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Abstract Inrecent years, the repeat-pass GBSAR (ground based synthetic aperture radar) system has demon-
strated its capacity to acquire deformation. Nevertheless, in a variety of applications, it needs to measure the
deformation with the precision up to 0.1 mm, which could not be reached by utilizing the traditional PS (per-
manent scatterer) algorithm in most cases. Generally, one of the main reasons could be summarized into the
phase error caused by the rail determination error, because the precision of rail determination might degrade
during long working hours. However, the traditional PS algorithm could not compensate for the phase error
caused by the rail determination error. In order to solve the problems, we modify the conventional PS algorithm.
Firstly, we deduced the transformation relationship between the rail determination error and its correspond-
ing interferometric phase error. Then, the phase errors caused by the atmosphere and the rail determination
error were jointly compensated. The experimental data, which were obtained in Fangshan District in Beijing
(China), were used to test and verify the performance of the new algorithm. After the comparison between the
results processed by the new algorithm and those processed by the traditional algorithm, the proposed method

demonstrated its ability to obtain high-precision deformation.
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1 Introduction

In recent years, the repeat-pass GBSAR (ground based synthetic aperture radar) technology has gained
an increasing interest as a deformation monitoring tool [1-10]. With regard to the repeat-pass GBSAR
system, it is capable to monitor deformation in all-weather condition. As a non-contact measurement, it
is advantaged by high safety factor of measurements. In terms of technical features, because of the zero-
baseline configuration, it does not need an external DEM to remove the topographic phase as spaceborne
DInSAR (differential SAR interferometry) does [11,12]. Furthermore, it is featured by relatively high
time sampling rate, which could acquire the deformation of the scenario at the frequency of 5-10 min.
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In this paper, it focuses on taking advantage of the PS (permanent scatterer) algorithm to obtain high-
precision deformation information of scenarios from the data acquired by repeat-pass GBSAR system.
PS algorithm was proposed by Ferretti et al. from Politecnico di Milano in Italy, and was initially used
for the spaceborne differential interferometry processing [13-15]. It has successfully solved the problems
caused by temporal and geometric decorrelation in the traditional differential interferometry processing.
Meanwhile, a great deal of research institutions have made a lot of researches on GBSAR deformation
measurements, especially the University of Florence [16,17] and IDS (Ingegneria Dei Sistemi) Corporation.
The IBIS-L system developed by them has been widely applied in many fields. Besides, Spanish UPC
(Universitat Polit cnica de Catalunya) University [18], and Germany Technical University of Darmstadt
(Technische Universitat Darmstadt) [19,20], etc., have also made great contributions to the development
of GBSAR deformation monitoring technology. In 2012, China’s Beijing Institute of Technology started
to carry out the research on deformation measurement by using the GBSAR system. They independently
developed the GBSAR system, and had used it to carry out the deformation measurement experiments.

Currently, a number of fields need to acquire the deformation measurement information with the
precision up to 0.1 mm. However, for high-precision deformation measurement demands, the processing
results of GBSAR data by using the traditional PS algorithm are difficult to meet the requirements. One
of the main reasons stems from the rail determination error. In the course of long-term monitoring, the
rail determination precision of the sliding rail may degrade. Therefore, the rail determination error will
introduce the additional deformation error.

In order to solve the problems brought about by the rail determination error, modifications are pro-
posed in this paper on the basis of the traditional PS algorithm. We firstly deduced the transforming
relationship between the rail determination error and its corresponding interferometric phase error. Then,
we jointly estimated and compensated for the atmospheric phase and the phase error induced by the rail
determination error through the LS (least square) method. Ultimately, the high-precision deformation
was obtained.

The rest of this paper is organized as follows. Section 2 will focus on the description of GBSAR
system, the fundamental principle of GBSAR deformation measurement technology and the existing
problems of the traditional PS algorithm. In Section 3, the phase error of SAR image introduced by
the rail determination error is presented. In Section 4, the transforming relationship between the rail
determination error and its corresponding interferometric phase error is deduced. Then, the method to
jointly compensate for the atmospheric phase and the rail determination phase error is elaborated. At
last, the remained phase error after just using the atmospheric model to compensate the phase error is
analyzed. In Section 5, the measured data processing results are presented and analyzed. Finally, the
conclusion is presented in Section 6.

