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Effective Denoising of InSAR Phase Images via
Compressive Sensing

Min-Seok Kang

Abstract—Interferometric synthetic aperture radar (InSAR) de-
noising is an essential processing step in deformation measurement
and topography reconstruction. A noisy InSAR phase image gives
rise to the phase unwrapping difficulties and even results in the
degradation of various final products of InSAR. To address this
issue, we develop a compressive sensing (CS)-based InSAR phase
denoising technique in this article. Since the spectrum of the InNSAR
phase image is usually sparse in the 2-D frequency domain, the
estimation of sensing dictionary matrix of the linear system between
the InSAR phase signal and its spectrum in the pursuit of sparsity is
considered for InNSAR phase denoising. The optimization problem
derived by the signal parameterization approach is effectively car-
ried out by estimating the basis function that is closely analogous to
the strongest signal component in the spectrum of the InSAR phase
image. The proposed method is effectively capable of eliminating
noise and preserving detailed fringe information of InSAR. In the
end, simulations and experimental results demonstrate that the
proposed scheme outperforms other conventional InSAR phase
denoising methods.

Index Terms—Compressive sensing (CS), interferometric
synthetic aperture radar (InSAR), phase filtering, sparse signal
processing, synthetic aperture radar (SAR).

I. INTRODUCTION

YNTHETIC aperture radar (SAR) is an advanced remote
S sensing technology that utilizes a microwave imaging tech-
nique to achieve high-resolution map while taking an advantage
of pulse compression and the Doppler effect technology [1], [2],
[3]1,[4]1,[5], [6]. Ithas played a significant role in all aspects of the
remote sensing applications. One of the important applications
in the field of microwave remote sensing is radar interferometry
[71, [8], [9]. The interferometric SAR (InSAR) can provide a
plenty of information via phase measurements, which enables a
variety of capabilities such as topography measurement, vertical
surface displacement (uplift or subsidence), lateral surface dis-
placement (velocity), and change detection (via phase decorre-
lation). The main principle of InSAR technology stems from the
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basic idea: measuring phase variations by comparing two SAR
images acquired from slightly different locations over the same
area [10], [11], [12]. Any InSAR measurement has a meaning
only if phase values can be unwrapped, i.e., the proper number of
cycles is added to the modulo-27 data. However, the presence
of noise such as atmospheric effects and phase decorrelation
gives rise to the phase unwrapping difficulties and even results in
failures in the InSAR process, severely degrading the many final
products of InSAR [13], [14], [15]. Therefore, the removal of
phase noise should be performed prior to the phase unwrapping,
and several algorithms for phase filtering have been studied as
an important technology [16], [17], [18], [19], [20], [21], [22],
[23], [24], [25].

In [17], the authors developed nonlocal (NL) filter that has
attracted substantial attention in the InSAR research community.
In contrast to conventional local filters, the NL filter can achieve
the phase-noise reduction by measuring a patch resemblance to
extract the most proudly concerning components and performing
an adaptive mean value obtained using alike pixels. The NL filter
is capable of capturing the phase signal with nonconnected pix-
els, overcoming the limitation of local filtering. In [18], in order
to optimize the algorithm for InSAR phase images in a complex
formation, authors have implemented enhancements to the NL
estimator referenced in [17]. In addition, authors have developed
an iterative pyramid method aimed at recovering lost textures
from the noise component to maximize texture preservation.
However, the computational complexity of a kind of NL filter
can be represented as quadratic in the number of adjacent pixels
in an image domain, making it particularly expensive to apply
directly. In [19], authors presented two novel phase filtering
methods based on /g-norm and /;-norm regularization within
the compressive sensing (CS) framework to reduce phase noise,
respectively. More recently, the deep learning technique has
improved the performance of InSAR phase denoising. ®-Net,
proposed in [20], utilizes a residual learning scheme that can
blindly mitigate phase noise and preserve the details.

Aiming at further improvement of InSAR phase image qual-
ity and the shortcomings of existing filtering approaches, we
develop an effective CS-based method (CSM) to perform phase-
noise reduction in this article. The spectrum of InSAR phase
image is sparse in the spatial frequency domain, i.e., it can
be represented as a relatively small number of components in
some known, possibly orthonormal, basis functions. Based on
the sparsity of the spectrum of InSAR phase image, the proposed
method focuses on the estimation of the sensing matrix, which
can be sparsely represented as the combination of redundant
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basis functions, by substituting the phase-noise with the gapped
data (GD) in spatial domain. The key idea of the proposed
approach is based on the notion that the sensing matrix for
InSAR phase image can be perfectly estimated by signal pa-
rameterization approach using the basis function that is closely
analogous to the strongest signal component in the spectrum of
InSAR phase image. The proposed scheme is comprised of two
stages: 1) the linear system between the InSAR phase signal
and its spectrum is constructed to perform two-dimensional
(2-D) CS-based approach and 2) the unknown parameters of
basis functions related to the spectrum of InSAR phase signal
are estimated from the observed GD dataset using a signal
parameterization algorithm based on an orthogonal matching
pursuit (OMP)-type basis function-searching scheme. Then, the
proposed method can effectively recover InNSAR phase signal
with high probability, resulting in excellent noise reduction
while preserving phase fringes.

