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H I G H L I G H T S A B S T R A C T
• Optical D and T flip flops are designed using

hybrid plasmonic waveguides
• The suggested design has nano dimensions of 

400 nm2

• There is an amplification effect in the
Transmission values

Surface waves are electromagnetic waves propagating along the interface between 
a metal and an insulator. Surface waves break the diffraction limits and enable 
light to propagate in sub-wavelength structures. That opens the field of electro-
opto devices. The main drawbacks of surface waves that move in the Plasmonic 
Waveguides (PWs) are propagation loss and low light confinement. Using a 
combination of the plasmonic waveguide and a Dielectric Waveguide (DW), the 
defect of the surface waves can be enhanced, and the Hybrid Plasmonic waveguide 
(HPW) is introduced. In this research, the design of an all-optical flip flop with 
400 nm × 400 nm nano-scale dimensions, 1310 nm operating wavelength, and a 
transmission threshold (Tthreshold) of 30% is shown using hybrid plasmonic 
waveguides (HPWGs) for Electro-Opto applications. It offers the 
basic structure for creating optical computers. The results of this structure are 
evaluated in a term of Contrast Ratio (CR), Modulation Depth (MD), and Insertion 
Losses (IL). The D-flip flop had an Insertion Loss of -1.4 dB, a CR of 7.45 dB, 
and a MD of  97.67%. The T-flip flop had an IL of -2.07 dB, a CR of 11.2 dB, and 
a MD of 95.29%. The mechanism that governs the operation of the suggested 
circuits depends on the constructive and destructive interferences between input 
ports and control ports. The simulation is based on the finite element method 
utilizing COMSOL software package version 5.5. 
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1. Introduction
As light waves interact with free electrons on a metal surface, specific surface waves are created at the interface between the

two media [1], [2], [3]. These waves cause a phenomenon known as the surface plasmon polariton, which uses the basic functions 
of optical devices [4], [5], [6], [7]. These surface waves can break the diffraction limit [8], allowing light to flow in waveguides 
of subwavelength dimensions.  

The advantages and disadvantages of the plasmonic waveguides (PW) and the dielectric waveguides (DW) can be seen as 
one complete the other [9], [10]. For example, DW can be regarded as a lossless guide, but there is a problem with the mode 
size. Conversely, PW can permit the light to flow under the diffraction limits, but there is a problem of high propagation loss. A 
great deal between confinement and propagation loss can be achieved by using a Hybrid Plasmonic Waveguide (HPWGs) [11], 
where plasmon and dielectric guiding leads the guiding mechanism [12], [13]. The general layout of the HPWGs, which require 
three media, is shown in Figure 1. The high-index medium (Semiconductor) is positioned between the conducting medium 
(Metal) and low-index medium (Dielectric) [11]. The hybrid plasmonic waveguide can be used to design different passive and 
active devices such as multiplexers, combinational circuits, modulators, logic gates, resonators, hybrid plasmonic waveguides, 
filters, couplers, switches, converters, splitters, flip flop circuits nanocavities [14], [15]. Flip-flop circuits are essential in a digital 
system used in communication and computer networks.  
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In this research, the D and T-flip flop based on HPWGs was designed at 1310 nm operating wavelength and 30% 
transmission threshold (Tthreshold). Because of its exceptional optical transparency and improved toughness, aluminum 
oxynitride (ALON), AlN-Al2O3, is employed as a semiconductor material [16].  

The proposed circuit has 400 nm × 400 nm dimensions, incorporating square-shaped nano-ring resonators and strips. The 
configuration of this research is as follows: Section 2 shows the network setup and theoretical concept. Section 3 shows the 
results and discussions of system design, and section 4 discusses the conclusion. 

