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Frequency domain despeckling
technique for medical ultrasound images

Jawad F. Al-Asad!*, Hiren K. Mewada'!, Adil H. Khan',
Nidal Abu-Libdeh?, Jamal F. Nayfeh?

This work proposes a novel frequency domain despeckling technique pertaining to the enhancement of the quality of
medical ultrasound images. The results of the proposed method have been validated in comparison to both the time-domain
and the frequency-domain projections of the schur decomposition as well as with several other benchmark schemes such as
frost, lee, probabilistic non-local means (PNLM) and total variation filtering (TVF). The proposed algorithm has shown
significant improvements in edge detection and signal to noise ratio (SNR) levels when compared with the performance of
the other techniques. Both real and simulated medical ultrasound images have been used to evaluate the numerical and

visual effects of each algorithm used in this work.
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1 Introduction

The monitoring and diagnosis of diseases in the hu-
man body are immensely dependent on medical imaging.
Through various available imaging technologies, the in-
side of a human subject can be better examined and more
accurate disease diagnosis and/or prognoses prescribed
by healthcare professionals. Ultrasound is one of the es-
sential and conventional medical imaging modalities that
work on the principle of acoustic energy. Unlike Xrays,
CT, and MRI images, ultrasound is a non-invasive real-
time imaging paradigm [1]. The ultrasound imaging is a
non-ionized method that tends to have less adverse effects
on the human body. Ultrasound imaging is therefore usu-
ally preferred over other medical imaging modalities if it
provides reasonable details for analysis.

The major disadvantage carried by ultrasound images
is the inclusion of multiplicative noise, also known as
speckle noise, during the process of image acquisition [2].
A high amount of speckle-noise is accumulated in ultra-
sound images due to a complex phenomenon of destruc-
tive and constructive interference of echoes from various
neighboring tissue parts in the body. The granular effect
generated due to the presence of speckle noise degrades
overall the image quality and resolution of tiny details
in the ultrasound images, which carries immense impor-
tance for a correct medical diagnosis [3]. Speckle noise
is highly dependent on various parameters, such as the
specific image type and structure of tissues or cells of
the human body. Therefore, it is a tedious task to model
speckle-noise efficiently. In light of addressing the crit-
ical issue of speckle-noise removal from ultrasound im-

ages, various research studies have been performed in the
last two decades to design despeckling filters that can aid
in the enhancement of the quality of the ultrasound im-
ages[4].

2 Recent work

Proposed despeckling algorithms can be categorized
into spatial domain and frequency domain filters in a
broad sense. Spatial domain methods usually rely on lo-
cal statistics that characterize the information of restored
images. Such methods include Frost [5], Kuan [6], and Lee
[7] filters. The main drawback of these traditional meth-
ods is their poor performance in edge detection. Most
successful among these are the diffusion-based [8] and
bilateral filtering methods [9]. These methods preserve
the edge information during the despeckling process due
to sensitive diffusion along the edges. Still, these meth-
ods distort the correlation of neighboring pixels, and in
the performance of dense noise, the despeckling efficiency
decreases drastically. In the frequency domain analysis,
methods based on wavelet decomposition are commonly
used where speckle noise is converted into additive, and
then removed through wavelet processing. Such noise fil-
tering methods of ultrasound images are proposed in
[3] and modifications are presented in [10] and [11]. In
wavelet-based methods, the main disadvantage is the in-
clusion of artifacts in the image by the mother wavelet,
which affects the image quality [12].

The Group of techniques based on non-local methods
was used in the past to address the problem of local de-
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Fig. 1. Proposed frequency and Schur frequency despeckling algorithms compared to Schur regular

pendence. Such methods exploit the redundancy prop-
erty between similar patches to minimize the effect of
speckle-noise [13]. The problem with such approaches is
the selection of the starting patch, that could have sig-
nificant impact on despeckling performance, especially in
the presence of grinding noise. This issue is addressed in
[14], where a guidance image is used to select the starting
patch. Another solution is provided in [15], where sta-
tistical properties are used with local and non-local at-

tributes to choose the starting patch. Research has been
done on the collaboration of block matching and non-local
means, for example, in [16] Fisher Tippett the distribu-
tion is used for the calculation of patch distance to match
them. Sometimes patches are applied as a square window
to improve overall performance in non-local mean meth-
ods. Similar to patches, windows are used to recover pixels
through the weighted average of the window. In [17] bet-
ter despeckling results were obtained in which the weight
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function of a non-local mean filter is replaced with prob-
abilistic weights to reflect more similarity between two
noisy patches.