II. PROBLEM AND MAIN PRINCIPLE DESCRIPTION
A. Characteristic of InSAR Phase Image

The InSAR phase measurements can be utilized as a very sen-
sitive tool to detect and monitor surface deformation phenomena
or to retrieve information about the local topography, estimating
the digital elevation model of the interest area. However, the
phase unwrapping in the InSAR process may result in the low
quality of many final products of InSAR, since the phase signal
of the InSAR often suffers from some noises such as atmospheric
effects and phase decorrelation [26]. Thus, it is necessary for a
method to filter off noise signal while preserving the fringe of
InSAR phase.

The Fourier transform (FT) is used if one wants to access
the geometric characteristics of the spatial domain image [27].
Because the image can be decomposed into its sinusoidal com-
ponents in the Fourier domain, it is apt to process or examine
certain frequencies of the image, thus affecting the geometric
structure in the spatial domain. Several general statements can
be made about a relationship between the spatial features of an
image and frequency components of the FT. It is not intuitively
difficult to associate frequencies in the FT with patterns of
intensity variations in the image, since the frequency is directly
connected to spatial rates of change. This indicates that the
common image includes components of all frequencies, but that
their amplitude gets smaller for higher frequencies [28]. Hence,
low frequencies include more information related to the image
than the higher ones. Thus, the 2-D-FT of a signal f(x,y) as an
InSAR phase image can be defined via

r(u,v) = / | fa st oydzay (1)

where
L
f(z,y) ZZAi5(£C—CCi,y—yi) 2
i=1
s(u,v) = exp(—jux — jvy) 3)
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Fig. 1. Conceptual explanations for the 2-D-FT relationship between InSAR
phase image and its 2-D-spectrum (top) and the proposed 2-D-CS based method
(bottom).

where (u, v) represents the spatial frequency domain for (x, y).
L denotes the number of sparsely distributed spectral signals
r(u,v). After taking 2-D-FT over f(z,y), the spectrum r(u, v)
is comprised of sparse signal functions with magnitude A; with
i1 =1,2,..., Lcentered at the origin in (u, v) domain according
to the FT principle mentioned above. In most implementations,
the Fourier image of the InNSAR phase image is generally shifted
in such a way that a sparse representation data including only
the slowest varying frequency component is located at (u =
v = 0) as shown in Fig. 1. Meanwhile, if the phase noise in the
fully-sampled (FS) signal of original InNSAR phase image can be
considered as a kind of GD (labeled as a black box as shown in
Fig. 1) in the image domain, the removal of phase noise can be
transformed into the CS reconstruction problem of the spectrum
with sparsity. Note that the sparse signal reconstructed using the
GD signal based on the 2-D-CS is equivalent to the spectrum of
the InSAR phase image using the FS signal based on the 2-D-FT
as shown in Fig. 1. Based on this essential idea, we derive a new
framework for an InSAR phase reconstruction using CS-based
signal parameterization scheme in Section III.

B. Review of CS Theory

The CS theory [29], [30], [31], [32], [33] provides a novel
framework for compressing and sampling signals and allows the
recovery of a discrete sparse image or signal from the reduced
number of samples in comparison with the Nyquist sampling
rate. Based on the CS theory, the reconstruction accuracy of
sparse signal extremely relies on the sparsity degree of the
desired signal and restricted isometry property (RIP) of the
sensing matrix [30]. The RIP of the sensing matrix H can be
expressed as

(1—3s) - €15 < [IHE[l; < (1+65) - If; ¥ @)

where 0g € (0, 1) is a small constant related to the sparse signal
vector f. f is said to be an S—sparse vector when it has, at
most, S nonzero elements. Fundamentally, the RIP indicates the
incoherence between the S column vectors of H corresponding
to the S nonzero components, i.e., the submatrix Hg constructed
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by using the S column vectors of H has a nearly orthogonality.
Actually, the incoherence of H can be measured by evaluat-
ing the spatial distribution of eigenvalues of HY Hg [30]. If
the statistic of each eigenvalue is tightly bounded around 1,
it indicates that H has a high incoherency. If not, the larger
the stochastic deviation of eigenvalues from 1, the less the
incoherence of H.

III. PROPOSED METHOD

To express the InNSAR phase data in the discrete represen-
tation, the discrete 2-D-domain can be divided into M x N
grids as depicted in Fig. 2. Then, we can arrange the 2-
D grids of the matrix of the InSAR phase data into a
vector by row (1,2,3,..., NN+ 1,N+2,...,2N,2N +
1,...,MN). (x;,y;) is the position of the sparse signal in the
grids with the magnitude A;. We can represent the image of
size M x N as a column vector of the dimension M N x 1 by
letting the first M elements of the vector equal the first column
of the image, the next M elements equal the second column, and
so on. With image formation in this manner, we can represent
a broad range of linear processes applied to an image by using
the following notation:

r = Hf (5)
where

r = [r(u,v1) 7(usg,v1) r(tn,v1) r(ug,ve)
T

7 (U, v2) 7 (U s V)]

H(uy,vy,22,92)
H(ug,vy1,®2,y2)

[H(uy,vy,21,Y91)
H(ug,v1,21,91)

H(uyp,vi,@p,yr)
H(ug,vyi,zp,yr,)

H(un,v1,®1,91)
H(uyp, vy, 2,y

H(un,vy,T9,y2)
H(uy, vy, 22,¥2)