Figure 1: Fundamental format of HPWGs [11] 

2. Theoretical Concept and System Setup
The hybrid plasmonic waveguide is a multilayer system. In our design, the system consists of Teflon as a dielectric material

with (ɛTeflon) and silver (ɛAg) as a conducting material. A high-index semiconductor material having (ɛALON) is ALON. For 
theoretical analysis, let us assume the structure in Figure 1 with the materials we mentioned for propagation in the Z direction, 
the magnetic field 𝐻𝐻𝑞𝑞����⃗ (𝑦𝑦, 𝑧𝑧)  for layers q=1 and q=2 is as follow [11]: 

𝐻𝐻𝑞𝑞����⃗ (𝑦𝑦, 𝑧𝑧) = 𝐻𝐻𝑥𝑥𝑞𝑞(𝑦𝑦)𝑒𝑒𝑒𝑒𝑒𝑒 (𝑗𝑗(𝛽𝛽𝑧𝑧 − 𝜔𝜔𝜔𝜔))𝑒𝑒�                                                      (1)  

where 𝛽𝛽 is the complex propagation constant, which is equivalent to  𝑘𝑘∘(𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑗𝑗𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒), 𝑘𝑘∘ is the wavenumber given by (2𝜋𝜋
𝜆𝜆∘

), 
𝜔𝜔 is time. The real 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 and the imaginary 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 are the two major characteristics of the effective refractive index. 

𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝐶𝐶�������������⃗ (𝑦𝑦, 𝑧𝑧) = 𝐴𝐴𝑐𝑐 𝑒𝑒𝑒𝑒𝑒𝑒 �−𝑘𝑘𝑐𝑐�𝑦𝑦 − (𝑑𝑑 + ℎ)�� 𝑒𝑒𝑒𝑒 𝑒𝑒�𝑗𝑗(𝛽𝛽𝑧𝑧 − 𝜔𝜔𝜔𝜔)� 𝑒𝑒�    (2) 

𝐻𝐻𝐵𝐵𝐵𝐵𝐵𝐵𝑒𝑒�����������⃗ (𝑦𝑦, 𝑧𝑧) = 𝐴𝐴𝑏𝑏 𝑒𝑒𝑒𝑒𝑒𝑒(𝑘𝑘𝑏𝑏𝑦𝑦) 𝑒𝑒𝑒𝑒𝑒𝑒 (𝑗𝑗(𝛽𝛽𝑧𝑧 − 𝜔𝜔𝜔𝜔))𝑒𝑒�            (3) 

Equations 2 and 3 [11] expressed the magnitude of the magnetic field in the cover 𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝐶𝐶������������⃗ (𝑦𝑦, 𝑧𝑧) and base 𝐻𝐻𝐵𝐵𝐵𝐵𝐵𝐵𝑒𝑒�����������⃗ (𝑦𝑦, 𝑧𝑧) and 
represented by 𝐴𝐴𝑐𝑐 and 𝐴𝐴𝑏𝑏, respectively. 𝑘𝑘𝑐𝑐 and 𝑘𝑘𝑏𝑏 are the attenuation rates for the cover and base layers, respectively, and they 
are equal to [11]: 

 

𝐾𝐾𝐵𝐵𝐵𝐵𝐵𝐵𝑒𝑒 = �(𝛽𝛽2 − 𝜀𝜀𝐴𝐴𝐴𝐴𝑘𝑘∘2)         (4) 

 𝐾𝐾𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝐶𝐶 = �(𝛽𝛽2 − 𝜀𝜀𝑇𝑇𝑒𝑒𝑒𝑒𝑇𝑇𝐶𝐶𝑇𝑇𝑘𝑘∘2)   (5) 

𝜀𝜀𝑇𝑇𝑒𝑒𝑒𝑒𝑇𝑇𝐶𝐶𝑇𝑇  is the dielectric constant of the metal, 𝜀𝜀𝐴𝐴𝐴𝐴 is the dielectric constant of the insulator. Figure 2 depicts the layout 
suggested for achieving the D- and T-flip flops using the HPW. The configuration consists of three straight lines, three rectangle-
shaped elements for silver, two square ring resonators, two straight lines for the ALON material, and the remaining elements for 
Teflon. As seen in Figure 2, there are four ports; three of them have been located as entrance ports, namely, input, previous, and 
clock, and the fourth as output ports following the requirements of the hybrid plasmonic flip flops. TM-polarized plane waves 
are fired for the input, previous, and clock ports to excite surface waves. 

