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Nonlinear material has been used for switching of light across its output ports. The structures of even 
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1. Introduction 

In today’s scenario of photonic industry, the 

major challenge is the miniaturization of optical 

components for wavelength division multiplexing 

[1]. Despite the deep subwavelength confinement of 

surface plasmon polaritons (SPPs) with respect to 

other nanophotonic waveguides such as photonic 

crystals, SPP waveguides work well beyond the 

diffraction limit [2‒4]. Plasmonics is one of the 

promising fields of integrated photonics due to its 

numerous applications in optical clocking, cancer 

therapy, nano-lithography, solar cells, etc. In 

designing of building blocks for future generation of 

integrated optical components and devices, 

plasmonic waveguides play a significant role. 

Recently, several types of waveguides were 

discovered such as slots [5, 6], plasmonic wedge 

waveguide [7], and dielectric ridge on the metal 

surface [8], but among all these waveguides the 

metal-insulator-metal (MIM) waveguide is generally 

preferred due to its their exceptional property of 

confining the surface plasmons to a deep 

subwavelength scale [9‒13]. In these waveguides, 

propagation is achieved by using even modes due to 

their low-loss confinement profile. Considering the 

photonic device altogether, directional couplers 

(DCs) are serves as a prime component to design the 

elementary part of optical circuits. Recently, several 

designs of directional couplers have been proposed 

by using plasmonic waveguides [14‒17]. The major 

phenomenon of coupling of light within the DC is 

beating of even-odd modes. As the equal splitting of 

power through the directional coupler is wavelength 

dependent, for broadband response either 

wavelength dependency should be removed by 
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making coupler adiabtic, or input power with its 

coupling length should be controlled. In the 

proposed structure of DC connected in the 

Mach-Zehnder interferometer (MZI), equal splitting 

of power is attained with coupling length and 

propagation length of 1 m and 10.2 m, 

respectively. Hence, by adjoining the two DCs using 

two linear MIM waveguides, a design of MZI has 

been designed within the footprints of (16.24) m. 

Although interferometric circuit using Fabry-Perot 

interferometer is also used in various applications, 

the need of too many sources will lead to an increase 

in the cost and complexity of devices [18]. One of 

the arms of MZI is filled with an active material. 

Here, MEH-PPV [poly (2-methoxy-5- 

(28-ethylexyloxy)-PPV)] is used as an active 

material with refractive index and response time of 

n=1.65 and =2.le15 s, respectively [19]. The 

presence of active materials in the structure of MZI 

is used to switch the light across its output ports by 

changing the refractive index of waveguide with 

respect to power of input signals. The changes in 

phase canceling out or adding each other depend on 

nonlinear processes. If phase of both the signals 

cancels out each other then it crosses phase 

modulation (XPM), and if it adds then it is self 

phase modulation (SPM). Due to XPM, the optical 

signal arrives at through port and SPM thrives the 

signal at cross port of MZI. Thus, by cascading 

plasmonic DCs and MZIs, all-optical structures of 

even and odd parity generators are modeled within 

the footprints of (12510) m and (20510) m, 

respectively. Recently, some switching circuits have 

been proposed by using LiNbO3-based MZI, which 

work on the principle of electro-optic effect [20]. 

Although the work is excellent, it still lacks 

advanced applications in terms of device 

miniaturization up to a deep subwavelength scale 

(hence overall design of device remains in thousand 

of micrometers), and due to the presence of 

electrical signals for altering the refractive index of 

waveguides, it limits the speed of device. Some 

switching circuits were also proposed by using 

semiconductor optical amplifier (SOA) but they 

were backsitted due to the phenomenon of gain 

saturation [21]. All optical logic gates were also 

proposed using photonic crystal but being lack of 

the nonlinear material inside the structure will 

enable the switching of optical signals for complex 

circuits [22]. 

The proposed design of parity generators are 

verified by using the finite difference time domain 

(FDTD) method [23] and MATLAB simulation. 

Section 2 presents the models of even and odd parity 

generators with their mathematical formulations. In 

Section 3, the propagation of light through proposed 

structures is projected. Finally, the conclusions of 

complete work are presented in Section 4. 