H(un,v1,21,91)
H(uy,va,®1,Y1)

H(un,v2,x1,Y1) H(un,v2,z2,y2) H(un,vg,x1,,91,)
LH(un,vm,z1,y1) H(un,vm,z2,y2) H(un,vm,zr,,yr,)
T
f=[A A Ar ]

where f is an L x 1 vector representation by column stacking
of an input image, r is an M N x 1 vector representation by
column stacking of a processed image, and H denotes an M N x
L matrix indicating a linear process applied to the image.
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Based on (5), consider the linear system [31], [32], [33]
T = Hf (6)

where T = Wr and random sampling operation along the vertical
direction is implemented by multiplying the random selection
identity matrix ¥ € CM~N*MNop the input data to obtain the
GD dataset. H = WH is a partial dictionary matrix with the size
of M'N x L provided by original sensing matrix H with the size
of M'N x L. The CS theory enables the exact recovery of f from
T with a high probability of success, when the matrix H complies
with the RIP by dealing with the following optimization problem
constrained by the sparsity of f [29], [30]:

(PO):mfin||f||0 subject to Hf—ﬁf”z <e (7)

where 5 represents the /2-norm of a vector, which means
the Euclidean distance. o indicates the [p-norm of a vector,
which means the number of nonzero components in the vector.
€ represents an error tolerance as a small positive value. Based
on (7), we can restore the desired the spectrum of InSAR phase
image by solving an optimization problem using the sparsity
constraints of the spectrum in the spatial frequency domain. In
this article, the kernel function s(u, v) is expanded as a multi-
variable quadratic equation based on second-order polynomial
coefficients v and 3 to describe the sparse spectrum of InNSAR
phase image in detail as follows:

s(u, v, a, f) ~ exp(—juzr — jula — joy — jv2ﬂ). 3)

Then, the GD signal r(u;, v;) can be expressed as

L
r(ug,vy) = ZA;e_j(xiui+0’iulz+yi'“i+ﬁi"/l2)7
i=1
l=1,2,...,MN ©)]

where A’ represents the amplitude of the ith dominant spectrum
signal in the spatial frequency domain, / denotes the domain
index of the collected M NN data sequence, and M N < M N.
Then, a signal parameterization approach based on the OMP-
type basis function-searching scheme (OBS) is applied to de-
compose the spectrum of InSAR phase signal into a set of
polynomial basis functions. Based on (9), the vector T in (6)
can be described as

L
T= ZA; (h(zi, yi, i, B5)]
i=1

(10)

where 1_1(;1:7;, Yi, i, B;) is the basis function vector corresponding
to the sparse signal in the ith column vector of H, and ® rep-
resents the Hadamard multiplication operator. As the FS-based
basis function vector, h(z;, y;, a;, 8;) can be expressed as

h(z,yi,0,8:) =1, ©1, ©da © g an
where
e = [ e JTiuL pmjTius e~ ITiuMN }T (12)
1, = [ e iy evin e~ IYivMN }T (13)
Qo = [ edomut emiond eiendin 1T (14)
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as = [ e—JiBivi  o—iBivi e~IBivirn }T (15)

With k& = 1, let [T], denote the vector notation of r(u;, v;).
Then, [¥],, ; can be expressed as

[l = [T — AL N(d, i, G, Bi)

and (2, 9;, &, Bl) can be obtained using the largest similarity
when the Pearson correlation coefficients between a residual
signal and the basis function are maximized

(16)

3 H 19 Yiy Koy Mi )y T
{(j:iagh@iyﬁi)} = argmax cov ( (x Yi, & ﬁ ) [r}k)
(@i,yi,04,84) OROF
h - an
where cov(h(z;, i, i, 8i), [T];,) = E[(h(zi, yi, i, Bi) — )

([r]; — pr)], o and oy are the standard deviations of
h(z;,yi, ay, Bi) and [t],, respectively. E[.] is the expectation
operator. fig and pr are the mean vectors of H(xi, Yi, O, ﬂl)
and [T],, respectively. The basis function vector that bears a
great resemblance to the strongest signal component in hcanbe
estimated as h(&;, 7, &, 61) corresponding to the sparse signal
in the ith column vector of H. It was proven that an energy of
[¥]}.1 in (16) tends to converge to zero as k approaches infinity
[30]. Thus, the operations of (16) and (17) are repetitively carried
out until the total energy of [T],  ; is less than a predetermined
limit.

Then, the orthogonal projection on the residual signal is
carried out to find the magnitude A;, calculating the following
least-square solution:

~H~ 1.pg

Al=( h) h T (18)

where h =1, ® Ty ©q, ® aB’ denotes an M N x 1 element
basis function vector that is constructed by the estimated pa-
rameters (&;, ¥, Q, B; ). In general, the iteration number of OMP
relies on signal sparsity [30]. In order to terminate the iteration
procedure from (16)—(18), the cost function C as a stopping
criterion can be designed by

Lelly /LI <

where [T], indicates the kth iterative residual, 0 < 7 < 1 rep-
resents the iterative termination threshold. In this article, we
selected 7 = 0.1 as the stopping criterion for iterations in all
experimental trials. When the energy of adjacent residual signal
difference is less than the predetermined threshold 7, the sparse
representation of the spectrum of InSAR phase signal can be
accurately estimated by the OBS. If the exact basis function
estimation is successfully carried out, the dictionary H can be
formed as the M N x L matrix based on L basis function vectors
with the FS-based h(&;, §;, s, 3;) € CMN*1

