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Abstract: In this paper, we aim to design and propose a novel structure for all-optical
half subtractor based on the photonic crystal. The structure includes two optical switches,
one power splitter, and one power combiner. The optical switches are made of the
resonant rings which use the nonlinear rods for dropping operation. The footprint of the
designed structure is about 602 pm? that is more compact than one in most works.
Furthermore, despite some works, the input signals are the same in the phase angle and
the optical power. Also, each input signal is applied to one port while this issue has not
been considered in some works. Plane wave expansion and finite difference time domain
methods are used to calculate the band diagram and simulation of the optical wave
propagation throughout the structure, respectively. The maximum obtained rise time of
all states of the proposed device is just about 1.4 ps. Besides, the presented structure is
capable of working at the third communication window so it can be matched with optical
fiber transmission systems.

Keywords: Kerr Effect, Optical Devices, Photonic Bandgap, Photonic Crystal,
Subtractor.

1. INTRODUCTION

Photonic crystals (PhCs) [1, 2] are the periodic arrays composed of two or more
dielectric materials with different refractive indices. These structures have
photonic band gaps (PBGs) where the optical waves have not been allowed for
propagation inside the crystal [3, 4]. It has been shown that PhCs can be used for
designing a large variety of all-optical devices such as self-collimated waveguides
[5-7], filters [8-11], demultiplexers [12-14], logic gates [15-19], adders [20—
24], decoders [25-29], encoders [30—33] and [34-39] analog to digital converters.

Optical half subtractors are one of the important building blocks used in all-
optical signal processing systems. Optical signal processing systems are required
for increasing the speed and bandwidth in communication networks. A PhC-
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based half subtractor was proposed by Jiang et al [40] which worked in the self-
collimation regime. They used the silicon rods in air background for a hexagonal
lattice in which the lattice constant and the diameter of rods were 520.8 nm and
187.5 nm respectively. Two-line defects with the dielectric constant of 1 and 10.4
were inserted to obtain the equal frequency contours for the first band along the
I'-M direction. They used two input powers with different phase angles. To
achieve the correct operation of the structure, they assumed the same dielectric
constant for both line defects and claimed that the “Borrow” output port was
correctly worked in this case. Maximum and minimum of the normalized output
power level for logic 0 and 1 were calculated by 7% and 67% respectively.
Bakhtiar et al [41] proposed a structure including four adjacent waveguides to
obtain the half subtractor operation. By adjusting the refractive indices and proper
length of the waveguides, they succeeded in achieving the correct operation. The
gap between the normalized output powers for logic 0 and 1 was equal to 10%
which is less than one in other works.

Another optical subtractor was presented by Parandin et al [42]. In this work,
19*19 array of dielectric rods with the relative permittivity of 10.4 in air
background were inserted in a triangular lattice. The lattice constant and radii of
rods were a=640nm and r=0.2a respectively. They used two cross-connected
waveguides and three defects with r=0.1a at the center of the intersection. The
difference of phase angle for two incoming signals was equal to 20° and the
amount of optical powers in the input ports were not the same. The maximum and
minimum values of the normalized output power for logic 0 and 1 were obtained
17% and 67% respectively. They reported that the delay time of the structure was
less than 1 ps. Recently, Sivaranjani et al [43] have proposed a triangular PhC
lattice as the half subtractor which includes two cross-connect waveguides the
same as Ref [42]. The fundamental structure includes a 19*19 array of silicon
rods with r=0.2a and defect rods with r=0.09a. They calculated 25% and 75% for
maximum and minimum values of the normalized output power as logic 0 and 1
respectively. In this research, the time analysis of the structure was not reported.

Based on three x-shape cross-connected waveguides, another structure has
been proposed by Moradi [44]. This structure composed of six waveguides and
one bias signal to activate the desired ports for different working states. Due to
the two-dimensional designing, one of the inputs (as named Y) was applied to
two ports that take into account a disadvantage to extend the structure for more
bits. The maximum delay time was reported as 3 ps. Recently, Askarian et al [45]
have proposed a PhC-based structure using the phase shift technique in
waveguides. They guided the input signals in the waveguides with different
lengths and combined them to obtain the desired interference patterns in response
to the different working states. They reported 2 ps and 66% for the delay time and
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the gap between the aforementioned logics, respectively. Also, they have
presented another structure using a nonlinear ring resonator in which the optical
signal can be dropped in response to the incoming optical intensity in the ring
[46]. The delay time and the mentioned gap of the structure were equal to 2 ps
and 70%, respectively. The input signals were applied to two ports of the device
that is a disadvantage for developing to more bit applications.

