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a  b  s  t  r  a  c  t

In  this  article,  we  propose  the  realization  of  XNOR  logic  function  by using  all-optical  XOR  and  NOT  logic
gates.  Initially,  both  XOR  and  NOT  gates  are  designed,  simulated  and  optimized  for  high  contrast  outputs.
T-shaped  waveguides  are  created  on the  photonic  crystal  platform  to  realize  these  logic  gates.  An  extra
input is used  to perform  the  inversion  operation  in  the  NOT  gate.  Inputs  in both  the  gates  are  applied
with  out  of  phase  so as  to have  a  destructive  interference  between  them  and produce  negligible  intensity
for  logic  ‘0’. The  XOR  and  NOT  gates  are  simulated  using  Finite  Difference  Time  Domain  method  which
results  with  a high  contrast  ratio of  55.23  dB and  54.83  dB,  respectively  at a response  time  of  0.136  ps
and  0.1256  ps.  Later,  both  the  gates  are cascaded  by  superimposing  the  output  branch  of  the waveguide
ealization
ascade

of  XOR  gate  with  the  input  branch  of the  waveguide  of  NOT  gate  so that  it can  be  resulted  with  compact
size  for XNOR  logic  function.  The  resultant  structure  of  XNOR  logic  came  out  with  the contrast  ratio  of
12.27  dB  at  a  response  time  of  0.1588  ps. Finally,  it  can  be concluded  that  the  proposed  structures  with
fair  output  performance  can  suitably  be applied  in the  design  of  photonic  integrated  circuits  for high
speed  computing  and  telecommunication  systems.

©  2018  Association  of Polish  Electrical  Engineers  (SEP).  Published  by  Elsevier  B.V.  All  rights  reserved.
. Introduction

Increase in the demand of high speed computing and telecom-
unication systems escalates the need of all-optical devices.
ll-optical devices increase the speed of processing in Tera bits
er second (Tbps) and provide compactness due to lack of Optical -
lectrical-Optical (O-E-O) conversion [1,2]. Another fact that comes
nto picture related to the increase in speed is the data processing in
hose devices, and this happens nearly with the speed of light, but

edium should be considered as it also matters the speed. In recent
ears, to increase the data processing speed, researchers have been
oncentrating more on the design of all-optical logic devices which
re part and parcel of telecommunication networks and computing
ystems. Many methods have been followed for such, among them
he Semiconductor Optical Amplifiers [3–6], nonlinearity [7], Fiber
ragg Gratings (FBGs) [8], etc. But each one has its own  limitation
uch as spontaneous emission of noise [9], high power consumption

10] and large size [8], etc. In order to overcome these limitations,
cientists are working towards the invention of artificial optical
aterials which can reduce the size, give fast response and low
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power consumption, etc. Among them, photonic crystal is one of
the most promising material the researchers are concentrating for
the design of all-optical logic devices.

Photonic Crystal (PhC) is an artificial optical material with a
periodic variation of dielectric constant in one dimension or two
dimensions or all the three dimensions, and it exhibits Photonic
Band Gaps (PBG) [11]. Photonic band gap is a range of wave-
lengths of light which are disallowed by the photonic crystal to
pass through it. Band gap engineering alongside the introduction
of defects into the PhCs assists in the modelling of logic designs
[12]. Basically, a Two  Dimensional (2D) PhC is used for the sake of
these designs wherein an array of dielectric rods are arranged in
two directions with air host. Changing the parameters of a partic-
ular rod(s) such as dielectric constant, shape, spacing between the
rods and lattice type is called as defect(s).

In the design of the PhC based all-optical logic designs such as
logic gates, adders, demultiplexers, flipflops etc, several phenom-
ena have been used, among them interference [2,13–24], resonance
[1,25–27], self-collimation [28–30] are the few. Linear and/or non-
linear optical materials are being used except in self-collimation
which depends only on linearity [30]. High contrast outputs are

possible with interference [31] but at the cost of structural com-
plexity and large size. Moreover, the designs which depend upon
multimode interference and need phase of the input light for data

B.V. All rights reserved.
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Fig. 1. a) Realization of XNOR logic function using XOR and NOT gates (ab

rocessing too provide high contrast outputs [14,15]. All-optical
ogic gates with high contrast output helps in cascading with each
ther to realize a particular logical or Boolean function. In the
roposed work, high contrast logic gates viz., XOR and NOT are
esigned using simple PhC based T-shaped waveguide with less
omplexity. Further, they have been cascaded to realize the XNOR
ogic function. These equivalence gates viz., XOR and XNOR are very

uch useful in error correcting techniques in data communication.
hese logic gates with all-optical nature increase the speed of com-
utation required for error correction, in turn suite themselves in
igh speed telecommunication and computing applications. The
roposed XOR and NOT gates are resulted with output contrast ratio
f above 50 dB, and XNOR with more than 12 dB at fast response
ime.