2 The description of GBSAR system and the principle of GBSAR deforma-
tion measurement

The picture of the GBSAR radar sensor designed and developed by the Beijing Institute of Technology is
shown in Figure 1. The system is able to monitor mm-level deformation both in terms of short-range or
long-range. The radar system is operating in the Ku-band, while its transmitting and receiving devices
share the same antenna. In the process of the deformation measurement, the radar sensor is placed on a
precision sliding rail with the length of 2.4 m. It could collect SAR echo data at the shortest frequency
of 5-10 min.

In contrast to the spaceborne differential interferometric processing, the biggest advantage of the
ground-based SAR differential interferometry is that the radar system could be placed on a precision
sliding rail in order to achieve the zero baseline configuration. It eventually leads to the easier processing
of deformation generation. In the course of actual measurement, the basic parameters of the GBSAR
system are shown in Table 1.

The basic theory for repeat-pass GBSAR system to monitor deformation could be described as follows.
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Figure 1 The picture of GBSAR system.

Table 1 The basic parameters of the system

Parameters Value Parameters Value
Central frequency 16.02 GHz Bandwidth 320 MHz
Linear scanning length 2.4m Illuminating distance 50-2000 m
Range resolution 0.48 m Azimuth resolution 4 m@1 km

Before the occurrence of deformation, the distance between the target point and the radar is R;. Then,
after the SAR imaging process, the phase of the target point can be expressed as

Y1 = _477TR1 + Qatm1 + Pnoisel, (1)
where patm1 and @peiser denote the atmospheric phase and noise phase at the illumination time before
the occurrence of deformation, respectively.

At a certain instant, deformation takes place, and the value of deformation in the LOS (line-of-sight)
direction is Ad. After the occurrence of deformation, the distance from the target to the radar is Rs.
Then, after the SAR imaging processes, the phase of the target point can be expressed as

47t
Y2 = _TR2 + Patm2 + Pnoise2; (2)

where @aim2 and ppeise2 denote the atmospheric phase and noise phase at the illumination time after the
occurrence of deformation, respectively. After the interferometric processing, the target’s interferometric
phase can be expressed as

47t
¢ =2 — Y1 = _7 (RQ - Rl) + (Spatrn2 - SOatrnl) + (Spnoise2 - @noisel) . (3)

In the ideal case, we assume that the atmospheric phase during those two irradiation processes is
identical, i.e., Yatm1 = @atm2, and the noise phase during those two irradiation processes is 0, i.e.,
Pnoisel = Pnoise2 = 0. Concurrently, if the repeat-pass characteristics of the rail is superior during those
two illumination processes and the complete zero baseline configuration is realized, then Ry — R; = Ad.
Therefore, Eq. (3) can be simplified as

A

Eq. (4) establishes the relationship between the deformation and interferometric phase of the target
point. Thus, in the ideal case, it is able to obtain information about the deformation of the target point
by calculating the interferometric phase.

However, in reality, the atmospheric parameters vary with time, which results in the fact that the at-
mospheric phase corresponding to different time is disparate. Meanwhile, in the long-term measurement,
due to the effect of temporal decorrelation, the scattering properties of numerous targets will change. In
addition, the thermal noise will also change with time when the radar works for long hours, which leads
to the fact that the noise phase will change in the observation process. Finally, although the repeat-pass
GBSAR system uses the sophisticated sliding rail, it may also be subject to rail determination error in
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Figure 2 The model of rail determination error.

the long working process. In the presence of the rail determination error, a new deformation error will
be introduced. It can be expressed as follows by a mathematical formula:

Ry — Ry = Ad + Adyai, (5)

where Ad;,; denotes the deformation error caused by the rail determination error.

As a result, the changes of the three components (the atmospheric phase, the noise phase and the
rail determination error) will all reduce the precision of deformation measurements for the repeat-pass
GBSAR. In the case of the presence of these errors, the interferometric phase of the target point can be
written as

4
¢ = _TAd + A‘patm + A@rail + A@noise; (6)

where At denotes the changes of the atmospheric phase during two observation processes, A@pail
signifies the phase introduced by the rail determination error during two observation processes, and
Apnoise represents the other phase error components, respectively.

