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Abstract 
In this study, we propose a novel all-optical Galois Field (AOGF) adder that utilizes logic all-
optical XOR gates. The design is founded on the constructive and destructive interference 
phenomenon of optical beams and incorporates the phase shift keying (PSK) technique within a 
two-dimensional linear photonic crystal (2D-LPhC) structure. The suggested AOGF adder 
comprises eight input ports and four output ports. To obtain the electric field distribution in this 
structure, we employ the Finite Difference Time Domain (FDTD) procedure. The FDTD 
simulation results of the proposed AOGF adder demonstrate that the minimum and maximum 
values of the normalized power at ON and OFF states (𝑃ଵ,௠௜௡, 𝑃଴,௠௔௫) for the output ports are 95% 
and 1.7%, respectively. Additionally, we obtain different functional parameters, including the ON-
OFF contrast ratio, rise time, fall time, and total footprint, which are measured at 17.47 dB, 0.1 ps, 
0.05 ps, and 147 μm2, respectively. 
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1. Introduction 
Photonic crystals (PhCs) are artificial structures with periodic refractive index in a length 
comparable to the wavelength of the optical waves, which are fabricated in one-dimensional (1D), 
two-dimensional (2D) and three-dimensional (3D) forms [1-6]. The PhC structures can create 
photonic band gaps (PBGs) that prohibit the propagation of optical waves at certain wavelength 
ranges [7-12]. Two-dimensional Photonic crystal (2D-PhCs) structures have many advantages 
such as relatively easy design and fabrication, having a complete band gap, not depending on the 
angle of the incoming light, the ability to guide light inside optical waveguides and convenient 
integration compared to the other photonic devices [13-30]. Using PBG, various optical devices 
have been designed based on 2D-PhC, which greatly promotes the progress of optical integration 
[31-45]. PhCs have given rise to intriguing optical devices, and among them, all optical Galois 
Field (AOGF) adder is particularly noteworthy. This adder plays a crucial role in the design of all-
optical digital systems used in communication coding and cryptography. AOGF adders are 
fundamental logic devices required for the development of these optical systems in the fields of 
communication coding and cryptography. 



Recently, three research papers have proposed different approaches for designing AOGF adders 
using 2D-PhCs [46-48]. In this matter, Andalib [46] introduced the initial work on the 
implementation of an AOGF adder using optical waveguides based on a 2D linear photonic crystal 
(LPhC) structure. The logic structure was implemented based on the principle of beam 
interference, resulting in a delay time of approximately 1.5 ps and a footprint of 534  µmଶ, 
respectively. In a separate study, Kharadmehr et al. [47] introduced the second AOGF adder 
utilizing nonlinear materials. The delay time and footprint of the structure were approximately 12 
ps and 625 μm2, respectively. Finally, Jalali et al. [48], in a third work, used four nonlinear resonant 
cavities for designing another AOGF adder. It had got the maximum ON-OFF contrast ratio of 
16.02 dB. 

Light signals are employed in optical fiber communication systems to transmit information across 
extensive distances. Optical fibers possess the capability to transmit signals swiftly and over long 
distances while experiencing minimal signal degradation. Consequently, they are exceptionally 
well-suited for high-bandwidth applications like internet communication, video streaming, and 
data center interconnects.  

However, optical signals may experience several distortions as they travel through the fiber. These 
distortions can result from factors like as attenuation, dispersion, and noise. Attenuation 
corresponds to the loss of signal strength during propagation through the fiber, whereas dispersion 
leads to the signal spreading due to varying propagation speeds of different wavelengths of light. 
Noise can originate from various sources, including spontaneous emission, Raman scattering, and 
amplified spontaneous emission. 

To ensure reliable communication over optical fibers, various signal processing techniques can be 
used to counteract these distortions and enhance the signal quality at the receiver end. For example, 
equalization techniques can be used to compensate for dispersion and reduce intermember 
interference, while forward error correction techniques can be used to detect and correct errors 
introduced by noise [49]. 

The Ultra-fast and compact all optical Galois Field adder based on LPhC structure and phase shift 
keying (PSK) technique is a specific technique for performing arithmetic operations in optical 
communication systems. Galois Field arithmetic is commonly used in error-correcting codes, 
which are essential for reliable communication over noisy channels. The LPhC structure and phase 
shift keying technique are used to implement Galois Field addition in an all-optical manner, which 
can be faster and more efficient than traditional electronic methods. 

