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Abstract: Image enhancement techniques (such as edge and contrast enhancement) are essential
for many imaging applications. In incoherent holography techniques such as Fresnel incoherent
correlation holography (FINCH), the light from an object is split into two, each of which is modulated
differently from one another by two different quadratic phase functions and coherently interfered to
generate the hologram. The hologram can be reconstructed via a numerical backpropagation. The
edge enhancement procedure in FINCH requires the modulation of one of the beams by a spiral
phase element and, upon reconstruction, edge-enhanced images are obtained. An optical technique
for edge enhancement in coded aperture imaging (CAI) techniques that does not involve two-beam
interference has not been established yet. In this study, we propose and demonstrate an iterative
algorithm that can yield from the experimentally recorded point spread function (PSF), a synthetic
PSF that can generate edge-enhanced reconstructions when processed with the object hologram. The
edge-enhanced reconstructions are subtracted from the original reconstructions to obtain contrast
enhancement. The technique has been demonstrated on FINCH and CAI methods with different
spectral conditions.

Keywords: edge enhancement; contrast enhancement; vortex filter; Fresnel incoherent correlation
holography; coded aperture imaging

1. Introduction

Image enhancement methods have played a crucial role in identifying the key features
of an image and for increasing the contrast in X-ray imaging [1], ultrasound imaging [2],
synthetic aperture radar (SAR) imaging [3], and many other imaging applications. While
edge enhancement is preferred in many applications, in some cases (such as SAR), edge
enhancement is critically essential, as SAR data are highly heterogenous, unlike regular
image data, and without edge enhancement, the detection rates cannot reach acceptable val-
ues [3]. There are different techniques to perform edge enhancement. One well-established
method is using Fourier optics, where only the higher spatial frequencies responsible for
the edge information are allowed and the lower spatial frequencies are blocked [4]. Another
widely used method is the use of vortex filters to enhance the edge information [5–8]. The
above approach has also been successfully implemented in incoherent three-dimensional
(3D) imagers.

Fresnel incoherent correlation holography (FINCH) is a super-resolution imaging
method used in many applications [9–12]. In FINCH, the light from any object point is
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split into two and modulated differently by two quadratic phase masks (QPMs) with
different focal distances while both beams are interfered to create the incoherent hologram.
FINCH, in the in-line configuration, requires at least three camera shots with relative
phase shifts to function, and a complex-valued hologram is generated by projecting the
recorded holograms into the complex space. The 3D image of the object is reconstructed by
numerically propagating the complex hologram to the image plane. The edge enhancement
study in FINCH was first demonstrated by Bouchal and Bouchal using the vortex filter [13],
and the system has been called spiral-FINCH (S-FINCH). In S-FINCH, one of the object
waves was modulated by a spiral phase mask (SPM) while the other was modulated
by a QPM, and by numerical backpropagation, the reconstructed holograms generated
edge-enhanced images. The principle of operation may be understood as follows; In S-
FINCH, every object point undergoes a spiral phase modulation, and it interferes with the
same point after quadratic phase modulation. The resulting hologram, when numerically
backpropagated to the focal distance of the QPM, generates a donut-shaped spot [14].
Therefore, for a complicated object, edge enhancement is obtained during reconstruction.

Based on the above studies, edge enhancement was implemented for FINCH mi-
croscopy with fundamental order [15] and higher-order vortex filters [16]. In all of the
above studies [13,15,16], a two-beam interference was needed. Hence, the edge enhance-
ment procedure was direct where the vortex filter modulation was introduced to one of the
interfering beams, and the numerical reconstruction was carried out by a Fresnel backprop-
agation. Recently, there was a rapid advancement in incoherent holography techniques
without two-beam interference. Instead of modulating two beams, only a single beam is
scattered via a chaotic phase mask [17–22]. In the above interferenceless approaches, it
is necessary to record the point spread function (PSF) of the system and to reconstruct
the 3D image by various reconstruction methods (such as phase-only matched filter [17],
Weiner filter [23], and Lucy–Richardson algorithm [24]). In the above cases [17–22], the
technique proposed in [13] cannot be applied because they lack two-beam interference.
Another aspect of the above vortex filtering approach is that the method also demands
resources such as a spiral phase plate that is either manufactured or displayed on an active
device (such as a spatial light modulator (SLM)). When computational optical techniques
are able to efficiently simplify the optical experiments with lesser optical elements and
fewer camera shots, the use of SLM or fabrication of micro-optical elements makes the
system complicated.

