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Abstract 

Holography is the optimal and the final choice among several techniques for imaging and 

displaying the three-dimensional (3D) objects. In this paper, we propose a new denoising 

algorithm for digital hologram using Fresnel transform (FT). The proposed algorithm 

initially transforms a digital hologram into frequency-domain data through a FT, and 

separates the object from the background in the transformed image. Experimental results 

show that the technique to reduce noise in a natural 2D image such as a smoothing filter can 

reduce the noise to improve the image quality for a digital hologram. We expect that the 

conclusions of this paper will be a very useful technique for further work in the area of signal 

processing scheme for electronic holographic video service.  

Keywords: Digital hologram, Denoising, Noise reduction, Holographic video, Computer-

generated hologram 

1. Introduction 

The surge of recent interest into 3D images has led to active researches about digital 

holography, which is the ultimate goal of 3D imaging in various fields: capturing or 

producing a digital hologram, reconstructing a digital hologram, studying optical materials 

and devices, and signal processing. Especially, the last one has recently attracted attention. A 

hologram used to be dealt with from the optical side only. Holographic digitalization, 

however, has led to various studies on encoding, transmission, storing, encryption, and noise 

reduction [1-3].  

Holograms have been recognized by most image researchers as the final goal of perfect 3D 

image reconstruction, because they are exactly the same image, as the original object in free 

space. Thus, many researchers have working on this, since their invention by Gabor in 1948.  

Electronic holograms have been researched since the 1960s. Computational holography is 

one of these forms of electronic holograms, in which the interference pattern (fringe pattern 

or digital hologram) is calculated numerically to acquire a hologram. The hologram is 

uploaded to a spatial light modulator (SLM) and the reference light is exposed to reconstruct 

the image [4, 5]. The numerically calculated hologram is termed a computer-generated 

hologram (CGH). The inputs for a CGH, the depth information and the light intensity of each 

object point, are in digital forms. In addition, the output, the resulting hologram, consists of 

pixels. 

The digital hologram is captured in digital format by a CCD camera and the object is 

displayed by loading the stored digital data on an SLM. The noise is intruded in the process of 

acquiring the interference pattern due to the environments relating to the camera and its 

characteristics. The noise lowers the quality of the reconstructed hologram, but increases the 
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entropy of the digital hologram, which makes the signal process of the hologram such as data 

compression less efficient. 

The technique to remove noise from a natural image has been experimented a long time 

ago, and, subsequently, many noise-removing filters showing superior performances have 

been published. However, these filters are not suitable to a digital hologram because the noise 

is at a similar frequency region to the original image data. Some studies [6,7] proposed the 

noise-removing techniques for the digital hologram, using the image processing technique. In 

[8] proposed a method using a wavelet filter. These techniques expanded the applicability of 

the methods to the 2-dimensional (2D) images of the digital hologram. 

In this paper, a new approach to remove or reduce the noise in the digital hologram is 

proposed, which uses a frequency transform to increase the correlation between the pixels. A 

Fresnel transform (FT) is used as the frequency-transform tool. The distribution of the 

frequency-transformed coefficients resembles one of the reconstructed images [9]. 

Consequently, the object and the background in the transformed image are separated and 

analyzed to give the treatment for different noise-removing techniques. 

In Chapter 2, the theoretical background and Fresnel transform is described. Chapter 3 

explains the denoising method proposed in this paper with a brief review of some previous 

ones. The experimental results are provided with a following discussion in chapter 4, and 

chapter 5 concludes the paper. 
 

2. Background Theory 
 

2.1. Digital Hologram 

In general, a digital hologram is acquired by capturing the phase of interference pattern 

between the reference light and the object light reflected from an object with CCD camera, 

and recorded in digital format, as shown in Figure 1. In the case of acquiring a digital 

hologram optically as Figure 1a, a laser is exposed to condensing lens to produce a parallel 

light. This light is divided into two lights (the reference wave and the object wave) by a beam 

splitter. The object wave is illuminated to the object and the reference wave is directly 

exposed to the CCD camera. These two waves interference each other and the resulting 

interference pattern is recorded in the CCD camera. To restore the object, the interference 

pattern is loaded to a SLM and the same light as the reference wave in recording is exposed to 

the SLM. Then, the primary diffraction ray is generated and the 3D object is reproduced [10]. 

