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Abstract: Conventional differential synthetic aperture radar tomography (D-TomoSAR) can only
capture the scatterers” one-dimensional (1-D) deformation information along the line of sight (LOS)
of the synthetic aperture radar (SAR), which means that it cannot retrieve the three-dimensional (3-D)
movements of the ground surface. To retrieve the 3-D deformation displacements, several methods
have been proposed; the performance is limited due to the insufficient sensitivity for retrieving
the North-South motion component. In this paper, an improved D-TomoSAR model is established
by introducing the scatterers’” 3-D deformation parameters in slant range, azimuth, and elevation
directions into the traditional D-TomoSAR model. The improved D-TomoSAR can be regarded
as a multi-component two-dimensional (2-D) polynomial phase signal (PPS). Then, an effective
algorithm is proposed to retrieve the 3-D deformation parameters of the ground surface by the 2-D
product high-order ambiguity function (PHAF) with the relax (RELAX) algorithm. The estimation
performance is investigated and compared with the traditional algorithm. Simulations and
experimental results with semi-real data verify the effectiveness of the proposed signal model
and algorithm.

Keywords: synthetic aperture radar; differential SAR tomography; squinted SAR; 3-D deformation;
2-D PPS

1. Introduction

Differential synthetic aperture radar (SAR) tomography (D-TomoSAR) [1,2] is a kind of
multi-baseline SAR processing framework that allows the joint resolution capability of multiple
scatterers’ velocities and elevations in the same range-azimuth cell through a two-dimensional (2-D)
baseline-time spectral estimation. It is favored over similar differential SAR interferometry (D-InSAR)
technologies [3], such as persistent scatterer interferometry (PSI) [4,5] and small baseline subset
(SBAS) [6], because D-TomoSAR can overcome the layover phenomenon in the forest or urban areas.
At present, D-TomoSAR is widely used in mapping and monitoring the infrastructure deformation
and ground subsidence caused by the over-pumping of groundwater or mining.

One of the disadvantages of the D-TomoSAR technique is that only one-dimensional (1-D)
deformation along the radar line of sight (LOS) can be captured, which cannot fully describe the
actual deformation information of ground. The extraction of three-dimensional (3-D) (East-West,
North-South, Up-Down) deformation information plays an important role in monitoring seismic and
volcanic activities and the urban surface subsidence. Thus, it is significant to decompose the observed
1-D LOS deformation information into the 3-D deformation parameters.

Several methods of 3-D deformation retrieval based on D-InSAR and D-TomoSAR technology have
already been reported. These methods use a combination of multiple LOS deformation observations to
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retrieve the three deformation components [7,8], while the equal-precision 3-D deformation estimation
cannot be obtained. In particular, the estimation error in the North-South direction is much greater
than that in the other two directions. This is heightened by the fact that most of the spaceborne SARs in
orbit fly along the near-pole orbits [8], namely, the azimuth direction of SAR imaging is almost parallel
to the North-South direction. To improve the accuracy of North-South deformation retrieval from LOS
measurements, several methods have been proposed, such as a combination of ascending/descending
SAR acquisitions and the multi-aperture interferometry (MAI) algorithm [9] or offset-tracking [10]
technology. However, these methods are only suitable for retrieving the large deformation caused
by earthquakes or volcanic activities and are unable to be applied in D-TomoSAR directly because
they are developed from D-InSAR. Combining the D-InSAR with global positioning system (GPS)
data [11] is another approach to retrieving the 3-D deformation maps. Nevertheless, this method
strongly depends on the external GPS data and cannot be widely used.

Results of existing methods for retrieving the 3-D deformation show that the higher the diversity
of the geometric configuration (the satellite heading angle and incidence angle of antenna) of the
combined SAR data is, the more accurate the North-South retrieval results will be [12]. This provides
an effective way to improve the accuracy of North-South deformation retrieval. A common method is
to combine the SAR data acquired from different incidence angles, e.g., combining SAR data acquired
from the ascending and descending tracks with right- and left-looking configurations [13]. However,
extreme attitude control is required for this method to change the incidence angle of the antenna,
which is difficult for satellites with large antennas. Another method is to change the heading angle
of the satellite and make it deviate from the North-South direction, which can fundamentally solve
the problem of low precision of deformation estimation in the north component [14,15], whereas the
satellite heading angle is directly related to the orbital inclination of the satellite, and the non-polar
orbit will limit the imaging coverage in the latitudinal direction.

At present, the SuperSAR [12,16] and BiDiSAR [17] are proposed to improve the accuracy of the
deformation retrieval in the North-South direction by increasing the squint angle of SAR imaging
in D-InSAR. In this paper, an improved D-TomoSAR signal model is proposed by introducing the
squint angle of SAR imaging into the traditional D-TomoSAR model to achieve a higher accuracy
for North-South deformation estimation. In the proposed model, the relationship between the phase
term of the improved D-TomoSAR and the 3-D deformation velocities in the slant range, azimuth,
and elevation directions are established through imaging geometry. As a result, the elevation and 3-D
deformation parameters of scatterers can be retrieved by estimating the coefficients of a 2-D polynomial
phase signal (PPS). Analyses of numerical simulations and the semi-real data experiments indicate
that a comparable effect to change the satellite heading angle can be achieved by increasing the squint
angle of SAR imaging.

This paper is organized as follows. The improved D-TomoSAR signal model is proposed in
Section 2. In Section 3, the 2-D product high-order ambiguity function (PHAF) with the relax (RELAX)
algorithm is adopted to estimate the 3-D deformation components, and an analysis is carried out
to evaluate the performance of the proposed model. Section 4 presents experiments on simulated
and semi-real data to demonstrate the precision and efficiency of the proposed algorithm. A general
conclusion is presented in Section 5.

2. System Model

2.1. Review of D-TomoSAR

The observation geometry of conventional D-TomoSAR is shown in Figure 1, where X represents
the ground-range direction, Y is the azimuth direction, Z is the vertical height direction, r is the
reference slant range direction along the LOS of the radar, and s is the elevation direction orthogonal
to the slant range-azimuth plane. Consider the processing of SAR acquisitions from N passes with
M single looking complex (SLC) SAR images acquired simultaneously at each pass by M similar
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spaceborne SAR. Lett,,n =1,2,---, N, be the acquisition time of the phase centers in the nth pass,
and let ty,,, m =1,2,--- ,M,n =1,2,--- ,N, be the imaging time of the mth SAR radar at the nth
pass, thus, we have tj; = ...tpn1 = t1,..., 11y = ... tmNn = fn. The registration of the M x N SAR
images to a reference master image is firstly performed, and the correction of atmospheric disturbance
is carried out to eliminate the measurement noise in the SAR images. The focused complex-valued
measurement of each calibrated range-azimuth pixels in the M x N SAR images can be arranged in
the M x N baseline-time plane to form a data matrix G. Each element g, in this data matrix denotes
the focused measurement of the range-azimuth pixel (7, ') in SAR images acquired from the mth SAR
radar at time t,,, and it is the integral of the focused signal of scatterers distributed along the elevation
direction s. As a result, g, can be written as:

g,y = [ [ fr=r'y—y)drdy [ y(r,y,s) exp{ =5 Rualr,s, Ad(s, 1)) fds
m 1,2,---M,n=1,2,---N

)

where 7(+) is the superposition of the backscattering function along elevation s in the pixel (',y'), A is
the wavelength, Ry, [r, s, Ad(s, t,)] represents the distance between the scatterer located at coordinates
of (r,s) on the ground and the mth satellite at time t,, Ad(s, t,) is the scatterers” displacement in the
LOS direction, f(,y') is the 2-D point spread function (PSF) of the focused SAR image.
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Figure 1. System geometry of differential synthetic aperture radar tomography (D-TomoSAR).

