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Abstract We present a MMI-based photonic crystal all-
optical logic gate structure for logic functions such as XNOR,
XOR, OR and NAND with square-type lattice of Si rods in
air host. Phase-based logic inputs produce intensity-based
logic outputs with high contrast ratio. The calculated ON
to OFF contrast ratio for the logic functions XNOR/XOR
and OR/NAND is 40.41 and 37.40 dB, respectively. Fur-
ther, it is improved by 11.53 and 12.46% for XNOR/XOR
and OR/NAND logic functions, respectively, by reducing the
back reflection with the introduction of absorbing waveg-
uides. The structure in both the forms has a fast response
period that is less than or equal to 0.131 ps. The size of the
structure is quite compact with dimension 6.4 pm x 8.8 pm.

Keywords Multi-mode interference - Photonic crystal logic
gates - Absorbing waveguides - Photonic bandgaps

1 Introduction

Photonic crystal-based logic devices have attracted the major
interest of the researchers because of the capability of the
photonic crystals in controlling electromagnetic waves due to
photonic bandgaps [1]. These devices consist of an advantage
of having compact size and high speed [2—4]. These are the
unique features which lead to miniaturization and large-scale
integration of high-speed optical devices in optical comput-
ing and networking systems. In recent years, the logic gates
which are the basic elements in providing the logical and
arithmetic operations in any computing system have been
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designed using photonic crystals. It is a versatile platform for
the design of devices with dimensions of few wavelengths of
light being confined and also with unique properties such as
high speed, compactness, low power consumption and better
confinement. Various techniques have been used in imple-
menting optical logic gates in order to increase the speed
as it is the basic property of the optical signal, but photonic
crystal-based designs have their own position with convinc-
ing output performance. Several phenomena have been used
in implementing logic gates based on photonic crystals. Few
of them are interference [2,3,5-10], self-collimation effect
[11,12], resonance [4,13—15], and also the combination of
both the resonance and interference phenomena [16]. Under
the interference phenomena, the photonic crystal logic gates
based on multi-mode interference (MMI) have occupied the
superiority in providing high contrast ratio with compact size
[8,9].

MMI devices are the important parts of photonic inte-
grated circuits due to low loss, low polarization depen-
dence and large optical bandwidth [17]. These structures
have found many applications in wavelength multiplex-
ers/demultiplexers [18], optical switches [19], logic gates
[20], polarization beam splitters [21], power splitters [17].
MMI devices designed using photonic crystal waveguides
are much smaller than the conventional MMI devices due
to large dispersion in photonic crystals [17]. Recently, MMI
waveguides were used to realize the logic gates wherein the
input logic is the phase of the light. The logic gate that uses
the phase of the light as input logic can be applied to design
processing systems for phase-shift-keyed modulations [22].
The MMI-based photonic crystal logic gates for BPSK sig-
nals are reported with high contrast ratio [8,9]. Furthermore,
these logic gates are designed with triangular lattice and with
bend waveguides. Edge rods in these structures are optimized
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to get efficient output which increases the fabrication com-
plexity.

In this article, we proposed a MMI-based logic gate struc-
ture with cylindrical Si rods in square-type lattice. The
contrast ratio of the logical functions performed by the
proposed structure is high compared to the triangular lattice-
based MMI logic gates [7-9]. Further, common radius is
being maintained for all the rods which will make an ease
in fabrication. The back reflection in this structure is a set-
back which should be reduced. In this regard, the proposed
structure is modified with absorbing waveguides (AWs) to
reduce the back reflection which also improves the contrast
ratio. The logic gate structure without absorbing waveguides
provides a contrast ratio of 40.41 and 37.40 dB for functions
XNOR/XOR and OR/NAND, respectively. The logic gate
structure with absorbing waveguides, by reducing the back
reflection, improves the contrast ratio by 11.53 and 12.46%
for the functions XNOR/XOR and OR/NAND, respectively.
The remaining part of this article is structured as follows. The
logic gate structure and its operating principle is described in
Sect. 2, followed by results and discussion on the logic gate
functions in Sect. 3. The modified structure with absorbing
waveguides is discussed in Sect. 4, and finally, it is concluded
in Sect. 5.