In recent years, the use of projection-based methods in
speckle removing increased as compared to conventional
filters. In these methods, a global covariance matrix is
secured by eigenvectors of overlapping blocks, and then
the projection is used to clean the speckle noise. The per-
formance of such approaches depends on the eigenvector
decomposition and selection [18]. In [19], Schur decompo-
sition is proposed for eigenvalue decomposition, and ini-
tial vectors were selected to minimize the effect of speckle
noise. Frequency domain analysis is incorporated with
Schur decomposition in [2], which secures much better
results due to the analysis in the frequency domain. The
drawback of these methods is the complexity of the algo-
rithm. This issue is addressed using orthogonal decompo-
sition in the frequency domain [20]. In [21], super-pixel is
used with bilateral filtering where object boundaries are
processed by incorporating local structure to reserve edge
details and the resolution of recovered image. In [22], be-
sides the mean value of pixels in the window, the mean of
pixels surrounded by the window is also used. They pro-
pose criteria based on the standard deviation to select
the pixels in the window’s vicinity. The main advantage
of this technique is the reduction of over smoothing, which
is caused by the uniform averages.

3 Ultrasound signal model
and image quality parameters

In order to create a simplified computational model for
ultrasound images, the adverse effects of different types of
noise are considered. The significant source of impairment
in ultrasound images is speckle noise whereas and not the
additive white Gaussian noise (AWGN). Therefore, the
contribution of the additive part of noise is negligible and
as such can be safely discarded for simplicity purposes. In
[23], a noisy image model for ultrasound images has been
explained. This study also develops a simplified technique
by only incorporating the speckle noise

I(n,m) = J(n,m)+ K(n,m), (1)

The image I(n,m) is assumed to be observed before
application of any pre-processing technique such as log-
compression or non-linear amplification [23]. The perfor-
mance assessment of despeckling algorithms is performed
by analyzing both numerical and visual outcomes. For
numerical evaluation, parameters such as (resolution),
(edge detection), CNR (contrast to noise ratio), SNR
(signal to noise ratio), PSNR (peak-signal to noise ra-
tio) and FSIM (feature similarity index) are utilized.
The lower value of o and (8 being closer to 1 are in-
dicators of better image resolution and preserving edge
details, respectively. CR, SNR, and PSNR represent
the ratio of contrast, signal and peak-signal with respect
to the speckle noisy component in the ultrasound image
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and are regarded as significant performance evaluation
parameters. The value of FSIM is normalized in the
range [0,1], and a higher value denotes the better quality
of the despeckled image.

4 Proposed algorithm in frequency domain

Assume that an ultrasound image with dimensions
n X m is contaminated with speckles. The flowchart pre-
sented in Fig. 1 shows the various steps of the proposed
Frequency domain despeckling technique, indicated by
the white circle, along with the proposed Schur-frequency
despeckling technique, indicated by the gray circle and
the Schur regular despeckling technique, indicated by the
dark circle. The proposed frequency and Schur frequency
algorithms tend to eliminate the speckle noise by using
subspace signal projections in the frequency domain. In
contrast, the Schur regular algorithm tends to reduce the
speckles in the spatial domain.

Initially, image I(n,m) is divided into a number of
segments each of g-rows and p-columns. Let S; be the
i-th segment in the image plane. The total number of
segments w can be calculated as

nm
w= —

" (2)

Then covariance matrix of a pair of elements in the
each segment is

Ccov (Sil, Sil)
CZ. _ Ccov (Sig, Sil)
COV(SZ"n7 Szn)

cov (Si.n , Si1 ) cov (Si.n , Si2)

where t = ¢gp and

cov(Sij,Sik) =

= E[(Si; — E[(Si;])(Sik — E[(Sik])] =
= E[S;jSik] — E[Si;|E[Sik]

for j,k=1,2,...w

This covariance matrix de-correlates the pixel values in
each segment of the image. Then the average of covariance
matrix is calculated as

3)

The spectral methodology is simple and computation-
ally fast. In addition, the eigenvalue decomposition of the
matrix in the frequency domain allows analysis of the
contributing factor separately. Eigenvalues computation
in the frequency domain ensures smooth transition across
the block and allows frequency-dependent vector decom-
position. Therefore, the covariance matrix is transformed
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Table 1. Despeckling parameters and computation cost