In this paper, we are going to design and propose a novel all-optical half
subtractor using nonlinear PhC-based ring resonators. It is not concluded any bias
signal so the needed optical power is reduced compared with some works. Despite
[44-46], the input signals have been applied to the proportional ports in which the
extension of the structure for more bit applications be possible. Despite [42,43],
input signals of the proposed structure are the same in phase angle and power so
this structure has less challenge than [42,43] for employing in the cascaded optical
devices. This issue will be amplified when the multiple couplings occur among
the devices. The rise time of this structure is about 1.4 ps which is suitable for
ultra-fast processing. Besides, the designed device is smaller than [40,41,44-46].
In comparison to other works [40-46] and based on the obtained results, it seems
the proposed structure can be used as a fundamental structure for half subtractors.

The next sections were organized as follows: in section 2, the design procedure
of the proposed switches will be introduced. Then, the PhC-based half subtractor
is presented in section 3. Simulation of the structure and discussions will be
presented in section 4. The final section includes the conclusion of this study.

2. OPTICAL SWITCHES

The fundamental PhC structure is a two-dimensional square lattice of InP rods
in which the refractive index and radius are 3.1 and 226 nm, respectively. Also,
the lattice constant or spatial period of the crystal is 630 nm. The plane wave
expansion method is used to calculate the band diagram [47]. In this method,
Maxwell’s equations are written as the following:

SleVsz(%)zE (1)
VXiVxﬂz(%)zH )

&

where & is the relative permittivity, c is the speed of light in vacuum and w is the
frequency of optical waves. Using Fourier series expansions for electric (E) and
magnetic (H) fields, the eigenvalues (w/c)® are obtained for different wave
vectors. Figure 1 shows that the fundamental structure has two PBGs for TE and
TM modes. The calculated PBG for TM mode is at 0.32 < a/A < 0.44 where a and
A are the lattice constant and wavelength, respectively. In respect of the
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mentioned value for a, the photonic bandgap of the structure is at 1432 nm < A <
1969 nm for TM mode. This wide interval covers the third optical communication
window included C and L bands, so the structure is capable of using for optical
communication applications.
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Fig. 1. The band diagram of the fundamental structure.

To design the half subtractor, two switches named as S1 and S2 including the
nonlinear resonant rings are used. The first switch (or S1) is shown in figure 2a,
in which a nonlinear ring is located between two parallel waveguides. The red
and dark blue circles present the fundamental and defect rods. The port A is
assumed as the input of the switch and hence the incoming optical waves could
be propagated toward the ports B, C, and D. To approach the nonlinear regime, a
control port is used for increasing the optical intensity in the resonant ring. In the
following, the role of this port will be shown. The nonlinear rods are made of the
chalcogenide glass with the nonlinear refractive index of 9x10-17 m*W [48]. By
incoming a pulse to port A, the transmission of each output port is obtained for
different harmonics as shown in figure 2b. It can be seen that the resonant mode
of the ring is occurred at about 1547 nm. On the other hand, the optical waves
with the resonant mode have phase angle difference equal to 2ms where m is an
integer number (e.g. m=1,2,3,...) [47]. So, the constructive interferences occur in
the resonant mode. In this case, optical waves from the upper waveguide drop to
the lower waveguide and reach to the port C.
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Fig. 2. () The proposed structure and (b) the mode analysis of the switch S1.

The output ports were swept for different values of the incoming optical
intensities for control port. It demonstrated that the threshold intensity for switch
S1 is about 1.2 mW/um?. The threshold value is obtained when the optical
intensity of port B be equal to that for port C. Figure 3 shows the optical wave
propagation through the switch S1 for both control intensities, 1c=0.5 mW/pm?
and lc= 1.5 mW/pm?. In the first case, the amount of the intensity is lower than
the mentioned threshold intensity so the resonant ring drops the optical waves
toward the port C.