2. Design of parity generator circuits 

The combinational circuits are useful in 

designing various integrated circuits which are very 

useful in micro-controlling and central processing 

units. In this work, for designing the all optical 

circuits of parity generators, MIM plasmonic 

waveguides are used. To create the MIM geometry, a 

metal (SiON) having high refractive index of 

1 2.01n   with permittivity of 1+j2.9 is deposited 

over a low index substrate having refractive index of 

2 1.44n  , and air is considered as dielectric between 

them. The thickness of dielectric is taken as 0.5 m 

for the propagation of surface plasmons with a 

propagation length of 10.2 m. Thus by using these 

MIM waveguides, the structure of MZI is designed 

as shown in Fig. 1, whose second linear arm is filled 

with nonlinear Kerr or active material. When the 

optical signals with power of Ein=0.014 W/m 

(considered as digital logic “0”) are given at the first 

input port, then by obeying the phenomenon of SPM, 

signals are obtained at the second output port of 

MZI as shown in Fig. 2(a). When signals with the 

power Ein=0.081W/m (considered as digital logic 

“1”) are incident at the first input port of MZI, then 
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due to XPM optical signals arrive at the first output 

port of it as shown in Fig. 2(b). The extinction ratio 

(ER) of single MZI is about 26 dB at output power 

difference of 0.7 dB and 0.8 dB. The analyzed value 

of ER for single MZI is quite useful and enough for 

designing the all-optical logic gates [24]. 

 
Fig. 1 Schematic of single Mach-Zehnder interferometer. 

  

Input 
signal 

Output 
port l

Output 
port 2

(a)  

 
(b) 

Fig. 2 Propagation of light through single MZI: (a) for low 
intensity signals and (b) for high intensity signals. 

Thus, this toggling of optical signals across 

output ports of MZI with respect to input power of 

source is mathematically written as [25‒28] 

2
out1 insin 0.014 W/μm

2
T atE

   
 

     (1) 

2
out2 incos 0.081 W/μm

2
T atE

   
 

     (2) 

where   is the total change in phase in two linear 

arms of MZI. Equations (1) and (2) represent the 

mathematical expressions for outputs of MZI when 

input is fed with high and low powers, respectively. 

2.1 Even parity generator 

Figure 3 shows the digital circuit and K-map of 
three bit even parity generators, and Table 1 presents 
the truth table of the even parity generator. The 
circuit of the even parity generator is designed by 
cascading six MZIs and four directional couplers as 
shown in Fig. 4. For the proper functioning of device, 

three optical sources are placed in front of the 
second input ports of MZI1, MZI2, and MZI3. Three 
directional couplers DC1, DC2, and DC3 for 
splitting the optical energy into two equal parts are 
connected at the second output port of all three 
MZIs, respectively. The second output ports of DC1 
and DC2 are combined together with the first output 
port of DC3 to feed the MZI5. While the first output 
ports of DC1 and DC2 are combined together to 
feed the MZI4 at the second input port DC4 is 
connected at the second output port of same MZI. 
Then the second output ports of DC3 and DC4 are 
combined together to feed MZI6 at its first input 
port. Finally, the second and first output ports of 
MZI5 and MZI6 are combined together to get the 
required output of even parity generator. 

 
Fig. 3 Digital circuit and K-map of three bit even parity 

generator circuit. 
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Fig. 4 Schematic diagram of even parity generator.

Table 1 Truth table of even parity generator. 

Input signals Output signals 
Min-terms 

A B C EP  

1m  0 0 0 0 

2m  0 0 1 1 

3m  0 1 0 1 

4m  0 1 1 0 

5m  1 0 0 1 

6m  1 0 1 0 

7m  1 1 0 0 

8m  1 1 1 1 

In Fig. 1, the power at the output of directional 

coupler towards the input side can be written as [24] 

 2sinAP L  

 2cosBP L              (3) 

where  is the attenuation constant of DC towards 

input side, and L is its coupling length which is 1 m. 

