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ABSTRACT 

Photonic crystal applications and their high performance led them to be considered as 

a promising research area. The factors that affect their operation are the topology type, and 

the arrangement of its rod position, and their constructed materials. OR gate is proposed in 

this paper to be simulated and evaluated. This design is built on a square lattice- photonic 

crystal construction. Sensitivity analysis, and carefully rod locations are considered to obtain 

remarkable performance. Minimum size is the main property that distinguishes this design. 

Based on the simulations, a minimum size of 39.6 μm2 is obtained. The bit rate of 3.2 Tb/s is 

calculated for this structure. The considered threshold power level is 0.25. Comparison table 

is well organized for the recently published photonic crystal OR-gate that is based on ring 

resonator topology. Finite difference time domain and plane wave expansion method are used 

to analyze the proposed structure at 1.55μm wavelength to verify OR- gate operation. The 

fabrication methods are discussed and evaluated. As will be shown the size is decreased by 

around 23% of the recently published paper. 

Keywords: OR-gate; Photonic crystal applications; Ring resonator; Photonic crystal 

topology; Contrast ratio; Time response; Bit rate. 
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1. Introduction 

New technologies are focused on miniaturizing circuit size, achieving high-speed data 

processing, and advancing digital computing. To accomplish this, electronic circuits are 

created using semiconductor materials [1, 2], with combinational and sequential logic 

designs used for different operations [3]. The need for high data rates has driven electronic 

devices to their limits, prompting the development of optical circuit models that can 

achieve high-speed applications with a small area. Examples of these models include 

semiconductor optical amplifiers (SOA) [4], periodically poled lithium niobate (PPLN) 

waveguides [5], and photonic crystal (Ph. Cs.)  structures [3]. 

The speed of light has distinct advantages that make it a valuable component of photonic crystal 

(Ph. Cs.) technology, which offers a range of high-speed applications such as sensors [7], filters 

[8], logic gates (e.g. AND, OR, XOR) [9], multiplexers [10], demultiplexers [11], flip-flops [12], 

encoders [13], decoders [14], and half adders [15]. (Ph. Cs.) structures are artificial crystals made 

from highly ordered dielectric materials that consume less waste power [6]. 

By altering the topology of basic structures, a variety of applications can be created. These 

topologies are typically classified into ring resonator, self-collimation, waveguide, and cavity types. 

A recent paper [16] discusses the differences in characteristics between these topologies. Literature 

has shown that square and hexagonal lattices are commonly used [17, 18], and operation can be 

performed in both linear and nonlinear regimes. Software packages such as RSOFT [19] (which uses 

the finite difference time domain (FDTD) numerical technique) and COMSOL [20] (i.e., which 

mainly operate on the finite element method (FEM)) are used to simulate and analyze (Ph. Cs.) 

structures. 

This article focuses on the examination and verification of two-dimensional (Ph. Cs.) OR 

gate ring resonator structures. Various figures of merit will be presented, including contrast 

ratio (CR), structure size, bit rate (BR), and linearity. 

 The paper is organized as follows: Section 2 provides details of the structure. Simulations 

and results are presented in Section 3. Section 4 contains some fabrication trends. The 

conclusions section comes in section 5, followed by a list of the most relevant references. 

2. Basic Concepts 

The OR gate is a fundamental digital logic block that consists of two inputs and one output. 

The output of the OR gate is high when at least one of its inputs is high, but it is low when both 

inputs are low. The Boolean expression and truth table for the OR gate are defined in Equation 

(1) and Table 1, respectively [3]. 

Q=A+B                           (1) 
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Table 1: OR- gate truth table 

Input Output 

A B OR  

0 0 0 

0 1 1 

1 0 1 

1 1 1 

 

3. Structure Description and Dimensions 

The proposed minimum size photonic crystal OR gate structure is based on a two-

dimensional (Ph. Cs.) square lattice with a lattice constant (a) of 0.6 μm, which is the distance 

between the centers of two rods. The structure consists of (10x11) Silicon (Si) rods in an air 

substrate, with a rod radius (r) of 0.12 μm and a refractive index (n) of 3.46. The design 

includes two inputs and one output, as shown in Figure 1. The core element of the design is a 

ring resonator, and one waveguide is used to guide the launched light from input (A). The 

location of the output ports is determined by sensitivity analysis to provide the best 

performance and output power response, which is superior to the shifted versions of the output 

ports. 

