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Abstract 

In this article, nano-rings Insulator-Metal-Insulator (IMI) plasmonic 

waveguides are used to propose, simulate, design, and construct all-optical 

(XOR and XNOR) logic gates. The Finite Element Method (FEM) has been 

used to develop and numerically simulate the proposed two-dimensional (2-

D) structure of plasmonic gates. Four metrics are used to assess the 

performance of the proposed device: insertion loss, modulation depth (MD), 

transmission, and extension ratio (ER). Glass and silver were used to build the 

suggested building. Destructive and constructive interferences were used to 

create the functioning of the proposed plasmonic gates. According to 

numerical simulations, the proposed plasmonic gates with a transmission 

threshold of (0.3) could be realized in a single structure operating at1.55 μm. 

The characteristics of this device were as follows: medium Extension Ratio 

values, high MD values, transmission above 200% in a single state of XNOR 

gate. This technology is also considered essential to all-optical computers and 

opening the door to future access to nanophotonic integrated circuits. 

 

Introduction 

Early in 1902, the Wood's anomaly a region of the light spectrum emitted by a metal grating was discovered. 

This finding marked the start of scientific research on plasmonics [1]. Subsequently, a physical explanation was 
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proposed for the Lord Rayleigh phenomenon [2], describing an anomaly in the light spectrum that results from 

light diffracted within a wavelength where a surface-occurring inadvertently dispersed wave develops. Next, the 

semi-stationary polarized waves were expected to resonate throughout the metal's surface. Cohesion, which is 

the result of excited electrons in the metal and was later dubbed surface plasmons, is what causes this energy 

loss [3]. Electromagnetic waves restricted to metal-dielectric interfaces are known as surface plasmon polaritons 

(SPPs), and they are linked to the propagation of free electronic oscillations on metal surfaces [4-6], and are 

believed to hold the most promise for the development of nanophotonic devices [7-9]. Researchers' interest in 

optical systems based on SPPs has increased in recent times because to the growing demand for high-speed, 

high-bandwidth data transmission. SPPs devices surpass limitations of electrical devices, such as high heat 

generation and data transmission delay. (SPPs) help with sub-wavelength light processing as well as breaking 

beyond the diffraction limit in traditional optical systems. This characteristic prompted scientists to concentrate 

on the micro guiding structures that limit light that is sub-wavelength. Since plasmonic waveguides (SPPs) are 

the result of electromagnetic waves and free electrons of metals propagating across metal-insulating or 

insulating-metal interfaces, they have considerable promise for guiding patterns of sub-wavelength light [10,11]. 

Numerous Plasmonic waveguiding structures, such as resonators [12], modulators [13], switches [14], 

nanocavities [15], nanowires [16], Bragg reflectors [15], multi/demultiplexers [17], and logic gates [18-21] and 

so on, have been proposed. Each structure in the field of logic gates has a unique way of carrying out the function, 

a variety of geometries, a variety of materials, a variety of numbers and types of logic gates, a variety of 

resonance wavelength values, and a variety of transmission values. In this research, a structure that can 

simultaneously operate three plasmonic logic gates (XOR and XNOR) is proposed. The materials, resonance 

wavelength, transmission threshold, and structural parameters are all the same. Insulator-Metal-Insulator (IMI) 

plasmonic Nano-waveguides and a Nano-rings resonator are used in the construction of the structure. The 

simulation results obtained by COMSOL Multiphysics (version 5.4) are based on the Finite Element Method 

(FEM). This method has been viewed as a keystone for all-optical computers and will enable the fabrication of 

nanophotonic integrated circuits in the future. The format of this scientific article is as follows: All of the 

methodology's steps, materials, and mathematical models are covered in Section 2. The results are presented 

and discussed in Section 3. This work is compared to earlier ones in Section 4. Section 5 closes with final 

remarks conclusion.  

Methodolog and Layout Structure 

Plasmonic waveguides are used to direct the SPPs signal between dielectric-metal surfaces. In recent times, 

insulator-metal-insulator (IMI) and metal-insulator-metal (MIM) plasmonic waveguides have been extensively 

utilized in plasmonic structures. IMI waveguides are easier to build, offer a longer propagation length, and less 

propagation loss [18]. We selected IMI plasmonic waveguides over MIM plasmonic waveguides due to these 
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benefits. Two nano-ring resonators and three stripes make up the proposed architecture for executing Plasmonic 

gates (XOR and XNOR), as shown in Fig. 1. Glass serves as the dielectric material for the remainder of the 

framework, while silver is used for the stripes and the nano-ring resonator. 

