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ABSTRACT

In this work, we numerically study how various input beam profiles influence the linear and
nonlinear light propagation at the interface of two-dimensional (2D) binary waveguide arrays. It
is revealed that, due to the presence of the central homogeneous interfaced waveguides, light
beams are effectively steered into the preferred direction. Interestingly, the formation of
discretely localized states in nonlinear modes can be intentionally utilized to optimize the
stability and intensity of the signals at the central interfaced channels. This study thus opens
alternative possibilities to achieve reliable distant beam propagation through discrete optical
systems.
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1. INTRODUCTION

With the advance in optical telecommunication, the requirements for quality, reliability, and
functionality of integrated optics devices have increased. Advanced fabrication technologies
have now promoted the manufacturing of nanostructured materials with optimized properties
which can be tailored to a large extent [1-4]. In these nanostructures, beam propagation can be
diversely manipulated and controlled. One of the common and practical ways to implement this
idea is to use ordered waveguide arrays, where beam propagation can be deliberately regulated
compared with that in bulk materials [3, 5]. In these waveguide lattices, light is confined to
individual local channels by design. The inherent dynamics and evolution of the discretized light
are dominated by the linear and nonlinear coupling effects among respective adjacent guided
modes [6-12]. Some studies of inhomogeneous waveguide arrays revealed that the localized
optical modes present photonic Bloch-oscillations in the waveguides [13]. Recently, waveguide
arrays have also been progressively used to mimic relativistic phenomena typical of quantum
field theory, such as Klein tunneling [14-16], the Zitterbewegung [17], and fermion pair
production [14, 18]. Recently, one-dimensional interfaced binary waveguide arrays (BWAS)
were systematically studied in the article by Truong et al. [9]. This work has shown the
significant potential to stabilize the intense localized states during propagation, especially in the
case with a negative coefficient for the cubic nonlinearity term. The extended research on the 2D
interfaced binary waveguide arrays is expected to provide more practical and useful data to
promote remote optical data transferring devices.

In this work, we investigate the light propagation of various input beam profiles at the
neighboring regions to the interfaces between four adjacent 2D flipped waveguide arrays, in both
linear and nonlinear optical modes. First, we develop the theoretical models of 2D interfaced
binary waveguide arrays based on a dimensionless coupled-mode equation. Second, we
systematically simulate the beam propagation of several input profiles, i.e., single mode gaussian
and top-hat beams of varied parameters, to determine outputs of the interaction between light and
the interfaced waveguide lattices, in both linear and nonlinear modes. Third, from the simulated
results, we provide some optimized system parameters to achieve stable intensified signals at the
central interfaced channels.
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2. INTERFACED 2D BINARY WAVEGUIDE ARRAY STRUCTURE AND MODELING

2.1. Designed structure

In our investigated system, 2D interfaced binary waveguide arrays comprise four adjacent
flipped lattices with alternating waveguides of types A and B. A geometrical representation of
the structure is given in Fig. 1(a). Coupling effects among adjacent waveguides are defined by
propagation mismatch and coupling coefficient. The nonlinearity of the waveguide lattices is
specified by the nonlinear coefficient which is positive for self-focusing, but negative for self-
defocusing media. The central homogeneous waveguides are intentionally introduced into the
design to promote coupling effects, hence providing effective beam steering channels. The
simulated waveguide type distribution at the center of the 2D interfaced BWA is magnified and
presented in Fig. 1(b).
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Figure 1. (a) Hlustrative sketch of the 2D interfaced BWA created by combining four flipped
waveguide lattices, each consisting of alternating waveguides of types A and B. The interfaced
waveguides are indicated by the red dashed boundaries. (b) The simulated waveguide type
distribution at the center of the 2D interfaced BWA.

