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Abstract 

Digital images are often corrupted by noise, which degrades 

their visual and information quality severely. Image corruption 

by noise may take place at any stage of its acquisition and 

transmission through the medium. Image denoising is an 

fundamental process intended to eliminate the noise from 

naturally contaminated images. Addressing this case many 

algorithms were emerged as a result of the vast research in this 

domain. Due an impressive capability in parallel time-

frequency analysis, wavelets were proved to be a good solution 

to denoising problems. The wavelet techniques are very 

effective to remove the noise because of their capability to 

confine the energy of a signal in few energy transform values. 

The wavelet transforms are based on shrinking the wavelet 

coefficients. However, the Discrete Wavelet Transform (DWT) 

is a effective tool, it suffers with certain limitations which 

reduced its use in many applications. Kingsbury suggested a 

redundant complex wavelet transform to avoid the above 

limitations in standard DWT In this paper, a dual tree complex 

wavelet transform (DWT) based de-noising with its 

applications into the noise reduction for signal pre-processing 

is proposed.  This work focuses on the hardware realization of 

a real-time wavelet de-noising procedure. The proposed de-

noising method mainly consists of three modules: a DTCWT, a 

thresholding, and an inverse DTCWT modular circuits. An 

appropriate wavelet filters for the design and implementation 

on FPGA, a detailed analysis has been carried out in Matlab 

Simulink R2012b software using db9, sym9, coif4, bior6.8 and 

Farras Length-10 wavelet filter banks. In this paper Length-10 

is found to be the best filter and is chosen for FPGA 

implementation. Two level 2D-DTCWT based image denoising 

has been performed using soft thresholding with wiener filter 

method and then the hardware software co-simulation design 

has been synthesized in Xilinx ISE 14.5 and implemented on 

spartan 3E FPGA kit. From the results, it is observed that the 

design consumes a total power of 3.00137 mW and operates at 

a frequency of 173.340MHz. 

Keywords: DTCWT, Denoising, Softthresholding, PSNR, 

FPGA 

 

INTRODUCTION 

Image Denoising has remained a essential problem in the field 

of image processing. Wavelets give a outstanding performance 

in image denoising due to properties such as sparsity along with 

multiresolution design The Discrete Wavelet Transforms 

(DWT) which implements an inherent simultaneous low pass 

and high pass filtering structure has proven to be the superior in 

the progressive signal analysis both in spatial and spectral 

domains and provided simultaneous time-frequency 

regularization. Despite its simultaneous time-frequency 

analysis, it suffers from three major drawbacks: shift-

invariance, poor directionality, loss of phase information. To 

overcome these limitations two quadrature distinct real DWTs 

are suitably integrated to form Dual Tree Complex Wavelet 

Transform (DTCWT). The conventional discrete wavelet 

transform (DWT) only exhibits shift invariance when 

implemented in its undecimated form, which is computationally 

inefficient, particularly in multiple dimensions. The directional 

selectivity of the DWT is poor because its separable filters 

cannot distinguish between edge features on opposing 

diagonals. DTCWT has the advantage of approximate shift 

invariance, good directional selectivity in two dimensions, and 

perfect reconstruction over the traditional discrete wavelet 

transform [1]. 

Data acquired by image sensors are   generally degraded by 

noise. Imperfect instruments, problems with the data acquisition 

process, and interfering natural phenomena can all degrade the 

data of interest. Furthermore, noise can be introduced by 

transmission errors and compression. Thus, denoising is often a 

essential step to be taken before the image data is analysed. 

Hence, to enhance these images, the undesired noise needs to 

be eliminated. In image processing, noise removal is 

accomplished through the usage of filtering-based denoising 
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methods. However, the filtering techniques lead in some cases 

to baneful effects when applied indiscriminately to an image. In 

fact, if it is not the whole image that is blurred, some of its 

important features (e.g. edges) are. A solution to overcome this 

problem has been introduced by Donoho and Johnstone [2]. 

