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Abstract: A compact and simple structure is designed to create an all-optical XOR logic gate using
a two-dimensional, photonic crystal lattice. The structure was implemented using three waveguides
connected by two nano-resonators. The plane wave expansion method was used to obtain the
photonic band gap and the finite-difference time-domain method was used to investigate the behavior
of the electromagnetic field in the photonic crystal structure. Examining the high contrast ratio and
high-speed cascade, all-optical XOR on a chip, the effects of fabrication error and the changes in
the input optical power showed that the structure could be used in optical integrated circuits. The
contrast ratio and data transfer rate of the cascade XOR logic gate were respectively obtained as
44.29 dB and 1.5 Tb/s. In addition, the designed structure had very small dimensions at 158.65 pum?
and required very low power to operate, which made it suitable for low-power circuits. This structure
could also be used as a NOT logic gate. Therefore, an XNOR logic gate can be designed using XOR
and NOT logic gates.

Keywords: photonic crystal; all-optical logic gate; contrast ratio; data transfer rate; cascade

1. Introduction

Logic gates are devices that perform logical operations on one or more inputs and
eventually generate one or more outputs. Logic gates are used to build integrated circuits.
All-optical logic gates have attracted the attention of researchers due to their application
in all-optical processing, the realization of all-optical computers, and the development
of ultra-fast communication networks. In recent years, with the introduction of photonic
crystals as suitable substrates for the design of optical devices [1-4], designing all-optical
logic gates with ultra-small sizes, low power consumption, and very high switching speed
for use in optical integrated circuits has become possible [5-9].

Ghadrdan et al. provided a nonlinear, effect-based structure for AND and XOR logic
gates [10]. The size and delay time were 168 um? and 1.34 ps, respectively. The contrast
ratios for AND and XOR logic gates were 12.78 and 5.66 dB, respectively. In 2013, another
logic gate was designed by using the interference effect [11]. No nonlinear materials were
used in the structure, and the size and contrast ratio were equal to 620 um? and 21 dB,
respectively. Using a nonlinear effect on photonic crystal nano-resonators, Mohebbi et al.
designed two structures for NOT, XOR, XNOR, and NAND logic gates [12]. The contrast
ratios for NOT and XOR logic gates were 20.7 and 25 dB. The minimum optical power
required for the input signal was 277 mW /um?. In 2016, OR, XOR, NOT, and AND logic
gates were designed using a ring resonator [13]. The proposed structures for NOT and XOR
logic gates operated at three wavelengths of 1512, 1527, and 1544 nm, and the contrast ratio
at best was 23.04 dB. A structure was introduced for various logic gates including AND,
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NOT, and XOR, which worked based on the interference effect [14]. The size and contrast
ratio of this structure were 155 um? and 15.18 dB, respectively. Olyaee et al. presented all-
optical NOT and XOR logic gates based on the interference effect with high contrast ratios
and low footprints. The dimensions of the proposed structure, contrast ratio, and response
time were reported as 85 um?, 43.38 dB, and 0.317 ps, respectively [15]. Comparing the
structures mentioned above, it can be concluded that not using non-linear materials greatly
reduces the optical power required by the structure and increases the data transfer speed.
In addition, using nano-resonators instead of nano-ring resonators makes the structure
smaller and easier to implement.

In this paper, a structure is designed to be used as an all-optical XOR logic gate, and
the performance of the XOR logic gate in optical integrated circuits is investigated. The
design of the structure was very simple and consisted of three waveguides connected
by a T-shaped connector. The logic gate was designed based on the interference effect.
In addition to the structure design, the parameters that measure the performance of the
designed logic gate in optical integrated circuits were investigated. Moreover, the manners
in which two logic gates were placed consecutively (in cascade form) in a logic circuit, the
effect of fabrication error, and the changes in input optical power were investigated. The
results showed that the designed logic gate could be effectively used in low-power optical
integrated circuits.

The rest of the paper is organized as follows: In the second part, important parameters
for evaluating the performance of logic gates are presented. In the third and fourth sections,
the designed structure and its operation are respectively described. The efficiency of
the logic gates in the optical integrated circuits is investigated in Section 5. Finally, the
conclusion is drawn in Section 6.

2. Important Parameters in Evaluating the Efficiency of All-Optical Logic Gates

The efficiency of optical logic gates is evaluated and compared using several
parameters [16]. One of the important parameters is contrast ratio. This parameter indi-
cates the difference between logic levels “1” and “0” and can be defined as:

CR = 1010g( £°“> 1)

off

where Py, is the minimum optical power for logic “1”7, and Py is the maximum optical
power for logic “0”.

