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Abstract: Coded aperture imaging (CAI) methods offer multidimensional and multispectral imag-

ing capabilities with minimal resources than needed in a lens-based direct imager. In a CAI method, 

the light diffracted from an object is modulated by a coded mask, and the resulting intensity distri-

bution is recorded. Most of the CAI techniques involve two steps: recording of point spread function 

(PSF) and object intensity under identical conditions and with the same coded mask. The image of 

the object is reconstructed by computationally processing the PSF and object intensity. The above 

recording and reconstruction procedure preclude the introduction of special beam characteristics in 

imaging like a direct imager. In this study, a post-processing approach has been developed where 

synthetic PSFs capable of introducing special beam characteristics when processed with the object 

intensity were generated using an iterative algorithm. The method was applied to generate edge-

enhanced images in both CAI as well as Fresnel incoherent correlation holography method. 
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1. Introduction 

The coded aperture imaging (CAI) technique is a widely used computational optical 

method that has efficiently replaced the need for high-quality optical components in di-

rect lens-based imagers with computational methods [1,2]. In direct imaging methods, the 

image of an object is directly formed on the image sensor. In CAI, two steps are necessary 

for imaging. In the first step, a point object is mounted in the object plane, and the light 

from it is modulated by a coded mask (CM), and the resulting intensity distribution—

point spread function (IPSF) is recorded. In the next step, an object is mounted at the same 

location as the point object, and with the same CM and identical conditions, a second 

intensity distribution is recorded. The two intensity distributions are processed in a com-

puter to reconstruct the object information. In a linear, shift-invariant system, the object 

intensity (IO) can be expressed as a convolution of the object function O with the PSF, IO = 

O⊗IPSF, where ‘⊗’ is a 2D convolutional operator. The image reconstruction is carried out 

by a cross-correlation given as IR = IO*IPSF, where ‘*’ is a 2D correlational operator. 
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The above principle of recording and reconstruction precludes the introduction of 

special beam characteristics in the imaging system. In direct imaging methods and well-

established holography methods such as Fresnel incoherent correlation holography 

(FINCH), the introduction of beam characteristics is easy and straightforward. Let us con-

sider the case of edge enhancement which is a useful technique in many applications [3,4]. 

In direct imaging, the edge enhancement is achieved by modulating light using a vortex 

filter [5]. In FINCH, the object hologram is usually formed by interfering two object waves 

with different quadratic phase modulations and reconstructed by numerically propagat-

ing the recorded hologram to one of the image planes [6,7]. In FINCH, the edge enhance-

ment was introduced by a modulo-2π phase addition of a vortex filter to one of the quad-

ratic phase masks used to modulate the object wave [8]. The resulting hologram, when 

propagated to one of the image planes, an edge-enhanced image of the object was ob-

tained. A similar approach was attempted in FINCH with the reconstruction method of 

CAI in a simulative study, and no edge enhancement was noticed [9,10]. In FINCH, the 

original reconstruction mechanism is independent of the modulating function, and 

whether the phase mask is quadratic or quadratic with a vortex filter, the hologram is 

numerically propagated to one of the image planes. In FINCH, when the CAI reconstruc-

tion method was implemented, i.e., instead of numerical backpropagation, a cross-corre-

lation with the PSF was carried out, the scenario becomes different as the reconstructing 

function, i.e., PSF is dependent upon the modulation function. Consequently, the charac-

teristics of the modulating function are not expressed during reconstruction. In this study, 

an iterative algorithm is developed which can synthesize special PSFs from the recorded 

PSFs. The special PSFs, when processed with the recorded object intensity distributions, 

can produce edge-enhanced images of the object. 

2. Materials and Methods 

The optical configuration of the generalized imaging system is shown in Figure 1a. 