 

 

Figure 1: the proposed photonic crystal OR- gate structure 

 

3. Simulation of the Proposed Gate 

A. Numerical Methods and Photonic Band Gap (PBG) Range 

Finite-difference time domain (FDTD) is a numerical method commonly used to simulate 

(Ph. Cs.) structures. This method provides information on power distribution, time response, and 

power level for each state. The photonic band gap (PBG), which is the range of forbidden optical 
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frequencies that light cannot propagate, can be calculated using the plane wave expansion (PWE) 

method. In the simulation of the designs, the transverse electric (TE) field is applied. 

 According to Figure 2, the photonic band gap (PBG) range of the proposed 

structure is between 1.415 μm and 2.121 μm. The position of the input and output ports 

is determined using sensitivity analysis, as shown in Figure 1. The ring resonator 

topology is carefully designed to operate within the C-band optical wavelength range, 

which is between 1530 and 1565 nm. 

 

 

 

 

 

 

 

 

Figure 2: the photonic band gap (PBG) of TE- polarization 

 

B. The Proposed OR Gate Operation 

This section investigates the power distribution and time response of the proposed 

structure at a wavelength of 1.55 μm. Four states are examined to verify the operation and 

extract valuable results. The output power levels are normalized, and as shown in Figure 

1, the output is switched on and off based on the state of the two inputs, as explained in 

the following section. 

 1) Case 1: If no power is applied to both inputs, the output port will have no power. 

 2) Case 2: If one of the inputs is on (i.e., input A=1, B=0), a light wave will travel 

through the waveguide and mutually couple into the ring resonator. The power in the ring 

resonator is then guided by the scattering rods to reach the output. Figure 3 illustrates this 

state, with the output equal to 0.28, which is considered logic (1). 

 3) Case 3: On the other hand, when power is launched through port B (i.e., B=1) 

and the other port is disabled (i.e., A=0), the signal circulates within the ring at its 

resonant wavelength of 1.55 μm, delivering power directly to the output port. The output 

is logic (1) with a power level of 0.3, as shown in Figure 4. 
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 4) Case 4: When both inputs (i.e., A and B) are logic (1), a field is constructed 

between the two input beams, as shown in Figure 5. The output in this case is equal to 

0.55, confirming the OR-gate operation. 

 
 

C. Bit Rate (BR) calculation 

The bit rate is defined as the reciprocal of the response time (RT) as show in equation 

(2) [9]. 

RT = td +tr + tf =td + 2tr   (2) 

 

 

 

Figure 3: A = 1 and B = 0 (a) power distribution, (b) time response. 

  

Figure 4: A = 0 and B = 1 (a) power distribution, (b) time response. 



ERURJ 2024, 3, 1, 804-815 

 

809 
 

 

 

Figure 5: A = 1 and B = 1 (a) power distribution, (b) time response 

 

The delay time (td) is defined as the time it takes for the output power to rise from 0 to 

10% of the steady-state output power. The transition time (tr) is the time taken for the 

output power to go from 10% to 90% of the average output power. The falling time (tf) is 

the time it takes for the final steady-state power to drop from 90% to 10%, which is 

approximately equal to the transition time (tr) in linear material scenarios, as in [9]. The 

bit rate (BR) is calculated from the time response to be 3.2 Tp/s. 

Table 3 provides a comparison between the proposed structure and its counterparts in 

the literature. Most of the designs use Silicon (Si) as the rod material. The maximum 

number of gates is reported in [27], while the maximum size of 1287 μm2 is reported in 

[30]. The highest contrast ratio (CR) is reported in [31] for a hexagonal lattice type with 

only OR-gates, as shown in Table 3. The proposed structure for the OR-gate has a 

minimum size and is compatible with the bit rate (BR). It can be implemented with the 

same rod radius and does not require any auxiliary inputs to verify its operation. 

 

Table 2: the power levels and the calculated bit rate for structure 

Input 0- degree 

A B power (BR) Tb/s 

0 0 0 

3.2 
0 1 0.3 

1 0 0.28 

1 1 0.55 

 

Table 3: comparison between the published all- optical OR- gate ring resonator 

based in the literature  
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Ref. and Year 
Contrast 

ratio (dB) 

Bit rate 

(Tb/s) 

Size 

(μm2) 

