
Optical image processing using phase singularities 

 

By 

Manoj Kumar Sharma 

Department of Physics 

 

Submitted  

In fulfillment of the requirements for the degree of Doctor of Philosophy 

To the 

 

 

 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

NEW DELHI-110016 (India) 

December 2014 

 



CERTIFICATE 

 

This is to certify that the thesis entitled “Optical image processing using phase 

singularities” being submitted by Mr. Manoj Kumar Sharma, to the Indian Institute of 

Technology Delhi, New Delhi, for the award of Degree of Doctor of Philosophy in Physics 

is a record of bonafide research work carried out by him under our supervision and guidance. 

He has fulfilled the requirements for submission of the thesis, which to the best of our 

knowledge has reached the requisite standard. 

The material contained in the thesis has not been submitted in part or full to any other 

university or Institute for the award of any degree or diploma. 

(Prof. Joby Joseph) 

Professor 

Department of Physics 

I.I.T. Delhi 

New Delhi-110016 

(Prof. P. Senthilkumaran) 

Professor 

Department of Physics 

I.I.T. Delhi 

New Delhi-110016 



ACKNOWLEDGEMENT  

First and foremost I offer my sincerest gratitude to my supervisors, Prof. P.Senthilkumaran 

and Prof. Joby Joseph, who have supported me throughout my thesis with their patience and 

knowledge whilst allowing me the room to work in my own way. I attribute the level of my 

thesis to their encouragement and effort and without them this thesis, too, would not have 

been completed. They always kept a sense of humour when I had lost mine, one simply could 

not wish for better or friendlier supervisors, whose selfless time and care were sometimes all 

that kept me going. I am also grateful to Dr. Kedar Khare for giving me the opportunity to 

work with him on the very important phase retrieval problem and for his valuable suggestions 

and advice on many occasions.   

I would like to thank the members of SRC, Prof. Anurag Sharma and Prof. D.S. Mehta, for 

there valuable comments and suggestions. I thank Dr. Arvind Kumar for his support and help 

with some optical elements. He was very liberal in making them timely available for my 

experiments. I also acknowledge Council of Scientific and Industrial Research (CSIR), India 

for the award of a research fellowship which provided me the financial assistance for carrying 

out this research work. 

I thank my seniors, Dr. D. P. Ghai, Dr. Rakesh K. Singh, Dr. Bhargab Das, Dr. Jolly Xavier 

and Dr. Sunil Vyas, for being very supportive and helpful always. It gives me great pleasure 

in acknowledging my friends Bhupendra, Jai Prakash, Bhavna, Rupesh, Monika, Brijesh, 

Sachin, Vivek, Amit, Samsheer, Manish, Ram Kishor, Viresh, Karandeep, Sushant, Bhargav 

Ram. Their presence made my stay at IITD joyful and special. 

I owe my deepest gratitude to my family. I thank the everlasting love of my grandmother. I 

am grateful to my father, Mr. Raj Kumar Sharma, mother, Mrs. Krishna, uncles, Mr. Santosh 

and Mr. Narendra, aunts, Mrs. Kusum and Mrs. Sunita, wife Neelima, brothers, Pravin, 

Akhil, Vinay, Ankit, Anmol, sisters Kavita, Sarita, Nikki and daughter Shagun, for their 

support, encouragement and love. 

Last but not least, I pay my gratitude to the loving memories of my grandfather who always 

had been a source of learning for me.                                                                                                               

 

(Manoj Kumar Sharma) 



Abstract 

Optical phase singularity or vortex is characterized by a spiral phase ramp around a point of 

undefined phase and zero amplitude. The vortex beam is mathematically described as: 

        , where m represents the topological charge of the vortex beam and the azimuthal 

variable   acquires values from –       . The number of spirals executed by progressive 

vortex beam in single wavelength equals the magnitude of topological charge and the 

rotation/helicity direction decides the sign of the topological charge. By analyzing the phase 

of the singular wavefront, it can be seen that the phase is monotonically increasing in 

azimuthal direction and continuous everywhere except at the singular point. The most 

important reason of the diverse interest, the researchers have shown, in the study of vortex 

beams, is because it carries orbital angular momentum. An isolated vortex can be generated 

using holograms and multiple vortices in a lattice arrangement can be generated by 

interference of vortex free beams. Vortices are useful in metrology and are generally 

unwanted in diffractive optical element designs. Spiral interferometry which is another 

potential application of the vortex beam allows unambiguous reconstruction of a phase object 

in one step. When a spiral phase element e.g. fork grating with central part replaced with a 

blazed grating, is used as a spatial filter in an optical microscope, spiral fringes covering the 

area of the phase object appear. The direction of rotation provides an idea about the phase 

elevation and depression. Other diverse applications of optical phase singularities are vortex 

solitons, diffuser synthesis, free space interconnects vortex crystals, vortex metrology, 

photonic crystals and micro-particle manipulation. 



