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ABSTRACT 
 
Color Doppler processing is one of the most important 
utility in the ultrasound imaging systems. Color Doppler 
imaging is mainly used to observe the blood flow in the 
region of interest. The desired blood signal will be greatly 
affected by the clutter and speckle noises, and it is the major 
design issues to eliminate these two kinds of noises 
effectively. In this work, we proposed a (1) joint-decision 
clutter filter and (2) motion-tracking adaptive persistence for 
effectively eliminating the clutter and speckle noises, 
respectively. The proposed two filters have individually 2~3 
dB better performance than the referenced algorithms, and 
the proposed adaptive clutter filter and persistence can also 
work together in the same system to obtain even better 
performances. 
 
Index Terms— Color Doppler, Filter, Ultrasound 
 

1. INTRODUCTION 
 

Ultrasound imaging is a most widely used imaging 
modality because it is cost-effectiveness, non-invasiveness, 
rapid imaging and portability. Color Doppler imaging is a 
well-established Doppler ultrasound mode and very valuable 
for visualizing the distribution of blood flow in a specific 
region of interest [1]-[2]. By utilizing the Doppler effect, 
ultrasound color Doppler processing can derive the velocity 
of blood flow and display a color overlay on top of the gray-
scale image. For real time display and the capability to 
portable usage in case of emergency, it is crucial to meet the 
large computational and data bandwidth needs. 

There are two major noises in color Doppler imaging : 
the clutter and speckle noises. The clutter signals originate 
from stationary and slowly moving tissue, which limits the 
maximum depth of penetration and biases flow velocity 
estimation. Furthermore, the image is generally corrupted by 
the locally correlated multiplicative speckle noise, which is 
caused by the constructive and destructive coherent 
summation of ultrasound echoes. Moreover, the high 
sampling rate and small transducer size further reduce the 

SNR performance. In summary, noise is the major enemy 
we need to conquer. 

The major design problems in the color Doppler engine 
is the rejection of the clutter and speckle noises with clutter 
filter and persistence mechanism, respectively. In traditional 
ultrasound color Doppler engine, there are many parameters 
should be considered, it may not function well when the 
parameters are not well tuned for a specific environment. 
There have been many researches about the adaptation 
mechanisms [3][4][9] of the filters in color Doppler 
processing. Most of the adaptive mechanisms are mainly 
focusing on single adaptation criteria or threshold, and it 
will cause the performance to be sensitive to the predefined 
threshold.  

The block diagram of proposed adaptive color Doppler 
architecture is shown in Fig. 1. In this diagram, all blocks 
are designed for adaptively suppressing noises or improving 
the image quality except the flow parameter estimation is 
for deriving the required flow parameters. We will propose a 
(1) joint-decision clutter filter and (2) motion-tracking 
adaptive persistence for effectively eliminating the clutter 
and speckle noises, respectively. This paper is organized as 
follows. The proposed joint-decision clutter filter is 
described in section 2, and the motion-tracking adaptive 
persistence is presented in section 3. The simulation results 
and comparisons are presented in section 4. 

 

Fig. 1. Block diagram of the proposed architecture. 
 

       
 
2. JOINT-DECISION ADAPTIVE CLUTTER FILTER 
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2.1 Signal model  

For ultrasound Color Doppler images, it is important 
to suppress the clutter signals originating from stationary 
and slowly moving tissues. In general, after beamformation, 
the signal model of Doppler signal follows that of Torp et al. 
[3]. The received complex sampled signal vector x 
consisting of N temporal samples from the same frame, 
which is composed by three independent components; the 
clutter component c originating mainly from tissue signal 
reverberations, the blood signal component b originating 
from moving the moving red blood cells, and the thermal 
noise component n. The signal can be written as the 
correlation matrix  : 

 
x = c + b + n.                            (1) 

    (2) 
 

where   is the clutter correlation matrix,  is the blood 
correlation matrix,  is the thermal noise variance, and I is 
the identity matrix. We estimate  by spatial averaging in a 
region and apply the discrete Karhunen-Lo`eve transform 
(DKLT) [5], the eigendecomposition of   is given by: 

 ,         (3)                       

where  are the eigenvalues of ,and 
…  is the corresponding set of eigenvectors.   

 
2.2 Conventional adaptive clutter filter 

The general filter model can be represented by the 
matrix-vector multiplication as: 

 
y=Ax,                                       (4) 

 
where x is the input signal vector, A is the clutter filter 
matrix, and y is the filtered signal vector. This general 
formulation includes two kinds of filters: one is the 
traditional filter with configurable coefficients defined by 
the user, such as FIR [6] and IIR filter, and the other is 
adaptive clutter filter that adapts to the clutter signal 
characteristics, such as eigenvector regression filter.  