Auxiliary 

input 

Implemented gates 

Ref [21-

2015] 
16.7 0.33 136 √ OR, AND, XOR 

Ref [22-

2015] 
4.77 0.2 303 √ 

OR, AND, XOR, 

NOT 

Ref [23-

2015] 
18.7 0.33 499 √ OR, NOT 

Ref [24-

2016] 
NA 0.8 200 X OR 

Ref [25-

2017] 
NA 0.33 134 X OR, AND 

Ref [26-

2017] 
25 0.13 283 √ OR, NOR 

Ref [27-

2017] 
NA 3.8 132 X 

OR, AND, XOR, 

NOT, NOR, NAND, 

XNOR 

Ref [28-

2018] 
9.29 NA 335 √ OR, AND, NAND 

Ref [29-

2019] 
18 4.7 250 √ OR, AND 

Ref [30-

2019] 
19 0.5 1287 √ OR 

Ref [31-

2021] 
29 5 454 √ OR 

Ref [32-

2022] 
NA 2.5 56.2 X OR 

Ref [33-

2022] 
NA 5.02 56.16 X OR, XOR, NOT 

Ref [34-

2023] 

NA 
1.35/6.35 

51.48 X OR 

Proposed  NA 3.2 39.6 X OR 

 

4. Fabrication Trends 

 Till now the fabrication of (Ph. Cs.) applications face great challenges. 

Most of the proposed prototypes concentrate on laser sources [36], and sensors [37]. 

Electron beam or optical lithography combined with wet and dry etching [36], and ion 
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beam drilling [37] are two types of the fabrication methods. These technologies reached 

to construct holes with radius 60 nm [38].  

 Most of the lithography methods suffer from its expensive machinery (i.e., 

as in optical mask method), or setup complexity (i.e., as in multi-holography method). 

On the other hand, Porous Anodic Alumina methods have some challenges such as: 

mold complex preparation (i.e., as in dot-like mold and nano imprint lithography), or 

angular precision and identical pressure applied (i.e., as in grating). So as shown the 

fabrication of (Ph. Cs.) applications still have some troubles to be solved. 

 

5. Conclusion  

This paper presents a new proposed design for an OR gate, which is implemented and 

analyzed for performance and figures of merit. The design operates in the linear regime, 

which helps to save power consumption. Two numerical techniques, FDTD and PWE 

methods, are used for simulation and analysis. The core element of this design is the ring 

resonator topology, and therefore, the comparison table is organized to focus on the same 

logic with this type of topology. The main objectives are to verify the OR logic gate and 

obtain the minimum size and compatible bit rate compared to other published papers in 

the literature. Future work will focus on studying the effect of temperature on such 

structures. 

 

References 

[1] H. Yoo, K. Heo, M. H. R. Ansari, and S. Cho, “Recent advances in electrical 

doping of 2d semiconductor materials: Methods, analyses and applications,” 

Nanomaterials, vol. 11, no. 4. 2021, doi: 10.3390/nano11040832. 

[2] F. P. García de Arquer, D. V. Talapin, V. I. Klimov, Y. Arakawa, M. Bayer, and 

E. H. Sargent, “Semiconductor quantum dots: Technological progress and future 

challenges,” Science (New York, N.Y.), vol. 373, no. 6555. 2021, doi: 

10.1126/science.aaz8541. 

[3] M.M., Mano., M.D., Ciletti.: Digital Design,Pearson College Div; 4th edition 

(January 1, 2006). 

[4] P. NadimiGoki, A. Tufano, F. Cavaliere, and L. Potì, “SOA Model and Design 

Guidelines in Lossless Photonic Subsystem,” New Advances in Semiconductors, 

2022, https://doi.org/10.5772/intechopen.103048., vol. 119, no. 25, 2021,doi: 

10.5772/intechopen.103048. 



ERURJ 2024, 3, 1, 804-815 

 

812 
 

[5] T. Kashiwazaki, T. Yamashima, N. Takanashi, A. Inoue, T. Umeki, and A. 

Furusawa, “Fabrication of low-loss quasi-single-mode PPLN waveguide and its 

application to a modularized broadband high-level squeezer,” Applied Physics 

Letters, vol. 119, no. 25, 2021, doi: 10.1063/5.0063118. 

[6] M. Li, X. Lai, C. Li, and Y. Song, “Recent advantages of colloidal photonic 

crystals and their applications for luminescence enhancement,” Materials Today 

Nano, vol. 6, 2019, doi: 10.1016/j.mtnano.2019.100039. 

[7] A. Abbaszadeh, S. Makouei, and S. Meshgini, “Highly sensitive triangular 

photonic crystal fiber sensor design applicable for gas detection,” Advanced 

Electromagnetics, vol. 10, no. 1, 2021, doi: 10.7716/aem.v9i1.1539. 

