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SAR Image Registration Using Phase Congruency
and Nonlinear Diffusion-Based SIFT

Jianwei Fan, Yan Wu, Fan Wang, Qiang Zhang, Guisheng Liao, and Ming Li

Abstract—The scale-invariant feature transform (SIFT) algo-
rithm has been widely applied to optical image registration. How-
ever, mostly because of multiplicative speckle noise, SIFT has a
limited performance when directly applied to synthetic aperture
radar (SAR) image. In this letter, a novel SAR image registration
method is proposed, which is based on the combination of SIFT,
nonlinear diffusion, and phase congruency. In our proposed algo-
rithm, the multiscale representation of a SAR image is generated
by nonlinear diffusion, since it better preserves edges in the image
as opposed to Gaussian smoothing, which is used in the original
SIFT. To reduce the influence of multiplicative speckle noise, the
ratio of exponential weighted average operator is used to compute
the gradient information in the construction of nonlinear diffusion
scale space. Moreover, phase congruency information is utilized
to remove the erroneous keypoints within the initial keypoints.
Experimental results on multipolarization, multiband, and multi-
temporal SAR images indicate that our algorithm can improve the
match performance compared to the SIFT-based method, which
leads to a subpixel accuracy for all the tested image pairs.

Index Terms—Nonlinear diffusion, phase congruency, scale-
invariant feature transform (SIFT), synthetic aperture radar
(SAR) image registration.

I. INTRODUCTION

SYNTHETIC aperture radar (SAR) is a coherent imag-
ing system, which can produce high-resolution images

and work under all time and all weather conditions. Hence,
it is useful for diverse applications, including image fusion,
environmental surveillance, change detection [1], and so on.
As a fundamental step required by these applications, image
registration refers to the alignment of images of the same scene
obtained under different imaging conditions, such as at different
times, from different viewpoints, or by different sensors.

Recently, due to its invariances to scale changes, rota-
tions, translations and partially to illumination and viewpoint
changes, scale-invariant feature transform (SIFT) has been
widely applied to many image processing tasks. Based on
the multiscale representation of an image (i.e., a series of
difference-of-Gaussian (DoG) images), SIFT detects keypoints,
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by searching extremal values in the DoG pyramid, and then
computes a keypoint descriptor in the local image patches
around each keypoint. The descriptor encodes the spatial gradi-
ent distribution around a keypoint by a 128-dimensional vector,
which is used for the following match. More details about SIFT
can be referred to [2].

Although SIFT has been successfully applied to optical
image registration, owing to its distinctiveness in feature de-
scription, it may not produce satisfying results when directly
applied to SAR images [3]. The reasons may consist of two
aspects. First, SAR images are usually corrupted by strong mul-
tiplicative speckle noises, which deteriorate SIFT for keypoint
extraction. Therefore, many incorrect keypoints may appear
with the SIFT method [4], [5]. Second, the Gaussian scale
space (GSS) used in SIFT often degrades edge information and
fine details in the image as a result of the Gaussian smoothing
operation [6]. Due to the defects of losing details, blurring
edges, and its weak speckle noise immunity, SIFT will obtain
many erroneous initial keypoints from DoG, when dealing
with SAR image registration. After removal of these outliers,
correct matches available are too insufficient for us to calculate
transformation parameters. In this case, SIFT fails.

To overcome the problems aforementioned, nonlinear dif-
fusion is utilized in this letter to generate the scale space
[i.e., nonlinear diffusion scale space (NDSS)], which has an
advantage of preserving edges and details over the linear GSS
[7], [8]. Meanwhile, the ratio of exponential weighted average
(ROEWA) operator is used to compute the gradient information
during the construction of NDSS. In addition, the obtained
initial keypoints are refined by exploring their phase congru-
ency information. Compared with the SIFT-based method, the
proposed approach is competent to the problem of SAR image
registration, as shown by our experiments.

The rest of this letter is organized as follows: The proposed
SAR image registration approach is introduced in Section II,
with emphasis on the generation of NDSS and the procedure of
outlier removal, and the experimental results of the proposed
algorithm and other registration methods are presented and
compared in Section III. Concluding remarks are given in
Section IV.

