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All-Optical Logic Gates Based on Spatial-Soliton Interaction
in Optical Communication Spectral Region

Yaw-Dong Wu*

Abstract—New designs of all-optical logic gates based on spatial-soliton interactions in optical
communication spectral regions were proposed. The proposed structures are composed of local nonlinear
Mach-Zehnder interferometer (MZI) waveguide structures with multi-input ports and two nonlinear
output ports. They can be used to design various all-optical logic gates. The nonlinear MZI waveguide
structure with local nonlinear waveguides functions like a phase shifter. It employs angular deflection of
spatial solitons controlled by the phase modulation created in the local nonlinear MZI. The light-induced
index changes in the local nonlinear MZI waveguide structures break the symmetry of structure and
make the output signal beam propagate through different nonlinear output waveguides. By properly
choosing the input control power, the spatial solitons will be switched to different output ports. The
numerical results show that the proposed local nonlinear MZI waveguide structures could really function
as all-optical logic gates in the optical communication spectral region.

1. INTRODUCTION

There has been great interest in the possibility of using nonlinear optical waveguide devices as ultrafast
photonic devices for optical signal processing and optical communication systems. All-optical switching
devices and logic gates based on the optical Kerr effect in a nonlinear waveguide have been of particular
interest for high-bit rate optical communication and optical computing systems. Kerr-like nonlinear
waveguide structures containing one or more media, whose refractive index depends on the local
intensity, have stimulated a great deal of theoretical and experimental study [1–9]. Several all-optical
devices using optical nonlinearity have been proposed and implemented, such as nonlinear directional
couplers, nonlinear MZI, and nonlinear symmetric X and Y junctions [10–25]. Most of the conventional
all-optical devices are based on uniformly nonlinear waveguide structure. Therefore, the whole of the
waveguide has optical nonlinearity uniformly. The nonlinear index changes and interactions between
optical beams can be induced at any part of the devices through nonlinear optical effects.

Recently, some studies have been focused on all-optical devices with localized optical nonlinearity,
where some part of the waveguide structure is made from nonlinear medium, and the rest are made from
linear ones. The application of the spatial soliton in the all-optical devices has been discussed ardently,
such as Mach-Zehnder waveguide interferometer device, all-optical logic gates containing a two-mode
nonlinear waveguide, all-optical logic devices with localized optical nonlinearity, all-optical switching
devices with localized optical nonlinearity and all-optical modulators [26–43]. A. Biswas et al. studied
the dynamics of bright and singular optical solitons in quadratic nonlinear media in detail [44–53]. They
proposed the variational principle to obtain analytical soliton solutions. In the designing nonlinear
waveguide devices, some use the strong nonlinear effect to produce the solitary waves propagating
in the devices, but others utilize a weak nonlinearity in the waveguide, whose guiding properties are
analogy to linear ones. Because of the particlelike characteristics, solitons are natural candidate for
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the implementation of all-optical devices. The nonlinear Kerr-type dielectric medium can lead to the
formation of spatial solitons. Two in-phase solitons propagating next to each other will perturb the
refractive index of the background and then bend toward the perturbing neighbor. When the two spatial
solitons are out of phase, each soliton will ride on an index gradient and then repel away the perturbing
neighbor.

In this paper, new designs of all-optical logic gates based on spatial solitons in optical
communication spectral regions were proposed. The proposed structures are composed of local nonlinear
MZI waveguide structures with two outward control waveguides. They can be used to design various all-
optical logic gates logic gates. The nonlinear MZI waveguide structure with local nonlinear waveguides
functions like a phase shifter. It employs angular deflection of spatial solitons controlled by the phase
modulation created in the local nonlinear MZI. The light-induced index changes in the local nonlinear
MZI waveguide structures break the symmetry of structure and make the output signal beam propagate
through different nonlinear output waveguides. By properly choosing the input control power, the
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(c)

Figure 1. The proposed waveguide structure of all logic gates, (a) XOR/NXOR gate, (b) AND/NAND
gate, and (c) OR/NOR gate.
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spatial solitons will be switched to different output ports. The numerical results show that the proposed
local nonlinear MZI waveguide structures could really function as all-optical logic gates in the optical
communication spectral region.