Method Parameters Complexity for N pixels
Frequency Block size: 8 x 8, Vectors: {2, 4} O(NlogN)

Schur-frequency  Block size: 8 x 8, Vectors: {2, 4} O(N?®)

Schur-regular Block size: 8 x 8, Vectors: {2, 4} O(N®)

Frost Window size = O(N?E) k : number of iterations
Lee Window size: 3 x 3, Iterations = 3 O(N?E) k : number of iterations
PNLM Patch size-half = 1, Search-size-half = 3 Correction Parameter = 1~ O(N?h?) h : window size

TVF A =30 , Number of iterations = 20 O(NE) k: number of iterations

into the frequency domain and the Schur decomposition
that supports vector decomposition is used to obtain the
eigenvalues thus ensuring better perceptual quality. This
decomposition scheme at different frequencies is adopted
instead of using the entire frequency spectrum of the im-
age plane. The elements of complex-valued matrix Fpg
can be expressed as

t—1 t—1 _jor uxr vy
Falur) =33 Rage 7).
=0 y=0

The Schur decomposition offers the advantages of nu-
merical stability, computational efficiency and better re-
liability. The Schur decomposition can be expressed as

Fr = UAU"Y, (5)

where U is an orthogonal matrix, A is an upper-
triangular matrix, and “H” means Hermitian transpose.
The diagonal elements of A are the Schur values and the
columns of the orthogonal matrix U defines the Schur
vectors. Then, a feature matrix F' is generated by select-
ing the first K Schur vectors corresponding to the K
largest Schur values. A transformation matrix P froms
the feature matrix F is calculated as

P=FF"', (6)

which is used to denoise the particular segment for which
it has been obtained.

To remove the noise from the image segment, the seg-
ment is transformed into the frequency domain. If the
Fourier transform of the segment is represented as F{S;},
then the projection of the vector obtained from F{S;}
can be calculated as D; = PF{S;}. To get the denoised
segment back, a vector D; is reshaped to a matrix, and
the inverse Fourier transform is calculated as follows

a1 uxr vy

. 1 €% jen(—+—)

Si(xay):ﬁZZDi(uav)e q P (7)
x=0y=0

This process is repeated for all overlapping segments
of an image. This Schur-Frequency despeckling procedure
is followed in [19]. The same procedure is also followed for

Schur regular despeckling but without incorporating the
frequency domain. The same procedure is also used for
Frequency despeckling, but this time, without incorpo-
rating Schur decomposition.

The objectives of transforming the covariance matrix
to the frequency domain and using the frequency vectors
to form a feature matrix and thereafter a projection ma-
trix are three folds: to suppress speckle noise to further
reduce the computational complexity of the despeckling
technique; and to maintain an efficient despeckling per-
formance The computational procedure is fully detailed
in Fig. 1.

5 Results and discussion

5.1 Simulated ultrasound image

A noise-free ultrasound image of the abdomen region
is created by performing simulation using the Field II
program [24], as depicted in Fig. 2(a). Linear scanning
has been applied to the noise-free ultrasound image, and
the size of the image is adjusted to 256 x 256. The speckle
noise is incorporated into the noise-free image using (1),
and the result is depicted in Fig. 2(b). The proposed
and benchmark despeckling techniques are applied to the
noisy image in Fig. 2-(b). A comparison is made with the
noise-free image Fig. 2(a) to assess the despeckling ability
of each scheme.

The parameters are being set to produce the best vi-
sual results for both proposed and benchmark schemes
as listed in Tab. 1. The proposed Frequency and Schur-
frequency schemes are implemented in an overlapping de-
sign with each block having a size of 8 x 8. Two and
four orthonormal vectors where found to produce satisfy-
ing results. The proposed techniques are compared with
benchmark algorithms such as Frost [5], Lee [7], PNLM
[15], TVF [25] and Schur regular [19]. The despeckled im-
ages with four vectors are depicted in Fig. 2(c) through
(i) and the corresponding numerical outcomes are listed
in Tab. 2 after averaging results of 50 independent trials.
The proposed approaches outperformed all benchmark-
ing algorithms with reference to SNR, PSNR, § and
FSIM while maintaining a reasonable performance in



Journal of ELECTRICAL ENGINEERING 72(2021), NO4

@ @

233

(d)

