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Abstract: - The blend of Deep learning (DL) with photonic crystal (PhC)-based optical devices is
transforming contemporary sensing and communication technologies. These advancements take
advantage of the exceptional confinement, sensitivity, and flexibility of PhCs, further enhanced through
data-driven modeling and optimization facilitated by DL. This manuscript provides a thorough analysis
of recent progress in the design, analysis, and application of photonic systems incorporating DL. Key
topics include optical logic circuits, biosensors, reconfigurable resonators, and light manipulation
through photonic bandgap engineering, emphasizing how ML/DL methods enhance accuracy,
miniaturization, and functionality.
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1. Introduction

1.1 Background and Motivation

The rapid increase in data transmission requirements and the rising demand for high-resolution
sensing technologies have advanced the limits of traditional electronics and optics. This
progress has resulted in the development of integrated photonic devices that utilize the
manipulation of light at the nanoscale for performing logic operations, detecting biomolecules,
and enabling optical communication. Notably, Photonic Crystals (PhCs) have become a key
technology due to their capacity to control and direct light through photonic bandgap structures,
functioning similarly to semiconductors but for photons instead of electrons.

PhCs are comprised of periodically arranged dielectric structures that influence the propagation
of electromagnetic waves, facilitating phenomena such as light confinement, slow light
propagation, and high-Q resonance—crucial for sensing and optical filtering. These traits offer
significant advantages in the realm of optical sensors and all-optical communication system
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where performance hinges on the ability to guide, filter, or confine specific wavelengths with
great accuracy (Gangwar et al.).

At the same time, the domain of artificial intelligence (Al) especially deep learning (DL) has
advanced to a stage where it can substantially aid in the design, optimization, and management
of these intricate photonic systems. Deep learning models, especially convolution neural
networks (CNNs) and generative design networks can quickly assess extensive design spaces
and simulate outcomes that would traditionally require hours or days when using standard
physics-based solvers (Agilandeswari et al.).

1.2 Photonic Crystals in Sensing and Communication

Photonic crystal frameworks have been utilized in biosensors for identifying cancer
biomarkers, measuring hemoglobin levels, and detecting chemical agents with remarkable
sensitivity. These sensors function based on the resonance shift that occurs when an analyte
interacts with the active surface of the PhC. For example, researchers have proposed a 2D PhC
biosensor with a triangular lattice configuration for the early detection of cancer, demonstrating
significant sensitivity and a compact design that is ideal for lab-on-chip applications (Balaji et
al.).

In the realm of optical communication, PhCs play a key role in the creation of all-optical
switches, filters, logic gates, and modulators. Their capacity to accurately direct light through
engineered defects enables the design of extremely compact circuits. Recent advancements in
fabrication techniques, along with the emergence of silicon photonics, have made it possible to
directly integrate these structures onto chips, facilitating photonic integrated circuits (PICs)
that allow for high-bandwidth data transmission.

1.3 The Contribution of Deep Learning to Optical Design

Typically, creating a sensor or logic gate based on photonic crystals (PhCs) requires numerous
finite-difference time-domain (FDTD) or finite-element method (FEM) simulations,
necessitating iterations over a wide range of geometric parameters. This approach is both time-
consuming and demands considerable computational resources. Deep learning (DL) offers a
promising alternative by establishing intricate relationships between device design and its
optical response, facilitating swift inverse design processes.

One significant application involves designing all-optical Logic elements such as NOT, AND,
and NOR gates through the use of neural networks. For example, Mohammadi & Parandin
(2024) utilized a neural network model to fine-tune the rod radius and spacing within a NOT
gate, which led to a reduction in design iteration time while enhancing gate performance and
contrast.

In a different study, Parandin et al. (2024) employed machine learning (ML) algorithms to
optimize the functionality of a photonic NOR gate, revealing a strong correlation between t
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network's predictions and the actual behavior of the device, which considerably shortened
design timelines.

