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Abstract. In this paper, we propose the design of a photonic crystal fiber with four
central cores infiltrated by a high-index liquid to achieve highly efficient control of
light guidance. We analyze the field distribution, effective mode area, and dispersion
characteristics of the fundamental guided modes of the fiber. Within the coupled-
mode theory, the pulse propagation in the fiber is governed by coupled nonlinear
Schrodinger equations. We use the split-step Fourier method to simulate the
propagation of pulses numerically. The results show three features of the dynamics:
oscillation, switching, and self-trapping. We predict that the fiber could operate as a
logic-gate device by introducing suitable input and control signals.

Keywords: coupled nonlinear Schrodinger equations, logic gates, photonic crystal
fiber, split-step Fourier algorithm.

1. Introduction

Electronic devices are becoming increasingly diverse and ubiquitous, playing a vital
role in modern life. However, electronic components that use electrical signals have
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drawbacks, including limited capacity and processing speed, as well as significant heat
generation and energy loss. To overcome these shortcomings, there is a current focus on
developing alternative technologies and materials to construct new types of devices, such
as plasmonics [1] and metamaterials [2]-[3]. Photonic devices, which use optical signals
to process and manipulate information [4], can also be considered a promising alternative,
e.g., waveguides [5], switches [6], bistable devices [7], and logic gates [8]-[11]. Among
these, photonic-crystal-based devices [12]-[14] are crucial functional components for
integrated photonics, enabled by significant advances in micro- and nanoscale
technologies over the last few decades.

Photonic crystal fiber represents one of the next generations of optical waveguides
that can improve the efficient transmission of optical signals [15]. This innovative fiber
features a core with periodically arranged dielectric structures that form a photonic crystal
lattice. The fiber's central region can be either hollow core or solid core, with hollow core
fibers using the photonic bandgap principle for waveguiding and solid core fibers using
the total internal reflection principle [16]. Key applications of this new type of optical
fiber include coupling [17], switching, and logic gates [18]-[20] in integrated photonic circuits.

In recent years, the field of opto-fluidics has developed rapidly with advances in
materials science and nanotechnology [21]. This field is applied to the fabrication of new
photonic crystal fibers, where liquid solutions of high refractive index (such as toluene,
chloroform, ethylene glycol, benzene, etc.) are used to fill some of the central cores of
the fiber to confine and control light waves. This technology enables the creation of multi-
core photonic crystal fibers with novel dispersion characteristics that effectively perform
certain signal processing functions for integrated circuits. In these fibers, complex
localized structure modes are deeply rooted in the cores when suitable fluids are chosen.
As a result, the nonlinear properties of the fiber become more pronounced, significantly
affecting signal propagation. With these new properties of the multicore photonic crystal
fibers, we expect to use them as components for implementing optical logic gates.

In this paper, we propose a new design of photonic crystal fiber that can effectively
operate as an all-logic-gate device by applying the opto-fluidics technique. We will use
toluene as a high-index material to fill four guided cores of the fiber. By changing the
characteristics of the input signal pulses (pulse width, amplitude, phase, etc.), we can
control both signal propagation and energy transfer between the fiber cores. Furthermore,
by selecting the core positions for pulse illumination and using one of the cores as a
control core, we can effectively regulate the signal transmission process. With four cores,
the increased variety of choices for the two control signals and two input pulses enhances
our chances of successfully implementing all the basic logic gates using the fiber.

2. Content

2.1. The fiber design and properties of guided modes

In this section, we propose a design of a photonic crystal fiber made of pure silica
(S10.) as the background material, with circular air holes arranged in a triangular lattice.
We filled the four holes around the central air hole with liquid toluene, which acts as the
guiding core due to its higher refractive index compared to silica. This fiber structure can
be implemented using Lumerical software [22] and is illustrated in Figure 1.
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Figure 1. Design of the four-core photonic crystal fiber for optical logic-gate
operation. The cores indexed by numbers 1 - 4 in the left panel
are the guided cores of the fiber
In Figure 1, the cladding region SiO: is indicated in brown, the white circles represent
the air holes, and the four guiding cores infiltrated by toluene are shown in yellow. The
parameters of our fiber include the air hole diameter (d ), pitch constant ( A) with ratio
d/ A=0.666. We set the pitch constant A =2 um and the size of the cladding to 20 um.
In order to analyze the mode structure of the fiber using the mode solver, we need to
provide information about the refractive index of optical materials [23]-[26]. For pure
silica, the index is determined by the Sellmeier equation [23]
=1+ BA” + BA' + B4 (1)

n L
A2-C, A*-C, i’-C,

while the Cauchy formula is used to calculate the index of toluene [24]-[25]
B, B
n2=BO+7;+7j, (2)
The constants B; in equations (1)-(2) can be estimated from experiment
measurements, and their values are given in Table 1.

