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ACE-OT: Polarimetric SAR data based amplitude
contrast enhancement algorithm for offset tracking

applications
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Abstract—The use of polarimetric SAR data can improve
the performance of persistent scatterer interferometry (PSI).
However, its huge potential remains locked for the amplitude
information based offset tracking (OT) technology. For example,
to the best knowledge of the authors, there is no single example
of a polarization based image optimization method that has
been developed for OT processing. In this paper, an amplitude
contrast enhancement algorithm (ACE) is introduced, which
demonstrates the potential of the polarimetric SAR data on the
improvement of OT performance. Its core idea is finding the
optimal combination of the different scattering mechanisms for
each pixel to improve the contrast. Firstly, the orientation of the
reflected polarization ellipse is removed, to avoid the influence of
the geometric relationship between the antenna and the target,
and the properties of the target. Then three similarity parameters
are defined to represent the three basic reflection types of the
single bounce, the double bounce, and the random reflection.
After that, the optimizing equation is constructed with two
optimizing vectors. Finally, the optimizing vectors are calculated
to obtain the enhanced amplitude image. Three examples of the
enhancement are presented with different PolSAR images sets of
both full- (Radarsat-2) and dual-polarization (TerraSAR-X and
Sentinel-1). The performance of ACE-OT has been compared
with another method, the Adaptive Histogram Enhancement
(AHE). The impact of the number of polarization channels
available on ACE-OT performance has also been studied.

Index Terms—offset tracking, contrast enhancement, radar
polarimetry, synthetic aperture radar (SAR).

I. INTRODUCTION

DUE to its robustness for dealing with cases in which
large deformations are present, amplitude image based

Offset Tracking (OT) is widely used in the observation of
glacier movements [1], mining caused ground deformations
[2], landslides [3] and volcanic activities [4]. In these situ-
ations, traditional Persistent Scatters Interferometry (PSI), or
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Differential Interferometry SAR (DInSAR), methodologies are
not able to deal with the strong phase decorrelation induced
by large deformations.

As more SAR satellites with polarimetric capabilities are
available, it is feasible to improve OT performance taking
advantage of its polarimetric diversity. As one of the few
OT methods using polarimetry, the polarimetric similarity
tracking method was proposed to improve the accuracy of OT
[1]. The multiple offset results are obtained through different
polarization channels, and the hypergeometric Bessel function
is applied to estimate the most likely result. This method
can improve OT reliability and can be implemented into any
kind of multivariate remote sensing data such as multichannel
optical images. However, the polarimetric data are simply
regarded as simply redundant observations, while the scat-
tering information contained in them is not utilized. Another
polarimetric data based OT method proposed by Wang defined
the cross correlation according to the vector constructed by
Pauli decomposition [3]. This method is able to exploit the
scattering information and improve the OT accuracy, but due to
the characteristics of the Pauli decomposition, the effect of the
single scattering in the image is emphasized, while the effect
of the volume scattering and the double scattering is being
reduced. Besides, instead of doing optimization, the different
kinds of reflections are simply added when calculating the
correlation between two images, which does not fully exploit
the potentiality of polarimetric data.

For PSI, polarimetric data based amplitude and phase op-
timizing methods improve the performance of deformation
detection and characterization by increasing the density and
quality of valid pixels with respect to the single polarization
case [5]–[22]. The main idea of polarimetric optimization is to
construct a polarization space and find the optimal projection
of the polar vector in this space.

However, these optimization methods are not suitable for the
OT case as they are based on optimizing the phase quality.
Compared with the phase, the amplitude is more robust to
the loss of coherence, which is the reason why OT is still
a powerful alternative to DInSAR despite its lower accuracy.
Therefore, this paper does not consider coherence-based phase
optimization methods. For the methods where the optimization
criterion is the amplitude deviation [10], [11] the information
of targets at more than two different moments are required.
The basic OT processing works with image pairs. Besides,
the optimization methods for DInSAR assume that the offset
caused by the deformation is very small, at least within one
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pixel. This assumption does not hold for the OT case. The
offset detected by OT can be several pixels. Therefore, the
existing polarimetric optimization algorithms for DInSAR are
not suitable for OT.

For the amplitude information based OT, contrast is one
of the most important indicators to estimate the suitability of
the images. The cross-correlation between two images can not
be properly calculated if distinctive features are not present.
Image contrast, this is the energy distribution, is an effective
quantitative indicator to measure the presence of distinctive
features in a SAR image. Larger contrasts imply richer feature
information. Therefore, inspired by Yang [23], [24], an am-
plitude optimization method based on contrast enhancement
is proposed in this paper. The method improves the image
contrast by searching the optimal polarization combination
leading to the largest contrast according to the scattering
mechanisms of ground objects, and therefore is named as
Amplitude Contrast Enhancing Offset Tracking (ACE-OT).

Three different PolSAR data sets are used to assess the per-
formance of the proposed method. One is dual-pol TerraSAR-
X images over Daliuta (China), which is affected by strong
mining-induced subsidence. The deformation time series are
obtained by the proposed ACE-OT. The other data sets are
quad-pol Radarsat-2 and dual-pol Sentinel-1 images acquired
over the Barcelona airport. Because the deformation in this
area is too small to be detected by OT, simulated deformations
have been added to Radarsat-2 data to evaluate its perfor-
mance. Sentinel-1 images are used to verify the capability of
the proposed method on separating the scattering mechanisms.