2.2. Theoretical modeling

The theoretical model of the 2D interfaced BWASs can be described by the following coupled-
mode equation [9, 14]:

am,n

+ Kl |:(am+1,n + a-m—l,n ) + (am,n+1 + am,n—l ):|

1)
K |:(am+1,n+1 + am—l,n—l) + (am+1,n—1 + am—l,n+1):| —(=)™"oa, , + ?/‘am,n ‘2 8 =0
In Eq (1), a

the longitudinal spatial coordinate, 2o is the propagation mismatch between two different types
of waveguides, x; and «,are coupling coefficients between neighboring waveguides of the
lattice, and y is the nonlinear coefficient of waveguides. For simplicity, here we suppose all

waveguides have the same nonlinear coefficient. Due to the distances between neighboring
waveguides, it is evident that the coupling coefficients «;>«, .

3. NUMERICAL SIMULATION OF BEAM PROPAGATION
In this section, we investigate the propagation of various input beam profiles in the 2D

is electric field amplitude in the waveguide of mth row and nth column, z is

m,n
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interfaced BWAs. The numerical simulation of the 2D interfaced binary waveguide arrays was
implemented using MATLAB ver. R2018b. First, single-mode input beams with a conventional
Gaussian profile are examined. The complex amplitude of the Gaussian beam is obtained from
the wave theory of light as a particular case of the complex amplitude of paraxial waves [19]:

a(r) = A(r)e ™ (2

where k represents the wave number, z corresponds to the optical axis-z and the amplitude A(r)
satisfies the following form:

- jkp®
A(r) = Ae 2 @)
where prepresents the radial distance from the center axis of the beam, w is the radius at which
the field amplitudes fall to 1/e of their axial values.

In a discrete waveguide system, the input profile of the single-mode Gaussian beam can be
generated from the equation:

— jk(m?+n?) 4
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Figure 2. Amplitudes of the input Gaussian beam illuminating (a) 3; (c) 5; and (e) 15 central
waveguides at input and outputs at z = 25, 50, 75, and 100, respectively. On the right side, the
simulated side views of the Gaussian beam illuminating (b) 3; (d) 5; and (f) 15 input central
waveguides, respectively. Parameters are —o, = o0,=1, x;=1, x,=0.5and y =0.
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As a first step, we investigate the influence of the beam width of an input single-mode
Gaussian profile on the beam propagation in the waveguide array in the linear regime.
Parameters are —o,= 0,=1, K=1, x,= 0.5 and y = 0. The beam is excited into 3, 5, and 15

central waveguides at the input of the BWA. Fig. 2(a), (c), and (e) present the amplitudes of the
Gaussian beam of 3, 5, and 15 irradiated central waveguides at the input and at the distances z =
25, 50, 75, and 100, respectively. The corresponding 2D side views of the Gaussian beam in the
lattices are shown in Fig. 2(b), (d), and (f). It is interesting to note that, in Fig. 2(b), most of the
beam’s energy, though gradually dissipated, remains concentrated at its central axis due to the
effective confinement of the homogeneous central waveguides. As the Gaussian beam size grows
wider than the central interfaced waveguides, energy in discrete waveguide arrays quickly
expands during propagation due to the dominance of the diffraction effect (see Fig. 2(d)).
Additionally, as the input beam illuminates as many as 15 central waveguides, the discreteness of
the waveguide lattice becomes moderate. We can observe in Fig. 2(f) that the diffraction
phenomenon in the BWAs is analogous to that in continuous bulk materials.
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Figure 3. Amplitudes of the input top-hat beam illuminating (a) 3; (c) 5; and (e) 15 central
waveguides at input and outputs at z = 25, 50, 75 and 100, respectively. On the right side, the
simulated side views of the top-hat beam illuminating (b) 3; (d) 5; and (f) 15 input central

waveguides, respectively. Parameters are —o, = 0,=1, x;=1, x,=0.5and y =0.
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Next, we investigate the influence of the beam width of an input top-hat profile on the beam
propagation in the waveguide array in the linear regime. Parameters are —o, = 0,=1, K=1, k,=

0.5 and y = 0. The top-hat beam is also illuminated into 3, 5, and 15 central waveguides at the
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input of the BWA. Fig. 3(a), (c), and (e) present the amplitudes of the top-hat beam of 3, 5, and
15 irradiated central waveguides at the input and at propagation distances z = 25, 50, 75, and
100, respectively. The corresponding 2D side views of the top-hat beam in the lattices are shown
in Fig. 3(b), (d), and (f). Compared to the case of the Gaussian profile, the evolution of the top-
hat beam is relatively similar during the propagation.

