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Abstract: Computational imaging techniques are indirect ones consisting of two steps: optical 

recording and computational reconstruction. In this study, deterministic optical fields such as 

Bessel, Airy, Gaussian and Laguerre-Gaussian were studied in this indirect imaging framework.

1. Introduction

Computational imaging techniques (CITs), in general, involve two steps: optical recording and computational 

reconstruction [1]. The CITs that use linear shift-invariant (LSI) systems with spatially incoherent and temporally 

coherent illumination can be completely characterized by measuring the point spread function (PSF). The optical 

configuration of CITs consists of three main components, namely object, optical modulator and image sensor. The 

light from every point of an object is transformed by the optical modulator into an intensity distribution at the sensor 

plane. In past studies, special coded apertures such as uniformly redundant array (URA) [2], modified URA [3] and 

chaotic coded apertures [4] have been widely used. The choice of the mask pattern depends upon the computational 

reconstruction method. In 2018, a computational reconstruction method called the non-linear reconstruction (NLR) 

was developed for CITs involving chaotic coded apertures [5], which was found to be highly efficient. Later, it was 

found that NLR is also effective for optical fields such as Bessel [6], double helix beams [7] and Cassegrain 

objective lenses [8] in the indirect imaging framework. All the above beams have been found useful for many 

applications such as optical trapping, laser ablation, tomography and optical communication. The capability to 

image using these beams will aid in simplifying the dual-beam setups [1]. There is already a shift in focus in using 

deterministic optical fields instead of speckle fields for 3D imaging as the photon budget requirements are quite high 

for the speckle fields. In this study, we have investigated the 3D imaging characteristics of several well-known 

deterministic optical fields using NLR.  

2. Methods

The imaging concept is shown in Figure 1(a). Different optical components such as a refractive lens, refractive 

axicon, spiral phase plate (SPP) and cubic phase mask (CPM) are used to transform a point in the object plane into a 

point, Bessel, vortex and accelerating Airy beam intensity distributions respectively. The object intensity pattern IO 

obtained for an object O is given as IO=OIPSF, where IPSF is the point spread function and  indicates convolution. 

In an LSI, by recording the IPSF, it is possible to reconstruct the object information as IR=IO*IPSF, which can be 

rewritten, by substituting IO, as IR= O(IPSF*IPSF), where * indicates correlation. Depending upon the sharpness of 

the autocorrelation function IPSF*IPSF, the object information is resolved during reconstruction. The sharpness of the 

autocorrelation function is dependent upon the nature of IPSF and the type of correlation operation. The NLR 

approach of the cross-correlation is given as |-1{|O’IPSF’|βexp[i(O’+PSF’)]|IPSF’|αexp[-i(PSF’)]}|, where O’ and IPSF’ 

are the Fourier transforms of IPSF and O. -1 is the inverse Fourier transform operator. By tuning α and β between -1 

to +1 it is possible to obtain an improved image with weaker background noise than other filters such as matched 

filter (α = β = 1), phase-only filter (α = 0, β = 1), and inverse filter (α = -1, β = 1) [5,9].  

Two test objects: central parts of emblems of the University of Tartu and Ben Gurion University of the Negev, 

were used to study the imaging performance for different optical fields using non-linear reconstruction. The 

simulation has been carried out using matrices of 500 × 500 pixels, with a pixel size of 10 µm and λ = 600 nm. The 

object distance and image distance were set to 40 cm. The simulated PSFs for two transverse planes (separated by a 

gap of Δz = 10 cm) for the above different cases: lens (focal length = 20 cm), axicon (Period = 300 µm), SPP with 

topological charge = 1 multiplexed with a lens and CPM whose phase given as exp{ik(x3+y3)} with k=0.1629 are 
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shown in Figs. 1(b). As expected, for lens-based elements such as lens and spiral phase plate multiplexed with lens, 

the intensity distribution varied with distance, while for non-diffracting beams such as Airy and Bessel beams, the 

variation is insignificant. The intensity distributions obtained for the two test objects and their corresponding 

reconstruction results at the two planes using non-linear reconstruction are shown in Figs. 1(b). Fresnel diffraction 

integral was used for simulation of the optical fields at two different planes [10]. While it is expected that the values 

of α and β will be different for different cases, the imaging performance seems to be better for some cases while it is 

not for others for the optimal conditions. The optimal values of α and β were 0 and 0.6 for the lens, axicon and spiral 

phase plate but were 0.3 and 0 and 0.6 and 0 for the accelerating airy beam case.  

Figure 1. (a) Optical configuration of the CIT. (b) Simulation results of generation of PSF, object intensity distribution of two objects: central 

part of emblems of the Tartu University and Ben Gurion University of the Negev at two distances Δz = 0 and 10 cm for a lens, axicon, SPP 
with topological charge =1 and CPM. SPP - spiral phase plate, CPM - cubic phase mask. 

3.  Discussion and Conclusion 

In the indirect imaging framework, deterministic optical fields generated by a lens, axicon, SPP and a CPM have 

been investigated for 3D imaging using the NLR method. In most cases, the object information has been 

successfully reconstructed at the optimal values of α and β. However, the outcome is not the same for all the cases. 

We believe that the study will assist in replacing the dual-beam configuration [1] with a single beam in many 

applications where the application, as well as imaging, may be carried out using the same beam. The current study 

also reveals that NLR may be a universal reconstruction method for optical encryption applications. The application 

of deep learning-based noise reduction methods along with NLR may improve the reconstruction results further.    
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