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The manuscript represents a design of all optical N-bit comparator using 2D photonic crystals. The device can
compare two N-bit numbers by comparing the most significant bit (MSB) and successive bits serially. The device is
numerically simulated for optimized performance and an operating speed of 5 Tb/s is calculated from response time
diagram. The design ensures high contrast ratios, compact footprint, and scalability to higher bit levels. Numerical
simulations using the finite-difference time-domain (FDTD) method confirm the efficient performance of the
comparator, with an operational speed in the tera bite regime and negligible signal degradation. The proposed N-bit
comparator is a promising candidate for integration in all-optical signal processing and high-speed photonic computing

systems.
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All optical signal processing (AOSP) needs ultra-
high speed devices for practical implementation with
efficient photonic integration capability. Photonic
crystal (PhC) based logic gates and processors
established themselves as promising candidates of
future photonic network and communication
systems' for AOSP. Photonic crystals are a new kind
of structure that has periodic variations in refractive
index and have unique controllable properties by
varying refractive index, lattice dimensions, creating
defects etc. The periodic crystal-like structure gives
rise to a photonic bandgap (PBG), and certain
wavelengths are forbidden to be propagated through
the PhC and certain wavelengths propagate (pass
bands). This happens due to constructive and
destructive interference of incidents and scattered
lights inside the photonic crystals. The wavelengths
in the pass band propagate with a minimum
attenuation. Two-dimensional (2D) photonic crystals
offer compactness, high integration density, and
strong light confinement capabilities, making them
ideal for onchip optical computing elements. While
square and triangular lattice structures have been
widely investigated, the hexagonal lattice structure
offers unique advantages in terms of symmetry,
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isotropic bandgap properties, and enhanced design
flexibility for compact device implementation.

Photonic Crystals find applications in gas sensors’,
filters®*, neural network modelling5 , bio sensors’ etc.,
beside logic gates”''AND, OR, NAND, NOR, XOR,
XNOR etc., and optical logic processors'>'® like half
adder(HA) and full adder (FA),comparators'* “etc.
Sequential circuits like flip flops are proposed
using photonic crystals'®"”. Optical logic gates,
combinational and sequential logic processors are the
basic building blocks for AOSP systems. Digital
comparators also find applications in various AOSP
like digital data processing, memory devices and
arithmetic units. Therefore, different types of
comparators using photonic crystals are also
available by different researchers'*'>***%. However, the
comparators proposed so far are mainly single bit and no
N bit comparator has been found using photonic
crystals. Few all-optical N bit comparators using
semiconductor optical amplifiers (SOA) are available,
but they are complex in design and slow” ™’ due to
slow carrier dynamics of the SOA. SOA based
designs are complex in hardware as large numbers of
SOAs are used, and since nonlinear processes are
responsible for their workings, they have slow
response. In contrast the present photonic crystal
based devices use no nonlinearity, and therefore,
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operate faster than SOA based devices. The N bit
comparators proposed in*"*’ used many active devices
(SOAs, Add drop Multiplexers etc.), and other
passive devices. This also slows down performance.
Therefore, all optical comparators using photonic
crystals is essential for fast AOSP systems. Moreover,
most of the proposed comparators so far proposed
uses some kind of nonlinearities (Kerr effect)
also makes them slower. Therefore, the present
communication proposes an N bit comparator using
photonic crystals without using any nonlinearity with
low footprint. The novelty of the proposed design is
used hexagonal lattice geometry, which enhances the
control over light propagation paths and improves
coupling efficiency between photonic components.
Simulation results using the finite-difference time-
domain (FDTD) method demonstrate the functional
correctness of the comparator, as well as its potential
for high-speed, low-power, and highly integrated
photonic computing applications.

2 Method

2.1 Working of all Optical N Bit Comparator:

The block diagram of N bit comparator is shown in
the Fig.1 below. The basic unit has two inputs A; and
B;, and outputs X, Y;and Z;. The algorithm of the
proposed comparison method is as follows®: Table 1
shows the basic operations of the proposed N bit
comparator. Two numbers A = AA, 1As......A1A
and B = BB, B.s......BiBeenter serially and
simultaneously starting from most significant
bits(MSBs) first and then successively up to least
significant bits(LSBs). When the respective bits of
these two numbers A and B enter the device, four
different situations may arise as shown in Table 1.
Suppose the significant bits of the two numbers are
equal i.e., both are 1(or 0), i.e., A= A, = 1(0), and B;
= B, = 1(or 0), from the design of the comparator it is
found that Y; = A; X-OR B;j= 0, X;= 0, and Y;= 0.
These three zeros in three outputs ensure equality of
the input bits. Therefore, the next bits should be
compared. If the next bits are also equal, again all
these three outputs will be zero. If there is a mismatch
between two corresponding bits of two numbers A
and B, i.e., in case of inequality between A and B, the
output Y; will be 1. This output ‘1’ in Y; ensures
inequality of the two numbers. Table 2 shows that
when bits are unequal Y;is always ‘1’. Now to check
which number A or B is greater we must see the
outputs Xj and Y;also. In the case of A;= 0, and Bj=
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1, i.e., in case of A< B, X; will be ‘1’, and Y; will be
‘0’. Therefore, by observing these combinations of
outputs it can be infer that A is less than B, and there
is no need to compare the numbers further. Similarly
for the case A > B, Y; will become ‘1’ and X; will
become ‘0’. It is interesting to note that by observing
Y; only one can decide to stop the process of
comparison of two N bit numbers. This also speeds up
the process of comparison and requires less circuit
complexity.