The use of CCD camera in the acquisition process of a digital hologram inherently includes 

some noises because of the environments of camera, which dramatically decreases the quality 

of reconstructed images with the digital hologram. 
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Figure 1. Acquisition Scheme of a Digital Hologram 
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2.2. Fresnel Transform 

The Fresnel diffraction equation for near-field diffraction, is an approximation of 

Kirchhoff-Fresnel diffraction that can be applied to the propagation of waves in the near field. 

It is used to calculate the diffraction pattern created by waves passing through an aperture or 

around an object, when viewed from relatively close to the object. In contrast the diffraction 

pattern in the far field region is given by the Fraunhofer diffraction equation. Figure 2 show a 

diffraction geometry for Fresnel diffraction. Here, E(ξ,η,0) is 2D pattern of optical field on an 

image plane and E(x,y,z) is the field at output plane a distance away [11].  

 

 

Figure 2. Diffraction Geometry 

Figure 3 shows an example images, where (a) is a computer graphic image (depth-map 

in 200×200 [pixel
2
]), (b) is its digital hologram (256×256 [pixel

2
]), and (c) is the result 

from Fresnel transform of a digital hologram. The Fresnel transform result is much 

resembled to the original object (Figure 3(a)). One particular result from this example is 

that, the value of DC coefficient from a digital hologram does not seem to be so high. But 

they still have very high values and energies even though they are lower than those a 

conventional 2D image. 

 

 

Figure 3. (a) Depth-map of 3D Object, (b) Digital Hologram of (a), (c) Fresnel 
Transform Result of (b) 

3. Proposed Algorithm 

As mentioned above, other than the way to create a digital hologram in Figure 2(b) is the 

Fresnel transform that calculates the interference pattern arithmetically with the brightness 

map (or color map) and the depth map of the object. This method, as also employed in this 

paper, is popularly used among experiments. Even this CGH (computer generated hologram) 

is used, because it is necessary to model the actual acquisition situation as Figure 1 because 
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CGH does not include the noise introduced during the acquisition process. Converting a 3D 

object o(x, y) to a digital hologram h(i, j) by the CGH technique and adding the noise n[0, σ2] 

results in the definition of the actual digital hologram h’(i, j) as in Eq. (1) [12].  

 

      
( , ) ( , ) ( , )h i j h i j n i j  

             (1) 

 

where n (i, j) is the noise at the position of (i, j) on the assumption that the noise is 

Gaussian noise with the average of 0 and the standard deviation of σ2. 

As shown in Figure 4(c), the FTed of the digital hologram results in a similar pixel 

distribution to the original object although the position and the size somewhat change. Using 

this characteristic, the present paper proposes a new noise reduction algorithm regarding the 

FTed image as a nature image.  

For denoising, Fresnel transform is performed by regarding a digital hologram as a natural 

2D image. Figure 4(c) shows a FT result image. As shown in Figure 4(c) and (d), the 

coefficient distributions of digital hologram after the FT show relatively high correlations of 

the pixel values compared to the ones before the FT as shown in Figure 4(a). For the 

distributions in Figure 4(c) and (d), the pixel values inside the objects show relatively high 

correlations compared to the exterior pixels to the object. Also, the pixel values outside the 

object are relatively very low to the ones inside the object, which is the same result from the 

actual measurement. That is, the characteristics of the coefficients inside the object are 

different from the ones of the coefficients outside the object. Therefore, this paper separates 

the object from the background and proposes a different noise reduction scheme for each of 

them.  

From such characteristics, the following conclusions can be made. Because the local region 

of a digital hologram includes information for the entire object, we must encrypt the entire 

hologram rather than the segmented hologram. 

The denoising methodology is the following:  

①  Fresnel transform 

②  Selection of denoising region 

③  Denoising using proposed methods 

④ Inverse Fresnel transform 

 

 

Figure 4. (a) Digital Hologram , (b) Pixel Distribution of (a), (c) Fresnel 
Transform Result of (a), (d) Pixel Distribution of (c) 
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In this section, we propose a noise reduction algorithm for digital hologram. It is briefly 

shown in Figure 5 [13]. 

 

 

Figure 5. Block Diagram of the Whole Algorithm 

To apply the proposed algorithm, digital holograms of 3D object (depth-map, intensity) are 

generated using the CGH method. The proposed algorithm is applied to them. The encryption 

results are verified numerically using peak noise-to-signal ratio (PSNR) and normalized 

correlation (NC). In addition to the numerical statistics, visual observation is used to 

determine the encryption efficiency. The size of a digital hologram is 1,024x1,024 [pixel
2
]. 