The data from Hartnett et al. [16] was used to demonstrate ALON's permittivity, while Johnson and Christy's data [17] 
proposed the permittivity of silver. Additionally, for Teflon material, the refractive index is 1.375 [11]. To calculate the resonance 
condition for rectangle ring resonators [18]: 

𝐿𝐿 = 𝑚𝑚�𝜆𝜆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝑅𝑅𝑒𝑒𝑁𝑁𝑟𝑟𝑒𝑒𝑒𝑒

�   𝑚𝑚 = 𝑒𝑒𝑝𝑝𝑝𝑝𝑝𝑝𝜔𝜔𝑝𝑝𝑝𝑝𝑒𝑒 𝑝𝑝𝑛𝑛𝜔𝜔𝑒𝑒𝑖𝑖𝑒𝑒𝑖𝑖 (6)
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Figure 2: Structure of the D-flip flop and T-flip flop 

                      
Figure 3: Dimensions of the HPWG structure all in (nm) 

 

L is the square's total length, m is the number of integer modes, and Neff is the effective refractive index. The material's type 
and the dimensions of the structure are two crucial factors in determining the system's resonance wavelength. The D-flip flop 
and T-flip flop's performance was evaluated using four criteria. The first assesses the ratio of output optical power to the input 
power at a single port (input or control port), called transmission value (T). To distinguish between two states at a single port, 
the Tthreshold are chosen to be 30% to achieve two flip flops in the same structure. 

 
𝑇𝑇 = 𝑃𝑃𝐶𝐶𝑜𝑜𝑜𝑜/𝑃𝑃𝑖𝑖𝑇𝑇𝑖𝑖𝑜𝑜𝑜𝑜                                                                               (7) 

 
where 𝑇𝑇 is the transmission value, 𝑃𝑃𝐶𝐶𝑜𝑜𝑜𝑜 and 𝑃𝑃𝑖𝑖𝑇𝑇𝑖𝑖𝑜𝑜𝑜𝑜 are the output and input power, respectively [19]. The second criterion is 

the Contrast Ratio (CR), which is the relationship between the smallest signal power for the ON state and the greatest optical 
signal power for the OFF state [20]: 

 

𝐶𝐶𝐶𝐶 = 10 log(𝑃𝑃𝐶𝐶𝑜𝑜𝑜𝑜ǀ𝑂𝑂𝑂𝑂)𝑚𝑚𝑝𝑝𝑛𝑛  (⁄ 𝑃𝑃𝐶𝐶𝑜𝑜𝑜𝑜ǀ𝑂𝑂𝑂𝑂𝑂𝑂)𝑚𝑚𝑚𝑚𝑒𝑒                                                         (8) 
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Is the suggested design's dimension producing the greatest results? The Modulation Depth (MD), the third criterion, provides 

an answer to this query [21]: 
 

𝑀𝑀𝑀𝑀 = (𝑇𝑇𝑂𝑂𝑁𝑁ǀ𝑚𝑚𝑚𝑚𝑒𝑒 − 𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂ǀmin  )𝑇𝑇𝑂𝑂𝑁𝑁𝑚𝑚𝑚𝑚𝑒𝑒                                                                    (9) 
 
where 𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂ǀmin   is the smallest transmission in the OFF-state condition,  𝑇𝑇𝑂𝑂𝑁𝑁ǀ𝑚𝑚𝑚𝑚𝑒𝑒 is the largest transmission in the ON-

state condition. 
The Insertion Loss (IL) in dB is the fourth criterion, defined as the loss in signal power from the input port to the minimum 

transmission of the output port in the case of ON state [22]. 
 

