3 /s2 , f is the frequency of SAR system and TEC is the electron content of the
zenith, we used TECU (TEC Units, 1 · TECU = 1 × 1016 ) instead of TEC. According to (18), SAR
system with lower frequency lead to a more serious ionospheric delay. For L-band system, the change
of 0.5 TECU corresponds to the displacement of 24 cm. Considering the long integration time of GEO
SAR, the temporal variation of ionosphere should not be neglected. The phase errors due to the temporal
variation of ionosphere can be written as [23]
ρiono (t) = −


2π · 80.6
· TEC0 + a1 t + a2 t2 + a3 t3 + · · · ,
cf

(19)

where c represents the velocity of light, and the last term in the bracket is the Taylor expansion of the
variant TEC which consists of the constant part TEC0 and the ith temporal derivatives ai . In addition,
the irregularities of the ionosphere will bring the scintillation effect into SAR signal. The signal with
ionospheric scintillation can be expressed as [23]
Si = S0 (δA exp(jδϕ)),

(20)

where S0 represents the ideal signal, δA is the random fluctuations of the amplitude that fit the Nakagamim distribution and δϕ is the random fluctuations of the phase that fit the Gaussian distribution. Without
the ionospheric scintillation, δA and δϕ can reach 1 and 0, respectively. With respect to the characteristics of spatial-temporal variation of ionosphere, ionospheric errors generally appear as the discontinuous
stripes in the interferograms. Therefore, we simulate the ionospheric distortions with a curved surface
according to the relationship between the ionospheric changes and the corresponding displacements associated with L-band GEO SAR system (as shown in Figure 6 (e)–(h)). The main steps of simulating of
ionospheric phases can be concluded as: 1) generating a ramp use a quadratic polynomial according to
the magnitude of the deformations; 2) selecting several groups of the discrete points from different parts
of the ramp; 3) interpolating a new curved surface with the phases of the discrete points. Combining all
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Figure 6 (Color online) Interferograms with simulated errors. (a)–(d) Interferograms with orbit rampsgenerate from different viewing angle; (e)–(h) interferograms with ionospheric distortions from different viewing angle; (i)–(l) interferograms
with all errors.

of the errors (i.e. random and systematic errors), the four interferograms with different viewing angles
are shown in Figure 6 (i)–(l).
Besides these errors, tropospheric noise also plays a role in the GEO SAR interferometric observation.
However, since the effects of orbit ramp and ionospheric delay dominate in the GEO SAR interferometric
observations, the tropospheric noise has little effects on the estimating of 3D displacements and is neglected in the simulation. In addition, it is not trivial to simulate the tropospheric noise which is compose
of stratified as well as turbulent components.

4

Experiments and verification

In order to assess the ability of estimating 3D surface deformations with GEO SAR system, a series
experiments have been conducted with the simulated data. The imaging geometry of the used DInSAR
observations are shown in Figure 3. Similar to LEO DInSAR observation, GEO SAR DInSAR observation
also suffers several inherent errors (e.g. spatial and registration decorrelations, orbit and ionospheric
trends) as we analyze in the previous section. The standard errors of the random noise added in the
interferograms of the viewing angle 1, 2, 3 and left viewing angles are 6.2, 8.8, 12.1 and 12.1 mm,
respectively. With respect to the systematic error, they are added in the interferograms as a trend that
range from near 0.3 m to more than 1.7 m. A test is first carried out to estimate 3D deformations from
the three right-looking interferograms (corresponds to viewing angles 1, 2 and 3) with only random errors.
As shown in Figure 7 (a)–(c), the deformations in all the three directions are obscured by the noises. The
impacts of noises are different in three components. In north-south direction, we can basically observe the
general trend of deformation (Figure7 (b)). However, the displacement in east-west direction has almost
been covered by noise (Figure 7(a)). Therefore, the best solution occurs for the north-south component,
while the worse solution occurs for the east-west component. This is however opposite to that in the
LEO SAR system. Subsequently, we estimate the 3D deformations from the simulated interferograms with
random and systematic errors(as shown in Figure 7 (d)–(f)). It is observed that most of the deformation
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Figure 8 (Color online) (a)–(c) 3D displacements estimated from the left- and right-looking interferograms with only
random errors; (d)–(f) 3D displacements estimated from the simulated interferograms with random and systematic errors.