For the PS point, Appeise is relatively low. Therefore, we would neglect its influence. Generally,
in the conventional PS algorithm, only the atmospheric phase model was established and applied to
compensate for the atmospheric phase. Nevertheless, other phase error components, such as the rail
determination phase error, were not modeled and then could not be compensated effectively. Finally,
these uncompensated phase error components would lead to the degradation of the deformation precision
in the whole image. Therefore, the traditional PS algorithm could not realize high-precision deformation
measurement.

In order to achieve high-precision deformation measurement in the presence of these errors, thus, in
this paper, we modified the PS algorithm based on the existing PS algorithm for the GBSAR system. Ac-
cording to the rail determination phase error model, we deduced the transformation relationship between
the rail determination error and the deformation error. Then, both the atmospheric phase model and
rail determination error model were applied to accurately compensate for the errors introduced by the
atmospheric phase and the rail determination error with the LS method. Ultimately, the high-precision
deformation measurement could be realized.

3 The phase error of SAR image induced by the rail determination error

Based on the basic information of the precise sliding rail, the rail determination error could be modeled
as the repositioning error. As shown in Figure 2, the radar sensor moves along X-axis, and the length
of the rail is L. In the nominal case, the radar sensor would move from Ber to Crer, and the center
of the nominal synthetic aperture is O,er. Nevertheless, in a certain pass, as the presence of the rail
determination error, the radar sensor moves from B to C, and the center of the real synthetic aperture
is O. We assume the rail determination error is ¢, which means the lengths of three lines (Byer B, OyetO
and ChtC) are 0. For a certain target A(zo,yo), the nominal azimuth angle is .., and the real azimuth
angle in the observation is 6.
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At a certain instant in one pass, the radar sensor’s coordinate is (x + 4,0), and x € [—%, %] As the

result, the distance from the target point A to the radar sensor at the instant could be expressed as

R=/(z+6—20) + . (7)
Then, the Taylor’s expansion of (7) at x = 0 could be written as
R" (0
R(z)=R(0)+ R (0)x + 2'( )x2+..., (8)
where
R(0) = /(6 — z0)* + 3,
5 —
R(0) = ———20— — —sind,
(6 —z0)” + 93 (9)
2 2
Yo cos“6
R"(0) = T = .
© )

[(5 —x0)” + Zl(ﬂ

The returned signal S (x) from the target point A to the antenna in any instant after pulse compression
could be expressed by

5 () = exp (—j%R (ac)) — exp (—‘1477T (R (0) — (sin6) z + ;;S(Qg) 2%t )) . (10)

Generally, it is difficult to analyze the phase of the target after azimuth compression theoretically
in a closed form. Therefore, we introduce the deramp-FFT algorithm in a closed form to evaluate the
performance of focusing algorithm and the phase of the target in the presence of the rail determination
error.

SAR focusing can be performed by multiplying the received signal with a deramp function followed by
Fourier transformation in azimuth direction,

g (klzo, yo) = [E s(x)h™t (x) exp (—j2mxk) da. (11)

L
2

The deramp function is chosen to include the terms higher and equal to the second order of (10) based
on the nominal position of the radar sensor, which is presented as in the following:

ATt [ coS%0,ef
-1 - i =2 et 2 12
) = e (I (sprat o)), (12)

Rref (0) = \/ 23 + 4. (13)

So that the integrand in (11) is reduced to the following form (ignoring higher order terms):

where

cos?f 2 0820yt
2R (0) 2R, (0)

g(k) = /é exp (—‘1477T [R(O) — (sin ) x + x2]) exp (—j2nkx)dz.  (14)

With the approximation 6 = 0,¢f and Ryer (0) — R (0) & dsinf, Eq. (14) could be written as

L
4 ) 2 2 dsin6
g (k) =exp (—anR (O)) /_é exp (—j27t (_X sin 0 + H) x) exp (—j%cos%mﬁ)dx.
(15)
Here, we would analyze the second order term of the integrand, which is defined as follows:
2m dsind 9

Pand = ——cos*f

X e o) R0 o)
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Table 2 The parameters for the second order phase term analysis

Parameters Symbol Value
Central frequency f 16.02 GHz
Azimuth angle 0 —45°— 45°
Target range R (0) 1 km
Rail determination error ) 0.2 mm
Rail length L 2 m

%108 2nd order phase analysis

2nd order phase (rad)
=}

=50 0 50
Target azimuth angle (°)

Figure 3 Variation of the second order term as a function of the azimuth angle.