The latter part of this article is structured as follows. Section
 discusses on the design and simulation of high contrast output
OR and NOT gates. Section 3 describes the realization of XNOR

ogic function using XOR and NOT gates followed by Section 4 which
iscusses on the comparison of the designed gates with the existing
ne. Finally, Section 5 concludes the proposed work.

. High contrast all-optical XOR and NOT logic gates

The logic function of XNOR is the complement of XOR, it means,
he output from the XOR gate is to be complimented using NOT
ate as shown in Fig. 1(a). The logic function of Y1 and Y are given
elow

1 = AB + AB = A ⊕ B (1)

 = Y1 = AB + AB = A ⊕ B = AB + AB = A � B. (2)

Cascading of XOR and NOT gates provides the XNOR logic func-
ion. In order to cascade all-optical logic gates, they should have
igh output contrast ratio which prevents the output power levels
o degrade so as to have a higher distinction between the binary
ogic levels (i.e., logic ‘0’ and logic ‘1’). Thus, in the proposed work,
nitially XOR and NOT logic gates are designed and simulated for
igh contrast outputs, and then they are cascaded to achieve XNOR

ogic function. Initially, Plane Wave Expansion (PWE) method is

sed to calculate the PBG’s of uniform 2D PhC on which the logic
ates are to be created. From that it has been observed that there
re three PBGs as illustrated by the band diagram shown in Fig. 1(b).
mong the three, two bands are of TE mode and one is of TM
nd its truth table (below), and b) band diagram of uniform 2D PhC lattice.

mode, and from these three bands only one TE band is chosen
which accommodates into communication window. This TE band
offers a wavelength range of 1440 nm–2120 nm (0.282568 (a/�) to
0.416924(a/�)) which is being reflected by the PhC considered for
the design.

To design these two  gates, a simple T-shaped waveguide is used
with optimized radii of the additional rods. In these logic gates, the
intensity of the light defines the binary logic levels. At the input, no
light is considered as logic ‘0’ and a light intensity is considered as
logic ‘1’, whereas at the output, a light intensity which is as low as
2.5% (output transmission of 0.025) of the applied input is consid-
ered as logic ‘0’ and an intensity of above or equal to 40% (output
transmission of 0.4) of the applied input is considered as logic ‘1’.
These values are chosen such that the output contrast ratio should
be above 10 dB, and the output contrast ratio (CR) is given as

CR = 10 log
P1

P0
, (3)

where P0 and P1 are the output power levels achieved for logic ‘0’
and logic ‘1’, respectively. This parameter discriminates the logic
levels at the output, and a far lower value of P0 for logic ‘0’ provides
a very high contrast ratio.

2.1. Design and simulation of XOR gate

A T-shaped waveguide is created in 2D PhC, comprises of an
array of 21 × 15 Si rods in air host with square-type lattice as shown
in Fig. 2(a). It consists of two input ports A and B, and an output port
Y1 with some additional light bending rods Rs1, Rs2, and Ra at the
junction. The radius of each Si rod (except additional rods) in the
PhC is 0.2a, where a is the lattice constant of value 600 nm.  The
additional rods Rs1, Rs2, and Ra are optimized to 72 nm,  30 nm and
48 nm,  respectively in such a way that an acceptable output trans-
mission with lower reflection can be achieved, where transmission
is the ratio of output power Pout and the applied input power Pa.

