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ABSTRACT 

 

Color Doppler processing in the ultrasound imaging 

systems is mainly used to observe the blood flow in the 

region of interest. The desired blood signal will be greatly 

affected by the speckle noises, and the major design issues 

are to eliminate these kinds of noises effectively. In this 

work, we propose the time-domain (1) motion-tracking 

adaptive persistence and spatial-domain (2) adaptive-size 

median filter for effectively eliminating the speckle noises, 

respectively. The proposed two filters have individually 2~3 

dB better performance than the referenced algorithms, and 

the proposed adaptive de-speckle filters can also work 

together in the same system to obtain even better 

performances. At last, the proposed signal-processing 

algorithms are implemented on the multi-core platform, and 

the property of parallel processing significantly accelerates 

the computation.  

 

Index Terms— Color Doppler, Filter, Ultrasound 

 

1. INTRODUCTION 

 

Color Doppler imaging by utilizing Doppler effects is a 

well-established Doppler ultrasound mode and very valuable 

for visualizing the distribution of blood flow in a specific 

region of interest [1]. The image is generally corrupted by 

the locally correlated multiplicative speckle noise, which is 

caused by constructive and destructive coherent summation 

of ultrasound echoes. The speckle noise causes a random 

mottle superimposed on the image. It will significantly 

degrade the image quality and complicates diagnostic 

decisions for discriminating fine details in ultrasound image. 

Therefore, speckle noise is considered to be one of the 

major problems when processing the ultrasound images.  

Several techniques have been employed for speckle 

reduction, and there are two basic approaches – time-

domain filters and spatial-domain filters. The time-domain 

filters accomplish temporal averaging by filtering image 

pixels at the same location of successive frames. The 

spatial-domain filters take spatial filtering, and various 

approaches have been proposed for de-speckle filters 

[2][3][4]. Although there are many filters adaptive to local 

statistics, these filters have some parameters to be set, if the 

parameters are not tuned well, the performance would be 

worse.  

The block diagram of the proposed intelligent color 

Doppler processing is shown in Fig. 1. All blocks are 

designed for adaptively suppressing noises and improving 

the image quality except the flow parameter estimation. We 

propose the time-domain (1) motion-tracking adaptive 

persistence and spatial-domain (2) adaptive-size median 

filter for effectively eliminating the speckle noises.  

At last, we implement the proposed algorithms in 

graphics processing units (GPU) programming, which is 

performed using the Compute Unified Device Architecture 

(CUDA) platform to speed up the computation. To obtain 

the best performance from the CUDA parallel architecture, 

we adjust proposed algorithms and allocate the data location 

and memory bank efficiently.  

This paper is organized as follows. The proposed 

motion-tracking adaptive persistence is described in section 

2, and the proposed adaptive-size median filter is presented 

in section 3. In section 4, we present the CUDA 

implementation flow. The experimental results and 

comparisons are provided in section 5. 

 
Fig. 1. Block diagram of the proposed color Doppler processing. 

 

2. MOTION-TRACKING ADAPTIVE PERSISTENCE 

 

The persistence procedure reduces the ultrasound 

speckle noise by filtering image pixels at the same location 

of successive frames. Because buffering frames requires 

huge memory, a related work in [5] adopts a 2-tap direct-

form-II IIR filter to minimize the cost of storing frames. 

Since the coefficients of the IIR filter should be carefully 

tuned and fixed for the whole parts in the current frame. We 
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proposed an adaptive persistence mechanism which can 

adaptively adjust the coefficients according to the location 

of the current frame and environment variation.        

Since the organ and tissue of successive frames may 

move, frame averaging at the same pixel in each frame may 

cause structure blurring. Hence, we adopt motion detection 

technique to track the local motion of each pixel before 

averaging frames as shown in Fig. 2. The displacement of 

the successive block region is traced by block-matching 

method based on minimum sum of absolute differences 

(MSAD) algorithm [6]. 

 

                                                                            ,         (1) 

 

where i, j are the image coordinates and x, y are the motion 

vector. From the previous 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 SAD values. After motion 

detection, the adaptive persistence technique may filter 

image pixels at the same organs of successive frames.  

According to the spectrum of Doppler signals showed 

in Fig. 3 and consider the simplification of complexity, we 

adopt regression filter [7] to reduce 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. Then subtracting the signal 

components contained in speckle space will remove speckle 

noise, the filtered signal is given as: 

 

                                                                 ,                          (2) 

 

where x is the received complex sampled signal vector 

consisting of N temporal samples from the same frame, and 

y is the filtered signal vector,    is a set of orthonormal basis 

vectors spanning the speckle space, and      indicates the 

Hermitian operation. The methods determine eigen-

components number L is based on the eigenvalue-based 

algorithms: 

 

                                                (3) 

 

where    is the eigenvalue of eigenvector   ’s, and     is the 

pre-defined threshold. The eigenvector is included in the 

speckle basis subspace if its eigenvalue is smaller than the 

threshold. Furthermore, the persistence we propose here will 

derive the autocorrelation matrix in time domain with the 

same corresponding point in successive frames.  
 

