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Abstract. A new method for microscopic object analysis is suggested in this research. We 
consider the diffraction theory combined with the image formation process, this combination 
constitutes the groundwork of many optic transformation processes that it has made possible to 
establish several modern applications of the Fourier optics processing and Digital Holographic 
Microscopy (DHM). Based on these optical applications we consider to study microscopic 
objects with regular forms starting from its Fraunhofer diffraction pattern obtained with DHM. 
The first results correspond to objects with regular forms and randomly distributed in the 
space, the second result corresponds to objects with regular forms and periodically distributed 
in the space. The objects’ parameters can be determined with the diffraction pattern 
manipulation in a simple and accurate way. The biological and materials sciences can be 
beneficed with this research. 

1.  Introduction 
The diffraction theory combined with the image formation process constitutes the groundwork of 
many optic transformation processes that it has made possible to establish several modern applications 
of the Fourier optics processing [1] and Digital Holographic (DH) [2, 3].  

Most investigations about periodic apertures in the literature [4] deal with far-field diffraction and 
the analyses of circular apertures in a rectangular array presented in general to analyze the image 
shape in each small aperture with perpendicular incidence of light onto every pinhole in the array.  
Spectral analysis of three-dimensional images of microstructures is a powerful tool for materials 
science [5]. The determination of particle size distributions in the 1-200 µm size range is made using 
the principles of Fraunhofer Diffraction Pattern Analysis (FDPA). The technique [6] was first 
introduced by Swithenbank et al., in 1977. In FDPA, a laser beam is collimated to a diameter of a few 
millimeters and passed through a sample. The size distributions [7] of particles are important in many 
areas of science and engineering as in aerosol science, atmosphere and ocean sciences, chemical 
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engineering, combustion research and environment protection [8–12]. For particles that are 
significantly greater than the wavelength and with refractive indices that are substantially different 
from the unity, the dominant contribution to the near-forward scattered light can be accurately 
modeled by Fraunhofer diffraction theory. This approximation is valid for particles of radius greater 
than 2, 5 µm when analyzed with visible light (λ ≈ 500nm) [13,14]. Although the rigorous Lorenz–
Mie scattering theory is required in general cases [15], the validity of the diffraction approximation led 
to many applications.  

Small angle light scattering had been applied for ellipsoidal red blood cells, commonly 
approximated by Fraunhofer diffraction [16] but calculus results show that better approximation from 
exact Mie theory is obtained by application of Anomalous diffraction, the derived expression show 
that the ellípticity of intensity curves in forward scattered light are equal to the ellipticíty of the red 
blood cell. 

Digital holography (DH) has several features that make it an interesting alternative to conventional 
optical microscopy. These features include; an improved focal depth, possibility to generate three-
dimensional images and phase contrast images [17,18]. The technique of DH has been implemented in 
a configuration of an optic microscope. The objective lens produces a magnified image of the object 
and the interference between this image and the reference beam is achieved by the integration of the 
microscope to one of the arms of a Mach-Zender interferometer. This configuration is called Digital 
Holographic Microscopy (DHM).  

Interesting applications of DHM rely on the possibility of carrying out whole reconstruction of the 
recorded wave front and consequently, the determination of the phase and intensity distribution at any 
arbitrary plane located between the object and the recording plane, and along the object reconstructed 
image. Kreis and Jüpner [19] were the first to propose the application of digital holography to study 
the three-dimensional form of objects. Grilli et al. [20] used the DH possibility of reconstructing the 
image field at different planes from the object to find the object beam phase form to show how the 
experimental setup affects this. A method for 3D image reconstruction of transparent microscopic 
objects, based on the capture of only one off-axis hologram and the reconstruction field at different 
locations along the propagation direction, have also been proven [21]. Based on this possibility of the 
DH, in this study it is demonstrated that DHM provides valuable information about microscopic 
objects that they make possible quantitative extraction of lineal dimensions parameters from their 
diffraction pattern. 

2.  Experimental setup 
Figure 1 shows the experimental setup used in this work, it correspond to a Digital Holographic 
Microscope designed for transmission imaging with transparent sample.  
 

 
Figure 1. Experimental setup 
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A linearly polarized He-Ne laser (15 m W) is used as light source. The expanded beam from the 
laser is divided by the beam splitter (BS1) into reference and object arms. The microscope produces a 
magnified image of the object and the hologram plane is located between the microscope objective 
MO and the image plane (x’-y’) at a distance dj from the recording hologram plane (ξ-η). In digital 
holographic microscopy we can consider the object wave emerging from the magnified image and not 
from the object itself [22].  