The lengths of input branches of the waveguide of XOR gate
are same, and so the light signals from both the input ports inter-
fere constructively or destructively at a phase difference of 0◦ or
180◦, respectively. In order to achieve a negligible intensity at the

output Y1 for the last case of the truth table shown in Fig. 1(a), the
input ports A and B, excited with light signals are to be destructively
interfered. Thus, in the proposed structure, the input light signals
at ports A and B are applied with phase 0◦ and 180◦, respectively so
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ig. 2. Proposed XOR gate a) lattice structure, b) effect of rods Rs1 on the output tran

s to have a destructive interference between them and produce a
ery low intensity at port Y1. This is the basic requirement of the
roposed structure to work as XOR gate. When either of the input
orts (A or B) is excited, the light signal from the concerned input
ort will get diverted to the output port Y1 due to the light bending
ods Rs1 and Rs2, and it can be read as logic ‘1’. In these two cases,
hase of the input light (either 0◦ or 180◦) doesn’t affect the light

ntensity at the output Y1 as there is no interference at the junction
ue to lack of the other input. The 180◦ phase of the input light is
ssumed to be obtained externally as it allows perfect destructive
nterference. The phase shifter can also be proposed internally in
he waveguide branch of port B using MMI  based cavity as same as
n the reported half adder [17]. But the MMI  based cavity which is
eing used as phase shifter may  not provide the phase as exact as

t is provided by the external phase shifter.
The reflector rods Ra besides the rod Rs1 improves the transmis-

ion which can be observed from Fig. 2(b) and 2(c). As the figures
how, with Ra rods, the output transmission for single input port
xcitation is higher than the structure without these rods. As the
adius of the rod Rs1 increases, the output transmission decreases
ut with reduced reflection into the unemployed input port. The
nalysis on the additional rods has been done by taking the radius
f Ra as two third of the radius of Rs1. From Fig. 2(c), it can be said
hat the acceptable output transmission with low reflection is pos-

ible at Rs1 = 72 nm and Ra = 48 nm,  where the output transmission
s above 0.4 which can be read as logic ‘1’ as per the threshold
ower levels that were assumed previously. Without these Ra rods,
s shown in Fig. 2(b), the output transmission is less than 0.3 with
ion without rod Ra , and c) effect of rods Rs1 on the output transmission with rod Ra .

low reflection at Rs1 = 72 nm which cannot be read as logic ‘1’. Thus,
the rods Rs1 and Ra are optimized to 72 nm and 48 nm, respectively,
and the rod Rs2 is kept at one fourth of the radius of the normal rod.

Simulation is carried out by applying input light of 1550 nm
using Finite Difference Time Domain (FDTD) method on the pro-
posed XOR gate with the optimized rods Rs1 = 72 nm, Rs2 = 30 nm
and Ra = 48 nm.  Perfectly matched boundary conditions are
employed in order to absorb the waves and avoid the reflections
at the boundary. The electromagnetic waves propagate in the (x,
z) plane with magnetic field polarization to be in parallel with the
axis of the Si rods, i.e., y-axis. In order to guarantee the convergence
in the simulation, space grids are chosen such that �x < �/10 and
�z  < �/10, where x and z axes are the horizontal and vertical direc-
tion coordinates, respectively. Stable simulations can be achieved
by choosing the space grid and the time grid in such a way that the
following Courant condition [13] can be satisfied

c�t  <
1√

(�x)−2 + (�z)−2
. (4)

The electric field distribution of the proposed XOR gate is shown
in Fig. 3 when the input signals are applied in accordance with the
truth table. When one of the input ports (either A or B) is excited
with light signal, an output transmission of 0.4 is achieved at port Y1
which can be read as logic ‘1’, and this is due to the additional rods

at the junction. When both the input ports are excited with out of
phase light signals, a destructive interference occurs at the junction
and a very negligible amount of output transmission (light inten-
sity) of value 0.0000012 is observed at port Y1, and this can be read
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 0, B = 1, b) A = 1, B = 0, c) A = B = 1, and (d) transmission for logic ‘0 in steady state.
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Fig. 4. Time evolving curve from the proposed XOR gate.

Table 1
Output performance of the proposed XOR gate.

Input Output (Y1)

A B Transmission
(Pout /Pa)

Logic Contrast ratio Response time

0 0 0 0 55.23 dB 0.136 ps
1  0 0.4 1
Fig. 3. Electric field distribution of the proposed XOR gate for inputs a) A =

s logic ‘0’. This negligible transmission of logic ‘0’ can be observed
rom Fig. 3(d) wherein the steady state response is shown, and it is
eing considered as the power level of logic ‘0’. This negligible value
f the output intensity is achieved due to the perfect destructive
nterference occurs between the inputs. The basic reason behind
his is the symmetric input excitation, i.e., the two  branches of the
-shaped waveguide (A and B) which are equal in length and struc-
ural variations are being used as input ports, and are being excited
o get the output. The output contrast ratio is calculated from Eq.
3), and it is 55.23 dB which is higher than the XOR gates existing
n the literature so far. This has become possible due to the smaller
utput power achieved for logic ‘0’ as this lower value increases the
ontrast ratio highly.