(b)

Fig. 3. The optical waves propagation in the switch S1 for two cases (a) 1c=0.5
mW/um? and (b) lc=1.5 mW/um?,

For Ic=1.5 mW/um?, the high optical intensity is introduced in the resonant
ring, so the effective refractive index and hence the resonant mode of the ring will
be changed. This issue is known as the Kerr effect in which the refractive index
of a dielectric material (n) depends on the incident optical intensity (I). This effect
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is defined as n(l)=n:+n.l where nl is the linear refractive index and n; is the
nonlinear coefficient [48]. In this case, the resonant mode of the ring is not
matched with the wavelength of the entered optical signal, so the optical waves
are not dropped to the lower waveguide.

The structure of the switch S2 is shown in figure 4a. All parameters of this
switch are similar to the first one, however, the control port of the switch has been
deleted. The mode analysis of the structure is presented in figure 4b. It can be
concluded the resonant mode of the switch S2 is very near the one for S1.
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Fig. 4. (a) The schematic and (b) mode analysis for the switch S2.

Using an optical signal with wavelength 1547 nm, different optical intensities
are introduced from port A and the threshold intensity for the switching is
achieved about 1 mW/um?. As shown in figure 5, simulation results demonstrate
that for the optical intensities which are lower than the threshold value (for
example 1=0.5 mW/um?) the dropping is carried out while it can’t be done for
ones higher than the threshold (for example 1=1.5 mW/pm?).

Fig. 5. Distribution of the optical waves for switch S2 in which the entered optical
power is (a) lower and (b) higher than the threshold value for switching.
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3. OPTICAL HALF SUBTRACTOR

The proposed optical half subtractor is designed by combining the optical
switches that were introduced in section 2. As shown in figure 6, the structure
includes ports X and Y as the inputs and ports B and D as the outputs. Five
waveguides (named as W1, W2, W3, W4, and W5) were used to guide the
incoming optical signals toward the output ports. Input signal Y is reached to a
splitter through waveguide W2 and the amount of optical power is divided into
two equal parts. The first part is guided through waveguide W4 toward the
resonant ring R2. Based on the incoming optical power into the ring, the signal
can be dropped toward the port B. Another part is transmitted via waveguide W3
and is combined with the introduced signal from port X. Waveguide W1 guides
the applied signal to port X toward an optical combiner. Interference of them is
guided toward the resonant ring R1 through waveguide W5. According to the
optical Kerr effect, the optical waves can be dropped toward the port D and
activate it.
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Fig. 6. The proposed structure for all-optical half subtractor.

For solving Maxwell’s equations and simulation of the light propagation
throughout the structure, the finite difference time domain method is used. In this
method, the electric and magnetic fields are calculated based on Yee’s unit cell
in space and time [47]. The length of the unit cell in both x and z directions, AX
and Az, should be smaller than A/10 so they are assumed by 100 nm. The
components of the fields should be calculated in distance of AX/2 and Az/2 in
space. Besides, the time step (At) is determined by the Courant condition as
follow:
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According to this condition, the time step is assumed by 80 fs. It is obvious that
when both input ports are OFF, there is no signal in the structure so both output
ports will be OFF (figure 7a). When X is ON and Y is OFF, R1 drops the optical
waves from W5 into the output waveguide. Therefore, the optical waves reach
the port D while they won’t be appeared at the port B. As a result, in this case, D
is ON and B is OFF (figure 7b). If X becomes OFF while Y is ON, R1 and R2
drop the optical waves from W5 and W4 into the output waveguides. So, the
optical waves reach to the ports D and B and they become ON (figure 7c). When
both input ports are ON, due to the high amount of optical intensity into the
resonant rings, none of them drop the optical waves from W4 and W5 into the
output ports. In this case, no optical waves reach the output ports and hence they
will be OFF (figure 7d).

