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Abstract 
This paper discusses modeling and optimizing the 

performance of hybrid plasmonic bidirectional coupler which 

is used as a basic building block in modeling highly 

transmission efficiency of optoelectronic devices such as filter, 

wavelength division multiplexer, logic gates and switching 

matrix with a help of an active material (indium tin oxide) that 

has an electrically-adjustable permittivity. All the proposed 

devices satisfied high transmission efficiencies at the desired 

output ports over a suitable wavelength range. The realized 

structures are characterized and simulated by 3D finite-

difference time-domain (FDTD). The components would be 

useful in the optical interconnect networks, photonic 

integrated circuits and signal processing system.  

Keywords: Plasmonics; Bidirectional Coupler; MOS 

Waveguides; Photonic integrated circuits; SOI waveguides. 

1. Introduction 

Designing and improving the performance of Nano- optical 

plasmonic devices has acquired a major saucepan of interest 

over the last decade, because of the expansion of numerical 

modeling techniques and the progress in production 

technologies [1]. During this, signal transmutation faces some 

defects which were recently overcome by interbreeding 

plasmonics with semiconductors, dielectrics and photonics [2-

3], and this achieves many advantages such as sturdy mode 

retention and reducing the propagation loss [4-5]. 

Designing of Nano-optical plasmonic devices by using the 

Electro-Optic technique has been used to satisfy active control 

in the signal’ modulation directions [6-9]. Based on the 

compatibility between the silicon-on-insulator (SOI) 

waveguides and the complementary metal-oxide-

semiconductor (CMOS) fabrication processes, a cost-efficient 

mass production milieu for integrated photonic devices can be 

guaranteed [10-11].  

This work proposes a signal modification whose active 

mechanism Attributed to the Electro-optic technique and this 

has been implemented using hybrid plasmonic waveguides. 

The signal’ modulation mechanism is satisfied by varying the 

refractive index of the active medium, a thin layer inside the 

MOS waveguide, via applying an external voltage on the MOS 

waveguide and this leads the effective index of the optical 

mode to be shifted and hence the modal overlap between the 

neighboring waveguides has been changed [12-13]. The active 

material which are merged between the layers of MOS 

waveguide is called indium tin oxide (ITO) which belongs to 

the family of transparent conductive oxides (TCOs) [14]. 

Transparent conductive oxides are oxide’ semiconductors that 
have been utilized in optoelectronic structures because of their 

strong nonlinear response, electrically-tunable permittivity, 

and fast energy transfer [15-16]. Indium tin oxide (ITO) was 

chosen for this task due to its unity-strong index tenability. Its 

modulation mechanism depends on alternating the free carrier 

concentration that forces the plasma frequency of the 

dispersion relation to be shifted [17-18]. 

 

The proposed structures have been simulated via the three-

dimensions finite-difference time-domain (3D-FDTD) solver 

which depended on the perfectly matched layer (PML) in 

terminating the simulation domain [19]. 

2. Background 

The Material Database used in the simulation tools stores the 

material data (permittivity) obtained from the handbook of 

“Optical Constants of Solids I – III” by “E. Palik”. Palik’s 
handbook of optical constants is one of the most cited 

references for a number of common materials including the 

materials used in this research such as silicon dioxide (SiO2), 

silicon (Si), and noble metals such as gold (Au) and silver (Ag) 

[20]. 

The Drude model characterizes the noble metals' conductivity 

over a wide range of wavelengths, in which, the metal's 

conductivity can be transformed to permittivity. In Drude 

model, the metal's dielectric constant is defined as [21]: 𝓔(𝝎) =   𝓔∞ − 𝝎𝒑𝟐𝝎(𝝎 + 𝒊Г)                                                                             (𝟏) 

Where; ( ℰ∞ = 3.7) is the dielectric constant at infinite 

angular frequency, (ω𝑃 = 1.38 ∗ 10^16 Hz) is the plasma 

frequency of free conduction electrons' oscillations of, (Г = 2.73 ∗ 10^13 𝐻𝑧) is the damping frequency and (𝑓 =𝜔 2𝜋⁄ ) is the frequency of incident wave. 

The Drude model can provide good estimation for the 

dielectric constants of metals at wavelengths longer than the 

visible and the near-IR wavelength range. The wavelength 

range used in this thesis is (1300-1800) nm, so the Drude 

model can be very accurate for our study.  

The present work is structured as follows; section (3) proposes 

Modeling of Hybrid Plasmonic Bidirectional Coupler, this 

design is reused as a 2x2 Electro-Optic Switch and NOT Logic 

Gate as illustrated in section (4). Section (5) proposes the 

bidirectional plasmonic coupler as a base unit for building 

more advanced structures such as filter which reused again as 

a 3x3 switching matrix and a wavelength division multiplexer. 

Section (6) and section (7) propose modeling of a 5x5 

switching matrix and different logic gates, respectively.  

3. Modeling of Hybrid Plasmonic Bidirectional Coupler 

Modeling and performance enhancement of hybrid plasmonic 

bidirectional coupler is necessary to support the development 

of Nano-optical communication systems. 

The proposed hybrid plasmonic bidirectional coupler consists 

of two units; a) the base unit, which consists of two SOI strip 

waveguides; b) the control unit is MOS multilayer-slab 

waveguide. 

 

 

 

 

 



The base unit for the realized hybrid plasmonic bidirectional 

coupler consists of a two core SOI waveguide which illustrated 

in figure (1). The silicon-on-insulator (SOI) waveguides have 

been considered an important component in photonic 

integrated circuits (PICs), as directional couplers, because it 

has proven its efficiency in the applications of high-speed 

CMOS chips. The SOI waveguide consists of a Si-ridge 

printed on a substrate of SiO2, the high confinement of 

electromagnetic field into the silicon core is considered the 

major advantage of this waveguide. 
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Port 4

Port 3
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Figure 1: the schematic of base unit (two SOI strip waveguides); a) 

3D- view, and b) 2D- XY view. 