For simplicity, we assume the 2-D PSF to approximate an ideal 2-D Dirac function, and a
deramping operation [18] is performed to compensate the phase quadratic distortion of the received
data. Finally, the focused measurement of each pixel (#,y’), can be rewritten as:

gon = [ 7(5) exp{ 4 [Ruwn (5, (5, tx)) — Run(0)] }els
m 1,2,---M,n=1,2,---N

)

Note that only the LOS deformation can be observed by the conventional D-TomoSAR system,
and at least three LOS observations from different acquisition geometries are required to decompose
the LOS displacement into the 3-D deformation components [8]. However, the deformation component
in the North-South direction cannot be reliably resolved because the current SAR satellites operate in
the near-polar orbits. To improve the accuracy of the North-South deformation retrieval, the usage
of squint imaging mode is helpful, which was verified in the D-InSAR [12,16]. In this context, an
improved D-TomoSAR signal model is proposed by introducing the 3-D deformation components of
scatterers into the traditional D-TomoSAR system through the SAR squint imaging mode in this paper
to achieve an improvement for the accuracy of deformation retrieval in the North-South direction.
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2.2. Signal Model of Improved D-TomoSAR

As shown in Figure 2, P; and Py, are the antenna phase center of the first and mth radar,
respectively, and the corresponding imaging time for the same region is t; and t,. In this paper,
the acquisition acquired from radar P; at time f; is defined as the master image in the registration
operation. The green plane is the 2-D imaging plane of the radar P;, and the point P,, is the position of
projecting the radar P, onto the imaging plane of radar P;. B is the spatial baseline between Py and Py,.
Byun,r is the horizontal baseline along the slant range direction, By, y, is the horizontal baseline along
the azimuth direction, and By, s is the orthogonal baseline along the elevation direction. The incidence
angle of the beam center of P is «, and 65, denotes the squint angle. Ry; (0) is the distance between
Py at time 1 and the reference point Ty, whose elevation is zero. Accordingly, Ry, (s) is the distance
between P, and the scatterer with an elevation s at time f,. Ry;(0) is the reference range for the
deramping operation, and it can be expressed as the distance between P,, and the reference point
Tp. The scatterer is assumed to occur in a 3-D displacement during the imaging time from #; to ¢,
where the deformation components in the slant range, azimuth, and elevation direction are Ar, Ay,
and As, respectively.

A
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Run(0)
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Figure 2.  Squinted synthetic aperture radar (SAR) data acquisition geometry for the
improved D-TomoSAR.

Referring to Figure 2, Ry, (s) and the reference range Ry, (0) for the deramping operation can be
expressed as:

—

- g — - = - — —
Ryun(s) = R11(0) = Ar + Ay — Buny — Bunyr — Buns + 5 +As
—

= — - - 3)
Rinn (0) =Rn1 (0) - an,y - an,r - an,s

As mentioned in (2), Ry (s) — Ryun(0) is given by:

Ryn(s) — Ry (0) = <Emn<s>,ﬁmn<s>>1/2 - <ﬁmn(0>,ﬁmn<0>>m )
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where (-) represents the inner product of the vectors. According to the Fresnel approximation, the
difference in slant range can be rewritten as:
Rumn(s) — Run(0) =~ oo — S B, — B _p 4 AP+ 4AS
b e T 2Ry (0)  Ryp(0) DML Ryg(0) e 2R11(0) (5)
(cos(0sq ) Rq1(0)+Buun,r ) Ar— (sin(0sg ) R11 (0)— By ) Ay —sAs
Ry1(0

In this paper, we assume that the acquisitions were registered to the master image with subpixel
accuracy. Hence, the horizontal baseline along the azimuth direction By, y, is nearly zero. In addition,
the acquisitions acquired from different orbits were also corrected to the reference image with a
constant slant range distance to eliminate the effect of the spatial decorrelation [19], by which the
horizontal baseline along the slant range direction By, » is also approximately equal to zero. On the
other hand, the first term in (5) is a constant and will not affect the amplitude of the image [20]. As a
result, the first term in (5) can be incorporated in the backscattering function -y(-). Finally, the focused
measurement in the improved D-TomoSAR model can be expressed as:

&mn = f’y(s)dsexp{j%thmn,s}eXp{]‘%%an,s}
X exp{j%” {cos(@sq)Ar —sin(fsy) Ay — %} } exp{—jo” [M} } ©)
m = 1,2,"'M,7’l:1,2,"‘N

where ¥ = Rq1(0). Assuming that the 3-D deformation model of the scatterer follows the linear model,
we have:
Ar = vpty, Ay = vyty, As = vsty 7)

where v;, vy, and vs are the deformation velocities of the scatterer along the slant range, azimuth, and
elevation directions, respectively. Finally, (6) can be rewritten as:

g = [ [ [ J v(s,vn,0,00)dsdvrdogdos exp {7555 Buns } exp {4 % Busta |
s 6vy Svy 6vs
2 2 2
< op{ 4 [cos(bu)or —sin(e)n, - e fewp{ - (FEE gL @
m = 1,2,---Mn=1,2,---N

where és is the elevation extent of the scatterers, and évy, 6v,, and 6v; are the range of possible velocities
along the slant range, azimuth, and elevation, respectively.

In the conventional D-TomoSAR, the scatterers in each range-azimuth resolution cell are assumed
to have only the linear displacement along the LOS direction, and the elevation and deformation
parameters of the scatterers are independent of each other. As a result, the retrieval of the elevation
and deformation parameters of scatterers fits well into the framework of 2-D spectral estimation.
However, the elevation of each scatterer is coupled with its deformation parameter in the elevation
direction in the improved D-TomoSAR signal model, as shown in (8). This means that the 2-D spectral
estimation cannot be used to estimate the elevation and the 3-D deformation parameters for the
improved D-TomoSAR.

In addition, no more than four scatterers are assumed to locate in the same range-azimuth
resolution cell in most of the typical ground scenes [21]. Therefore, the backscattering coefficient -y (-)
in (8) can be assumed to be sparse in the object domain. Let K be the number of the scatterers lying in
the same range-azimuth resolution cell, and the backscattering coefficient can be written as [22]:

K
’)/(S/ Oy, Oy, Us) = Z Y (Skr Ok,rr Uk,y» Z]k,s) 5(5 - Sk)é(vr - ZJk,r)(s (Uy - Uk,y) (5(05 - Z)k,s) (9)
k=1
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where s, vy, Uk, and vis are the elevation and 3-D deformation components of the kth scatterer,

respectively. The coefficient ¢ (sk, Uk, Uk vk/s) represents the complex amplitude of the kth scatterer.
We assume that the PSF of the scatterers in the elevation and 3-D deformation direction is the ideal
Dirac function in this paper. Substituting (9) into (8), we yield:

K
8mn (an,SI tn) = kZ Y (Sk/ Ok,rs Ok vk,s) eXP{]%T S%an,s} eXP{]%T %an,s tn }
=1
X expqjif [cos (0sq) Ok — sin(0sq) Oy — sk?;k’s} tn} (10)
. v%ﬂ-v%y—kv%s ’
X expy —Jj5 | ——F— |th ¢ T emn
m = 1,2,---M,n=1,2,---N

where e, is the residual error signal after atmospheric phase compensation. Inspecting the phase
terms in (10), the improved D-TomoSAR model is found to be the multi-component second order
2-D PPS.