Thus, by using (1)‒(3), mathematical expressions for 

the output of even parity generator circuit can be 

written as 
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Thus, overall output of even parity generator (EPG) 
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can be written as EPG 2 3 5 8OUT m m m m    , since 

there is no signal at output ports for the rest of 
min-terms. 

The timing diagram of even parity generator 

through MATLAB is presented in Fig. 5, which is 

verified by its truth table given in Table 1. 

 
Fig. 5 Timing diagram of even parity generator through MATLAB. 

 
In Fig. 5, the first three rows present the timing 

sequence for input optical signals, and the fourth 

row presents the timing signals for the output of 

parity generator. In the timing diagram, signals in 

the fourth row with higher magnitudes represent the 

presence of signal at output, while signals with 

lower magnitude show absence of signal. 

2.2 Odd parity generator 

Figure 6 shows a digital circuit and K-map of a 

three-bit-odd-parity generator, and Table 2 presents 

the truth table of odd parity generator. The design of 

an odd-parity generator is obtained by cascading 

seven MZIs and five DCs as shown in Fig. 7.  

 

Fig. 6 Digital circuit and K-map of a three-bit-odd-parity 
generator. 

 
Fig. 7 Block diagram of odd parity generator.  

Input optical signals are given at the second, first 

and second input ports of MZI1, MZI2, and MZI3, 

respectively. DC1 and DC2 are connected at the 

second and first output ports of MZI1 and MZI2, 
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respectively. The second and first output ports of 

MZI2 and MZI3 are cobbled together to feed the 

MZI4 with optical signals at its second input port, 

while the second and first output ports of DC1 and 

MZI4 are combined together to feed MZI5 at its 

second input port. To feed MZI6 at its first input 

port, the first output ports of MZI1 and DC5 (which 

is connected at the second output port of MZI4) are 

combined together. The second and first output ports 

of DC2 and DC3 (which is connected at the second 

output port of MZI3) are combined together to feed 

DC4, whose first output port is combined with the 

second output port of MZI6 to feed the MZI7. 

Finally, to get the output of odd parity generator, the 

first output ports of MZI6 and MZI7 are combined 

together with the second output port of MZI5.  

The mathematical expression for outputs of odd 

parity generator circuit using (1)‒(3) can be written 

as 
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Table 2 Truth table of odd parity generator. 

Input signals Output signals 
Min-terms 

A B C OP  

1m  0 0 0 1 

2m  0 0 1 0 

3m  0 1 0 0 

4m  0 1 1 1 

5m  1 0 0 0 

6m  1 0 1 1 

7m  1 1 0 1 

8m  1 1 1 0 

Thus, the overall output of odd parity generator 

(OPG) is written as OPG 1 4 6 7OUT m m m m    , 

since there is no optical signal at the output port for 

the rest of min-terms. 
The timing diagram of the odd parity generator 

through MATLAB is presented in Fig. 8, which is 
verified by its truth table given in Table 2. In Fig. 8, 
the first three rows represent the timing signals for 
input signals, and the fourth row represents the 
timing signals for the generated output of the odd 
parity generator, which is truly matched with its 
truth table. In timing diagram at the fourth row, 
timing signals with low and high magnitudes only 
represent the presence and absence of optical signals 
at the desired output. 
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Fig. 8 Timing diagram of odd parity generator.

3. Simulation results using FDTD 

The finite difference time domain (FDTD) 

method has been used for analysis of propagation of 

optical signals through the design of parity generator 

circuits, and their verifications are done by using 

MATLAB. The continuous wave (CW) source is 

used to provide the input signals with Gaussian 

distribution under the transverse magnetic (TM) 

polarization at the wavelength of 1550 nm. The 

Gaussian distribution of signals spectrum is very 

useful because the interference occurs with side 

lobes of spectrum, while the maximum information 

is transmitted on the peak lobe which remains 

unaffected. For the simulation of the proposed 

device, perfect matched layers are considered as 

boundary layers for all interfaces of metal and 

dielectric with 121e  as reflection coefficient. The 

half width of input source is 0.39 m within the 

mesh size of x=0.021 m and z=0.051 m, under 

the perfect matched layer (PML) as boundary 

conditions for all interfaces of metal and dielectric. 