The paper is organized as follows. In Section II, the pro-
posed method is introduced. The data sets and results are
described in Section III and Section IV. The discussion of the
performance of different polarization channel combinations of
Radarsat-2 and Sentinel-1 is performed in Section V. Finally,
conclusions are given in Section VI.

II. METHODOLOGY

The overall scheme of the proposed method is shown in
Fig. 1(a). Similar to the conventional OT, images need to be
co-registered and base-banded before their interpolation and
cross correlation calculation. The scheme of the amplitude
enhancement method is shown in Fig. 1(b). The step marked
with a dotted line can only be applied to quad-pol data.

Instead of only enhancing part of the image [23], the
proposed method can improve the contrast of the whole image.
In the particular case of a monostatic system, as the sensors
considered in this paper, the cross-polar channels should be
equal, i.e. SHV = SV H .

The enhancement algorithm is mainly composed of three
steps: orientation elimination, similarity parameter acquisition
and contrast optimization.

A. Orientation elimination

The complex back scattering matrix S for a monostatic radar
can be defined as [25]–[28]:

[S] =

[
SHH SHV

SV H SV V

]
(SHV = SV H) (1)
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Fig. 1. Scheme of the proposed ACE-OT. (a) Overall scheme of the OT
process. (b) Sub-scheme of the Amplitude Contrast Enhancement procedure.

where SHH , SHV , SV H , SV V are the different polarimetric
channels of the target response. The subscript means the
polarization of the received and transmitted signals.
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Fig. 2. Polarization ellipse rotation of the target reflection with respect the
transmitted one.

It can be seen from Fig. 2 that after the reflection, the
polarization ellipse of the received signal is rotated by an angle
ϕ with respect to the transmitted one. The angle ϕ depends on
the geometric relationship between the antenna and the target,
and the properties of the target. Scattering matrices of some
targets are orientation independent, while others are not [29].
The ellipse orientation could change the phase information in
the received signals, it is thus necessary to eliminate it with
Eq. (2)

[
S0
]

= [J(−ϕ)] · [S] · [J(ϕ)] =

[
S0
HH S0

HV

S0
V H S0

V V

]
(2)

where
[J(ϕ)] =

[
cosϕ − sinϕ
sinϕ cosϕ

]
(3)

the orientation ϕ can be obtained by the Huynen decomposi-
tion [29]

ϕ =
1

2
· arctan

2 · Re {S∗
HV (SHH + SV V )}
|SHH − SV V |2

(4)
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where Re means retaining the real part of a complex number
and ∗ means complex conjugate.

After the operation by Eq. (2), (3) and (4), the influence
of the ellipse orientation on the following calculations can be
avoided. This step can not be applied to dual-pol data as the
orientation ϕ can not be determined with Eq. (4).

B. Similarity parameters acquisition

The proposed method defines three similarity parameters
according to [23]. The first two parameters r1 and r2 describe
two basic scattering mechanisms: single reflection and double
reflection from a target, as shown in Eq. (5) and (6). r1 is
large in calm sea areas or smooth surfaces like roads, roofs or
fields. r2 is small in the previous cases but large in urbanized
areas. The third parameter, r3, is the polarization entropy [30],
which is very good for measuring the randomness of targets
like those affected by volume scattering, shown in Eq. (7).

r1 =

∣∣S0
HH + S0

V V

∣∣2
2
(
|S0

HH |
2

+ |S0
V V |

2
+ 2 |S0

HV |
2
) (5)

r2 =

∣∣S0
HH − S0

V V

∣∣2
2
(
|S0

HH |
2

+ |S0
V V |

2
+ 2 |S0

HV |
2
) (6)

r3 = −
3∑

i=1

Pi log3 Pi (7)

Pi =
λi∑3

k=1 λk
,

3∑
k=1

Pk = 1 (8)

kT =
1√
2

 S0
HH + S0

V V

S0
HH − S0

V V

2S0
HV

 (9)

T =
1

L

L∑
n=1

(kT · k+
T ) (10)

r3 can be obtained by Eq. (7), (8), (9) and (10). Where kT

is the Pauli spin matrix, λi the eigenvalues of the polarization
coherence matrix T by singular value decomposition, Pi

the pseudo probability obtained from the eigenvalues, L the
number of looks, and + the Hermitian or conjugate transpose.
In this paper, T is calculated with a 3× 3 averaging window.

The values of r1, r2 and r3 range from 0 to 1. The larger
the parameter, the stronger the corresponding reflection type.
For example, a large r1 value represents that the reflection is
mainly a single bounce.

C. Contrast optimization for quad-pol data

The optimization of the polarimetric contrast enhancement
(OPCE) can increase the contrast between two kinds of targets
[28], [31], [32]. Assuming TA and TB are the average
scattering matrices of two ground targets, K̄(TA) and K̄(TB)
are their Kennaugh matrices. The Kennaugh matrix can be
obtained according to,

K̄ =
〈
A∗

4

(
[S0]⊗ [S0]∗

)
A−1

4

〉
(11)

where ⊗ represents the tensor product and A4 is,

A4 =


1 0 0 1
1 0 0 −1
0 1 1 0
0 j −j 0

 (12)

The OPCE optimization consists on finding g =
(1, g1, g2, g3)

t and h = (1, h1, h2, h3)
t that maximizes the

power ratio of TA and TB with constrains, i.e.,

maximize
ht[K̄(TA)]g

ht[K̄(TB)]g

subject to g21 + g22 + g23 = 1

h21 + h22 + h23 = 1.