II. SAR IMAGE REGISTRATION USING PHASE

CONGRUENCY AND NONLINEAR

DIFFUSION-BASED SIFT

Here, the improved SIFT for SAR image registration is intro-
duced in detail. In comparison with the original SIFT algorithm,
the proposed method focuses on the following improvements:
1) utilizing nonlinear diffusion to generate the scale space in the
improved SIFT; 2) introducing a robust approach to compute
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the gradient information involved in the NDSS for SAR image;
and 3) providing an outlier removal stage that is based on the
phase congruency information. Details will be elaborated in the
following subsections.

A. Creation of Scale Space With Nonlinear Diffusion

The GSS used in the SIFT method is produced from the
convolution of the original image with Gaussian filters at differ-
ent scales [2]. Gaussian smoothing has the effect of denoising;
however, some important fine details in the image may be lost
as well, which will have a bad effect on feature detection.

To make up for the defect of GSS, the multiscale represen-
tation of SAR image is generated using nonlinear diffusion
equation described in [9], which is defined as

∂f(x, y)

∂t
= ft = div (c(x, y, t)∇f)

= c(x, y, t)Δf +∇c · ∇f (1)

where t is the scale parameter; div is the divergence operator;
∇ and Δ are the gradient and Laplacian operators, respectively;
c(x, y, t) is the diffusion coefficient. It reduces to isotropic
diffusion equation if c(x, y, t) is a constant, which is equivalent
to Gaussian smoothing.

The diffusion coefficient c(x, y, t) is generally regarded as a
nonlinear function of the image gradient |∇f |, and two different
formulations for the diffusion coefficients are introduced in [9]

c1 = e

(
−
(

|∇f|
K

)2
)

(2)

c2 =
1

1 +
(

|∇f |
K

)2 . (3)

The parameter K is the contrast factor that controls the level
of diffusion, and it determines which edges have to be kept or
cancelled. The greater the K value is, the less edge information
will be preserved. The K value can be either empirically fixed
or estimated from the image gradient histogram [6].

Furthermore, the scale spaces generated by these two coeffi-
cients are different: the former prefers to enhance high-contrast
edges rather than low-contrast ones, and the latter privileges
wide regions over smaller ones. From its definition as a mono-
tone decreasing function of the image gradient, it is obvious that
the diffusion coefficient with a smaller gradient value diffuses
much more quickly than that with a larger gradient value. Based
on this principle, edges in an image will be preserved. In this
letter, c2 is taken as the diffusion coefficient.

Since there are no analytical solutions for solving the nonlin-
ear diffusion equation [i.e., (1)], one needs to approximate the
solution using a numerical method. A computationally efficient
solution for (1) was proposed by Weickert et al. [10], where the
additive operator splitting (AOS) scheme is used. Applying the
AOS scheme in (1) yields the following relationship:

fk+1 =

(
I − τ

m∑
l=1

Al(f
k)

)−1

fk. (4)

Here, τ denotes the time step, I is the identity matrix, l denotes
the direction, and the matrix Al corresponds to derivatives

Fig. 1. Results of two gradient computation methods. (a) Image corrupted
with speckle noise. (b) Gradient obtained by first-order differencing method.
(c) Gradient obtained by ROEWA (after contrast stretched).

along the lth coordinate axis. More details about how to build
the matrix Al can be found in [10]. The equation earlier requires
solving a linear system problem, where the system matrix is
tridiagonal and diagonal dominant. Fortunately, by means of
the Thomas algorithm, this issue can be solved efficiently.

During the creation of NDSS, gradient information within
an image is required. Normally, the gradient can be obtained
by the simple first-order differencing method. However, due
to multiplicative speckle noise, this method is not suitable for
SAR image. It will produce false edges in the areas with high
reflectivity and lose some image information in the ones with
low reflectivity [4].