Numerical and experimental studies have been carried out in FINCH [25–27] with a
modified reconstruction method that does not involve a numerical backpropagation, but
rather a cross-correlation with the recorded PSF, similar to [17–19]. Unlike the previous
studies such as S-FINCH, where the reconstructing process is independent of the modu-
lation function, the cross-correlation-based approach uses a reconstructing function that
is dependent upon the modulating functions. Consequently, the modulation function is
not expressed during the reconstruction [27]. In FINCH, the reconstruction function is the
same irrespective of the type of modulation used: whether it is a quadratic phase or a spiral
phase modulation, it is always numerical backpropagation. Therefore, relative variations
(such as edge enhancement) can be easily obtained. In coded aperture imaging (CAI)
methods, the reconstructing function (PSF) is dependent upon the modulation function,
and so during reconstruction by cross-correlation, the characteristics of the modulations
are suppressed [27].

In this study, we propose a computational optical technique for engineering the
PSF for edge enhancement in interferenceless imaging techniques and in FINCH with
reconstruction by cross-correlation. In general, in linear optical systems, the recorded
PSF of the system is sufficient to fully understand its imaging characteristics. In this
study, a synthetic PSF is generated from the experimentally recorded PSF using an iterative
algorithm such that the reconstructed image of the object is edge-enhanced. The manuscript
consists of four sections. The methodology and the iterative algorithm are discussed in the
next section. The experimental results are presented in the third section. The results are
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discussed in the fourth section, and the method and its future perspectives are summarized
in the final section.

2. Methods

A generalized optical configuration is considered, which includes many possibilities:
light emitted from every point of an object is modulated by a mask, and its intensity is
recorded [17–22]. Alternatively, light is split into two beams [9–12,28] and coherently inter-
fered, as shown in Figure 1. The optical imaging system is linear but optionally includes
refractive lenses, diffractive optical elements, diffractive lenses, and other optical compo-
nents. The proposed method is suitable for all incoherent linear shift-invariant imaging
systems that use an indirect imaging approach using cross-correlation with the PSF. For
a point object at the object plane (x,y), the intensity of the point spread hologram (PSH)
IPSH(u,v) is the intensity impulse response of the system. For a multi-point 2D object with
an intensity distribution t(x,y), the system intensity response is It(u,v) = IPSH(u,v) ⊕ t(x,y),
where ‘⊕’ is a 2D convolution operator. The image of the object can be reconstructed as
IR(x’,y’)=It(u,v)∗IPSH(u,v), where “∗” is a 2D correlation operator. Substituting the expres-
sion of It in IR, IR(x’,y’) = IPSH(u,v) ⊕ t(x,y) ∗ IPSH(u,v) = t(x,y) ⊕ IPSH(u,v) ∗ IPSH(u,v). So,
IR(x’,y’) = t(x,y) ⊕ Λ(u,v) and Λ is a delta-like function with a value of 1 at the origin and 0
elsewhere for an ideal case. However, previous studies have shown that the autocorrelation
method dictates the sharpness of Λ with sharpness increasing from the matched filter and
phase-only filter toward a non-linear filter with minimum entropy [28–30]. Autocorrelation
between positive functions results in substantial background noise. Therefore, in cases
where the matched filter and phase-only filter are used, multiple camera shots are involved
for generating complex (or at least real–bipolar) holograms [17,18]. The minimum value
of the width of Λ was obtained for the non-linear filter given by the diffraction limit
1.22λzs/D.
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Figure 1. Optical configuration of spatially incoherent imager with coherent interference between
two differently modulated object beams.

The aim of this study is to synthesize a special function—synthetic PSH IS-PSH from
IPSH, which, when digitally cross-correlated with IPSH, generates a desired intensity dis-
tribution ID. Since the main goal is to create an edge-enhanced image of the object, ID is
chosen to have the donut-shaped spot [14]. Therefore, in the first step, the desired intensity
distribution is simulated using the scalar diffraction formula with Fresnel or Fraunhofer
approximation. More details of the diffraction functions and the intensity distributions
with MATLAB code are given in [31]. The phase image of the spiral phase element with
topological charge L = 1 and the far-field diffraction patterns are shown in Figure 2. In the
previous studies [16], higher topological charges are considered, but in this study, only
L = 1 is considered.
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Figure 2. (a) Phase profile of a spiral phase plate with topological charge L = 1. (b) Far-field diffraction
pattern and (c) its magnified profile.