The response time of the proposed XOR gate is calculated from
he time evolving curve [2,13] shown in Fig. 4. From the figure, it
an be observed that the time (T) required for the proposed struc-
ure to produce the output from 0 to 90% of the average output
ower Pavg is 0.0944 ps (cT = 28.3 �m),  where c is the speed of the

ight in vacuum. This time T comprises two components, one is
ransmission delay (t11) which is the time required by the struc-
ure to move from 0 to 0.1% of the Pavg , and another one is the
ime (t12) required to move from 0.1 to 90% of Pavg . These time
omponents can be calculated using the respective values on the
-axis and the value of c. From the time evolving curve, the values of
hese two components are determined, and they are t11 = 0.0604 ps
18.13 �m)  and t12 = 0.034 ps (10.18 �m).  As the structure is only
ependent on linear materials, the falling time from Pavg to 10% of
avg can be expected to be same as that of t12 [2,13]. So, the width
f a narrow pulse is of 2 × t12 = 0.068 ps. Hence, a response time of

.136 ps is achieved for a complete period of 50% duty cycle. All the
bservations on the output performance of the proposed XOR gate
re summarized and represented in Table 1.
0 1 0.4 1
1 1 0.0000012 0
2.2. Design and simulation of NOT gate

Basically, a NOT gate consists of one input and one output,
which can invert or compliment the input. The internal schematic of
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Fig. 5. Proposed NOT gate a) Lattice structure, and b) Effect of Rs1 rod on the output transmission.
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Fig. 6. Electric field distribution of the proposed NOT gate f

he logic gates available in digital Integrated Circuits (IC) consists
f power supply inputs which are responsible to produce output
ogic ‘1’ when input is logic ‘0’. Similarly, in optical based logic
esigns there need an input power supply to produce output logic
1’ (light intensity) when inputs are not applied. For example in
ptical based logic gates like NOT, NOR, NAND, and XNOR, and also
n designs wherein output logic ‘1’ to be produced without apply-
 = 0, b) A = 1, and c) transmission for logic ‘0 in steady state.

ing the inputs. In the proposed NOT gate, an extra input called as
reference input (REF) is used in order to produce the output logic
‘1’ when input is zero.

The same T-shaped waveguide is used as a NOT gate but without

the reflector rods as shown in Fig. 5(a), and the rods Rs1 and Rs2 are
optimized to 48 nm and 30 nm,  respectively. The overall size of the
waveguide used as NOT gate is same as the size of the waveguide
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Table 2
Output performance of the proposed NOT gate.

Input Output (Y)

A Transmission
(Pout /Pa)

Logic Contrast ratio Response time
Fig. 7. Time evolving curve from the proposed NOT gate.

sed as XOR gate which was presented in the previous subsection.
his gate is same as that of the reported NOT gate [22], but the
peration of it differs when it is being cascaded with respect to
he input phase variation. It consists of an input port A along with
he additional port to apply the reference input REF, and an output
ort Y. As the structural parameters such as radius of the normal
od, lattice-type, lattice constant, as well as the refractive index of
ach rod are same as that of the proposed XOR gate this logic gate
tructure also offers the same PBG’s.

The rod Rs1 is optimized to 48 nm at which the output trans-
ission is above 0.4 with low reflection as shown in Fig. 5(b). In

his logic gate structure, when input A is not excited, the reference
nput acts as an output. When input A is excited then it should be
ullified so as to produce a very low light intensity at the output
s logic ‘0’. In order to achieve this, reference input is applied with
80◦ phase and input A with zero phase. Thus, a destructive inter-
erence occurs at the junction due to 180◦ phase difference and the
utput port Y will get a very low or negligible light intensity which
an be read as logic ‘0’. In both the input conditions of the NOT gate
he reference input is always maintained at 180◦ phase.