When the beam intensity is sufficiently high, which can be easily achieved with powerful
laser beams, nonlinear effects will occur. As is demonstrated in Fig 4(a), the beam transmission
is particularly stable in the BWA while the peak amplitude and n-axis width of the beam almost
remain steady during transmission along the z-axis in BWA. The stability of the beam
propagation in nonlinear mode can be attributed to a trade-off between the Kerr nonlinear effect
and the diffraction effect. Indeed, the diffraction effect tends to expand the light beam during
transmission, while the self-focusing Kerr nonlinear effect (when y > 0) tends to contract the
beam. As y = 1.5, these two diametrically opposite effects balance each other and form stable
peak amplitude and beam width during transmission in BWA as clearly shown in Fig. 4.
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Figure 4. (a) Amplitudes of the input Gaussian beam illuminating 5 central waveguides at input
and outputs at z =100, respectively. (b) The simulated 3D views of the Gaussian beam illuminating

5 input central waveguides. Parameters are —o, = 0,=1, x;=1, k,=0.5and y = 1.5.
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Figure 5. (a) Amplitudes of the input top-hat beam illuminating 5 central waveguides at input
and outputs at z =100, respectively. (b) The simulated 3D views of the top-hat beam illuminating

5 input central waveguides. Parameters are —o, = 0,=1, =1, x,=0.5and y =1.5.
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Next, we investigate the nonlinearity (y = 1.5) of top-hat beam propagation in the 2D
interfaced BWAs. As shown in Fig. 5, a trade-off between the Kerr nonlinear effect and the
diffraction effect also results in stable beam transmission in the lattice. In both cases of Gaussian
and top-hat beams, interestingly, the peak amplitude of the signals at the central interfaced
channels is remarkably intensified because the augmented energy from adjacent waveguides is
effectively confined at central homogeneous waveguides. It is evident that the high nonlinearity
of the lattice improves the stability and intensity of the central channels.

4. CONCLUSIONS

To conclude, we have systematically investigated the influence of various input beam profiles
on the light propagation at the interface of 2D BWAs in both linear and nonlinear regimes. The
obtained results in the linear regime show that the beam width of the input profile noticeably
affect the diffraction phenomenon of the beam during propagation. A wider input beam
diminishes the discreteness of the lattice, hence, the diffraction effect in the interfaced BWA
becomes analogous to that in continuous bulk materials. In the nonlinear regime, the simulation
shows that the stability of the beam propagation can be achieved by balancing the trade-off
between the Kerr nonlinear effect and the diffraction effect. This study has revealed that
nonlinear modes can be purposely exploited to achieve stable and intensified signal transmission
at the central interfaced channels.
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TOM TAT

Nghién ciru sy znh huéng ciia dang chum tia diu vao Ién su truyén siang
trong hé ong dan s6ng nhi phén tiép giap 2 chiéu

Trong bai bdo ndy, ching toi trinh bay nghién ciru Vvé sir anh hwong cua cdc dang
chiim tia dau vao khdc nhau 1én s lan truyen danh sang tai ving. tiép gidp cua hé o ong dan
song nhi phan hai chiéu. Két qua cho thdy cdc ong dan séng dong nhat trung tam 6 tdc
dung diéu chinh hiéu qua chim sdang lan truyén theo huong wu tién dinh trudc. Sy hinh
thanh cdc trang thdi roi rac cuc bg o ché do phi tuyen 6 thé dwoc sir dung dé t6i uu héa
sw on dinh va cwong dg tin hiéu ¢ cdc kénh tiép giap trung tam. Nghién ciru ndy do d6 mé
ra cdc kha néng img dung truyén sang cu ly xa trong cdc hé quang hoc roi rac.

Tir khoa: Ong din séng nhi phan; Trang thai cuc bd; Dang chum tia; Kénh tiép giap; Lan truyén chim sang.
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