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Al-based Image Enhancement and Optical Distortion Correction for
3D Integral Imaging and Display using Fermi-Level Pinning-Free and
Low-Resistance Single-Pixel Imager
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Abstract

This study proposes an image enhancement framework for three-dimensional (3D) integral imaging using low-resistance
single-pixel sensors with suppressed Fermi-level pinning (FLP). Although these sensors provide stable charge transport and reliable
operation, their application to 3D imaging is constrained by low spatial resolution, scanning-induced noise, and geometric distortion.
To address these limitations, the framework integrates noise suppression, deep learning-based super-resolution (SR), and an optical
correction stage. Noise suppression stabilizes image acquisition under limited signal conditions, while SR restores fine structural
details. In addition, optical correction reduces distortion and improves inter-view alignment, enabling more accurate 3D
reconstructions. The framework operates robustly even in the absence of ground-truth reference data, mitigating the degradation
typically observed in conventional single-pixel imaging. Experimental results confirm significant improvements in perceptual quality,
and the reconstructed 3D scenes exhibit enhanced spatial consistency and realistic depth. Overall, the results demonstrate the
feasibility of compact single-pixel-based 3D imaging systems for high-fidelity integral visualization.

Keyword : Fermi-level pinning (FLP)-free, Single-pixel imaging, Integral imaging, Super-resolution enhancement,
Optical distortion correction
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| . Introduction

The Fermi level defines the energy distribution of elec-
trons in solids and underpins charge transport phenomena.
At metal-semiconductor interfaces, however, Fermi-level
pinning (FLP) often arises and prevents the formation of
an ideal Schottky barrier height (SBH). In principle, the
SBH can be tuned by selecting metals with different work
functions. Yet interface-induced states —such as metal- and
defect-induced gap states (MIGS and DIGS)—fix the Fermi
level at specific energies. As a result, large SBHs form re-
gardless of the metal’s work function, reducing charge col-
lection and fundamentally limiting the performance of 2D
semiconductor optoelectronic devices.

In our previous work!", we addressed this challenge by
implementing a photodiode structure designed to suppress
FLP, thereby improving charge transport and signal
stability. To validate the device, we employed a single-pix-
el imaging setup in which viewpoint images were sequen-
tially acquired through mechanical scanning™. These ele-
mental images were reconstructed into 3D scenes using a
microlens array-based integral imaging technique, which
synthesizes depth from multiple perspectives.

While this configuration effectively demonstrated the
sensor’s signal stability and feasibility for 3D imaging, sev-
eral practical challenges emerged during implementation.

As a single-pixel imaging approach, the method offers ad-
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vantages of low cost, simple architecture, and spectral
flexibility. Yet the inherently low photocurrent necessitates
sequential scanning, during which signal fluctuations accu-
mulate and manifest as acquisition noise. In addition, opti-
cal distortions —particularly pincushion effects on the dis-
fidelity.

Collectively, these issues motivated a system-level en-

play side —compromised reconstruction
hancement strategy to improve image quality and spatial
consistency in single-pixel integral imaging.

To address these challenges, this study extends our pre-
vious work by proposing a system-level enhancement
framework based on a low-resistance, FLP-mitigated sin-
gle-pixel imager. The proposed approach integrates compu-
tational and optical strategies to improve the quality of 3D
reconstruction in integral imaging systems. A two-stage
computational pipeline combines non-local filtering with
deep learning-based SR to suppress noise and restore spa-
tial detail. In parallel, geometric distortion is reduced
through optical design, using a fixed-focal-length Fresnel
lens and optimized lens-display spacing. This integrated
strategy enables accurate 3D reconstruction with consistent
inter-view alignment. An overview of the system archi-

tecture is provided in Fig 1.

II. Methods
1. 3D Integral Imaging Setup

A single-pixel photodiode previously developed with a
conductive-bridge interlayer contact (CBIC) structure was
employed as the imaging sensor'"!. This architecture sup-
presses Fermi-level pinning by mitigating metal- and de-
fect-induced gap states, thereby enabling stable charge
transport suitable for reliable 2D/3D image acquisition. For
elemental image acquisition, the photodiode was mechan-
ically translated across a uniform grid using a motorized

XY stage, while a stationary object was illuminated by a
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Fig 1. Schematic overview of the proposed framework. Elemental images are acquired, enhanced by denoising and SR, and

reconstructed into 3D with optical correction.

white LED (~1000 lux). RGB elemental images were se-
quentially captured at 450, 550, and 650 nm through nar-
row bandpass filters, and multiple frames were averaged at
each wavelength to improve the signal-to-noise ratio. The
resulting dataset was then used to validate the proposed
noise suppression, SR enhancement, and optical distortion

correction framework.