(13)

Yang. [23] assumed that the optimal function should contain
the scattering characteristics of the target. However, under
normal circumstances, we cannot know the optimal functional
form. Therefore, GOPCE assumes that the functional form
includes two factors. One factor is the received energy, which
is mentioned in OPCE, and the other is the scattering char-
acteristics of the target. Same as h and g, x helps find the
maximum power ratio of TA and TB.

maximize
1
M

∑
TA

[∑3
i=1 xiri(TA)

]2
1
N

∑
TB

[∑3
i=1 xiri(TB)

]2 × ht[K̄(TA)]g

ht[K̄(TB)]g

subject to g21 + g22 + g23 = 1

h21 + h22 + h23 = 1

x21 + x22 + x23 = 1
(14)

where M and N denote the selected pixel numbers of TA

and TB, respectively. It can be seen from Eq. (14) that the
contrast can be improved by enhancing the desired target TA

versus the undesired target TB.
For the OT applications, the contrast of the whole image

needs to be enhanced instead of only two kinds of targets.
The contrast calculation proposed by Cumming [33] can be
applied as the optimizing criteria:

C =
E
(
|I|2
)

[E(|I|)]2
(15)

where I is intensity and E the mathematical expectation.
To obtain the maximum contrast, the optimal equation is
established according to GOPCE.

OP =

[
3∑

i=1

xiri

]2
× ht

m[K]gm

subject to g = (1, g1, g2, g3)
t

h = (1, h1, h2, h3)
t

x = (x1, x2, x3)
t

g21 + g22 + g23 = 1

h21 + h22 + h23 = 1

x21 + x22 + x23 = 1

(16)

The optimal polarization states g, h, and x are the same as
those of the GOPCE. The maximum contrast can be achieved
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after finding these optimal states. From Eq. (16) it is known
that g, h, and x could be the coordinates of a point that is on a
spherical surface with a radius of 1 and centered at the origin
of coordinates, (0, 0, 0). Therefore, the original 9 parameters
to be optimized can be reduced to 6, i.e.,

g = (1, sinα cos θ, sinα sin θ, cosα)
t

h = (1, sinβ cos γ, sinβ sin γ, cosβ)
t

x = (1, sin δ cos ε, sin δ sin ε, cos δ)
t

(17)

For a multi-parameter optimization problem, many ap-
proaches can be applied, such as the Newton-Raphson method,
quasi Newton method, and the Conjugate Gradient Method
(CGM). Due to its low computational burden and high com-
putational efficiency, CGM [34] is applied to obtain g, h,
and x for maximizing the contrast in Eq. (15). The enhanced
amplitude image can be generated once the parameters g, h,
and x are obtained.

D. Contrast optimization for dual-pol data

Since dual-pol SAR is quite common as some polarimetric
sensors can not provide quad-pol data, like Sentinel-1, it is
necessary to consider their capabilities for contrast enhance-
ment. There are two kinds of combinations for dual-pol data:
two co-polar channels (i.e., {HH,V V }) and a co-polar and
a cross-polar channels (i.e., {HH,V H} or {V V,HV }). As
the processing and the behaviour of the enhancement strongly
depends on the presence of a cross-polar channel, they will be
presented separately.

1) Enhancement with {HH,V V }: The lack of cross-pol
data makes impossible to eliminate the orientation. Conse-
quently, the contrast enhancement starts with the calculation
of the similarity parameters. r1, r2 and r3 are defined as:

r1 =
|SHH + SV V |2

2
(
|SHH |2 + |SV V |2

) (18)

r2 =
|SHH − SV V |2

2
(
|SHH |2 + |SV V |2

) (19)

r3 = −
2∑

i=1

Pi log2 Pi (20)

As in the quad-pol case, r3 is calculated by the pseudo
probabilities obtained from the eigenvalues of the polarization
coherence matrix T. From Eq. (21) it is known that due to
the lack of the cross-pol data, kT becomes a two-dimensional
vector, T thus turns into a 2× 2 matrix. Therefore, only two
eigenvalues can be obtained, instead of the three of quad-pol
data, and the pseudo probabilities are calculated with Eq. (22)

kT =
1√
2

[
SHH + SV V

SHH − SV V

]
(21)

Pi =
λi∑2

k=1 λk
,

2∑
k=1

Pk = 1 (22)

Although values for r3 can be obtained, the absence of
cross-pol data make them potentially inaccurate and noisy. The
entropy maps obtained from HH − V V data are compared
with those obtained with quad-pol data. Sections IV-B and
Section V show and discuss the results. Therefore, this lack
of reliability of r3 forces it to do not allow its participation in
the contrast enhancement.

The scattering matrix in this case becomes:

[S] =

[
SHH 0

0 SV V

]
(23)

With S the Kennaugh matrix [K] can be obtained. The
optimization equation is defined as:

OP =

[
2∑

i=1

xiri

]2
× ht

m[K]gm

subject to g = (1, g1, g2, g3)
t

h = (1, h1, h2, h3)
t

x = (x1, x2)
t

g21 + g22 + g23 = 1

h21 + h22 + h23 = 1

x21 + x22 = 1

(24)

Once the optimized equation is established, CGM is used to
find g, h, and x that maximize the contrast.