[8] F. Bozorgzadeh, D. Ahmadi, and M. Sahrai, “Innovative fiber Bragg grating filter 

based on a graphene photonic crystal microcavity,” Applied Optics, vol. 59, no. 

1, 2020, doi: 10.1364/ao.59.000084. 

[9] T. S. Mostafa, N. A. Mohammed, and E. S. M. El-Rabaie, “Ultra-High bit rate all-

optical AND/OR logic gates based on photonic crystal with multi-wavelength 

simultaneous operation,” Journal of Modern Optics, vol. 66, no. 9, 2019, doi: 

10.1080/09500340.2019.1598587. 

[10] D. G. S. Rao, S. Swarnakar, and S. Kumar, “Design of photonic crystal 

based compact all-optical 2 × 1 multiplexer for optical processing devices,” 

Microelectronics Journal, vol. 112, no. April, p. 105046, 2021, doi: 

10.1016/j.mejo.2021.105046. 

[11] S. Naghizade and S. M. Sattari-Esfahlan, “An Optical Five Channel 

Demultiplexer-Based Simple Photonic Crystal Ring Resonator for WDM 

Applications,” Journal of Optical Communications, vol. 41, no. 1, pp. 37–43, 

2020, doi: 10.1515/joc-2017-0129. 

[12] T. S. Mostafa,El-Rabaie, E.S.M,All-Optical D-Flip Flop with Multi-

Wavelength Operation Based on Photonic Crystal. Proc. Int. Japan-Africa Conf. 

Electron. Commun. Comput. JAC-ECC 2019. 184–187 (2019). 

https://doi.org/10.1109/JAC-ECC48896.2019.9051118. 

[13] Z. Jiang, P. Li, and G. Xu, “Terahertz Wave 4-2 Encoder Based on 

Photonic Crystal,” ZhongguoJiguang/Chinese Journal of Lasers, vol. 48, no. 20, 

2021, doi: 10.3788/CJL202148.2014002. 

https://doi.org/10.1109/JAC-ECC48896.2019.9051118


ERURJ 2024, 3, 1, 804-815 

 

813 
 

[14] M. J. Maleki, M. Soroosh, and A. Mir, “Ultra-fast all-optical 2-to-4 

decoder based on a photonic crystal structure,” Applied Optics, vol. 59, no. 18, p. 

5422, 2020, doi: 10.1364/ao.392933. 

[15] F. Parandin and M. Reza Malmir, “Reconfigurable all optical half adder 

and optical XOR and AND logic gates based on 2D photonic crystals,” Optical 

and Quantum Electronics, vol. 52, no. 2, 2020, doi: 10.1007/s11082-019-2167-3. 

[16] T. Mostafa, shimaakrosh, and E.-S. El-Rabie, “Appropriate Photonic 

Crystal Topology for Appropriate Applications,” Menoufia Journal of Electronic 

Engineering Research, vol. 31, no. 2, pp. 75–86, 2022, doi: 

10.21608/mjeer.2022.128016.1049. 

[17] M. J. Maleki and M. Soroosh, “A novel proposal for performance 

improvement in two-dimensional photonic crystal-based 2-To-4 decoders,” Laser 

Physics, vol. 30, no. 7, 2020, doi: 10.1088/1555-6611/ab9089. 

[18] E. G. Anagha and R. K. Jeyachitra, “Optimized design of an all-optical 

XOR gate with high contrast ratio and ultra-compact dimensions,” Applied 

Physics B: Lasers and Optics, vol. 128, no. 2, Feb. 2022, doi: 10.1007/s00340-

021-07747-x. 

[19] Photonic Design Software | RSoft Products", Synopsys.com, 2019. 

[Online]. Available: https://www.synopsys.com/optical-solutions/rsoft.html. 

[Accessed: 28- Jan- 2023]. 

[20] "COMSOL Multiphysics® Software - Understand, Predict, and 

Optimize", COMSOL Multiphysics©, 2019. [Online]. Available: 

https://www.comsol.com/comsol-multiphysics. [Accessed: 28- Jan- 2023]. 

[21] A,Salmanpour., S, Mohammadnejad, ., A, Bahrami, .: All-optical photonic 

crystal AND, XOR, and or logic gates using nonlinear Kerr effect and ring 

resonators. J. Mod. Opt. 62, 693–700 (2015). 

https://doi.org/10.1080/09500340.2014.1003256. 

[22] K. Fasihi, “Design and simulation of linear logic gates in the two-

dimensional square-lattice photonic crystals,” Optik, vol. 127, no. 11, pp. 4669–

4674, 2016, doi: 10.1016/j.ijleo.2016.02.012. 