Let s(u,v) be a general discrete-time multi-component second order 2-D PPS, which can be
expressed as:

K
s(p,v) = Y Apexp|j2 @ (u, v)] (11)
k=1
where:
Dy (p,v) = uc(()lfg + zx%y + wgfl)v + tx%yz + txi’fl)yv + uc(()lfz) v? (12)

wherey =1,...,Nand v =1, ..., M, Kis the number of the components, and Ay is the amplitude of
the kth component. Comparing (10) with (11) and (12), we have:

A =" (Sk/ Ok,rs ks Uk,s)

25 (k) _ 20 (13)

N

cos(qu)vk,,72 sin(@sq)vk,y 250k
Ar

A
2 .2 2
(k) Uk,r +Uk,]/ +vk,s
%0, Y

Equation (13) reveals that the elevation and deformation parameters of scatterers can be
retrieved by estimating the coefficients of the 2-D PPS shown in (11). Given that “(()],(1) contains two
unknowns—uy, and vy ,—at least two sets of combined SAR acquisitions with different squint angles
are required to solve the three deformation components of scatterers. In addition, the larger the
diversity of the squint angles of the different combined acquisitions is, the higher the achieved

precision would be for the 3-D retrieval [12].

3. 3-D Deformation Retrieval for the Improved D-TomoSAR

As can be seen from the previous section, the improved D-TomoSAR signal model can be
equivalent to a multi-component 2-D PPS, and its coefficients correspond to the elevation and
deformation parameters of the scatterers. However, different from the general 2-D PPS with uniform
sampling, the equivalent 2-D PPS is typically non-uniform and very sparse in the spatial and temporal
baseline plane. This is because the acquisitions from the D-TomoSAR system are obtained by a
multiple-pass of SAR systems with nonuniformly spaced orbits, and only a limited number of SARs or
channels are used to acquire the data for each pass. As a result, the traditional estimation algorithm for
general 2-D PPS is unable to be applied to the improved D-TomoSAR directly.
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Considering the above-mentioned, the 2-D product high-order ambiguity function (2-D PHAF)
with the RELAX algorithm were proposed to achieve the estimations of the components in the
2-D PPS under the nonuniform and sparse sampled conditions [23]. In this section, the 2-D PHAF
with the RELAX algorithm is firstly used to acquire the estimation of the coefficients in (10). Then,
two sets of combined SAR acquisitions with different squint angles are adopted to retrieve the 3-D
deformation velocities.

3.1. Review of the 2-D PHAF with RELAX Algorithm

For each single component (k) (u,v),k =1,2,...,Kin (11), its 2-D high-order instantaneous
moment (HIM) of second order is defined in [24]:

{ 55,’?(“’“) =50 v) i (14)
S, )(V,U;T1,91) = sg )*(y,v) ~s§ )(y + 11,0+ 01)

where 71 and 6; are the lags. Then, the 2-D high-order ambiguity function (HAF) is defined as the 2-D
Fourier transform of the 2-D HIM, thus, the 2-D HAF of sgk) (u,v;71,61) is:

N—T1 M—Gl

sOfgm o)=Y ¥ s 01, 00) exp(—j2n(fu+ gv)) (15)
u=0 v=0

As mentioned in [24], the second order 2-D HIM of s() (41, v) has a linear phase for a second order
2-D PPS. Thus, the phase coefficients of the single component 2-D PPS can be estimated by searching
the location of the peak of the 2-D HAFE. According to (11), (12), (14), and (15), the peak’s coordinates of

the 2-D HAF of sék) (u,v;71,61) can be given by:

£ (1,61) = 21105 + 1) 16
§W (1, 0) = 71“5,1) + 26 “((Jz)

Inspecting (16), it is an equations group with two measurements—f®)(7;,6;) and
g(k) (11,61)—and three unknowns—zngg, agkl), and utgcz). Thus, at least two sets of lags are required to
estimate these unknown parameters. Once the second order coefficients are estimated, the second
order phase term in s() (11, v) can be removed by a conjugate multiplication. After that, the original
2-D PPS degenerates into a one-order 2-D PPS whose phase coefficients can be achieved by the 2-D
Fourier transform.

However, the pervious procedure is only applicable for the single component 2-D PPS. For the
multi-component 2-D PPS, the cross terms caused by computing the 2-D HIM significantly affect the
estimation results. In this case, the 2-D PHAF can be used to enhance the peaks of the auto terms and
weaken the cross terms by multiplying the 2-D HAF with different sets of lags. Choosing L sets of the
two lags as (Tl(l) = Tl,Gil) = 0) or (Tl(l) =0, 9?) = 91), wherel =1,2,---, L, the second order 2-D
PHAF with two lags can be given by:

L D O

PHAFZ(f/g/leo):lH SZ(FL_(Df/(l)g/T /0)
=1 1 T (17)
L PIORSEC) )

PHAFz(f,g,O, 91) = 11_11 Sz( (11)f 1—g,0 9 )
= 01

where 11 = [Tl(l), e ,Tl(l“)} and 01 = {0;1),- - ,(9;1‘)] are the two sets of lags vectors. Tll)/ (1)

99 / 9%1) are the scaling factors to align the peaks of the auto terms. Let ( i, gi )> and ( f2 e >) ,



Electronics 2019, 8, 174 8 of 24

k=1,2,---,KDbe the locations of the peaks of PHAF,(f, g, t1,0) and PHAF,(f, 4,0, 01), respectively.
The second order phase coefficients of each component in (11) can be estimated as follows:

k k k k
A9 k):g§) £ (k):gé)

N .
, 0 + , X
271(1) H 2T1(1) 29§1) 02 2951)

~(k)
Ko =

(18)

After estimating the second order coefficients of the kth component, we multiply the phase factor
exp [— j2m (&ékg ur+ &gkl) v + 5‘(()]2 Uz):| by the original signal in (11), then the kth component becomes
a 2-D PPS of order one while the other components remain 2-D PPS of order two. Therefore, the 2-D
Fourier transform can be used to estimate the first order coefficients of the kth component. Repeat the
above procedure to achieve the estimates of the phase coefficients of all components.

The key problem of the above algorithm is calculating the spectrum of the 2-D HIM for searching
the locations of the peaks of 2-D PHAF. However, the operation of (15) requires the uniform sampling
of the signals with a sampling rate that satisfies the Nyquist theorem, thus, the original 2-D PHAF
algorithm is unable to be applied to the D-TomoSAR model directly. In this context, the RELAX
algorithm [23] is preferred to solve the above problem, and it is able to achieve the peak’s location of
2-D PHAF in low signal noise ratio (SNR).