2) Enhancement with {HH,V H} or {V V,HV }: As there
is only one co-polar channel, xx, r1 and r2 will be identical.
Therefore, only r1 and r3 participate in the contrast enhance-
ment. They are defined as:

r1 =
|Sxx|2

2
(
|Sxx|2 + 2 |SHV |2

) (25)

r3 = −
2∑

i=1

Pi log2 Pi (26)

Pi =
λi∑2

k=1 λk
,

2∑
k=1

Pk = 1 (27)

kT =
1√
2

[
Sxx

2SHV

]
(28)

The scattering matrix becomes:

[S] =

[
SHH SHV

SHV 0

]
or [S] =

[
0 SHV

SHV SV V

]
(29)

With S the Kennaugh matrix, [K] can be obtained. The
optimization equation is defined as:

OP = (x1r1 + x3r3)
2 × ht

m[K]gm

subject to g = (1, g1, g2, g3)
t

h = (1, h1, h2, h3)
t

x = (x1, x3)
t

g21 + g22 + g23 = 1

h21 + h22 + h23 = 1

x21 + x23 = 1

(30)
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III. TEST SITES AND DATA SETS

To validate the proposed amplitude contrast enhancement
method, two different scenarios (an airport and a mountainous
area) and three SAR data sets have been selected. The first
one consists of 31 stripmap quad-pol Radarsat-2 images over
the Barcelona airport (Spain), acquired from June 2010 to July
2012. The resolution is 5.1 m in azimuth and 4.7 m in range.
Since the real deformation is too small to be detected by OT,
simulated offsets have been added to the images. Over the
same scenario, 32 dual-pol {V V,HV } Sentinel-1 A/B images
acquired from 2 April, 2018 to 5 October, 2018, have also
been processed. In its Interferometric Wide Swath (IW) mode
features a spatial resolution ranging from 2.7 to 3.5 m in range
and 22.0 m in azimuth with a 250 km swath. Both sensors
work at C-band.

The last test site is located in Daliuta (China), a mountain-
ous area affected by large ground deformations caused by coal
mining activities. The data set covering this area consists of
20 TerraSAR-X SPOT dual-pol images {HH,V V }, acquired
from April 2014 to December 2014, with a resolution of 2.2 m
in azimuth and 1.2 m in range. TerraSAR-X works at X-band
and has a revisit period of 11 days.

Besides the PolSAR images, SRTM DEMs with a resolution
of 90 m have been used to help with the images’ co-registration
[35].

IV. RESULTS

A. Results of quad-pol Radarsat-2 images

Because the proposed method performs contrast enhance-
ment based on the scattering mechanism of the ground targets,
it is very important whether the scattering types are correctly
retrieved. Fig. 3 shows the reflection types in the airport area,
calculated from the temporal average of the 31 Radarsat-2
images, as well as the optical image to help recognize ground
features. As expected, the value of r1 is large in airport
runways, sea, bare land, and roofs of large buildings, r2 is
large in urbanized areas and r3 is large in vegetated areas and
areas with complex structures that induce volume scattering,
such as the airport terminal.

Four typical ground features (farmland with vegetation,
roads, sea and buildings) are selected to analyze their scat-
tering characteristics. Their locations are marked with orange,
magenta, and blue rectangles in Fig. 3(a). The scatter plots
between the three similarity parameters and the amplitude
are shown in Fig. 4. The average amplitudes of the two co-
polar and one cross-polar channels are used as the abscissa
for all cases. It can be seen that the four features present
different amplitude distributions. The sea area and roads have
the largest concentration of low amplitudes as they reflect less
energy. Their scattering is single-bounce. On the contrary, the
buildings have higher and more disperse amplitude values due
to their complex structures. Their scattering is mostly double-
bounce.

From Fig. 4, one easily finds that the largest values of r1
are associated to sea area and roads, of r2 to buildings and of
r3 to farm. The scattering characteristics of the four ground
features in Fig. 4 are consistent with the results in Fig. 3,

which means r1, r2 and r3 can represent the single, double
and random reflection, respectively.

After the validation of the scattering mechanism separation,
the amplitude contrast enhancement is applied to Radarsat-2
images and the result is shown in Fig. 5.

There are many methods to enhance image contrast, but
as far as the authors know, they are based on pure image
processing and they do not consider or take advantage of
the scattering mechanisms information present in the data.
A classical method called Adaptive Histogram Equalization
(AHE) has been selected to compare with the proposed method
[36]. AHE involves applying contrast enhancement based on
the local region surrounding each pixel. Each pixel is mapped
to an intensity proportional to its rank within the surrounding
neighborhood. This method of automatic contrast enhancement
has proven to be broadly applicable to a wide range of images
and have demonstrated its effectiveness. It has been selected
for comparison purposes as it works locally, as ACE.

The contrast of each polarimetric channel is around 1.25, the
contrast of their average amplitudes image is 1.12, while the
AHE and ACE contrast are 1.74 (over the averaged amplitude
image) and 2.76, respectively. Fig, 6 shows the amplitude
distributions for each case. AHE only changes the amplitude
values from the original Rayleigh distribution to a uniform
one, with no consideration of the scattering mechanisms. It
can be seen that the airport runways and the sea area are
brighter after AHE, although the received energy from these
areas was small, making the data noisier. On the contrary,
with ACE the areas with strong scatters are emphasized, such
as the airport terminals and buildings, while the weak areas are
emaciated, such as the airport runways, the roads and swamp
in the bottom of the image. From the amplitude image and
the three scatter mechanism maps we can see that there are
many speckles in the farmland and some roads. These speckles
can be associated to small towers, small bridges, small piers
or even rocks which are highlighted by ACE, although they
can also be noise in some cases. Generally speaking, the
enhancement of all the distinctive features present in the
images contribute to the contrast improvement.