The iterative Fourier transform algorithm for synthesizing IS-PSH is shown in Figure 3.
It is assumed that the Fourier transform of the synthetic PSH is a phase-only function
exp(jθ), and it is determined iteratively from the known functions: IPSH and ID. The
initial guess exp(jθ) is a random phase function that is multiplied with the conjugated
Fourier transform of the recorded IPSH given as ĨPSH, and the result is Fourier transformed.
The resulting magnitude of the complex function is replaced by the desired magnitude
distribution ID a-priory calculated while the phase is retained, and the result is inversely
Fourier transformed. The resulting complex function is multiplied by the inverse of
ĨPSH

∗, where a small value δ is added to guarantee that only non-zero values exist at the
denominator. The resulting complex function is converted by P2 to a pure phase function
by eliminating its magnitude. The process is repeated until the intensity distribution in
the image plane is close enough to ID. When the synthetic PSH is cross-correlated with the
object hologram, an edge-enhanced image of the object is apparently obtained.
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above IPSH represents a Fourier transform operation, ⊗ represents a multiplication operation, and *
represents complex conjugate.

A simulation was carried out using the word “Photonics” in Times New Roman
fonts, as shown in Figure 4a. A speckle pattern was generated and considered as IPSH, as
shown in Figure 4b. The desired intensity response for a point source is given by Figure 2b.
The object hologram corresponding to the “Photonics” object is shown in Figure 4c. The
reconstructed image, obtained via cross-correlation with a phase-only filter, is shown in
Figure 4d. The phase of the Fourier transform of the synthetic PSH is shown in Figure 4e.
The edge-enhanced image obtained by cross-correlating the synthetic PSH with the object
hologram is shown in Figure 4f. The result of subtraction of Figure 4f from Figure 4d
(IFinal = IR – IR’) after normalization generates an image with better contrast as shown in
Figure 4g, where IFinal is the contrast-enhanced image and IR and IR’ are the reconstructions
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obtained with recorded PSH and synthetic PSH. Comparing the results of IR (Figure 4d)
and IFinal (Figure 4g), the improvement in contrast and sharpness is evident. Earlier studies
on subtracting the edge-enhanced images from original images required experimental
recording of the edge-enhanced images [32,33]. In the present study, the edge-enhanced
images are obtained digitally from the same experimental data of the original image
reconstruction.
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3. Results

The edge and contrast enhancement studies were verified by implementing them in
two types of imaging techniques, namely the FINCH and interferenceless CAI methods.

3.1. FINCH

FINCH was designed in a compact optical configuration with only one bifocal diffrac-
tive optical element (DOE) between the object and the image sensor, as shown in Figure 5a.
The DOE was designed by randomly multiplexing two quadratic phase functions with
focal distances of 2.5 cm and 5 cm and a diameter of 5 mm. An electron beam resist PMMA
950 K was spin-coated on Indium Tin Oxide (ITO)-coated glass substrates to achieve the
maximum possible efficiency (~40%) with a two-level structure [31]. A bifocal DOE with
continuous phase variation can achieve a maximum efficiency of 100%, theoretically. The
elements were fabricated using electron beam lithography (RAITH1502) and developed
using Methyl Isobutyl Ketone (MIBK) and IsoPropyl Alcohol (IPA) in a 1:3 ratio. The optical
microscope image of the fabricated DOE is shown in Figure 5b. A detailed discussion of
the design and fabrication procedure is given in [25,26].
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The optical experiment was carried out using a high-power LED (M617L3, λc = 617 nm,
FWHM = 18 nm) and an image sensor (Thorlabs DCU223M, 1024 pixels × 768 pixels, pixel
size = 4.65 µm). In the first step, a pinhole with a diameter of 20 µm was mounted at
a distance of 5 cm from the DOE, and the sensor was located at 10 cm from the DOE.
Therefore, part of the DOE (f = 5 cm) collimated the incoming light while the other part
(f = 2.5 cm) experienced a 2f configuration, resulting in a focusing of the light at 5 cm
from the DOE, and it expanded from the focus to the sensor, satisfying the beam matching
condition of FINCH [11]. The image of the self-interference PSH is shown in Figure 6a. A
fungi sample on a glass plate used as the object was mounted in place of the pinhole, and
the object hologram of Figure 6b was recorded. The reconstructed image of the fungi using

the non-linear filter is given as IR =

∣∣∣∣F−1
{∣∣∣ ĨPSF

∣∣∣αexp[i arg( ĨPSF)]
∣∣∣ Ĩo

∣∣∣βexp[−i arg( Ĩo)]