Their technique consists of using the DWT followed by a 

thresholding operation. This method exploits the energy 

compaction ability of the wavelet transform to separate the 

image from the supplemented noise.   The function of the 

threshold is to eliminate the noise present in the image. Finally, 

the enhanced” denoised” image is recovered by applying the 

inverse DWT. This method is also known as the wavelet 

shrinkage denoising [3].  

In recent many DWT architectures have been developed and 

implemented for image denoising. The following applications 

represent some previous works, which are related with the 

image denoising by wavelet transform on FPGA technology:  

In 2002, Yousef M. et al. [4] proposed an effective of both soft 

and hard thresholding for desired detail levels. Pipelining of the 

proposed algorithm allows it to be used for real-time 

processing. Implementation of the proposed denoising 

algorithm is performed by using Xilinx Virtex -II FPGA device.  

In 2006, Jonathan J. et al. [5] proposed a reconfigurable system 

for denoising images based on the statistical modeling of 

wavelet coefficients. The architecture has regular data flow and 

is adaptable to arbitrary image sizes. The wavelet used is the 

Daubechies’ (9/7) wavelet, The implementation is achieved on 

a Xilinx Virtex-II FPGA device. The modules were written in 

VHDL behavioural description.  

In 2008, Mohamed I. et al. [6] developed a denoising method 

based on wavelet packet shrinkage. The principle of wavelet 

packet shrinkage for denoising and the selection of thresholds 

and threshold functions were analyzed. The design is 

implemented on the Altera FPGA device using six-levels of 

Daubechies wavelet with soft thresholding. 

In 2011, Bahoura and H.Ezzaidi [7] proposed new architectures 

for real-time implementation of the forward/inverse discrete 

wavelet transforms and their application to signal denoising. 

The proposed real-time wavelet transform algorithms present 

the advantage to ensure perfect reconstruction by equalizing the 

filter path delays. The real-time signal denoising algorithm is 

based on the equalized filter paths wavelet shrinkage, where the 

noise level is estimated using only few samples. Different 

architectures of these algorithms are implemented on FPGA 

using Xilinx System Generator for DSP and XUP Virtex-II Pro 

development board.  

In 2013 Azadeh  Safari    Niras  C V      Yinan Kong [8] provided 

the design and implementation of VLSI architecture of 

multiplier-less DWT image processor. The filter coefficients 

multiplication is resolved by simple shift and adds. Multi-

resolution features of bi-orthogonal DWT and a new scheme of 

reading images from memory are employed to reduce the 

memory requirements. 

In 2013, Naseer M. Basheer and Mustafa Mushtak Mohammed 

[9] implemented for removing noise from gray scale images, 

that depends on Two-Dimensional Discrete Wavelet Transform 

(2D-DWT) and a threshold stage. The proposed design is used 

to remove two types of noise (the Salt and pepper noise, and the 

Gaussian noise) from the corrupted images. The proposed 

architecture is based on lifting scheme approach using the (5/3) 

wavelet filter 

Previous literatures shows lack the implementation of DTCWT 

based image denoising algorithms on FPGA This paper focuses 

on the hardware implementation of the Dual Tree Complex 

Wavelet Transform and image denoising algorithm on FPGA 

using Xilinx System Generator. In this paper we are introducing 

a method for image denoising using the robust nearly shift-

invariant and directionally selective Dual Tree Complex 

Wavelet Transform based on Lemgth-10 filter banks and noise 

shrinkage using wiener filtering approach where the soft 

thresholding operator is used to perform the denoising 

operation. The standard image denoising model using DTCWT 

is shown in figure (1), in which the noisy image is initially 

decomposed into DTCWT sub bands and the noisy coefficients 

are suppressed using denoising process. After noise 

suppression, the denoised DTCWT sub bands are reconstructed 

into spatial domain. 

 

 

Figure 1: The Standard Image Denoising Model Using 

DTCWT. 

 

In general, most of the image denoising algorithms operate in 

software mode efficiently. But the software implementation has 

several disadvantages like complex operations that have to 

realized by a large sequence of simple operations which cannot 

be implemented in parallel. Therefore, it is highly difficult to 

meet real time requirements with software implementation. 