2 Design of logic gate structure and operating
principle

The logic gate structure is composed of an array of 11 x
15 cylindrical rods of Si material with waveguides created
for input and output ports along with a W5-waveguide as
shown in Fig. 1. W5 stands for a photonic crystal waveguide
in which 5 rows of dielectric rods are removed along the
I'-K direction of the crystal. It consists of two input ports,
A and B as well as an output port Y. The dielectric con-
stant of the Si rod is 3.46 with the radius (r) of 0.2a where
a is the lattice constant of value 600 nm. The band diagram
of the lattice structure and the dispersion diagram of the W5
waveguide are calculated using plane wave expansion (PWE)
method and are shown in Fig. 2a and b. The band diagram
shows that three photonic bandgaps are available in the struc-
ture wherein two are for TE mode and one is for TM mode.
Among them, a band with TE mode, ranging from 0.282568
(a/A)1t00.416924 (a /L), 1s chosen as it is suitable for optical
telecommunication window. The dispersion diagram shows
that the W5-waveguide supports four guided modes and these
are fundamental mode, first-order mode, second-order mode
and third-order mode. Thus, the W5 waveguide is also called
as multi-mode interference (MMI) waveguide, as it supports
the multiple modes.

MMI devices are based on the self-imaging property by
which the guided modes are excited in the MMI region when
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Fig. 1 Photonic crystal lattice structure of the proposed logic gate

a small input field is launched and these modes are con-
structively interfered with each other. Further, these excited
modes in the MMI region transmutes periodically along the
direction of propagation. The coupling length L. between
the fundamental mode and the nth mode is given as [7]

T

L.=
,30_,311

ey

where o and B, are the propagation constants of the funda-
mental and the nth order modes, respectively. As shown in
Fig. 2b, the working point is chosen to be at a/A9 = 0.387,
where Aq is the working wavelength of the light, i.e., 1550
nm. Four guiding modes can be observed at this frequency.
The corresponding parameters related to these modes are
calculated at the working frequency same as in [17] and are
listed in Table 1. In order to get a proper outcome with a
small MMI region, fundamental mode and the second-order
modes are chosen, i.e., coupling length L, = 6a (nearly
5.88a). Figure 2¢ shows that this coupling length provides a
twofold image of the input in a single-input W5 waveguide
and a single image of the input in a two input W5 waveguide.
As the waveguide is symmetric and the exciting field enters
at the center, i.e., at z = 0 (top of Fig. 2¢), two even modes,
the fundamental mode and the second-order mode will be
excited and the position of first twofold image obtained is at
6a. Similarly, when exciting field enters from both the input
waveguides (bottom of Fig. 2c¢), a single image is obtained at
the same coupling length. This coupling length of 6a allows
the structure (two input W5 waveguide) shown in Fig. 2¢
to provide a highly desirable output power level for logic-0
and logic-1 with proper input phase variation if the struc-
ture is ended with output waveguide at the center. Further
the single-input W5 waveguide with coupling length of 6a
allows it to be utilized as beam splitter. Thus, the MMI region
of the proposed logic gate structure is set to 6a.
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Fig. 2 Proposed logic gate a band diagram b dispersion diagram and ¢ coupling length for open-ended single-input (fop) and two-input (bottom)

W5 waveguides

Table 1 Mode parameters of W5-waveguide at working frequency

Order of the mode Propagation constant (8 (27 /a)) L.
Fundamental 0.378 -

1st order 0.346 15.6a
2nd order 0.293 5.88a
3rd order 0.183 2.5a

In the proposed logic gate structure, the logical function-
ing is determined by the phase values of the input light. The
phase difference between the input light beams allows the
guided modes to be interfered constructively with each other
or cancelled out to provide the output. The intensity at the
output will determine the type of the output logic. Thus, in
this structure, the input logic values are determined by the
signal phase, whereas the output logic values are determined
by the light intensity at the output port. The phase values of
the input light signals chosen for the logic gates are given in
Table 2. In this table, the phase equivalent of the input binary
logic (i.e., logic-0 and logic-1) can be observed for the four
logic functions, XNOR, XOR, OR and NAND. As we can
observe from the logic value (phase) of the input light beams,
the phase difference between the input beams is either 0, &
or nmw/2 where n = 1,3,5,...

the multiple images of the light occur alternatively, when the
inputs have the same phase, i.e., the phase difference between
the input light signals is zero. At a distance of 6a from the
starting of the MMI waveguide, a single image with higher
intensity appears at the center which allows a high-intensity
signal to come out of the port Y. When the input light beams
have a phase difference of 7, these light beams propagate
sinusoidally along the two sides of the MMI waveguide but
never interfere with each other. The light waves which prop-
agate sinusoidally toward the output will get re-circulated
back to the respected input ports as they do not interfere with
each other and as a result of which a negligible amount of
light intensity appears at the output port Y. When the phase
difference is nmr /2, the light from both the input ports super-
imposes at that end of the MMI region whose port provides a
light which is lagged by a phase of 77 /2 than the other. A light
intensity of nearly same as the applied input will reach the
output port Y. The remaining light will be re-circulated back
into the same input port which is lagged by a phase of 7 /2
than the other. Input phase values of the proposed structure
create one among these phase differences in order to derive
the required output logical function. The ON to OFF contrast
ratio of the photonic crystal-based all-optical logic gates can
be calculated using