 
Fig. 2. Proposed motion-tracking mechanism  

in the adaptive persistence filter. 

 
Fig. 3 Eigenvalue distribution of the blood signals and speckle 

noises of the autocorrelation matrix in time domain. 

 

 
Fig. 4 Flow velocity images acquired with (a) 1x1 (b) 3x3 (c) 5x5 

median filters and (d) Variance distribution. 

 

 

3. ADAPTIVE-SIZE MEDIAN FILTER 

 

Various spatial-domain filters have been employed for 

speckle reduction, and these approaches are applied in the 

origin image include many fixed coefficients and adaptive 

filters. The filters with fixed coefficients, such as median 

filters (MF) [2], often remove the speckle at the expense of 

overly smoothing the details of the ultrasound images. 

Nevertheless, there are many filters adaptive to local 

statistics such as 2D-adaptive wiener filter (WF) [3], 

adaptive weighted median filter (AWMF) [4], and so on. 

Since the two adaptive filters still have some parameters 

need to be set, the performance would be worse when these 

parameters are not defined well.    

Taking consideration of the ability of both noise 

reduction and preserving useful information such as 

anatomical boundaries in the image, and taking account of 

the characteristic of medical images, we propose the 

adaptive-size median filter. According to the variance 

calculated by flow parameter estimation in the previous 

stage, we can combine the advantages of large and small 

size median filters.  

The images of a flow phantom acquired with 1x1 (no 

median filtering), 3x3, and 5x5 median filters are shown in 

Fig 4(a), (b) and (c), respectively. From Fig. 4, as the size of 

median filters increases, the speckle and salt-and-pepper 

noises are suppressed efficiently, but the edges of the 

objects are somewhat blurred. On the contrary, when the 

smaller filter size is adopted, we will get better edge 

preservation but worse noise reduction. Since we can 

observe that the variance of flow region is greater than 

tissue region, we adopt the smaller size median filter on 
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flow region in order to preserve resolvable structure. 

Contrary to the boundary of flow region, since the static 

region comprises tissue has a smaller signal variance 

relatively, we adopt the larger size medina filter on the static 

region to achieve maximal noise reduction. The variance is 

derived from the previous stage of the flow parameter 

estimation, and we can adaptively adjust the size of median 

filters according to the variance of each region. 

 

4. PROPOSED ALGORITHMS ON MULTICORE 

GPU-BASED PLATFORM 

 

The proposed algorithms are implemented on GPU-

based CUDA platform. The data flow and memory-copy 

command included in Fig. 5, after CPU move the raw data 

to global memory in the graphic card, because of different 

characteristics and data processing of two proposed 

algorithms, we dividedly implement two filtering algorithms 

in kernel 1 and kernel 2. Then, since each ensemble data of 

the frame is independent to other data and copied with the 

same calculation, each ensemble data is allocated to shared 

memory of each block, hence this algorithm is block-based 

and can easily be parallelized, and to enhance memory 

bandwidth, the global memory accesses are coalesced. 

Finally, the resultant image is transferred from global 

memory to mainboard memory. 

 

 
Fig. 5 Flowchart of proposed algorithms implemented on CUDA 

platform. 

 

 
Fig. 6 Block diagram of SAD calculation in the proposed motion-

tracking adaptive persistence. 

 

 
Fig. 7 Block diagram of median filter, the ensemble data are 

duplicated to each block for high parallelism. 

Table I Critical latency of sorting algorithms applied for 5x5 

median filter. 

Sorting 

Algorithm 

Bubble 

sorting  

Fast median 

 filtering [9] 

Quick 

sorting  

Even-odd 

sorting [10] 

Critical 

latency 

300 CMP 33 CMP  25 CMP 25 CMP 

 

A. Kernel 1 (Motion-tracking adaptive persistence) 

 

Kernel 1 is composed of the proposed motion-

tracking adaptive persistence. We calculate each SAD value 

for the 4x4 pixel window, and 8x8 search range leads to 64 

candidate positions for each window. As shown in Fig. 6, 

the SAD values and their indexes are stored in the shared 

memory, and then the comparison of 64 SADs is done in 

one block. To avoid shared memory bank conflict and 

highly divergent warps causing kernel inefficiently during 

comparison process, we adopt sequential addressing with 

non-divergent branching strategy [8].  