𝐼𝐼𝐿𝐿 = 10 log(𝑃𝑃𝐶𝐶𝑜𝑜𝑜𝑜ǀON)𝑚𝑚𝑝𝑝𝑛𝑛/(𝑃𝑃𝑖𝑖𝑇𝑇)                                                                (10) 
 
The concept of constructive and destructive interferences between the input light signal(s) and control light signal(s) relies 

on the phase of the incoming light wave and the location of the input port(s) and control port(s) if all other factors (configuration, 
size, dimensions of the structure, and materials utilized) stay constant. When the phase of the incident wave of the ports (including 
the control port) and the propagation direction (depending on the location of the ports) are the same, constructive interference 
occurs. In contrast, destructive interference occurs when the phase or direction of the propagation of the incident wave of the 
ports is different [23]. According to the Equation in [11]: 

 
𝑢𝑢 = �4𝑂𝑂𝑒𝑒𝑒𝑒𝑒𝑒𝑏𝑏𝑚𝑚𝑐𝑐𝑝𝑝𝑝𝑝𝑐𝑐�/𝜆𝜆𝑖𝑖𝑇𝑇𝑐𝑐𝑖𝑖𝑖𝑖𝑒𝑒𝑇𝑇𝑜𝑜                          (11) 

 
The effective refractive index of silver is Neff, the thickness of the metal is bm, the incident wave's phase is θ, and the 

wavelength of the incident light is λincident. Here, u is the interference order as an integer greater than zero. 
The sign of Equation 11 is positive when θ= 0°. This indicates that the mode propagates in the same direction as the wave. 

Consequently, constructive interference develops between modes with the same phase. Hence, the transmission will be boosted. 
The sign of Equation 11 is positive when θ= 45°. This indicates that the mode propagates in the same direction as the wave. Thus, 
constructive interference occurs with modes with the same phase, but its magnitude is smaller than when θ= 0°. As a consequence, 
the transmission will be raised slightly. When θ is 90 degrees, Equation 11 equals zero. Hence, no constructive nor destructive 
interference will occur in this mode. Depending on the other phases of input(s) and control of light waves, the transmission either 
increases or decreases in addition to the other factors. The sign of Equation 11 is negative when θ= 180°.  

This indicates that the mode propagates in the opposite direction of the light wave. Furthermore, destructive interference 
develops across modes with different phases. Accordingly, the transmission will be reduced. Therefore, the function of each 
proposed hybrid plasmonic circuit is determined by the phase of the incoming light wave and by the assessment of the proposed 
structure ports (which are an input port(s), a control port(s), and an output port(s)). 

The truth table of the D-flip flop and T-flip flop are shown in Tables 1 and 2, respectively [24]. 

Table 1: Truth table of the D-flip flop 

D input Previous state (Q) Next state (Q+) 

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

 

Table 2: Truth table of the T-flip flop 

T input Previous state (Q) Next state (Q+) 
0 0 0 
0 1 1 
1 0 1 
1 1 0 

3. Results and Discussion 
The transmission behavior at the required wavelength (1310 nm) is modified (maximized or minimized) by altering the metal 

employed in the suggested structure, while all other parameters remain identical. 
It becomes unattractive in some metals (i.e., Ti and Hg). Figure 4 depicts the proposed structure's metal. As demonstrated in 

Figure 2, silver material is the optimal option for the suggested design owing to its transmission characteristics at 1310 nm. 
By altering the dielectric employed in the suggested construction while leaving all other parameters fixed, the transmission 

characteristics will be shifted to the right or left relative to the intended wavelength. Figure 5 depicts the dielectric material 
utilized in the suggested construction. Teflon material, with a refractive index of 1.375 and a resonance wavelength of 1310 nm, 
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is the better decision for the dielectric that has to be employed in the suggested construction. It can be noted, that all structure 
dimensions are in nanometer scale as shown in Figure 3. 

The transmission behavior with the desired wavelength (1310 nm) is altered, maximized, or minimized with slight shifting 
to the right or left and becomes unacceptable in certain materials (e.g., Indium arsenide (InAs)) whenever the semiconductor 
material employed in the offered structure is changed, while all other parameters remain unchanged. The semiconductor utilized 
in the submitted structure is shown in Figure 6. Aluminum oxynitride (ALON) is the optimal semiconducting material for the 
proposed design owing to its transmission performance at 1310 nm. 