The application of vortices in phase contrast microscopy is demonstrated for phase contrast 

imaging of samples, based on holographic Fourier plane filtering of the microscopic image 

with a vortex phase mask displayed on a Spatial light modulator. In the image plane, this 

results in a strong phase contrast enhancement for amplitude as well as for phase objects. 

Moreover, a sequence of at least three spatially filtered images, recorded with different 

rotated orientations of vortex phase can be used to obtain a quantitative reconstruction of 

both, amplitude as well as phase information of a complex sample.  

 The application of optical vortex phase as a Fourier plane filter opens up many possibilities 

for the image edge detection/enhancement for amplitude as well as phase objects. The edge 

enhancement of an object is achieved by executing a Hilbert transform. Usually, the 1D 

Hilbert transform provides 1D edge enhancement. It has been shown by Davis et al that the 

vortex phase can be used to execute a radial Hilbert transform. Mathematically, the 1D 

Hilbert transform is nothing but the convolution of the object with       function and this 

function is Fourier transform of a signum function in x direction. Therefore, in a conventional 

4f image processing system, if a signum phase filter is used at the Fourier plane, it results in 

1D edge enhancement. On analyzing the vortex phase carefully, it can be seen that the vortex 

phase is equivalent to a superposition of signum filters in all radial directions and hence is 

capable of providing isotropic edge enhancement by executing radial Hilbert transform. 

Apart from that a fractional charge vortex can perform fractional Hilbert transform, which 

accomplishes directional edge enhancement. The directional edge enhancement can also be 

achieved by providing a lateral shift to the spiral phase filter at the Fourier plane.  

The directional edge enhancement of any object, using vortex-reliant filters, is important as 

the intensity can be redistributed along a desired direction in which the signal has more 



importance. The methods employed for this are the vortex filter with a lateral shift of the 

fractional vortex filters or using a fractional vortex filter, but all these methods are not 

capable of controlling the selectivity of the edges to be enhanced. To achieve the control over 

the selectivity as well as on the direction of edge enhancement, new filters are required. We 

have introduced new anisotropic vortex filter and shifted anisotropic vortex filter for 

directional edge enhancement. In this thesis the effect of aberrations is analyzed in vortex 

spatial filtering. The Fourier spectrum analysis of spiral zone plates and the filtering 

characteristic analysis of superposed vortex filter are also parts of the present thesis. The 

feasibility of fractional vortex dipole phase filter as directional edge enhancing filter is also 

dealt in this thesis. All the phase values in this thesis are in radian.  

  This thesis reports the results of the investigations on the various types of vortex spatial 

filters. We propose an anisotropic vortex filter and analyze its filtering characteristics 

analytically and experimentally. Such a filter can be used for selective edge enhancement 

with total control on the selectivity of direction as well as the region of the edges to be 

enhanced. Next we analytically show that the laterally shifted anisotropic vortex filter is 

capable of producing selective edge enhancement with radial asymmetry, performance of the 

filter is examined experimentally. As the presence of aberrations is unavoidable in optical 

setups, we study the effect of several primary aberrations in vortex spatial filtering and we 

show that the effect of astigmatism is equivalent to introducing anisotropy in the vortex filter 

which can produce selective edge enhancement, further, we observed that the effect of 

balancing the aberrations is negligible improvement in the spatial filtering. Next we analyze 

the Fourier spectrums of various phase and amplitude spiral zone plates in the context of 

edge enhancement. Subsequently, we propose a new directional edge enhancing filter 



obtained by superposition of two single and opposite charge vortex filters. Further, we 

propose a phase filter, comprised of the fractional vortex dipole which detects the edges of 

amplitude and phase objects with better contrast with negligible disruption in output 

intensity.   

Chapter 1 contains introduction and the fundamental perceptions on optical vortices. The 

applications based on the properties of spiral phase filters are discussed. This chapter also 

incorporates an overview of the research work on vortex spatial filtering during past few 

years. The primary objectives and the content details of this thesis are presented. 

 Chapter 2 consists of the detailed study about the anisotropic vortex filter which we have 

proposed and its filtering characteristics are experimentally analyzed. The anisotropic vortex 

phase, like a conventional vortex spirals around the singular point and is monotonically 

increasing function of azimuthal angle but it differs from that vortex phase in terms of the 

azimuthal rate of change of phase. While, the azimuthal rate of change of phase of a 

conventional vortex function is constant, that of an anisotropic vortex is a function of 

azimuthal angle and varies with the same. Because of this the vortex phase filter looses the 

signum formation along certain radial directions and hence the selective edge enhancement is 

achieved using such a phase filter. In order to attain controlled selectivity, we propose a new 

anisotropic vortex filter in which the phase of the vortex is modulated by sinusoidal functions 

of azimuthal angle. We can tune the power of the sinusoidal function to change the 

selectivity and the direction selection can be done by adding an extra off-set to the azimuthal 

angle. Meanwhile, to maintain the anisotropic vortex phase as monotonically increasing 

function, we employed modulo    operation. Moreover, the proposed filter being separable 

in polar coordinates, its Fourier transform calculations have been done with certain 



assumptions. The anisotropic vortex function as a spatial filter and its transfer function 

calculations have been presented for the first time.  