Hence, it is desirable to implement the image processing 

operations on hardware using VLSI techniques which supports 

the real-time requirements. Hardware realization has emerged 

as a viable solution to improve the performance of the image 

processing algorithms. 
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DUAL TREE COMPLEX WAVELET TRANSFORM 

The DTCWT computes the complex transform of a signal by 

means of two separate Discrete wavelet decompositions. If the 

filters used in one are primarily designed to differ from those in 

the other by a half sample delay, then it is possible for one DWT 

to generate the real coefficients and the other to produce the 

imaginary coefficients. This redundancy of two provides extra 

information for analysis. It also offers approximate shift-

invariance yet still allows perfect reconstruction of the signal. 

The dual-tree complex wavelet transform consists of two 

parallel wavelet filter bank trees that include carefully designed 

filters of different delays that minimize the aliasing effects due 

to down sampling [10]. The dual-tree CDWT of a signal x (n) 

is implemented using two critically-sampled DWTs in parallel 

on the same data, as shown in Fig. 2. The transform is two times 

expansive because for an N-point signal it gives 2N DWT 

coefficients. The analysis and synthesis filter banks[11] used in 

the proposed DTCWT framework are Length-10 filters based 

on Farras wavelet implementation. A separate set of analysis 

and synthesis filter banks are used for first stage and higher 

stages.  

 

 (a) 

 

 

(b) 

Figure 2: Dual Tree Complex Wavelet Transform 

trees;(a)Decomposition tree and, (b)Reconstruction tree. 

 

Wavelet thresholding 

Thresholding of wavelet coefficients is governed by soft 

thresholding function as shown in fig(3). The first function in 

fig (3) is not suitable for image denoising because of its linear 

nature. Conceptually the thresholding methods can be classified 

into two categories like Level Dependent Threshold (LDT) and 

Global Threshold (GT).  

Soft thresholding function is represented as 

         Soft(w) = sgn(w) max( |𝑤|- λ , 0)  |𝑤|> λ 

   Soft (w) =   0 ,  |𝑤| ≤ λ                                             (1) 

 

In the proposed method, we have used universal threshold 

which totally dependent on the size of the signal. 

             λ=σ√2𝑙𝑜𝑔 (𝑘)                                             (2)  

Where λ is the threshold value and k is the size of the signal. 

The noise variance and standard deviation measures are 

required to these thresholds for design. Donoho and Johnstone 

suggested a robust method of estimating ‘σ’ in the wavelet 

domain that is based on the wavelet coefficients at finest level. 

Estimation of noise level ‘σ ‘based on the median absolute 

derivation [12 ] is given by  

     σ(mad) =median
{ ‖𝑤(𝑖,𝑗)‖}

0.6745
                           (3) 

 where w(i,j) represents the detail coefficients at the finest level. 

 

 

 
 

Figure 3. Characteristic models of (a)Hard thresholding, and  

(b) Soft thresholding. 

 

Spectral domain wiener filter is used to reduce the noise as it is 

usually able to recover the image by inverse filtering when the 

image is blurred by a known low pass filter. The Wiener 
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filtering accomplishes an optimal trade-off between inverse 

filtering and noise smoothing. It eliminates the additive noise 

and inverts the blurring simultaneously [13] The proposed 

wiener filtering and thresholding process reduces the overall 

Mean Square Error (MSE). Wiener filtering is based on the 

linear estimation of the original signal.  

Fourier domain wiener filtering can be represented as follows  

 

  W(𝑓1,𝑓2)   =  
𝐻٭(𝑓1,𝑓2)  𝑆ₓₓ(𝑓1,𝑓2)

|𝐻(𝑓1,𝑓2) |² 𝑆ₓₓ(𝑓1,𝑓2)+𝑆𝜂𝜂(𝑓1,𝑓2)
           --(4) 

 