3.1 Simulation results of even parity generator 

The simulation result of propagation of light 

through the even parity generator with combination 

of all possible input signals is presented in Fig. 9. 

(1) Case I: A=0, B=0, C=0 

In this case, A=B=C=0 means all three input 

ports are fed with optical signals having low input 

power, and thus by following the phenomenon of 

SPM, these signals are obtained at the first output 

ports of MZI1, MZI2, and MZI3. Hence, there is no 

signal at the output port of the even parity generator 

as shown in Fig. 9, which is truly matched with its 

truth table given in Table 1. 

(2) Case II: A=0, B=0, C=1 

Here, A=B=0 means low-power signals are 
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incident at the second input ports of MZI1 and MZI2, 

and by obeying the principle of SPM, they arrive at 

the first output ports of the same MZIs. While C=1 

means optical high-power signals of high power are 

provided at the second input port of MZI3 and due 

to XPM, they arrive at the second output port, where 

they propagate through DC3 and get split into two 

equal parts. Then MZI5 gets input optical signals at 

its first input port from the first output port of DC3, 

where they obey the laws of SPM due to its low 

power and are obtained at the second output port of 

MZI5, which is considered as the output port of EPG. 

Signals from the second output port of DC3 

propagate through MZI6 by obeying the laws of 

SPM and arrive at its second output port. Thus, in 

this case, optical signals arrive at the desired output 

port of EPG due to optical signals of high power at 

input of MZI3 as shown in Fig. 9. 

(3) Case III: A=0, B=1, C=0 

Here, A=C=0 means the low-power optical 

signala are given at the second input ports of MZI1 

and MZI3. B=1 means optical high-power signals 

are incident at the second input port of MZI2. Thus, 

output optical signals arrive at the desired output 

port of EPG due to the presence of optical 

high-power signals at MZI2, which is truly matched 

with the truth table given in Table 1. 

(4) Case IV: A=0, B=1, C=1 

In this case, A=0 means low-power signals are 

given at the second input port of MZI1. B=C=1 

means signals of high power are incident at second 

input ports of MZI2 and MZI3. Hence, in this case 

output of EPG is zero as shown in Fig. 9. 

(5) Case V: A=1, B=0, C=0 

Here, A=1 means high-power signals are given 

at the second input port of MZI1. B=C=0 means 

low-power signals are given at second input ports of 

MZI2 and MZI3. In this case, optical signals arrive 

at the desired output port of EPG, due to the 

presence of high-powers signal at the second input 

port of MZI1 (as shown in Fig. 9). 
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Fig. 9 Propagation of the optical signals through the even 

parity generator circuit for all possible combinations of input 
signals obtained through the FDTD method. 

(6) Case VI: A=1, B=0, C=1 

Here, A=C=1 means high-power signals are 

given at the second input ports of MZI1 and MZI3. 

B=0 means low-power signals are given at the 

second input port of MZI2. In this case, there is no 

optical signal at the desired output port of EPG, 

which is truly matched with the truth table shown in 

Table 1. 

(7) Case VII: A=1, B=1, C=0 

In this case, A=B=1 means high-power signals 

are given at the second input ports of MZI1 and 

MZI2. C=0 means low-power signals are given at 

the second input port of MZI3. Thus, in this case 

there is no optical signal at the desired output port of 

EPG.  

(8) Case VIII: A=1, B=1, C=1 

In this case, A=B=C=1 means high-power 

signals are given at the second input ports of MZI1, 

MZI2, and MZI3. Hence, in this case optical signals 
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are obtained at the desired port of EPG, which is 

truly matched with its truth table.   

3.2 Simulation results odd parity generator 

The propagation of light through its model with 

all possible combinations of input signals is 

presented in Fig. 10. 
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Fig. 10 Propagation of optical signals through the model of 

the odd parity generator for all combinations of inputs obtained 
through the FDTD method. 