3.2. 3-D Deformation Motion Retrieval

Using the 2-D PHAF with the RELAX algorithm, the elevation and deformation parameters of
multiple scatterers located in the same slant range-azimuth resolution cell can be estimated, and the
deformation parameters are given from (13) as follows:

@ry = c0s(0sq) Vg, — sin(sq) v, (19)
Ws = Uk g
where: (k) (k) (k)
Aa Aras
Oy = 20,1 ZO 1,1 (20)

For one set of combined acquisitions with a non-zero squint angle, we have one measurement
@yy and two unknowns vy, and vy ,. To retrieve these two unknown deformation components, at
least two sets of combined SAR data with different squint angles are required. However, it should be
noted that the slant range and azimuth direction are related to the SAR imaging geometry defined by
the satellite heading and antenna incidence angle. Thus, the master images used in the two sets of
combined data must be acquired by the same imaging geometry. This can be achieved by correcting
the imaging geometry of master images into a reference geometry parameter through the registration
operation. Assuming that the squint angles used in the two sets of combined acquisitions are 65, and
0542, respectively, (19) can be rewritten in the matrix form as:

Y = HV,y, 1)
. cos(bsq1) —sin(bs1) 0 .
where Y = [@,y1, @ryp, @51 0r @52, H= | cos(s2) —sin(fs2) 0 |, and Vyys = [vk,,, Uk Uk,s} .

0 0 1
Once the scatterers’ 3-D deformation components along the slant range, azimuth, and elevation
directions are estimated, the observed 3-D deformation components can be mapped to the original
3-D deformation parameters of vy, v, and vy in North-South, East-West, and Up-Down directions.
Assuming that the antenna incidence angle is « and the satellite heading angle is 3, as shown in Figure 3,
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the explicit projection relationship between the observed 3-D deformation parameters (Uk,rr Uk ys Uk,s)

and the original deformation components can be written as:

vy = —vy cos(a) + v sin(a) cos(B) — vy sin(a) sin(p)
vy = vgsin(B) + vy cos(p) (22)
vs = vy sin(a) + vg cos(a) cos(B) — vy cos(a) sin(p)

Z(Up)
A
ks

Elevation
\ a
< Od\q Vs
Y we?
Vy Y Vu ot Ts
‘\\ A 1""0'“;%’6 =
L G\'O““E -
Vig

East

P

Figure 3. Diagram for the original three dimensional (3-D) deformation components vy, vg, and vy in
North-South, East-West, and Up-Down directions, and the displacement components vy¢, vy, and vs in
ground-range, azimuth, and elevation directions.

Similarly, (22) can be rewritten in the matrix form as:

Vrys =IVyuen (23)
—cos(a) sin(a)cos(f) —sin(a)sin(p)
where Vyey = [0y, UE, vN]T, and I = 0 sin(pB) cos(p)
sin(w)  cos(w)cos(B) —cos(a)sin(B)
Combining (21) with (23), we have:
Y = HIVyen (24)

Subsequently, the original 3-D deformation components in North-South, East-West, and Up-Down
directions can be retrieved by weighted least squares as follows:

Vuew = (DT Q (D] (1D, Ly 25)

where Q,ys is the covariance matrix caused by the residual atmospheric phase error of the
measurements. Assuming the deformation parameters ®;,; and @, acquired by the two sets of
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combined SAR data are independent, the non-diagonal elements in Qs are zeros, and Qyys is only
determined by its diagonal elements, i.e.,:

Qrys = diag (Uéryl,a(%ryz,aésl or (7(%52) (26)
where U‘%ryl’ Ué%ryz, 0'(%5 | or ‘thvsz are the estimation variance of the deformation parameters obtained by
(19), respectively.

The results in (25) show that the accuracy of the 3-D deformation retrieval depends on the
imaging geometry of the combined data. Here, we introduce the concept of position dilution of
precision (PDOP) in the global navigation satellite system (GINSS) to assess the accuracy of the 3-D
deformation retrieval [8,25]. According to the definition of PDOP, the estimation covariance matrix of
3-D deformation retrieval is:

1 0 51 OUE UUN
Quen = {(HI)Ters_l(HI)} =| opu 0%  OEN (27)
ONuU ONE 0%
The matrix Qupy is a square symmetric matrix, and its diagonal elements denote the estimation
error variance for the 3-D deformation components. The smaller the value the diagonal element is, the
higher the precision of the estimation result for the corresponding deformation component will be.

3.3. Performance of 3-D Deformation Estimation

In this sub-section, a comparison of 3-D deformation retrieval performance between the proposed
algorithm in this paper and the traditional motion decomposition method in [8] is carried out. In [8], the
3-D deformation components are estimated by decomposing the multiple LOS displacement observed
from different viewing geometries. As shown in Figure 3, the relation between LOS deformation
measurement vy pg observed by the traditional D-TomoSAR and the 3-D displacement components
can be written as:

vros = —ouy cos(a) 4+ v sin(a) cos(B) — vy sin(a) sin(B) (28)

The results in (28) show that at least three LOS measurements from different acquisition geometries
are required to achieve the three deformation components vy, vg, and vy. Assuming by, 1 is
the deformation vector contains m (m > 3) LOS observations, X3y is the 3-D deformation vector
consisting of the three deformation components in North-South, East-West, and Up-Down direction,
and ®,,3 is the coefficient matrix corresponding to the projection vectors. As a result, the relationship
between the multiple LOS measurements and the 3-D deformation components can be expressed as:

bm><1 = q’m><3x3><1 (29)

Accordingly, the estimation covariance matrix of 3-D deformation retrieval from (29) can be
written as:
_ (71%1 CUE OuN
Quen = [q’;7;1x3QZols‘I’mx3 =| oeu 0F OEn (30)
ONU ONE 0]2\]

where Qg represents the covariance matrix of the LOS measurements.

To analyze the performance of the proposed and the traditional methods objectively, three cases
of geometric configurations of acquisitions were considered. For the first two cases, three stacks of
combined data were adopted, and the acquisitions were all obtained from stripmap mode of SAR with
a squint angle of zero. In Case I, the first two stacks were both acquired from the ascending orbit, while
the third stack was acquired from the descending orbit. In Case II, we changed the satellite heading
angle of the third stack to keep it away from the near-polar orbit to evaluate the effect of the heading
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angle for the 3-D deformation retrieval. Finally, the 3-D deformation parameters were retrieved by the
traditional method from three LOS deformation measurements, as shown in (28). For comparisons, in
Case III, we considered two stacks of combined data with different squint angles to retrieve the 3-D
deformation parameters with the proposed method.

It should be noted that the estimation covariance matrix (27) and (30) are related to the
measurement covariance matrix Qrys and Qrps, which are dependent on the SNR of acquisitions
and the variance of the temporal baseline distribution. In order to evaluate the effect of variation
of geometry for the 3-D deformation retrieval, we set the elements in the matrix Qs and Qros
to be 02> = 1 cm/year [8]. The geometric configurations of combined data are detailed in Table 1.
Accordingly, the standard deviations of the estimation of 3-D deformation components in these three
cases can be calculated by (27) and (30), respectively, as shown in Table 1.

Table 1. Acquisition parameters of each scenarios and the performance of 3-D retrieval.