}∣∣∣∣,
where the parameters α and β are 0 and 0.7, respectively [34], as shown in Figure 6c.
The direct image recorded at a distance of 5 cm from the DOE is shown in Figure 6d.
Comparing Figure 6c,d, the higher resolution of FINCH is evident, indicating that the
beam overlap condition has been met. Since the magnification is 1 for the direct imaging
(2f configuration), the original feature sizes can be obtained directly from the sensor pixel
size. The synthetic PSH was generated using the iterative algorithm, while the phase of its
Fourier transform is shown in Figure 6e. The edge and contrast-enhanced images are shown
in Figure 6f (for α = 1 and β = 1) and Figure 6g, respectively. Figure 6g appears not only
sharper but also has a substantial reduction in background noise. Figure 6g appears slightly
smaller than Figure 6c, as the edges have been removed by the subtraction of Figure 6f
from Figure 6c. The plots of the line data extracted at different locations of the images are
compared in Figure 6h. It is evident that the method enhances the reconstruction results
of FINCH without additional experiments. Furthermore, the vortex beam’s parameters
can be adjusted directly during the digital synthesis, which is not possible in experiments
without an active device (such as an SLM) or multiple optical elements.
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Figure 6. Experimentally recorded (a) PSH and (b) object hologram. (c) Reconstruction results by non-linear filter, (d) direct
imaging. (e) Phase of the Fourier transform of synthetic PSH obtained from the iterative algorithm, (f) edge and (g)
contrast-enhanced images. (h) Comparison between different line data of (c,g). The scale bar in (d) is 150 µm.

3.2. CAI–Temporally Coherent

The CAI was designed using a single diffractive element—a mask containing a quasi-
random array of pinholes placed between the object and the sensor, as shown in Figure 7a.
The pinhole array mask was designed with a total of 2000 pinholes with a diameter of
80 µm randomly placed in an area of 8 × 8 mm (Figure 7b). The location of the pinholes
was adjusted using a search algorithm to minimize the background noise generated during
autocorrelation [19]. The pinhole array mask was fabricated on chromium-coated glass
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plates using the Intelligent micropatterning SF100 XPRESS at the Melbourne Center for
Nanofabrication.
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Figure 7. (a) Optical configuration of CAI with a pinhole array mask. (b) Image of the pinhole array
mask.

The experiment was carried out by placing a pinhole with a diameter of 20 µm at a
distance of 10 cm from the pinhole array, and the sensor was placed at a distance of 10 cm
from the pinhole array. The PSH was recorded for the high-power green LED (λ = 532 nm,
∆λ = 1 nm). The pinhole was replaced once by a USAF object (Group 2, elements 3 and
4) and later by the wing of an insect mounted to a slide glass, and two different object
holograms were recorded. The iterative algorithm was used to calculate the synthetic PSH,
and the object holograms were reconstructed using both the recorded PSH and the synthetic
PSH. The reconstructed results were subtracted to obtain the contrast-enhanced images.
The recorded PSH and object holograms, the results of reconstruction with a non-linear
filter (α = 0 and β = 0.8), direct imaging results, the phase of the Fourier transform of the
synthetic PSH, and the edge and contrast-enhanced images are shown in Figure 8 from
left to right. It seems that the application of the algorithm improved the contrast notably.
During the contrast enhancement procedure, the edges that control the sharpness were
removed, resulting in an increase in the gap between different islands of object features.
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image of Fourier transform of synthetic PSH, edge and contrast-enhanced images for the wing of an
insect and the USAF resolution target (Group 2, elements 3 and 4).
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3.3. CAI–Temporally Low-Coherent

The CAI imager was designed for high-speed imaging using an optical configuration
shown in Figure 7a with a pinhole array similar to the one shown in Figure 7b. Instead
of the regular camera, a high-speed camera (Phantom v2512, monochrome, 800× 1280,
∆ = 28µm) was used, and instead of static objects such as resolution targets, a high-speed
dynamic event was imaged. In this case, a spark was generated by causing a rapid electrical
discharge. More details of the spark event and experimental conditions can be found in [35].
The distance between the object and the random pinhole array mask was 5 cm, and the
distance between the random pinhole array mask and sensor was 15 cm. The PSHs (20 µm)
were recorded using the red (617 nm, ∆λ = 18 nm) and green (530 nm, ∆λ = 33 nm) LEDs,
respectively. The image of the spark recorded using a mobile camera is shown in Figure 9a.
The images of the green PSH, object hologram, and the reconstructed image using a non-
linear filter (α = 0 and β = 0.85) are shown in Figure 9b–d, respectively. The iterative
algorithm was applied, and the phase of the Fourier transform of the synthetic PSH is
shown in Figure 9e. The edge and contrast-enhanced images are shown in Figure 9f,g,
respectively. Comparing Figure 9d,g, the contrast enhancement can be clearly seen.
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3.4. CAI–Temporally Incoherent