The cross correlations of the amplitude images with and
without the enhancements are calculated and shown in Fig. 7.
The images were acquired on January 15, 2011, and July 2,
2011. Fig. 7(a) shows the cross correlation calculated by the
average amplitude of the original HH , V V , and HV polariza-
tion data, and Fig. 7(b) and (c) show the cross correlation of
the images enhanced by AHE and ACE respectively. It can be
seen that after AHE, the gradient near the peak of correlation
is larger, which is beneficial for offset tracking. However, the
cross correlation coefficient also increase for almost the whole
map, meaning that the two amplitude images, although having
larger contrast, become more different after the enhancement.
This can be attributed to the contrast enhancement in areas
with random behaviours, like the sea, or low signal, like
runaways. In the case of ACE, the cross correlation peak is
sharper and the gradient near the peak is increased, while the
cross correlation coefficient decreases elsewhere.

To demonstrate the advantage of the enhancement method,
an OT processing is carried out with the same two images. A
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Fig. 3. Temporal average scatter mechanism maps obtained from quad-pol Radarsat-2 images with the coverage size of 4600m × 2829m. (a) Optical image
from Google Earth. (b) Value of similarity parameter r1, related to the measurement of single reflections. (c) Value of similarity parameter r2, related to the
measurement of double reflections. (d) Value of similarity parameter r3, i.e., polarization entropy, related to the measurement of randomness. The features
highlighted with orange, magenta, green and blue rectangles in (a) are a farmland with vegetation, a road, sea area and a building, respectively.

(a) (b) (c)

Fig. 4. Relationship between amplitude and similarity parameters of different ground features. Scatter plots of similarity parameters vs amplitude (a) r1, (b)
r2 and (c) r3.

simulated offset in slant range direction is added on the second
one as the real deformation is extremely weak. The template
size is set to 64×64 pixels with no windowing. The simulated
offset, and the offset obtained with the original images and the
images enhanced by AHE and ACE are shown in Fig. 8(a),
(b), (c) and (d) respectively. It can be seen that the shape of
the offset area in (b), (c) and (d) are similar to the simulated
one, while it is clear that the result of ACE enhanced images is
smoother and has fewer abnormal values. Non-realistic offsets
are obtained in the lower left corners of Fig. (b),(c) and (d),
which belong to the sea. In an operational use of the method,
the sea should be masked. Another wrong result is located in
the area highlighted with the red circle in Fig. 8(d) that is
caused by dramatic seasonal changes on the amplitude. It is
obvious from (d)-(f) that vegetation has disappeared in winter
and grew up again in summer.

A simulated time dependant deformation is added to the 31
Radarsat-2 images mentioned in Section III. The deformation
rate is set to be linear. After the image enhancement and
masking of the sea and error prone areas, OT is applied
with a template size of 64×64 pixels. The deformation time
series are obtained and shown in Fig. 9. The image pair
used corresponds to the deformation period indicated at the

bottom of each deformation map. For each time span, the
first column shows the simulated offset. The second is the
offset obtained with averaged images while the third is the
error (the difference between the retrieved deformation values
and the real ones). The fourth is the offset obtained with
images enhanced by AHE, and the fifth is the error. Finally,
the sixth ad seventh are the results with the images enhanced
by ACE. Deformation maps have color-scales ranging from
-2 to +2 pixels while error maps from -0.5 to +0.5 pixels.
Results for eight different periods are shown. The template
size has a direct impact on the capability of OT to monitor
non-spatially uniform deformations. These estimation errors
are more noticeable in areas with larger deformation gradients,
like the boundaries of the deformation bowl. Due to the
averaging effect, some bias in the results can be found in areas
with non-uniform deformation. The best results are obtained
with ACE, no artifacts can be found outside the deformation
bowl and the shape and values of deformation are determined
with an acceptable degree of precision, around ± 0.2 pixels,
for an OT estimation. The results with the original averaged
images present artifacts outside the deformation bowl and their
shape and values are not as precise as with ACE. Finally,
AHE results are not satisfactory as well. The shape of the
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Fig. 5. Amplitude comparison before and after the application of the two contrast enhancements. The images are acquired on January 20, 2010. (a), (b) and
(c) show the original HH , V V and HV amplitudes (the file values no-radiometrically corrected), respectively. (d) is the averaged amplitude from the four
polarimetric channels, (e) is the AHE contrast enhanced amplitude, (f) is the ACE contrast enhanced amplitude. (d), (e) and (f) use identical scale bars for a
better comparison.

deformation bowl is worsely estimated and the error values
present a larger deviation.

The histograms of the error of the last time-span of Fig.
9 - 20100613-20120626 are shown in Fig. 10. It can be
observed that the error distribution is not symmetric and biased
to positive values. As expected, the ACE error histogram is
the one that presents the lower dispersion, followed by the
original averaged images and, closely, by AHE. The mean
error for each case is -0.002, 0.076 and 0.008 with error
standard deviations of 0.073. 0.155 and 0.214, respectively.
Clearly, ACE is the method that provides the best results while
AHE has the largest standard deviation of all.

B. Results of dual-pol TerraSAR-X images

The temporal average scattering mechanism decomposi-
tion results of mountainous area in Daliuta with 20 dual-
pol {HH,V V } TerraSAR-X images are shown in Fig. 11.
Single reflections mainly happen on roads, farmlands with no
vegetation, and valley flat areas. Double reflections distribute
in hillsides, ridges, and building areas. The acquired entropy is
noisy and inaccurate due to the lack of cross-polar data. This is
the reason that entropy does not participate in the enhancement
processing for the {HH,V V } case.