Case Heading Angle Incidence Angle Squint Angle Standard Deviations of
(deg) (deg) (deg) 3-D Retrieval (cm/year)
Ascending: 350 Right-looking: 40 0 ) ) )

I Ascending: 352 Right-looking: 51 0 i’g 2 822.183 o : L701oN:
Descending: 187 Right-looking: 37 0 ’

Ascending: 350 Right-looking: 40 0 ) ) )

I Ascending: 352 Right-looking: 51 0 (17%4;90'615 g : 0452 on:
250 Right-looking: 37 0 ’

I Ascending: 350 Right-looking: 40 5 oy 0123 0 : 0.112 0N:
Ascending: 350 Right-looking: 40 20 0.534

Results of Case I in Table 1 show that the accuracy of the deformation component in North-South
direction was far lower than that of the other two directions due to the influence of the near-polar orbits.
Therefore, the traditional 3-D deformation retrieval mode cannot reliably estimate the North-South
motion parameter. Compared with Case I, the third set of data in Case II was acquired from the
non-polar orbit. The experimental results show that the accuracy of the North-South deformation
component could be improved by changing the satellite heading angle to make it deviate from the
near-polar orbit. In Case III, two sets of combined data with different squint angles were adopted to
retrieve the 3-D deformation components by using the proposed method. We can draw a conclusion
that the existence of squint angles of combined data can improve the sensitivity to the North-South
component retrieval and achieve a comparable effect as changing the satellite heading angle from the
experimental results of Case III.

Although changing the satellite heading angle can improve the accuracy of the North-South
deformation component, the satellite with non-polar orbit limits the latitudinal imaging coverage, as
shown in the results of Cases II and III. On the contrary, the proposed method only uses the squint
imaging mode of SAR with no changes to the existing satellite orbit design, which provides an effective
way to enhance the North-South deformation component. To further verify the effectiveness of the
proposed method, a detailed comparison analysis between Case II and Case 11l is presented. Firstly,
we considered a scenario with three stacks of acquisitions. The geometric configurations of first two
stacks were same as Case II, while the third stack had a varying satellite heading angle in the range of
187 degrees to 260 degrees. Figure 4a depicts the 3-D deformation precision as a function of the satellite
heading angle. The results indicate that the accuracy of the North-South deformation component
could be significantly improved by changing the heading angle of the satellite to make it deviate from
the near-polar orbit. Secondly, we evaluated the effect of squinted acquisitions by using the geometric
configurations in Case III, where the squint angle of first stack was fixed to 5 degrees, and another
one changed from 6 degrees to 40 degrees. In this case, the 3-D deformation precisions are shown in
Figure 4b. Comparing Figure 4a with Figure 4b, we find that a squint angle yields an effect comparable
to changing the satellite heading angle.



Electronics 2019, 8, 174

12 of 24
‘.‘:20 T T ?9 T T T T
§‘ H — p-Down g}x L —— | p-Down
‘ié H = Fast-West E H —— = Fast-West
= sy [ North-South | | A LA North-South |
§ . g ok
2 . © H
2 p 2501
o010 5 b H
= . Sal %
= % o4 H
= - = .
2 A 8 %
3 ‘., B35
é st ",.‘ é 5| '."
= e, = o
= " T *y
= Yy = .,
5 e, 21r T
g e, LTI TrTI N R
v 0 N e e e - r — U:D PO TaummmmEmmy
180 200 220 240 260 5 10 15 20 25 30
Satellite heading angle (degree) Squint angle (degree)
(a) (b)

Figure 4. Impact of changing the satellite heading angle and using the acquisitions with different
squint angles for the 3-D deformation retrieval. (a) and (b) are the diagrams of the standard deviations
of 3-D retrieval varying with the satellite heading angle and squint angle, respectively.

3.4. Some Considerations
3.4.1. Resolution Analysis

Here, the analysis of the resolution for the proposed algorithm is presented. According to [26], the
resolution of the elevation estimation of a scatterer is determined by the overall orthogonal baseline
length. Therefore, the Rayleigh resolution of the elevation estimation is:

Ar

where B is the overall orthogonal baseline length.

Similarly, the resolution of the 3-D deformation velocity is determined by the span of time baseline,

and the resolution of 3-D velocity along the slant range, azimuth, and elevation directions are expressed
as follows:

— A
Por = ZTCOS(GSq)
— A
Poy = Tsin(oy) (32)
_ _Ar
Pos = 2B,T

where T is the span of time baseline.

It can be seen that the resolution of deformation velocity in slant range and azimuth directions
are related to the squint angle of the SAR imaging.

3.4.2. Discussion about the Nonlinear Deformation

In (7), a linear deformation model of scatterers was assumed in this paper. However, in reality, the
deformation can be nonlinear. Therefore, it is necessary to analyze the performance of the proposed
algorithm in the nonlinear deformation case.

Generally, the most common types of nonlinear motion of scatterers are accelerating motion and
periodic motion [27]. Among them, the accelerating motion may be caused by the over-exploitation
of groundwater or minerals, while the thermal dilation effect of scatterers caused by the seasonal
temperature variations usually presents as a periodic movement characteristic. Therefore, the following
analyses are divided into two cases: (a) the deformation of the scatterer contains linear and accelerating
motions; (b) the deformation of the scatterer contains linear and periodic motions. In addition, we also
give a brief analysis of the mixed deformation, which contains both of the above kinds of motions.
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(a) Deformation contains linear and accelerating motion:
In this case, the 3-D deformation model described in (7) can be rewritten as:

1 1 1
Ar = vt + Ea,tft,Ay = vyty + Euyti,As = vsty + Eastﬁ (33)

where a,, ay, and a5 are the deformation accelerations of the scatterers along the slant range, azimuth,
and elevation directions, respectively.
Substituting (33) into (6) and using the discretization operation, we have:

8mn (an,s; tn)
K

=k2 W(Sk,vk,r,vk,y,vk,s) exP{j%”s%an,s}eXp{]T”% mnstn}exlo{]z” 52 By, sth }
=1

2 402+
X exp{j%ﬂ [cos (6sq) vk, — sin(0sq) Vg — Skz’“ { Tﬂ Z’ky Vs 2 (34)
; - a2 al
X exp{]%r [Cos(ﬂsq)uk,, — sin(0sg) a5y — Skiks exp{ < aky a; > %} F ey

m=12,---Mn=12,---N

Similarly, inspecting the phase terms in (34), the signal model can be regarded as a
multi-component fourth order 2-D PPS. Accordingly, the relationship between the phase coefficients in
(34) and those of the general fourth order 2-D PPS can be expressed as:

A = 'Y(Skr Ok,rs Ok,ys Z)k,s) U= Buns, v="t,
(k) _ (k) _

X0 —O,zszk—O2 )

alo = 3kapg = el = %

Dc(k) 2cos(95q)vk,r72sin(qu)vk,y 2530 (35)
01 — A Ar

tx(k) = _v%r’+vil/+0%’s + cs (0sq ) ag,, —sin (6sq ) ar, _ Skfks

, =

p a? +a)2\r +a? A a
(k) Oy ks

Xo4 = aAr

Since the original 2-D PHAF algorithm is suitable for solving the high-order 2-D PPS, the phase
coefficients in (34) can still be estimated by using the proposed algorithm in this paper. Once the
estimations of phase coefficients in (34) are achieved, the elevation, 3-D deformation velocity and 3-D
deformation acceleration of scatterer can be estimated from the following equations:

Sk = Arocl O/2 Vgs = )mxl /2
Ny ol (36)
cos (0sg) vk — sin(0sg) vk = —*

— AraB)

= Aray ;) ©  RARAE s (37)
cos(()sq)ak,r —sin(fsq)ary = Aagy + ———4—= +
According to (36) and (37), at least two sets of SAR acquisition with different squint angles are
required to solve the 3-D deformation velocities and accelerations of scatterers. However, it should be
noted that in the process of phase coefficients estimation using the PHAF-based algorithm, the phase
differentiation technique is employed to reduce the order of the PPS. Thus, the estimation errors of
the highest-order coefficient affect the estimation of low-order coefficients, which is a so-called error
propagation phenomena. As a result, it is necessary to improve the SNR of the SAR data to retrieve the

3-D deformation parameters of scatterers accurately.