2. Noise Suppression and Resolution Enhancement

In integral imaging, the quality of elemental images is
essential for maintaining spatial consistency and accurate
inter-view alignment'. Image degradation—such as noise
and reduced resolution—can arise in scanning-based sin-
gle-pixel acquisition as well as in microlens array capture,
especially under data-limited or compact configurations"™”.
To mitigate these issues, a two-stage enhancement pipeline
was implemented, combining non-local means (NLM) fil-
tering!® with deep learning-based SR.

NLM filtering was adopted for its data-independent na-
ture and ability to exploit repetitive patterns. It is defined

as:

NL[v](D) = Xjerw(@, ) - v()) (1

w(i,j) = mexp ( e )

1 _ |V(Ni)_V(N/')|§)

This approach exploits non-local similarity to suppress
noise while preserving structural features, making it suit-
able for data-scarce imaging. Although it effectively re-
duces noise, it can also attenuate fine edges and diminish
inter-view distinctiveness. To complement these limi-
tations, a deep learning-based SR method was employed,
as it can restore high-frequency details by utilizing learned
structural priors beyond the capacity of classical filtering.
To restore high-frequency details, SR was therefore applied
as a second stage.

SR models are abundant, but not all are suitable for sin-
gle-pixel imaging. Because the reconstructed data directly
reflect the device response, post-processing must avoid in-
troducing artificial distortions. This requires methods that
preserve structural fidelity, maintain geometric consistency,
and remain robust to noise. Real-ESRGAN!" is particularly
suited to this context, as its blind SR framework delivers
stability under noisy and distorted conditions while pre-
serving spatial coherence. The generator, based on re-
sidual-in-residual dense blocks (RRDBs), is trained with a
blind degradation model that incorporates a range of noise

levels, blur operators, and downsampling kernels, provid-
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ing robustness to measurement artifacts. Perceptual and ad-
versarial losses further enable the recovery of fine textures
without compromising structural fidelity. In this study, ele-
mental images denoised by NLM filtering were processed
with a pretrained Real-ESRGAN model, and the outputs
were reassembled to yield super-resolved elemental images

suitable for reliable 3D reconstruction.

3. Geometric Distortion Minimization by Optical
Design

Geometric distortion is a persistent challenge in integral
imaging, particularly pincushion distortion at wide viewing
angles. Lenses with a wide field of view (FOV) tend to
exhibit stronger nonlinear distortions, such as barrel and
pincushion effects, since the FOV is determined by the
magnification and focal length of the optical system'™.
Conventional convex lenses are cost-effective and widely
used, but they are prone to distortion. Aspheric lenses miti-
gate such distortion by correcting for nonlinear aberrations,
but are bulky and costly. Fresnel lenses, by contrast, are
thin, lightweight, and easily integrated, making them suit-
able for compact configurations.

A fixed-focal-length Fresnel lens was adopted, and the
distance between the lens and the display was adjusted to
optimize system magnification. Because magnification di-
rectly affects both the viewing angle and the degree of geo-

metric distortion, small deviations in spacing can lead to
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misalignment across viewpoints. We therefore tuned the
spacing experimentally to minimize pincushion distortion
while maintaining consistent inter-view registration. Proper
adjustment of this spacing reduced magnification-induced
distortion and stabilized inter-view alignment. This optical
strategy enhanced spatial registration and reconstruction fi-
delity without additional computational processing, con-

tributing to clearer and more reliable 3D reconstructions.

II. Results

Perceptual quality was evaluated using the Perceptual
Index (PI)"), a no-reference metric well suited to sin-
gle-pixel imaging, where reconstructed images directly re-
flect device signals and ground-truth references are
unavailable. PI has been widely acknowledged as a prac-

tical perceptual metric!'*'?.

PI linearly combines two
no-reference image quality measures, NIQE (Naturalness
Image Quality Evaluator) and the Ma score. The Ma score
is a learned perceptual quality metric that estimates the hu-
man-perceived naturalness and aesthetic preference of a
single image; higher Ma values indicate images that are
visually more pleasing and less degraded”). NIQE quanti-
fies the deviation from natural scene statistics; lower NIQE
values indicate fewer distortions and a more natural appear-
ance!'.

PI is defined as:
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Table 1. Quantitative comparison of perceptual quality across denoising methods and SR methods applied after NLM denoising. Lower
Pl indicates better perceptual quality. Right/Middle/Left are representative viewpoints. All-viewpoints Avg is the average Pl over all acquired
viewpoints, showing that the improvement is consistent across viewpoints.