PN

(&9 M

Fig. 2. Simulated visual results; noise free (a) — speckle noisy, (b) — Frost, (c) — Lee (d) — PNLM, (e) — TVF, (f) — frequency 8 x 8,4,(g)
— Schur-frequency 8 x 8,4, (h) — Schur-regular 8 x 8,4, (i) — frequency 8 x 8.2, (j) — Schur-frequency 8 x 8,2, (k) — Schur-regular 8 x 8,2

ey

Table 2. Comparison of the proposed approach with state-of-art filters

Frequency  Schur-frequency  Schur-regular

Block 8§x 8 8§x 8 8x 8 Frost Lee PNLM TVF
Vectors 4 4 4

o 0.0809 0.0834 0.0810 0.0667 0.0799 0.0390 0.0851
B 0.2541 0.2639 0.2305 0.1757 0.1804 0.1718 0.2706
CNR 0.2331 0.2339 0.2067 0.2226 0.2163 0.2454 0.1792
SNR 18.4030 18.7185 15.9756 14.0325  15.4843  16.1730  15.9170
PSNR 26.1197 26.3660 24.4960 22.7154  23.8975 23.7575  24.2891
FSIM 0.9143 0.9146 0.8957 0.8501 0.8728 0.8575 0.9141

terms of a and CR. Another impressive feature of ap-
plying the proposed computational scheme is its superior
performance in terms of edge preservation (). Usually,
better despeckling is secured at the cost of a decrease in
sharpness. The benchmark schemes; Frost, Lee, PNLM
and TVF have generally showed better performance in
terms of resolution («) but that is at the cost of poor de-
speckling as per visual and numerical outcomes of Fig. 2
and Tab. 2. A block size of 8 x8 with one and two or-
thonormal vectors and a block size of 4 x 4 with 2 vectors
are also investigated and their numerical results as an av-
erage of 50 independent trials are listed in Table 3. It was
found that using a dyadic block size less than 8 x 8 will
leave the image despeckled inefficiently. This conclusion
can be reached by looking at the SNR and PSNR pa-

rameters in Table 3 for the 4 x 4 block size and comparing
them with those of 8 x 8 block size. On the other hand, us-
ing a block size of 8 x 8 with one vector will over smooth
the despeckled image. This result is clearly realized by
looking at the numerical results for block size 8 x 8 with
one vector in Table 3 and comparing them with the corre-
sponding ones in Tab. 2 for block size 8 x 8 with four vec-
tors. Block size of 8 x8 with one vector has caused poor
edge detection and resulted in a blurry image as indicated
by the increase of the resolution parameter a.. By investi-
gating Tab. 2 and Tab. 3 for block size proposed schemes
mainly in CR. Further, for block size 8x8 with four and
two orthonormal vectors respectively, we can notice that
the proposed methods (Frequency and Schur Frequency)
have clearly outperformed Schur Regular when the num-
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Table 3. Simulated numerical results analysis using parameter variation

Frequency Schur-frequency Schur-regular
Block 4 x4 8% 8 8% 8 4 x4 8 x 8 8 x 8 4x44 8 x 8 8x8
Vectors 2 1 2 2 1 2 2 1 2
«@ 0.0542 0.1031 0.0968 0.0553 0.1031 0.0969 0.0523 0.1031 0.0928
8 0.1837 0.1676 0.2975 0.1818 0.1696 0.3020 0.1741 0.1674 0.2813
CNR 0.2304 0.2164 0.2147 0.2324 0.2155 0.2152 0.2291 0.2184 0.1841
SNR 13.2534 18.1667 20.1968  13.4043 18.1290 20.4012  12.4835 17.9838 20.5857
PSNR  22.0813 26.4122 27.6068  22.2195 26.4288 27.8330  21.3849 26.3517 27.2533
FSIM 0.8408 0.9213 0.9304 0.8455 0.9219 0.9319 0.8124 0.9227 0.9347
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Fig. 3. Simulated image profiles analysis

ber of vectors are four. When the number of vectors are
two, the Schur Regular has showed noticeable improve-
ment in performance but it is still lagging Frequency and
Schur-Frequency proposed schemes mainly in CR.