Table 1. The Cauchy and Sellmeier constants of toluene and pure silica

By B (103 an) Bz(108 nmz)
Toluene 1.474775 6.99031 2.1776
Silica B B B3 Ci(1FPnm’) | C>(10°nm?) | C;(10°nm’)
0.69617 | 0.40794 | 0.89748 4.6791 13.512 97.934

In numerical calculations, the solver uses the provided refractive index of materials
from (1) - (2) within a range of wavelengths between 1.3 pm and 1.6 pm to construct the
guided modes of the fiber. For pulse propagation investigation, we focus on the properties
of the fiber at the particular wavelength A = 1.55 pm, which is commonly used in optical
communication.

The electric field of the guiding modes can be represented as
E(x, Y, 2,t) =E(X, y).exp(-ifz +iat), 3)
where w is the mode frequency, E(x, y)is a spatial profile in the OXy plane and f3 is the

propagation constant along the guided z axis. From the Maxwell equations, we derive the
Helmbholtz equation for the electric field of guided mode as [5]

0E OE (n’&’ .
y*y*[c—z—ﬂzjm' @
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where ¢ is the speed of light in a vacuum. The numerical solver extracts the mode profile
E(x, y)and the corresponding propagation constant 3 from the eigenvalue problem (4) at

different wavelengths 4. This numerical data enables us to analyze the dispersive
characteristics of the fiber. The dispersion parameter D of the mode is defined as [5]

2 d°n,
== € 5
Cd (5
where the effective index is determined by Ny =§_’1. The second order dispersion

/A
coefficient is [5]
12

-~ % p (6)

Pa 2zc

The results of the numerical calculations for the mode profiles are shown in Figure 2
for the four lowest localized modes. The field distribution of these modes is concentrated
in the four toluene-filled cores, indicating that the optical energy is confined there. These
are the so-called guiding modes in the fiber. We classify the modes into two pairs, with
polarizations along the Ox (horizontal) and Oy (vertical) axes. The field distribution of
the two modes in each pair can be symmetric or anti-symmetric. The pairs of modes with
symmetric/anti-symmetric field profiles have similar propagation constant values. The
anti-symmetric modes have larger propagation constants than the symmetric ones.

y (microns)
y (microns)

5 = 0 3 6
x (microns)

5 3 0 3
x (microns)

(a) Horizontal X-polarization modes (left: symmetric, right: anti-symmetric)

y (microns)
y (microns)

- 3 0 3 3 E 3 0
x (microns) x (microns)

(b) Vertical Y-polarization modes (left: symmetric, right: anti-symmetric)
Figure 2. The four lowest guided modes in the four-core photonic crystal fiber

The dispersive characteristics D of the localized guided modes are presented in
Figure 3. We observe normal dispersion for all modes. The dispersion of the
antisymmetric modes increases consistently with respect to wavelength, while the
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dispersion of the symmetric modes increases in the range of 1.3 um to 1.45 um and
then decreases.
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Figure 3. Dispersion characteristics of guided modes

in the four-core photonic crystal fiber
We also calculate the effective mode area of the guided modes by using the formula [5]

[ = y)rdxdyJ

I ]E |E(x, y)|4dxdy

(7)

Ay =

and used this quantity to determine the nonlinear parameter corresponding to the guided
modes as

Y= 27n, (8)
APy
Here n, is the nonlinear refractive index of the toluene [24]-[26]. The result of calculations
for nonlinear parameters of four guided modes is represented in Figure 4.
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Figure 4. Nonlinear parameter of guided modes as a function of wavelength

We conclude that the pair of modes with horizontal polarization have the same
nonlinear parameter. The modes with vertical polarization also have the same nonlinear
parameter. This quantity decreases with the increase in wavelength. The nonlinear
parameter of the horizontal modes is slightly larger than that of the vertical modes.
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2.2. Nonlinear propagation of short pulse in the fiber and application

In this section, we investigate the nonlinear propagation of short optical pulses in the
designed photonic crystal fiber to create all-optical logic gates. As seen in the study of
the fundamental properties of guided modes in the previous section, the field of the modes
predominantly occupies the toluene cores. This fact allows us to simplify the dynamics
of pulse propagation in the fiber using coupled-mode theory. We can model the four-core
photonic crystal fiber as a system of four coupled single-core fibers. The coupling
between the single-core fibers is characterized by the coupling parameter as

