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ABSTRACT 

In this paper a comparative study on applying the Fourier Theorem on processing optical signals in their 

analogue and digital forms, that is the optical function in its continuous and discrete forms. Therefore 

the experimental work includes transforming the optical content of different objects, at the object plane, 

into the spatial frequency domain, at the Fourier Plane. Spatial filtering is achieved at this plane,  such as 

low pass, high pass and band pass filters. The results of these processing methods are manifested after 

achieving an inverse Fourier Transform on the diffraction patterns, of the utilizes objects, back into the 

spatial domain. Then by using the MATLAB software equivalent forms of the objects are processed 

theoretically as discrete functions. Two standards objects (a square and circular apertures) where used. 
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INTRODUCTION 

 
The Fourier transform (F.T) has played an important role in the modern optics. The Fourier transform is a 

linear operator that maps a functional space to another functions space to another functions space and 
decomposes a function into another function of its frequency components [1]. 

The (F.T) of a coherently illuminated object can be obtained physically in the back focal plane of a lens, Fig. 
1, when it can be manipulated directly by using spatial filters. This is called coherent optical information 
processing. The optical signal processing can be traced back to Abbe`s work in 1837, which led to the discovery 
of spatial filtering [2]. According to the Abbe theory of image formation for an object, illuminated by a plane 
wave, forms diffraction pattern in the focal plane of a lens considering that a lens as performing F.T operation. A 
perfect image of the object can only be formed when all diffracted orders (spatial frequencies) are allowed to pass 
through the lens. 

The planer waves that are focused near the center of the Fourier plane are said to be low spatial frequency 
components. The spatial frequency is so high that the wave vector makes a greater angle with the axis, the 
corresponding focus being farther from the center. If a suitably designed mask is placed in the (F.P), then certain 
frequency component will be blocked out (filtered) and the outer will pass through the mask. These filters achieve 
the processing action on the reconstructed image of the object at inverse Fourier transform (IFT) plane. 
Depending on the mask design spatial filter are classified as low pass, band pass, and high pass filters in addition 
to the band rejection filters. Calculating a two dimensional (FT) needs a powerful computer. A simple lens 
achieves this operation in an analog way in real time. However, recent computers has the capability of performing 
high speed calculation and large storage capacity, hence Fourier transforms or any complex mathematical 
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calculations can be achieved easily by these computers and numerical images is built up. The first hybrid optical-
digital processing system was made by Huang and Kasnitz in 1967 [3].   

 The philosophy of a hybrid optical/digital processer is simply to combine an optical system and a digital 
processer such that the resultant system has the best features of each [12,13]. 

 
 

Fig. 1: Experimental Set-Up for the Optical Processor 
 
A common approach to process an image is to convolute the two dimensional image with a suitable filter 

function. to be processed a spatial image is transformed into a spatial frequency spectrum by using a fast Fourier 
transform algorithm in digital computers. The (FT) of the n-pixels digital image is then multiplied with a 
computer generated filter function that is designed to achieve the desired enhancement. The filtered spectrum is 
then, converted back to a two dimensional image by taking the IFF-Transform. In a hybrid digital-optical 
processing techniques a positive lens is used to obtain optical (FT) of the object image at the first Fourier plane 
(2F-setup). The frequency spectrum obtained is projected on to the right side of the spatial light modulator (SLM) 
placed at the focal plane of the lens. The optical pattern of the desired filter, generated by a computer, is projected 
onto the near side of the (SLM).Then the corresponding spectrum, after being processed by the (SLM), is inverse 
Fourier transformed to obtain the final images, which is recorded by using a CCD camera.[4] An image is a two – 
dimensional function f(x,y) in the spatial coordinates (x,y) where the amplitude of this function represents the 
intensity of the image at the point (x,y). This image can be processed by digital computers. One of the high 
performance language for technical computing with MATLAB, which integrates computation, visualization, and 
programming in an easy to use environment.   

 
Theory: 

 Linear transforms, especially Fourier transforms, are widely used in solving problems in science and 
engineering. It is used in linear systems analysis, antenna studies random process modelling , probability theory, 
quantum physics,  and  boundary-value problems [5], is used in many fields of science as a mathematical or 
physical tool to alter  a problem into one that can be more easily solved .The Fourier transform is a fundamental 
importance to image processing [6]. It is a representation of an image as a sum of complex exponentials of 
varying magnitudes, frequencies, and phases. It plays a critical role in a broad range of image processing 
applications, including enhancement, analysis, restoration, and compression [7]. 