FPGA IMPLEMENTATION OF IMAGE DENOISING 

This section presents the design and hardware    implementation 

of the proposed image denoising algorithm which includes a 

hierarchy of a Two level DTCWT implementation using Farras 

Length-10 filter bank and shrinkage of noisy DTCWT 

coefficients with wiener filtering where soft thresholding 

approach is used to denoise the coefficients in transform 

domain. The block diagram of proposed design for one level 

DTCWT is shown in fig (4)  The proposed algorithm is 

designed in Matlab environment and verified its functional 

characteristics with the necessary simulations. Now in this 

paper we discuss and present the physical realization of the 

proposed algorithm via hardware implementation in Xilinx 

Environment using Field Programmable Gate Array(FPGA) 

boards. Realizing a dedicated hardware would greatly reduce 

the limitations of the software design. With an extensive 

support to reconfigurable computing technology, Field 

Programmable Gate Arrays(FPGA) technology has become a 

viable  target for implementation of the image processing 

algorithms on hardware. After formulating the proposed 

algorithm, it is modelled using Xilinx block set library. The 

input noisy image is  given to Xilinx system generator models 

in the form of vector in Xilinx fixed point format. Now the 

Xilinx system generator model is simulated in 

MATLAB/Simulink environment with suitable simulation 

parameters. Once the expected denoising performance is  

obtained, system generator token has been configured for 

spartan 3E FPGA board. Xilinx System Generator offers 

hardware co-simulation [14], making it possible to include a 

design running in an FPGA directly  

into a Simulink simulation. The model is realized for JTAG 

hardware co-simulation once I/O clock scheduling is done. On 

compilation, the netlist and Xilinx ISE accessible programming 

file have been generated in verilog HDL. The developed image 

denoising model is verified for behavioral syntax and then it is 

synthesized and implemented on FPGA.  

 

Figure 4. The block diagram of proposed design for one 

level DTCWT 

 

The Xilinx system generator  has the feature of configuring user 

constraint file , test vectors and test bench for testing 

architecture. Bit stream compilation is done to create an FPGA 

bit file that is suitable for FPGA input and implemented on 

spartan 3E  target device. DTCWT plays a vital role in image 

processing.  

 

Implementation Process 

In this work, a hardware-software co-simulation algorithm has 

been designed for denoising images and implemented on 

FPGA. The registered noisy images are considered for this 

work. Then the noisy image of size 512*512 have been applied 

to 2D-1D block for the conversion of the two-dimensional 

image data to one dimensional bit stream using simulink block 

sets. Then, it is applied as inputs to system generator model for 

FPGA implementation process. The proposed denoising model 

implements a forward 2-level DTCWT hardware to decompose 

the noisy image into transform domain and the sub band 

coefficients are obtained. Except the approximate sub band 

coefficients all the six detail sub bands (Three from first level 

and three from second level) of real tree and the corresponding 

six sub bands of imaginary tree are denoised with the hardware 

shown in fig (5). The denoised sub band coefficients are 

reconstructed back into spatial domain with the corresponding 

reverse 2-level DTCWT hardware shown in fig (6).  

The system generator model for a two level Dual Tree Complex 

Wavelet Transform(DTCWT) is shown in fig (4),which 

includes real and imaginary tree .Each tree  implements a pair 

of simultaneous low pass and high pass filtering processes in 

each successive stage. Low pass filter give in approximate 

coefficients and high pass filter yields detail coefficients. Detail 

coefficients are retained and further decomposition is carried 

out on approximate sub bands. Using the separable property, a 

2D-DWT can be realized with two 1D-DWTs, among which 

one will operate on rows and another on column to carry out 2D 

processing as shown in fig(4) The analysis and synthesis filter 

banks[13] used in the proposed DTCWT framework are 

Length-10 filters based on Farras wavelet implementation. A 

separate set of analysis and synthesis filter banks are used for 

first stage and higher stages. For compactness of the 2-level 
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DTCWT hardware, the expanded view of the denoising 

hardware is presented in fig(5). 

 

Figure 4. System generator model of a two-level DTCWT 

hardware with denoising hardware. 

 

The system generator model of the denoising hardware consists 

of a noise variance estimation block ,a threshold calculation and 

soft thresholding block. The noise variance estimation block 

estimates the noise intensity in the image using the robust 

median estimator which estimates the average noise strength in 

the image. For the 2D image, a standard median process is 

implemented by sliding a window of odd size of 3x3 over an 

image. A 3x3 window size is selected which is considered 

effective for most commonly used image sizes. An optimized 

element for a 3 × 3 median estimator is performed using a three-

input comparison block, which returns the values in the sorted 

order, as shown in figure.5 . The three new values received from 

the line buffers in each clock cycle are sorted by the first block. 