Changing the side length of the inner square ring resonator in the proposed construction would affect transmission even 
when all other parameters stay fixed. The transmission's intensity will vary. When the inner side length is below 75 nm, it will 
drop slightly. When the inner side length is more than 75 nm, the resonance wavelength also shifts somewhat relative to the 
desired wavelength. Figure 7 depicts the inner side length of the square ring of the suggested construction. 

Suppose the side length of the outer square ring resonator in the suggested construction is more than 95 nm. In that case, the 
transmission will reduce, and the resonance wavelength will shift to the right while all other parameters stay identical. When the 
outer side length of the resonator is smaller than 95 nm, transmission similarly declines, but by a different proportion, and the 
resonance wavelength shifts to the left. Figure 8 depicts the outer side length of the suggested structure's square resonator. The 
resonator's optimal outer side length value is 95 nm, resulting in a resonance wavelength of 1310 nm. 

In the suggested structure, if the length of the side stripes is less than 250 nm and all other parameters stay the same, the 
resonance wavelength will be displaced to the left with a reduction in transmission. When the length exceeds 250 nm, the 
resonance wavelength will have moved to the right, and the transmission magnitude will also decrease. Figure 9 depicts the side 
strip length of the designed construction. The side strip length employed in the suggested structure is 250 nm, making the optimal 
transmission achieved in the resonance wavelength of 1310 nm. 

The transmission value changes (increases and decreases) by a minor percentage when the width of the side stripes is altered 
in the proposed construction, with all other parameters held constant. When the width is less than 20 nm, the resonance 
wavelength shifts to the left. When the width exceeds 20 nm, the wavelength of resonance shifts to the right. Figure 10 illustrates 
the stripe width of the suggested structure. The optimal stripe width in the suggested system is 20 nm, resulting in a maximum 
transmission with a resonance wavelength of 1310 nm. 

The length of the center stripe was determined to be 280 nm based on the curves shown in Figure 11. The transmission 
magnitude is the most significant variable that may be influenced by stripe length. It reduces or rises with a very small ratio but 
remains below the T value associated with the central stripe length of 280 nm. In contrast to what was accomplished with the 
side stripes, the length change does not cause any shift in the resonance wavelength. 

On the other hand, the resonance wavelength is affected by the central stripe's varying width. When the width is less than 20 
nm, the resonance wavelength shifts to the left as the transmission's magnitude increases, while when the width is greater than 
20 nm, the resonance wavelength shifts to the right as the transmission decreases. The optimal value for the width of the central 
stripe is 20 nm because the resonance wavelength reaches 1310 nm with sufficient transmission magnitude, as shown in Figure 
12.  In summary, depending on the size, parameters of the proposed structure, materials and refractive index of the chosen 
materials, the port position, and the phase of the incident field, the transmission of the optical power is minimized or maximized.  

The effectiveness of the metal used, dielectric, semiconductor, and structure parameters concerning transmission behavior 
have been demonstrated.   

The HPW used in the structure of Figure 2 to implement the flip flops had been struck by incident waves for the input ports 
in the case of ON-state to achieve the functionality of the D-flip flop and T-flip flop in the same structure for a wavelength of 
1310 nm. 

 
Figure 4: Effectiveness of the metal utilized in the submitted configuration 
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Figure 5: Effectiveness of the dielectric utilized in the submitted configuration 

 

 

Figure 6: Effectiveness of the semiconductor utilized in the offered structure 

 

 

Figure 7: Effectiveness of the inner side of the square ring for the suggested system 
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Figure 8: Effectiveness of the outer side of the square ring for the suggested system 

 

 

Figure 9: Effectiveness of the length of the side stripes for the proposed system 

 

 
Figure 10: Effectiveness of the width of the side stripes for the proposed system 
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Figure 11: Effectiveness of the length of the central stripe for the proposed system 

 

 

Figure 12: Effectiveness of the width of the central stripe for the proposed system 

3.1 Hybrid plasmonic D and T-flip flops 
The D and T-flip flop configuration states that port 1 represents the input port (D or T input), port 2 occupies the previous 

state (Q), port 3 simulates the clock permanently active, and port 4 is the output port.  
The output of the D-flip flop (next state (Q+)) provides logic 1 whenever the D-input is ON. Table 3 shows the probabilities 

between the D-input port and the previous state port Q in the presence of the clock. A constructive interference means that the 
phase shift between the D-input port and the previous state port Q is 0° leading to a transmission value greater than the Tthreshold, 
which is 30%. The T values are 2.023 and 0.723 for ON-ON and ON-OFF states, respectively.  