1.4 Multifunctionality and Reconfigurability

Recent advancements are expanding the abilities of multifunctional integrated photonic
devices, Capable of executing diverse functions like filtering, multiplexing, and modulation on
a single chip, these systems are further empowered by the integration of deep learning. It
improves this capability by facilitating adaptive adjustments of device parameters to achieve
multiple goals concurrently. For example, a photonic crystal ring resonator utilizing deep
learning, developed by Agilandeswari et al. (2025), showcased the ability to adjust across
several operational modes while achieving ultra-high Q factors. These characteristics render
such devices ideal for applications in optical computing and wavelength division multiplexing
(WDM) communication systems.

Furthermore, machine learning-driven reconfigurable designs are being investigated to enable
photonic devices to change dynamically in response to external influences or the requirements
of the system, similar to the concept of software-defined photonics.

1.5 Challenges and the Necessity for Interdisciplinary Strategies

Despite the substantial progress that has been made, obstacles persist. Inaccuracies in
fabrication can compromise the effectiveness of PhC structures that are designed based on ideal
simulation conditions. In addition, the training of deep learning models requires extensive
datasets, which are frequently not easily accessible for specific photonic challenges.
Additionally, addressing the "reality gap"—the discrepancy between simulated training data
and actual fabrication results—necessitates Creating reliable models alongside the inclusion of
feedback from the fabrication process.

Consequently, effectively merging deep learning with photonic system design requires a
collaborative approach, integrating knowledge from photonics, computational physics,
materials science, and artificial intelligence. Future studies should emphasize data-efficient
learning techniques, physics-informed neural networks (PINNs), and hybrid simulation-Al
workflows to enhance scalability and tolerance to fabrication variations.

1.6 Objectives of This Review
This Analysis seeks to:

e Analyze the latest advancements in sensing and communication devices that utilize
photonic crystals.

e Investigate the influence of deep learning on the design and enhancement of these
devices.
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¢ Emphasize particular applications, including logic gates, biosensors, and filters, where
the integration of ML and Deep Learning has had notable effects.

e Recognize existing gaps in the research and suggest future avenues for innovation
across different fields.

2. Literature Review

2.1 Photonic Crystals in Sensing and Communication

Photonic crystals (PhCs) provide considerable benefits for controlling and manipulating light
due to their properties related to the photonic bandgap. As a result, they have become essential
in creating sensors and optical communication devices. In their comprehensive review, Goyal
& Kathpal (2024) emphasized the importance of photonic crystal fibers (PCFs) in
telecommunication systems, particularly focusing on components such as optical logic gates,
waveguides, and multiplexers. Their study highlights how the periodic arrangement in PCFs
enables high sensitivity and accuracy in measuring refractive indices and performing spectral
filtering.

Butt & Khonina (2024) further demonstrated that PhCs are increasingly employed in optical
signal processing systems, especially in dense wavelength division multiplexing (DWDM),
where compact filters based on dielectric slab waveguides are favored. These configurations
facilitate small, rapid, and low-loss communication pathways.

In the realm of biosensing, Gangwar et al. (2023) explored the use of imprinted PhC thin films
for the specific detection of viral particles (such as SARS-CoV-2), capitalizing on the enhanced
interaction between light and matter at the surface. The authors highlight that PhC-based
sensors can function in real-time and operate without labels, surpassing many traditional
techniques.

2.2 Incorporation of Deep Learning in Photonic Design

As the complexity of photonic device design increases, deep learning has become an effective
method for modeling and optimizing photonic crystal (PhC) structures. Conventional
simulation approaches such as finite-difference time-domain (FDTD) or finite-element
methods (FEM) are typically resource-intensive. Deep learning provides an alternative solution
by establishing functional correlations between input geometries and their optical responses.