The values of the parameters, which are used to analyze the second order term, are listed in Table 2.

Figure 3 shows the second order term varies with the azimuth angle. We could see that the second order

term would be the maximum value when the azimuth angle is about 35°. However, the maximum value

of the second order term is still in the order of 10~8 rad. Therefore, we could neglect its influence.
After neglecting the second order term, Eq. (15) could be expressed as

g (k) = exp (—j%R (0)) /___ exp (—j27r (_§ sinf + f@) ac) dz. (17)

After the integration, Eq. (17) could be written as

T Y (| a9

The focused image has the maximum amplitude in x-space at

K *zsirﬁ*z ro_ _
T X T AR(0)

xo
Vg + g

The phase value of the target A in the focused image is ¢ = 47"1% (0), which is a measure of the range
from the real synthetic aperture center O to the target A, enabling its use for SAR interferometry.

(19)

>N

4 Modeling and joint compensation of rail determination phase error and
atmospheric phase

In general, for most of the target points, the rail determination phase error and the atmospheric phase
are probably greater than the phase caused by the deformation. As a consequence, if we could not
compensate for the rail determination phase error and the atmospheric phase effectively, the GBSAR
system is difficult to acquire the high-precision deformation information.
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Figure 4 The schematic diagram of the rail determination phase error theory.

4.1 Rail determination phase error modeling

Ideally, the precise sliding rail can realize complete repeat-pass to meet zero-baseline requirements.
Nonetheless, in the process of long-term measurement, due to a variety of reasons, the precision of
rail determination might degrade, resulting in the incomplete repeat-pass of the radar during the motion
process. After the imaging process, it may lead to the changes between the synthetic aperture centers of
the different passes.

As illustrated in Figure 4, due to the impact of rail determination error, the synthetic aperture center
point O in the 1st pass shifted to the point O’ in the 2nd pass. The distance € between these two points
was defined as the repeat-pass error. Generally, if the rail determination error 6 ~ N (0, 02), the repeat-
pass error € ~ N (0, 202). The azimuth angle corresponding to the target point in the scenario was 6. In
accordance with the fundamental theory of the ground-based SAR, with regard to the SAR data in the
1st pass, the phase of the target point A in the 1st image could be expressed as

47
YAl = *TROA- (20)

In a similar way, in the 2nd pass SAR image, the phase corresponding to the target point A can be

expressed as
47
pa2=——Roa. (21)
Although the target point was not subject to deformation between the two observation processes, the
shift of the synthetic aperture center also gave rise to the change in the slant range. Thus, it introduced

additional interferometric phase, which could be expressed by the mathematical formula as follows:

41t
Aprail = - (Roa — Rora) - (22)

Meanwhile, in general, the repeat-pass error € was in the scale of sub-mm, namely Rp4 > . Therefore,
the relationship between the slant range shift Ad and its corresponding repeat-pass error € could be
expressed as

Ad:ROAfRO/A = esinf. (23)
Then, Eq. (22) could be further simplified as

4
Apail = _77'[5 sin 6. (24)

It was revealed from (24) that, the phase error introduced by the rail determination error was associated
with the target’s azimuth angle, and was independent of the target’s slant range. If the repeat-pass error
€ was 0.2 mm, then it would bring about 0.1 mm deformation error for the target with the azimuth angle
of 30°.

4.2 Atmospheric phase modeling

Due to the influence of atmosphere, the propagation velocity of the electromagnetic wave in troposphere
will be reduced, which will lead to the propagation delay relative to the theoretical value. Meanwhile,
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owing to the variation in the atmospheric conditions at different times, the propagation velocity of the
electromagnetic wave at different times will vary and then lead to the disparity in the propagation delay.
The disparity in the propagation delay at different times is the reason why the atmospheric phase is
generated in the interferometric data [21,22].

Since the observation scenario of GBSAR is relatively small, its scope is generally within a few Km.
Thus, for an observation, the atmosphere is homogeneous in the scenario, in other words, the atmo-
spheric refraction index is invariant in the entire scenario for one observation. In this case, when the
atmospheric parameters change between two observation times, the atmospheric phase component of the
interferometric phase can be expressed as [16]

ASDATM,n (t) = 10_

GWTC&LAN (1), (25)

where f. is the central frequency, c¢ is the speed of light, R, means the nth target’s slant range and
AN (t) represents the variation of the atmospheric refraction index during two observation times.