[ﬁ(i'hgla &1781) fl(£2ag25 d2782)

Cr = |[Flyws — IF (19)

H:

h(ig, 5. 61.6;) (20)

where L is the estimated number of sparse target signals.
Based on the descriptions found in (6)—(18), all of the steps

required to restore the sensing matrix of (20) are iteratively
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Procedure of the proposed scheme

o Initialization: Construct f and r as the vector
representation by column stacking.

e Main iteration: Increment & by 1 and implement the
following stages until the stopping criterion is satisfied:

Step 1: Estimate the parameters (x,,y,,a;, ;) based on
the similarity between basis functions and residue as

S5 A4 R Cov(h(xi’yhai’ﬂj)’ [r]k)
{(xi’yisajaﬂ,')}: arg max .
(x,,5,0,,8,) O-HO-F

Step 2: Calculate the amplitude 1:1, using the basis
functions h = ix O] iy ©4q, ©q, chosen so far as follows:
~ AH oA | H =
A= h)'hr
Step 3: Calculate the residual [;]k+l as follows:
(e =[x} = 4 -b(E,. 5,4, B).
Step 4: Check the relative change of the cost function C,
- -2 /= 2
6=l <o

e Output: The denoised-InSAR phase image can be
generated by the reconstructed signal (21), after estimating

(G54, ﬁ,,/i;)}f_l satisfying (17) and (18).

Fig. 3. Typical flowchart illustrating stages of the proposed scheme.
carried out until the stopping criterion C7 between the kth
and (k+1)th iterations is satisfied with the terminating rule
according to (19). Then, the denoised InSAR phase data in the
spatial domain can be reconstructed by using the parameters
{(&4, 95, 65, Bi, A )}L 1 estimated from the sparse spectrum in
the 2-D-frequency domain as follows:

L
. A (s 2 G v 4 B 2
Fug, vy) = § Aée J(@iui+aiu? +g;vi+Biv )7
i=1

1=1,2,...,MN. 1)

Note that the restored signal in (21) has an FS signal set of
sequence data in contrast to the GD data in (9).

From the mathematical derivations in (5)—(21), Fig. 3 illus-
trates the detailed process of the proposed scheme.

IV. RESULTS AND ANALYSIS

Several tests are performed to verify the effectiveness and
robustness of the proposed phase denoising method using both
simulated and real InSAR phase. The NL filter [17], a pyramidal
representation based NL filter (PNL) [18], CSM [19], and $-Net
[20] are used for comparison in this section.

A. Simulation Results

Initially, we performed simulations to prove the robustness of
the proposed approach and evaluate its filtering performance. All
the results were obtained from the MATLAB R2021a code 10 on
an AMD Ryzen 9 5900X 12-Core Processor at 3.70 GHz-CPU.
First, we constructed the unwrapped phase data to simulate the
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(b)

Fig. 4. Simulated interferometric phase data. (a) Simulated wrapped phase
data. (b) GD data of (a).

basic characteristics of the interferometric fringe in nature. Then,
we can obtain the simulated wrapped InSAR phase image in a
complex formation as shown in Fig. 4(a). The contamination
of the InSAR phase image was implemented by the some noise
patterns occurring globally across entire regions. Meanwhile, all
of the positions belonging to the noisy data in InNSAR phase were
eliminated to yield the GD dataset for the proposed method as
shown in Fig. 4(b).

The simulations were implemented to compare the perfor-
mance of the NL filter method [17], PNL filter method [18],
CSM [19], ®-Net [20], and the proposed method. The NL and
PNL filter estimators were applied with a search window of
size |W| = 21 x 21 and a similarity window of size |A| =7 x 7,
respectively. According to the simulation results, one can see that
all the methods yield somewhat improvement in the elimination
of the noise in InSAR phase images as shown in Fig. 5(a)—(d),
and (f). However, compared to the original InNSAR phase image
[see Fig. 4(a)], it is observed that some specific regions between
discontinuous fringes affect the difficulty of the noise filtering in
the NL method [see Fig. 5(a)]. In PNL filtering, we can observe
that noise filtering of the PNL method fails the recovery of the
detail fringes of the InSAR image in some noise-dense regions
as shown in Fig. 5(b). Fig. 5(c) demonstrates that the CSM
alternatively updates the dictionary matrix and sparse parameter
vector for each subproblem within the CS framework to reduce
phase noise. Fig. 5(d) shows the ®-Net method can also achieve
good performance, which is almost analogous to that of the
CSM. On the other hand, one can see that the resulting InSAR
phase image restored by the proposed method, as depicted in
Fig. 5(f), has noticeable visual improvement compared with the
other four methods. The accurate parameter estimation based on
the sparse spectrum [see Fig. 5(e)] of InNSAR phase image was
made possible by using the OBS based on similarity maximiza-
tion between the basis function and the residual. The sparsity
of the spectrum of InSAR phase image helps to achieve a better
filtering performance, since more details of fringes can be fully
described by the CS-based signal parameterization scheme.