The structure is targeted to operate at the telecommunication 

wavelength ( 𝜆 = 1550 𝑛𝑚 ), where silicon is transparent. 

According to the simulation method, the electric field intensity 

distribution over the design in the XY plane at the middle of 

Si layer is chosen to prove the good confinement function in 

the silicon core as shown in figure (2). In order to achieve the 

switching mechanism, a control unit must be used. 
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Figure 2: the distribution of electric field (E) intensity for the base 

unit (two SOI strip waveguides) without control unit. 

The control unit is a hybrid plasmonic multilayer waveguide 

centered between the two SOI waveguides which illustrated in 

figure (3). The hybridization technique satisfies strong mode 

confinement and reduces the propagation loss. 
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Figure 3: the schematic of the proposed bidirectional coupler after 

adding the control unit; a) 3D- view, and b) 2D- XY view. 

The coupling function mainly depends on the control unit 

which is a metal-oxide-semiconductor (MOS) waveguide 

which achieves the hybridization between a noble metal 

(silver), oxide material (SiO2) and semiconductor material 

(Si). A thin layer of an active material is added between the 

MOS’ waveguide layers, whose optical properties changes 

from dielectric to a quasi-metal according to a biasing voltage 

which is applied to the MOS waveguide as illustrated in figure 

(4).  
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Figure 4: a) the 2D- XZ view of bidirectional coupler, and b) the 

construction of MOS waveguide. 

The selected active material in this work is indium tin oxide 

(ITO) because of its unity-strong index tenability, its 

modulation mechanism is to change the free carrier 

concentration of the material overlapping with the propagating 

optical mode which leads to a shift of the plasma frequency of 

the dispersion relation [17-18]. This modifies both the real and 

imaginary parts of the refractive index of the material, and 

henceforth alters the index and loss of the optical propagating 

mode. 

The MOS waveguide is forward biased, i.e. a high voltage at 

the noble metal-layer and a low voltage at the Si-layer. This 

forming an accumulation layer at the ITO-oxide interface 

which can change the super optical mode’ index. 

The structure is tested at the telecommunication wavelength ( 𝜆 = 1550 𝑛𝑚 ) by using the simulation tools, as shown in 

figure (5). the electric field intensity distribution over the 

design in the XY plane prove the coupling function after 

adding the control unit. 
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Figure 5: the distribution of electric field (E) intensity for the 

proposed bidirectional coupler after adding the control unit. 

Based on the previous experimentally-proven averaged data 

for indium tin oxide (ITO) material in [22-25], it is noticeable 

that the index change of the material depends on its thickness 

as well as the biasing voltage. A summary for a group of ITO 

properties at forward biasing listed in table (1). 

Table 1: A summary for group of ITO properties. 

Thickness = 10 nm [22] Thickness = 8 nm [23] 

Bias = 0 volt Bias = 4 volt Bias = 0 volt Bias = 12 volt 

n k n k n k n k 

1.946 0.002 1.042 0.273 -1.67 0.825 -1.95 0.867 

Thickness = 20 nm [24] Thickness = 8 nm [25] 

Bias = 0 volt Bias = 4 volt Bias = 0 volt Bias = 10 volt 

n k n k n k n k 

1.96 0.002 0.471 0.643 -1.667 0.824 -1.721 0.832 

 

 

 

 

 



3.1. The Operation of Hybrid Plasmonic bidirectional 

coupler 

According to table (1), the properties of active material (ITO) 

were chosen as following: thickness of ITO layer = 20 nm, the 

biasing voltage changes from zero volt (OFF state) to 4 volts 

(ON state) and hence the refractive index of ITO changes from 

1.96+i0.002 to 0.471+i0.643, respectively. According to the 

previous research [24], these properties are considered to be 

the best during manufacturing. There are two cases for 

transferring power from input port to output ports as listed in 

table (2).  

Table 2: the two cases for transferring power during the bidirectional 

coupler. 

Input power at port (1) Input power at port (2) 

The input power 

is totally 

transferred to 

the next 

waveguide  

The input 

power 

remains on 

its path 

The input 

power 

remains on 

its path 

The input power 

is totally 

transferred to 

the next 

waveguide  

Output power Output power 

port (4) port (3) port (4) port (3) 

The control unit’ state The control unit’ state 

CROSS state BAR state BAR state CROSS state 

The biasing voltage The biasing voltage 

Sit to zero volt 

(OFF state) 

Sit to 4 volts 

(ON state) 

Sit to 4 volts 

(ON state) 

Sit to zero volt 

(OFF state) 

The performance of the bidirectional coupler is affected by the 

dimensions chosen during its design. These dimensions are as 

follows: a) the coupling length of the device, b) the dimensions 

of two SOI strip waveguides, c) the dimensions of MOS 

multilayer slab waveguide, and d) the coupling gap between 

the three waveguides. 

First, the optimum coupling length of the device, where the 

control unit sit to CROSS state, can be determined using 

equation (1) as in [22] 𝑳𝒄  =  ( 𝝀𝟐𝜟𝑵𝒆𝒇𝒇)                                                                                                  (𝟐) 

Where 𝜆 the free space light operating wavelength, and 𝛥𝑁𝑒𝑓𝑓  

is the effective mode index difference between the first two 

symmetric transverse magnetic (TM) modes within the MOS 

waveguide. And then the third effective TM mode index is 

used to calculate the optimized oxide height, the layer in MOS 

waveguide, by the matching equation (3) as in [22]: 𝟐𝑵𝒆𝒇𝒇𝑻𝑴𝟑  =  (𝑵𝒆𝒇𝒇𝑻𝑴𝟏 + 𝑵𝒆𝒇𝒇𝑻𝑴𝟐)                                                                   (𝟑) 

From another point of view, it is suggested that the coupling 

length of routing switch can be equal to an integer of the 

desired coupled mode wavelength (𝑛𝜆) [24]. 

After studying the effect of changing the dimensions of the 

coupling gap and the width of MOS waveguide on the 

performance of the device, we find that the efficiency of the 

device is negatively affected with the increase in the width of 

the coupling gap as well as the width of the MOS waveguide, 

and this leads to an increase in coupling length (becomes 

longer), that is, an increase in the size of the device in order to 

improve the efficiency again. This was demonstrated by the 

analyzed results shown in figure (6). 