(b) Deformation contains linear and periodic motion:
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Previous research has shown that with the decrease of wavelength, SAR sensors are more sensitive
to small surface displacements. Especially in urban areas, buildings with steel structures such as
roofs, bridges, and tunnels not only have linear deformation displacement but are also affected by the
nonlinear seasonal deformation caused by the thermal dilation effects [28].

Generally, there are two methods to retrieving the nonlinear seasonal deformation component.
One is to use the temperature distribution of the monitoring area at the imaging time to form a synthetic
aperture to carry out the five-dimensional (5-D) imaging. However, this method is not an optimal
strategy because sometimes the temperature data of the monitoring area at the acquisition instants are
difficult obtain, and the real temperature corresponding to the different structures also depends on the
solar irradiation and the materials of the area. An alternative method is to use a sinusoidal function to
simulate the thermal dilation effects caused by the seasonal temperature variations [27,29,30], which
was proven to be effective under the condition of missing the temperature of the monitoring area.
Therefore, in this part of the analysis, the periodic motion of the scatterer is described by a sinusoidal
function rather than the former method. In this case, the 3-D deformation model described in (7) can
be rewritten as:

Ar = vsty + By sin(27tfty), Ay = vyty + By sin(27fty,), As = vsty + Bssin(27fty) (38)

where B, By, and Bs are the amplitude of the periodic motion of the scatterers along the slant range,
azimuth, and elevation directions, respectively. f is the seasonal frequency. It should be noted that the
period of the seasonal temperature variations is one year, thus, f = 1.

Similarly, substituting (38) into (6) and using the discretization operation, we have:

(sk, ks Vkys vk,s) exp {j%” %an,s} exp{]‘lA” k2 Boun Stn} exp{]4” Bs Biuns sin(Zntn)}

vy
H T + S
X exp{]‘a [Cos(qu)vk, — sin(6sq) Oy — skrks} tn} exp{—]z/f (W) t%}
A
{_]/{[ (W) sin® (27ty) }+ €mn

m=12,---Mn=1,2,-

(39)

The signal shown in (39) is a multi-component 2-D hybrid sinusoidal frequency modulated (FM)
and PPS (2-D hybrid sinusoidal FM-PPS), while the algorithm proposed in this paper is only suitable
for the pure 2-D PPS. Therefore, in this case, the amplitude of the periodic motion of the scatterer is
unable to be estimated. Moreover, owing to the existence of the periodic motion of the scatterer, the
estimation error of linear deformation is increased.

In conclusion, for the scatterer with linear and accelerating motion, the proposed algorithm can
be used to estimate the 3-D velocity and 3-D acceleration of the deformation. However, in order to
achieve the accurate estimation results, a high SNR of the SAR acquisitions is required. For the scatterer
with linear and periodic motion, only the linear deformation components with large estimation errors
can be obtained by using the proposed algorithm, and the amplitude of the periodic motion fails
to be achieved. Furthermore, when the scatterer contains the above three kinds of deformation, the
estimation errors of 3-D deformation velocities and 3-D accelerations are further increased.

4. 3-D Deformation Retrieval Simulation

In this section, simulation experiments are carried out to verify the effectiveness of the proposed
model and algorithm. In the following experiments, two sets of combined acquisitions were acquired
to retrieve the 3-D deformation by using the pursuit monostatic mode of a bistatic SAR system through
repeat-passes [31]. In order to be more realistic, the system parameters of TanDEM-X are introduced
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here for the simulation of bistatic SAR system in this paper, and the system parameters for each SAR
sensor are shown in Table 2. The experiments in this section were composed of two parts; the first part
was the numerical simulation experiment for point targets, and the second one was the validation
performance for the scene target using the semi-real data.

Table 2. Simulation parameters of SAR systems for 3-D deformation retrieval.

Description Satellite 1 Satellite 2
a: Semimajor axis (km) 6870.14 6870.14
i: Inclination (deg) 97.42 97.42
e: Eccentricity 0.003 0.003
w: Argument of perigee (deg) 60 59.2833
0: Ascending node (deg) —60 —59.9995
M: Mean anomaly (deg) 254.1 253.4
Beam direction Right-look Right-look
Incidence angle (deg) 40 40
Squint angle (deg) 5 21.3
Heading angle (deg) 350 350
Carrier frequency (GHz) 9.65
Pulse duration (ps) 2
Bandwidth (MHz) 100
Sampling frequency (MHz) 110

4.1. Numerical Simulation for Point Target

In this part, the point targets simulation was performed to verify the effectiveness of the proposed
improved D-TomoSAR model, and the accuracy of the 3-D deformation retrieval was analyzed. To this
end, we assumed that there were a total of three scatterers located in a same slant range-azimuth
resolution cell along the elevation direction. The scatterers’ elevations and the 3-D deformation
velocities in East-West, North-South, and Up-Down directions are listed in Table 3. Accordingly, the
corresponding scatterers’ 3-D deformation velocities in slant range, azimuth, and elevation directions
under the case of squint imaging mode can be calculated, which is also listed in Table 3. The Gaussian
random noise with a mean value of zero and a standard deviation of 1 cm/year was added to the 3-D
deformation velocities of each scatterer for realistic purpose. Previous results show that the combined
data for the 3-D deformation retrieval needed to be acquired by the 2-D imaging of SAR. However,
due to the existence of the squint angle, the conventional focusing algorithm for the side-looking SAR
could not be applied to the squint mode SAR imaging directly. At this point, the algorithm in [32]
was adopted to achieve the 2-D SAR imaging. This algorithm could still provide a stable 2-D focusing
performance with a squint angle of 65 degrees, which meets the requirement of the 2-D imaging with
squint mode in this paper. To approach the real imaging environment, the signal received by the SAR
system was added by Gaussian noise with SNR = 5 dB in this experiment.

Table 3. Elevation and deformation parameters of scatterers.