Simulation on the proposed NOT gate has been carried out with
espect to the input conditions, and results are analyzed in the same
anner as in the previous case. The electric field distribution in the

tructure upon applying the input is shown in Fig. 6. According to
he figure, when input port A is not excited, the reference input
urns towards the output port Y, and provides an output transmis-
ion of 0.4255 which can be read as logic ‘1’. When the input port

 is excited with the light signal, the reference input will inter-
ere destructively with that signal as they are out of phase with
ach other at the same path lengths. As a result of which, a very
ow or negligible transmission of 0.0000014 is observed at port
. This negligible transmission of logic ‘0’ can be observed from
ig. 6(c) wherein the steady state response is shown, which is being
onsidered as the power level of logic ‘0’. This negligible value of
he output intensity is achieved because of the perfect destructive
nterference occurs between the inputs due to symmetric excita-
ion. Thus, the proposed structure acts as a NOT gate due to out of
hase inputs. The ON to OFF contrast ratio is calculated from these
alues, and it is 54.83 dB which is also higher than the existing NOT
ates available in the literature. This type of symmetric input exci-
ation can very well be observed in the NOT gate designed with
ectangular shaped waveguide [31] which has also been reported
ith higher contrast ratio.
The response time is calculated from the time evolving
urve obtained from the NOT gate structure which is shown
n Fig. 7. The time (T) required to reach 90% of Pavg is of
.0874 ps (cT = 26.2 �m)  with t11 = 0.056 ps (cT = 16.8 �m)  and
0 0.4255 1 54.83 dB 0.1256 ps
1  0.0000014 0

and t12 = 0.0314 ps (cT = 9.4 �m).  Thus, a narrow pulse of width
0.0628 ps can be produced which leads to a response time of
0.1256 ps. Table 2 gives the summary on the output performance
of the proposed NOT gate.

3. Realization of all-optical XNOR gate

As it was  discussed in the previous section, the cascading of XOR
gate with NOT gate derives the XNOR logic function. In this section,
the proposed XOR and NOT gates are cascaded to derive the XNOR
logic function. But instead of connecting the output Y1 of XOR gate
with the input A of NOT gate, they are superimposed as shown
in Fig. 8 in order to decrease the size of the realized structure. In
the proposed XOR and NOT gates, the lengths of waveguide’s input
branches (A and B in XOR gate, and A and REF in NOT gate) are kept
same in order to have a perfect interference between the input
signals. Similarly, in the proposed XNOR structure also, the path
length of the reference input to reach the junction of NOT  gate sec-
tion should be same as that of the path length of the light from the
input (A or B) of the XOR gate to the junction of NOT gate section
for the inversion (NOT) operation to happen. Thus, the length of the
reference input waveguide is extended such that the path length for
the reference light can be equal to the path length of the light from
the port A or port B. Moreover, this waveguide extension assures
same number of bends for the light signals to reach the junction
from both the input sides (A and/or B and reference input) so as to
have a perfect interference. Further, three additional rods Re along
with two  Rs2 rods are introduced in the extended waveguide which
have the same radius as that of Ra to counter balance the effect of
the additional rods of XOR gate section.

The reference input in the NOT gate is responsible to invert the
input, and as it was  discussed earlier, its phase plays a vital role in
the inversion. The reference input is taken such that the phase dif-
ference with the input A should be of 180◦. In the proposed XNOR
functional structure, the phase of the reference input is changed
with respect to the input of the XOR gate as its inputs (A and B)
are out of phase. The phase of the reference input is maintained
at 180◦ for all the input combinations shown in the truth table of
Fig. 1(a) except for the second one, to which it is 0◦ (because input
port B is excited with a 180◦ phase). When ports A and B are not
excited, the reference input will reach port Y as logic ‘1’. Similarly,
when both ports A and B are excited with light signals, they will
interfere destructively and a very negligible light intensity reaches
to both the junctions of XOR and NOT gate sections, and, thus the
reference signal directs toward output Y as logic ‘1’. When port A
is only excited with light signal, the reference input will interfere
destructively with it at the junction of NOT gate section and pro-
duces a low intensity which is read as logic ‘0’. Similar operation
happens when only port B is excited due to phase change of the
reference input.