Considering the influence of speckle noise in gradient in-
formation calculation, ROEWA is introduced owing to its
advantage of possessing constant false alarm rate and robust-
ness against speckle noise over the first-order differencing
method [11]. To better illustrate the difference between the
first-order differencing method and ROEWA, Fig. 1 presents
the gradient magnitude on an image corrupted by speckle
noise through the two gradient computation methods. Clearly,
the gradient computed by the first-order differencing method
produces larger values in high reflectivity areas than in low
reflectivity ones, whereas the gradient obtained with ROEWA
makes slight difference on homogeneous areas under different
reflectivity conditions. Due to its robustness against speckle
noise, ROEWA is utilized to compute the gradient information
in the creation of NDSS. By doing so, we can produce a scale
space that has a better robustness to speckle noise.

We take the same approach as done in SIFT, discretizing
the scale space into a series of O octaves and S sublevels.
The multiscale representation of a SAR image is generated
as a stack of smoothed images, with the original image as a
condition and scale values being equal to t = σ2/2 [12], where
σ values are calculated from the following expression:

σi(o, s) = σ02
o+ s

S , o ∈ [0, . . . , O − 1], s ∈ [0, . . . , S + 2,

i ∈ [0, . . . ,W − 1] (5)

where σ0 is the base scale level, and W is the total number of
the smoothed images; o and s are the index of octave O and
sublevel S, respectively. It is noteworthy that, when we reach
the last sublevel in each octave, we downsample the image,
as described in SIFT, and use the downsample image as the
initial image for the next octave. Meanwhile, to achieve better
information preservation in SAR image, the contrast factor K
should be modified after each downsample. The procedure of
multiscale representation by nonlinear diffusion is outlined in
Algorithm 1.
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TABLE I
PRIOR INFORMATION OF THE REAL SAR IMAGES

Algorithm 1 Multiscale representation procedure by nonlin-
ear diffusion

Input: image f0, contrast factor K, scale level σi

for i = 0 → W − 1 do

1) Compute scale value ti.
2) Deduce diffusion coefficient c based on image

gradient |∇f | obtained with ROEWA.
3) Compute matrix Al(f

i).
4) Update iteratively f according to (6) based on

AOS scheme:

f i+1 =

(
I − (ti+1 − ti)

m∑
l=1

Al(f
i)

)−1

f i (6)

if oi+1 > oi then
Downsample the image f i, and modify contrast
factor K value.

end if
end for
Output: a stack of smoothed images f i, i = 0, . . . ,W − 1

Based on the method that we present for generating NDSS,
the obtained multiscale images are able to better preserve edges
and details and be more robust against speckle noise. Therefore,
with the NDSS, the improved SIFT is expected to detect much
more keypoints. Once the smoothed images at different scales
have been generated, the difference between adjacent scales is
performed, and the steps of feature detection and description
follow those used in SIFT algorithm.

B. Outlier Removal Using Phase Congruency

Due to the existence of multiplicative speckle noise, a large
number of unreliable keypoints appear within the initial key-
points detected by our approach. These unreliable matches
will lead to inaccurate correspondences and further affect the
correct calculation of the transformation parameters. With this
in view, we have attempted to introduce phase congruency to
eliminate the outliers. It has been shown that phase congru-
ency is invariant to illumination and contrast condition. The
phase congruency information in the image is obtained by
analyzing the logarithmic Gabor filter responses over different
orientations and scales [13]. The outlier removal in this letter is
accomplished with the following steps:

1) Compute phase congruency information at each point in
the reference and sensed images; the corresponding phase

congruency information can be defined as

P (x, y) =

∑
n
W (x, y) �An(x, y)Δφn(x, y)− T �∑

n
An(x, y) + ε

(7)

Δφn(x, y) = cos
(
φn(x, y)− φ̄(x, y)

)
−

∣∣sin (
φn(x, y)− φ̄(x, y)

)∣∣ (8)

where (x, y) indicates the coordinate of a point, and
subscript n is the scale of the filter. W (x, y) is the weight-
ing factor based on frequency spread, and An(x, y) and
φn(x, y) are the amplitude and phase at scale n, respec-
tively. φ̄(x, y) is the weighted mean phase, T is the noise
threshold, and ε is a small constant to avoid division
by zero.

2) For the SAR image, phase congruency at a noise or
unreliable site is relatively weaker than that at a correct
site. If the phase congruency information at a keypoint
(denoted by Pi) is larger than a threshold, i.e., Pi ≥ th,
then the point is validated. If Pi is below th, then the
point is rejected, where th is a preset threshold, and an
empirical value of 0.01 is suggested.