The phase difference at the input creates different inter- P,

ference patterns of the guided modes. The single image and CR=10 1OgF0 @)

:;?;lflzgilzh\?asﬁl :gzl;)ag;%g the CB;nmagnLr;ipourfslogic Phase equivalent of the input logic

XOR, OR AND NAND logic

functions XNOR XOR OR NAND
A B A B A B A B A B
0 0 0 0 0 b 0 b —7/2 — /2
0 1 0 T 0 0 0 — /2 —7/2 b
1 0 b 0 b b —7/2 b 0 — /2
1 1 b T b 0 —7/2 — /2 0 b
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Fig. 3 Output response of the proposed logic gate for the phase difference a 9 = 0and b ¢y =7

where P; is the power level of logic-1 and Py is the power
level of logic-0. Most precisely, achieving a high value of
the contrast ratio depends on the power level of logic-0 than
logic-1. A minute change in the power level of logic-0 highly
changes the contrast ratio. All the logical functions that are
being realized consist of a negligible power value of logic-
0. Thus, a high contrast ratio is achieved with the proposed
logic gate structures compared to the existing MMI-based
logic gates.

3 Results and discussion

Simulation has been done on the proposed logic gate struc-
ture using finite difference time domain (FDTD) method by
applying the light input at a wavelength of 1550 nm. In realiz-
ing XNOR and XOR logical functions, the phase value of the
light beams at the input ports of the structure can be observed
from Table 2. As it can be observed from the phase values,
the phase difference between the inputs is either 0 or 7 for
XNOR and XOR logical functions. For the input combina-
tions with the phases ¢; = ¢» = 0 or 7, the phase difference
©q = @1 — @2 = 0 allows the major part of the light to
concentrate at the center, and hence a high output power of
1.76 P, is observed at the port Y, as illustrated in Fig. 3a,
where P, is the input applied at ports, A and B. For the input
combination with the phases 91 =0and ¢ =mor¢; =7
and ¢» = 0, the phase difference, ¢; = 7, allows the light to
propagate at the sides of the MMI region by leaving a very
low power of 0.00016 P, at the output port Y. The dielec-
tric rods at the right end of the MMI region re-circulate the
propagating light back into the input ports. These outgoing
waves into the input ports are harmful to the stability of the
system [3]. The amount of light that is re-circulated to each
of the input is more than 1.4 P, as illustrated in Fig. 3b. The

Table 3 Summary of output response of the proposed structure for
XNOR/XOR logic functions

Inputs XNOR Output XOR output

A B Logic Power ratio Logic Power ratio
0 0 1 1.76 0 0.00016

0 1 0 0.00016 1 1.76

1 0 0 0.00016 1 1.76

1 1 1 1.76 0 0.00016

blue, red and green colored curves that are observed in Fig.
3 indicate the output response, power reflected back to port
A and power reflected back to port B, respectively. As the
output at port Y is nearly zero (0.00016 P,) for ¢4 = m,
the output curve coincides with x-axis. The summary on the
output power for XNOR and XOR logic functions is given
in Table 3. The calculated value of ON to OFF contrast ratio
of the XNOR gate as well as the XOR gate is 40.41 dB.

In OR and NAND gates, the phase value of the inputs
applied at ports A and B describes that the phase difference of
0, r and nmr /2 between the inputs provides an output for OR
and NAND functions. The output response of the structure
at phase differences of 0 and 7 is same as in the XNOR and
XOR functions. But for the input combinations with phases
o1 =0and ¢p = —mw/2 or ¢ = —7/2 and ¢ = 7, the
phase difference ¢; = nm/2 provides the output power of
0.88 P, at the port Y. Some amount of power is re-circulated
back to the input port whose input is lagging by the phase
of m /2 and the re-circulated power is more than 1.35 P, as
it is shown in Fig. 4. At the other input of the gate, the re-
circulated power is 0.365 P,. Though the output power for
the input combinations with nw /2 phase difference is less
compared to the combinations with = phase difference, the
ON to OFF contrast ratio is still high with value 37.40 dB.
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Fig. 4 Output response of the proposed logic gate for the phase differ-
ence ¢4 = nm/2