(1) Case I: A=0, B=0, C=0 

In this case, A=B=C=0 means low-power signals 

are given at the second, first, and second input port 

of MZI1, MZI2, and MZI3, respectively, and by 

obeying the phenomenon of SPM the signals are 

obtained at the first, second, and first output ports of 

same MZIs. Then signals from the second and first 

output port of MZI2 and MZI3 are combined 

together to feed the MZI4 at its second input port, 

and by following the laws of XPM they arrive at the 

second output port of same MZI, where they 

propagate through DC5 and get equally split. Then 

signals from the first output ports of MZI1 and DC5 

are combined together to feed MZI6 at its first input 

port, and due to its high power they obey the laws of 

XPM and arrive at the first output port of MZI6, 

which is considered as the output port for odd parity 

generator. Thus, in this case an optical signal arrives 

at the desired output port of OPG, which is truly 

matched with its truth table given in Table 2. 

(2) Case II: A=0, B=0, C=1 

Here, A=B=0 means low-power signals are given 

at the second and first input ports of MZI1 and 

MZI2, where they obey the phenomenon of SPM 

and arrive at the first and second output ports of 

same MZI. Then signals from the first output port of 

MZI1 propagate through MZI6 and due to the low 

power they arrive at the second output port due to 

SPM. While signals from the second output port of 

MZI2 are given to the second input port of MZI4, 

and after travelling through it signals arrive at its 

first output port due to the low power. Then MZI5 

gets optical signals at its second input port from the 

first output port of MZI4, and after propagating 

through MZI5, the signals arrive at first output ports 

of same MZI. C=1 means high power signals are 

given at the second input port of MZI3 and arrive at 

the second output port due to XPM, where they 

propagate through DC3 and get equally split. Further, 

signals from the first output port of DC3 is again 

split by DC4, and then signals from the second and 

first output ports of MZI6 and DC4 are cobbled 

together to feed MZI7 at its first input port. After 

propagating through MZI7, signals will appear at its 

second output port due to the low power. Thus in 

this case, there is no signal at desired output port of 

OPG. 

(3) Case III: A=0, B=1, C=0 

Here, A=C=0 means signals with low powers are 
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incident at the second input ports of MZI1 and MZI3. 

B=1 means high-power signals are given at the first 

input port of MZI2. Thus, in this case there is no 

optical signal at the desired output port of OPG. 

(4) Case IV: A=0, B=1, C=1 

Here, A=0 means the second input port of MZI1. 

B=C=1 means high intensity signals are given at the 

first and second input ports of MZI2 and MZI3. 

Hence, in this case optical signals are obtained at the 

desired output port of OPG, which is truly matched 

with its truth table. 

(5) Case V: A=1, B=0, C=0 

In this case, A=1 means signals with high power 

are given at the second input port of MZI1. B=C=0 

means low-power signals are given at the first and 

second input ports of MZI2 and MZI3. Thus, in this 

case there is no optical signal at desired output port 

of OPG. 

(6) Case VI: A=1, B=0, C=1 

Here, A=C=1 means the second input ports of 

MZI1 and MZI3 are fed with high-power signals. 

B=0 means low-power signals are incident at the 

first input port of MZI2. Thus, in this case optical 

signals arrive at the desired output port of OPG, 

which is truly matched with the truth table given in 

Table 2. 

(7) Case VII: A=1, B=1, C=0 

Here, A=B=1 means high-power signals are 

given at the second and first input ports of MZI1 and 

MZI2. C=0 means low-power signals are fed at the 

second input port of MZI3. Finally, output signals 

approach to the port which is assigned as output port 

for OPG. 

(8) Case VIII: A=1, B=1, C=1 

Here, as A=B=C=1 means high-power signals 

are given at the second, first, and second input ports 

of MZI1, MZI2, and MZI3. Thus, in this case there 

is no optical signal at desired output port of OPG. 

4. Conclusions 

In this paper, models of even and odd parity 

generator are projected by using MIM plasmonic 

waveguides due to their enormous capability of 

confining the surface plasmons up to a deep 

subwavelength scale. The concept of nonlinear MZI 

using MIM plasmonic waveguides has been used to 

cascade the desired structures. The proposed concept 

of cascading the MZIs is useful for integrating the 

all-optical devices. The circuits of parity generators 

are mainly used for error detection and correction in 

optical communication networks. 
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