 
The Fourier Transform Pairs: 

Suppose that () is a real variable ranges between (- and + ) then the F. transform of  in a one 
dimension is given as: 

                     (1) 

This represents the spectrum of the function  

                  (2) 

: is the spatial frequency 
When a one dimensional spatial variable (x) is sampled into (N) uniformly spaced values 0,1,2,….,N-1 then 

a discrete form of the F.T pair can be given as ;[9,11] 

 
                     And          
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The F.T. is linear and has many other properties such as similarity (scaling or dilation), translation (or shift 

theorem) and convolution, in addition to many other properties. 
 
Rectangular Function [10]: 

A rectangular function in one dimension is called a slit function which can be represented as follows: 

               (5) 

              

                                                                       
                                                                        1 
  

                                                                 0                          
 
 
 
Its normalized F.T. is a sinc-function 

                 (6) 
The Fourier transform of the (2-D) rectangular  function is given by:-  
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} and its Fourier transform is shown in figure (2-1) below: 

Fig. 2-1: Rect- function & its Fourier transform. 
 
2. Circle Function [10]: 

A circular aperture may be represented mathematically as follows;  
                                   (7) 

                               
 The F.T. of the circle function is given as; 

                                                               (8) 

  Where is the first order Bessel function 

                                                                            (9)  
Fourier Transform using Matlab for circular aperture: 
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Fig. 2-2: Circular function & its Fourier transform. 
 
3. Spatial filtering: 

The spatial frequency spectra input images can be modified to obtain filtered output images. 

 
(a) High-pass filter 
The low spatial frequency components of an input object can be removed by placing an obstruction in the 

transform plane that will block the area around the DC component.  
The transparent area elsewhere permits all light corresponding to spatial frequencies greater than a specific 

value to pass through the lens. 

 
(b) Low-pass filter 
A low-pass filter can be formed by putting an iris in the transform plane. This iris will 

permit all light corresponding to spatial frequencies below a specific value to pass through the lens. 

 
(c) Band-pass filter 
A band-pass filter can be constructed to permit light corresponding to a specific range of spatial frequencies 

to pass through the lens. The band-pass filter can be made by combining a high-pass filter with a low-pass filter. 
 

Convolution: 

The convolution of two functions and  may be represented as;  

 

The important feature of the convolution integral is that the F.T. of two convoluted functions and  is 

equal to the product of their F. transforms  and  
That is F.T. is 

 [  
 

RESULTS AND DISCUSSION 
 
Three samples of objects are selected in the experimental work, two of them of simple forms (circular and 

rectangular  functions) while the third one is of a complex form where an image for the Maximilian emperor 
printed on a transparency is selected. The Matlab software was utilized for a theoretical manipulation of these 
three samples. 

 
A. A Single Circular Aperture: 
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Fig. 3-1: A Circular Aperture Object. 

 
The results for the circular function of Fig.(3-1) are listed below in Fig. (3-2) to ( 3-14).  
 

 
 

Fig. 3-2: Shows the power spectrum in the spatial frequency domain, that is FT, for the experimental circular 
object. 

 

 
Fig. 3-3: The 3-dimensional form of the FT in Fig.(3-2). 

 

 
 

Fig. 3-4: FFT by Matlab for Fig.(3-1). The broken up circles in the pattern is due to the small size digitally 
generated circular aperture which is not perfectly circular and hence small details become larger in the 
frequency domain. 

 

 
 

Fig. 3-5: The intensity distribution in the reconstructed image , i.e. IFT of the circular object in Fig.(3-1). 
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Fig. 3-6: The 3-D form for Fig.(3-5). 
 

 
 

Fig. 3-7: The reconstructed image after using a high pass filter. 
 

 
 

Fig. 3-8: A 3-D form of the Fig.(3-7). The spikes refer to an inhomogeneous transparency of the filter. 
 

 
 

Fig. 3-9: A Matlab sample for Fig.(3-8) 
 

 
 

Fig. 3-10: Low pass filtered image for Fig.(3-5). 
 