If the D input has a logic 0, the output of the flip flop will be OFF. For example, in the OFF-ON state, as listed in Table 3, 
a destructive interference occurred between the previous state port Q, which is in this case (ON), and the clock port (always ON), 
causing the phase shift difference to be 180°. The resultant power ratio at the output is below the Tthreshold (13% out of 30%).  

Now we can notice that the last case in Table 3 comes with a Transmission value of  2.023, which is an amplification effect 
because, logically, no transmission value will exceed 100 % at the output port; the reason behind that is the effect of the square 
disk resonator near the output port for both sides of our design, the disk resonator that resonates at only single frequency which 
is 1310 nm used to enhance the transmission and that what distinguishes it from the ring resonator. The reflection of the surface 
waves at that resonator with the condition of (m λSPP) makes constructive interferences inside the disk resonator. In the resultant, 
the transmission value exceeds 100 % and equals 202.3%.  

Table 4 describes the aspects that evaluate the performance of the suggested flip-flops; the value of the CR is calculated 
according to Equation 8 , and in our D, the Flip-flop is equal to 7.45 dB. This value indicates that the variance between the lowest 
ON-state and the highest OFF-state is moderate [11], which means the circuit will operate correctly. 
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On the other hand, the MD value is greater than 90%, which pointed out that the circuit is operated excellently and optimally 
from the point of view of the selected dimension, and the port position fits our design [11] as the formula of the insertion losses 
in [22]. It is clear that the negative value indicates a loss in a particular port (output port) because the value is in (dB). As it is a 
power ratio, that means when the signal arrives at the output port, The amount of power decreases by a certain percentage if we 
compare it with that of the input port, so the result of dividing the power at the output port by that at the input port would be less 
than one, taking the logarithmic scale for this value make it in negative, but how much the negative value? If it's a small value, 
that means low insertion loss; if it is a high negative value, that means a high amount of insertion loss. On the other side, according 
to the formula of the insertion loss, the positive value means that the power at the output port is higher than the input port due to 
the amplification effect of the hybrid plasmonic waveguides, so the value will be positive. CR, MD, and IL of the D-flip flop are 
displayed in Table 4. The offered curves of the transmission spectrum versus wavelength and the electric field distribution of the 
structure are shown in Figures 13 and 14, respectively. 

In T flip flop, When the T-input port and the previous state port Q have opposite levels (OFF-ON) or (ON-OFF), the phase 
difference between the two ports is 0°; more specifically (the phase shift between the clock port and the active port from the 
mentioned ports is 0°) this leads to constructive interference, and the power ratio is greater than the Tthreshold, the output of the 
T-flip flop offers a logic 1. On the other hand, the T-flip flop output is OFF if the T-input and previous state Q ports have the 
same levels.  

In the case of the ON-ON state, for example, destructive interference is caused by the phase difference between the clock 
port and the mentioned ports, causing the output to be in the OFF state. Table 5 lists all of the T values for the recommended T-
flip flop. Table 6 shows the T-flip flop's CR, MD, and IL weights. The curves of the transmission spectrum versus wavelength 
and the electric field distribution of the structure are shown in Figures 15 and 16, respectively. 

In Table 7, a comparison between this design and other previous designs is presented. When the other researchers suggested 
only one form of the flip-flop, we simulated and studied D and T flip-flops in the same structure. Our structure has dimensions 
of 400 nm × 400 nm, an operating wavelength of 1310 nm, and a transmission threshold equal to 30%. The other structures have 
dimensions in micrometer scales at 1550 nm [25] and 12.8 µm [10] operating wavelengths. While just CR is suggested for the 
first research and three criteria (Transmission, CR, and IL) are suggested for the second research, four alternative criteria 
(Transmission, CR, MD, and IL) were proposed to discuss the performance of our design.  