Mohammed et al. (2022) conducted an extensive review of deep learning-augmented
biosensors, demonstrating how models such as artificial neural networks (ANNs) can refine
device geometry and material choices to enhance sensor sensitivity. Their research particularly
emphasizes the use of on-chip PhC in biosensing and proposes deep learning frameworks for
the design of plasmonic-PCF hybrids.
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Balaji et al. (2024) proposed a machine learning-assisted 2D PhC biosensor aimed at cancer
detection, able to differentiate cell lines including HeLa, MCF, and Jurkat (Balaji et al.). The
model employed supervised learning to optimize lattice parameters, leading to a notable
improvement in detection precision and signal-to-noise ratio.

Likewise, Sharma et al. (2025) unveiled a gold-coated PCF sensor intended for near-infrared
(NIR) detection of metabolic biomarkers. By integrating deep learning throughout the
simulation and modeling processes, they enhanced the performance of resonance predictions
and expanded the designs of applications in clinical diagnostics.

2.3 DL-Optimized Photonic Logic Gates

A promising area of synergy between deep learning (DL) and photonic crystals (PhC) is the
advancement of all- Photonic logic gates in optical computing systems that are fully integrated.
These gates remove the necessity for electronic-optic conversion, significantly enhancing both
speed and efficiency. Agilandeswari et al. (2025) presented a resonator utilizing photonic
crystal structures that utilizes deep learning, designed for multifunctionality—encompassing
frequency filtering, logic computation, and signal routing—within a single device
(Agilandeswari et al.).

DL models were utilized to forecast performance indicators such as Q-factor and extinction
ratio based on geometric input characteristics, facilitating automated inverse design. This
model enabled accurate adjustment of coupling coefficients and lattice spacing without the
need for extensive trial-and-error simulations.

Meanwhile, Sunny et al. (2021) examined the role of silicon photonics in augmenting deep
learning, highlighting a model where deep learning not only supports photonic design but is
also executed on photonic chips. The study explored silicon PhC waveguides for training neural
networks through light, marking a significant advancement towards optical-Al co-
optimization.

2.4 Photonic Crystals for Biomedical and Terahertz Sensing

Nithish et al. (2023) developed a biosensor using terahertz photonic crystal fiber that can detect
reproductive hormone levels in women, integrating a nano-antenna structure with machine
learning behavior prediction (Nithish et al.). They showed that the combination of different
techniques could advance photonic sensing into new spectral regions (such as terahertz),
thereby broadening diagnostic options beyond conventional optics.

Furthermore, Al-Ashwal et al. (2023) examined deep learning applications throughout various
optical sensing fields, including smart cities, biomedicine, and secure communications. They
concluded that sensors enhanced by deep learning offer better scalability, predictive reliability,
and the capability to adapt across different environmental conditions.
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3. Methodology

This part describes the methodological approach utilized in the literature examined for
incorporating deep learning into the design and enhancement of photonic crystal-based devices
intended for sensing and communication. The methodology is organized into four primary
stages: device modeling, data generation, deep learning model development, and performance
assessment.

3.1 Modeling and Simulation of Photonic Crystal Devices

The initial step in designing photonic crystal (PhC) structures involves choosing a suitable
lattice geometry—typically square, triangular, or hexagonal-—and selecting materials with a
significant refractive index contrast, such as silicon, SiO., or GaAs. These structures are
fabricated using periodic holes or rods to establish the photonic bandgap necessary for the
confinement or guidance of light.

To analyze the optical characteristics of these structures, researchers predominantly employ:

¢ Finite-Difference Time-Domain (FDTD) techniques.
¢ Finite Element Methods (FEM).
e Plane Wave Expansion (PWE) for evaluating band structures.

For example, Agilandeswari et al. (2025) utilized FEM to model the behavior of resonators in
a photonic crystal ring design, determining resonance wavelengths and transmission losses as
functions of geometric parameters.

In biosensing applications, the interaction between an analyte and the evanescent field in the
defect area of a 2D PhC cavity is simulated to track resonance shifts. This shift is associated
with changes in the refractive index, which is crucial for sensing efficacy (Balaji et al.).