Following the two steps aforementioned will remove many
erroneous keypoints, which is expected to improve the probabil-
ity of correct matching. After the removal of the outliers using
phase congruency, we use minimum Euclidean distance on the
descriptor vector for each keypoint to find its corresponding
point. The ratio between the distance of the closest neighbor
and the distance to the second closest neighbor is calculated
to exclude false matches. Regarding the value of the distance
ratio, 0.8 is preferred by Lowe [2]. Moreover, we utilize the
dual-matching strategy proposed in [7] to further select correct
matches, i.e., reference keypoint A and keypoint B in the sensed
image are considered as a correspondence only when the two
points are matched to each other by the distance ratio.

III. EXPERIMENTAL RESULTS AND ANALYSIS

To evaluate the performance of the proposed algorithm, we
experimentally validate it on several pairs of real SAR images,
and the corresponding prior information of SAR images are
shown in Table I. In Section III-A, the multiscale representa-
tions of SAR images are displayed to verify the effectiveness
of our NDSS combined with ROEWA. In Section III-B, the
registration comparisons between the proposed method and
others are implemented to demonstrate the superiority of our
methodology in registration performance.

A. Performance of NDSS

Here, a brief comparison of NDSS with GSS is given. We
construct the multiscale representation of a SAR image using
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Fig. 2. Comparison between GSS and NDSS at the same scales. (a) GSS images with four octaves and six sublevels within each octave. (b) NDSS images with
four octaves and six sublevels within each octave.

Fig. 3. Comparison of GSS with our scale space. (a) Original SAR image.
(b) GSS image. (c) NDSS image.

Fig. 4. Matches found in data set 1 using (a) BFSIFT, (b) SIFT+NDSS, and
(c) our proposed approach. The reference image is shown on the left and the
sensed image on the right. (d) Registration result by our proposed approach.

nonlinear diffusion and Gaussian smoothing, respectively. The
results are illustrated in Fig. 2, where the images on the left
[i.e., Fig. 2(a)] are produced by GSS, and the images on the
right [i.e., Fig. 2(b)] are the nonlinear version with the same
scales. In this letter, we use the same number of octaves O = 4
and sublevels S = 3, for all the methods.

As shown in Fig. 2, the difference between NDSS and GSS is
apparent. While the GSS images are increasingly blurred with
increasing scale values, the nonlinear ones have a relatively
slight or small blurriness, which will contribute to extract
more keypoints. For a better visual illustration, a more detailed
description is presented. The two images in Fig. 3 are both at the
fourth sublevel within the second octave. As it can be observed
in Fig. 3, NDSS exhibits its advantage in comparison with GSS.

The image smoothed by Gaussian filter is more blurred, and
its edges and details disappear because of Gaussian blurring,
whereas the NDSS image can better preserve edges and details.

B. Comparison With Other Image Registration Methods

Here, three pairs of real SAR images are utilized to val-
idate our approach in terms of effectiveness and accuracy,
and the transformation difference of the two images in each
image pair consists mainly of translation, rotation, and scale,
which are modeled by the affine transformation. The proposed
method is compared with two other approaches. The bilateral
filter scale-invariant feature transform (BFSIFT) algorithm [7]

Fig. 5. Matches found in data set 2 using (a) BFSIFT, (b) SIFT+NDSS, and
(c) our proposed approach. The reference image is shown on the left and the
sensed image on the right. (d) Registration result by our proposed approach.

Fig. 6. Matches found in data set 3 using (a) BFSIFT, (b) SIFT+NDSS, and
(c) our proposed approach. The reference image is shown on the left and the
sensed image on the right. (d) Registration result by our proposed approach.

is considered as the first method for comparison, whereas
SIFT+NDSS is the second considered method. SIFT+NDSS
here refers to the multiscale representation method by applying
NDSS to SIFT instead of the original GSS. A comparison
between SIFT+NDSS and our approach is used for illustrating
the performance of our outlier removal procedure.