The LPhC structure is a type of photonic crystal structure that can be used to manipulate the 
properties of light. It consists of a periodic structure of high and low refractive index regions that 
can create band gaps in the optical spectrum. The phase shift keying technique is a modulation 
technique that can be used to encode information in the phase of an optical signal. By combining 
these techniques, it is possible to perform Galois Field addition in an all-optical manner. 

The specific design and implementation details of an AOGF adder based on LPhC structure and 
(PSK) technique would depend on the specific requirements of the communication system and the 
desired performance characteristics. However, in general, it would involve designing and 
fabricating the necessary optical components, such as the LPhC structure and the phase shift 
keying modulator and developing appropriate signal processing algorithms to ensure proper 



operation and compensate for any signal distortions introduced by the optical components or the 
transmission medium [50-52].   

This paper presents the simulation of an AOGF adder using the 2D-LPhC structure, employing the 
plane wave expansion (PWE) and Finite Difference Time Domain (FDTD) methods, and 
modifying its different functional parameters. The proposed AOGF adder's functionality relies on 
the constructive and destructive interference principle of optical beams, in addition to the phase 
shift keying (PSK) technique [53, 54]. 

The upcoming parts of this paper will be presented in the following manner: Part 2 presents an 
overview of the structural design for the proposed AOGF adder, which integrates the LPhC 
structure and employs phase shift keying. Part 3 presents the simulation results obtained through 
the implementation of the FDTD procedure. Ultimately, Part 4 provides the concluding remarks. 

Structural design of the proposed AOGF adder 

A typical Galois Field (GF) adder can be constructed by combining four logic XOR gates, as shown 
in Figure 1, where there are eight input ports (labeled as A3, A2, A1 and A0 and B3, B2, B1 and 
B0) for two 4-bit Galois field codes and four output ports (labeled as F3, F2, F1 and F0) for the 
resulted output code [46].  

                                       

                                            Figure1: The logic circuit of a typical GF adder. 
 

The structure diagram of the suggested AOGF adder utilizing a 2D-LPhC is depicted in Figure 2, 
composed of four all optical logic XOR gates with square lattice. The lattice constant 𝑎 is set to 
be 550 nm, and the photonic crystals structure have a lateral size of 38a × 13a. The radius of the 
dielectric rods are composed of Silicon (Si) is 110 nm (𝑟 = 0.2𝑎 = 110 𝑛𝑚), with refractive index 
 𝑛ௌ௜ of 3.46. The Si rods are surrounded in the air (𝑛௔௜௥ = 1) background. The TM band gap of the 
proposed AOGF adder, as shown in Figure 3, is in the range of 0.282–0.417 (a/λ), where λ denotes 
the optical wavelength in free space (the wavelength range is 1319–1950 nm). Table 1 provides a 
summary of the design parameters for the proposed AOGF adder. 

 



 

Figure 2. The final structure of the AOGF adder. 
 
 
 
 

                                

Figure 3. The TM band structure of the proposed AOGF adder based on LPhC structure and 
phase shift keying with the aforementioned values. 

 
 

Table 1. presents the parameters of the proposed AOGF adder, which is based on the LPhC 
structure and incorporates PSK. 

 



Parameter Value Unit 
Size of the lattice 38×13 - 

Lattice constant (a) 550 nm 
Index of Refraction for linear rods ( 𝑛ௌ௜) 3.46 - 

Refractive index of the background (𝑛௔௜௥) 1 - 
Fundamental rods' radius (𝑟) 110 nm 

Fundamental structure's total footprint 147  µmଶ 
 

2. Results and discussion 
Following the design of the LPhC structure for the proposed AOGF adder, this section focuses on 
simulating and analyzing its performance. Four examples are considered, and the analysis is 
carried out using the 2D-FDTD procedure, which offers reduced calculation time compared to 3D 

simulations. The 2D-FDTD method is based on solving the Maxwell's equations (∇ × H =
பୈ

ப୲
 

and ∇ × E = −
ப୆

ப୲
) by discretizing the fields in space and time domain. In this method, the 

electromagnetic waves move along the X-Z plane. Hence, the Maxwell’s equations are written as 
follows [55, 56]:  
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In the context of this study, we use the notations n, B, D, Ey, Hx, Hz, and ε to denote the discrete 
time step, magnetic induction field, electric displacement field, electric field in the y direction, 
magnetic field strength in the x direction, magnetic field strength in the z direction, and electric 
permittivity, respectively. The accuracy of the simulation results greatly depends on the 
appropriate selection of a spatial grid size that can effectively capture even the smallest details 
within the simulation field. 

