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: Abstract

: Wide bandwidth and high data transfer rates are essential
: advantages of optical telecommunication networks. Full
: exploitation of the benefits of optical communications
: requires a fully optical network. All-optical circuits are
: one of the main alternatives to eliminate the limits of
and read the article online:

electronic circuits and provide high-speed processing

i systems. This study aims to design an Majority Gate based
: on the Nonlinear Kerr Effect. The proposed structure
i includes a directional coupler with nonlinear rods. In the
i proposed structure, a nonlinear directional coupler is used
: to transmit the phase of the input signal. Also, input
i connections are optimized to prevent the return of light
i along the structure. To evaluate the operation of the
i proposed structures, PWE and FDTD methods are used.
: The effect of some parameters variation on the output
i power has been investigated, proving the robustness of this
i designed structure of Majority gate against process
i variation. In this simulation, the proposed structures'
i switching power is 3 W and the bit rate is Thits/s.
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1. INTRODUCTION

Due to the slowdown in processors’ speed growth in this years, interest in
replacing processors with optical processors has become more[1]. Optical circuits
are one of the main alternatives to eliminate the limits of electronic circuits[2].
Wide bandwidth and high data transfer rates are among the essential advantages
of optical telecommunication networks. The full exploitation of optical
communication benefits requires a network that fully processes the sending,
receiving and processing of information fully optical and without interference
with electronic devices[3].

A wide range of structures has been proposed to realize photonic crystal-based
logic functions. Among the proposed techniques can be referred to "self-
collimated beam", "multi-mode interference”, "interference-based defect
method", and "nonlinear Kerr materials-based gates" [4]. Light is propagated
without any refraction along various directions through a structure in the self-
collimation method. The phenomenon of Total Internal Reflection plays an
essential role in creating logical structures using self-collimated beams [5]. The
MMI gates are based on the "self-imaging effect" and support many modes. In
MMI-based structures, the signal phase is used to determine the input logic and
the signal amplitude is used to determine the output logic[6]. In the interference-
based defects gates interact with the input signals can make constructive or
destructive interference and provide good performance for each gate. In these
gates, the input signals must be triggered in a specific phase[7]. In the nonlinear
Kerr materials, the refractive index is dependent on the intensity of the signals.
The ranges of operating frequencies can change by increasing or decreasing the
refractive index[8].

In this research, an PhC-based logic device is presented that has the same
functionality as the Majority gate. A majority gate is a logic gate that has many
applications in complex circuits. The majority function is a function with N input
to an output. The value of the operator will be one if fifty percent or more than
fifty percent of the arguments are one, otherwise it is zero.

This paper proposes an all-optical structure for designing a Majority gate. In
this structure, a directional coupler made of nonlinear materials is used for phase
transfer for different input powers. The use of identical inputs in terms of power
and phase for all inputs of the proposed structures is one of the advantages of the
proposed structure for use in optically cascaded circuits. Also, the significant
difference in output power at high and low logic modes, which increases the
detection power in both logic modes.
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To evaluate the operation of the proposed structures, PWE and FDTD methods
are used. To use the unique properties of phonic crystals, we need computational
methods to study how light propagates within a photonic crystal structure[9]. For
each alternating structure, we must specify the allowable frequencies for light
propagation within the structure and the field distribution at each of these
frequencies[10].

In this paper, the desigh method and proposed structure for the Majority gate
are presented in sections 2 and 3, respectively. The simulation results and
evaluation of the proposed Majority gate are shown in Section 4. Finally, the
conclusion is given in the last.

2.DESIGN METHOD

In the proposed method, Si rods in the air bed in the form of a triangular lattice
have been used. The Si refractive index for wavelengths in the range of 1550 nm
used in our simulations is 3.6. The lattice constant and the silicon rod diameter is
chosen to equal 565nm and 0.2a, that ‘a’ is considered the lattice constant.

We considered the TM mode and the PWE method used to evaluate the
"photonic bandgap of the structure". The structure of the photonic band is
presented in Fig. 1. As shown in this figure, there are two frequency gaps. The
more significant gap is between 0.28 a/A and 0.45 a/A. For the input frequency, a
frequency of 0.365 a/A is used.

Suppose that the polarization is denoted by P(t) and the intensity of the
applied electric field is denoted by E(t). In this case, in linear materials, the
polarization and the electric field are related as follows:

P(t) =x“ E() 1)

So that x¥ is the linear acceptance coefficient. In nonlinear materials, the
nonlinear polarization is as follows:

P(t) = x® E(t) + x? E(t) + x® E(t) + ... =P~ + P"* 2)
So that P- and PM- are linear polarization and nonlinear polarization,

respectively. The observed nonlinear phenomenon depends on which of the above
coefficients of acceptance coefficients are dominant[11].
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Fig. 1. Photonic band structure of Si rods in the air bed for TM mode.

In the nonlinear Kerr effect, the applied signal intensity can affect the refractive
index as

n=no+ Nyl (3)

Where | is the applied signal intensity, no is the "Linear Refractive Index" and
n. is the "Nonlinear Kerr Coefficient”. Based on the above relationship, with
increasing and decreasing the input field strength, the "Refractive Index"
increases and decreases. This change in "Refractive Index" in photon crystal
defects causes the resonant frequency to change, as a result, the input signal phase
changes[12].

In this research, silicon nanocrystals (Si-nc) are used as the nonlinear material.
Silicon nanocrystals have a "Linear Refractive Index" of 1.5 and at a wavelength
of 1550 nm the "Nonlinear Kerr Coefficient" of 107" m%W.