Table 4 Summary of output response of the proposed structure for
OR/NAND logic functions

Inputs OR Output NAND Output

A B Logic Power ratio Logic Power ratio
0 0 0 0.00016 1 1.76

0 1 1 0.88 1 0.88

1 0 1 0.88 1 0.88

1 1 1 1.76 0 0.00016

This is due to the negligible output power obtained at port
Y as logic-0 for the other input combination with ¢ = 7.
Table 4 gives the summary on the output of the structure for
OR and NAND logic functions. The optical field distribution
of the proposed structure for XNOR, XOR, OR and NAND
functions is illustrated in Fig. 5.

The response period of the proposed structure, which
purely depends on the linear material, is calculated from
the time evolving curve [3] shown in Fig. 6. The time (T)
required for the structure to provide 90% of the average out-
put power Payg from 0% is 0.066 ps (¢T = 19.8 jum), in this
case. This time consists of two components: the transmission
delay (t;1 = 0.0334 ps) to reach 0.1% of Pavg and another
component is the time required to reach 90% of the Pavg
from 0.1%, i.e., t;2 = 0.0326 ps. Since the system is based
on the linear material, it can be expected that the falling time
to move from Pavg t010% of Pavg is approximately equal
to t12 [3]. It means a narrow pulse width of 2715 is produced
as ON period of output with 50% duty cycle and hence the
response period becomes equal to 0.1304 ps (2 x ON period).
Thus, the proposed structure can operate at the bit rate of 7.67
Tbps, which is the reciprocal of the response period. This is
the maximum bit rate that the proposed structure can support
when the frequency of the applied input bit patterns is equal
to or less than 7.67 Tbps.

@ Springer

As compared to the existing MMI-based logic gates
reported so far, the contrast ratios of the proposed logic
gate structure for XNOR/XOR/OR/NAND logic functions
are very high with a fast response period. Furthermore, the
dimensions of the edge rods are not required to change in
order to improve the contrast ratio unlike the existing MMI-
based logic gates with triangular lattice structure [7-9]. Apart
from this, the size of the proposed logic gate structure based
on the values of radius of the Si rod and the lattice constant is
quite compact with dimension 6.4 um x 8.8 um compared to
the existing [7-9]. The structural design of the proposed gate
makes ease of fabrication too as it uses square lattice with
circular rods without any modification of the rod’s radius.
Further, the contrast ratio is nearly stable in the entire optical
C-band with a little bit variation of less than 1 dB from the
value at 1550 nm and it can be clearly observed from Fig. 7.

In the MMI-based logic gate structure discussed above,
apart from providing the high contrast ratio and a fast
response period as it was discussed earlier, this structure
severely suffers from back reflection. This should also be
taken into care to avoid the back reflection into the input
ports. So, in the proposed logic gate structure, extra waveg-
uides have been created in order to absorb some part of the
light reflecting back from the walls of the output waveguide.
These waveguides are called as the absorbing waveguides,
which prevent the light to reflect back into the input ports.
The structural modification that has been carried out on the
proposed structure and the results obtained for the logic func-
tions as well as the reduction in the power reflected back is
discussed in the following section.

4 Logic gate structure with absorbing waveguides

The proposed MMI-based logic gate structure explained in
the last two sections undergoes a severe problem of back
reflection, which is about 1.45 P, when the phase difference
between the inputs is 7. When the phase difference is nx /2,
the back reflection into the input ports is 1.34 P, and 0.36 P,,
whereas it is 0.26 P, into both the ports when the phase
difference is 0. This back reflection is due to the light that
hits the Si rods in the output side and forms the standing
waves which re-circulates back. In order to reduce the back
reflection, the structure is modified by creating the absorbing
waveguides in the proposed logic gate structure at the top and
the bottom of the output side of the MMI region as illustrated
in Fig. 8. These waveguides absorb the light which tries to re-
circulate back after hitting the output side of the MMI region
and protects the input port from getting back reflection. Due
to these waveguides, the back reflection into the input ports
is reduced below 0.05 P,.