2. ANALYSIS

The proposed waveguide structures of all-optical logic gates are composed of the local nonlinear MZI
with three straight input ports (one signal port and two control ports), and two output ports, as
shown in Figures 1(a)–(c). It employs angular deflection of spatial solitons controlled by the phase
modulation created in the local nonlinear MZI. The light-induced index changes in the local nonlinear
MZI waveguide structures break the symmetry of structure and make the output signal beam propagate
through different nonlinear output waveguides. By properly choosing the input control power, the spatial
solitons will be switched to different output ports. Here three cases of the different local nonlinear
distribution in two arms of the nonlinear MZI were considered. For the first case, the local nonlinear
waveguides are located on two arms of the nonlinear MZI, as shown in Figure 1(a). For the second
case, the local nonlinear waveguide is only located on the left arm of the nonlinear MZI, as shown in
Figure 1(b). For the third case, the local nonlinear waveguide is only located on the right arm of the
nonlinear MZI, as shown in Figure 1(c). The nonlinear MZI waveguide structure with local nonlinear
waveguides functions like a phase shifter. It employs angular deflection of spatial solitons controlled
by the phase modulation created in the local nonlinear MZI. The light-induced index changes in the
local nonlinear MZI waveguide structures break the symmetry of structure and make the output signal
beam propagate through different nonlinear output waveguides. By properly choosing the input control
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(c) (d)

Figure 2. The XOR/NXOR logic functions with the input signal power Ps = 65 W/m and the input
control power Pc = 0.02858Ps, (a) A = 0, B = 0, (b) A = 0, B = 1, (c) A = 1, B = 0, and (d) A = 1,
B = 1.



74 Wu et al.

power, the spatial solitons will be switched to different output ports. For the local nonlinear MZI, the
branching angle is θ1, w the width of MZI waveguide, L1 the length of local nonlinear waveguides, L2

the length of MZI waveguide, and L3 the length of nonlinear output waveguides. The branching angle
between the output guides is θ2. Considering the transverse electric polarized waves propagating along
the z direction and taking the field to be homogeneous in the y direction, the wave equation can be
reduced to

∇2ψyi =
n2

i

c2
∂2ψyi

∂t2
(1)

with solutions of the form
ψyi (x, z, t) = Ei (x) exp [j (ωt− βk0z)] (2)

where ω is the angular frequency, k0 the wave number in the free space, and β the effective refractive
index. The entire waveguide structure, assumed to consist of Kerr-like nonlinear material, is embedded
in a homogenous linear medium. For the Kerr-type nonlinear medium, the square of the refractive index
of each layer can be expressed as [54]

n2
i = n2

i0 + αi |Ei (x)|2 (3)
where n0i, αi, and |Ei(x)|2 are the linear refractive index, the nonlinear coefficient, and the intensity
of the electric fields in the i-th layer, respectively. A general method for analyzing the multilayer
and multibranch optical waveguide structures with arbitrary Kerr-type nonlinear layers has been
proposed [54]. The transverse electric field in each layer can be rewritten as

Ei(x) = Ai
cn [qi (x− xi) +Bi |mi ]

cn [Bi |mi ]
= Aicn [qi (x− xi) |mi ]

{1 − fn [qi (x− xi) |mi ] fn [Bi |mi ]}
1 −misn2 [qi (x− xi) |mi ] sn2 [Bi |mi ]

(4)
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Figure 3. The AND/NAND logic functions with the input signal power Ps = 77 W/m and the input
control power Pc = 0.0267Ps, (a) A = 0, B = 0, (b) A = 0, B = 1, (c) A = 1, B = 0, and (d) A = 1,
B = 1.
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where Ai is the amplitude of the electric field at the lower boundary in each layer. Constant xci can be
replaced by the additional unknown variable Bi. sn and fn are the Jacobi elliptic functions, respectively.
sn[Bi|mi] and fn[Bi|mi] can be given at the lower boundary x = xi.

