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All-optical XNOR gate based on 2D photonic-crystal ring resonators

Tamer A. Moniem

Abstract. A novel all-optical XNOR gate is proposed, which com-
bines the nonlinear Kerr effect with photonic-crystal ring resona-
tors (PCRRs). The total size of the proposed optical XNOR gate
based on photonic crystals with a square lattice of silicon rods is
equal to 35x21 um. The proposed structure has a bandgap in the
range from 0.32 to 0.44. To confirm the operation and feasibility of
the overall system use is made of analytical and numerical simula-
tion using the dimensional finite difference time domain (FDTD)
and plane wave expansion (PWE) methods.
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optical gates, optical switches.

1. Introduction

In recent years all-optical logic gates [1-6] and optical logic
devices based on photonic crystal (PC) structures have been
reported, including an optical demultiplexer [7, 8], optical
encoder [9, 10], optical decoders [11—13] and optical flip flops
[14—16]. These optical devices play a crucial role in imple-
menting all-optical communication systems and optical signal
processing networks. So far so many works have been devoted
to the development of all-optical logic gates based on PC
structures, where photonic crystals are the most promising
due to their high transmission efficiency, high quality factor
and stability.

This paper proposes a novel structure for implementing an
all-optical XNOR gate based on two photonic-crystal ring reso-
nators (PCRRs). The fundamental structure used for designing
the proposed XNOR gate is a square lattice of Si rods immersed
in air. This optical logic device is very interesting and important
for integrated optics, since it can be used to implement a set of
optical combination logic circuits in 2D photonic crystals such as
a half adder, full adder, logic comparator and parity check cir-
cuit in optical communication systems.

2. Photonic-crystal ring resonator

A photonic-crystal ring resonator (PCRR) is fabricated in the
fundamental structure by removing some rods as shown in
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Fig. 1[11, 17], where a 9x9 array of dielectric rods is removed
for producing a resonance at a wavelength of 1550 nm. This
optical PCRR made of a square lattice array of Si rods with a
refractive index of 3.39 in air measures 18x 15 um. The radius
of rods is r = 0.21a, where a = 630 nm is the lattice constant of
the structure.
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Figure 1. Schematic structure of the photonic-crystal ring resonator.

The PCRR structure is formed by three waveguides (L1,
L2, L3), four ports (A, B, C, D) and a control port (S). The
optical structure is excited through the input port A with an
optical bias signal at a wavelength 4 = 1550 nm. Depending
on the control signal coupled into port S, the bias signal exits
from one of output ports (B, C, D).

When the signal of the control port S is equal to 0
(0 mW), the input bias optical signal from port A at a reso-
nance wavelength A = 1550 nm is dropped through wave-
guide L1 into the ring and flows to port C by coupling to the
drop waveguide L2 (Fig. 2a). When the optical signal of the
control port S = 1 (100 mW) is coupled to the PCRR, the
field intensity in the ring resonator increases, thereby pre-
venting the coupling of the bias input signal from port A to
the ring and coupling it to port B (Fig. 2b), where the higher
intensity of the light results in changes in the effective refrac-
tive index of the ring based on the Kerr nonlinear effect.
Hence, the resonance wavelength is shifted and consequently
no drop occurs for the high intensity light with a 1550 nm
wavelength.
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Figure 2. (Colour online) Optical field pattern distribution in the
PCRR for S=(a) 0 and (b) 1.

3. Theoretical method and design
of an all-optical XNNOR gate

The exclusive NOR (XNOR) gate is a digital logic gate whose
function is the logical complement of the exclusive OR (XOR)
gate [18]. A high output (1) results if both of the inputs to the
gate are the same; otherwise, if one but not both inputs are
high (1), a low output (0) results (see Table 1).

The paper presents an all-optical XNOR gate based on a
square lattice of 2D PCs with a size of 35x21 um (Fig. 3). The
distance between two neighbouring rods is equal to a =
630 nm, and the radius of the rod is » = 0.21a. The proposed
optical XNOR gate is composed of two photonic crystal ring
resonators (PCRR1, PCRR2) with radius of 54, and two
waveguides (L1, L2). The inputs A and B of XNOR are cou-
pled into the ring resonators PCRR1 and PCRR2, respec-
tively. The optical XNOR gate is triggered by the input opti-

Table 1. Truth table of the XNOR gate.

Inputs Output
A B Y = AXNOR B
0 0 1
0 1 0
1 0 0
1 1 1

cal bias signal at the left end of waveguide L1, while the out-
put signal (Y) of XNOR is obtained at the right end of
waveguide L1. In the corners of all PCRRs and waveguide
L2, there are extra rods shifted towards the corner by 0.707a
with the same refractive index and rod radius to eliminate the
backscattering at the corners [10, 13, 15]. To prevents the ver-
tical propagation of the light, the semiconductor rods in air
are supported by a low-refractive index material (SiN,, SiO,,
polymers) [19-21].