Another parameter is the response time of the logic gate, which is a factor in the
operating speed of that gate. With a shorter response time, faster data transmission
is possible. By monitoring the output of the logic gate and comparing the time of the
two input and output signals, the response time can be obtained [17]:

_ bt

d > ()

where t, and t are the rise time and the fall time, respectively. In all-optical logic gates, it
can be said that the rise time will always be longer than the fall time [18]. Considering the
propagation delay time (f,), the response time can be given by:

Therefore, the arrival time of the output power from the beginning of the input signal
to the structure until the output power reaches 90% of the steady-state power is calculated
as the response time of the logic gate [19,20].

The footprint and the amount of optical power or output intensity [21] are also
important factors in evaluating the performance of logic gates. Because the purpose of
designing logic gates is to achieve all-optical integrated circuits, designing a logic gate
with a smaller size is more suitable for integrated circuits. In addition, in all-optical logic
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gates, if the output intensity is less than a suitable level, the next logic gate will lose its
efficiency. Therefore, the output intensity in a logic state must be approximately within the
same range of the input optical power; otherwise, a detection error occurs.

3. The General Structure of the Logic Gate’s Parameters

To design this logic gate, a photonic crystal structure with a square lattice was consid-
ered. The lattice constant, radius, and height of the dielectric rods were 519 nm, 100 nm,
and 220 nm, respectively. The photonic crystal structure used consisted of an array of
14 x 20 dielectric rods made of silicon. According to the photonic crystal structure and
the contrast ratio, the footprint of the XOR logic gate was 66.53 um?. According to the
band structure, which was obtained by the plane wave expansion (PWE) method, the band
gap of the structure was at wavelengths from 1210 nm to 1782 nm in transverse magnetic
(TM) mode. To analyze the behavior of the electromagnetic field in the structure, the
finite difference time-domain (FDTD) method was used. Although the structure analysis
required three-dimensional analysis, it needed a long calculation time and a high amount
of memory. If the height of the dielectric rods was large enough, two-dimensional analysis
could perfectly cover the behavior of the structure [22]. The spatial separations Ax and Ay
needed to be small enough to ensure that the calculations were correct:

Ax =Dy <~ 4
¥=A4y =355 (4)

In this paper, simulations with a mesh size of Ax = Ay = a/32 were selected. The

following condition needed to be met to obtain a stable simulation:

At < 5)

Q|
—_

where At represented the time step for the simulation, which was selected as At = Ax/2c.
To obtain steady-state results, five iterations for the FDTD method were used.

The structure designed to be realized for the XOR logic gate is shown in Figure 1. The
structure consisted of three waveguides and two nano-resonators, located at the T-shaped
junction. The size of nano-resonators was selected as 30 nm. At this size, the best optical
transmission from the input waveguides to the output occurred, and the output power in
the equivalent state had the maximum value. I1 and 12 were for receiving the input signal,
and O1 was for receiving the output signal. If this structure was used as a NOT logic gate,
one of the input ports was assigned to the control signal, which always entered the optical
power equivalent to one into the structure.
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Figure 1. Structure designed to realize an all-optical XOR logic gate based on a photonic crystal with
a square lattice.
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4. Assessing the Performance of the Logic Gate

The performance of the all-optical XOR logic gate was assessed in three cases. In the
first case, only the optical source placed in port I1 was active. Due to the lack of signal
at the opposite port, the light entering the structure reached the output waveguide by
transmitting it from the nano-resonator, and the output was at logic level “1”. The optical
power output, in this case, was equal to 0.744 Pj,. In the second case, only the optical source
placed in port I2 was active. In this case, the power reached the output by passing through
the nano-resonator, and 74.0% of the input power reached the output port. The third case
was related to the activation of both optical sources. When the input signals reached the
two nano-resonators, they interfered destructively, and only a very small amount of input
power was detected at the output port. The magnetic field patterns in these three cases are
shown in Figure 2.

Contour Map of Ey Contour Map of Ey

| =

mam ©

Z (pm)
A ON-2OC-_2NWOA
o
IS
[\S]
o
N
~
P T S SRR R S
ol
Z (um)
B ON-20O-=-2MNWHN
o
A
N
o
N
~
1
o HEE T

| =

mam ©

'
-l
il
=L

Contour Map of Ey

Z (um)
AN isoamws

Figure 2. Magnetic field patterns of all-optical XOR logic gates in input logic mode: (a) 01, (b) 10,
and (c) 11.

