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In this paper, a new structure, to our knowledge, for an optical half-subtractor using periodic photonic crystal
structures is presented. The difference between this structure and previous ones is that a deep neural network
(DNN) is used to optimize the proposed structure. A network composed of silicon rods in air is utilized to achieve
the desired structure. The waveguides of this half-subtractor are designed using linear defects and a very small
number of point defects. The variable parameters in this simulation are the defect rods, which are optimized by
altering them. This structure, due to its simplicity in design and small size, is suitable for use in optical integrated
circuits. Another advantage of this structure is the equal power output for the high states. In this study, the plane
wave expansion (PWE) method was used to calculate the band structure, and the finite difference time domain
(FDTD) method was used to calculate the light emission and output of light power. ©2025 Optica Publishing Group.

All rights, including for text and datamining (TDM), Artificial Intelligence (AI) training, and similar technologies, are reserved.

https://doi.org/10.1364/AO.554952

1. INTRODUCTION

The invention of the transistor in the early 1940s was a
milestone in the history of electronic technology, leading to
significant advancements in the design and performance of elec-
tronic circuits [1,2]. This invention enabled the construction of
complex circuits and faster, more reliable processors. Since the
invention of the transistor, there have been many advancements
in electronic technology, including the reduction in transistor
dimensions, the increase in the number of transistors in an
integrated circuit, and improvements in processor efficiency
and speed [3,4]. However, with the advancement in technology
and the reduction in transistor dimensions, numerous problems
have also arisen. The reduction in transistor dimensions has led
to issues such as a significant increase in power consumption and
heat emission. These problems, due to the increased transistor
density and thermal interference, reduce the efficiency and
lifespan of devices [5–7]. Additionally, as dimensions shrink,
quantum effects such as electron tunneling become a serious
issue, causing disruptions in transistor performance and signal
instability. Furthermore, design and manufacturing complex-
ities have added to the difficulties associated with reducing
processor size [8,9].

In this context, optical processing has garnered considerable
attention as an attractive alternative due to its capabilities in
offering much higher processing speeds compared to electronic
processing at similar scales [7,10]. The use of photonic crystals,
as a novel technology, can help overcome current limitations in
digital processing and enhance the performance of electronic
systems [11]. Photonic crystals, composed of a combination
of two or more materials with different refractive indices, are
structures with unique optical properties capable of controlling
and guiding light in specific paths [12]. These structures are
generally classified into three categories: one-dimensional, two-
dimensional, and three-dimensional [13]. One-dimensional
photonic crystals, which are periodic in one dimension, are
typically used in simpler applications for creating filters and
waveguides. Two-dimensional photonic crystals, which are
periodic in two dimensions, offer more features than the one-
dimensional type and are widely used in designing various
optical circuits and sensors [14]. These structures are popular
due to their simplicity in design and ability to control light in
two dimensions. Three-dimensional photonic crystals, periodic
in all three dimensions, possess unique characteristics due to
their ability to reflect light in three different directions, mak-
ing them highly suitable for use in optical devices [15]. These
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structures can effectively guide and control light in complex
spaces and, as a result, are used in designing advanced optical
devices. However, the construction of these crystals is lim-
ited due to high technical complexities and costs, and thus,
two-dimensional photonic crystals are often used instead of
three-dimensional ones in many applications [16].

Due to their unique properties in guiding and controlling
light, photonic crystals have numerous applications in optical
electronics. These structures are effective in designing optical
circuits, filters, waveguides, and optical sensors and can improve
the performance of optical fibers [17]. Additionally, photonic
crystals are used to create optical logic gates, half-subtractors,
half-adders, and special optical devices such as lasers [18–20].

Numerous efforts have been made to develop optical devices
utilizing photonic crystals [21,22]. Some research studies have
explored the design of various digital logic gates using photonic
crystal technology [23,24]. In some cases, a single structure
has been adapted to function as different logic gates by altering
the inputs. However, there has been limited research on the
design of more complex logic circuits, such as half-adders and
half-subtractors, based on photonic crystals.