Simulation has been carried out on the proposed XNOR gate for
all the four input combinations, and results are analyzed to cal-
culate the contrast ratio and the response time. The electric field

distribution in the proposed XNOR gate for all the four input com-
binations is shown in Fig. 9. When the input ports are not excited,
the reference input diverts towards the output port Y and provides
a transmission of 0.412 which is read as logic ‘1’. Later, upon the
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Fig. 8. Lattice structure for the realization of XNOR logic function.
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Fig. 9. Electric field distribution of the structure of realized XNOR fu

xcitation of only port A with the light signal, the reference input
ill get destructively interfered with it at the junction of NOT gate
ue to phase difference of 180◦ and provides an output transmis-
ion of 0.0244 at port Y, and it is read as logic ‘0’. Similar operation
appens when only B is applied due to phase change of reference

nput, and the same output transmission of 0.0244 is observed at
ort Y which is read as logic ‘0’. When both the ports A and B are
xcited with out of phase input light signals, destructive interfer-

nce at the first junction allows the reference input to reach the port
, and provides a transmission of 0.412, which is read as logic ‘1’.
he calculated value of the contrast ratio based upon the achieved
esults is of 12.27 dB.
 for inputs a) A = 0, B = 0, b) A = 0, B = 1, c) A = 1, B = 0, and d) A = B = 1.

Similar to the previous section, the response time is calcu-
lated from the time evolving curve observed from the proposed
XNOR structure, and is shown in Fig. 10. The time (T) required
to reach 90% of Pavg is 0.134 ps (cT = 40.2 �m)  which consists of
two components t11 = 0.0944 ps (cT = 28.3 �m)  and t12 = 0.0397 ps
(cT = 11.9 �m).  Thus, a narrow pulse of width of 0.0794 ps can be
produced which leads to a response time of 0.1588 ps. Summary
on the output performance of the realized XNOR gate is given in

Table 3. On comparing the response time of the proposed XNOR gate
with the XOR and NOT gates, it can be concluded that the response
time of the XNOR gate increases due to the cascading. This delay in
the response of XNOR gate structure can well be described from the
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Fig. 10. Time evolving curve from the structure of realized XNOR function.

Table 3
Output performance of the structure of realized XNOR function.

Input Output (Y)

A B Transmission
(Pout /Pa)

Logic Contrast ratio Response time

0 0 0.412 1 12.27 dB 0.1588 ps
1  0 0.0244 0
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observed in the proposed XOR gate which has made it superior in
0 1 0.0244 0
1 1 0.412 1

ransmission delay t11 values of all the three logic gates. It shows
hat the transmission delay is more for XNOR gate, and this is due
o cascading of XOR gate with NOT gate. The performance of the
NOR structure is constant over the C-band (1530 nm–1565 nm)
s shown in Fig. 11. The output transmission for logic ‘0’ and logic

1’ used to calculate the contrast ratio is constant over the entire
-band as illustrated by Fig. 11(a). Obviously, these values will lead
o the contrast ratio which is also same all over the band as shown
y Fig. 11(b). There is a negligible variation in the transmission over
his band which does not have effect on the contrast ratio.

Finally, with respect to the overall performance of the pro-
osed structure of XNOR logic function, it can be concluded that
he cascading of all-optical logic gates which based on interfer-
nce provides considerable results. But, there needs to improve the
arameters such as contrast ratio further, so that the performance

f the realized structure can be comparable with the logic gates
hich are instantiated (in this case proposed XOR and NOT gates).

his becomes possible whenever the destructive interference in

Fig. 11. Performance of the structure of realized XNOR function over C-band a) out
tronics Review 26 (2018) 63–72

the realized structure provides a lower or negligible intensity at
the output as logic ‘0’. Because, as low as the power level of logic
‘0’ is, the higher will be the contrast ratio. Advancements in the
material characteristics in this sense can make this true which may
lead these all-optical designs to be competent to the electronic
counterparts in all aspects of high speed optical computing and
telecommunication systems.

4. Comparison with logic gates based on Y-shaped, cross
shaped and rectangular shaped waveguides

The proposed work is compared with the logic gates existing in
the literature so far which were designed with Y-shaped [23,24],
cross shaped [13,20] and rectangular shaped waveguides [31]. The
comparison has been done on all the logic gates with respect to
the contrast ratio and response time. The main aim of the proposed
NOT and XOR gates is to check the possibility of their cascading with
acceptable performance and compact size. Thus, apart from com-
paring the cascaded XNOR gate with the existing XNOR gates in the
literature, the improvement in size due to cascading has also been
compared with the two gate cascaded structure [26]. Table 4 gives
a complete summary on the comparison with respect to structural
variation, contrast ratio and response time.