Fig. 7. The optical waves propagation in the structure for (a) X=Y=0, (b) X=1, Y=0,
(c) X=0, Y=1, (d) X=Y=1.
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As can be inferred, the proposed structure can correctly guide the input optical
waves toward the desired waveguides so the subtracting operation is achieved.
For more evaluating the structure, it is necessary that the time response is
calculated too. Figure 8 depicts the time response of the structure for all possible
states. Proportional to the figure 7a, no optical power is reported for output ports
as shown in figure 8a. The amount of the normalized power at ports D and B will
be 64% and 5%, respectively for X=1 and Y=0 (figure 8b). In this case, the rise
time for port D is about 1 ps. In this study, the rise time is defined as the time
where the power reaches 90% steady-state value. As shown in figure 8¢, the
amount of the normalized output power at both ports D and B will be 41% and
the rise time is about 1 ps. The normalized power at output ports D and B will be
obtained by about 5% and 3%, respectively which are proportional to figure 7d
(figure 8d). In this case, the rise time is calculated by about 1.4 ps.
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Table | summarizes the obtained results of time analysis for the proposed PhC-
based half subtractor. The maximum rise time of the output ports for all input
states is obtained by 1.4 ps which is corresponding to 714 GHz. It can be seen
that the maximum normalized power for logic O and the minimum normalized
power for logic 1 are equal to 5% and 41%, respectively. For the presented
structure, these values are assumed as the logic margins.

TABLE
THE CALCULATED RESULTS FOR TIME ANALYSIS.

Input ports Normalized output power (logic)

Rise time(ps)

X Y D B
0 0 -(0) -(0) -
1 0 64% (1) 5% (0) 1
0o 1 41% (1) 41% (1) 1
11 5% (0) 3% 0) 1.4

The above-mentioned analysis for time response in addition to the optical wave
transmission throughout the structure demonstrate the proposed half subtractor is
capable of using in optical processing applications. To have a better assessment
of the proposed device, the simulation results have been compared with ones for
other works in Table II. It includes the important factors such as the footprint
(FP), the rise time (Tr), the optical intensity (1), the gap between the margins for
logic 0 and 1 (G), and the type of the working regime. The symbol “-”” shows no
value is reported in the references.

TABLE I
Comparison of the obtained results in this work with ones in other works.
Works  FP (um?) Tr(ps) |(mW/um?) G (%) Working regime

[40] 668 - - 60 self-collimation
[41] 16x10° - 3x10° 10 Nonlinear
[42] 148 1 - 50 Linear
[43] 138 - 1 50 Linear
[44] 709 3 100 60 Nonlinear
[45] 674 1 10* 66 Nonlinear
[46] 946 2 1 70 Linear
This work 602 1.4 15 36 Nonlinear

It can be seen that the footprint of the proposed structure is less than one in
other works except for [42,43]. The presented structure includes two same input
signals at phase angle and power while they are different in [42,43]. This issue
will be more important when multiple couplings occur between two devices or
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stages in optical circuits. In this case, the power margins for a device must be set
in the allowed ones for the next device. Furthermore, each deviation in the
fabrication process affects directly the phase angle of propagating waves in
waveguides so the device operation may be disrupted. This problem is inherently
included in structures whose inputs are different at phase angle such as [42,43].

In [44-46], two ports are simultaneously supposed for an optical signal such as
X or Y. Although this issue is considered to overcome the two-dimensional
confinements, the extension of the mentioned structure for more bit applications
has serious difficulties. Besides, to approach the correct operation in [44,46], the
bias signals have been added to the structure. This idea has been used to enhance
the value of the gap between the margins for logic 0 and 1. As far as we know,
employing the extra optical signals in designing increases the power consumption
of the structure so using these signals takes into account a disadvantage for the
mentioned references.

In [40], the presented device works in self-collimation regime in which the
selection of equal frequency contour is very sensitive to the structural parameters.
On the other hand, the small deviation of the structural parameters from the
desired values decreases the performance of the device. Employing the parallel
waveguides and using the nonlinear coupling in [41] results in a large area for
designing the half subtractor.

According to the mentioned discussions, it seems the proposed device can be
used in optical processing circuits. The designed half subtractor is capable of
considering as a fundamental structure to design the more bit applications.

4. CONCLUSION

In this study, an all-optical half subtractor based on photonic crystal structure
has been presented. The structure consists of two switches, a power combiner and
a beam splitter. The chalcogenide rods as nonlinear materials are placed in the
both switches. Considering the nonlinear Kerr effect, the resonant rings only drop
the optical waves for low power regimes. The time analysis of the structure
demonstrates values 5% and 41% for low and high-level margins, respectively.
Furthermore, the rise time of the proposed device is calculated by about 1.4 ps.
Besides, the input ports are launched by the optical waves which are at the same.
The correct operation of the structure in addition to the aforementioned results
demonstrate that the proposed device can be included in optical circuits.
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