The specimen M is illuminated by a plane wave and a microscope objective, that produces a wave 
front called object wave O, collects the transmitted light. At the exit of the interferometer, the 
interference between the object wave O and the reference wave R creates the hologram intensity 
IH(ξ,η). A digital hologram is recorded by a CCD camera HDCE-10 with 4.65 µm of pixel size. The 
digital hologram IH(j,l)  is an array of M x N = 768 x 768 8-bit-encoded numbers that results from the 
two-dimensional sampling of IH(j,l)  by the CCD camera. For the image reconstruction is used the 
Double Propagation Method (DPM) [23]. 

3.  Methodology     
In Digital Holographic Microscopy the field produced by the objective lens can be reconstructed along 
its propagation [24], figure 2a. 

 

 
a) 

 
b) 

Figure 2. a) Image reconstruction in DHM, b) Reconstruction of the wave distribution õ(u,v) on the 
(u-v) plane. 

 
The reconstruction of the complex wave distribution õ(u,v) on the (u-v) plane at reconstruction 

distance z =  D,  figure 2b, can be accomplish by means of the Single Fourier Transform Formulation 
(SFTF) [19]. The filtered complex wavefield in the same region defined by real image can be 
expressed by Eq. 1 by replacing the specimen hologram with a filtered hologram containing only 
spatial components of the real image [25], 
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The complex field f

SFTFψ  is equivalent to the complex field distribution õ(u,v) on the back focal 

plane of the objective lens. From the Abbe’s theory of image formation [26], the field on the back 
focal plane is related with Fourier Transform of the objects. It can be noted that calculating the 
intensity distribution from Eq. 1, the object’s Fraunhofer diffraction pattern is obtained, 
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The Eq. (2) offers a powerful tool in micro objects analysis because with this, the manipulation of 
the Fourier plane can to be achieved and different techniques of Fourier optics can be apply digitally, 
such as pattern recognition, image processing and others. 

Starting from the complex field described by Eq. (1), the complex wavefield ψ(x’,y’,z=D,d’) at an 
arbitrary d’ can be obtained by propagation of the wavefield f

SFTFψ  at the translational distance d’ and 

the result is inverse Fourier transformed, 
 

( ) ( ) ( ){ }2221 exp,,,,, νψψ kkkdiDzyxdDzyx u
f

SFTF ++′=′′ℑ=′=′′ −                                                  (3) 

 
where ℑ-1 denotes the inverse Fourier transform, k=2π/λ, ku and kv the spatial frequencies 
corresponding to u and v respectively.  

From Eq. 3 we can obtain the amplitude image I(x’,y’,d’=d j)  by calculating the intensity, 
 

( ) ( )[ ] ( )[ ]22 ,,,Im,,,Re,, jjj ddDzyxddDzyxddyxI =′=′′+=′=′′==′′′ ψψ                                   (4) 

 
and the phase image φ(x’,y’,d’=d j) by calculating the argument, 
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4.  System magnification 
In DHM the total system magnification depends on where it is placed the camera CCD in the 
experimental setup. In the next epigraph, related with the experimental result, it is necessary to know 
the system magnification to determine the objects size. The image and the focal planes are related by a 
Fourier transformation, thus longitudinal distances in the image plane can be extracted by the 
reciprocal longitudinal distances in the focal plane. In the working conditions with the capture of one 
hologram, figure 3a, the Fraunhofer pattern is reconstructed, figure 3b. A micrometric scale 
Mitutoyo with 100 lines per mm was used as object. 

 

 
a) 

 
b) 

Figure 3. a) Calibration scale hologram, scale bar 445 µm, b) Fraunhofer pattern, scale bar 2 mm-1 
 

The magnification of the system MT = di/do can be determined by the relation of the two equivalent 
distances di and do in the image and object plane respectively. We determine the distance di = 0.89 mm 
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between two bar in the image plane as the reciprocal value of the measured distance df = 1.12 mm 
between two contiguous spot on the Fraunhofer pattern. With the knowledge that distance do = 10 µm, 
MT = 0.89/0.010 = 89. 

5.  Experimental results 
The Fraunhofer diffraction from multiple apertures is a common occurrence. In this work two different 
kinds of samples are considered to calculate lineal dimensions in objects with similar forms and two 
types of spatial distributions, random and periodically distributions.  
 
5.1. Random distribution of similar objects  
In the first result we consider a sample of mouse blood cell as an example of random distribution of 
similar objects and use the proposed methodology to determine the diameter of cells. Figure 4a shows 
the hologram registered with the experimental setup presented in figure 1. 