The light from a point object is modulated by optical modulators consisting of lenses, and 

CMs and IPSF are recorded and given as input into an iterative algorithm shown in Figure 

1b. The recorded IPSF was Fourier transformed, and the complex conjugate was calculated 

(𝐼PSF
∗
). The Fourier transform of the initial guess synthetic PSF was assumed to be a ran-

dom phase-only function which was multiplied by 𝐼PSF
∗
, and the result was Fourier trans-

formed. The resulting complex amplitude’s magnitude was replaced by the far-field dif-

fraction pattern of a vortex filter [11], but its phase was retained. The resulting complex 

amplitude was inverse Fourier transformed, and the result is multiplied by 𝐼PSF
−1∗

 and 

I−1. This process was iterated until an optimal solution was obtained [12]. The resulting 

solution was correlated with the recorded object intensity distribution using a nonlinear 

filter to reconstruct the edge-enhanced image of the object [13]. 
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Figure 1. (a) Optical configuration of a generalized imaging system. (b) Schematic of the iterative algorithm for generating 

the synthetic PSFs. The symbol~above IPSF represents a Fourier transform operation, ⊗ represents a multiplication opera-

tion, and * represents a complex conjugate. The far-field diffraction of a vortex filter input as ID in P1. 

3. Results 

The proposed method, as a matter of fact, is simpler than the conventional method 

as a vortex filter is not needed for this approach, and the method is completely a post-

processing one and therefore will not affect the temporal resolution of the system. The 

method was applied to two cases: FINCH and CAI. 

The FINCH experiment was carried out using randomly multiplexed diffractive 

lenses mounted between the object and the image sensor [9,10]. Two FINCH holograms 

were recorded: PSF and object hologram as shown in Figure 2a,b, respectively. The recon-

structed image is shown in Figure 2c. The phase of the Fourier transform of the synthe-

sized PSF is shown in Figure 2d, and the edge enhanced reconstruction is shown in Figure 

2e. In the CAI experiment, a PSF was recorded (Figure 2f) by modulating the light dif-

fracted from a point object by a mask consisting of a random array of pinholes. In the next 

step, a spark was generated and recorded, as shown in Figure 2g [2,14,15]. The recorded 

intensity distribution was processed with the PSF, and the reconstructed image is shown 

in Figure 2h. The phase of the Fourier transform of the synthesized PSF is shown in Figure 

2i, and the enhanced edge reconstruction is shown in Figure 2j. 

 

Figure 2. Images of the (a) PSF, (b) object intensity distributions, (c) reconstructed image of Fungi sample with recorded 

PSF, (d) phase of the Fourier transform of synthetic PSF, and (e) edge enhanced reconstruction for FINCH system. Images 

of the (f) PSF, (g) object intensity distributions, (h) reconstructed image of a spark with recorded PSF, (i) phase of the 

Fourier transform of synthetic PSF and (j) edge enhanced reconstruction for CAI system. 

4. Conclusions 

A completely computational edge-enhancement method has been developed for CAI 

methods. The developed method can be implemented offline, and so it does not affect the 

temporal resolution of the imaging system. Furthermore, the method does not require any 
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additional optical component such as vortex filters, and so it is low-cost in comparison to 

existing edge enhancement methods. The preliminary results are promising. The method 

can be directly extended for implementing any function without the need for additional 

optical experiments in CAI methods. 

Author Contributions: Conceptualization, J.R. and V.A.; methodology, J.R.; Algorithm, J.R.; soft-

ware, J.R. and V.A.; validation, V.A., S.H.N., T.K., D.P.L. and S.J.; resources, S.J.; DOE fabrication, 

V.A., T.K.; Bio samples preparation—D.P.L. and E.P.I.; writing—original draft preparation, V.A., 

J.R. and S.J.; writing—V.A., J.R. and S.J.; visualization, J.R.; supervision, J.R., E.P.I. and S.J.; project 

administration, S.J.; funding acquisition, S.J. All authors have read and agreed to the published ver-

sion of the manuscript. 

Funding: NATO grant No. SPS-985048 and Australian Research Council (LP190100505). J.R. is sup-

ported by The Israel Science Foundation (ISF) (1669/16). 