 

 

 

 

 

 

 

 

 

 

 

Figure. 1 Plasmonic gate structure 

The dielectric refractive index for the Glass is 1.52 [20], and the silver permittivity is based on data from Johnson 

and Christy [22]. The properties of the proposed structure are displayed in Table 1. 

Table 1. Structure specifications for the suggested design 

Parameter Description Value (nm) 

a Distance between stripes and nano-rings 5 

s Stripes width 15 

x The smaller radius of nano-ring 25 
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z The bigger radius of nano-ring 40 

v Length of the side stipe 240 

n Width and Length of the structure 400 

 

Plasmonic logic gates have uniform dimensions, sizes, and construction materials. The operational wavelength 

of at1.55 μm was selected because it is the best wavelength for optical telecommunication networks. The size, 

form, materials, and structural elements of the suggested construction enable the resonance wavelength of 1550 

nm. Using the FEM method, Maxwell equations were solved in the two-dimensional (2D) framework of the 

COMSOL Multiphysics program. The framework, which has four ports as shown in Fig. 1, is exposed to a plane 

wave with Transverse Magnetic (TM) components Ex, Ey, and Hz. Based on four criteria: transmission [19], 

contrast ratio (CR) [19], modulation depth (MD) [19], and insertion loss (IL) [23], the proposed all-optical logic 

gates are functional at at1.55 μm. The performance's equations are shown in Table 2. 

Table 2. Performance’s equations 

Parameter Equation 

T 
𝑂𝑢𝑡𝑝𝑢𝑡 𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑃𝑜𝑤𝑒𝑟

𝐼𝑛𝑝𝑢𝑡 𝑂𝑝𝑡𝑖𝑐𝑎𝑙 𝑃𝑜𝑤𝑒𝑟
  

ER (dB) 10 log (
𝑃𝑜𝑢𝑡|𝑂𝑁/𝑚𝑖𝑛

𝑃𝑜𝑢𝑡|𝑂𝐹𝐹/𝑚𝑎𝑥
) 

MD (%) (
𝑇𝑂𝑁|𝑀𝑎𝑥 − 𝑇𝑂𝐹𝐹|𝑀𝑖𝑛

𝑇𝑂𝑁|𝑀𝑎𝑥
) × 100% 

IL (dB) -10 log (
𝑃𝑜𝑢𝑡|𝑂𝑁/𝑚𝑖𝑛

𝑃𝑖𝑛
) 

 

Whereas Pin denotes the input's optical power 1 uw that reached a single input port or control port, Pout denotes 

the output optical power. The main concept behind the proposed all-optical logic gates is the employment of 

both destructive and constructive interferences. The presence of two or more signals with the same phase results 

in constructive interference. On the other hand, the phase mismatch between the incident light signals on the 

structure causes destructive interference. This concept is applied in logic 1 and logic 0 to each gate's truth table. 
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Discussion of Simulation Results 

The transmission is determined in both the OFF and ON states, and a transmission threshold value is established 

to determine whether the state is OFF or ON. A series of specifications led to the transmission threshold value 

of 0.3 being chosen in this design to implement the two logic gates [24]. 

1. XOR Logic Gate 

The current proposed structure implements an XOR gate by making executors 1 and 2 input executors, executor 

3 a control executor, and making executor 4 an output executor, as illustrated in Fig. 1. XOR gate is a gate which 

produces logic 1 in the second and third, while first and fourth states of its truth table is logic 0. Fig. 5 (a) and 

(b) depict XOR gate’s symbol circuit and truth table, respectively. 

 

 

 

 

 

 

Figure 5: (a) Symbol circuit of the XOR gate; (b) truth table of the XOR gate 

The function of this gate is done through constructive interferences between light signals scattered in the input 

and control executors in the second and third such that the output executor is ON. In the first scenario, all input 

executors are turned off, and only the control executor is turned on, therefore the output executor is turned off. 

In the fourth stage, destructive interference occurs between the input and control ports, resulting in the output 

executor being turned off. The transmission versus wavelength range curve for the plasmonic XOR gate is shown 

in Fig. 6. Figure 7 displays the magnetic field distribution in all circumstances. The validation of the proposed 

plasmonic XOR gate is described in Table 4. 
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Figure 6: XOR logic gate transmission curve vs wavelength range 

 

 

 

 

   

 

 

                                              (a)                                                                                           (b) 
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Figure. 7 (a) and (b), magnetic field distribution for third (logic 1) and fourth (logic 0) cases for XOR logic gate, respectively 

 

Table 4. XOR gate validation 

In 1 (Phase) In 2 (Phase) Control (Phase) thT|  T Output Port 

OFF(0°) OFF(0°) ON(0°) 0.0937 | 0.3 OFF 

OFF(0°) ON(0°) ON(0°) 0.77 | 0.3 ON 

ON(0°) OFF(0°) ON(0°) 0.77 | 0.3 ON 

ON(180°) ON(90°) ON(0°) 0.088 | 0.3 OFF 

 

The plasmonic XOR gate exhibits good and efficient performance, with an ER of 9.147 dB, which is deemed a 

medium value, as per the ER Equation. Although the MD Equation indicates that the MD value is 88.6%, this 

is still regarded as a high number, and the dimensions of the proposed construction are Excellent and Efficient. 