(a) (b)

(c) (d)

 
Figure 6: the analyzed results of coupling ratio (CR) as a function of 

a) the gap width and b) the MOS waveguide width at the optical 

communication wavelength (1550 nm). 

The aim of the optimization process is to achieve the highest 

efficiency ratio (increase the coupling ratio and reduce the 

isolation ratio) and at the same time reduce the dimensions of 

the device. After reaching the optimized value of both the 

Coupling Length and the Oxide Height, by achieving 

equations 1 and 2, the next step is to calculate the optimized 

value of both MOS Width and Coupling Gap. The performance 

of the device is tested after using the optimized values for each 

of the Coupling Length which is ≈ (5𝜆) and the Oxide Height 

which is 20 nm taking into account the change of the MOS 

Width and Coupling Gap values as shown in figure (6). 

As can be seen through figure (6-a) and (6-c), we find that 

when the Coupling Gap equals to 150 nm, the highest coupling 

ratio and the lowest isolation ratio are achieved. So, we 

consider the optimized Coupling Gap to be 150 nm. After 

using the optimized Coupling Gap in addition to the above we 

find that when the MOS Width equals to 275 nm, the highest 

coupling ratio and the lowest isolation ratio are achieved as 

shown through figure (6-b) and (6-d). 

3.2. The Characteristics of Hybrid Plasmonic Bidirectional 

Coupler 

After implementing the optimization scenario and obtaining 

the desirable parameters or optimized parameters used in the 

design of the device, this device is used as a bidirectional 

coupler, whose schematic is shown in figure (7), and the 

parameters used in the design are listed in table (3). 



(a)
X

Z

Y

(b)

SOI Width

MOS Width Control Unit

Isolated

Input 

Coupled

Through

Coupling Length

Coupling Gap

 

Figure 7: a) 3D- view, and b) 2D- XY view of hybrid plasmonic 2x2 

bidirectional coupler. 

 

Table (3): the design parameters of hybrid plasmonic bidirectional 

coupler 

The biasing voltage 

zero volt  4 volts  

ITO’ 
refractive 

index 

1.96+i0.002 

ITO’ 
refractive 

index 

0.471+i0.643 

Control Unit  CROSS state Control Unit  BAR state 

The thickness of ITO layer 20 nm 

Coupling length 8 μm 

Oxide height 20 nm 

Metal height 100 nm 

MOS width 275 nm 

Coupling gap 150 nm 

SOI dimensions of through 

and coupled waveguides 
400 nm x 340 nm 

SOI dimensions of MOS 

waveguide 
275 nm x 340 nm 

The coupling process depends fundamentally on the properties 

of active layer. After exciting the proposed bidirectional 

coupler with an optical mode of a polarized transverse 

magnetic (TM) type which injected into the input port, two 

states of transferring power are appeared: a) when the control 

unit becomes BAR, the output power appeared at the Through 

port, b) when the control unit becomes CROSS, the output 

power appeared at the Coupled port. 

The performance of hybrid plasmonic bidirectional coupler 

can be analyzed by using the following parameters [22-23]: 

a) Coupling Ratio (CR) 𝐶𝑅𝑇ℎ𝑟𝑜𝑢𝑔ℎ (%)  =  100 ∗ ( 𝑃𝑜𝑤𝑒𝑟𝑇ℎ𝑟𝑜𝑢𝑔ℎ 𝑃𝑜𝑤𝑒𝑟𝑇ℎ𝑟𝑜𝑢𝑔ℎ + 𝑃𝑜𝑤𝑒𝑟𝐶𝑜𝑢𝑝𝑙𝑒𝑑)  (4.1) 

𝐶𝑅𝐶𝑜𝑢𝑝𝑙𝑒𝑑  (%)  =  100 ∗ ( 𝑃𝑜𝑤𝑒𝑟𝐶𝑜𝑢𝑝𝑙𝑒𝑑  𝑃𝑜𝑤𝑒𝑟𝑇ℎ𝑟𝑜𝑢𝑔ℎ + 𝑃𝑜𝑤𝑒𝑟𝐶𝑜𝑢𝑝𝑙𝑒𝑑)   (4.2) 

b) Isolation 𝐼𝑠𝑜𝑙𝑎𝑡𝑖𝑜𝑛𝑇ℎ𝑟𝑜𝑢𝑔ℎ (%)  =  100 ∗ (𝑃𝑜𝑤𝑒𝑟𝑇ℎ𝑟𝑜𝑢𝑔ℎ 𝑃𝑜𝑤𝑒𝑟𝐼𝑠𝑜𝑙𝑎𝑡𝑒𝑑 )                    (5.1) 

𝐼𝑠𝑜𝑙𝑎𝑡𝑖𝑜𝑛𝐶𝑜𝑢𝑝𝑙𝑒𝑑  (%)  =  100 ∗ (𝑃𝑜𝑤𝑒𝑟𝐶𝑜𝑢𝑝𝑙𝑒𝑑  𝑃𝑜𝑤𝑒𝑟𝐼𝑠𝑜𝑙𝑎𝑡𝑒𝑑 )                      (5.2) 

3.3. The Performance of the Hybrid Plasmonic 

Bidirectional Coupler 

A more compact and efficient hybrid plasmonic coupler is 

produced in this work by using the design parameters listed in 

table (3) in the device’ fabrication.  

The performance of the optimized hybrid plasmonic 

bidirectional coupler can be tested by using simulation tools 

known as Lumerical 3D-FDTD Solutions, and after placing 

power monitors at the input/output ports, the device 

performance can be tested via those factors listed in equations 

(4 and 5). 

The device coupling mechanism is satisfied by varying the 

index of the optical mode according to the biasing voltage of 

the external control signal, as mentioned in section (3.1).  