 

B. Kernel 2 (Adaptive-size median filter) 

 

Due to the difficulty of combining with other 

processing blocks, the proposed adaptive-size median filter 

is separated as the second kernel. As illustrated in Fig. 7, we 

duplicate data to shared memory of each block from the 

previous coalesced global memory without data exchanges 

between blocks, which can greatly enhance the parallelism. 

Each block can perform median filtering simultaneously. 

Furthermore, we unroll loops to further speed up 

computations.   

Since different sorting algorithms have different 

parallelism, we have analyzed the number of comparison 

(CMP) when considering data-parallelism of sorting 

algorithms. The critical path of sorting algorithms applied 

for 5x5 median filter are listed in Table I. Although the 

critical path of quick sorting is similar to even odd sorting, 

the recursive characteristic make the number of comparisons 

depends on the values of the elements. The control-

dependence in the sorting networks makes it is not suitable 

for utilizing the data-parallelism offered by multi processors 

[9]. Hence we let the quick sorting as the benchmark for 

CPU-based platform, and we implement even odd sorting on 

GPU-based platform of proposed adaptive median filter. 
 

5. EXPERIMENTAL RESULTS 

  

In this section, experiments are presented to show the 

image quality of the proposed environment-aware adaptive 

color Doppler processor, and then we evaluate and compare 

the computation time of the proposed algorithms on CPU 

and GPU-based software using the CUDA platform.  

We use the Field II [11] program to generate a 

synthetic noise-free blood flow image        with the 

simulation parameters of 1540m/s sound speed, 5MHz 

sampling frequency, 100 MHz sampling frequency, and 
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100us pulse repetition interval. After applying the noise 

model to corrupt it, we can take the noise-free image as a 

reference to compare smoothing algorithms. We adopt the 

speckle noise model using the following formula [12]. 

We use three different data to ensure the stability of 

the performance, to compare the performance, we assess 

signal-to-noise ratio (SNR) defined in [12] of the observed 

region before and after speckle rejection with different de-

speckle algorithms. Comparing to the fine-tuned 2-tap 

direct-form-II IIR filter [5], we can see that the proposed 

motion-tracking adaptive persistence has about 2 dB better 

performances in average from Fig. 8(a) and Table II. 

Similarly, we adopt SNR and edge preservation index (EPI) 

defined in [12] to compare the performance of spatial-

domain de-speckles filters. The filtered image and values 

obtained from the metrics are presents in Fig. 8 (b) and 

Table III, which shows that the adaptive-size median filter 

yielded higher SNR and better edge preservation.   

Finally, the performances of the CPU-based and 

GPU-based implementations are compared in Table IV. The 

execution time of each kernel executes much faster on the 

GPU than on CPU. The total processing time of using GPU 

is 23 times faster than that of using CPU only. 

 

Fig. 8 Overall filtered velocity images of Field II simulation (a) 

Date applied with fine-tuned 2-tap IIR filter [5] and proposed 

motion tracking adaptive persistence (b) 5x5 median filter and 

proposed adaptive-size median filter . 

 

Table II. SNR (dB) obtained when applying the persistence. 

 Noisy 

image 

Fine-

tuned 

2-tap  

IIR 

filter[5] 

Proposed 

adaptive 

persistence 

w/o motion-

tracking 

Proposed 

motion-

tracking 

Persistence 

Data 1 10.09  11.25  11.76  12.77  

Data 2 6.87   8.25  10.37   10.72  

Data 3 0.62  6.45  7.98  8.03  

 

Table III. Metrics obtained when applying the image filters. 

Filter 
Type  

Noisy 
image 

AW
MF 

[3] 

2-D  
WF 

[4] 

3x3  
MF 

[2] 

5x5  
MF 

[2] 

Proposed  

Adaptive 

-size        

MF 

SNR 
(dB)  

10.09    12.68  11.75  12.8  11.21  12.91  

EPI  0.79    0.87  0.86  0.86  0.84  0.87  

Table IV. The performance comparison between CPU and GPU.  

 Intel(R)Core (TM)2 

Duo CPU @ 3.00 GHz 

GTX 260 

GPU 

Speed up 

Kernel 1 819 (ms) 32 (ms) 26x 

Kernel 2 109 (ms) 2.45(ms)  45x 

Data copy 0 (ms) 6 (ms) - 

Total 928 (ms) 40.5 (ms) 23x 

 

6. CONCLUSIONS 

 

We propose delicate motion-tracking adaptive 

persistence and adaptive-size median filter for color Doppler 

processing. According to the operating environment, the 

filters can adaptively adjust the parameters and ensures an 

effective suppression of speckle noises encountered in 

ultrasound system. The proposed adaptive algorithms are 

also gracefully modified for multi-core GPU-based platform,    

which can effectively accelerate massive data computation.  
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