Scatterer Elevation (m) 3-D Deformation (vy, vg, vn) (cm/year)  3-D deformation (v, vy, vs) (cm/year)
1 —40 (2.647, —0.454, 2.208) (=23,14, —2.2)
2 —15 (2.051, —3.639, 0.313) (=1.5,-2.1,-3.3)
3 25 (—1.425, —0.711, —2.667) (1.2, —2.5,1.4)

To retrieve the 3-D deformation parameters of scatterers, two SAR sensors in Table 2 were used
through 30 repeat-passes to achieve two stacks of combined SAR acquisitions with different squint
angles. Subsequently, the scatterers’ elevation s and the deformation parameters @,, and @; in (19)
could be estimated by the 2-D PHAF with the RELAX algorithm for each combined SAR acquisition.
The estimated results are shown in Figure 5a,b. Finally, the estimation of 3-D deformation components
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in the slant range, azimuth, and elevation directions could be obtained by using the weighted least
squares method to solve (21), and the retrieved results are summarized in Table 4. The experimental
results show that the estimations of the 3-D deformation in three directions were very close to the real
values. The estimation error was less than 0.5 cm/year in the slant range and the elevation direction
and was no more than 1 cm/year in the azimuth direction. Although the accuracy of deformation
estimation in azimuth direction was inferior to the other two directions, the proposed method still
achieved a great improvement in accuracy of retrieval for the azimuth direction deformation compared
with the traditional method. This proves the effectiveness of the proposed improved D-TomoSAR
model, which provides a feasible solution to the realization of estimations of the 3-D deformation.
Furthermore, once the 3-D deformation components along the slant range, azimuth, and elevation
direction were estimated, the corresponding deformation parameters in North-South, East-West, and
Up-Down directions could be calculated by (25), as shown in Table 5.
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Figure 5. Estimation of elevation and deformation parameters of two stacks of combined acquisitions.

0
2

(a) The result of first stack with a squint angle of 5 degrees. (b) The result of second stack with a squint
angle of 21.3 degrees.

Table 4. Estimation of elevation and 3-D deformation velocity of three scatterers in slant range, azimuth,
and elevation directions.

Estimation Value Estimation Error
Scatterer . 3-D Deformation . 3-D Deformation
Elevation (m) Elevation (m)
(vr, vy, vs) (cm/year) (v, vy, vs) (cm/year)
1 —40.05 (—1.83,2.03, —1.91) 0.05 (—0.47, —0.63, —0.29)
2 —15.15 (—1.12, —1.43, —3.73) 0.15 (—0.38, —0.67, 0.43)
3 25.18 (152, —1.61, 1.06) —0.18 (—0.32, —0.89, 0.34)

Table 5. Estimation of elevation and 3-D deformation velocity of three scatterers in East-West,
North-South, and Up-Down directions.

Estimation Value Estimation Error
Scatterer 3-D Deformation 3-D Deformation
(vy, vg, vN) (cm/year) (vu, v, vN) (cm/year)
1 (2.134, 0.107, 2.559) (0.513, —0.561, —0.351)
2 (1.751, —3.584, 1.141) (0.299, —0.056, —0.827)
3 (—1.681, —0.437, —1.735) (0.256, —0.273, —0.933)

Furthermore, in order to illustrate the advantages of the proposed algorithm, the above estimation
results were compared with the motion decomposition method [8]. In the following comparative
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simulation, three sets of SAR acquisitions were used to retrieve the 3-D deformation components.
The parameters of SAR satellites shown in Table 1 of [8] were adopted for this experiment, as shown
in Table 6.

Table 6. Parameters of each satellite in [8].

Satellite  Incidence Angle (deg) Heading Angle (deg) Track Type

1 419 350.3 Ascending
2 51.1 352 Ascending
3 36.1 190.6 Descending

First, three sets of SAR acquisitions for the D-TomoSAR processing were obtained by the three
satellites in Table 6 through 30 repeat-passes. Then, the sparse reconstruction algorithm was used
to estimate the LOS deformation velocities for each set of SAR acquisitions. As a result, three LOS
deformation observations from different acquisition geometries were obtained, and the reconstructed
elevations and deformation velocities for the three sets of SAR acquisitions are shown in Figure 6.
The estimations of deformation velocity along LOS are listed in Table 7. Subsequently, the L1-norm
minimization algorithm in [8] was used to decompose the LOS observations to achieve the 3-D
deformation components, and the estimated results are summarized in Table 8.
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Figure 6. Estimation of elevation and deformation parameters along line of sight (LOS). (a—c)
correspond to the estimated results of Satellite 1, Satellite 2, and Satellite 3, respectively.

Table 7. The results of the LOS deformation estimations.

. Satellite 1 Satellite 2 Satellite 3
Satellite
Estimations of LOS Deformation (cm/year)
1 —2.119 —1.684 —1.539
2 —4.012 —4.059 0.494
3 0.494 0.159 1.178

Table 8. Results of 3-D deformation estimations using the motion decomposition [8].

Estimation Value Estimation Error
Scatterer
3-D Deformation (v, vg, vn) (cm/year) 3-D Deformation (vy, vg, vn) (cm/year)
1 (5.273, —0.809, 20.787) (—2.626,0.356, —18.578)
2 (3.773, —3.876, 11.978) (—1.723,0.236, —11.665)
3 (—3.033, —0.351, —13.619) (1.608, —0.359, 10.952)

As can be seen from the comparison of Tables 5 and 8, the flight directions of the satellites were
almost parallel to the North-South direction owing to the SAR satellites operating in the near-polar orbit.
Thus, the method of motion decomposition was insensitive to the North-South deformation retrieval,
which led to a large estimation error. As mentioned by the authors of [8], precise unambiguous
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retrieval of the North-South component is not possible when only using the geometry configuration of
current SAR satellites. The experimental results of the above simulation also draw the same conclusion.
Therefore, the feasibility of the proposed algorithm in this paper for retrieving the 3-D deformation
components was further verified by the analysis of the compared experiment.

According to Table 4, the estimation errors were not very small, especially for vy. Nevertheless, the
accuracy of the estimation in the azimuth (North-South) direction also greatly improved compared with
the motion decomposition method [8] shown in Table 8. In addition, compared with the decomposition
method, the proposed algorithm only needed two sets of SAR acquisitions with different oblique
angles without changing the orbit of the SAR satellite, which is conducive to practical application.
On the other hand, as can be seen from Table 1 and Figure 4, the higher diversity of the squint angles
between the two sets of SAR acquisitions, the more precise the deformation estimation in North-South
was. In the above simulation, the estimated results of Table 4 were obtained by using the SAR
acquisitions with squint angles of 5 degrees and 21.3 degrees, respectively. In order to further improve
the accuracy of the deformation estimation in the azimuth direction, it is necessary to increase the
diversity of the squint angles between the two sets of SAR acquisitions. To illustrate this point, an
additional experiment was performed. The parameters used in this experiment were similar to those
in Table 2, except that the squint angle of Satellite 2 increased from 21.3 degrees to 45 degrees. Then,
the same simulation scenario was adopted, and the estimation results of the 3-D deformation in the
slant range, azimuth, and elevation directions are shown in Table 9. The experimental results show
that the accuracy of the deformation estimation in the azimuth direction improved with the increase in
the diversity of the squint angles, which verifies the correctness of the above conclusions.

Table 9. Estimation of 3-D deformation velocity of three scatterers in large diversity of squint angles
between two sets of SAR acquisitions.