                                          
 
Fig. 3-11: A 3D-form of Fig.(3-10).                     Fig. 3-12: Band pass filtered image of Fig.(3-5). 
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Fig. 3-13: A 3D-form of Fig.(3-12).                     Fig. 3-14: A Matlab sample for Fig.(3-10). 

  
A. A Single Rectangular Aperture: 

The experimental and theoretical results for the second standard aperture, that is rectangular function, are 
listed in figures (3-15) to (3-28). 

 

                                          
 

Fig. 3-15: Single rect. aperture                                              Fig. 3-16: FT of the rect. Object 
 

 
 

Fig. 3-17: IFT of the rect. Aperture. 
 
This experimental result shows a defect in the upper right side of the reconstructed image for the imperfect 

geometry of the small sized square aperture. 
 

                                       
 
Fig. 3-18: The Power distribution for the                           Fig. 3-19: A Matlab sample for Fig.(3-16) 

   reconstructed rect. Object in a 3-Dimensional view. 
 

                               
Fig. 3-20: A matlab sample for Fig.(3-15).                      Fig. 3-21: High-pass filteredIFT  image 
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Fig. 3-22: A3D-form of Fig.(3-21).                                                Fig. 3-23: Low pass filtered image                     

 

                                     
Fig. 3-24: 3D-form for Fig.(3-23).                                           Fig. 3-25: A high-pass Matlab sample.               

 

 
Fig. 3-26: A low-pass Matlab sample. 

 

                                                            
Fig. 3-27: Band pass filtered image.                                       Fig. 3-28: A 3-D view of Fig.(3-27). 

 
The geometrical deformation is clear in all the experimental results spatial, and frequency domains. 
 

B. A Complex Object: 
In this case the object utilized is of a complex function, where an image for the emperor Maximilian is 

selected. In the experiment a simple image was printed on a transparency while for the Matlab manipulation a 
more complicated image, Fig.(3-29),with different scale of grayness levels. 

 

                                 
 
Fig. 3-29: Image of the Emperor Maximilian                    Fig. 3-30: FT for Fig.(3-29). 
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Fig. 3-31: 3D form for Fig.(3-30).                                      Fig. 3-32: A Matlab sample FT for Fig.(3-29). 

                            

                                 
 
Fig. 3-33: IFT for Fig.(3-30).                                                   Fig. 3-34: A3D form for Fig.(3-33). 

 

                           
Fig. 3-35: High pass filtered                                                 Fig. 3-36: 3D form for Fig.(3-35).      

 

                                   
Fig. 3-37: Matlab sample for the IFT      Fig. 3-38: Matlab sample for high pass                                                               
                 of  Fig.(3-29).                                                                       filtering of Fig.(3-37). 

                       

                             
 
Fig. 3-39: Low pass filtered.                                                 Fig. 3-40: 3D form for Fig.(3-39). 
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Fig. 3-41: Band pass filtered                                                     Fig. 3-42: Band pass filtered 3D 

 

                                         
 
Fig. 3-43: Matlab sample for low pass                        Fig. 3-44: A Matlab sample for a FT of 

          filtering of Fig.(3-37).                                                  Fig.(3-29) which is too much different with             
                                                                                                 respect to the experimental one Fig.(3-30). 
                                                                                        
This is due to coherent imaging and processing in the experimental procedure.          
Practically incoherent processing procedure is more difficult than the coherent one. But, however, in 

incoherent processing one can avoid many problems such as scratches, dust, or any blemishes in the object plate 
and other optical components. 

 
Conclusions: 

The main characteristics of analog or optical information processing are: 
 
1. Processing procedure is achieved directly in the optical system therefore it takes place at the real time, 

that is, processing speed is equal to the light propagation speed. 
2. Parallel optical data handling & processing at once.  
3. It is a natural approach. 
4. It is a very complicated in practical implementation. 
5. Very sensitive to nose sources, such as dust, scratches, defects in optical components, vibrations, and any 

background light sources. 
6. Utilizing slow optoelectronic devices, such as digital cameras and display devices will cause a high 

latencies image display. 
7. It can be achieved by using coherent or incoherent light sources. 
 
Therefore the optical image processing has very limited applications where high parallel and real time 

processing is required. On the other hand digital image processing seems to be more practical, flexible, very 
simple to realize, especially after the very vastly developing of fast computers and software.  
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