Input bias +++
signal port

Figure 3. Overall structure of the optical XNOR gate based on a 2D
square lattice of photonic crystals.
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Figure 4. Bandgap structure diagram for photonic crystals with a
square lattice of silicon rods of radius 0.21a.

The plane wave expansion (PWE) [22] and finite differ-
ence time domain (FDTD) [23] methods are used to calculate
the bandgap range of the overall structure. For the transverse
electric TE mode, the normalised bandgap lies in the range
0.32 < a/A < 0.44, which, at a lattice constant ¢ = 630 nm, cor-
responds to the wavelength range 1432 nm < 4 < 1969 nm
(Fig. 4). The key point of the photonic crystal is a structure
with periodic variations in the dielectric constant. In the
region of the photonic bandgap, light cannot propagate in the
crystal structure and propagates only in the waveguide [21].

4. Simulation results of the optical XNOR gate

This section describes the optical XNOR performance and
the results obtained for the proposed structure. The main idea
of optical XNOR operation is based on the use of PCRRs,
where the optical intensity is enhanced by triggering inputs A
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Figure 5. (Colour online) Electric field pattern of the optical XNOR gate for different inputs: (a) A=B=0,(b)A=0,B=1,(c)A=1,B=0and

()A=B=1.

and B to PCRRs. The optical bias signal power coupled to the
input port through waveguide L1 is always logic high (1)
(100 mW) at a wavelength 4 = 1550 nm. In addition, a
sequence of optical logical inputs A, B is applied to the struc-
ture of the optical XNOR gate at a wavelength A =1560 nm to
describe and realise the operation of the logic gate. Let us
consider the following scenarios:

Case 1. At A = B =0 (0 mW), the bias input optical field
is dropped into PCRR1 by coupling to waveguide L2. The
optical field which is coupled to waveguide L2 is directed to
PCRR2 and dropped into this ring by coupling to waveguide
L1 again. The optical signal coupled to waveguide L1 from
PCRR2 is directed to the output port (Y) with an average
optical power of the logical output (1) equal to 87 mW
(Fig. 5a).

Case 2. At A =0 (0 mW) and B =1 (100 mW), the bias
input optical field is dropped into PCRR1 by coupling to
waveguide L2, and the optical signal of input B (100 mW)
couples to PCRR2 to enhance the field intensity in ring reso-
nator and prevents the coupling between waveguides L2 and
L1 through PCRR2. Thus, the output of the XNOR gate Y is
equal to logical zero (0) (Fig. 5b).

Case 3. At A=1 (100 mW) and B = 0 (0 mW), the optical
signal of input A (100 mW) couples to PCRR1 to enhance the
field intensity in the ring resonator and prevents the coupling
of the bias input to waveguides L1 and L2 through PCRR1 .
The optical signal of the bias port is directed to PCRR2 and
dropped into this ring resonator by coupling to waveguide
L2, which gives output logical Y = 0 (14 mW) (Fig. 5c¢).

Case 4. At A = B =1 (100 mW), the input optical bias
signal flows directly to the output port Y = 1 (100 mW), where
the signals of two input ports A and B are coupled to PCRR1
and PCRR2, respectively, and prevents the coupling of the
optical bias input to waveguide L2 (Fig. 5d).

The optical NOT logic gate [4, 10, 13] would be used with
the proposed XNOR structure at the output of the logic gate
to implement the optical XOR gate, where the XOR gate is a
logical complement of the XNOR gate.

Figure 6 shows the time dependent dynamics of the
XNOR gate output at different inputs, where the experimen-
tal normalised output are simulated using FDTD and PWE
methods. All the simulation results are scaled in arbitrary

1.5

1.0

Input B

0.5

1.5

1.0

Input A

0.5

1.5

1.0

osl 1
b ki, |

0 5 10 15 20 25
Time/ps
Figure 6. Results of simulation of the outputs for the proposed optical
XNOR gate.
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units at an input power of 100 mW. The transient rise time of
the XNOR outputisz, = 1.92 psat A=B=0and 1.12 ps at
A = B =1 (Fig. 6), while the steady state time for the same
cases of inputs is 7, = 2.96 and 1.73 ps, respectively.

Thus, the proposed structure of the XNOR gate can be
used in modern communication networks to reach a very high
rate and ultrafast data speed transfer.

5. Conclusions

The optical XNOR gate is an important logic gate, which can
be useful in designing an optical half adder, full adder, logical
comparator, network parity check and other combinational
logic circuits based on photonic-crystal structures, where
photonic crystals make them very promising for optical inte-
grated circuits. Thus, the paper proposes a simple and novel
optical XNOR based on two photonic-crystal ring resonators
with a resonance wavelength equal to 1550 nm. The proposed
optical XNOR structure can be converted to an optical XOR
gate by using an optical NOT gate. The structure operation
and efficiency are confirmed by analytical and numerical sim-
ulation of the proposed structure using FDTD and PWE
methods.
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