The execution of the simulated bidirectional coupler is 

experimented through a suitable range of wavelengths (1500-

1600) nm. The analyzed results of coupling ratio (CR), and 

isolation through this chosen range are illustrated at figure (8). 

 

Figure 8: the analyzed results of coupling ratio (CR) and isolation as 

a function of wavelength. 

According to figure (8), the CR values that obtained in the two 

cases of the bidirectional coupler (Through and Coupled) are 

greater than 80% at the desired output port; also, the obtained 

insertion ratio values are less than 0.8%. 

The electric field intensity distribution through the 

bidirectional coupler in the XY plane at telecommunication 

wavelength is shown in figure (9) which illustrates the coupler 

functionality. 

A
t 

λ 
=

 1
5

5
0

 n
m

The Output at Coupled Port

The Output at Through Port

 
Figure 9: the distribution of electric field (E) intensity at Coupled / 

Through states of the proposed bidirectional coupler. 



To complete the optimization process, two different metals, 

namely gold and silver, were used to test the performance of 

the device and achieve the highest efficiency. After analyzing 

the results that we obtained, which are represented in coupling 

ratio and isolation values, it became clear that these results are 

close to some extent. 

Figure 10: a comparison between the coupler’s performance in terms 
of coupling ratio and isolation in the case of using gold and silver as 

noble metals over a specified range of wavelengths. 

For example, at the telecommunication wavelength, we find 

that when using silver as a metal electrode, this satisfies a 

coupling ratio of 98.488 % and an isolation value of 8.74*10-2 

% at CROSS state.  And on the other hand, when using gold 

as a metal electrode, this achieves a coupling ratio of 93.55 % 

and an isolation of its amount 5.48*10-2 %. Accordingly, the 

silver was chosen to be the metal electrode used during the 

design of the plasmonic bidirectional coupler. The proposed 

results are utilized to make a validation with the results 

obtained in reference [24], as illustrated in table (4). 

Table 4: a comparison between the performance of two different 

bidirectional coupler. 

Parameter Present work Reference [24] 

Coupling length (µm) 8 30 

Active Layer ITO GST 

Wavelength range (nm) (1500 - 1600) (1520 - 1550) 

Transmission  
Desired  (80 - 100) % (60 - 80) % 

Undesired  (0.8 - 15) % (0.5 - 3) % 

4. Using Hybrid Plasmonic Bidirectional Coupler as a 

Multi-functional Device 

The new trend in technology aspires to design a multi-

functional device, that uses this to skip the large-scale photonic 

integrated circuits and the system’ complexity problems, so the 

bidirectional coupler explained in the previous section will be 

re-used in various ways to support modeling of Nano-optical 

plasmonic devices for communication systems. 

4.1. Using Hybrid Plasmonic Bidirectional Coupler as a 

2x2 Electro-Optic Switch 

The same schematic used for bidirectional coupler that 

proposed in section (3) with the same design’ parameters in 
terms of dimensions and materials will be used to display the 

performance of the device again, but in the form of a 2x2 

Electro-Optic Switch as illustrated in figure (11). 
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Figure 11: a) 3D- view, and b) 2D- XY view of hybrid plasmonic 2x2 

electro-optic switch. 

Assuming that the input power is injected into port (1), we find 

that it travels in two different ways depending on the state of 

the control unit. If the control unit is in its CROSS’ state, then 

the input power is transferred to the adjacent waveguide and 

the output power appears on port (4), while if the control unit 

is in its BAR state the power stays in the same waveguide and 

the output power appears on port (3). 

The switch performance can be tested via a group of factors as 

following [24-25]: 

1) Insertion loss 𝑰𝑳 𝑷𝒐𝒓𝒕 (𝟑)(𝒅𝑩)  =  𝟏𝟎 ∗ 𝑳𝒐𝒈 (𝑷𝒐𝒘𝒆𝒓𝑷𝒐𝒓𝒕 (𝟑) 𝑷𝒐𝒘𝒆𝒓𝑷𝒐𝒓𝒕 (𝟏) ),                                 (𝟔. 𝒂) 

                                                     if control unit is in its BAR state 𝑰𝑳 𝑷𝒐𝒓𝒕 (𝟒)(𝒅𝑩)  =  𝟏𝟎 ∗ 𝑳𝒐𝒈 (𝑷𝒐𝒘𝒆𝒓𝑷𝒐𝒓𝒕 (𝟒) 𝑷𝒐𝒘𝒆𝒓𝑷𝒐𝒓𝒕 (𝟏) ),                                 (𝟔. 𝒃) 

                                                     if control unit is in its CROSS state 

 

2) Extinction ratio 𝑬𝑹𝑷𝒐𝒓𝒕 (𝟑) (𝒅𝑩)  = 𝟏𝟎 ∗ 𝑳𝒐𝒈 ( 𝑷𝒐𝒘𝒆𝒓𝑷𝒐𝒓𝒕 (𝟑)  𝒂𝒕 𝑩𝑨𝑹 𝒔𝒕𝒂𝒕𝒆𝑷𝒐𝒘𝒆𝒓𝑷𝒐𝒓𝒕 (𝟑) 𝒂𝒕 𝑪𝑹𝑶𝑺𝑺 𝒔𝒕𝒂𝒕𝒆)   (𝟕. 𝒂) 

 𝑬𝑹𝑷𝒐𝒓𝒕 (𝟒) (𝒅𝑩)  =  𝟏𝟎 ∗ 𝑳𝒐𝒈 (𝑷𝒐𝒘𝒆𝒓𝑷𝒐𝒓𝒕 (𝟒)  𝒂𝒕 𝑪𝑹𝑶𝑺𝑺 𝒔𝒕𝒂𝒕𝒆𝑷𝒐𝒘𝒆𝒓𝑷𝒐𝒓𝒕 (𝟒) 𝒂𝒕 𝑩𝑨𝑹 𝒔𝒕𝒂𝒕𝒆 ) (𝟕. 𝒃) 

 

At λ = 1550 nm

(a)

(b)

 
Figure 12: the switch performance in terms of insertion loss and 

extinction ratio at the two states of control unit. the distribution of 

electric field (E) intensity at a) CROSS state and b) BAR state over 

the switch in the XY plane. 