                                                              (5) 

where   is an orthonormal basis for the clutter 
signal space,  is the clutter space order, and  indicates 
the Hermitian operation. The eigenvalues and eigenvectors 
of the clutter spaces are computed via power iterations 
algorithms [7]. According to the energy spectrum of the 
Doppler signal shown in Fig. 2, by subtracting the signal 
component contained in the clutter space, the filtered matrix 

can A project the input signal vector x into the orthogonal 
component of the clutter space. 

To attenuate the clutter noise successfully by the 
regression filter, it is important to determine the clutter 
space order. Traditionally, there are two kinds of methods 
for determining the order: (1) Eigenvalue-based algorithm 
[8] which compares the eigenvalues with a threshold and 
(2) frequency-based algorithm [9] which compares the mean 
velocity of each engenvector with a frequency threshold . 
These two criteria focus on different clutter signal 
characteristics.  
 
2.3 Proposed joint-decision adaptive clutter filter 

 
When the energy of blood flow is large, the previous 

criteria given in [8] may remove some blood flow signals.  
 

 
Fig. 2 The eigenvalue distribution where greater descending ratio 

occurs in the presence of clutter noises. 
 
The energy of the tissue noises are usually much higher than 
the blood flow, and gather in the subspace corresponding to 
the greatest eigenvalues. We also find out that there will be 
a great descending ratio when clutter noises occur. The first 
part of the proposed adaptive method which set the 
threshold value by the relative eigenvalues:       
 

Φ            (6) 
 

But when the blood flow signal energy is large and 
equivalent to the tissue energy, the relative ratio criteria will 
also remove some blood flow signals.   

According to the property that the fact that tissue 
movement is generally small compared to blood flow, the 
clutter may has a low-frequency spectrum. By using the lag-
one autocorrelator [1], the mean frequency of each 
eigenvectors is estimated as: 
 

           (7) 
 
where T is the pulse repetition interval and * denotes the 
complex conjugate. If the mean frequency magnitude of the 
eigenvector below the pre-defined frequency threshold, no 
manner the energy of the eigenvector, which is defined in 
the clutter subspace, the algorithm can be estimated as:  
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                        Φ .           (8) 

But the frequency-based algorithms can’t clearly isolate the 
clutter noise component when the mean frequency of the 
blood flow signals is also small.    

 
Fig. 3 Four states to identify the eigen space to be clutter noise, 

blood signal, or unverified signals, and we can look back to decide 
the category of the unverified signals in the current frame. 

 
To attenuate the tissue components from the Doppler 

signal and achieve minimum loss of blood flow signal, the 
criteria which combine eigenvalue-based and frequency-
based algorithms can be employed. We can divide all the 
conditions to be four states, as shown in Fig. 3, according to 
the thresholds of eigenvalue ratio and frequency. We 
identify the eigen space to be the clutter noise or blood 
signal space when it is in state I and IV, respectively. When 
the eigen space is in state II or III, we look back to the same 
location in the previous frame to decide if it is clutter noise 
or not. If the unverified part in the current frame is still 
unverified in the previous frame, we will then regard the 
eigen space to be the clutter space to reduce the missing rate 
of detecting the clutter noises. In addition, the thresholds of 
both criteria would be less sensitive than adopting each 
algorithm individually. 

3. MOTION-TRACKING ADAPTIVE PERSISTENCE 

The persistence procedure reduces the ultrasound 
speckle noise by taking the weighted average, which is a 
low-pass filter in time, between successive image frames 
also called temporal averaging. The execution of persistence 
is filtering image pixels at the same location of successive 
frames. Because buffering frames requires huge memory, a 
related work in [6] uses a 2-tap direct-form-II IIR filter has 
been employed to minimize the cost of storing frames. 
Nevertheless, the coefficients of the IIR filter should be 
carefully tuned and the fixed for the whole parts in the 
current frame. Hence, we proposed an adaptive persistence 
mechanism which can adaptively adjust the coefficients 
according to the location of the current frame and 
environment variation.        

First, since the organ and tissue of successive frames 
may move, frame averaging may cause structure blurring. 
Therefore, we adopt the motion detection technique to track 

the local motion of each pixel before averaging successive 
frames as shown in Fig. 4. 

 

 
Fig. 4. Proposed motion-tracking mechanism  

in the adaptive persistence filter. 
 
The block-matching method based on minimum sum of 

absolute differences (MSAD) algorithm [10] was used to 
continuously track the displacement of the successive block 
region. 
 

where i, j are the image coordinates and x, y are the motion 
vector. From a previous image frame , this method 
specifies a tracking pixel block, and then it moves the block 
around in the current image frame to find the best 
match by comparing the sum of absolute differences: 

After the motion detection of two successive frames, the 
adaptive persistence technique may filter image pixels at the 
same organs and tissues of successive frames.  

The adaptive clutter filters derive the autocorrelation 
matrix with the pixels nearby in the space domain in the 
same frame. Nevertheless, the persistence we propose here 
will derive the autocorrelation matrix in time domain with 
the same corresponding point in successive frames. 
According to the spectrum of the Doppler signal showed in 
Fig. 5 and consider the simplification of complexity, we can 
utilize the regression filter to reduce the speckle noise.    