These three cases perfectly displayed the performance of the designed logic gate for
the XOR logic gate. To use this structure for the NOT logic gate, the third case could be
used with either the first or second cases. The delay time and data transmission rate were
equal to 0.317 ps and 3.15 Tb/s, respectively. The truth table and the power output levels
of the all-optical XOR logic gate are given in Table 1. According to the amount of output
optical power in the logic states “1” and “0”, the contrast ratio was equal to 43.38 dB, which
was a high value.
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Table 1. Truth table and power output levels of all-optical XOR logic gate.

Input Power A Input Power B Output Power x 103
0 0 0
0 Pin 740P;,
Pin 0 744P;,
Pin Pin 0.034P;,

5. Investigating the Efficiency of XOR Logic Gates in Optical Integrated Circuits

In order to use all-optical logic gates in optical integrated circuits, in addition to the
contrast ratio and delay time, other parameters must be considered, and the performance
of the structure must be examined accordingly. These parameters include how the logic
gates are placed together, the fabrication error, the amount of power consumed, and the
changes in the optical power input. In this section, these parameters are reviewed.

5.1. Cascade All-Optical XOR Logic Gate

To evaluate the performance of the XOR logic gate in optical integrated circuits, the
cascade XOR logic gate was investigated. To assess this issue, a structure consisting of
two consecutive logic gates was placed according to Figure 3, and by applying a signal to
the input ports, the desired output was received. The structure consisted of three input
ports and one output port. Inputs I1 and I2 were for the first logic gate. The output of
the first logic gate and input I3 were also considered the inputs of the second logic gate.
According to Figure 3 and considering a 519 nm lattice constant, the footprint of cascade
XOR logic gate was 158.65 um?.
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Figure 3. Structure designed to investigate the effects of placing two all-optical XOR logic gates
consecutively. This structure could be used for all-optical XNOR logic gates.
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The study was performed in two general cases. The behavior of the electromagnetic
fields is shown in Figures 4 and 5. These two cases were related to the activation or
deactivation of the optical source located at input I3. By activating or deactivating this
optical source, four cases related to the first XOR logic gate were investigated, and the
output in the structure was obtained.

According to the pattern of the electromagnetic field, it could be concluded that the
cascade XOR logic gate worked well. As a result, the XOR logic gates could be used in
optical integrated circuits. The truth table and power levels are given in Table 2. The value
of the output power in a state equal to logic “1” indicated that in this gate, after two uses,
the output power was within acceptable limits and could easily be used as the input of the
logic gate of the next level.

The structure used to examine the sequential placement of two logic gates could be
considered in another way. The first logic gate needed to be considered the XOR logic gate,
and the second logic gate needed to be considered the NOT logic gate. In this case, ports I1
and I2 applied input signals to the XOR logic gate, and port I3 applied the control signal to
the NOT logic gate.
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Figure 4. Behavior of the electromagnetic field for different input states in the all-optical XNOR logic
gate in the active state of the control signal. (a) Both input signals were inactive, (b) the input signal
of port 1 was active and in port 2, inactive, (c) the input signal of port 1 was inactive and in port 2,
active, and (d) both input signals were active.
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Figure 5. Behavior of the electromagnetic field for different input states in the all-optical XNOR logic
gate in the inactive state of the control signal. (a) Both input signals were inactive, (b) the input signal
of port 1 was active and in port 2, inactive, (c) the input signal of port 1 was inactive and in port 2,
active, and (d) both input signals were active.

As could be seen from the behavior of the electromagnetic field, if the control signal
was active, the optical power received at the output port was the inverse of the optical
power of the XOR logic gate. Therefore, the structure proposed in this section had the
function of the all-optical XNOR logic gate. If the control signal was off, the optical power
received at the output port was the same as the optical power of the lower logic gate.
Therefore, the proposed structure displayed the all-optical XOR logic gate. As a result, this
structure could be considered a structure that had two operators, XNOR and XOR, with
the control signals ON and OFF. The truth table of these two logic gates is given in Table 2.
When input I3 was inactive, the XOR logic gate was formed and when I3 was enabled, the
XNOR logic gate was formed.

This study investigated the use of the structure designed as the XOR logic gate. For
the cascade XOR logic gate, the contrast ratio, delay time, and data transfer rate were
respectively obtained as 44.29 dB, 0.567 ps, and 1.5 Tb/s. Moreover, the results were valid
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for the NOT logical gate. To investigate the sequential placement of two NOT logic gates,
only modes B and D of Figure 4 should be considered.