signals have been covered or distorted by trend errors, which are expected to be caused by the orbital
and ionospheric errors. Since the peak of deformation is only 400 mm, it is impossible to estimate the
3D deformations due to the large errors.
For improving the 3D displacement estimations, we use a left-looking interferogram to replace the
‘viewing angle 3’ interferogram in the observation combination. Figure 8 (a)–(c) exhibit the three deformation components estimated from the DInSAR observations with only random errors. Improvement
can be found by comparing the results to those obtained from only right-looking observations. Similarly,
best solution occurs for the east-west component (Figure 8(b)). In order to explore the main factor
in the processing of estimating 3D deformations, we also retrieve 3D deformations from the left- and
right-looking interferograms with random and systematic errors. The deformation signals are obviously
covered or distorted by the trend errors, indicating that the systematic errors in the GEO SAR DInSAR
measurements should be mitigated before they are used to retrieve 3D displacements. Therefore, the
primary factor affecting the accuracies of 3D displacement estimations in GEO SAR is systematic error,
even though the left-looking observation is exploited.
In order to provide quantitative results, we calculate the root mean square errors (RMSEs) of the
differences between the simulated 3D displacements without any errors and the estimated ones from
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Table 1 RMSEs of the estimated 3D displacements from the GEO SAR DInSAR observations with different viewing
angle combinations and observation errors
Viewing angle combinations
1/2/3

1/2/left image

1/2/LEO image

Observation errors

East-west (mm)

North-south (mm)

Up-down (mm)

random errors

1562.9

56.3

341.3

all errors

3231.8

76.0

532.8

random errors

317.34

6.97

82.97

all errors

2388.79

35.53

330.35

random errors

1.07

2.14

0.79

all errors

17.21

10.68

8.23

different viewing angle combinations with observation errors. As shown in Table 1, the RMSEs decrease
when the left-looking observation is added for all the three components. The stability of the reconstruction
of 3D deformations can be evaluated by the condition number of the coefficient matrix. The condition
number with the combination of all right-looking images is 270, and that with the combination of leftand right-looking images is 121. The decrease of the condition number can explain the improvement
of the accuracies of 3D displacements. In the case of all right-looking combination, the north-south
estimation has the smallest RMSEs, which is benefit from the nearly opposite ground squinted angles
of the ‘viewing angle 2’ and ‘viewing angle 3’ interferograms. In the case of left- and right-looking
combination, millimeter and centimeter level of accuracies can be achieved for the north-south and updown displacement estimations, respectively, by exploiting the left- and right-looking interferograms with
only random errors. However, the east-west estimation suffers large errors. As shown in Figure 3, the
longitude of the ascending node of the presented orbit is in the westernmost China. Therefore, it is
impossible to observe the center of China from both sides. This is also expected since in the presented
geosynchronous orbit the radar can only view the area in China from one side. Furthermore, the accuracies
of all the three components are greatly degraded by using the left- and right-looking interferograms with
random and systematic errors, indicating that the orbital and ionospheric errors should be mitigated
from the GEO SAR DInSAR observations in advance of the retrieval of 3D displacements.
In order to elaborate the precisions of the 3D displacement estimations, the sensitivity analysis has
been conducted according to the theory of error propagation. The relationship between errors of 3D
displacement estimations and that of observation (viewing angle combinations of 1/2/3) can be given as