Fig. 6 illustrates the phase unwrapping results of Fig. 5 ob-
tained by the NL filter method, PNL filter method, CSM, ®-Net,
and the proposed method. In order to analyze the quantitative
evaluation of the filtering performance, each unwrapped phase
image was compared with the reference unwrapped phase [see
Fig. 6(a)] by using the performance evaluation function, i.e.,
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Fig. 5.  Simulation results for performance analysis using simulated interfero-
metric phase data. (a) InSAR phase restored by the NL filter from GD data. (b)
InSAR phase restored by the PNL filter from GD data. (c) InSAR phase restored
by the CSM from GD data. (d) InSAR phase restored by the ®-Net from GD
data. (e) Spectrum of InSAR phase reconstructed by the proposed method from
GD data (dB scale). (f) INSAR phase restored by the proposed method from GD
data.

TABLE I
SIMULATION RESULTS

NL PNL CSM O-Net Proposed
RMSE 0.1963 0.1845 0.1655 0.1538 0.1377
SSIM 0.832 0.874 0.895 0.918 0.934

the root mean square error (RMSE) and the structural similar-
ity index measure (SSIM). The RMSE can be employed as a
measure of the agreement or precision based on the difference
between the filtered and original InSAR phase. The smaller
RMSE indicates that the filtered InSAR phase image is closer to
the original one, but the correlation between pixels in images is
not considered in RMSE. Thus, the SSIM is used for measuring
the structural similarity between the filtered and original InSAR
phase images. A higher SSIM indicates that the structural sim-
ilarity of information is maintained better during the denoising
process. The detailed simulation results for the evaluation metric
are described in Table I. One can see that the RMSE obtained
by the proposed method is considerably lower than those of
four different methods, which reveals that the detail preservation
of fringes and capacity of noise suppression of the proposed
method are substantially better. One can see that the proposed
approach achieves the highest SSIM, which indicates that most
phase-noise are filtered out by the proposed method with the
detailed fringe information among the five schemes.
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Fig. 6.

Comparison of recovered phase unwrapping results from five different algorithms using the simulated InSAR phase image. (a) Ground truth. (b) Phase

unwrapping result restored by NL filter. (c) Phase unwrapping result restored by PNL filter. (d) Phase unwrapping result restored by CSM. (e) Phase unwrapping
result restored by ®-Net. (f) Phase unwrapping result restored by the proposed method.

Fig.7. Real measured InSAR phase image and noised data. (a) Real measured
InSAR phase data. (b) GD data of (a).

Consequently, we conclude that the proposed method is ca-
pable of offering better robustness against phase-noise than the
conventional approaches. Furthermore, it is observed that it is
more suitable for the preservation of phase fringes in the high
level of added noise regions.

B. Experimental Results With Real Measured Data

The interferometric phase of real measured SAR data, namely,
the public release data of Earth remote sensing [9], provided by
the German Aerospace Center and the European Space Agency,
was used to analyze the evaluation of the filtering performance
via the proposed method as depicted in Fig. 7(a). The dataset has
been artificially contaminated under the some noise conditions
according to a specific coherence pattern. In the same manner
as mentioned in Section IV-A, the GD dataset was constructed
from the FS dataset of the original InSAR phase image as shown
in Fig. 7(b). Then, we compare the proposed method with four
widely used methods to analyze the filtering performance of
the proposed scheme: NL filter, PNL filter, CSM, and ®-Net.
It can be observed that all the methods provide some apparent
filtering performance of phase-noise in InSAR phase images
as depicted in Fig. 8(a)—(d), and (f). The result of the NL
method needs further improvement in the filtering quality; the
residual phase-noise of the filtered version was slightly dispersed
in some noise-dense region, which consequently yields some
poor visual quality of the InSAR phase image as displayed in
Fig. 8(a). One can see that the outcome of the PNL filter in
some fringe dense region results in the preservation difficulty of
fringe details to some degree due to the influence of phase-noise
as given in Fig. 8(b). From the results displayed in Fig. 8(c),
the presence of some noise lingering around the highest area is

(e)

Fig. 8. Experimental results for performance analysis using real data.
(a) InSAR phase restored by the NL filter from GD data. (b) InSAR phase
restored by the PNL filter from GD data. (c) InSAR phase restored by the
CSM from GD data. (d) InSAR phase restored by the ®-Net from GD data.
(e) Spectrum of InSAR phase reconstructed by the proposed method from GD
data (dB scale). (f) InNSAR phase restored by the proposed method from GD
data.

clearly observed in the InNSAR phase image although most of
the noise has been removed by the CSM. It can be observed in
Fig. 8(d) that the ®-Net yields slightly some visual improvement
on the InSAR phase image compared with that of the CSM
for the entire area of the InSAR phase image. Meanwhile, in
the proposed method, the spectrum of the InSAR phase image,
obtained by the estimation of sensing matrix based on the OBS
with polynomial basis functions, is sparsely represented using a
relatively small number of components in the spatial frequency
domain [see Fig. 8(e)]. Owing to the sparsity of spectrum, one
can see that the proposed scheme achieved excellent creation of
a high-quality InSAR phase image with well-preserved fringe
detail by eliminating optimally the phase noise, as depicted in
Fig. 8(f).
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Comparison of recovered phase unwrapping results (first row) and cross-sectional view of phase unwrapping results (second row) from five different

algorithms using the real measured InSAR phase image. (a) Ground truth. (b) Phase unwrapping result restored by NL filter. (¢) Phase unwrapping result restored
by PNL filter. (d) Phase unwrapping result restored by CSM. (e) Phase unwrapping result restored by ®-Net. (f) Phase unwrapping result restored by the proposed

method.
TABLE 1T
EXPERIMENTAL RESULTS
NL PNL CSM O-Net Proposed
RMSE 0.2264 0.2180 0.2002 0.1987 0.1821
SSIM 0.854 0.862 0.884 0.907 0918