 

 



Based on the simulation results that have been obtained from 

Lumerical 3D-FDTD Solutions, the switch performance can 

be tested via those factors explained in equations (6, and 7). 

The analyzed results of extinction ratio (ER) and insertion loss 

(IR) over the selected wavelength range are shown at figure 

(12). In addition, the electric field intensity distribution over 

the routing switch in the XY plane at telecommunication 

wavelength (1550 nm) is used to illustrate the switching 

mechanism for the proposed device. 

4.2. Using Hybrid Plasmonic Bidirectional Coupler as a 

NOT Logic Gate 

plasmonic logic gates are an essential and required 

components for signal processing in optical communication 

systems. Recently, many plasmonic structures have been used 

to implement logic gates as each of them displays the gate with 

designs, materials, dimensions, frequency range, as well as 

different transmission efficiencies. 

What distinguishes this work is the presentation of the logic 

gate in a wavelength range as well as appropriate transmission 

efficiency and at the same time reuse of the bidirectional 

coupler that was presented in section (3) as a NOT gate, which 

achieves multi-functional device technology, which is our 

primary goal here. 

The same schematic used for bidirectional coupler that 

proposed in section (3) with the same design’ parameters in 
terms of dimensions and materials will be used to display the 

performance of the NOT logic gate, but after deactivate two 

ports {port (1) and port (4)} as illustrated in figure (13). 

Control Unit

Coupling Length

SOI Width

Coupling Gap

MOS Width

Port 2

Port 3

 
Figure 13: the 2D- XY view of hybrid plasmonic NOT logic gate. 

The symbol and the truth table of NOT logic gate is illustrated 

in figure (14). As is evident from the figure, there are two 

inputs to the gate, one of which represents the control signal, 

while the other represents the main input of the gate. As can 

be seen from the figure, the logic operation of the gate depends 

mainly on the control signal, taking into account that the input 

signal is always present. 
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Figure 14: the symbol and the truth table of hybrid plasmonic NOT 

logic gate. 

Figure (15) shows the performance of the logic gate by using 

the transmission value, which is calculated from equation (8) 𝑻𝒓𝒂𝒏𝒔𝒎𝒊𝒔𝒔𝒊𝒐𝒏 (%)  = 𝟏𝟎𝟎 ∗ (𝑷𝒐𝒘𝒆𝒓𝑷𝒐𝒓𝒕 (𝟑)  𝑷𝒐𝒘𝒆𝒓𝑷𝒐𝒓𝒕 (𝟐) )                                      (𝟖) 

At λ = 1550 nm

(a)

(b)

 
Figure 15: the NOT gate performance in terms of transmission as a 

function of wavelength, and the distribution of electric field (E) 

intensity at the two states of truth table over the switch in the XY plane 

a) X=OFF and Z=ON, b) X=ON and Z=OFF. 

When the control signal is on the 4-volt mode, or in other 

words, the control unit is in the BAR state, this means that the 

input represents the Logic 1 and it is output in this case is Logic 

0. While when the control signal is in the 0-volt mode, or in 

other words, the control unit is in the CROSS state, this means 

that the income represents Logic 0, and the output in this case 

is Logic 1. 

5. Modeling of Hybrid Plasmonic Filter 

The proposed design of bidirectional plasmonic coupler 

discussed in section (3) with the same design’ parameters in 
terms of dimensions and materials is considered a base unit for 

building more advanced structure subject to the use of the 

same materials. The design developed from the coupler is filter 

which is considered one of the most important components 

used in optical communication systems. A suggested 

schematic design for the filter is shown in figure (16). Taking 

into consideration that the input ports (1, and 3) are not 

activated. 



Control Unit 3

Control Unit 2

Port  2

Bidirectional 

Coupler

Port 6 

Port 5 

Port 4 

Control Unit 1

Port  1

Port  3

 
Figure 16: the 2D- XY view of hybrid plasmonic filter. 

The input optical power is injected through port (2) while the 

output appears on the ports (4, 5, and 6). This structure can 

model different types of filters (Low Pass Filter, Band Reject 

Filter, and Band Pass Filter) depending on the state of the 

control units used. Table (4) shows the different types of filters 

modeled according to the state of the control units. 

Table 4: the filter’ type according to the state of the control units. 

Filter’ type Control Unit 1 Control Unit 2 Control Unit 3 

LPF BAR BAR BAR 

BRF BAR CROSS BAR 

BPF CROSS CROSS CROSS 

The structure proposed in figure (16) can be tested by using 

the Lumerical 3D-FDTD Solutions tools where the device is 

excited with a transverse magnetic (TM) polarized light at the 

input port (2) in X- direction (propagation direction). After 

placing power monitors at the input/output ports, the device 

performance can be tested via equation (9). 𝑻𝒓𝒂𝒏𝒔𝒎𝒊𝒔𝒔𝒊𝒐𝒏𝟒,𝟓,𝒂𝒏𝒅 𝟔 (%)  = 𝟏𝟎𝟎 ∗ (𝑷𝒐𝒘𝒆𝒓𝑷𝒐𝒓𝒕 (𝟒,𝟓,𝒂𝒏𝒅 𝟔)  𝑷𝒐𝒘𝒆𝒓𝑷𝒐𝒓𝒕 (𝟐) )             (𝟗) 

The device performance is tested over the wavelength range of 

(1300-1800). Figures (17, 18 and 19) show the analyzed results 

of transmission percentage over the selected wavelength range 

to verify the filtering’ function according to the operation 

mentioned in table (4). 

 
Figure 17: the LPF’ performance in terms of transmission as a 

function of wavelength. 

 
Figure 18: the BPF’ performance in terms of transmission as a 

function of wavelength. 

 
Figure 19: the BRF’ performance in terms of transmission as a 

function of wavelength. 

The target wavelength range during the filter performance test 

is from 1490 nm to 1620 nm, and this band represents the third 

optical window which is centered at 1550 nm. As is evident 

from the figures (17, 18, and 19), the filtering’ function of the 

proposed device is proven in the previous specified 

wavelength range. 