The CAI was designed for white light with a quasi-random lens (QRL) between the
object and the sensor [36]. The QRL was designed with a scattering ratio of 0.12 and object
and image distances of 10 cm and fabricated using electron beam lithography (RAITH1502)
with a diameter of 5 mm (Figure 10a). Further details of the QRL fabrication can be found
in [36]. A white light source (Fiber-Lite DC-950, Dolan–Jenner industries, full width at
half maximum ∆λ∼270 nm) was used for the experiment. A pinhole with a diameter of
100 µm was used to record the PSHs. A USAF object, numeric digit 4, with a height of
approximately 1 mm, was used to record the object hologram. The images of the PSH,
object hologram, and reconstructed image using a non-linear filter (α = 0 and β = 0.7) are
shown in Figure 10b–d, respectively. The iterative algorithm was implemented, and the
phase of the Fourier transform of the synthetic PSH is shown in Figure 10e. The edge
and contrast-enhanced images are shown in Figure 10f,g, respectively. The USAF object is
shown in Figure 10h for reference. Comparing Figure 10d,g, there is a significant reduction
in background noise.
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4. Discussion

A novel approach for edge and contrast enhancement has been carried out without
the need for additional experiments with vortex filters, as it was done earlier. The approach
has been demonstrated on different types of holographic systems (such as FINCH and
CAI) with different spectral configurations (such as temporally coherent, temporally low-
coherent, and temporally incoherent cases). For the above cases, depending upon the
optical configuration and feature sizes of the object, the scaling factor of the vortex beam
was altered to obtain the optimal performances in edge and contrast enhancement. It is
necessary to run the iterative algorithm for different scaling factors of the vortex beam
when edge and contrast enhancement is needed for a different object. It must be noted that
such scaling adjustments are essential in the previous studies as well [13], which resulted
in additional experiments. In the previous studies, in order to make the above-mentioned
adjustment, it is necessary to experimentally change the focal distances. However, in the
current approach, the adjustment can be digitally carried out on the computer.

Another significant aspect of this study is that the proposed approach is wavelength-
independent. With a method of [13], a perfect donut beam with a topological charge of 1
can be generated for only one wavelength, satisfying the complete phase profile (0-2π) for
a particular wavelength and thus unable to match other wavelengths simultaneously. For
other wavelengths, the intensity null at the center will not be obtained. Therefore, for low
temporal coherence and temporal incoherence cases, the experimental approach using a
vortex filter cannot be optimal. However, the proposed method generates a synthetic PSH
for the recorded intensity distribution independently of the central wavelength and the
spectral width. The number of iterations needed was about 100, and the total time needed
for running the phase-retrieval algorithm in MATLAB software was around 13 seconds in
a computer with i5-8250U with 1.6 GHz and 1.8 GHz processors and 8 GB RAM.

We reiterate that this method can be applied to all spatially incoherent, shift-invariant,
indirect imaging systems in which the final image is reconstructed via cross-correlation
with the recorded PSF. Even though the aim of the technique is to carry out edge and
contrast enhancement, it also solved one main problem associated with indirect imagers
that use scattering layers apertures [17–21] which is the background reconstruction noise.
In the past, the background noise in the above indirect imagers was reduced by generating
complex holograms and averaging over multiple intensity recordings [28]. In the present
study, the reduced background reconstruction noise is obtained as a side effect of the
contrast enhancement.

5. Conclusions

In this study, a novel approach involving an iterative algorithm was introduced to
avoid additional optical experiments with vortex filters for edge and contrast enhancements
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in incoherent imaging systems. Different types of imagers, including FINCH and CAI with
different temporal coherence conditions, were experimentally studied, and the feasibility
of the approach was evaluated. The preliminary results are promising, with significant
edge and contrast enhancements. The approach is expected to reduce the resources, cost,
and time needed to carry out edge and contrast enhancement studies in holography and
imaging systems.

Even though the method has been only demonstrated using spiral phase functions for
the generation of vortex beams, the method can be extended to realize interesting optical
fields such as Bessel beams, accelerating Airy beams, and other exotic beams, which are
often difficult to synthesize experimentally. A similar algorithm can be used to introduce the
beam characteristics of the above beams to the hologram without any optical experiments.
We believe that this study has opened new possibilities to replace optical experiments for
image enhancement if the point spread function of the system is experimentally recorded.
Further investigation is needed to fully understand the capabilities and limitations of the
new approach.
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