Fig. 9 presents the results of phase unwrapping through
the five different denoising methods. From phase unwrapping
results shown in Fig. 9(b)—(e), it is observed that there are
obvious phase jumps between the two sides of the shadow
area due to a few discontinuities. Meanwhile, it can be easily
recognized that the phase unwrapping result obtained by the
proposed method shown in Fig. 9(f) was nearly a match for
the reference unwrapped phase given in Fig. 9(a). Thus, we
infer that the proposed method is superior to other denoising
methods since it not only filters more amount of noise but
also maintains the fringe completeness effectively. To further
evaluate the restoration accuracy of each method, we obtained
both RMSE and SSIM of the phase difference between the phase
unwrapping results of five different methods and the reference
unwrapped phase [see Fig. 9(a)]. The detailed experimental
results to examine the quantitative evaluation of the filtering
performance are summarized in Table II. As expected, the out-
come of the InNSAR phase image obtained using the proposed
scheme was the best among five different methods in terms of
the quantitative evaluation of the filtering performance of both
RMSE and SSIM. Thus, we infer that the proposed method can
effectively assess the phase unwrapping result qualitatively and
quantitatively.

Finally, all the experimental results proved that the pro-
posed scheme is most suitable for INSAR phase denoising in
comparison with the four different methods considered in this
study.

V. DISCUSSION

Since the InNSAR measurements are typically acquired through
observations of extensive geographical areas, the spectrum of
InSAR phase image is sparse in the spatial frequency domain,
i.e., it can be represented as a relatively small number of com-
ponents. The linear system between the InSAR phase signal and

its spectrum is constructed to perform a 2-D CS-based approach
and the unknown parameters of basis functions related to the
spectrum of the InSAR phase signal are estimated from the
observed GD dataset using a signal parameterization algorithm
based on the OBS. Then, the proposed method can effectively
recover the InSAR phase signal with high probability, resulting
in excellent noise reduction while preserving phase fringes.
Besides randomly distributed noise signals within the InSAR
phase image, specific noise patterns occurring locally in certain
areas can also be addressed by the CS-based InSAR phase
denoising technique.

Another important issue in the proposed method for denois-
ing InSAR phase images is determining the appropriate step
size, i.e., the number of samples in the search ranges of the
candidate parameters. If the range of the estimated variables is
subdivided into smaller intervals, the restored sparse spectrum
will be estimated more accurately. However, it comes with the
drawback of the increased computational complexity of the
algorithm.

VI. CONCLUSION

This article presents a novel approach for CS-based InSAR
phase denoising. The frequencies associated in the FT with
patterns of intensity variations in an InSAR phase image are
usually sparse in the spectrum domain. Due to the sparse spec-
trum of InSAR phase image, a signal parameterization scheme
based on the OBS approach from the observed GD dataset can
be applied to decompose the InSAR phase signal into a set
of polynomial basis functions. Then, all of the steps required
to recover the sensing matrix of linear system between the
InSAR phase signal and its spectrum are iteratively carried out
to precisely retrieve the InNSAR phase signal while preserving
the spatial resolution. The principles of the proposed approach
were fully described in this article. The proposed method for
InSAR denoising is capable of achieving remarkable good
preservation of fringe details and noise cancellation. The simula-
tion and experimental results validated a considerable improve-
ment in performance on the aspects of noise reduction quality
and efficiency in comparison to conventional InSAR denoising
methods.



KANG AND BAEK: EFFECTIVE DENOISING OF InSAR PHASE IMAGES VIA COMPRESSIVE SENSING

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(17]

[18]

[19]

[20]

[21]

[22]

REFERENCES

G. Krieger et al., “TanDEM-X: A satellite formation for high resolution
SAR interferometry,” IEEE Trans. Geosci. Remote Sens., vol. 45, no. 11,
pp- 3317-3341, Nov. 2007, doi: 10.1109/TGRS.2007.900693.

J. S. Lee, K. W. Hoppel, S. A. Mango, and A. R. Miller, “Intensity and
phase statistics of multilook polarimetric and interferometric SAR im-
agery,” IEEE Trans. Geosci. Remote Sens., vol. 32, no. 5, pp. 1017-1028,
Sep. 1994.

R. Lanari et al., “Generation of digital elevation models by using SIR-C/X-
SAR multifrequency two-pass interferometry: The Etna case study,” IEEE
Trans. Geosci. Remote Sens., vol. 34, no. 5, pp. 1097-1113, Sep. 1996,
doi: 10.1109/36.536526.

R. Bamler and P. Hartl, “Synthetic aperture radar interferom-
etry,” Inverse Probl., vol. 14, no. 4, pp.R1-R54, Aug. 1998,
doi: 10.1088/0266-5611/14/4/001.