Same as in the airport test site, the scatter plots between
the similarity parameters of the three typical ground features
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Fig. 7. Cross correlation comparison before and after contrast enhancements
with January 15, 2011 and July 2, 2011 images. (a) is the cross-correlation
obtained from the average amplitudes of the original HH , V V and HV
channels, (b) and (c) are the cross-correlation maps obtained from the images
enhanced with AHE and ACE, respectively.
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Fig. 8. OT result. (a) is the simulated deformation in slant-range, (b) the
deformation obtained with the original averaged channels, (c) and (d) the
deformation obtained with images enhanced with AHE and ACE, respectively.
(e) and (f) are a detailed view of the HH channel amplitude acquired on
January 15, 2011 and July 2, 2011, respectively. (g) is the optical image of
the same area from Google Earth. The red circle in (d) highlights a swamp
that causes a strong variation of the amplitude in the temporal time-span.

(farmland, road and building) and the average amplitude are
shown in Fig. 12. Compared with the farmland in the airport
test site, the vegetation in the mountainous area is sparser and
its height is lower, therefore the reflection is mainly single
bounce. Although the amplitude difference between the three
typical ground features in mountainous areas is small, it can
still be seen that the group separation is clear in Figure (a) and
(b). The lack of cross-polarization data leads to the confusion
of different features about entropy.

It can be seen in Fig. 13 that the averaging does not
improves the contrast. AHE and ACE make the building in
the middle of the image sharper. On the other side, the road
is highlighted with ACE. Overall, the optimization effect is
not as significant as in the airport test site due to the lack of
cross-pol data. In addition, the contrast of the original data in
the mountainous area is not as high as in the airport case.

After the enhancement, OT is applied to detect the deforma-
tion caused by coal mining. SAR images are base-banded be-
fore OT to accommodate the azimuth-varying spectra inherent
to the spotlight mode and perform an alias-free interpolation.
The size of the search window is set to 64×64 pixels to ensure
a narrow correlation peak while retaining the deformation
resolution.

The oversampling factor is set to 64 prior to cross correla-
tion to reduce bias errors and noise [37]. The offset is con-
verted, assuming that deformation is vertical, into subsidence,
Ssub, with,

Ssub =
Poffset ·Rsize

cos θ
(31)

Where Poffset is the measured offset in pixels before and
after the deformation in the slant-range direction, θ is the local
incident angle and Rsize the pixel size in the range direction.
The assumption that the deformation is vertical is realistic
as the horizontal movement caused by underground mining is
usually very small, about one-tenth of the vertical deformation
[2].

Fig. 14 shows the deformation time-series. The image pairs
are the same as the deformation period indicated at the bottom
of each deformation map. The first two rows are the result
obtained with averaged images. The middle two rows and the
last two rows are obtained with images enhanced by AHE
and ACE, respectively. The deformation trends of the three
approaches are similar, although the results with the first two
are noisier and with more artifacts outside the deformation
bowl. It can be seen from the results that the deformation
area was growing to the right during the entire observation
period and can be divided into two parts. The first sinking
area resembles a triangle as a whole and was formed from
April 5, 2014 to May 19, 2014. The subsidence values in
this area are relatively large, reaching a maximum value close
to 4 m. The second sinking area is strip-shaped and began
to develop on May 19, 2014 and reached its maximum in
early July 2014. After that, the deformation bowl remained
basically unchanged, but the sinking values continued to
increase. The shape and development of the second sinking
area are the typical underground-mining caused deformation.
The coal seams in this area are thick and shallow. Therefore, it
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Fig. 9. Simulated deformation time-series using Radarsat-2 data. There are 8 different time spans. For each one 7 images are shown: the simulated slant-range
deformation, the deformation obtained from the averaged polarimetric channels and its error, deformation obtained with AHE enhanced images and its error
map, and, finally, deformation obtained with ACE enhancement and its error map.

Fig. 10. Error distributions for each of the three evaluated methods for the
pair with the largest time-span, 20100613-20120626 (yyyymmdd).

is speculated that the first sinking area was caused by mining
at the same working face but the surface collapsed, resulting
in drastic changes in deformation and irregular shapes at the
beginning of the observation.

C. Results of dual-pol Sentinel-1 images

Sentinel-1 images are nowadays one of the most widely
used dual-pol SAR data. In its Interferometric Wide Swath
(IW) mode, which is the main operational mode over land,
offers dual-pol data products. The performance of ACE with
this sensor has been evaluated with the comparison of the same
pol combination of Radarsat-2 data. The temporal average
scattering mechanism decomposition results in the same area
covered by Radarsat-2 data are obtained with 32 dual-pol
{V V,HV } Sentinel-1 A/B images acquired from 2 April,
2018 to 5 October, 2018, and shown in Fig. 15. As with the
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(c) (d)

R3=r3*1000000
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0.9

0.1

0.4
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0.4

Azim
uth

Slant-range

Fig. 11. Scatter mechanism maps derived from the averaged dual-pol
polarimetric channels of TerraSAR-X dataset with the coverage size of 878m
× 451m. (a) Optical image from Google Earth. (b), (c) and (d) are the values
of similarity parameters r1, r2 and r3. The features highlighted with in
orange, magenta and blue rectangles in are a farmland, a road and a building,
respectively.

processing of Radarsat-2 images, no multi-look has been done
and an averaging window of 3 × 3 has been applied. It can
be seen in Fig. 15 (a) and (c) that r1 obtained with Sentinel-1
data is quite similar with that obtained with Radarsat-2.