1.135 dB is the IL value, based on the IL equation. 

2. XNOR Logic Gate  

The current proposed structure implements a XNOR gate by making executors 2 and 3 input executors, executor 

1 a control executor, and executor 4 an output executor, as illustrated in Fig. 1. XOR gate is a gate which 

produces logic 0 in the second, and third states of its truth table but logic 1 in the first and fourth states. Fig. 8 

(a) and (b) depict the XNOR gate's symbol circuit and truth table, respectively. 

 

 

 

 

 

 

Figure 8 (a) XNOR gate symbol circuit; (b) XNOR gate truth table 

In the initial state, the output executor will be ON based on the port's location and orientation as all input 

executors are OFF and only the control executor is ON. Phase variation between the control and input signals 



  Saif Hasan et  al Iraqi Journal of Nanotechnology, synthesis and application 5 (2024) 103-114 

 

110 

©SRP 2024, DOI: https://doi.org/10.47758/ijnsn.v5i1.128 

causes destructive interference in the second and third states when one of the input executors (second and third 

states) is ON with phase 180°. As a result, the output of the output executor is turned off. Constructive 

interference happens in the fourth state when the output executor is in the ON state due to all control and input 

executors being ON and in a comparable phase. The transmission versus wavelength range curve of the 

plasmonic XNOR gate is shown in Fig. 9. The magnetic field distribution for second and fourth scenario is 

shown in Fig. 10. The validation of the suggested plasmonic XNOR gate is described in Table 5. 

 

 

 

 

 

 

 

 

 

                                          Figure 9: The XNOR logic gate's transmission curve vs wavelength range 
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                                             (a)                                                                                           (b) 

Figure. 10 (a) and (b) Distribution of magnetic field for second (logic 0) and fourth (logic 1) cases for XNOR logic gate, 

respectively 

Table 5. XNOR gate validation 

In 1 (Phase) In 2 (Phase) Control (Phase) th| T T Output Port 

OFF(0°) OFF(0°) ON(0°) 0.33 | 0.3 ON 

OFF(0°) ON(180°) ON(0°) 0.07 | 0.3 OFF 

ON(1800°) OFF(0°) ON(0°) 0.002 | 0.3 OFF 

ON(0°) ON(0°) ON(0°) 2.1 | 0.3 ON 

 

The plasmonic XNOR gate exhibits modest performance with an ER of 6.7 dB, which is considered the median 

value, as determined by the ER Equation. Although the MD value of 99.9 as determined by the MD Equation is 

regarded as exceptionally high, the dimensions of the proposed construction are optimal and excellent. The IL 

calculation indicates that the IL value is 4.8 dB. 

4. Comparison between Previous Work and This Work 

Table 6. Compares the proposed gates with modern previous papers. 

Criteria [25] [26] [27] [28] [29] [30] [31] [32] This paper 

Topology MIM MIM 
Hybrid 

IMI  
MIM 

Dielectric-

loaded 

plasmonic 

IMI MIM 
Insulator and 

Semiconductor 
IMI 

Proposed 

fundamentals 

logic gates 

XOR, 

XNOR 
XOR  

XOR, 

XNOR 
XOR XNOR 

XOR, 

XNOR 
XOR XOR, XNOR XOR, XNOR 

Operating 

wavelength(s) 
None 1.55 um 

1310 

nm 

600 nm 

and 1200 

nm 

780 nm 850 nm 870 nm 1.55 um 1.55 um 

Structure 

Complexity 
More More More More More More More Less Lesser 
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Size 

In micro 

meter 

range 

In micro 

meter 

range 

400 

nm*400 

nm 

In micro 

meter 

range 

In micro 

meter 

range 

250 nm 

* 250 

nm 

1.5 um 

* 0.62 

um 

1.5 um * 1 um 400nm*400nm 

Performance 

measured 
T, CR IL, CR 

T, CR, 

MD, IL  

Gap-

Threshold 

Ratio 

(GTR), 

CR 

CR 
T, ER, 

MD, IL 
T T, CR T, ER, MD, IL 

Maximum 

transmission % 
90 None 202.3 40 None 210 90 86 210 

 