This type of design of logic gate structure with absorbing
waveguides also increases the contrast ratio compared to the
previous structure. The ON to OFF contrast ratio of this logic
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Fig. 5 Image of the optical field distribution of the logic gate structure for XNOR, XOR, OR and NAND logic functions at different input
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Fig. 7 Contrast ratio of the proposed structure over the entire C-band
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Fig. 8 Proposed logic gate structure with absorbing waveguides

gate structure with absorbing waveguides for XNOR/XOR
function is 45.07 dB, whereas for OR/NAND function, it is
42.06 dB. When the phase difference between the inputs is
7, the light from the inputs passes at both the edges of the
MMI region without superimposing each other and they are
absorbed by the AW waveguides instead of re-circulating
back into the input ports. Similarly, when the input phase
difference is nmr /2, the light from both the input ports super-
imposes with each other at one end of the MMI region and
most of the light nearly 1.27 P, is absorbed by the AW waveg-
uide at that side. Less amount of power around 0.485 P,
reaches the output port Y, which is considered as logic-1.
The summary on the output power levels of the logical func-
tions at different input combinations is given in Table 5.
Asillustrated in Fig. 9, the back reflections are completely
eliminated (less than 0.05 P,) which are indicated by green

@ Springer



Photon Netw Commun (2017) 34:140-148

146
Table 5 Summary of the output Tnputs XNOR XOR OR NAND
response of the proposed
structure with absorbing A B Logic  Powerratio Logic Powerratio Logic Powerratio Logic Power ratio
waveguides for XNOR, XOR,
OR and NAND logic functions 0 0 1 0.965 0 0.00003 0 0.00003 1 0.965
0 1 0 0.00003 1 0.965 1 0.483 1 0.483
1 0 0 0.00003 1 0.965 1 0.483 1 0.483
1 1 1 0.965 0 0.00003 1 0.965 0 0.00003
2
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Fig. 9 Output response of the proposed logic gate with absorbing waveguides for the phase difference a ¢z = 0,b ¢4 = 7 and ¢ 94 = nz/2

and red colored curves, and this is due to the absorbing
waveguides AW 1 and AW?2. The blue colored curve observed
in all the three graphs indicates the output which is above 0.48
P, at o5 = 0 and ¢; = nm /2 to represent logic-1 as shown
in Fig. 9a and c, whereas in Fig. 9b, the output is as quite
negligible as it coincides with the x-axis to represent logic-0
due to ¢; = 7. But the light absorbed by these waveguides
will have a severe effect if these are not utilized or manipu-
lated properly. The output from these waveguides can be used
in the application wherever high-intensity and low-intensity
light signals are required other than the reference input. The
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optical field distribution in this modified structure can be
observed from Fig. 10.

From the time evolving curve shown in Fig. 11, the time
(T) required to reach from 0 to 90% of the average output
power Pgyg 18 0.0617 ps (cT = 18.5 um). The two compo-
nents of T, the transmission delay (#11) and the time (#12)
required to move from 0.1 to 90% of the P, are calculated
from the time evolving curve and their values are 0.032 ps and
0.0297 ps, respectively. From the value of #1», the response
period is equal to 0.1188 ps and hence the proposed structure
can operate at the bit rate of 8.42 Tbps.
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functions at different input combinations
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Fig. 11 Time evolving curve of the proposed logic gate structure with
absorbing waveguides

The performance of the modified logic gate structure is
better than the structure discussed previously with respect
to the contrast ratio and response period, and further it can
reduce the back reflection entering into the input ports. For
the entire C-band, the contrast ratio of this modified struc-
ture is nearly constant with a variation of less than 2 dB as
illustrated in Fig. 12 and it is quite better than the structure
without absorbing waveguides at 1550 nm. Both the proposed
basic and the modified structures are offering high contrast
ratio than the other logic gates based on different techniques
existing so far including the MMI-based structures. Further-
more, the optimization of the dielectric rods for achieving
better performance is not necessary unlike other triangular
lattice-based MMI logic gates [7-9].
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Fig. 12 Profile of the contrast ratio of the structure with absorbing
waveguides over the entire C-band

5 Conclusion

In this article, we proposed a photonic crystal logic gate
structure based on multi-mode interference with square-
type lattice of Si rods in air background. Phase-based inputs
provide intensity-based output with high contrast ratio for
XNOR, XOR, OR and NAND logic functions. In order to
avoid the back reflection into the input ports, the proposed
structure is modified by creating the absorbing waveguides.
The basic logic gate structure provides a contrast ratio of
40.41 and 37.40 dB for XNOR/XOR and OR/NAND logic
functions, respectively, at 1550 nm, which has been improved
further by 11.53 and 12.46%, with the introduction of absorb-
ing waveguides in the structure. The response period of
both the structures is less than or equal to 0.131 ps. The
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performance of the proposed structure with and without mod-
ification ensures that it can be potentially applied in the design
of photonic integrated circuits.
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