Chapter 3 contains the study of the filtering characteristics of a laterally shifted anisotropic 

vortex filter. The shifted anisotropic vortex phase mask is generated by introducing 

controllable anisotropy in conventional vortex mask with the help of sine function and 

shifting the singularity away from the zero frequency component in the filter plane. The 

shifted anisotropic vortex phase mask is capable of enhancing the edges of a given object 

selectively in any desired direction with radial asymmetry. Even with a conventional vortex 

filter, the isotropic edge enhancement is possible only if the position of the dark core of the 

filter as well as the zero frequency component of the object Fourier transform coincide in the 

filter plane. This is because of the presence of the signum filters all around the zero 

frequency component of the spectrum of the object. If the dark core of the vortex filter 

doesn’t coincide with the zero frequency component of the spectrum of the object, the 

signum functions are no more available along all azimuthal directions with respect to the zero 

frequency component of the object spectrum. Although, the applicability of the filter has 

been shown for amplitude objects only, it can be employed for the edge detection of the 

phase objects as well.  

Chapter 4 contains the analysis of the effect of primary Seidel aberrations in vortex spatial 

filtering. As the aberrations are indispensable part of all optical systems, it is important to 

study the effect of aberrations on radial Hilbert phase mask. In the process it is seen that a 

small amount of astigmatism in the vortex phase filter introduces anisotropy in the mask and 

as a result directional edge enhancement is achieved. The effect of other aberrations except 

tilt is seen in terms of erosion in the edge enhancement capabilities. The balancing of 



aberrations which is known to suppress the effect of the aberrations in imaging seems 

ineffective in vortex spatial filtering. The experimental results with theoretical analysis are 

presented.  

Chapter 5 consists of the study on the Fourier spectrum analysis of spiral zone plates. 

Fourier transform plays an important role in diffractive optics, propagation, image 

processing, diffraction, holography, microscopy, phase retrieval, spectral analysis of optical 

systems. We take spiral phase zone plate, spiral amplitude zone plate and binary amplitude 

spiral amplitude zone plate under consideration to analytically derive their transfer functions, 

in order to analyze their filtering characteristics. The spiral phase zone plate function is 

separable in polar coordinates, so it’s Fourier transform can be calculated using Fourier-

Bessel transform equation and the spiral amplitude zone plate is written as a superposition of 

two spiral phase zone plates with opposite spiral topological charges. Then the Fourier 

transform is also the superposition of respective individual transforms. The binary amplitude 

spiral zone plate which has been written as a Fourier series produces multiple terms in its 

transfer function. The filtering characteristics of these zone plates when they are used as 

Fourier plane filters can be understood by analyzing their respective transfer functions.  

Chapter 6 presents the study on the filtering characteristics of a superposed vortex filter. The 

filter consists of two superimposed vortex filters with opposite and unit topological charges 

produces azimuthal amplitude variations. The filtering characteristics are studied by 

analytically calculating its transfer function and then looking at the amplitude modulation. It 

is observed that the amplitude modulation in the transfer function of the superposed vortex 

filter is asymmetric and because of that it produces directional edge enhancement like a 1D 

Hilbert phase mask. As the filter’s amplitude variations are azimuthal angle dependent, it 



provides better contrast for fingerprint like structures. It has been shown that the filter which 

consists of two superposed vortex filters, with opposite helicity, can also be synthesized 

using holography as a Gabor-type hologram. The directional edge enhancement is 

demonstrated by experimental results.  

In Chapter 7 a new filter is proposed for directional edge enhancement. The fractional 

vortex dipole can be used as a Fourier plane filter in order to get the directional edge 

enhancement. It is because the fractional vortex dipole mask shows same properties as that of 

a 1D Hilbert phase mask. The filter performance can be tuned by varying the distance of 

separation between the vortices to achieve better contrast and output noise suppression and 

when this distance tends to infinity the filter performs like a 1D Hilbert phase mask. The 

experimental results are presented for the directional edge enhancement of phase objects 

using the fractional vortex phase mask and these results are compared with those obtained 

using a 1D Hilbert phase mask. The real time tuning of the separation of the distance 

between the fractional charge vortices of opposite polarity is possible with the help of phase 

SLM, over which the phase masks are displayed.     

Chapter 8 summarizes the work reported in the thesis with the conclusion drawn and 

presents the scope of the future work in the area of spatial filtering and image processing.   
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