Based on (25), it is indicated that, in the conditions of invariable atmospheric refraction index in one
observation, the atmospheric phase component changes linearly with the slant range.

4.3 Interferometric phase model for stationary PS

In practice, taking into account both the rail determination phase error and the atmospheric phase, if no
deformation occurs at a certain PS during two observation times, the interferometric phase of this PS
can be represented as follows:

Ap = Ar+ B+ Csinf + e, (26)

where the parameters to be estimated consist of A, B and C. Specifically,  and 6 denote the slant range
and azimuth angle corresponding to the target point, respectively. Generally, every pixel’s slant range
r and azimuth angle 6 could be calculated precisely based on SAR image information. Meanwhile, we
could find that, Ar 4+ B is the atmospheric phase, C'sin @ is the phase caused by the rail determination
error, and e signifies the un-modelled phase error, respectively.

By considering the stationary PSs within the interested scenario, their interferometric phase Agq,
Apa, ooy App, ..., A, can be written as

Apy = Ary + B+ Csinfy + e,
Apy = Arg + B+ C'sinfy + eo,

(27)
App = Arp + B+ Csin by + ey,
Ay, = Ar, + B+ Csinf,, + e,.
Eq. (27) could be expressed in a matrix mode as follows:
AP =XF+F, (28)
where
Ay r1,1,sin6; e
Aps ro,1, sinfy A es
Ad=| | X= _ B=|B|E=| |, (29)
: : c :
Apy, Tn,l,8in 6, en

where X is a matrix of n x 3, which contains the location information for each PS. A® and F are the
vectors of n X 1, which contain the interferometric phase information and the random noise phase error
information for each PS. /3 is the vector of 3 x 1, which contains the three parameters to be estimated in
each interferogram.
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4.4 Analysis of phase error after the compensation only using the atmospheric phase model

If both the atmospheric phase and the rail determination phase error exist, Eq. (27) could express the
interferometric phase of the PS, which is stationary during two observations. Here, we rewrite the
equation in another form

AP = X161 + X9 + E, (30)
where
r1,1 sinfy
r9,1 A sinfs
Xi=1| . | A= Xo = . B2 = [C]. (31)
: B :
Tnyl sin@n

In the process of phase error compensation, we only consider the atmospheric phase model. Then, the
estimated parameters could be expressed as

B = (XTx,) ' xTA®, (32)
Thus, the estimated atmospheric phase could be written as
A pm = X151 (33)
As the result, the remaining phase error after the atmospheric phase compensation is
A== Sy = (I - X1 (X,"X)) ' X, N)P = (T — X, (X,"X1) X0 T) (X181 + Xofa + )
=Xi01+ X2fe + E— Xy (X1TX1)71X1TX151 - X1 (X1TX1)71X1TX252 - X (X1TX1)71X1TE
= Xif - X (X4TX) T (XGTX) B+ (- X (0TH) T X Xamk+ (- X (X0 TX) T 0 TE
= Xof— X1 (X1 "X T X "X+ B - X0 (X TX) T X
= Drail — Prailpro + £ — PEpro, (34)

where @.,;1 = X252 means the rail determination phase error vector. Meanwhile, based on the theory of
LS (least square) estimation, the n x n matrix X3 (XlTXl) _1X1T is known as the orthogonal projection
matrix. Graipro = X1(X1"X1) " X1 X085 and Gppro = X1 (X17X1) " X1 E are the projections of the
rail determination error vector and phase noise vector onto the atmospheric phase subspace respectively.

As could be seen in (34), there are four terms remaining as phase errors. @,y and E are the rail
determination phase error vector and the noise phase vector, respectively. Here, we would use the
simulation method to analyze the other two projection phase terms ( Drailpro and Pepro ). Generally, we
assume the azimuth angle 6 is uniformly distributed between —45° and 45°. The slant range r and the
noise phase e are supposed to be gauss distributed, which could be described as r ~ N (1000 m, 3002 m2)
and e ~ N (0,0.22 radQ). C = 47”5 sets as 0.136, when the central frequency is 16.2 GHz and the
repeat-pass error € is 0.2 mm. Finally, a total of 10000 points are used in the simulation.