_ c;)gonli(ni - n§~) E’;Ejdxdy ©)
[] v, (B, xH, +E, xH} )dxdy

where p, q runs from 1 to 4 [5]. Here n is the refractive index profile of the fiber, n, is
the refractive index of the fiber when only the q' core among 4 guiding cores is infiltrated
by toluene, £ and [ denote the electric and magnetic fields of the guided modes when

either only the p™ or q guided core is filled by toluene. Due to the symmetry of the design

of the fiber, we have &, = i, . Within the coupled-mode theory, the model of pulse

propagation in the four-core photonic crystal fiber is based on the system of linearly
coupled nonlinear Schrodinger equations (NLSEs), written for the electromagnetic
envelope wavefunction A, (t, z) in each core as follows [5]:

88'21 ,32 i A1+y|Ai| A+ KA+ A+ A =0 (10 a)
aﬁAZZ ﬂZ i A2 +7/|A2| A+ KA+ K A+ A =0 (10b)
86)62‘3 '822 aatAs +7|A3| As+rp A+ A+ A =0 (10¢)
a@? ﬁz a A4 +7/|A4| A4+K12A3+K14A2+K13A1 0 (10 d)

where (z, t) are the propagation distance and time. The physical parameters f3,,¥, k12 13,14
represent the group-velocity dispersion (GVD), the Kerr nonlinearity, and the inter-core
coupling, respectively. The values of these quantities at the wavelength 4 = 1.55 um are
extracted from numerical data using the formulae (6), (8), (9) and shown in Table 2.

Table 2. The parameters used in the propagation simulation were calculated

by Lumerical solver
Physical quantity Value Unit
B -1.0132 10 s*/m
/4 0.563552 1/(W.m)
Ky, 42213.71 1/m
K 729.82 1/m
Ky 1826.4 1/m
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In  the  numerical simulation, = we  used rescaled  parameters

t=\J|B|/ k.7, 2=¢ 1 K55, A =y, |y to convert the set of equations (10 a) - (10 d) to

the dimensionless form

i%—?+%aaz—?+|l//1|zl//l+£l//2+Z—izl//3+i—zl//4 =0 (11 a)
iaa_l?Jr%aazZ/zz+|‘/’2|2V/2+(‘//1+Z_EW4+Z_EV/3 =0 (11 b)
i%‘?+%(§;ﬂ;+|1//3|21//3+(1//4+Z—21//1+£—21//2 =0 (11 ¢)
iaa—l?Jr%aazZ/z“+|1//4|2y/4+(1//3+2—2(//2+Z—1‘2‘1//1 =0 (114d)

We use the standard split-step Fourier method [5] to simulate the propagation of
pulses in the fiber. The initial pulses launched into the guided cores are assumed to be in
Gaussian form as follows:

w;(0,7)=a, exp[—VTTzzjexp(iAgbj), (12)

]

where a; is amplitude, W; indicates pulse duration and Ag, stands for the phase of each

initial pulse. The energies of pulses are calculated by performing the integrations
| lwi©,0)f dz.

The results of numerical simulations of the nonlinear propagation of pulses are shown
in Figure 5. Here, we launched four Gaussian pulses with different initial amplitudes into
the guided cores and investigated the dynamics of propagation using equations (11 a) - (11 d).
In all simulations, we set the phases equal to zero and the pulse durations to 150 fs.
Depending on the values of the initial amplitudes, we can classify three main features of
the dynamics: oscillation, switching, and trapping phenomena.

In Figure 5a, when all of the amplitudes are small, a1 = 0.5, a2=0.1, a3 = 0.3, and
as = 0.1, we see the periodic exchange of energies between the two pairs of cores 1 - 2
and 3 - 4. This occurs when the focusing nonlinear effect is weaker than dispersion and
coupling; therefore, the pulses undergo tunneling and expansion during propagation.

When we increase at least one of the initial amplitudes, the periodic oscillation of
energies breaks down. Figure 5b shows a typical example of this case with a; = 1.55, a,=0,
a3 = 0.5, and a4 = 0.1. Here, the exchange of energies in cores 1-2 is no longer periodic,
and the energies tend to equalize to stable populations.

Continuing the simulation with larger values of one amplitude, we observe optical
switching. At high enough energy, when the impact of the nonlinear effect is comparable
to dispersion, the dynamics become sensitive to the initial states, and we can see the
irreversible transfer of a large amount of pulse energy from one core to another during
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propagation. Figure 5c¢ illustrates this interesting phenomenon with a;= 1.9, a2=0, a3= 0.5,
and a4=0.1.