Conclusion  

In this study, a new configuration of plasmonic logic gates (XOR and XNOR) based on nano-rings IMI 

plasmonic waveguides was proposed, constructed, and tested. The proposed plasmonic logic gates have achieved 

their goal by use of both constructive and destructive interferences between the input signal(s) and the control 

signal. The transmission threshold at the output, which separates states 1 and 0, is 0.3. By selecting the 

appropriate phase angle and executor assignment in the proposed structures, which leads to both constructive 

and destructive interferences, the recommended plasmonic gates can be implemented. The performance of the 

suggested structure is assessed using four parameters: transmission, contrast ratio, modulation depth, and 

insertion loss. The position of the executors within the structure, phase, materials utilized, refractive index of 

the chosen materials, size and dimensions of the structure, and other factors can all be used to influence the 

transmission at the output port. It generates SPP at 1550 nm. based on the components of its structure, 

characteristics, size, and shape. The characteristics of this device were as follows: it had a working wavelength 

of 1550 nm, a small area, medium and high contrast ratio values, high and very high modulation depth values, 

and transmission exceeding 200% in one state of the XNOR gate. This technology is seen as a fundamental 

component of all-optical computer and will make nanophotonic integrated circuits accessible in the future.  

 

 

References  

[1]    D. Maystre, “Theory of Wood’s Anomalies,” Plasmonics: from basics to advanced topics, 39-83, 2012. 

[2]     L. Rayleigh, “On the dynamical theory of gratings,” Proceedings of the Royal Society of London. Series A, Containing 

Papers of a Mathematical and Physical Character, 79.532: 399-416, 1907. 

[3] U. Fano, “The theory of anomalous diffraction gratings and of quasi-stationary waves on metallic surfaces 

(Sommerfeld’s waves),” JOSA, 31.3: 213-222, 1941. 



  Saif Hasan et  al Iraqi Journal of Nanotechnology, synthesis and application 5 (2024) 103-114 

 

113 

©SRP 2024, DOI: https://doi.org/10.47758/ijnsn.v5i1.128 

[4] M. Dragoman and D. Dragoman, “Plasmonics: Applications to nanoscale terahertz and optical devices,” Progress in 

Quantum Electronics, vol. 32, no. 1, pp. 1–41, 2008. 

[5] J. M. Pitarke, V. M. Silkin, E. V Chulkov, and P. M. Echenique, “Theory of surface plasmons and surface plasmon 

polaritons,” Reports on progress in physics, vol. 1, no. 1, p. 54, 2006. 

[6] E. Ozbay, “Plasmonics: Merging Photonics and Electronics at Nanoscale Dimensions,” science, vol. 311, pp. 189–193, 

2006. 

[7] A. M. Ionescu, “Electronic devices: Nanowire transistors made easy, Nature nanotechnology,” vol. 5, no. 3, pp. 178–

179, 2010. 

 

[8] X. Fang, K. F. MacDonald, and N. I. Zheludev, “Controlling light with light using coherent metadevices: All-optical 

transistor, summator and invertor,” Light Sci. Appl., vol. 4, no. 5, pp. 1–7, 2015.  

 

[9] D. E. Chang, A. S. Sørensen, E. A. Demler, and M. D. Lukin, “A single-photon transistor using nanoscale surface 

plasmons,” Nat. Phys., vol. 3, no. 11, pp. 807–812, 2007. 

[10] C.A. Thraskias, E.N. Lallas, N. Neumann, L. Schares, B.J. Offrein, R. Henker, D. Plettemeier, F. Ellinger, J. Leuthold 

and I. Tomkos, “Survey of photonic and plasmonic interconnect technologies for intra datacenter and high-performance 

computing communications”, IEEE Commun. Surv. Tutor. Vol.20, no. 4, PP. 2758–2783, 2018. 

 

[11] J.A. Schuller, E.S. Barnard, W. Cai, Y.C. Jun, J.S. White and M.L. Brongersma, “Plasmonics for extreme light 

concentration and manipulation,” Nature Mate. Vol.9, no. 3, pp.193–204, 2010. 

11 

[12] Y. Guo, L. Yan, W. Pan, B. Luo, K.Wen, Z. Guo and X. Luo, “Transmission characteristics of the aperture-coupled 

rectangular resonators based on metal–insulator–metal waveguides,” Optics Commun. 300, 277–281, 2013. 

 

[13] Z. Lu and W. Zhao, “Nanoscale electro-optic modulators based on graphene-slot waveguides,” JOSA B, 29(6) 1490–

1496, 2012. 