Also, neural networks and deep learning can be used as new
tools to help design optical devices with better performance
[25–27]. For instance, deep learning approaches have been suc-
cessfully employed in [28,29] to reduce the dimensionality of
complex optical design problems while maintaining high accu-
racy. Similar methodologies have revealed fundamental insights
into light–matter interactions and enabled the design of recon-
figurable optical devices [30,31]. In addition to ANN-driven
optimizations, other advanced design methodologies, such as
cascaded metasurface optimization [32] and nonlinear geomet-
ric phase coding in soft-matter photonics [33], demonstrate
the broader trend toward employing complex computational
techniques to enhance optical device performance.

Half-subtractors, as one of the essential components in opti-
cal processing, have many applications, including designing and
constructing complex optical devices, optical communication
systems, and optical signal processing. These components can
play a significant role in filtering and dividing optical signals,
improving the efficiency of imaging systems, and increasing
accuracy in optical measurements. The ability to appropri-
ately distinguish between logical states “0” and “1” in the
half-subtractor reduces errors in output detection and therefore
has a significant impact on the performance and accuracy of
optical integrated circuits. This research can be considered an
important step toward the improvement and development
of optical processors and digital circuits with high speed and
accuracy, demonstrating the high potential of photonic crystals
in designing and constructing advanced optical circuits.

In [34], an optical subtractor utilizing a photonic crystal
structure is presented. This structure incorporates silicon rods
with a circular cross-section embedded in an air platform and
is optimized based on photonic band gap principles. In this
structure, a ring resonator is used, which can lead to an oversized
structure. An all-optical subtractor is presented in [35] based
on two-dimensional photonic crystals. The results of this work
have shown that the defect rods can be used in a half-subtractor
structure to improve the performance.

In this paper, the main goal was to design and develop an opti-
cal half-subtractor based on two-dimensional photonic crystals.
The use of this proposed structure is particularly important in
constructing optical integrated circuits. The designed logical
gate characteristics result is improved using the deep neural
network.

2. PROPOSED ALL-OPTICAL
HALF-SUBTRACTOR

A half-subtractor is a circuit that performs the subtraction of two
single-bit numbers. In this circuit, two bits, X and Y, are consid-
ered as inputs, and two outputs, Difference (D) and Borrow (B),
are generated. Table 1 shows the truth table of a half-subtractor.
The design of the proposed half-subtractor is based on Table 1.

In the proposed structure for creating the optical half-
subtractor, a two-dimensional photonic crystal structure with a
cubic lattice is used, consisting of silicon rods in an air substrate.
The physical characteristics of the structure, including the rod
radius, lattice constant, refractive index of the rods, and other
parameters, are precisely provided in Table 2.

The photonic band gap (PBG) of the structure is in the TM
mode, with a range specified between 1.42 and 2.14 µm, as
shown in Fig. 1. This forbidden band range is analyzed using the
normalized parameter a/λ, making the results generalizable and
comparable, and is expressed as 0.28< a/λ < 0.42. As a result,
wavelengths shorter than 1.42 µm and longer than 2.14 µm
pass through the structure, while wavelengths between these two
values do not. Considering these characteristics, the wavelength
of the input sources is selected to be 1.55µm, a commonly used
wavelength in optical communications.

The simulation results for the refractive index of the structure
are shown in Fig. 2. As indicated in the figure, the background
refractive index is one, and the refractive index of the rods is
3.46.

To realize the all-optical half-subtractor, as shown in Fig. 3, by
removing several rods from the left side, two paths for the wave-
guides and light propagation from the X and Y input sources
are created. Two waveguide paths for the Difference (D) and
Borrow (B) outputs are formed by removing additional rods.

Table 1. Truth Table of the Logical Half-Subtractor

X Y B D

0 0 0 0
0 1 1 1
1 0 0 1
1 1 0 0

Table 2. Parameters of the Initially Proposed
Photonic Crystal Structure

Parameters Symbol Value

Lattice constant a 0.6µm
Radius of rods R 0.12µm
Background refractive index n1 1
Rods refractive index n2 3.46
Number of rods – 21× 15
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Fig. 1. Normalized photonic band gap diagram in TM Mode.