Since the energy of speckle noise is smaller than blood 
flow, the speckle subspace basis is chosen to consist of the L 
last term in the autocorrelation matrix in time domain. Then 
subtracting the signal component contained in the speckle 
space will remove the speckle noise, the filtered signal can 
be represented as: 

 

 

 
where  is a set of orthonormal basis vectors spanning the 
speckle space, and L is the eigen-components number that 
represent speckle. The methods that determine L value is 
based on the eigenvalue-based algorithms: 
 

Φ  
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an eigenvector is included in the speckle basis subspace if 
the eigenvalue is smaller than the threshold.  

 
Fig. 5 Eigenvalue distribution of the blood signal and speckle 

noises of the autocorrelation matrix in time domain. 

4. SIMULATION RESULTS AND COMPARISONS 
 

In this section, simulations are presented to show the 
image quality of the proposed environment-aware adaptive 
ultrasound Color Doppler processor. Which carried out 
using synthetic image be generated using the Field II 
program and medical ultrasound image. The performance of 
the proposed method is compared with traditional Doppler 
processor with configurable coefficients [6].   

4.1. Synthetic Field II image 

Since the general medical ultrasound images we can get 
are noise corrupted images and can’t get the real noise-free 
images, conventional metrics can’t be used to measure the 
quality after filtering implementation. Therefore, we use the 
Field II [11] program to generate a synthetic noise-free 
blood flow image , which is showed in Fig. 6, and the 
simulation parameters are listed in table 1. After applying 
the noise model to corrupt it, we can take the noise-free 
image as a reference to compare smoothing algorithms. 

To generate noise model, at first, according to the 
equation (1), we add the clutter noise to the noise-free image. 
Fig. 7 shows the results of three parameters without clutter 
filter, fine-tuned 8-tap filter, and proposed joint-decision 
adaptive clutter filter. For quantitative evaluation, the 
signal-to-clutter ratio (SCR) is used to evaluate the 
effectiveness of clutter rejection, which is defined as: 

 

 

where Ic represents the clutter noise that gathers at the 
region which flow signal doesn’t exist. 

Consequently, three unfiltered data are simulated with 
different clutter filters, the results are listed in Table 2. From 
Fig .7 and Table 2, the proposed adaptive clutter filter is 
able to suppress the clutter noise while retaining the blood 
flow. We use three different data to ensure the stability of 
the performance, and it is obvious that our algorithm has 
over 3 dB better performances than the referenced 

algorithms in average. 
 

 
Fig.6. Synthetic noise-free blood flow image. 

 
Table 1. Field II simulation parameters. 

Parameters Settings  
Sound speed(m/s)  1540 
Center frequency(MHz)  5 
Sample frequency(MHz)  200 
PRI(us)  100 
Aperture size(mm)  6 
Focal range(mm)  12 

 

 
Fig. 7. Clutter filtered images of Field II simulation. 

 

Table 2. Metrics obtained when applying the clutter filters. 

 Unfiltered 
data 

Fine-tuned 
8-tap 

FIR [6] 

Eigenvalue-
based 

cluter filter[8] 

Proposed 
Joint-decision 
clutter filter 

Data 1 
SCR(dB) 

-20.27 3.46 5.97 10.73 

Data 2 
SCR(dB) 

-11.16 8.52 22.15 24.68 

Data 3 
SCR(dB) 

-5.37 10.43 24.18 26.97 
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Then we adopt the speckle noise model using the 
following formula [12]:        
 

            (13) 
 
where n is a Gaussian distribution variable with zero mean 
and unit variance. We assess signal-to-noise ratio (SNR) of 
the observed region before and after speckle rejection with 
different persistence algorithms to compare the performance:        
 

          (14) 

 
From Fig. 8 and table 3, we can easily see that the proposed 
motion-tracking adaptive persistence has about 2 dB better 
performances in average. 

 

 
Fig. 8. Persistence images of Field II simulation. 

 

Table 3. Metrics obtained when applying the persistence. 

 Unfiltered 
data 

Fine-tuned 
2-tap  
IIR 

filter[6] 

Proposed 
Adaptive 

persistence 
w/o motion-

tracking 

Proposed 
motion-
tracking 

persistence 

Data 1 
SNR(dB)  

10.09  11.25  11.76  12.77  

Data 2 
SNR(dB)  

6.87   8.25  10.37   10.72  

Data 3 
SNR(dB)  

0.62  6.45  7.98  8.03  

 
5. CONCLUSIONS 

We propose a delicate joint-decision adaptive clutter filter 
and motion-tracking adaptive persistence for color Doppler 
processing. According to the operating environment, the 
filters can adaptively adjust the parameters and ensures an 
effective suppression of the main clutter and speckle noises 
encountered in the ultrasound system.   
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