The insertion loss for T and D flip-flops in our system is -2.07 dB and -1.4 dB, while the insertion loss for D flip-flops in 
the competing design is 0.087 dB [25]. 

Table 3: The proposed hybrid D-flip flop's transmission values 

Inputs Input P1 Previous (Q) P2 Clock P3 T value Output (Q+) 
0 0 OFF (0°) OFF (0°) ON (0°) 0.047/0.3 0 
0 1 OFF (0°) ON (180°) ON (0°) 0.13/0.3 0 
1 0 ON (0°) OFF (0°) ON (0°) 0.723/0.3 1 
1 1 ON (0°) ON (0°) ON (0°) 2.023/0.3 1 

Table 4: Computations of the different criteria for the presented hybrid D-flip flop 

Output Power (𝝁𝝁W) CR MD IL 
PMin |ON PMax |OFF 
0.723 0.13 7.45 dB 97.67 % -1.4 dB 

 
Figure 13: Shows the proposed hybrid D-flip flop's power ratio spectrum 
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Figure 14: Distribution of the electric field for the D-flip flop (a) 1 0 state (b) 1 1 state 

Table 5: The proposed hybrid T-flip flop's transmission values 

Inputs Input P1 Previous (Q) P2 Clock P3 T value Output (Q+) 

0 0 OFF (0°) OFF (0°) ON (0°) 0.047/0.3 0 
0 1 OFF (0°) ON (0°) ON (0°) 0.62/0.3 1 
1 0 ON (0°) OFF (0°) ON (0°) 0.723/0.3 1 
1 1 ON (0°) ON (180°) ON (90°) 0.034/0.3 0 

 

Table 6: Computations of the different criteria for the presented hybrid T-flip flop 

Output Power (𝝁𝝁W) 
CR MD IL 

PMin |ON PMax |OFF 

0.62 0.047 11.2 dB 95.29 % -2.07 dB 

 

 
Figure 15: Shows the proposed hybrid T-flip flop's power ratio spectrum 
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Figure 16: Distribution of the electric field for the T-flip flop (a) 0 0 state (b) 0 1 state 

Table 7: Proposed Comparator versus Previous Systems 

Criteria This work [10] [25] 

Software FEM FDTD FDTD 

Proposed structure Square- shaped nano-
ring (HPWGs) 

Graphene-based 
plasmonic waveguides 

photonic crystal 
waveguides, T-shaped 

waveguides 

Number of circuits 2 Sequential Logic 
Functions 1 1 

Proposed circuits D- Flip Flop 
T-Flip Flop SR Flip Flop D Flip Flop 

Size 400 nm × 400 nm 1.62 µm2 6 8.4 × 5.4 µm2 

Wavelength 1310 nm 12.8 µm 1550 nm 

Dielectric Teflon 

*** Silicon rods in Air 
Nobel metal Silver 

Semiconductor Aluminum Oxynitride 

Performance Transmission, CR, MD, 
and IL CR Transmission, CR, and IL 

Tthreshold 
ON/OFF 30 % *** *** 

4. Conclusion 
This work demonstrates a new structure that uses hybrid plasmonic waveguides to carry out optical D and T flip flops. The 

resonance wavelength, chosen in this work to be 1310 nm, was defined by the nature of the material used and the size of the 
structure. Several optical applications make use of that critical window. The phase shift between the incoming light waves that 
strike the system ports, the constructive and destructive interferences among these signals, and the locations of the ports in the 
suggested structure can cause an increase or decrease in the transmission value at the output ports. The transmission threshold 
can be used to recognize both ON and OFF states. The transmission threshold value is selected to be 30%. The CR, MD, and IL 
criteria were proposed to describe the system performance. The CR are 7.45 dB and 11.2dB, respectively, for the D and T flip 
flop, and the MD is 97.67 % and 95.2 for the D and T flip flop. Finally, the IL is -1.4 dB and -2.07dB for the D and T flip flop. 
In future work, the design of a hybrid plasmonic waveguide can be used to design other digital components such as modulators, 
multiplexers, couplers, and splitter. 
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