Fig. 2. Refractive index diagram of the structure.

Fig. 3. Initially proposed structure for the all-optical
half-subtractor.

Two defect rods, R1 and R2, and a phase shift of−155 deg for
the Y source have been utilized to achieve better initial results.

Since light propagation in photonic crystal waveguides is
based on the interaction of light and matter, the radius of the
rods in the waveguide paths affects the light propagation from
the waveguides. This property has been used to create a logical

half-subtractor and propagate light to the outputs in different
modes.

3. ANN MODELING OF THE
HALF-SUBTRACTOR STRUCTURE

In this section, we employed an artificial neural network (ANN)
to optimize the dimensions of the defect rods (R1 and R2) and
the phase difference of the input laser sources in the proposed
photonic crystal half-subtractor structure. The neural network
was trained to refine these parameters in order to enhance the
accuracy and efficiency of the optical subtraction operation.
The neural network used in this study is a feedforward neural
network with a multi-layer perceptron (MLP) structure, which
is particularly suitable for function approximation tasks. The
network architecture was configured with three hidden layers,
each containing seven neurons, and this structure is repeated for
each output, as shown in Fig. 4.

In order to identify the optimal neural network architecture
for modeling the proposed half-subtractor, we tested multiple
configurations with different numbers of hidden layers and neu-
rons. Each configuration is evaluated using the mean squared
error (MSE) metric on training data, as shown in Fig. 5. It can
be seen that networks with three hidden layers are more accu-
rate than networks with two hidden layers. Among all tested
configurations, the network with three hidden layers and seven
neurons in each layer achieved the lowest MSE, indicating supe-
rior performance and convergence. Therefore, this architecture
is selected to model the proposed half-subtractor.

The activation functions used in the hidden layers were
“tansig” (hyperbolic tangent sigmoid), which is well-suited for
handling nonlinear relationships between inputs and outputs,
and a “linear” activation function was used in the output layer.
The input to the neural network consisted of the extracted val-
ues for the defect rods R1 and R2, as well as the phase difference
of the input lasers. These inputs were crucial as they directly
influence the photonic band gap and the optical path within the
structure, thereby affecting the logic states of the half-subtractor.

Fig. 4. Architecture of the proposed ANN to model the designed
all-optical half-subtractor structure.
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Fig. 5. Mean squared error (MSE) comparisons for different neural network configurations. (a) MSE plots for networks with two hidden layers
and different numbers of neurons. (b) MSE plots for networks with three hidden layers and different numbers of neurons.

The outputs of the neural network corresponded to the four
logical states of the half-subtractor gate, allowing the network
to learn and predict the optimal settings that would yield the
desired output for each state.

The predicted output of the proposed neural network can be
defined as written in Eq. (1):

Ŷ = f (W3 × tansig(W2 × tansig(W1 × X + B1)+ B2)+ B3).
(1)

In Eq. (1), Wi are the weights, and Bi are the biases between
the neurons in different layers. Also, “tansig” is the hyperbolic
tangent sigmoid activation function between hidden layers, and
X is the input vectors, which are considered defect rod dimen-
sions and phase shifts in the proposed model. The hyperbolic
tangent sigmoid activation function is written in Eq. (2):

tansig(Z)=
2

1+ e−2Z
− 1. (2)

By substituting the hyperbolic tangent sigmoid activation
function in Eq. (1) and considering the linear activation func-
tion for the output layer, the final predicted outputs can be
written in Eq. (3):

Ŷ =W3 ×

(
2

1+ e
−2
(

W2×

(
2

1+e−2(W1×X+B1)
−1
)
+B2

) − 1

)
+ B3.

(3)
The training results of the proposed ANN model are depicted

in Fig. 6. According to the obtained results in the training
phase, the network is trained with high precision and very low
errors. The gradient values represent the sensitivity of the loss
function, indicating how much it would change with slight
adjustments to the network weights. A declining gradient sug-
gests that the model is converging. When the gradient becomes
extremely small, it signals that the network has likely reached
a local minimum. Additionally, the µ values correspond to the
learning rate parameter used in the Levenberg–Marquardt (LM)
optimization algorithm during training.