5.1. Using the Hybrid Plasmonic Filter as a 3x3 Switching 

Matrix 

To complement the goal to be achieved in this work, which is 

multi-use device modeling, the hybrid plasmonic filter 

explained in the previous section will be re-used to support 

modeling of hybrid plasmonic routing switch which is 

considered a necessary component for optical communication 

systems. 

The same schematic used for hybrid plasmonic filter that 

proposed in section (5) with the same design’ parameters in 
terms of dimensions and materials will be used to display the 

performance of the 3x3 switching matrix, but after activating 

the two ports {port (1) and port (3)} as illustrated in figure 

(20). 
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Figure 20: the 2D- XY view of hybrid plasmonic 3x3 switching matrix. 

The goal of the switching matrix is to increase the number of 

input and output ports through which the optical power is 

transferred in order to serve a greater number of users, and as 

shown in the figure, the optical power can be injected into any 

input port {port (1), port (2), or port (3)} and it can also exit 

from any output port {port (3), port (4), or port (5)}, depending 

on the state of the control units.  

To test the performance of the switch and prove its routing 

function, random cases will be chosen in which to review the 

process of transferring the optical power from input ports to 

output ports. 

For example, transferring the optical power from input port (1) 

to output port (6) needs all the control units to be in its CROSS 

state. Another example, transferring the optical power from 

input port (2) to output port (5) needs all the control units to be 

in its BAR state. The last example, transferring the optical 

power from input port (2) to output port (4) needs the control 

units to be as follows; control unit (1) is in its CROSS state, 

and control units (2, and 3) are in their BAR state. 

The 3x3 switching matrix can be tested by using the Lumerical 

3D-FDTD Solutions tools where the device is excited with a 

transverse magnetic (TM) polarized light at the desired input 

port in X- direction (propagation direction). After placing 

power monitors at the input/output ports, the device 

performance can be tested via equation (10). 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑚𝑛 (%)  =  100 ∗ (𝑃𝑜𝑤𝑒𝑟𝑂𝑢𝑡𝑝𝑢𝑡 𝑃𝑜𝑟𝑡 (𝑛) 𝑃𝑜𝑤𝑒𝑟𝐼𝑛𝑝𝑢𝑡 𝑝𝑜𝑟𝑡 (𝑚) )        (10) 

Where m (no. of input port) and n (no. of output port) are 

integer numbers graded as follows: m = (1,2, and 3) and n = 

(4,5, and 6). For example, when the optical power transferred 

from input port (1) to output port (4), we calculate the value of  𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛14 (%). 
Figure (21) and figure (22) show the analyzed results of 

transmission percentage over the selected wavelength range 

and the electric field intensity distribution over the structure in 

the XY plane at the telecommunication wavelength, 

respectively. {𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝟏𝟔,   𝟐𝟒,   𝟑𝟒,   𝒂𝒏𝒅  𝟏𝟓 (%)} are the 

randomly selected transmission values for testing the routing’ 
function. 

 
Figure 21: the 3x3 switching matrix’ performance in terms of 

transmission as a function of wavelength. 
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Figure 22: the electric field intensity distribution for 3x3 switching 

matrix’ performance at the telecommunication wavelength. 

5.2. Using the Hybrid Plasmonic Filter as a Wavelength 

Division Multiplexer 

To keep up with the growing request of large bandwidth, the 

transmission capacity has to be increased further. Multiplexing 

techniques have been proposed as auspicious solutions for 

satisfying the increasing requests of bandwidth and capacity 

extension. There are different types of multiplexing techniques 

such as wavelength division multiplexing, polarization 

division multiplexing, and time division multiplexing. 

The wavelength division multiplexing technology is used to 

carry information through channels depending on multiple 

laser light source. The wavelength division multiplexer 

(WDM) is a major and important component in modernistic 

optical communication systems. This section presents the 

principles of realizing the two algorithms for wavelength 

division multiplexing technology that shown in figure (23). 



Signal 1, Signal 2,  ……, Signal n

Signal 1

Signal 2

Signal n

W
D

M

Signal 1, Signal 2,  ……, Signal n

Signal 1

Signal 2

Signal n

W
D

M

Signal 1, Signal 2,  ……, Signal n

Signal 1, Signal 2,  ……, Signal n

Multi Inputs / Single Output

Multi Inputs / Multi Outputs

 
Figure 23: two different algorithms for wavelength division 

multiplexing technology. 

5.2.1. Multi-Inputs / Single-Output Wavelength Division 

Multiplexer 

The same schematic used for hybrid plasmonic filter that 

proposed in section (5) with the same design’ parameters in 
terms of dimensions and materials will be used to display the 

performance of three-inputs / single-output WDM, but after 

deactivating the two output ports {port (4) and port (6)} as 

illustrated in figure (24). 
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Figure 24: the 2D- XY view of the three-inputs/single-output 

wavelength division multiplexer. 

A polarized light wave of transverse magnetic type is injected 

at the input ports where each input port carried single 

wavelength. A wavelength of 1500 nm is injected to Port (1), 

a wavelength of 1550 nm is injected to Port (2), and a 

wavelength of 1600 nm is injected to Port (3). Taking into 

account that all control units appeared in the structure (Control 

Unit 1, Control Unit 2, and Control Unit 3) are considered in 

its CROSS state. 

According to figure (25), The obtained transmission efficiency 

values at the selected wavelength range indicate that this 

structure does not support the usual multiplexing process (the 

output port carries only the individual wavelengths (1500, 

1550, and 1600) nm that injected into the input ports) but the 

device shows the full wavelength range (1500-1600) nm at the 

output port. 

 
Figure 25: the device’ spectrum when input is launched into port (1). 