Based on the aforementioned discussion of the results,
it is quite obvious that despeckling the image in the fre-
quency domain yields better estimation of the original

image than despeckling it in the time or spatial domain.
Tab. 2 and Tab. 3 also show that the proposed Frequency
and Schur frequency schemes are almost equivalent in
the despeckling performance. That is a projection matrix
formed from the fourier transformed covariance matrix
is as efficient as the projection matrix formed from the
Schur decomposed fourier transformed covariance matrix.
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Fig. 4. Real abdomen visual results: (a) — speckle noisy, (b) — frequency 8 x 8, 4 (b) — Schur-frequency

()

Fig. 5. Real gallbladder visual results: (a) — speckle noisy, (b) — frequency 8 x 8, 4, (¢) —Schur-frequency 8 x 8, 4, (d) — Schur-regular
8 X 8, 4, (e) — Frost, (f) — Lee, (g) — PNLM, and (h) - TVF

This attracting result leads to dropping the Schur decom-
position from the despeckling procedure and hence reduc-
ing the complexity of the despeckling algorithm. Table 1
lists the computational complexities of the different algo-
rithms. The complexities of Frequency, Schur-frequency
and Schur-regular can be reduced by half if the image is
despeckled in the lateral and axial directions separately.
Since the covariance matrix could be reduced in either di-
rection, the resulting complexity for Schur-frequency and
Schur-regular schemes could be O(N 3/ 2) and for Fre-

quency scheme O([N/logN 1Y %) . Obviously, the proposed

frequency technique is the most attractive computational
wise.

Figure 3 presents the comparative analysis of the lat-
eral and axial profiles taken from the middle of the im-
age of Fig. 2 that corresponds to Tab. 2. The proposed
techniques show the best approximation to the noise-free
image profiles in both lateral and axial directions. The
benchmark schemes such as Schur-regular and TVF tend
to show loose closeness to the true profiles. Frost and Lee
performance is accompanied by ripples. The ripples that
tend to be abrupt and spiky are clear in the PNLM per-
formance. Among all, the proposed frequency technique



236 J. F. Al-Asad, H. K. Mewada, A. H. Khan, N. Abu-Libdeh, J. F. Nayfeh: FREQUENCY DOMAIN DESPECKLING TECHNIQUE FOR ...

Table 4. Numerical results of real data

Frequency Schur-frequency Schur-regular

Block 4x4 8x8 8x8 4x4 8 x8 8x8 4x44 8x8 8 x8

Vectors 2 1 2 2 1 2 2 1 2

@ 0.0542 0.1031 0.0968 0.0553 0.1031 0.0969 0.0523 0.1031 0.0928
B 0.1837 0.1676 0.2975 0.1818 0.1696 0.3020 0.1741 0.1674 0.2813
CNR 0.2304 0.2164 0.2147 0.2324 0.2155 0.2152 0.2291 0.2184 0.1841
SNR 13.2534 18.1667 20.1968  13.4043 18.1290 20.4012  12.4835 17.9838 20.5857
PSNR 22.0813 26.4122 27.6068  22.2195 26.4288 27.8330  21.3849 26.3517 27.2533
FSIM 0.8408 0.9213 0.9304 0.8455 0.9219 0.9319 0.8124 0.9227 0.9347

looks like the one that provided the closest fit to the noise
free profiles.

5.2 Real ultrasound images

Real images of abdomen, gallbladder, lymph node and
tumor are downloaded from [26] and cropped to the size
of 256 x 256 as shown in Fig. 4(a), Fig. 5(a), Fig. 6(a) and
Fig. 7(a), respectively. Since assessing measures are lim-
ited in case of real data due to the absence of the original
image, the resolution parameter and the C'R are the pa-
rameters that could be used for real data. By comparing
the data in Tab. 2 with Tab. 3 for the block size 8 x 8 with
4 vectors and the block size 8 x8 with two vectors, we
can notice that the block size 8 x 8 with four vectors has
provided a higher C'R (the higher value indicates better
contrast to noise ratio) and a lower value of « (the lower
value indicates better resolution). Therefore, the choice
of block size 8 x 8 with four vectors for real data will also
implicitly indicate that the corresponding assessing mea-
sures (8, SNR, PSNR, FSIM ) would be higher than
those of benchmark schemes mainly, Frost, Lee, PNLM
and TVF.

While the proposed schemes of Frequency and Schur-
frequency and the benchmark scheme of Schur-regular are
used with block size 8 x8 with four vectors, the rest of
benchmarking schemes of Frost, Lee, PNLM and TVF are
found to be achieving better despeckling results with the
same parameters listed in Tab. 1. The numerical outcomes
are listed in Tab. 4, pertaining to ultrasound images of
abdomen, gallbladder, lymph node and tumor.