PI(|) Denoising SR on Denoising(NLM)

Viewpoint raw MFe"‘:;” BM3D NLM SRCNN EDSR BSRGAN ESF;eG’"LN
Right 16.06 13.43 10.99 9.94 5.51 7.22 505 5.03
Middle 1312 14.24 11.95 13.39 8.57 7.67 6.29 5.93

Left 12.12 12.96 6.96 6.95 6.28 5.80 479 4.64
All-viewpoints Avg 13.44 12.89 10.08 7.88 6.43 5.96 5.08 4.80
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I =2((10 — Ma) + NIQE). (3)

such that lower PI values correspond to higher perceptual
quality. Consequently, a reduction in PI indicates simulta-
neous suppression of noise and artifacts and an improve-
ment in perceived visual quality, even in the absence of
ground truth.

As summarized in Table 1, results are reported for three
representative viewpoints (Right/Middle/Left) and for the
average PI across all acquired viewpoints of the integral
imaging array. The raw elemental images exhibit the great-
est perceptual degradation, with an all-viewpoints mean PI
of 13.44, indicating severe noise and distortion. The con-
sistent reduction in PI at both the individual-viewpoint lev-
el and the all-viewpoints level indicates that the proposed
denoising and SR pipeline improves perceptual quality
across the full multi-view set.

Among denoising methods, NLM attains the lowest PI
in the Right/Left viewpoints (9.94/6.95), reflecting a favor-
able balance between noise suppression and structural
fidelity. In the Middle viewpoint, BM3D yields a lower PI
than NLM, contrary to the pattern observed elsewhere.

Nevertheless, the all-viewpoints average confirms that

Down-Right Median Filter

e

Middle Median Filter BM3D

NLM+SRCNN

(JBE Vol.30, No.6, November 2025)

NLM achieves the lowest PI on average, indicating that the
dataset-level behavior is consistent with NLM being the
most robust denoiser.

When SR was applied to NLM-denoised images, Real-
ESRGAN achieved the greatest improvement, reducing PI
to 4.6 - 5.9 across viewpoints. This performance reflects its
robustness to residual noise and distortions under a blind
SR formulation. For comparison, representative SR models
known for minimizing distortion were also evaluated.
SRCNN"! provided only marginal improvements, whereas
EDSRM"® and BSRGAN!"" preserved fidelity under clean
conditions but degraded in noisy environments. In contrast,
Real-ESRGAN restored edges and textures while maintain-
ing cross-view alignment, enabling reliable 3D re-
constructions in single-pixel integral imaging.

Qualitative results further support these findings. As
shown in Fig 2, raw images exhibit pronounced noise and
low resolution, which in turn degrade spatial fidelity and
disrupt inter-view alignment. After applying the proposed
pipeline, elemental images display sharper edges and richer
textures, thereby enabling more consistent 3D re-
construction and enhancing angular coherence across

viewpoints.

|

NLM+EDSR

NLM+EDSR NLM+BSRGAN  NLM+Real-ESRGAN

Up-Left Median Filter

T30 2. AJME A BT 23 NLMZ} Real-ESRGAN XE Al
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Fig 2. Comparison of elemental images across viewpoints. NLM and Real-ESRGAN yield clearer edges and textures

compared with raw and baseline methods.
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Fig. 3. Optical correction in 3D integral imaging. (a) 3D reconstruction before correction with severe pincushion distortion. (b)
Fresnel-lens-based optical design with geometric correction of elemental images. (c) Reconstruction after correction yielding im-

proved fidelity and alignment.

Fig 3 illustrates the effect of optical correction in 3D in-
tegral imaging. In the uncorrected case, pincushion dis-
tortion and inter-view misalignment are clearly visible near
the image periphery. These artifacts compromise re-
construction fidelity. Optimizing the Fresnel lens-display
spacing substantially reduced distortion, which in turn im-

proved spatial registration and reconstruction accuracy.

IV. Discussion & Conclusions

In this study, we demonstrated an integrated framework
to enhance image quality and correct geometric distortion
in 3D integral imaging systems using FLP-suppressed,
low-resistance photodiodes. Building on our previous work
with CBIC-based single-pixel imagers!'!, we addressed the
limitations of low resolution, noise, and distortion through
a system-level strategy integrating computational and opti-
cal refinements. Noise suppression and deep learning-based
super-resolution restored structural details under data
-limited conditions, while Fresnel-lens-based optical cor-
rection minimized distortion and stabilized inter-view
alignment. As a result, the reconstructed 3D images ex-

hibited sharper edges, enhanced spatial coherence, and im-

proved perceptual fidelity.

These findings demonstrate the value of device-level
innovations. When combined with computational and opti-
cal refinement, they enable accurate and practical autoster-
eoscopic 3D visualization. The proposed framework pro-
vides a scalable route for compact and high-quality
imaging. It also points to potential applications in wearable

and portable 3D visualization platforms.
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