From Table 4, it can be concluded that the photonic crystal
based T-shaped waveguide with symmetric input excitation leads
to higher contrast ratio whether it is XOR gate or NOT gate. In
the NOT gate, the input excitation is symmetric, and, thus a per-
fect destructive interference occurs at the junction of the T-shaped
waveguide due to 180◦ phase difference. This is the basic reason
to produce negligible intensity as logic ‘0’. This negligible intensity
as logic ‘0’ leads to higher contrast ratio, and as compared with
the existing gate [31] it is improved by more than twofold. The
symmetric input excitation can very well be observed in the NOT
gate designed with rectangular shaped waveguide [31] which has
also been reported with higher contrast ratio. But, the size, as well
as the resonance dependent phenomenon made the gate [31] to
be inferior to the proposed NOT gate. In contrast, the asymmetric
excitation of the T-shaped waveguide based NOT gate with point
defect at the edge [21] leads to higher contrast ratio compared with
the other reported gates [23,24] but far less than the proposed NOT
gate. The similar case of asymmetric excitation can also be observed
in the gate [13] with admirable contrast ratio but lesser than the
proposed one.

The same excitation pattern (as in the proposed NOT gate) is
terms of contrast ratio over the existing XOR gate designed with
Y-shaped [23,24] and cross-shaped waveguides [20]. The contrast
ratio of the proposed XOR gate is improved by 1.53 times than the

put transmission for logic ‘0’ (red) and logic ‘1’ (green) and b) contrast ratio.
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Table  4
Comparison with the exiting logic gates designed with different types of waveguides.

Logic gates reported in the literature Structural characteristics Type of the gates Contrast ratio (dB) Response time (ps)

Wu et al., 2012 [13] Cross shaped waveguide with square-type lattice NOT 24.73 0.464
Rani  et al., 2015 [23] Y-shaped waveguide with triangular-type lattice NOT 5.42 1.024

XOR 8.49
XNOR 5.42

Nirmala et al., 2016 [31] Rectangular shaped waveguide with square-type lattice NOT 35.97 –

XOR 35.97
Kiyanoosh et al., 2016 [20] Cross shaped waveguide with square-type lattice XOR 6.767 0.4
Rani  et al., 2017 [24] Y-shaped waveguide with triangular-type lattice NOT 3.74 2.168

XOR 6.50
XNOR 6.50
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Proposed work T-shaped waveguide with square-

xisting. Although the proposed XNOR gate is the cascaded version
f NOT and XOR gates, the contrast ratio is higher by twofold than
he Y-shaped waveguide [23,24]. As far as the response time of all
he three proposed gates is concerned, it is decreased by more than
0.3%.

The area occupancy of the cascaded XNOR gate is calculated with
espect to the basic gate structures (XOR and NOT). The size of
OR and NOT is of 12.24 �m × 8.64 �m and 8.64 �m × 12.24 �m,
espectively. As the cascading of the basic gates is done by super-
mposing the output branch of the waveguide of XOR gate (port Y1)

ith the input branch of the waveguide of NOT gate (port A), the
ize of the cascaded structure becomes 12.24 �m × 18.24 �m.  From
hese values, it can be observed that, the area occupancy from basic
o cascaded structure is increased by 111%. When it is compared
ith a two gate cascaded structure proposed by T. A. Moniem et al.,

26], it can be concluded that the area occupancy of the proposed
NOR gate due to cascading is lowered by a factor of 3.19. This
hows the compactness of the proposed basic and cascaded logic
ate designs, and also the less complexity incurred in the cascading
f T-shaped waveguide based logic gates.

. Conclusions

We  proposed high contrast all-optical XOR and NOT logic gates
n a 2D photonic crystal of square-type lattice, and they are cas-
aded to realize the XNOR logic function. T-shaped waveguides
ave been used to design these gates, and for an inversion opera-
ion in the NOT gate an extra input is used namely reference input.
n both the gates, the inputs are applied with out of phase in order
o have a perfect destructive interference to produce low output
ower for logic ‘0’. This low power level of logic ‘0’ has improved
he output contrast ratio drastically in both the gates, and they have
een resulted with the contrast ratio of above 50 dB at a response
ime of below 0.2 ps. Finally, these two gates have been cascaded
y superimposing the output branch of the waveguide of XOR gate
ith the input branch of the waveguide of NOT gate to realize the
NOR logic function. Besides the compact size, the final structure
esigned for the realization of XNOR logic function has achieved a
ontrast ratio of 12.27 dB at a response time of 0.1588 ps.
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