3. NUMERICAL RESULTS AND DISCUSSIONS

In this paper, the finite difference beam propagation method (FD-BPM) [55] with 4096 transverse
sampling points and a longitudinal step length Δz = 0.05 µm was used to simulate the proposed
structures. The numerical data have been calculated with the value: the total propagation distance
z = 12500 µm, θ1 = 0.5◦, θ2 = 0.25◦, w = 2 µm, L1 = 4000 µm, L2 = 10000 µm, L3 = 2500 µm,
α = 6.3786µm2/V2 [56], nc0 = 1.55, nf0 = 1.57, the free space wavelength λ = 1.55 µm. The
XOR/NXOR logic functions were examined first, as shown in Figures 2(a)–(d). Figure 2 shows the
typical evolutions of the input light waves propagating along the structure with the input signal power
Ps = 65 W/m and the input control power Pc = 0.02858Ps. When there is no control beam, the output
signal beam will propagate straight through the central output guide C, as shown in Figure 2(a). When
only the right control guide B is excited, the output signal beam will propagate through the right output
guide D, as shown in Figure 2(b). When only the left control guide A is excited, the output signal beam
will propagate through the right output guide D, as shown in Figure 2(c). When both of the control
guides A and B are excited simultaneously, the output signal beam will propagate straight through
the central output guide C, as shown in Figure 2(d). As the results shown above, the output port C
functions as a NXOR gate and the output port D functions as an XOR gate.

Then the AND/NAND logic functions were examined next, as shown in Figures 3(a)–(d). Figure 3

(a) (b)

(c) (d)

Figure 4. The OR/NOR logic functions with the input signal power Ps = 79 W/m and the input
control power Pc = 0.02875Ps, (a) A = 0, B = 0, (b) A = 0, B = 1, (c) A = 1, B = 0, and (d) A = 1,
B = 1.
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shows the typical evolutions of the input light waves propagating along the structure with the input
signal power Ps = 77 W/m and the input control power Pc = 0.0267Ps. When there is no control beam,
the output signal beam will propagate through the right output guide D, as shown in Figure 3(a).
When only the right control guide B is excited, the output signal beam will propagate through the right
output guide D, as shown in Figure 3(b). When only the left control guide A is excited, the output
signal beam will propagate through the right output guide D, as shown in Figure 3(c). When both of
the control guides A and B are excited simultaneously, the output signal beam will propagate straight
through the central output guide C, as shown in Figure 3(d). As the results shown above, the output
port C functions as an AND gate and the output port D functions as a NAND gate.

Finally, the OR/NOR logic functions were examined, as shown in Figures 4(a)–(d). Figure 4 shows
the typical evolutions of the input light waves propagating along the structure with the input signal
power Ps = 79 W/m and the input control power Pc = 0.02875Ps. When there is no control beam, the
output signal beam will propagate through the right output guide D, as shown in Figure 4(a). When
only the right control guide B is excited, the output signal beam will propagate straight through the
central output guide C, as shown in Figure 4(b). When only the left control guide A is excited, the
output signal beam will propagate straight through the central output guide C, as shown in Figure 4(c).
When both of the control guides A and B are excited simultaneously, the output signal beam will
propagate straight through the central output guide C, as shown in Figure 4(d). As the results shown
above, the output port C functions as an OR gate and the output port D functions as a NOR gate.

4. CONCLUSIONS

In this paper, new all-optical logic gates based on spatial solitons in the optical communication spectral
region were proposed. The proposed waveguide structures of all-optical logic gates are composed of the
local nonlinear MZI waveguide structures with multi-input ports and two nonlinear output ports. They
can be used to design various all-optical logic gates. The nonlinear MZI waveguide structure with local
nonlinear waveguides functions like a phase shifter. It employs angular deflection of spatial solitons
controlled by the phase modulation created in the local nonlinear MZI. The light-induced index changes
in the local nonlinear MZI waveguide structures break the symmetry of structure and make the output
signal beam propagate through different nonlinear output waveguides. By properly choosing the input
control power, the spatial solitons will be switched to different output ports. The numerical results
show that the proposed local nonlinear MZI waveguide structures could really function as all-optical
logic gates in the optical communication spectral region. They would be potential key components in
the application of the optical signal processing and optical computing systems.
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