2
2
2
2


 σde = 4319.32 · σdlos,1 + 12997.21 · σdlos,2 + 2644.75 · σdlos,3 ,

(21)
σd2n = 99.52 · σd2los,1 + 444.58 · σd2los,2 + 122.07 · σd2los,3 ,



 σ 2 = 1033.06 · σ 2
2
2
du
dlos,1 + 2927.79 · σdlos,2 + 506.94 · σdlos,3 ,

where σd2e , σd2n and σd2u are the variances of east-west, north-south and up-down displacement estimations;
and σd2los,1 , σd2los,2 and σd2los,3 are the variances of the GEO SAR observations. The coefficient is calculated
from the coefficient matrix B, i.e., Eq. (10). It can be found that the east-west component is most
sensitive to the errors of the observations. Although the GEO SAR satellite flies in the geosynchronous
orbit, the direction of beam is nearly north-south direction due to the ground squint angle. This means
the contribution of east-west displacement to the GEO SAR LOS observations is less than that of the
north-south displacement. With respect to the up-down displacement, its accuracy is worse than that of
the north-south component due to the relative large incident angles (∼50◦ ).
As presented, the multiple GEO SAR LOS observations are inadequate to retrieve accurate 3D displacements, especially the east-west and up-down components. However, it can be found that the sensitivities
of GEO SAR and LEO SAR data to the 3D displacements are quite complementary. With the successive
launch of the LEO SAR satellites, we can obtain an amount of LEO SAR images for most areas. This
provides us an opportunity to improve the accuracies of 3D displacement estimations by combining GEO
SAR and LEO SAR LOS observations.
In this study, a LEOSAR LOS observation is simulated according to the parameter of the descending
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Figure 9 (Color online) (a)–(c) 3D displacements estimated from the GEO SAR and LEO SAR interferograms with only
random errors; (d)–(f) 3D displacements estimated from the simulated interferograms with random and systematic errors.

Sentinel-1 data, which has a short revisited period and is free to the public. The corresponding spatial
and temporal baselines are 1 km and 120 days. Since the swath of LEO SAR is smaller than that of
GEO SAR, in the real case we have to select the overlap area of the geocoded LEO and GEO SAR
observations to investigate the geo-hazards. Figure 9 (a)–(c) show the 3D displacements estimated from
the combination of two right-looking GEO SAR interferograms (corresponds to viewing angles 1 and 2)
and the LEO Sentinel-1 interferogram with only random errors. Dramatic improvements on the accuracies
of 3D displacements have been achieved. The condition number of this combination is 12.28, which is a
great improvement compared with that of the combination of only GEO SAR interferograms. The RMSEs
for all the three components are less than 3 mm (Table 1), indicating that the combination of GEO SAR
and LEO SAR data can be used to monitor 3D displacements caused by such as interseismic activities,
underground exploitations and landslides. Similarly, the accuracies of all the three components become
much worse when the systematic errors are added to the observations (Figure 9 (d)–(f)). The relationship
between errors of 3D displacement estimations and that of observation (combination of viewing angle of
1/2/LEO) can be given as


σ 2 = 5.98 · σd2los,1 + 10.73 · σd2los,2 + 1.14 · σd2los,Leo ,


 de
(22)
σd2n = 21.80 · σd2los,1 + 16.90 · σd2los,2 + 0.05 · σd2los,Leo ,



 σ 2 = 5.28 · σ 2
+ 7.63 · σ 2
+ 0.22 · σ 2
,
du

dlos,1

dlos,2

dlos,Leo

where σd2los,Leo is the variance of LEO observation. It can be found that all the coefficients decrease greatly
compared with those in (21), and sensitiveness of the 3D estimations are comparable. This demonstrates
that the combination of GEO SAR and LEO SAR data is quite superior to the GEO SAR or LEO SAR
data alone in the investigation of 3D surface displacements.

5

Conclusion

In this paper, we analyze the potential of retrieving 3D components of deformation with simulated data
according to the imaging geometries of GEO SAR satellite, which can be summarized as: (1) According to the feature of imaging geometry of GEO SAR system, we present the method for estimating 3D
deformations with multiple DInSAR observations. (2) The errors of observations due to decorrelation
noise, orbital ramp and ionospheric delay are analyzed, which are added into simulated observations for
understanding their impacts on estimating 3D deformations. (3) 3D deformations are derived from the all
right-looking combination and the left- and right-looking combination, respectively. Best solution occurs
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for the north-south component and worse solution occurs for the east-west one. (4) The combination of
GEO SAR and LEO SAR interferometric observations is a better option than the GEO SAR interferometric observations alone to retrieve 3D displacements, but the accuracies depends on the mitigation of
the orbit ramp and ionospheric delay in the DInSAR observations.
This study could be helpful for estimating 3D deformation with real GEO SAR DInSAR observation
in the future. Considering the short revisit time of GEO SAR data, further improvement can be achieved
by conducting time-series analysis for eliminating the impact of orbit ramp and ionospheric delay in the
observation. In addition, the MAI measurement from GEO SAR system can be more accurate than that
from LEO SAR system due to the longer aperture integrating time, and therefore has a great potential
in the retrieval of 3D displacements. Finally, the DInSAR observations from GEO SAR and LEO SAR
are complementary in the estimating of north-south and east-west displacements. Better results can be
expected from an integration of them.
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