5.2.2. Multi-Inputs / Multi-Outputs Wavelength Division 

Multiplexer 

The multiplexing idea explained in section (4.2.1) remains 

valid, but a number of more output ports were used. Again, the 

same schematic used for hybrid plasmonic filter that proposed 

in section (5) with the same design’ parameters in terms of 
dimensions and materials will be used to display the 

performance of three-inputs / three-output WDM, but after 

activating the two output ports {port (4) and port (6)} as 

illustrated in figure (26). Taking into account that all control 

units appeared in the structure (Control Unit 1, Control Unit 2, 

and Control Unit 3) are considered in its CROSS state. 

Control Unit 3

Control Unit 2

Port  2

Bidirectional 

Coupler

Port 6 

Port 5 

Port 4 

Control Unit 1

Port  1

Port  3

 
Figure 26: the schematic for three-inputs / three-outputs wavelength 

division multiplexer. 

A polarized light wave of transverse magnetic type is injected 

at the input ports where each input port carried single 

wavelength. A wavelength of 1500 nm is injected to (Input 1) 

port, a wavelength of 1550 nm is injected to (Input 2) port, and 

a wavelength of 1600 nm is injected to (Input 1) port.  

At λ = 1550 nm

 
Figure 27: the device’ spectrum when input is launched into port (1), 
and the distribution of electric field (E) intensity for the proposed 

device. 



From following up the performance of the proposed device, 

shown in figure (27), it is concluded that it distributes the same 

multiplexed wavelength range at all outputs while keeping the 

transmission efficiencies values equal on all output ports as 

well. 

6. Modeling of Hybrid Plasmonic 5x5 Switching Matrix 

The proposed hybrid plasmonic bidirectional coupler 

discussed in section (3) is deemed as a base block in modeling 

other structures. This section discusses modeling of hybrid 

plasmonic 5x5 switching matrix whose structure shown in 

figure (28). 
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Figure 28: the schematic for hybrid plasmonic 5x5 switching matrix. 

Complementing the idea of routing that was applied to the 3x3 

switching matrix which was explained in section (5.1), the 

same way the 5x5 switching matrix works, but more 

input/output ports have been added, and the number of control 

units has also been increased. Consequently, the routing 

conditions, which depend on the states of control units will 

differ. 

The optical power can be injected into any input port {port (1), 

port (2), port (3), port (4), or port (5)} and it can also exit from 

any output port {port (6), port (7), port (8), port (9), or port 

(10)}, depending on the state of the control units. To test the 

performance of the 5x5 switching matrix and prove its routing 

function, random cases will be chosen in which to review the 

process of transferring the optical power from input ports to 

output ports, as illustrated in table (5). 

Table 5: the operation of 5x5 switching matrix according to the state 

of the control units. 
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All power transmission cases shown in tables (5) have been 

displayed and the device performance can be analyzed using 

equation (7). Hint; m = (1, 2, 3, 4, and 5) and n = (6, 7, 8, 9, 

10). Figures from (29) to (31) illustrate the obtained 

transmission efficiencies over the selected wavelength range 

(1500-1600) nm. 

a b

 
Figure 29: the device’ spectrum for a) transferring power from port 

(2) to port (6), and b) transferring power from port (1) to port (7) as 

a function of wavelength. 

a b

 
Figure 30: the device’ spectrum for a) transferring power from port 
(4) to port (10), and b) transferring power from port (3) to port (9) as 

a function of wavelength. 
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Figure 31: a) the device’ spectrum for a) transferring power from 
port (5) to port (7) as a function of wavelength, b) and c) the field 

distribution over the device at a wavelength of 1550 nm. 

The obtained data at the wavelength of 1550 nm are utilized to 

set a validation with the data proposed at research [26]. The 

common design elements utilized in the comparison are: 

thickness of noble metal = 100 nm, height of ITO layer = 20 

nm, coupling gap = 150 nm, SOI strip waveguide = 400x340 

nm2, MOS waveguide = 275x340 nm2, resistance = 500 Ω, and 

biasing voltage = 4 volts. Hint; the two design used the same 

technology. 



A comparison between the obtained results in this work with 

their counterparts in reference [24] is proposed in table (6). 

Obviously, the transmission efficiencies proposed in research 

[24] are approximately less than 45 % at the desired output 

ports, and they are approximately less than 10 % at the 

undesired output ports. But the transmission values that 

obtained in this work are approximately more than 60 % at the 

desired output ports and they are approximately less than 10 % 

at the undesired output ports. 

Table 6: a comparison between some properties of two different 

devices. 

Parameter Present work Reference [24] 

Coupling Length (μm) 8  8.9  

No. of Oxide Layers  One layer Two layers 

Thickness of ITO 20 nm per layer 16 nm per layer 

Metal Layer Silver Gold 

Transmission 

At the desired output 

port 

≥ 60% ≤ 45 % 

Transmission 

At the undesired output 

port 

≤ 10% ≤ 10% 

7. Modeling of Hybrid Plasmonic Logic Gate Circuit 

To complement the set of logic gates announced during this 

work, two different gates will be presented, namely OR and 

NAND logic gates, using the same design, but with a different 

operating method, and this is an application of the multi-use 

device technology that was previously mentioned. The 

suggested design used for modeling the two logic gates that 

proposed in this section is shown in figure (32). The ports that 

are used in the proposed design are 1, 2, and 3, while the rest 

of the ports are inactive. 
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Figure 32: the 2D- XY view of the schematic used for both of the OR 

and NAND logic gates. 

7.1. Modeling of Hybrid Plasmonic OR Logic Gate 

The symbol and the truth table of OR logic gate is illustrated 

in figure (33). As is evident from the figure, there are four 

inputs for the gate, two inputs representing the control signals, 

and the other two inputs representing the main input signals.  

As for OR gate, its operation depends on installing the control 

units on the CROSS states, or in other words, set the two 

control signals (X and Y) on zero volts, while the change takes 

place in the main input signals (A and B) as illustrated in the 

truth table shown in figure (33). 
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Figure 33: the symbol and the truth table of hybrid plasmonic OR 

logic gate. 