H. A. Zebker and J. Villasenor, “Decorrelation in interferometric radar
echoes,” IEEE Trans. Geosci. Remote Sens., vol. 30, no. 5, pp. 950-959,
Sep. 1992, doi: 10.1109/36.175330.

M. S. Kang, J. H. Bae, S. H. Lee, and K. T. Kim, “Bistatic ISAR
imaging and scaling of highly maneuvering target with complex motion
via compressive sensing,” IEEE Trans. Aerosp. Electron. Syst., vol. 54,
no. 6, pp. 2809-2826, Dec. 2018.

X.Lin, F.Li,D. Meng, D. Hu, and C. Ding, “Nonlocal SAR interferometric
phase filtering through higher order singular value decomposition,” IEEE
Geosci. Remote Sens. Lett., vol. 12, no. 4, pp. 806-810, Apr. 2015.

G. Baier, C. Rossi, M. Lachaise, X. X. Zhu, and R. Bamler, “A nonlo-
cal InSAR filter for high-resolution DEM generation from TanDEM-X
interferograms,” IEEE Trans. Geosci. Remote Sens., vol. 56, no. 11,
pp. 6469-6483, Nov. 2018, doi: 10.1109/TGRS.2018.2839027.

M. S. Kang and K. T. Kim, “Automatic SAR image registration via Tsallis
entropy and iterative search process,” IEEE Sensors J., vol. 20, no. 14,
pp- 77117720, Jul. 2020.

J. Moreira et al., “X-SAR interferometry: First results,” IEEE Trans.
Geosci. Remote Sens., vol. 33, no. 4, pp.950-956, Jul. 1995,
doi: 10.1109/36.406681.

D. Masonnet et al., “The displacement field of the Landers earthquake
mapped by radar interferometry,” Nature, vol. 364, no. 6433, pp. 138-142,
Jul. 1993.

D. Massonnet, P. Briole, and A. Arnaud, “Deflation of Mount Etna mon-
itored by spaceborne radar interferometry,” Nature, vol. 375, no. 6532,
pp. 567-570, Jun. 1995, doi: 10.1038/375567a0.

D. C. Ghiglia and M. D. Pritt, Two-Dimensional Phase Unwrapping:
Theory, Algorithms, and Software. New York, NY, USA: Wiley, 1998.

J. S. Lee, K. P. Papathanassiou, T. L. Ainsworth, M. R. Grunes, and
A. Reigber, “A new technique for noise filtering of SAR interferomet-
ric phase images,” IEEE Trans. Geosci. Remote Sens., vol. 36, no. 5,
pp. 1456-1465, Sep. 1998.

C. F. Chao, K. S. Chen, and J. S. Lee, “Refined filtering of interferometric
phase from InSAR data,” IEEE Trans. Geosci. Remote Sens., vol. 51,
no. 12, pp. 5315-5323, Dec. 2013, doi: 10.1109/TGRS.2012.2234467.
M. S. Seymour and I. G. Cumming, “Maximum likelihood estimation
for SAR interferometry,” in Proc. IEEE Int. Geosci. Remote Sens. Symp.,
1994, pp. 2272-2275, doi: 10.1109/IGARSS.1994.399711.

C. A. Deledalle, L. Denis, and F. Tupin, “NL-InSAR: Nonlocal inter-
ferogram estimation,” /EEE Trans. Geosci. Remote Sens., vol. 49, no. 4,
pp. 1441-1452, Apr. 2011, doi: 10.1109/TGRS.2010.2076376.

R. Chen, W. Yu, R. Wang, G. Liu, and Y. Shao, “Interferometric phase
denoising by pyramid nonlocal means filter,” IEEE Geosci. Remote Sens.
Lett., vol. 10, no. 4, pp. 826-830, Jul. 2013.

X. Luo, X. Wang, Y. Wang, and S. Zhu, “Efficient InSAR phase noise
reduction via compressive sensing in the complex domain,” /IEEE J. Sel.
Topics Appl. Earth Observ. Remote Sens., vol. 11, no. 5, pp. 1615-1632,
May 2018.

F. Sica, G. Gobbi, P. Rizzoli, and L. Bruzzone, “®-Net: Deep residual
learning for INSAR parameters estimation,” IEEE Trans. Geosci. Remote
Sens., vol. 59, no. 5, pp. 3917-3941, May 2021.

N. Wu, D. Z. Feng, and J. Li, “A locally adaptive filter of interferometric
phase images,” IEEE Geosci. Remote Sens. Lett., vol. 3, no. 1, pp. 73-77,
Jan. 2006, doi: 10.1109/LGRS.2005.856703.

A. L. B. Candeias, J. C. Mura, L. V. Dutra, J. R. Moreira, and P. P. Santos,
“Interferogram phase noise reduction using morphological and modified
median filters,” in Proc. 1995 IEEE Int. Geosci. Remote Sens. Symp., 1995,
pp. 166-168, doi: 10.1109/IGARSS.1995.519679.

[23]

[24]

[25]

[26]

[27]
[28]
[29]
(30]

[31]

(32]

[33]

17779

W. B. Abdallah and R. Abdelfattah, “An enhanced weighted median
filter for noise reduction in SAR interferograms,” in Proc. Int. Conf. Adv.
Concepts Intell. Vis. Syst., 2013, pp. 49-59.