Estimation Value Estimation Error
Scatterer
3-D Deformation (vy, vy, vs) (cm/year) 3-D Deformation (vy, vy, vs) (cm/year)
1 (—2.176,1.612, —2.108) (—0.124, —0.212, —0.092)
2 —1.409, —2.257, —3.248) (—0.091, 0.157, —0.052)
3 (1.128, —2.327,1.464) (0.072, —0.173, —0.064)

In addition, we set the variation of the SNR of SAR imaging in the range of [-10 dB, 15 dB] to
evaluate the effect of noise on the elevation and the 3-D deformation retrieval. For each SNR, 250
simulations were performed. The parameters of scatterers are shown in Table 2. Figure 7 presents the
three scatterers’ average estimation errors of elevation and 3-D deformation velocities as a function of
the SAR imaging SNR, showing the performance improvement of the estimation when increasing the
SNR of SAR imaging. For SNR = 5dB, the average error of elevation estimation was less than 0.4 m,
and the error of deformation velocity estimations were no more than 0.5 cm/year in the slant range
and elevation directions. The error of deformation estimation in the azimuth direction was larger than
that in the other two directions due to the inadequate angular diversity of the squint angles used in
the two combined acquisitions. Table 10 summarizes the elevation and 3-D deformation retrieval in
the different SNRs. The experimental results show that the elevation and 3-D deformation velocities
could be still estimated accurately and robustly by the proposed algorithm at a low SNR.
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Figure 7. Average estimation errors of elevation and 3-D deformation velocities. (a) Average estimation

error of elevation. (b) Average estimation errors of 3-D deformation velocities in slant range, azimuth,

and elevation directions.

Table 10. Elevation and 3-D deformation retrieval errors in different signal noise ratios (SNRs).

SNR (dB) —10 —5 0 5 10 15
Elevation error (m) 1.641 1224 0580 0304 0231 0.144
Deformation error in range (cm/year) 2055 1508 0.796 0439 0353 0.256
Deformation error in azimuth (cm/year) 2509 2145 1455 0.780 0.707  0.643
Deformation error in elevation (cm/year) 1964 1486 0592 0411 0324 0.218

4.2. Experiment with Semi-Real Data

In this part, an experiment was performed to verify the effectiveness of the proposed method
for the scene target by using the semi-real data. In this experiment, we used Giorgio Franceschetti’s
method [33] to generate the SAR raw data. The digital elevation model (DEM) data provided by
Shuttle Radar Topography Mission (SRITM) were used as the terrain data, as shown in Figure 8a, and
the deformation velocity maps in slant range, azimuth, and elevation directions were simulated in
the corresponding scene, respectively, as shown in Figure 8b—d. The parameters of SAR systems are
shown in Table 2.

cmityear cmiyear cmiyear

(b) (c) (d)

Figure 8. The terrain and the simulation of the deformation maps: (a) digital elevation model (DEM)

data from SRTM. (b—d) are the simulated deformation velocity maps in slant range, azimuth, and
elevation direction, respectively.

The elevation and
deformation parameters are estimated by the proposed algorithm, and the results are as follows:
Figure 9b is the estimation of elevation; Figure 9c—e are the estimations of deformation velocities

Figure 9a illustrates one of the semi-real SAR images as an example.

in slant range, azimuth, and elevation directions, respectively. It can be seen that the estimated
deformation in the three directions had the same trend as the real deformation map. The black line
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in Figure 9b shows the position of the analysis slice, and the estimation errors of 3-D deformation
velocities for the scatterers located in this line are presented in Figure 10. Similar to the experimental
results in the previous sub-section, the estimation errors in the slant range and elevation direction were
also no more than 0.5 cm/year, and the accuracy of deformation retrieval in the azimuth direction
was worse than that in the other two directions. Nevertheless, according to Figure 4b, the accuracy of
the estimation in the azimuth direction could be improved by increasing the angular diversity of the
squint angles used in the two combined acquisitions. Experimental results show the potential of the
proposed algorithm for the reconstruction of the elevation and deformation parameters from the full
SAR image.

(a) (b)

cmilyear cmiyear cm/iyear

() (d) (e)

Figure 9. Results of the estimations: (a) SAR simulated image generated by Giorgio Franceschetti’s
method. (b) is the estimation result of elevation. (c—e) are the estimations of deformation velocity in
the direction of slant range, azimuth, and elevation.

In the above experiment with semi-real data, the DEM data were used to generate the SAR
raw data in a natural scene, and the layover phenomenon was ignored. However, the D-TomoSAR
was mainly applied to monitor the scenario with layover phenomenon such as urban areas and
forests. Therefore, a semi-real SAR raw data of the urban area was simulated to further verify the
effectiveness of the proposed algorithm. The DEM data of Shanghai was adopted to simulate the
urban scene in this experiment, as shown in Figure 11. The red box in Figure 11 is the region of interest
(ROI), which contains some buildings. Thus, the layover phenomenon occurs when imaging for the
ROI Assuming that each slant range-azimuth resolution cell of the SAR image in the ROI contains
two scatterers, we call them the dominant scatterer and the secondary scatterer. Accordingly, the
elevation and deformation maps of the ROI are simulated, shown as in Figure 12, where Figure 12a,e
are the elevation of dominant scatterer and secondary scatterer, respectively. Figure 12b—d show
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the deformation velocities of the dominant scatterer along the slant range, azimuth, and elevation
directions respectively, while Figure 12f-h correspond to the secondary scatterer.

T T T T

1
-------- Slant range direction | |
Azimuth direction

—_
T

-------- Elevation direction

=
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Deformation estimation error (cm/year)
=

100 200 300 400
Range cell

Figure 10. The estimation errors of 3-D deformation velocities for the scatterers located in the slice.
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Figure 11. DEM data of Shanghai, where the red box area is the region of interest (ROI). (a) DEM data,
(b) DEM of the ROL
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Figure 12. The simulation of elevation and deformation maps. (a-d) are the simulated elevation of

the dominant scatterer and its simulated deformation velocities along the slant range, azimuth, and
elevation directions, respectively. (e-h) correspond to the secondary scatterer.
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The proposed algorithm was used to estimate the elevation and the deformation velocity of
the ROI, and the estimation results are shown in Figure 13. It can be seen from the experimental
results that the estimated elevation and the 3-D deformation velocities of the dominant scatterer and
secondary scatterer had the same trend as the true values. Similarly, the estimation errors of elevation
and deformation velocity of scatterers located at the slice in Figure 12a were calculated, as shown
in Figure 14. The experimental results show that the estimation results were consistent with our
expectation, which validates the ability of the proposed algorithm to retrieve the elevation and 3-D
deformation parameters in the scenario with layover phenomenon.
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Figure 13. Estimations of elevation and deformation maps. (a—d) are the estimated elevation of
the dominant scatterer and its estimated deformation velocities along the slant range, azimuth, and
elevation directions, respectively. (e-h) correspond to the secondary scatterer.
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Figure 14. The estimation errors of 3-D deformation velocities for the scatterers located in the slice of
Figure 12a. (a) dominant scatterer. (b) secondary scatterer.

5. Conclusions

In this paper, a method is proposed for retrieving the elevation and 3-D deformation velocities
of ground from an improved D-TomoSAR system model. Firstly, the relationship between the phase
term of the improved D-TomoSAR and the 3-D deformation displacements is established from the
imaging geometry of the D-TomoSAR system. The improved D-TomoSAR signal model can be
regarded as a 2-D PPS, thus, the 2-D PHAF with the RELAX algorithm is introduced to estimate the
elevation and 3-D deformation velocities of scatterers. Subsequently, the theoretical accuracy of 3-D
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deformation retrieval of the improved D-TomoSAR system is analyzed with respect to the squint angle
of SAR imaging. In addition, the performance to assess the 3-D deformation retrieval of the proposed
algorithm and the traditional method is compared. Results show that increasing the squint angle of
SAR imaging and changing the satellite heading angel have a comparable effect on improving the
accuracy of deformation retrieval in North-South direction. Finally, simulation and semi-real data
results demonstrate the effectiveness and accuracy of the proposed method.
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