We divide the two regions in FT domain, whose scheme is shown in Figure 6. This paper 

separates the object and the background in the FT domain by using the distribution 

characteristics of those coefficients, and proposes each different noise reduction technique.  

Background region is to remove/reduce noise outside the object for the FTed image. As 

explained above, the coefficients outside the object have relatively very low correlations 

with the ones inside the object. Thus, removing the values outside the object induces a very 

low influence on the quality of the image. So, Background is substituted with '0'. 

In object region, the distribution characteristics in the statistical histogram of the FTed 

coefficients are used. To obtain the distribution characteristics, more than 100 digital 

holograms produced by the calculation (CGH) were tested. The denoising using statistical 

histograms is as follows. 

The object and the background are separated and a Butterworth lowpass filter [14] is 

applied to the object. A Butterworth lowpass filter is a kind of low-pass filter which performs 

a weighted average for the target pixel and the surrounding ones within the filtering window. 

A Butterworth lowpass filter can be described as Eq. (2), 

 

         (2) 

 

where D0 is a positive constant and D(u,v) is the distance between a point (u,v) in the 

frequency domain and the center of the frequency rectangle. 

 

4. Experimental Results 

The proposed in the previous section have been experimented with more than 100 digital 

holograms (CGHs). To make a digital hologram noisy, we added Gaussian noise as shown in 

Eq. (1). For the objective measurement of the visual quality of a reconstructed image, the 

PSNR (peak signal to noise ratio) as shown in Eq. (3) has been measured, while the subjective 

comparison of the image quality has been accomplished with the reconstructed images on an 

optical system as shown in Figure 1. 

 

        (3) 
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Figure 6. Two Regions for Denoising in Fresnel Domain; (a) Region 1, (b) Pixel 
Distribution of (a), (c) Region 2, (d) Pixel Distribution of (c)  

Here, Ix,y and I’x,y are the values in the position of (x, y) of the noise-free and the noisy 

reconstructed image, respectively. X and Y are the numbers of pixels in the horizontal and 

vertical direction in the reconstructed image, respectively.  

The proposed technique was applied to several digital holograms and the denoising 

results were verified. First, a digital hologram of a 3 dimensional object is generated using 

the computer generated hologram (CGH) method. Next, the digital hologram is 

transformed into frequency domain coefficients using forward FT and region is selected 

using the method described in the preceding section. The coefficients for the selected 

region are denoising using the proposed algorithm. The denoising digital hologram is 

generated by going through backward FT. Finally, the 3-dimensional object is generated by 

passing through the reverse CGH process. The experiment procedure is shown in Figure 7. 

The denoising results are verified numerically using PSNR. 

 

 

Figure 7. Experiment Procedure 

A smoothing filter which used to reduce noise in natural images was applied to reduce 

the noise of digital holograms. That is, the filter has been applied to the data which 
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occurred due to FTed with a noisy digital hologram. Figure 8 shows an example of the 

experimental results. 

As can be imagined, the experimental results showed that the image qualities of the 

reconstructed images after filtering were worse than the one without filtering. The PSNR 

values in Figure 8(c) and Figure 8(d) (without filtering) were 16.33 [dB] and 17.81[dB], 

respectively. But by applying our methods, the image qualities were improved by at least 

3.2 [dB] in the PSNR average. 

 

5. Conclusion 

This paper proposed an algorithm to reduce noise added during the acquisition and 

transmission process of a digital hologram and cause dramatic degradation in the image 

quality. This algorithm is used to separate the image part from the background data. The 

Fresnel transform frequency domain data were treated as natural images by separating the 

object from the background by contouring and proposing of denoising methods.  

Experimental results showed that the technique to reduce noise in a natural 2D image such 

as a smoothing filter could not reduce the noise to improve the image quality for a digital 

hologram. But by applying our methods, the image qualities was improved by at least 3.2 

[dB] in the PSNR average.  

Consequently, we could be sure that the proposed denoising schemes can provide various 

digital holographic videos for various environments. Thus, we are expecting that the proposed 

schemes can be used as a good basis for further research on denoising, as well as for real 

applications such as a holographic TV. As for the interpolation method, it will be one of our 

future research topics to find an optimal method to increase the object quality.  

 

 

Figure 7. Experimental Results (a) Digital Hologram , (b) Reconstruction Image 
of (a), (c) Noisy of (a), (d) Reconstruction Image of (c), (e) Denoising by 

Proposed Method, (f) Reconstruction Image of (e) 
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