The space grids ∆𝑥 and ∆𝑧 (the x and z directions' mesh sizes) must be selected ∆𝑥 = ∆𝑧 ≤ 𝜆/10. 

In addition, the time and space grid are selected to satisfy the following condition: 
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                                                                                    (4)   

In this context, c denotes the speed of light in free space. For this purpose, we excite the input ports 
with eight optical pulses (with optical intensity of 0.001 W/µmଶ at optical wavelength of 1550 
nm). For the PSK technique, we used phases of 180º and 0º for the logic input signals 0 and 1, 



respectively. For example, if phase of optical waves of ports 𝐴1 is 180º (𝑃ℎ஺ଵ = 180°), its 
corresponding logic level is zero (𝐴1 = 0), and if phase of optical waves of these ports is 0º 
(𝑃ℎ஺ଵ = 0°), its corresponding logic level is one (𝐴1 = 1). As mentioned above, the proposed 
AOGF adder consists of four optical XOR gates. In the simulation process, if the initial phase of 
the optical signals in the input ports of each gate is same, based on wave interference phenomenon 
and the difference in length of optical waveguides, its output is “0”, and if the initial phase is 
different, its output is “1”. 

Example 1: (𝐀 = 𝟎𝟎𝟏𝟏 and 𝐁 = 𝟏𝟎𝟎𝟏) 
In this example, because the phase of optical waves of ports A2 and B2 is 180º (𝑃ℎ஺ଶ = 𝑃ℎ஻ଶ =
180°  or A2 = B2 = 0), these waves will have destructive interference at J2 and eliminate each 
other and these light beams do not reach port F2 (F2 = 0). Also, because the phase of optical 
waves of ports A0 and B0 is 0º (𝑃ℎ஺଴ = 𝑃ℎ஻଴ = 0° 𝑑𝑒𝑔 or A0 = B0 = 1), these waves will have 
destructive interference at J0 and eliminate each other and these light beams do not reach port F0 
(F0 = 0). 
Because the phase of optical waves of ports 𝐴3 and 𝐵3 are 180 and 0º (𝑃ℎ஺ଷ = 180° and 𝑃ℎ஻ଷ =
0° or 𝐴3 = 0 and 𝐵3 = 1), respectively, these waves will have constructive interference at J3. and 
their amplitude will be added to each other. Consequently, the result of light waves reaches port F3 
(F3 = 1). Also, because the phase of optical waves of ports 𝐴1 and 𝐵1 are 0º and 180º (𝑃ℎ஺ଵ = 0° 
and 𝑃ℎ஻ଵ = 180° or 𝐴1 = 1 and 𝐵1 = 0), respectively, these waves will have constructive 
interference at J1, and their amplitude will be added to each other and the result of light waves 
reaches port F1 (F1 = 1). As a result, the produced code will be 1010 (F = 1010) at the output 
ports (Figure 4a). According to the code generated at the output ports, it can be concluded that the 
proposed structure is AOGF adder. The output response curve of the proposed optical AOGF adder 
for this example is shown in Figure 4b. Based on this diagram, the normalized optical power at the 
F3, F2, F1 and F0 ports are 98% , 0.4% , 98% and 0.6% , respectively. 

Example 2: (𝐀 = 𝟎𝟏𝟏𝟎 and 𝐁 = 𝟎𝟏𝟎𝟏) 
In this example, because the phase of optical waves of ports A3 and B3 is 180º (𝑃ℎ஺ଷ = 𝑃ℎ஻ଷ =
180° or A3 = B3 = 0), these waves will experience destructive interference at J3, causing them 
to cancel each other out, and as a result, these light beams will not reach port F3 (F3=0). Also, 
because the phase of optical waves of ports A2 and B2 is 0º (𝑃ℎ஺ଶ = 𝑃ℎ஻ଶ = 0° or A2 = B2 = 1), 
these waves will have destructive interference at J2 and eliminate each other and these light beams 
do not reach port F2 (F2 = 0). Because the phase of optical waves of ports 𝐴1 and 𝐵1 are 0º and 
180º (𝑃ℎ஺ଵ = 0° and 𝑃ℎ஻ଵ = 180° or 𝐴1 = 1 and 𝐵1 = 0), respectively, these waves will interact 
positively at J1, and when their amplitudes are summed, they form light waves that travel to port 
F1 (F1=1). 
                       



                                             

Figure 4. (a) The behavior of optical field propagation and (b) corresponding output time 
response curve of the proposed AOGF adder when A=0011 and B=1001. 