D. Meng, V. Sethu, E. Ambikairajah, and L. Ge, “A novel technique for
noise reduction in InSAR images,” IEEE Geosci. Remote Sens. Lett.,vol. 4,
no. 2, pp. 226-230, Apr. 2007, doi: 10.1109/LGRS.2006.888845.

J. Xue, K. Deng, and F. Zhu, “Gauss weighted periodic pivoting filtering
algorithm for InSAR interferogram,” Sci. Surv. Mapp., vol. 3, pp. 40-45,
Mar. 2011.

R. Goldstein, H. A. Zebker, and C. L. Werner, “Satellite radar interfer-
ometry: Two-dimensional phase unwrapping,” Radio Sci., vol. 23, no. 4,
pp. 713-720, Jul./Aug. 1988, doi: 10.1029/RS023i004p00713.

V. C. Chen and H. Ling, Time-Frequency Transforms for Radar Imaging
and Signal Analysis. Boston, MA, USA: Artech House, 1995.

R. C. Gonzalez and R. E. Woods, Digital Image Processing, 11 ed. New
Delhi, India: Pearson Education, 2005.

D. L. Donoho, “Compressive sensing,” IEEE Trans. Inf. Theory, vol. 52,
no. 4, pp. 1289-1306, 2006.

M. Elad, Sparse and Redundant Representations. Berlin, Germany:
Springer, 2010.

M. S. Kang and J. M. Baek, “SAR image reconstruction via
incremental imaging with compressive sensing,” [EEE Trans.
Aerosp. Electron. Syst., vol. 59, no. 4, pp.4450-4463, Aug. 2023,
doi: 10.1109/TAES.2023.3241893.

G. Xu, B. Zhang, H. Yu, J. Chen, M. Xing, and W. Hong, “Sparse synthetic
aperture radar imaging from compressed sensing and machine learning:
Theories, applications and trends,” IEEE Geosci. Remote Sens. Mag.,
vol. 10, no. 4, pp. 32-69, Dec. 2022, doi: 10.1109/MGRS.2022.3218801.
M. S. Kang, S. J. Lee, S. H. Lee, and K. T. Kim, “ISAR imaging of
High-Speed maneuvering target using gapped Stepped-Frequency wave-
form and compressive sensing,” IEEE Trans. Image. Process., vol. 26,
no. 10, pp. 5043-5056, Oct. 2017.

Min-Seok Kang (Senior Member, IEEE) received
the B.S. (summa cum laude) degree in electrical and
computer engineering from Ajou University, Suwon,
South Korea, in 2013, and the M.S. and Ph.D. degrees
in electrical engineering from Pohang University of
Science and Technology (POSTECH), Pohang, South
Korea, in 2015 and 2019, respectively.

From 2019 to 2020, he was a Senior Researcher
with Agency for Defense Development, Daejeon,
South Korea. Since 2020, he has been with the Divi-
sion of Electrical, Electronic, and Control Engineer-

ing, Kongju National University, Cheonan, South Korea, where he is currently an
Assistant Professor. His current research interests include radar signal process-
ing, synthetic aperture radar (SAR) and inverse SAR imaging, interferometric
SAR processing, array pattern synthesis, compressive sensing and artificial
intelligence algorithms for radar signal processing, optimization theory, and
control theory.

Dr. Kang was the recipient of a National Scholarship for Natural Science and
Engineering from Korea Student Aid Foundation in 2007, a Yonam scholarship
from LG Yonam Foundation in 2015, and the Outstanding Doctoral Dissertation
Award from the POSTECH in 2019.

Jae-Min Baek (Member, IEEE) received the B.S.
degree in mechanical engineering from Korea Uni-
versity, Seoul, South Korea, in 2012, and the Ph.D.
degree (M.S.-Ph.D. joint program) in IT engineering
from Pohang University of Science and Technology
(POSTECH), Pohang, South Korea, in 2018.

From 2018 to 2020, he was with the Agency for
Defense Development, Daejeon, South Korea. Since
2020, he has been with the Department of Mechanical
Engineering, Gangneung-Wonju National University,
Wonju, South Korea. His main research interests

include control theory, adaptive/robust control, robotics, mechatronics, and
synthetic aperture radar processing.


https://dx.doi.org/10.1109/TGRS.2007.900693
https://dx.doi.org/10.1109/36.536526
https://dx.doi.org/10.1088/0266-5611/14/4/001
https://dx.doi.org/10.1109/36.175330
https://dx.doi.org/10.1109/TGRS.2018.2839027
https://dx.doi.org/10.1109/36.406681
https://dx.doi.org/10.1038/375567a0
https://dx.doi.org/10.1109/TGRS.2012.2234467
https://dx.doi.org/10.1109/IGARSS.1994.399711
https://dx.doi.org/10.1109/TGRS.2010.2076376
https://dx.doi.org/10.1109/LGRS.2005.856703
https://dx.doi.org/10.1109/IGARSS.1995.519679
https://dx.doi.org/10.1109/LGRS.2006.888845
https://dx.doi.org/10.1029/RS023i004p00713
https://dx.doi.org/10.1109/TAES.2023.3241893
https://dx.doi.org/10.1109/MGRS.2022.3218801


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