A self-trapping effect appears if the amplitude ala lal reaches a higher value. In
this situation, the focusing nonlinearity dominates the dispersion, causing the input pulse
to localize in the initial core without transferring to other cores. In Figure 5d, we show
the simulation with a1 =1.95, a2=0, a3= 0.5, and a4= 0.1, where the self-trapping occurs.

We conducted simulations varying the relative phase of initial pulses and concluded
that the relative phase significantly impacts the dynamics of optical switching and
self-trapping.

The conclusions drawn from the numerical simulations above suggest that the
designed photonic crystal fiber can be used for optical logic-gate operations. Similar to
the procedure of calculations presented in Refs. [8]-[9], we determine the extinction ratio
as follows:

[ Lol de
I:|‘/’j (L, T)|2 dr

with y; and y;are the fields of output signals, and L is the length of the fiber. For

XR(dB) =10.Log,, (13)

constructing optical logic gates, the control signals (CS) are launched into core 1 and core 4
while the input signals (1;; and />) are provided through core 2 and core 3. By choosing
appropriate amplitudes and relative phases of the CSs, we can obtain the expected output
signals (O;; O3), which are suitable for desired logic gates.

a 35 b 300
——Core 1

a0l [ . Core 2

Energy

Figure 5. The dynamics of pulse propagation with different regimes of initial
amplitudes, showing the oscillation, switching, and trapping effects
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In Tables 3 and 4, we summarize the results from systematic numerical calculations
for the extinction ratios XR; and XR> of the output at core 2 and core 3 in various cases of
different phases and amplitudes of the control signals in core 1 and core 4. Here, we applied
the inputs (1;; 1) with a set of signals (0;0); (0;1) (1;0), and (1;1) and determined the
corresponding output (O;; O) based on the rules in which the positive value of XR
indicates the output 1 while a negative value indicates the output 0. By launching the
control signals into cores 1 and 4 with tunable relative phases between them, we can
construct the truth tables for all fundamental logical gates. Table 3 presents the truth tables
of the XNOR, XOR, NOR, and OR gates while Table 4 shows the truth tables for the
AND, NAND, and NOT gates.

Table 3. Truth tables of the XNOR, XOR, NOR, and OR logic gates

in the core 1 and 4 with different relative phases

using the designed fiber. The control signals are given

Inputs Agzil:%;aizz.l;mé‘l:%;all:z.l A¢1:111)’—07T;a1:2;A¢4:3§;a4:2

I, | I O 0: O 0;

0 0 1 0 1 0
1.2495dB -1.2495dB 1.287dB -1.287dB

0 1 0 1 0 1
-2.1153dB 2.1153dB -1.211dB 1.211dB

1 0 0 1 0 1
-0.4912dB 0.4912dB -0.74dB 0.74dB

1 1 1 0 0 1
0.6585dB -0.6585dB -1.544dB 1.544dB

Gates XNOR XOR NOR OR

Table 4. Truth tables of the AND, NAND, NOT logic gates using the designed fiber.
The control signals are given in the core 1 and 4 with different relative phases

Inputs A¢l:i—g;a1:2;A¢4:7z;a4:2 A¢l:%;a1:2;A¢4:7r;a4:2
I; I O 0; O 0:
0 0 0 1 0 1
-0.3736dB 0.3736dB -1.0895dB 1.0895dB
0 1 0 1 1 0
-1.9149dB 1.9149dB 0.4461dB -0.4461dB
1 0 0 1 0 1
-0.6572dB 0.6572dB -1.0279dB 1.0279dB
1 1 1 0 1 0
0.9190dB -0.9190dB 0.2316dB -0.2316dB
Gates AND NAND NOT
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3. Conclusions

In this study, we proposed a design of a photonic crystal fiber filled with high-index
liquid toluene in four central cores for the light-guiding function. We analyzed important
properties of its guided modes, such as field distribution, dispersion, and effective mode
area, in detail. We then applied coupled-mode theory to investigate the nonlinear
propagation of pulses through the fiber. The numerical simulations show three typical
dynamics, including oscillation, switching, and self-trapping, depending on the relative
phases and amplitudes of the input pulses. As we expected, the designed fiber can function
as all the basic logic gates if the input and control signals are appropriately chosen.
Another fiber design to implement all the logic gates will be realized in the next work,
using a higher-order nonlinear optical material in the guided cores.
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