For example, buildings in black circles 1 and 2 have large r1
values, the vegetated area in black circle 4 has low r1 values,
and the bare lands in black circles 3 and 5 have higher r1
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Fig. 12. Scatter plots of similarity parameters vs amplitude for different ground features: (a) r1,(b) r2 and (c) r3.
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Fig. 13. Amplitude comparison before and after the contrast enhancement. (a) and (b) are the original HH and V V channels. (c) is the averaged channels.
(d) and (e) are the contrast enhanced images by AHE and ACE, respectively.
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Fig. 14. Deformation time-series maps obtained from TerraSAR-X data. The first two rows are the deformation results obtained with the average image of
the original HH and V V channels. The middle two rows and the last two rows are obtained with images enhanced by AHE and ACE, respectively.
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Fig. 15. (a) and (b) are r1 and r3, respectively, obtained with Sentinel-1 {V V,HV } dual pol data. (c) and (d) are r1 and r3, respectively, obtained with
Radarsat-2 {V V,HV } dual pol data.
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Fig. 16. Amplitude comparison before and after the application of ACE. (a) is the original V V Sentinel-1 image, (b) is the original HV Sentinel-1 image,
(c) is the ACE enhanced Sentinel-1 image, and (d) is the Radarsat-2 image enhanced by ACE with {V V,HV } polarizaton.
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Fig. 17. Scatter plots of similarity parameters vs amplitude for different categories of ground features and sensors. Sentinel-1 {V V,HV } data: (a) r1 and
(b) r3 scatter plots. Radarsat-2 {V V,HV } data: (c) r1 and (d) r3 scatter plots.
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values. Some inconsistences appear. The low reflectivity areas
in black circles 6 and 7 are not observed in Fig.15 (c), but
they appear in Fig.3(b). Results from quad-pol data are more
reliable than dual-pol, which means the r1 values in black
circles 6 and 7 obtained with Sentinel-1 are more accurate
than results in Fig.15 (c), although they are calculated from the
same polarization channels. On the other side, the runways are
more obscure, the difference between sea area and lands are
smaller. From amplitude images in Fig.16 it can be seen that
Sentinel-1 images are noisier in the sea area than Radarsat-
2, a lot of speckle noise, while the same area in Radarsat-
2 images is clear. This speckle noise also has influence on
r3. Most details disappear, although blur similarities can be
seen with black circles in Fig. 15(b). The comparison with
the same polarization channels but different sensors shows the
uncertainty of the similarity parameters from dual-pol data.

The amplitude images of original Sentinel-1 V V and HV
channels, the ACE enhanced Sentinel-1 and Radarsat-2 am-
plitude images are shown in Fig.16. It can be seen that after
ACE, the contrast is improved. And the enhanced images
shown in (c) and (d) are very similar, while Radarsat-2 image
has more details because its resolution is better. The blurring
in the azimuth direction in Sentinel-1 images is due to its
worst resolution in this direction, 22m compared with 5.1m
of Radarsat-2.

Fig.17 shows the scatter plots of the similarity parameters
versus amplitude obtained with Sentinel-1 and Radarsat-2
data. Four ground features are chosen in the same locations
as in Fig.4. It can be seen that the similarity parameters
of different features from Sentinel-1 data do not allow a
good discrimination. The different features can only be dis-
tinguished by amplitude. The discrimination from Radarsat-
2 data is better, but not as good as with quad-pol data.
For buildings, relationship between similarity parameters and
amplitude seems to be more noticeable from Sentinel-1 data
than from Radarsat-2 data.

The differences in the results between Sentinel-1 and
Radarsat-2 data can be mainly associated to the differences
in the resolution: around 5.0 × 5.0 m for Radarsat-2 and
3.2 × 22.0 m for Sentinel-1. Low-resolution pixels then to
increase speckle and mix the polarimetric features making
more difficult its separation and categorization [21].

V. DISCUSSION

The proposed ACE-OT can improve the OT performance
by the images contrast enhancement. The enhancement perfor-
mance mainly depends on the capacity to separate the different
scattering mechanisms. Since the current satellite SAR sensors
can have up to four different polarization combinations (quad-
pol {HH,V V, V H,HV } and different dual-pol combinations,
{HH,V H}, {V V,HV } or {HH,V V }), it is necessary to
compare their performance and evaluate the limitations of the
dual-pol cases when extracting the similarity parameters. The
31 quad-pol Radarsat-2 images mentioned in Section III are
used to simulate the different dual-pol combinations.

Fig. 18 shows the reflection mechanisms obtained consider-
ing only co-pol data, {HH,V V }. From Eq. (5), (6), (18) and

(19) it can be found that the HH and V V data can distinguish
single and double bounce effectively. However, due to the lack
of cross-pol data, r1 and r2 are larger than those obtained by
quad-pol data. The entropy obtained by the co-pol data has
the same trend as the one obtained by the quad-pol data, the
runways and bare land have low entropy values, while the
buildings and land with vegetation have high entropy values.
However, the lack of cross-pol data causes that many details
are lost. For example, all boundaries become blurred and the
lanes disappear. In addition, the entropy values in the black
circles 1-4 in Fig. 18 (c) are inconsistent with those from
quad-pol data in Fig. 3. On the top of the black rectangle 5
and in the center of the black rectangles 6-7 in Fig. 18 (d), the
entropy values obtained by quad-pol data are lower than those
of its surroundings but it is just the opposite with HH − V V
data. For quad-pol data, in the black rectangle 8 there is bare
land, that has low entropy values, that is surrounded by a
vegetated area, with high entropy values. On the contrary, the
results with dual-pol data of rectangle 4 show almost pure
noise. These indicate that the lack of co-pol data not only
causes a loss of details in the entropy map but also erroneous
results.