Also, because the phase of optical waves at ports A0 and B0 is 180º and 0º (𝑃ℎ஺଴ = 180° and 
𝑃ℎ஻଴ = 0° or 𝐴0 =0 and 𝐵0 =1), respectively, these waves will undergo constructive interference 
at J0. Their amplitudes will add up, and as a result, the light waves will reach port F0 with a value 
of 1 (F0=1). Consequently, the produced code at the output ports will be 0011 (F=0011) as shown 
in Figure 5a. 

Based on the output code observed at the ports, it can be deduced that the structure in question is 
indeed the AOGF adder. Figure 5b illustrates the response curve of the optical AOGF adder 
proposed in this instance. According to the diagram, the normalized optical power at ports F3, F2, 
F1, and F0 are determined to be 1%, 1.7%, 97%, and 99% respectively. 



                                    

Figure 5. (a) illustrates (a) the optical field propagation behavior and (b) the corresponding output 
time response curve of the proposed AOGF adder when A=0110 and B=0101. 

 
Example 3: (𝐀 = 𝟏𝟏𝟎𝟎 and 𝐁 = 𝟏𝟎𝟏𝟎) 
In this example, because the phase of optical waves of ports A3 and B3 is 0º (𝑃ℎ஺ଷ = 𝑃ℎ஻ଷ = 0° 
or A3 = B3 = 1), these waves will have destructive interference at J3 and eliminate each other 
and these light beams do not reach port F3 (F3 = 0). Also, because the phase of optical waves of 
ports A2 and B2 is 180 deg (𝑃ℎ஺଴ = 𝑃ℎ஻଴ = 180° or A0 = B0 = 0), The destructive interference 
of these waves at J0 causes them to cancel each other out, preventing them from traveling to port 
F0 (F0=0). Because the phase of optical waves of ports 𝐴2 and 𝐵2 are 0° and 180° (𝑃ℎ஺ଶ = 0° 
and 𝑃ℎ஻ଶ = 180° or 𝐴2 = 1 and 𝐵2 = 0), respectively, these waves will have constructive 
interference at J2 and their amplitude will be added to each other and the result of light waves 
reaches port F2 (F2 = 1). Also, because the phase of optical waves of ports 𝐴1 and 𝐵1 are 180º 
and 0º (𝑃ℎ஺ଵ = 180º and 𝑃ℎ஻ଵ = 0ºor 𝐴1 =0 and 𝐵1 =1), respectively, these waves will have 
constructive interference at J1 and their amplitude will be added to each other and the result of 



light waves reaches port F1(F1=1). As a result, the produced code will be 0110 (F=0110) at the 
output ports, as shown in (Figure 6a). According to the code generated at the output ports, it can 
be concluded that the proposed structure is AOGF adder. The output response curve of the 
proposed optical AOGF adder for this example is shown in Figure 6b. Band based on this diagram, 
the normalized optical power at the F3, F2, F1 and F0 ports are 0.2%, 95%, 100% and 0.4%, 
respectively. 

                                             

 Figure 6. (a) The optical field propagation behavior and (b) corresponding output time 
response curve of the proposed AOGF adder when A=1100 and B=1010. 

Example 4: (𝐀 = 𝟎𝟏𝟏𝟎 and 𝐁 = 𝟏𝟎𝟏𝟏) 
In this example, because the phase of optical waves of ports A1 and B1 is 0° (𝑃ℎ஺ଵ = 𝑃ℎ஻ଵ = 0° 
or A1 = B1 = 1), these light beams do not reach port F1 (F1=0) because at J1, these waves will 
experience destructive interference and cancel each other out. Because the phase of optical waves 
of ports 𝐴3 and 𝐵3 are 180 and 0º (𝑃ℎ஺ଷ = 180° and 𝑃ℎ஻ଷ = 0° or 𝐴3 = 0 and 𝐵3 = 1), 
respectively, These waves will experience constructive interference at J3, and their amplitudes will 
be added together, resulting in the light waves reaching port F3 with a value of 1 (F3=1). 



                                             

Figure 7. (a) The optical field propagation behavior and (b) corresponding output time response 
curve of the proposed AOGF adder when A=0110 and B=1011. 