1) Data Set 1—Images From Different Polarizations: This
pair of images is obtained from Japan’s polarimetric and inter-
ferometric airborne synthetic aperture radar (PISAR) system.
The matches found in data set 1 using the three methods
mentioned earlier are shown in Fig. 4.

2) Data Set 2—Images From Different Wavelengths: The
second considered pair of images is composed by two airborne
synthetic aperture radar (AIRSAR) (an airborne SAR sensor
used by the National Aeronautics and Space Administration/Jet
Propulsion Laboratory) scenes. The matches obtained in data
set 2 using the three methods described earlier are shown in
Fig. 5.

3) Data Set 3—Images From Different Times: In this part,
we choose a data set from multitemporal scenes acquired by



566 IEEE GEOSCIENCE AND REMOTE SENSING LETTERS, VOL. 12, NO. 3, MARCH 2015

TABLE II
QUANTITATIVE COMPARISON OF THE PROPOSED METHOD WITH BFSIFT AND SIFT+NDSS (∗ THE FIRST NUMBER

INDICATES THE KEYPOINTS OBTAINED AFTER THE REMOVAL OF THE OUTLIERS USING PHASE CONGRUENCY)

the European Remote Sensing Satellite 2 (ERS-2). The matches
found in data set 3 using the three methods mentioned earlier
are presented in Fig. 6.

To quantitatively evaluate the registration performances, we
adopt the root-mean-square error (RMSE) between the corre-
sponding matching keypoints, and it can be expressed as

RMSE =

√√√√ 1

n

n∑
i=1

(xi − x′
i)

2 + (yi − y′i)
2 (9)

where (xi, yi) and (x′
i, y

′
i) are the coordinates of the ith match-

ing keypoint pair; n means the total number of matching points.
In addition, another effective measure described in [14] is used,
hereafter assigned as RMSLOO. Based on the leave-one-out
method, the RMSLOO measure is regarded as a much more fair
measure. With respect to RMSE and RMSLOO, the accuracy of
subpixel is satisfactory. The quantitative evaluation results for
each method are listed in Table II.

Of the three methods used for comparison, our proposed
approach gives the best performance among the comparisons.
By visual inspection, it appears that the registration results
[i.e., Figs. 4(d)–6(d)] are valid and accurate in all data sets. In
Figs. 4–6 and Table II, we make the following observations:
1) Except data set 3, two other data sets cannot be regis-
tered successfully by the BFSIFT method due to the existence
of erroneous matches, as presented in Figs. 4(a) and 5(a).
2) The NDSS-based method can extract more keypoints than
the BFSIFT method. With respect to the running time (all tim-
ing results are obtained on a 2.7-GHz PC), our approach clearly
outperformed the BFSIFT method. 3) Although SIFT+NDSS
has achieved better registration performance in contrast to
the BFSIFT method on SAR image, it would lead to a rela-
tively large value of RMSE, which is an unacceptable result.
4) In comparison with BFSIFT, our method not only obtains
more number of the initial keypoints but also has a much
higher matching accuracy. Meanwhile, our method outperforms
SIFT+NDSS in terms of matching accuracy. This advantage
stems from our outlier removal stage with phase congruency
information, which eliminates those erroneous keypoints.

Overall, the advantage of our approach can be seen qual-
itatively and quantitatively by referring to Figs. 4–6 and
Table II. The aligning accuracy of our proposed method is
within one pixel.

IV. CONCLUSION

In this letter, a novel algorithm for SAR image registration
has been proposed, which combines SIFT, nonlinear diffusion,

and phase congruency. In our algorithm, NDSS with ROEWA is
used for representing the multiscale of the SAR images, and it
effectively reduces the speckle noise and preserves fine details
in the image simultaneously. ROEWA is used to compute the
gradient in our creation of scale space, and its advantages have
been experimentally demonstrated on the image. Finally, phase
congruency information at each keypoint is used as a cue for
rejecting the false keypoints.

A comparison of the proposed method with the SIFT+NDSS
and BFSIFT method is given, and the result has shown that the
number of keypoints obtained using our approach is more than
that by BFSIFT with bilateral filter. Moreover, by analyzing the
phase congruency information of keypoints, our method has a
remarkable improvement in match accuracy.
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