In the simulation, we define the rail determination phase error projection ratio vector R, and the
noise phase projection ratio vector Rg as

Rrail (n) = érailpro (n) /érail (n) )
Rg (n) = Ppro () /E (n).

Figure 5 shows the distribution of the two ratio vector R,,; and Rg. Based on the statistic data, we
could see that 90% points’ rail determination phase error projection ratio and 89% points’ noise phase
projection ratio are less than 0.05. Therefore, we could neglect the influence of the two projection phase
terms (Praiipro and Pepro)-

Consequently, if we just use the atmospheric phase model to compensate the phase error, the rail
determination phase error @,,; and the noise phase F are the main factors to cause deformation error.
In another words, the rail determination phase error @,,; could not be compensated when only using the
atmospheric phase model in the compensation process.

(35)
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4.5 Joint estimation and compensation of rail determination phase error and atmospheric
phase

If both the atmospheric phase model and the rail determination phase error model are considered, then,
the estimation of the rail determination phase error and the atmospheric phase can be transformed into
the estimation of the three parameters (A, B and C). According to the least square estimation theory,
the parameter vector 5 can be written as

B=(X"X)'XTAS. (36)

Thus, the sum of the estimated atmospheric phase and the estimated rail determination phase error can
be expressed as

Adps = X3, (37)

where Adgy is the vector of n x 1, which contains the sum of the estimated atmospheric phase and the
estimated rail determination phase error corresponding to each PS point. Then, the remaining phase
error after the joint compensation of rail determination phase error and atmospheric phase is

A = — gy = (1- X(XTX) 'xT) @ = (1- X(XTX) 'XT) (X5 + E)
— XB+E-X(X"X) 'X"X8- X(X"X) ' X"E
= XB-X(X"X) " (X"X) 8+ (I - X(X"X) " XT) E
—E-X(X"X) 'Xx"E. (38)

Comparing (38) with (34), we could conclude that the rail determination phase error has been com-
pletely compensated after using the rail determination phase error model.

In the process, we could utilize the iterative process to precisely compensate the phase error. Firstly,
the difference between the real interferometric phase A® and the sum of the estimated atmospheric phase
and the estimated rail determination phase error Adgg; for each PS point embodies the matching degree
of the phase model in (26) against the phase information of this PS, which is designated to characterize
whether this PS is stationary. Then, the selected stationary PSs are prepared for the next estimation, so
as to obtain the more precise estimation. The stationary judgment of a certain PS point can be fulfilled
as follows:

AD — AéEst < PThreshold - (39)

The iterative process is terminated until all of the remaining points are in conformity with the conditions
of (39). If the atmospheric phase and the rail determination phase error can be well compensated, the
precision of deformation generation can be improved to a great extent.
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Figure 6 The scenario photo and SAR image of Fangshan District, Beijing.

Table 3 The basic parameters of the experiment

Parameters Value Parameters Value
Starting time 2013.10.16 10:30 Ending time 2013.10.16 17:30
Number of image 40 Sample rate 10 min
Range limit 230-700 m Azimuth limit —120 m— +120 m
Range resolution 0.48 m Azimuth resolution 2 m@500 m
PS ADI threshold 0.15 Number of PSs 19769

5 Real data processing results

5.1 Experimental introduction

Figure 6 shows the optical picture of the observation scenario. The target of observation refers to a quarry
in Beijing’s Fangshan District. The distinct targets in the scenario consist of cliffs, clay slopes and stone
wall. On October 16, 2013, seven hours of continuous observations were carried out on the quarry and
a total of 40 SAR images were collected. During the experiment, two corner reflectors were emplaced in
the scenario, which were 472 m and 563 m away from the radar respectively. Taking into account that
the observation period was not long, we assumed the displacements were zero in the whole scenario. As
a result, in order to simulate the deformation occurred in the scenario, the corner reflector with 472 m
away from the radar was mounted on a deformation regulator, while the precision of the deformation
regulator was up to 0.01 mm.