The results are input to new comparison blocks, which reject 

the values farthest from the middle position in each operation 

stage  

 

Figure 5. System generator model of denoising hardware. 

 

Threshold calculation stage computes the compatible threshold 

for estimated noise strength as represented in (2 ). The sub band 

coefficients are denoised in soft thresholding stage with the 

estimated threshold (1) value followed by wiener filter, which 

implements an inverse filtering stage to minimise the resultant 

blur and to provide an additional noise smoothing to the 

denoised sub bands. The denoised sub band coefficients are 

reconstructed back using a two-level inverse DTCWT hardware 

shown in fig (6). The dual-tree CWT is simple as the forward 

transform. To reverse the transform, the real and the imaginary 

part are each inverted—the inverse of each of the two real 

DWTs are used—to obtain two real signals. To obtain the final 

output these two real signals are then averaged. 

 

Figure 6. System Generator model of the two-level reverse 

DTCWT hardware. 

 

EXPERIMENTAL RESULTS 

The experimental results are carried out on test image Lena of 

resolution 512 ×512.The images are taken in gray scale. The 

type of noise added to original test image is of Gaussian nature 

of different noise levels. The test results of System Generator 

output and FPGA outputs are shown in figures 10(a)& (b). The 

PSNR and MSE values (Software and Hardware) of denoised 

image are tabulated in Table (1 ) 

The functional simulation of the proposed denoising hardware 

is done with ISE simulator and the results are shown in figure 

(7). Figure .8. illustrates the synthesized top level RTL view of  

the proposed 2D DTCWT denoising hardware.  

Table 2 depicts the synthesis report summary of the proposed 

method whereas Table 3 represents the Timing summary of the 

design 
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Figure 7.  Simulation results of the proposed Denoising 

Hardware. 

 

 

Figure 8. top level RTL view of the proposed 2D DTCWT 

denoising hardware 

 

Target design adds IO buffers and suitably combines the LUTs 

to reduce the control sets. This design supports a maximum fan 

out of 100000 and maintains a maximum slice and RAM 

utilization capabilities. The design is greatly optimized for high 

speed operation and the net lists are also optimized. On a whole, 

the proposed hardware utilizes 100- 8 bit comparators among 

which 52 are 8-bit greater and 48 are 8-bit less comparator. The 

final register report states that the proposed design make use of 

289 registers and 289 flip-flops.  

 

Figure 9. (a) Clean Lena Image (b) Noisy image at σ = 20 

 

Figure 10. (a) System generator simulation output and (b) 

FPGA output for of proposed method 

   

 

 

CONCLUSION 

In MATLAB Simulink R2012b, soft thresholding operator with 

wiener filter method is used for denoising the image using  DB9, 

Sym9, Coif4, Bior6.8 and Length-10 wavelet filters. From the 

results, it is revealed that Length-10 filter is showing better 

performance for all the variance values at different scales. 

Hence, Length-10 has been chosen as the best filter for FPGA 

implementation. Two level 2D-DTCWT based image denoising 

has been performed using soft thresholding operator with 

wiener filter method and then the hardware software co-

simulation design has been synthesized in Xilinx ISE 14.5 and 

implemented on Spartan 3E 6 kit for low power and high-speed 

performance. From the results, it is observed that the design 

consumes a total power of 3.00137 mW, and it operates at a 

frequency of 173.340MHz. 

 
 
1429 

6.1429
 
0
 
1429 



International Journal of Applied Engineering Research ISSN 0973-4562 Volume 12, Number 14 (2017) pp. 4083-4089 

© Research India Publications.  http://www.ripublication.com 

4089 

It is to be concluded that the It is to be concluded that the present 

investigation is successfully developed DTCWT based ardware 

software co-simulation algorithm using length -10 filter for 

image denoising and implementation on FPGA. 
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