The results of the test and train procedures of the proposed
ANN model are illustrated in Fig. 7. As seen, the proposed
model has succeeded in recognizing the hidden relation

between the input and output parameters of the all-optical
half-subtractor logical gates in both training and testing phases.
The ANN was trained using a backpropagation feedforward
algorithm, with the dataset divided into training and testing
subsets. The training process focused on minimizing the MSE.

Table 3 presents the error metrics for the proposed ANN
model during both the training and testing phases across dif-
ferent logical states. The table highlights the mean absolute
error (MAE) and MSE values, demonstrating that the model
performs exceptionally well during training, with error values
being close to zero. However, the testing phase shows higher
error values, particularly for the MAE, indicating that the model
encounters more difficulty when predicting unseen data.

4. RESULTS

Based on the results obtained from the neural network method,
the values of R1= 1.6R, R2= 0.7R, and phase=−155 deg
have been considered suitable values in this design. The analysis
of the photonic band structure was performed using the plane
wave expansion (PWE) method, and the light propagation
analysis within the structure was conducted using the finite
difference time domain (FDTD) method. RSoft software was
used to apply these methods. By utilizing the FDTD method,
the optical characteristics of the structure, including its response
to different wavelengths and the performance of the half-
subtractor, can be evaluated. The proposed structure was then
simulated and analyzed for four different states.

The solution of Maxwell’s equations was used by the FDTD
method to calculate the optical power at the output and how the
light propagates in the waveguide paths. Maxwell’s equations
include four basic equations that can be used to analyze the
behavior of light in an environment. These equations in the
photonic crystal environment are shown in Eqs. (4)–(6) due to
the absence of electric charge [8]:

∇ × E (r, t)=−
∂B
∂t
, ∇.B = 0, (4)

∇ × H =
∂D
∂t
, ∇.D= 0, (5)
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Fig. 6. Training results of the proposed ANN model.

D= ε0εr E , B =µ0µr H, (6)

where E and H are the electric and magnetic fields in these
relationships, respectively, and B and D are the magnetic and
displacement induction fields, respectively. For most dielectric
materials of interest, the relative magnetic permeability is close
to unity, and it can be set to B(r, t)=µ0 H(r, t). In the above
relations, ε0 and εr are the permittivity vacuum and relative
permittivity, respectively. Also,µ0 is the vacuum permeability.

The answers E (r , t)= E (r )e−iωt and H(r , t)= H(r )e−iωt

are assumed to solve Maxwell’s equations. For the photonic
band, the gaps are wider for the electric field in photonic crystals.
Thus, TE modes are calculated. Finally, by the combination of
the proposed answers and the original Maxwell’s equations, the
equation for TM polarization can be obtained as [8]

∇ ×

(
1

ε(r)
∇ × H(r)

)
=

(ω
c

)2
H(r). (7)

In the first logical state (X= 0, Y= 0), both sources are
off, resulting in no power passing through either output, and
the power at both outputs is zero. In the second logical state

(X= 0, Y= 1), only the Y source is on. The power enters the
structure through the waveguide path associated with Y, and
due to the presence of defect rods R1 and R2, half of the power
exits through the D output, and the other half exits through the
B output. Figure 8(a) shows the power distribution diagram
within the structure, and Fig. 8(b) shows the normalized power
at the outputs.

In the third logical state (X= 1, Y= 0), the X source is on,
and the Y source is off. The output power from the X source
enters the structure through the corresponding waveguide
path, and due to the defect rods, the power from this source
only passes through the waveguide leading to the D output.
Figure 9(a) shows the distributed power in the waveguides and
outputs, and Fig. 9(b) displays the normalized power at the
outputs.