The basic parameters of the experiment are summarized in Table 3. Because the observation scenario
was small, the variation of atmospheric phase was not particularly dramatic. Therefore, it was not
difficult to conduct phase unwrapping. Also, it should be noted that there were relatively dense trees
between the stone wall and the clay slope in the observation scenario, which resulted in the significant
impact of temporal decorrelation. Meanwhile, according to the basic information of the sliding rail, the
corresponding rail determination precision was 0.2 mm. As a result, in some interferograms, we could
clearly see the influence caused by the sliding rail determination error.

5.2 Description of experimental results

Figure 7 shows the deformation generation results from the interferometric data, which were obtained
between two acquisitions separated roughly 20 min in time, by using different phase error models for
compensation. Figure 7(a) is the results after compensation by only using the linear atmospheric model.
It is evident that the deformation values in the scenario vary with the azimuth angle. As the temporal
baseline of the interferometric data was merely 20 min, it was believed that there was no deformation oc-
curring in the scenario during this period of time. Accordingly, the generated deformation was considered
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Figure 7 The deformation generation results by using different phase compensation models. (a) Only using the linear
atmospheric model; (b) simultaneously using the linear atmospheric model and the rail determination phase error model.
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Figure 8 The deformation generation results of PSs in Fangshan District and the displacement of the corner reflector.
(a) 3 mm; (b) 6 mm.

to be other errors. Figure 7(b) shows the results after the compensation by using the linear atmospheric
model and the rail determination phase error model simultaneously. We could see that no significant
deformation existed in the entire scenario, which was consistent with the assumption. Therefore, we
could conclude that the rail determination error exerted an influence on the final deformation. It should
adopt the model proposed in this paper to compensate for the rail determination phase error.

5.3 Precision analysis of deformation

5.3.1 Analysis of deformation generation for the scenarios

Since the experimental period was only 7 h, it was possible that no significant deformation occurred in the
scenario during the observation. Thus, in the experimental process, we used the deformation regulator
to precisely adjust the displacement of the deformation corner reflector (the adjustment precision of
the displacement was 0.01 mm) to simulate the deformation occurring in the scenario. In the process
of deformation generation, the linear atmospheric model and the rail determination phase error model
were applied to jointly compensate for the phase error. Figure 8 shows the accumulative deformation
generation results of the scenario when the deformation corner reflector adjusted different deformation
quantities (3 mm and 6 mm). It was revealed from the deformation results that, with the increase
in the adjustment of the deformation corner reflector, there was significant deformation information
appearing in the deformation corner reflector region. The positive displacement meant the occurrence
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Figure 9 (a) The deformation generation results of the deformation corner reflector; (b) the deformation generation error
results of the deformation corner reflector.
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Figure 10 (a) The deformation generation results of the natural target point A; (b) LOS displacements with time observed
at four representative points.

of deformation toward the radar, which was also consistent with the actual adjustment direction of
deformation. Meanwhile, for other regions within the scenario, there was no significant deformation
in the results. This was also in conformity with the assumption that there would be no significant
deformation in the scenario during the relatively short observation time.

5.3.2  Precision analysis of deformation generation for specific target points

Figure 9 shows the time-series deformation obtained at the deformation corner reflector after compen-
sating for the phase error by only using the atmospheric phase model, and jointly using the atmospheric
phase model and the rail determination phase error model, respectively. As indicated in Figure 9(a)
and (b), except for the generated deformation at the 2nd rail, the deformation results obtained by using
those two compensation methods were substantially identical. When compared with the nominal defor-
mation, both methods could obtain high-precision deformation results. However, for the 2nd rail data, it
might correspond to a larger rail determination error. By comparing the results of the two compensation
methods, it was clear that the error was reduced from 0.39 mm to 0.05 mm in case of jointly using the
atmospheric phase model and the rail determination phase error model for phase error compensation. It
also suggested that, when the rail determination error was large, the rail determination error would have
a greater impact on the deformation generation results, thus it needed to apply the rail determination
phase error model to compensate for the phase error.