Table 2. Truth table and power levels of the all-optical XNOR logic gate in two modes in the
inactive/active states of the control signal.

Input Power I3 Input Power 12 Input Power I1 Output Power x 103

0 0 0 0
0 0 Pin 618P;,
0 Pin 0 621P;,
0 Pin Pin 0.023P;,

Pin 0 0 728Pi,

Pin 0 Pin 0.023P;,

Pin Pin 0 0.023P;,

Pin Pin Pin 709Pi,

5.2. Investigating the Effects of Fabrication Error

In general, two types of photonic crystals can be designed for devices based on these
components. The first type is based on air holes in a dielectric bed, and the second type is
based on dielectric rods located in the air [23-27]. While it is argued that photonic crystals
from air holes are relatively simple to make using lithography and etching methods,
recently, designing photonic crystal devices based on dielectric rods has become more
attractive using bottom-up fabrication techniques, which have the advantage of being able
to place the desired features in exact locations [22]. To investigate the fabrication error of
the logic gate, several zones in the structure that had a greater impact on the performance
of the logic gate were considered. As shown in Figure 6, three zones were considered
for this study. The first zone (Zone 1) was the area around the nano-resonators. The
second zone (Zone 2) was related to the dielectric rods around the waveguides. Finally, the
third zone (Zone 3) was an area away from the waveguides.
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Figure 6. Showing important zones to investigate the effects of fabrication errors on the all-optical
XOR logic gate.

The first state was when the rods for the nano-resonator did not form the desired
size during fabrication. The output power in the two possible modes for the output
(logic levels “1” and “0”), based on changing the radius of the nano-resonator rods from
10 to 50 nm, is shown in Figure 7. In these figures, the horizontal axis is a different size
for the nano-resonator radius, in nanometers, and the vertical axis is the output optical
power. If the changes in the size of the dielectric rod were greater than 40 nm or less than
20 nm, the intensity of the output power declined and consequently, the contrast ratio value
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decreased. According to Figure 7a, in the case where the nano-resonator size was 30 nm,
most of the electromagnetic field was transmitted from the input port to the output port.
For other sizes, the amount of light transmission to the output port was less. This decrease
was due to the fact that the light did not couple well between the two waveguides. In
Figure 7b, the light entering from the two input ports has destructive interference with the
nano-resonator and receives the least amount in the output port. As shown in Figure 7b,
for the best case, the radius of nano-resonator was equal to 30 nm.

0.76
0.74
E 0.74 0.774 0.728
= 0.72 0.707
% 0.7 0.69 0.693
S
z 0.66
& 0.66
£ 064 I
C 062
10 15 20 25 30 35 40 45 50
Radius of nano-resonators (nm)
(a)
o 0.00014
- 0.00012
% 0.0001
‘5 0.00008
£ 0.00006
j=h
5 0.00004
=Y
5  0.00002
o]
0
10 15 20 25 30 35 40 45 50

Radius of nano-resonators (nm)

(b)

Figure 7. Output power of the all-optical XOR logic gate, proportional to the changes in the radii of
nano-resonators from 10 to 50 nm in different input states for (a) 01 and (b) 11.

The second state was changing one or more rods around the waveguide. The simu-
lations performed in this case led to the conclusion that if these changes were not large
(up to 12%), they would not affect the correct operation of the logic gate. However, if this
error was closer to the location of the nano-resonator rods, the fabrication error was greater.
If this error was exactly around the nano-resonator, due to the fact that the nano-resonator
itself was formed by reducing the size of the dielectric rod, any decrease or increase in the
size of the side dielectric rod or any deformation resulting from its fabrication error was
known as a kind of resonator and disrupted the function of the structure. The simulation in
this particular state showed that with only a few percentage changes (up to 5%) in the size
of the dielectric rod, the designed logic gate performed its function correctly. If the amount
of changes was more than this value, the intensity of the output power was reduced and as
a result, the logic gate lost its efficiency.

The third state was to investigate the effects of fabrication error on locations away
from waveguides. Changes at these points had almost no effect on the performance of the
logic gate structure. If the location of the error was far enough from the waveguides and
nano-resonators (three rows away from the nano-resonators and the output and input ports
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was enough distance), even not creating a dielectric rod did not affect the performance of
the logic gate.