Figure (34) shows the performance of the logic gate by using 

the transmission value, which is calculated from equation (11) 𝑻𝒓𝒂𝒏𝒔𝒎𝒊𝒔𝒔𝒊𝒐𝒏 (%)  = 𝟏𝟎𝟎 ∗ ( 𝑷𝒐𝒘𝒆𝒓𝑷𝒐𝒓𝒕 (𝟑)  𝑷𝒐𝒘𝒆𝒓𝑷𝒐𝒓𝒕 (𝟏,   𝒐𝒓 𝟐) )                             (𝟏𝟏) 

 
Figure 34: the OR gate performance in terms of transmission as a 

function of wavelength. 

When the two control signals are on the zero-volt mode (OFF 

state), the two main input signals (A and B) are changed 

according to the truth. Whereas, the output gives Logic 1 in 

three cases with a transmission value of more than 80% at the 

telecommunication wavelength, while the fourth case has a 

transmission value equals to zero. 

 

 



7.2. Modeling of Hybrid Plasmonic NAND Logic Gate 

The symbol and the truth table of NAND logic gate is 

illustrated in figure (35). Here, the operation depends on 

installing the two main input signals (A and B) on the ON 

states, while the change takes place in the input control signals 

(X and Y) as illustrated in the truth table shown in figure (35). 
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Figure 35: the symbol and the truth table of hybrid plasmonic NAND 

logic gate. 

The performance of the NADN logic gate is illustrated in 

figure (36) in terms of the transmission efficiency, which is 

calculated from equation (8). Hint; CROSS state is equivalent 

to Logic 0, and BAR state is equivalent to Logic 1. 

 
Figure 36: the NADN gate performance in terms of transmission as 

a function of wavelength. 

 

 

Conclusion  
This work proposed modeling and optimizing the performance 

of hybrid plasmonic bidirectional coupler which is used as a 

basic building block in modeling more complex devices such 

as filter, wavelength division multiplexer, logic gates and 

switching matrix with a help of an active material (indium tin 

oxide) that has an electrically-adjustable permittivity. All the 

proposed devices satisfied high transmission efficiencies at the 

desired output ports over a suitable wavelength range. The 

components would be useful in the optical interconnect 

networks, photonic integrated circuits and signal processing 

system.  
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Figures

Figure 1

the schematic of base unit (two SOI strip waveguides); a) 3D- view, and b) 2D- XY view.

Figure 2

the distribution of electric �eld (E) intensity for the base unit (two SOI strip waveguides) without control
unit.

Figure 3



the schematic of the proposed bidirectional coupler after adding the control unit; a) 3D- view, and b) 2D-
XY view.

Figure 4

a) the 2D- XZ view of bidirectional coupler, and b) the construction of MOS waveguide.

Figure 5

the distribution of electric �eld (E) intensity for the proposed bidirectional coupler after adding the control
unit.



Figure 6

the analyzed results of coupling ratio (CR) as a function of a) the gap width and b) the MOS waveguide
width at the optical communication wavelength (1550 nm).



Figure 7

a) 3D- view, and b) 2D- XY view of hybrid plasmonic 2x2 bidirectional coupler.

Figure 8

the analyzed results of coupling ratio (CR) and isolation as a function of wavelength.



Figure 9

the distribution of electric �eld (E) intensity at Coupled / Through states of the proposed bidirectional
coupler.

Figure 10

a comparison between the coupler’s performance in terms of coupling ratio and isolation in the case of
using gold and silver as noble metals over a speci�ed range of wavelengths.



Figure 11

a) 3D- view, and b) 2D- XY view of hybrid plasmonic 2x2 electro-optic switch.

Figure 12

the switch performance in terms of insertion loss and extinction ratio at the two states of control unit. the
distribution of electric �eld (E) intensity at a) CROSS state and b) BAR state over the switch in the XY
plane.



Figure 13

the 2D- XY view of hybrid plasmonic NOT logic gate.

Figure 14

the symbol and the truth table of hybrid plasmonic NOT logic gate.



Figure 15

the NOT gate performance in terms of transmission as a function of wavelength, and the distribution of
electric �eld (E) intensity at the two states of truth table over the switch in the XY plane a) X=OFF and
Z=ON, b) X=ON and Z=OFF.

Figure 16

the 2D- XY view of hybrid plasmonic �lter.



Figure 17

the LPF’ performance in terms of transmission as a function of wavelength.



Figure 18

the BPF’ performance in terms of transmission as a function of wavelength.



Figure 19

the BRF’ performance in terms of transmission as a function of wavelength.

Figure 20

the 2D- XY view of hybrid plasmonic 3x3 switching matrix.



Figure 21

the 3x3 switching matrix’ performance in terms of transmission as a function of wavelength.

Figure 22



the electric �eld intensity distribution for 3x3 switching matrix’ performance at the telecommunication
wavelength.

Figure 23

two different algorithms for wavelength division multiplexing technology.

Figure 24



the 2D- XY view of the three-inputs/single-output wavelength division multiplexer.

Figure 25

the device’ spectrum when input is launched into port (1).

Figure 26

the schematic for three-inputs / three-outputs wavelength division multiplexer.



Figure 27

the device’ spectrum when input is launched into port (1), and the distribution of electric �eld (E) intensity
for the proposed device.



Figure 28

the schematic for hybrid plasmonic 5x5 switching matrix.

Figure 29

the device’ spectrum for a) transferring power from port (2) to port (6), and b) transferring power from
port (1) to port (7) as a function of wavelength.



Figure 30

the device’ spectrum for a) transferring power from port (4) to port (10), and b) transferring power from
port (3) to port (9) as a function of wavelength.

Figure 31

a) the device’ spectrum for a) transferring power from port (5) to port (7) as a function of wavelength, b)
and c) the �eld distribution over the device at a wavelength of 1550 nm.



Figure 32

the 2D- XY view of the schematic used for both of the OR and NAND logic gates.



Figure 33

the symbol and the truth table of hybrid plasmonic OR logic gate.



Figure 34

the OR gate performance in terms of transmission as a function of wavelength.



Figure 35

the symbol and the truth table of hybrid plasmonic NAND logic gate.



Figure 36

the NADN gate performance in terms of transmission as a function of wavelength.