Data Availability Statement: All data generated or analyzed during this study are included in this 

published article. 

Acknowledgments: The Nano Lab fabrication facility at Swinburne University of Technology is 

acknowledged. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Rosen, J.; Vijayakumar, A.; Kumar, M.; Rai, M.R.; Kelner, R.; Kashter, Y.; Bulbul, A.; Mukherjee, S. Recent advances in self-

interference incoherent digital holography. Adv. Opt. Photonics 2019, 11, 1–66. 

2. Anand, V.; Ng, S.H.; Maksimovic, J.; Linklater, D.; Katkus, T.; Ivanova, E.P.; Juodkazis, S. Single shot multispectral multidimen-

sional imaging using chaotic waves. Sci. Rep. 2020, 10, 1–13. 

3. Monnin, P.; Bulling, S.; Hoszowska, J.; Valley, J.F.; Meuli, R.; Verdun, F.R. Quantitative characterization of edge enhancement 

in phase contrast x-ray imaging. Med. Phys. 2004, 31, 1372–1383. 

4. Yue, Y.; Croitoru, M.M.; Bidani, A.; Zwischenberger, J.B.; Clark, J.W. Nonlinear multiscale wavelet diffusion for speckle sup-

pression and edge enhancement in ultrasound images. IEEE Trans. Med. Imaging 2006, 25, 297–311. 

5. Tian, N.; Fu, L.; Gu, M. Resolution and contrast enhancement of subtractive second harmonic generation microscopy with a 

circularly polarized vortex beam. Sci. Rep. 2015, 5, 13580. 

6. Rosen, J.; Brooker, G. Digital spatially incoherent Fresnel holography. Opt. Lett. 2007, 32, 912–914. 

7. Rosen, J.; Brooker, G. Non-Scanning Motionless Fluorescence Three-Dimensional Holographic Microscopy. Nat. Photonics 2008, 

2, 190–195. 

8. Bouchal, P.; Bouchal, Z. Selective edge enhancement in three-dimensional vortex imaging with incoherent light. Opt. Lett. 2012, 

37, 2949–2951. 

9. Anand, V.; Katkus, T.; Lundgaard, S.; Linklater, D.P.; Ivanova, E.P.; Ng, S.H.; Juodkazis, S. Fresnel incoherent correlation ho-

lography with single camera shot. Opto-Electron. Adv. 2020, 3, 200004. 

10. Anand, V.; Katkus, T.; Ng, S.H.; Juodkazis, S. Review of Fresnel incoherent correlation holography with linear and non-linear 

correlations. Chin. Opt. Lett. 2021, 19, 020501. 

11. Vijayakumar, A.; Bhattacharya, S. Design and Fabrication of Diffractive Optical Elements with MATLAB; SPIE Press Book: Belling-

ham, WA, USA, 2017. 

12. Anand, V.; Rosen, J.; Ng, S.H.; Katkus, T.; Linklater, D.P.; Ivanova, E.P.; Juodkazis, S. Edge and Contrast Enhancement Using 

Spatially Incoherent Correlation Holography Techniques. Photonics 2021, 8, 224. 

13. Rai, M.R.; Vijayakumar, A.; Ogura, Y.; Rosen, J. Resolution enhancement in nonlinear interferenceless COACH with point re-

sponse of subdiffraction limit patterns, Opt. Express 2019, 27, 391–403. 

14. Vijayakumar, A.; Ng, S.H.; Katkus, T.; Juodkazis, S. Spatio-spectral-temporal imaging of fast transient phenomena using a ran-

dom array of pinholes. Adv. Photo Res. 2021, 2, 2000032. 

15. Ng, S.H.; Anand, V.; Katkus, T.; Juodkazis, S. Invasive and Non-Invasive Observation of Occluded Fast Transient Events: Com-

putational Tools. Photonics 2021, 8, 253. 