In the fourth logical state (X= 1, Y= 1), both X and Y
sources are on. The power from the sources enters the structure
through the X and Y waveguide paths, and due to the−155 deg
phase difference of the Y source wave relative to the X source,
almost all the power is dissipated within the structure. This
dissipation occurs because the phase difference causes the two
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Fig. 7. Performance analysis of the proposed ANN model. Each row and column of figures represents the logical states and the corresponding
Borrow or Difference output. The first to fourth columns of subfigures are related to Borrow train, Borrow test, Difference train, and Difference test
results. Also, the first two rows of subfigures show the model results for the logical state X= 0, Y= 1; the second two rows are related to the logical
state X= 1, Y= 0; and the third two rows are corresponding to the logical state X= 1, Y= 1.

identical waves to cancel each other out. Therefore, only a very
small amount of power passes through the D and B outputs,
which can be considered the logical zero state. Figure 10(a)

shows the distributed power in the waveguides and outputs, and
Fig. 10(b) displays the normalized power at the outputs. Table 4
summarizes the output values in the different input states.
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Table 3. Error Results of the Proposed ANN Model during the Training and Testing Phases

Logical State MAE (Train) MAE (Test) MSE (Train) MSE (Test)

A= 0, B= 1 (Borrow) 1.1191e−06 0.0356 2.0720e−11 0.0021
A= 0, B= 1 (Difference) 2.8752e−06 0.0078 1.6182e−11 1.9651e−04
A= 1, B= 0 (Borrow) 1.1349e−06 0.0300 2.6158e−11 0.0013
A= 1, B= 0 (Difference) 4.3023e−07 0.0256 3.1177e−12 0.0011
A= 1, B= 1 (Borrow) 4.3029e−08 0.0210 4.1312e−15 7.5239e−04
A= 1, B= 1 (Difference) 5.6968e−07 0.0455 1.5466e−11 0.0032

Fig. 8. Outputs in the state X= 0, Y= 1: (a) power distribution in the waveguides and (b) normalized power diagram at the outputs.

Fig. 9. Outputs in the state X= 1, Y= 0: (a) power distribution in the waveguides and (b) normalized power diagram at the outputs.

The results obtained from Table 3 indicate that the designed
structure can be used as a half-subtractor because it matches the
truth table accurately. The advantages of this design include the
simplicity of the structure and the use of minimal defect rods.
The small size of the structure is also an advantage. The time
for the output to reach a stable state is very short, so it can be
concluded that this structure has a low delay time, making it
suitable for use in high-speed circuits.

A comparison between the performance of the proposed
design and related works is listed in Table 5. The proposed
design is of a small size, making it suitable for use in integrated
circuits. The structure in [36], as shown in the table, has much

larger dimensions compared to the proposed gate, which pre-
vents its use in optical integrated circuits. In the structures
presented in [36,37], a very important design consideration has
been overlooked, which is that the input and output locations
are placed next to each other. This design flaw makes it difficult
to use these structures in optical integrated circuits. Other
advantages of the proposed all-optical gate are the low energy
consumption and the minimal number of sources required. In
contrast, the structure in [36] uses several additional sources,
and in the structures proposed in [35–37], the energy consump-
tion of their sources is 1.5 to 2 times that of the structure in the
proposed work.
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Fig. 10. Outputs in the state X= 1, Y= 1: (a) power distribution in the waveguides and (b) normalized power diagram at the outputs.

Table 4. Output Power in Different Input States

Output
Input Borrow Difference

X Y (Normalized Power) (Normalized Power)

0 0 0 0
0 1 0.47 0.45
1 0 0.11 0.45
1 1 0.11 0.49

5. CONCLUSION

In this study, a low-dimensional photonic crystal structure
was used to design an optical half- subtractor. Optical power
was used to stimulate the inputs. High and low logic was based
on the optical power levels of the light sources. The PWE and
FDTD methods were used in the analysis of this structure. The
presented deep neural network model was used to improve
the performances of the proposed gate. The results show that
the proposed structure has appropriate powers in both high and
low logic states. The simplicity of the structure, the use of fewer
rods, and the minimal number of defect rods make this structure
suitable for designing integrated optical circuits.
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