The directional coupler consists of two rows of removed rods adjacent to a
middle row[13]. In a "directional coupler", when light is propagated in one of the
waveguides, after crossing the "coupling length", it is coupled with an adjacent
waveguide[14]. The "coupling length" is as follows:

Lc = n/(ke — ko) (4)
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Where ko and ke are odd state propagation constants and even state propagation
constants, respectively. When light enters a nonlinear structure, directional
couplers can be used as switches[15].

3. PHC-BASED MAJORITY GATE

In the PhC-based Majority gate, the structure presented in Fig. 2 is used to
connect the two inputs to prevent the return of light along with the structure. With
this structure, the possibility of light return is largely eliminated, which is very
effective in increasing the efficiency of the circuit.

Fig. 2. The proposed structure to prevent the return of light along the structure.

The structure of PhC-based all-optical Majority gate is presented in Fig. 3. The
directional coupling can be made by Changing the radius of each rod and using
of nonlinear materials in a parallel row of a PC structure at L distance. A
directional coupler is used to transfer the phase, and it causes the phase of the
input signal to transfer in the size of 7. In the proposed structure shown in Fig. 3,
I1, I, and I3 are input signals, and lq. is the output signal. When one of the three
input signals is launched, the input signal is divided into two waveguides, A and
B. The input signal obtains a phase difference of x as it passes through the B
waveguide of the nonlinear direction coupler. So, "destructive interference"
occurs at the output of the structure and the lo is at a low logic level. When two
or three of the input signals are launched, by increasing the input signal power, a
signal phase change of 2x will be created. As a result, "constructive interference”
occurs in the output of the proposed structure, the lo. is at a high logic level. The
simulated structure of PhC-based Majority gate is presented in Fig. 4.

The proposed PhC-based Majority gate simulation has been performed with
Rsoft software. The photonic band diagram simulation is performed using the
PWE method using the BANDSOLVE tool of Rsoft software. The transmission
curves of optical power output are simulated by the FDTD method using the
FULLWAVE tool of Rsoft software.
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Fig. 3. The proposed structure of all-optical Majority gate.

sesee nc.-ooo.oooo-'cao
'OOOOOOOOOOOOO0.00000000000000000000000000000000.-

GisEbtetEtbeb bRt tatsRbRbeBtaRs

.
seseseseIePERBeRERERERReRReseRenel)

QCGOC0Q00000000Q00000CO0OC0000000
* s LE)

OOOOO'O.OOOO QOO0000000000000000000 Q00000000

D 00000CCC000C00OLOCOCLCOLoOLO00 OCO000000E]

ssa LX) sssssssase sess ssa ssee DXL ssa
oocIQr'o.oo.o'ototoocta.oo.’.oooooot'c'nl.oyoooo'.q.'o.oo.0,..0.009.0.00.0.9

Fig. 4. The proposed all-optical photonic crystal Majority gate.
The domain analysis of the PhC-based Majority gate is presented in Fig.5.

When all the input signals are off, the output signal power test is not performed
due to the lack of light in the structure.
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In this research, Kerr's nonlinear effect has been used to design the logical gate
of the Majority. Applying proper throughput to materials with a nonlinear effect
causes changes in the refractive index of materials and changes in light
transmission characteristics in nonlinear materials. By using nonlinear materials,
the output of the system is affected by the input power, so with increasing input
power, the output power also changes with a specific pattern. When the input
power increases, the output power also increases slowly, but when the input power
reaches a certain value, the output power suddenly increases.

Inputl(a.u.)

Input2(a.u.)

Input3(a.u.)

Monitor
Value(a.u.)
(=]

L

0 10 20 30 40
Time (ps)

Fig. 5. The normalized domain analysis of the proposed PhC-based Majority gate.

When a square wave is launched as an input signal with power of 3W, the input
signal is divided into two waveguides, A and B. The input signal obtains a phase
difference of 7 as it passes through the B section of the "nonlinear directional
coupler”. So, "destructive interference" occurs in the output of this structure, and
the normalized output power is 0.097P0 that PO is equal to 3W.

When two or three of the input signals are launched, by increasing the input
signal power, a signal phase change of 2m will be created. As a result,
"constructive interference™ occurs in the output of this structure, and the
normalized output power is 0.77P0 that PO is equal to 3 W. Fig. 6 shows the
changes in system output power with respect to input power changes.
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Fig. 6. The range of normalized output power changes compared to input power.

For the case where all the inputs of the majority function are on, the range of
normalized output power changes compared to the wavelength changes are
examined and the results are reported in Fig. 7. As shown, the range of output
power changes is very small compared to the wavelength changes in the proposed
structure.
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Fig. 7. The range of normalized output power changes compared to the wavelength
changes in the proposed structure. (all inputs in the majority function are on).

The range of normalized output power changes compared to the refractive
index changes are examined and reported in Fig. 8.
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Fig. 8. The range of normalized output power changes compared to the refractive index
changes in the proposed structure (all inputs in the majority function are on).
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Fig. 9. The range of normalized output power changes compared to the radius changes
(all inputs in the majority function are on).

The range of normalized output power changes compared to the radius changes
of the rods are examined and the results are reported in Fig. 9 for the case where
all the inputs of the majority function are on. As shown in Fig. 9, the range of
output power changes is very small compared to the radius changes.
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4. CONCLUSION

This study proposes a PhC-based all-optical Majority gate that includes a
nonlinear directional coupler. Applying proper throughput to materials with a
nonlinear effect causes changes in the refractive index of materials and changes
in light transmission characteristics in nonlinear materials. Moreover, the
possibility of light return is essentially eliminated by the proposed structure for
junctions. The results of the evaluation of this new structure are reported, which
confirms the operation of the PhC-based Majority gate. The effect of variations
of the output power changes with respect to changes of some parameters was
studied and the simulation results was shown the low dependence of this Majority
gate on their minor changes.
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