 

[14] J. Tao, Q.J. Wang, and X.G. Huang, “All-optical plasmonic switches based on coupled nano-disk cavity structures 

containing nonlinear material,” Plasm. 6(4), 753–759, 2011. 

 

[15] B. Wang and G.P. Wang, “Plasmon Bragg reflectors and nanocavities on flat metallic surfaces,” Appl. Phys. Lett. 

87(1), 013107, 2005. 

 

[16] Y. Fang, Z. Li, Y. Huang, S. Zhang, P. Nordlander, N.J. Halas and H. Xu, “Branched silver nanowires as controllable 

plasmon routers, ” Nano Lett. 10(5), 1950–1954, 2010. 

 

[17] N. Nozhat and N. Granpayeh, “Analysis of the plasmonic power splitter and MUX/DEMUX suitable for photonic 

integrated circuits,” Optics Commun. 284(13), 3449–3455, 2011. 

 

[18] Saif H. Abdulnabi, Mohammed N. Abbas, “All-optical logic gates based on nanoring insulator–metal– insulator 

plasmonic waveguides at optical communications band,” J. Nanophoton. 13(1), 016009, 2019. 

 

[19] Z. S. Al-Sabea, A. A. Ibrahim, S. H. Abdulnabi, “Plasmonic Logic Gates at Optimum Optical Communications 

Wavelength”. Advanced Electromagnetics: Vol. 11, No. 4, 2022. 

 

[20] Saif H. Abdulnabi, Mohammed N. Abbas, “All-Optical Universal Logic Gates at Nano-scale Dimensions,” Iraqi 

Journal of Nanotechnology, synthesis and application 2, 34-43, 2021. 

 

[21] Mohammed N. Abbas, Saif H. Abdulnabi, “Plasmonic reversible logic gates,” J. Nanophoton. 14(1), 016003, 2020.  

 

[22] P. B. Johnson and R. W. Christy, “Optical Constants of the Noble Metals”, Phys. Rev. 6(12), 4370:4379, 1972. 

 



  Saif Hasan et  al Iraqi Journal of Nanotechnology, synthesis and application 5 (2024) 103-114 

 

114 

©SRP 2024, DOI: https://doi.org/10.47758/ijnsn.v5i1.128 

[23] Kuldeep Choudhary, Saurabh Mishra, Sonika Singh, Santosh Kumar, “Design of all-optical OR/NAND logic gate 

using plasmonic metal-insulator-metal waveguide, ” Proc. SPIE 11680, Physics and Simulation of Optoelectronic, 2021. 

 

[24] E. A. Freeman and G. G. Moisen, “A comparison of the performance of threshold criteria for binary classification in 

terms of predicted prevalence and kappa,” Ecol. Modell., vol. 217, no. 1–2, pp. 48–58, 2008. 

 

 

[25] M. Moradi et.al., “Design of all-optical XOR and XNOR logic gates based on Fano resonance in plasmonic ring 

resonators,” Opt. Quantum Electron. 51(5), 1-8 (2019). 

 

[26] A. Pal et al., “An optimized design of all-optical XOR, OR, and NOT gates using plasmonic waveguide,” Opt. 

Quantum Electron. 53(2), 1-13 (2021). 

 

[27] S. H. Abdulwahid et al., “New structure for an all-optical logic gate based on hybrid plasmonic square shaped 

nanoring resonators and strips,” Opt. Quantum Electron. 54(9), 1-23 (2022). 

 

[28] R. E. Haffar et al., “All-optical logic gates using a plasmonic MIM waveguide and elliptical ring resonator." 

Plasmonics 17(2), 831-842 (2022). 

 

[29] Chang, KH., Lin, ZH., Lee, PT. et al. Enhancing on/off ratio of a dielectric-loaded plasmonic logic gate with an 

amplitude modulator. Sci Rep 13, 5020 (2023). 

 

[30] Mohammed J. Alali, Mithaq Nama Raheema, and Ali A. Alwahib “Nanoscale plasmonic logic gates design by using 

an elliptical resonator” Applied Optics Vol. 62, Issue 15, pp. 4080-4089 (2023). 

 

[31]  Ghadi, A., Gholipour Asl, M. All-optical nano logical gates based on plasmonic waveguide and Kerr grating. Opt 

Quant Electron 55, 1054 (2023). 

 

[32] Kotb, A.; Zoiros, K.E.; Hatziefremidis, A.; Guo, C. Optical Logic Gates Based on Z-Shaped Silicon Waveguides at 

1.55 μm. , 14, 1266. Micromachines 2023 

 

 

 

 

 

 

 

 