 

 
a) 

 
b) 

 
c) 

Figure 4. Image reconstruction. a) Digital hologram, b) Intensity image and c) phase image. Scale 
bar 5 µm 

 
In figures 4b and 4c are showed the intensity and phase images calculated by equations (4) and (5) 

respectively. Due to image plane hologram capture, the reconstruction distance was d’ = dj = 0. It can 
be noted that with DPM method the phase image can be reconstructed with the capture of only one 
hologram. Applying Eq. (2) the Fraunhofer pattern is obtained, figure 5a. 
 

 
a) 

 
b) 

Figure 5. a) Fraunhofer pattern, scale bar 2 mm-1. b) up- the radial intensity curve IR(r), down- 
spectrum of IR(r) 
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In figure 5a the expression ( )[ ]{ }Ddu =+ ,,log1 νψ  was used to better visualization of intensity 

distribution of the reconstructed wavefields. As it is predicted by theory, the Fraunhofer diffraction 
pattern has a ‘spotty’ interference pattern, with a central peak and intensity in the diffraction plane that 
shows random fluctuations on a general background. 

The radial intensity distribution IR(r), figure 5b-up, is measured by scanning the Fraunhofer 
diffraction pattern along radial lines. For each r value the intensity IR(r) is the result of averaging the 
intensity values ISFTF(x’, y’, z = D) along the circumference from 0o to 360o, mathematically this 
operation can be represented by the expression, 
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The spectral analysis of the radial intensity curve IR(r) is carried out by the calculation of the square 

of the module of its 1D Fourier transform. In the resulting spectrum, figure 5b-down, the harmonic 
components are visualized. As seen, only one fundamental harmonic that characterizes the diameter 
(ro = 6.3 µm) of the mouse blood cell appear.   

 
5.2. Regularly repeated identical objects 
In the second result we consider a sample of periodically hexagonal structures grabbed on a plastic 
material with an ions beam as an example of regularly repeated identical objects. In figure 6 is showed 
the hologram and intensity image reconstruction with the parameters for hexagonal real space lattice. 
 

 
a) 

 
b) 

 
c) 

Figure 6. a) Digital hologram, b) Intensity image. Scale bar 5 µm. c) Image of the object using 
Atomic Force Microscopy (AFM).  

 
In the reconstructed intensity image the parameters for the hexagonal real space lattice on the 

image plane are showed: diffraction angle for hexagonal crystal γ = 120o and the unit cell parameters 
a, b which for hexagonal crystal met the condition, a = b.  

Using Eq. (2) the Fraunhofer diffraction pattern is calculated and showed in figure 7a. In figure 7b 
a section of the reciprocal lattice it is identifying and drawn through the spots, the parameters a*, b* 
and γ*  are showed in this figure. 
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a) 

 
b) 

Figure 7. a) Fraunhofer diffraction pattern, scale bar 2 mm-1. b) Over diffraction pattern it is drawn 
the reciprocal lattice. (Inset: Representation of the real space) 

 
As shown in figure 7b, according to the theory of crystal diffraction [27], the reciprocal lattice 

edges of dimensions a* and b* are respectively perpendicular to the cell edges b and a, and quantity are 
related by the following expressions, 
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a = , 
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b =  and γγ −= o180*                                                                                          (7) 

 
where K = λL is the constant of diffraction, where λ the wavelength of monochromatic radiation and L 
is the camera length, i.e., the distance from the specimen to the diffraction plane. 

Applying the relations (7) the diffraction angle in the reciprocal lattice γ* = 60o is determined and 
by measuring the parameters a* = b* = 1.15 mm in the reciprocal lattice it is calculated the parameters 
a’ = b’ = 863 µm. It can be notice that a’ and b’ are the real lattice parameters, but in the image plane. 
The parameters a, b of real lattice in the object plane are obtained dividing a’ and b’ by the total 
system magnification MT = 89, i.e., a = b = a’/MT = b’/MT = 9.69 µm. This value coincides with that 
obtained by AFM, as it is showed in figure 6c.    

6.  Conclusions 
In this work it was demonstrated the potentiality of DHM for microscopic objects analysis starting for 
the calculation of their Fraunhofer diffraction pattern. Using digital hologram reconstruction as a 
method for calculating the amplitude and intensities distributions of the optical field in the Fourier 
Transform plane was discussed. The proposed methodology was applied to the mouse blood red as 
random distribution of similar objects. The spectral analysis of the radial intensity curve on the 
Fraunhofer diffraction pattern allows the diameters determination of cells. Also, for regularly repeated 
identical objects distribution the parameters of real lattice was obtained by the identification and 
measurements of the reciprocal lattice parameters on the Fraunhofer diffraction pattern. With this 
methodology, all measurements are done automatically, therefore, errors in the determination of the 
calculated magnitudes is in correspondence with the quality of the optical-electronic components used 
in the experimental setup. Many applications to the biological and materials sciences can be 
accomplish with the principles of this research. 
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