[23]  A, Salmanpour., S, Mohammadnejad., P, T, Omran. .: All-optical 

photonic crystal NOT and OR logic gates using nonlinear Kerr effect and ring 

resonators. Opt. Quantum Electron. 47, 3689–3703 (2015). 

https://doi.org/10.1007/s11082-015-0238-7. 



ERURJ 2024, 3, 1, 804-815 

 

814 
 

[24] M, Pirzadi., A, Mir., D, Bodagh.: Realization of Ultra-Accurate and 

Compact All-Optical Photonic Crystal or Logic Gate. IEEE Photonics Technol. 

Lett. 28, 2387–2390 (2016). https://doi.org/10.1109/LPT.2016.2596580. 

[25] D,Saranya,.,A, Rajesh, .: Design and analysis of optical and and or logic 

gates using two dimensional photonic crystal. Proc. Int. Conf. Inven. Comput. 

Informatics, ICICI 2017. 253–257 (2018). 

https://doi.org/10.1109/ICICI.2017.8365349. 

[26] A. Rahmani and M. Asghari, “An ultra-compact and high speed all optical 

OR/NOR gate based on nonlinear PhCRR,” Optik, vol. 138, pp. 314–319, 2017, 

doi: 10.1016/j.ijleo.2017.03.034. 

[27] H. M. E. Hussein, T. A. Ali, and N. H. Rafat, “New designs of a complete 

set of Photonic Crystals logic gates,” Optics Communications, vol. 411, no. 

December 2017, pp. 175–181, 2018, doi: 10.1016/j.optcom.2017.11.043. 

[28] S. Rebhi and M. Najjar, “A new design of a photonic crystal ring resonator 

based on Kerr effect for all-optical logic gates,” Optical and Quantum Electronics, 

vol. 50, no. 10, pp. 1–17, 2018, doi: 10.1007/s11082-018-1628-4. 

[29] T. S. Mostafa, N. A. Mohammed, and E. S. M. El-Rabaie, “Ultra-High bit 

rate all-optical AND/OR logic gates based on photonic crystal with multi-

wavelength simultaneous operation,” Journal of Modern Optics, vol. 66, no. 9, 

2019, doi: 10.1080/09500340.2019.1598587. 

[30] A. Poursaleh and A. Andalib, “An all-optical majority gate using nonlinear 

photonic crystal-based ring resonators,” OpticaApplicata, vol. 49, no. 3, pp. 487–

498, 2019, doi: 10.5277/oa190310. 

[31] K.R,Prabha., S, Robinson,.: Ultra Compact, High Contrast Ratio Based all 

Optical OR Gate Using Two Dimensional Photonic Crystals. Silicon. 13, 3521–

3529 (2021). https://doi.org/10.1007/s12633-020-00811-9. 

[32] T. S. Mostafa, S. A. Kroush, and E.-S. M. E.- Rabaie.-: Photonic Crystal 

OR Gate with Minimum Size and Ring Resonator Based Structure. 2–7 (2022) 

6th IUGRC International Undergraduate Research Conference,Military Technical 

College, Cairo, Egypt, Sep. 5th – Sep. 8th, 2022. 

[33] T. S. Mostafa, S. A. Kroush, and E.-S. M. E.- Rabaie, “Simultaneous 

Operation of Photonic Crystal OR- XOR-NOT Gates with Minimum Size and 

High Bit Rate Ring Resonator-Interference Based Structure,” pp. 222–227, 



ERURJ 2024, 3, 1, 804-815 

 

815 
 

2022,.)., 2022 10th International Japan-Africa Conference on Electronics, 

Communications, and Computations (JAC-ECC). 

[34] T. S. Mostafa, S. A. Kroush, and E.-S. M. E.- Rabaie, “Photonic Crystal 

Circuitry and its Impact on Wireless Networks,” vol. 06, no. 01, pp. 63–75, 2023. 

[35] D. Englund, “Photonic Crystals for Quantum and Classical,” Thesis, no. July, 

2008. 

[36] S. H. Kim, K. Lee, J. Kim, M. Kwon, and S. Park, “Fabrication of photonic 

crystal structures on light emitting diodes by nanoimprint lithography,” vol. 055306, 

doi: 10.1088/0957-4484/18/5/055306. 

[37] Mathiesen S. Kristoffer, “Design and fabrication of photonic crystal 

nanolasers,” 2020.   
 