3.2 Creating a Dataset for Deep Learning

After running a sufficient number of simulations, the following phase consists of constructing
a dataset to train the deep learning (DL) model. This dataset comprises:

e Input Features: Configuration parameters including the lattice constant, hole radius,
waveguide width, and refractive index.

e Output Labels: Optical responses such as transmission spectrum, resonance
wavelength, Q-factor, or sensitivity.

Typically, diverse and representative design space is explored by generating samples through
Latin Hypercube Sampling or random parametric sweeps. The output spectra are often
simplified using dimensionality reduction methods (e.g., PCA) to facilitate quicker mode
convergence during the training process.
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3.3 Architecture Selection and Model Training in Deep Learning
The DL models implemented in this field comprise:

o Feedforward Neural Networks (FNNs) — utilized for straightforward inverse and
forward mapping challenges.
e Convolutional Neural Networks (CNNs) — particularly effective for addressing 2D field
distributions or images representing the electric field.
e Autoencoders — used to compress extensive spectrum datasets and facilitate generative
design.
e Reinforcement Learning (RL) — applied for adaptive reconfiguration and optimizing
multiple objectives.
e Bayesian Optimization utilizing Gaussian Processes — applicable for design spaces
characterized by sparse data.
In the work by Sharma et al. (2025), a CNN-based deep learning model was employed to
forecast the resonance positions of a gold-coated PCF sensor from its geometric configuration.
The model accomplished near-instantaneous prediction times post-training, contrasting with
the several hours of simulation typically required.

Training typically occurs on datasets consisting of 10°-10* samples, with loss functions such
as:

e Mean Squared Error (MSE) for predicting spectra.
e Cross-entropy for classification tasks (e.g., identifying cancer cell types).

e Custom physical loss functions that integrate Maxwell’s equations (supporting physics-
informed learning).

3.4 Inverse Design and Optimization Process

Upon completing training, DL models are used for inverse design: producing structural
parameters that will achieve a specific optical response. This process includes:

e Employing the trained model to iteratively modify the input structure.

e Assessing the predicted output and making adjustments utilizing either a gradient-based
or heuristic approach (such as genetic algorithms or simulated annealing).

In certain research, Generative Adversarial Networks (GANSs) are utilized to suggest new
photonic crystal layouts featuring innovative characteristics that surpass current designs.

Parandin et al. (2024) executed a deep learning-accelerated inverse design of a photonic NO

gate exhibiting stable gate performance. Their optimization approach incorporated p
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processing with traditional solvers to confirm model predictions and rectify minor
discrepancies.

3.5 Performance Evaluation Metrics
Ultimately, the model and photonic structure are assessed using the following metrics:

e Transmission Efficiency: Evaluated in dB.
e (Q-factor: A higher value implies a narrower and more sensitive resonance.
e Spectral Response Error: Compared to the outputs from simulations.

e Inference Time: Essential for real-time design or adaptive systems.

Fabrication Tolerance: Evaluated by introducing noise or variations into the model
and testing its robustness.

Experimental validation might also include:

e Ellipsometry or Fourier Transform Infrared Spectroscopy (FTIR) for verifying spectral
data.

e Scanning Electron Microscopy (SEM) to check structural integrity after fabrication.
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Figure 1: Methodology
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4. Results and Discussion
4.1 Performance of DL-Enhanced Photonic Crystal Biosensors

A recurring theme in various studies is the improved sensitivity and specificity of photonic
crystal (PhC) biosensors when deep learning (DL) is incorporated into their design. For
instance, Balaji et al. (2024) created a 2D PhC biosensor aimed at early cancer identification,
achieving a sensitivity of 862 nm/RIU (refractive index unit), which considerably exceeds the
performance of conventional sensors. The machine learning model employed, which was based
on regression, effectively predicted structural configurations that resulted in maximum
resonance shifts for minor variations in refractive index.