Figure 10(a) shows the time-series generated deformation at point A in Figure 7(b). As assuming that
no deformation occurred at the point A in the whole observation process, the generated deformation
at the point A could be considered as the deformation generation error. Identical with the case at the
deformation corner reflector, in case of only using the linear atmospheric phase model for compensation,
the 2nd rail data was subject to greater residual deformation error. Meanwhile, it was worth noting that
for the 2nd rail data, the deformation error at point A reached 0.8 mm, which was greater than the
deformation error at the deformation corner reflector. It could be attributed to the fact that the azimuth
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Table 4 The statistical results of the time-series deformation generation error deviation of the deformation corner reflector
and the natural target point A

Phase compensation method Deformation corner reflector (mm) Point A (mm)
Only using the linear atmospheric model 0.0914 0.2434
Simultaneously using two models 0.0736 0.1115

Table 5 The statistical results of the time-series deformation generation error deviation of the four selected points

Point Slant range (m) Deformation error (mm)
A 407 0.1115
B 323 0.0867
C 563 0.0870
D 662 0.1530

angle of point A was greater than that of the deformation corner reflector. Consequently, the impact
caused by the rail determination error would be greater.

In order to analyze the deformation generation precision of a certain target point by using different
methods, the time-series deformation error deviation was used to assess their performance. The mathe-
matical expression for the time-series deformation error deviation of a target point is defined as follows:

K 2
P di n di,n m
Otemporal = \/21_1 ( = ) ) (40)

K—-1 ’
where K denotes the number of interferograms, i denotes the ordinal number of the interferogram, d; gen
represents the generated deformation of this point in the ith interferogram, and d;nom signifies the
nominal deformation of this point in the ith interferogram, respectively. In respect of the deformation
corner reflector, the nominal deformation was the adjusted deformation. With respect to the natural
target point A, the nominal deformation was zero upon assuming that no deformation occurred at the
target point during the observation period.

Table 4 shows the statistical results of the time-series deformation error deviation of the deformation
corner reflector and the natural target point A by using those two phase error compensation methods.
Both for the deformation corner reflector and the natural target point A, if adopting the compensation
method considering the rail determination phase error model, the deformation precisions have been
improved and basically reached the deformation precision level of 0.1 mm. Thereby, it achieved high-
precision GBSAR deformation monitoring.

Finally, we selected four natural points on the scenario to analyze their deformation history. The phase
compensation model applied to generate deformation was the joint use of the linear atmospheric model
and the rail determination error model. In Figure 10(b), the LOS (line of sight) displacements of the
four pixels highlighted in Figure 7(b) were plotted together. The four natural points were corresponding
to different targets respectively (A: clay slope, B: stone wall, C: stable corner reflector, D: cliff).

Table 5 shows the statistical results of the time-series deformation error deviation of the four points.
By analyzing the three natural targets (A, B and D), we could conclude that the longer the slant range
was, the lower the deformation precision was. It could be attributed to the fact that the intensities of
the closer targets would be stronger. However, the deformation precision of the target C was higher than
that of the target A, while the slant range of the target C was longer to the radar. This was because the
target C was the corner reflector and its intensity was stronger than other natural targets.

6 Conclusion

With respect to the GBSAR system, its survey scope can range from tens of meters to several kilometers,
and it can observe the target at the shortest frequency of 5 min. In addition, its range resolution and
azimuth resolution can be up to 0.5 m and 2 m@500 m, respectively. As the GBSAR system has these
features, it has wonderful application prospects in the slope hazard monitoring.
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In order to further enhance the performance of GBSAR, it requires the GBSAR system to provide
0.1 mm-level high precision deformation. Nonetheless, in case of applying the traditional deformation
generation algorithm, it is hard to achieve such high precision. One of the main problems is the rail
determination error. In the long working hours, the rail determination precision of the sliding rail might
degrade, and then it would introduce the deformation error. To address the issue, the paper has deduced
the transforming relationship between the repeat-pass error and its corresponding interferometric phase
error. Furthermore, the rail determination phase error and the atmospheric phase are jointly compensated
by the LS method. Ultimately, it has accomplished the high-precision deformation measurement.

In practice, we used both the new algorithm and the traditional algorithm to process the measured
data acquired in Fangshan District in Beijing (China) respectively. By analyzing the results, especially
for the data characterized by greater rail determination error between two rails, we could conclude that
the new algorithm could accurately compensate for the deformation error components caused by the
rail determination error. The analysis of the deformation generation results on the deformation corner
reflector and the natural target demonstrated that, the deformation precision could reach the level of 0.1
mm. The results had completely validated that the new algorithm had the ability to obtain high-precision
deformation information.
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