5.3. Investigating the Effects of Changing the Input Optical Power

In this study, only two different modes of XOR logic gate performance were investi-
gated. In other words, this study was conducted for evaluating the performance of the
structure for the NOT logic gate, which could be generalized to the XOR logic gate. The op-
tical power used for the input signal and the control signal sources in the initial design was
1 mW/um?. To check the efficiency of the logic gate at the following powers, the amount of
optical power related to these two sources was changed in the range of 0.2 to 1 mW/um?,
and the amount of output optical power was calculated. This study was performed with
two cases. The first case involved changing both sources used in the structure. Changing
the optical power of the input signal source by keeping the optical power constant in the
control signal occurred in the second case.

The results of the simultaneous change of power in two sources (the first case of the
study) showed that when decreasing the value of the input power, the output power also
decreased. Because nonlinear materials were not used, and there was no need for starting
power in the structure, with changes in input power, the output power changed correspond-
ingly. Therefore, the ratio of output power to input power in different simulation modes
was almost constant. The same power ratio for optical power changes kept the contrast
ratio constant. Therefore, the designed logic gate with different optical powers had its own
efficiency and could be a good option for use in low-power optical integrated circuits.

Due to the fact that the control signal was connected to a separate optical source, it
was unlikely to change its power value unless the entire logic gate was used in low-power
circuits. In contrast, using this logic gate in integrated optical circuits might reduce the
optical power of the input signal because the optical power might be provided by another
level. To investigate this condition (the second case of the study), the optical power of the
control signal was kept constant and equal to 1 mW/pum?, and the optical power of the
input signal was changed from 0.2 to 1 mW /um?. The values for the output optical power
in both logic states “1” and “0” are given in Figure 8.

0.8 0744 D.744 0.744 0.744 0.744
E 0.7
§ 06
g
= 05
o
B 04
E 0.3
a
g 02
[=
g 0.1
0
0.2 0.4 0.6 0.8 1
Input power level (mW/pm?)
(a)

Figure 8. Cont.
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Figure 8. Output optical power for different values of input optical power for designed XOR logic
gate; (a) output power in one logic mode and (b) output power in zero logic mode. In this study, the
optical power of the control signal was constant, and only the power of the input signal changed.

When the input signal was off, due to the constant value of the control signal power,
the output power was the same and equal to 3 (Figure 8a). When the input signal was
on, due to the decrease in the amount of optical power input compared with the control
signal in different modes of investigation, the amount of power reaching the output port
was greater than the equal state of the input and control signals (Figure 8b). This increase
in the output power of logic “0” reduced the amount of contrast ratio, which affected the
efficiency of the logic gate to some extent.

Table 3 compares the designed single-XOR structure with previous structures. The
designed structure was smaller than previous works and offered a higher contrast ratio. In
addition, the output power level in logic level “1” was large enough that it could easily
activate the logic gates of the next level. These advantages as well as the lack of high optical
power made the all-optical XOR logic gate suitable for use in optical integrated circuits.

Table 3. Comparison of the results of the designed all-optical XOR logic gate with the previous designs.

Crystal Lattice Contrast Ratio Power at Zero Logic Value Power at One Logic Value Delay Time Size

Type (dB) (mW/pm?) (mW/pm?) (ps) (um?)

This paper Square 43.38 34 x 1075 0.740 0.317 66.53
[10] Square 5.67 0.22 0.81 0.85 168
[11] Triangular 21.44 0.0061 0.85 - 620
[14] Square 12.155 0.0182 0.535 - 155
[28] Triangular 19.28 0.0078 0.776 0.466 136

[29] Triangular 6.50 0.133 0.574 -

[30] Square 55.23 1.2 x 1076 0.4 0.136 106
[31] Triangular 8.95 0.07 0.55 - 729
[32] Triangular 30 - - 0.10 105
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6. Conclusions

In this paper, photonic crystal structures were proposed to be used as all-optical XOR
and NOT logic gates. The logic gate mechanism was based on the interference effect and
was designed using a photonic crystal nano-resonator. Contrast ratio, delay time, and
data transfer rate for this structure were 43.38 dB, 0.317 ps, and 3.15 Tb/s, respectively. In
this paper, in addition to designing the structure, the efficiency of the logic gate in optical
integrated circuits was investigated. For the cascade XOR logic gate, the fabrication error
and the effects of optical power change at the input were examined. Considering the
cascade form, the contrast ratio, delay time, and data transfer rate were 44.29 dB, 0.567 ps,
and 1.5 Tb/s, respectively. According to the results, due to the simplicity of the structure
and its low power consumption, this logic gate is suitable for use in low-power optical
integrated circuits.
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