Also, because the phase of optical waves of ports 𝐴2 and 𝐵2 are 0º and 180º (𝑃ℎ஺ଶ = 0° and 
𝑃ℎ஻ଶ = 180° or 𝐴2 =1 and 𝐵2 = 0), respectively, these waves will have constructive interference 
at J1 and their amplitude will be added to each other and the result of light waves reaches port F1 
(F2 = 1). As the same way, because the phase of optical waves of ports 𝐴0 and 𝐵0 are 180º and 
0º (𝑃ℎ஺଴ = 180° and 𝑃ℎ஻଴ = 0° or 𝐴0 = 0 and 𝐵0 = 1), respectively, these waves will have 
constructive interference at J0 and their amplitude will be added to each other and the result of 
light waves reaches port F0 (F0 = 1). As a result, the produced code will be 1101 (F = 1101) at 
the output ports, as shown in Figure 7a. Based on the generated code observed at the output ports, 
it can be concluded that the proposed structure indeed corresponds to an AOGF adder. The 
response observed at the output curve of the proposed optical AOGF adder for this example is 
shown in Figure 7b and based on this diagram, the normalized optical power at the F3, F2, F1 
and F0 ports are 97% , 98% , 0.6% and 97% , respectively. 
The results obtained from the proposed AOGF adder including the normalized intensity and output 
codes have been summarized in Table 2. The output ports display a variety of normalized power 



values in both the ON and OFF modes based on the information in Table 2's data. In particular, it 
is found that (𝑃ଵ,௠௜௡, 𝑃଴,௠௔௫) have minimum and maximum normalized powers of 95% and 1.7%, 
respectively. 
The rise, fall and delay times, bit rate and total footprint of the suggested AOGF adder are about 
0.1ps, 0.05 ps, 0.2 ps, 5 Tbit/s and 147 µ𝑚ଶ, respectively. 
A concise comparison of the attributes of the proposed AOGF adder with the designs documented 
in the literature is presented in Table 3. As shown in Table 3, the designed AOGF adder exhibits 
superior performance in terms of time delay, cross-section, and contrast ratio compared to all 
previously reported structures [36-38]. This demonstrates the efficient modification of its various 
functional parameters. As shown in Table 3, the size of the structure is 147 μm, which is smaller 
compared to other structures. The delay time is also obtained as 0.2 ps, which is significantly lower 
compared to the compared structures. Additionally, the proposed structure has a contrast ratio of 
17.47 dB, which has somehow slightly increased. 

Table 2. The obtained results of the proposed AOGF adder 
Input ports Normalized power at output ports (%) Output 

code 
A B F3 F2 F1 F0 F 

0011 1001 98 0.4 98 0.6 1010 
0110 0101 1 1.7 97 99 0011 
1100 1010 0.2 95 100 0.4 0110 
0110 1011 97 98 0.6 97 1101 

 

Table 3. provides a brief overview of the characteristics of the AOGF adder in comparison to the 
currently available designs. 

 
Work 

 

 
Mechanism 

Delay 
time  
(ps) 

Footprint 
( µmଶ) 

Contrast 
ratio 
(dB) 

Andalib [46] Beams interference 1.5 354 16.53 
Kharadmehr et al [47] Threshold switching 2.5 1210 16.02 

Jalali et al [48] Threshold switching 12 625 8.75 
 

This work 
Combining beams 

interference and phase 
shift keying  

0.2 147 17.47 

 

3. Conclusion 
In this research paper, we conducted a simulation and evaluation of a 2D-LPhC-based AOGF 
adder using 2D plane wave expansion and 2D-FDTD methods. Phase shift keying and 
constructive and destructive optical beam interference are two phenomena that are essential to 
the proposed AOGF adder's operation. The results indicate that the designed AOGF adder 
exhibits superior time delay, cross-section, and contrast ratio compared to all previously 
reported structures, confirming the effective modification of its various functional parameters. 
Additionally, the suggested AOGF adder demonstrates a rise time, fall time, and total footprint 
of approximately 0.1 ps, 0.05 ps, and 147 μm2, respectively. This adder has the potential to be 



used in optical fiber communication systems to perform arithmetic operations on optical 
signals optically, such as adding or subtracting signals from different channels or wavelengths. 
This could enable more efficient use of the available bandwidth by allowing multiple signals 
to be combined or separated in a single device.  
 
The proposed adder is also compact and ultra-fast, which could make it suitable for use in high-
speed optical communication applications. The use of a 2D photonic crystal waveguide 
structure allows for strong light confinement, which can improve the efficiency and speed of 
signal processing. The use of PSK modulation also enables the encoding and decoding of 
information onto the light signal, which is important for optical communication systems. 
 
The suggested all-optical Galois Field adder in the paper is a promising advancement in the 
field of optical communication since it has the potential to increase the effectiveness and speed 
of data processing in optical fiber communication systems. To improve the adder's 
performance and make sure it can be used in optical communication systems, more study and 
development are required. 
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