Based on Tab. 4, it is obvious that the numerical as-
sessment through o« and CR solely, in the absence of
other assessing measures, can be misleading. This is the
case especially as @ and C'R for the proposed schemes
are found outperforming those of the benchmark schemes
for certain images, and are found underperforming by the
benchmark schemes for other images. A quick example on
this numerical variation can be seenin Tab. 2 for PNLM.
PNLM in Tab. 2 has achieved the best resolution among
all schemes with a value of (0.0390), and has achieved
the best CR among all schemes as well with a value of
(0.2454). However, with careful investigation of the nu-
merical performance of PNLM and by looking at the other

assessing measures, we can notice, and within the same
Tab. 2, that PNLM has achieved a very poor performance
compared to the proposed schemes in terms of 5, SNR,
PSNR and FSIM.

As a result, visual assessment plays an important role
in assessing the quality of the despeckled images. Sat-
isfying visual results can be seen in Fig. 4(b) and (c)
for frequency and Schur-frequency respectively, when ap-
plied to the speckle noisy abdomen in Fig. 4(a). Similar
satisfying visual results are shown in the same respective
in Fig. 5(b) and (c) for the speckle noisy gallbladder of
Fig. 5(a). Fig. 6(b) and (c), as well as Fig. 7(b) and (c)
reflect the same satisfying visual results for the speckle
noisy lymph node and tumor displayed in Fig. 6(a) and
in Fig. 7(a), respectively. PNLM continued to show ar-
tifacts as clear in image (g) in Fig. 4 through 7. Those
artifacts are seen as abrupt spikes in Fig. 3 (in the pro-
files of the simulated experiment). In comparison with the
proposed approaches, Frost and Lee are found inefficient
in suppressing speckle noise as shown in images (e) and
(), respectively in Fig. 4 through 7.

Schur-regular and with the same despeckling param-
eters as the proposed schemes is not as efficient in sup-
pressing speckle noise as can be seen in images (d) in
Fig. 4 through 7. The drawback of the TVF is its trend
to preserve speckle noise clusters. Although this draw-
back exists in image (h) in Fig. 4 through 7, it is quite
apparent in Fig. 4(h) and Fig. 6(h).

6 Conclusion

This paper presents the despeckling of ultrasound im-
ages in the frequency domain. The covariance matrix
obtained for each block is subjected to two proposed
techniques; Frequency and Schur-Frequency. In either
technique the covariance matrix is transformed to the
frequency domain. In the case of the Frequency tech-
nique, the orthonormal vectors are taken directly from the
Fourier transformed covariance matrix to form the projec-
tion matrix; whereas, in the case of the Schur-Frequency,
the Fourier transformed covariance matrix is subjected
to Schur decomposition. Orthonormal vectors are then
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Fig. 6. Real lymph nodes visual results: (a) — speckle noisy, (b) — frequency 8 x 8, 4, (c) — Schur-frequency 8 x 8, 4, (d) — Schur-Regular
8 X 8,4, (e) - Frost, (f) — Lee, (g) - PNLM and (h), TVF

(2

Fig. 7. Real tumor visual results: (a) — speckle noisyk, (b) — frequency 8 x 8,4, (c) — Schur-frequency 8 X 8,4, (d) — Schur-regular
8 x 8,4, (e) - Frost, (g) — Lee, PNLM, and (h) - TVF

obtained from the Schur decomposition to form the pro-
jection matrix.

The main advantages of despeckling in the frequency
domain over despeckling in the spatial domain include
better suppression of speckle noise, avoiding image over-
smoothing and reducing the computational complexity.
The projection matrix formed from Schur decomposi-
tion in the frequency domain, called in this paper as
Schur-Frequency, is found more efficient in suppressing
speckle noise than the projection matrix formed from
Schur decomposition in the spatial domain, called in

this paper as Schur-Regular. The Schur-Frequency ap-
proach is found outperforming benchmark schemes such
as Frost, Lee, PNLM and TVF. Moreover, the projec-
tion matrix formed directly from the Fourier transformed
covariance matrix is found as efficient as the projection
matrix formed within the Schur-Frequency approach in
suppressing speckle noise.

A dyadic block size of 8 x 8 with four vectors is found
suitable for a dyadic size of 256 x 256 image in treating
the speckle noise. However, Schur-Regular performance is
highly improved if a block size of 8 x8 and two vectors
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is used. This improvement is always found to be on the
account of CR and the computational cost, especially
when compared with the proposed Frequency approach.
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