Fig. 19 shows the scatter mechanisms obtained by
{HH,V H} dual-pol data according to Eq. (25) and (26). It
can be seen that the obtained single bounce contributions in
Figure 19 (a) are similar to the results obtained with quad-
pol data, but the values of r1 obtained by cross-pol data
are smaller. For a small part of the farmlands (in the black
circles 1, 2), the roads (in the black circle 4), and the parking
lot (in the black circle 5), they have large r1 values. But
according to Fig. 3, quad-pol data shows that single bounce
is weak and double bounce strong, which indicates that the
{HH,V H} data cannot effectively distinguish between single
and double bounce in these areas. Besides, in other areas r1
values obtained by {HH,V H} are inconsistent with r1 values
from {V V,HV } in Fig. 15(c). For example, in the black
circle 3 in Fig. 19(a), the road has a higher single reflection
value than in Fig. 15 (c). This means that in these dual-
pol combinations, the information of phase between the two
channels cannot be unambiguously associated with scattering
mechanisms. In other words, we measure the reflected wave
features (which depend on the incident polarisation), not the
target features [38].

The entropy obtained from {HH,V H} or {V V,HV } data
is similar to the one obtained by the quad-pol case, but some
details are lost, and the values of r3 obtained by cross-pol
data are larger. For example, the boundary between the cement
pavement and the aircraft runway in the black circle 6 is
blurred, but it is perfectly clear in Fig. 3 (d).

The histograms of the optimized contrast for the four differ-
ent polarization combinations plus HH are shown in Fig. 20.
The contrast is calculated with Eq. (15) using a 3×3 moving
averaging window. As it can be seen in Fig. 20, the initial
image contrast represented by HH can be improved with the
use of polarimetric data. The largest improvement is achieved
with quad-pol data, followed by the dual-pol data with co-
polar channels and finally the dual-pol with one co-polar and
one cross-polar channels, almost with identical performance.
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Fig. 18. Scatter mechanism maps obtained from the temporally averaged Radarsat-2 dual co-polar data, {HH,V V }. (a), (b) and (c) are the values of
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Fig. 19. Scatter mechanism maps obtained from the temporally averaged
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Fig. 20. Histograms of the ACE contrast enhancement using different
combinations of polarimetric channels.

Dual-pol with co-polar channels allows to better determine the
reflection properties than the other dual-pol cases. Overall, the
single reflection and double bounce obtained by two co-polar
data are accurate. Although the entropy is unsatisfactory, it
does not participate in the contrast enhancement procedure.

VI. CONCLUSION

An Amplitude Contrast Enhancement method (ACE) taking
advantage of polarimetric diversity is proposed in this paper to
improve the performance of the images cross-correlation based
Offset Tracking (OT) deformation estimation. This method,
which is inspired by [23], looks for the best combination
of polarimetric reflection mechanisms to achieve the highest
amplitude contrast in the images.

Three SAR data sets, one with 31 quad-pol Radarsat-2
images, another with 32 dual-pol Sentinel-1 images, and the
last with 20 dual-pol Terrasar-X images, have been used to
evaluate the performance of the proposed method. The first
two datasets have been acquired over the Barcelona airport
(Spain) while the third one over a mountainous mining area
in Daliuta (China).

As benchmark, ACE has been compared with another con-
trast enhancement method. Among the different methods, the
Adaptive Histogram Enhancement (AHE) has been selected as
it works locally, which makes it comparable to ACE that does
the same. The results show that the simulated offset added to
the airport images can be better retrieved with ACE than with
AHE. The former considers the scattering characteristics of
the pixels when improving the contrast while the latter treats
the data as a simple black and white image. The comparison
of the original and retrieved deformation time-series has
demonstrated the positive impact of the proposed contrast
enhancement method in the performance of OT. Similarly, the
large deformations caused by the coal mining activity in the
mountainous area of Daliuta have been better obtained with
ACE than with the original averaged polarimetric channels
or AHE. The results have shown that subsidence values have
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reached values of almost 4 m in only 33 days. The comparison
of the error maps for the three approaches indicates that ACE
is able to provide more consistent results. Although the three
methods are quite able to estimate the shape of the deformation
bowl and their values, the results with the original images
and AHE show non-consistent deformations throughout the
deformation map. Non-consistent results mean deformations
that appear in a particular time interval but disappear in the
next one, which obviously are not realistic.

The enhancing performances of the different polarization
combinations, quad- and dual-pol, are discussed and analyzed.
Firstly, the accuracy of the scatter mechanism extraction is
validated. Among all dual-pol cases, {HH,V V } combination
presents the best performance obtaining the single and double
reflections. The other dual-pol combinations, one co-polar
and one cross-polar, can be quite inaccurate in some areas.
Secondly, the performances among the different polarization
combinations are then compared. As expected, quad-pol data
achieves the highest contrast optimization. The performances
of the combinations of one co-pol and one cross-pol data,
{XX,Y X}, are almost identical and clearly inferior to the
combination of the two co-polar data, {HH,V V }. Sentinel-1
polarization data is tested and the results are quite similar with
those using the same polarization combination from Radarsat-
2 data. Differences in the retrieved similarity parameters are
mostly due to the worst resolution of Sentinel-1, which tends
to rise the speckle and mix the different scattering mechanisms
present in the resolution cell when compared with Radarsat-1.
In any case, dual-pol data allows also to enhance the contrast
of the images and, as a consequence, reduce the presence of
non-consistent results in the deformation maps.
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