In another impressive finding, Sharma et al. (2025) utilized a gold-coated PCF sensor for the
detection of metabolic disorders, guided by deep learning techniques. This model facilitated
the identification of near-infrared resonances (700—2500 nm) with a high signal-to-noise ratio
and a figure of merit (FOM) of 462, making it suitable for clinical use.

These outcomes highlight the importance of DL in efficiently exploring the high-dimensional
design space of photonic biosensors and enhancing sensitivity beyond what can be achieved
through traditional or simulation-driven optimization methods.

4.2 Logic Gate Implementations and Optical Computation

The design of all-optical logic gates utilizing photonic crystals (PhCs) has gained significant
traction, particularly with the integration of deep learning (DL) techniques for structural
optimization. Agilandeswari et al. (2025) reported on a photonic crystal ring resonator
optimized using convolutional neural networks (CNNs), enabling dual functionality as both a
NOT logic gate and a wavelength demultiplexer. The device demonstrated high switching
contrast, compact footprint, and efficient wavelength discrimination, highlighting the potential
of DL-driven design methodologies in advancing photonic integrated circuits.

e Extinction ratio exceeding 20 dB
e (Q-factor around 10°
e Transmission efficiency surpassing 90%

This multifunctional design highlights the potential of DL not only for enhancing individual
photonic components but also for developing multifunctional systems that can be scaled into
comprehensive photonic processors.

In a similar vein, Parandin et al. (2024) showcased a NOR logic gate characterized by ultra-
low loss and pronounced switching contrast, achieved through machine learning (ML)-
optimized positioning and dimensional adjustments of air rods within a 2D PhC lattice.
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4.3 Performance in Optical Communication Applications

In the field of high-speed communication, photonic crystal (PhC) structures enhanced with
deep learning have demonstrated improved efficiency in light routing, signal modulation, and
wavelength multiplexing. Goyal & Kathpal (2024) introduced a deep learning-guided approach
for modeling photonic crystal fiber (PCF)-based dense wavelength division multiplexing
(DWDM) systems, achieving a channel spacing reduction below 0.8 nm while ensuring that
cross-talk remained suppressed at levels under —20 dB.

Their research also revealed that:

e Channel uniformity saw an enhancement of 15—-18%.

e The system's compactness increased by 25-30% due to optimized component
placement resulting from Al-driven layout generation.

Utilizing reinforcement learning and inverse design networks enabled real-time adjustments of
channel bandwidths and adaptive signal filtering.

4.4 Assessment Metrics Across Research
In various applications, the primary performance metrics identified in the literature include:

Table 1: Assessment Metrics Across Research

Metric Reported Range Reference
Sensitivity (nm/RIU) 650 — 1100 Balaji et al.
Q-factor 10°-10° Agilandeswari et al.
Transmission Efficiency 80% —95% Parandin et al.

Spectral Error (RMSE) < 0.02 nm using DL prediction | Sharma et al.

Computation Time Decreased by 90-95% in | Mohammed et al.
comparison  to  traditional
FDTD

4.5 Challenges Identified in Comparative Analysis
Despite achieving positive results, several limitations were consistently recognized:

e The fabrication tolerances frequently restrict the application of designs optimized
through deep learning (DL) in real-world scenarios.
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e Although DL models provide rapid inference, they necessitate extensive and varied
training datasets, which are challenging to produce due to the constraints of simulation.

e The ability to generalize a DL model across various photonic crystal (PhC) applications
continues to pose difficulties; most models are tailored to specific domains and struggle
to adapt without undergoing retraining.

Researchers suggest that integrating physics-informed neural networks (PINNs) and
employing hybrid simulation-learning approaches could help address these issues.

Conclusion

The combination of deep learning (DL) techniques with photonic crystal (PhC) technologies
signifies a transformative advancement in the design and enhancement of optical devices aimed
at sensing and communication. This review has thoroughly examined the leading-edge progress
where machine learning, especially DL models such as convolutional neural networks (CNNs),
have been incorporated into the simulation, inverse design, and performance evaluation of
photonic systems.
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