2.2 Theoretical Modelling:

Theoretical modelling of the photonic crystals is
well addressed in different literatures '*'!*4!>17 3032,
The Physics of the flow of light is governed by the
Maxwells equations:

VxH—oE =dD/ot (D
— - *—)_@

—VxE—o'H="3 (2
V-D=0 .3

Fig. 1 — Block diagram of N-Bit Comparator

Table 1 — Truth table of N-bit Comparator

Input Output
Aj B; Xj Y; Z
0 0 0 0 0
0 1 0 1 1
1 0 1 1 0
1 1 0 0 0
Table 2 — Simulation parameter table
Parameter Value
Refractive index 3.42
Wavelength 1.55 um
Lattice parameter 0.566 um
Response time 136 fs
Bit rate 5 Tb/s
Rod radius 0.1698 pm
Footprint area 392.43 pm®
Lattice dimensions 35ax35a
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V-E=0 (@

where E, H, D and B are electric, magnetic field
vectors, o, o* are the electric conductivity and
magnetic loss. In a linear, isotopic, non-dispersive
materials D and B are related to E and H

5=£E,and§=uﬁ ...(5

where p and ¢ are the permittivity and
permeability. Using the Eq. (5), obtain

H 1 S 1 =

E——;VXE—;O’H (6)
9E 1 = 1 =

E—EVXE—;O'E ..

Expansion of the curl operator of the Egs. (6) and
(7), yield the system of six coupled scalar equations®
under Cartesian co-ordinates:

OHy _ 1 aEZ_aﬂ _a

at (6y Bz) uHx - (8)
6Hy_ 6Ex aEz O'*

o= (G- 52) - Sy -0
OH; _ _1(0Ey 0B\ _

at u(ax ay) uHZ - (10)
o5, _ 1 (0H; O o

?_e(ay az) sEx -1
6Ey_l OHy 0H;\ o

?_s(az 6x) eEy - (12)
0B, _ 1 (OHy _ 0Hy) _ o

y_e(ax ay) sEZ - (13)

These six-coupled equationsform the basis of
FDTD simulation for modelling electromagnetic wave
interactions with arbitrary 3D object. Using Yee’s
spatial gridding scheme® for 2D photonic crystals the
stability condition for selecting temporal step size At
is determined by

1 1

1
PYRIN (7Y NTYo T

. (14)
where c is the velocity of light, Ax and Ay are the
spatial step sizes in x and y direction respectively.

3 Results and Discussions
Figure 2 shows the basic structure (Fig. 2 (a)), and
designed N bitcomparator with defects (Fig. 2 (b)) of
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N-bit comparator using 2D photonic crystals. The
structure of N-bit comparator employed with
hexagonal lattice with silicon of refractive index 3.42
and lattice dimension 35ax35a (a is the lattice
constant). A 2D photonic crystal with a hexagonal
lattice structure consists of a periodic arrangement of
dielectric materials in two dimensions, typically in the
form of air holes embedded in a high-index dielectric
substrate, arranged in a hexagonal lattice pattern.
In this structure, each unit cell contains a single rod,
and the elements are spaced evenly with a lattice
constant, forming a pattern where each point has six
nearest neighbors at 60° intervals. This configuration
introduces a periodic variation in the refractive index,
enabling the formation of photonic band gaps that can
prohibit the propagation of certain wavelengths of
light within the plane. The hexagonal symmetry offers
high packing density and can support large and
complete band gaps, especially for specific
polarizations (TE or TM). Footprint of the device is
calculated to be 392.43 umz. Defects’ radii(R;, Ry, R3,
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Figure 2 (a-b) —-Waveguide Structure of the basic design without
defects; Defects included design of the optical N-bit comparator
R1:R2:0. 1 a, R3:R4:0.09a
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and Ry) are to be selected for the optimized
performance of the device as described below.

The photonic band structure of the device shown in
the Fig. 2 is found by solving Maxwell’s equations
and is drawn as shown in Fig. 3 using partial wave
analysis by Optiwave software.

It is interesting to note that the device shows three
band gaps(PBGs) between 0.32<(w/2mc)<0.42,
0.55<(w/2mc)<0.60 and 0.768<(w/2nc)<0.833
respectively. These PBGs correspond to the
wavelength range 1341nm < A <1754nm, 943nm < A
<1029 nm and 679nm < A < 768 nm. The wavelength
range 1341 to 1754 nm includes optical window
around 1.3 pm(O-BAND) corresponds to zero
dispersion, around 1.55 pm(C-BAND) important
because of low loss and finds applications in long
haul communications. The other two bands are in the
infrared (IR) and visible region. Therefore, the PBGs

o
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Fig. 3— Photonic band diagram of all optical N-bit comparator
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Fig. 4 — (a) Electric field distribution (b) Normalized
transmission when both the inputs A=B=0 and outputs
Xi=Yi=Zi=0
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fall in the four important regions of wavelengths.
Therefore, IR and visible light signals can also be
used in this device. In the present case the rest of the
simulations have been done in the wavelength region
1.51 pm to 1.61 um which is in the C band of optical
communication.

To investigate the performance of the N bit
comparator, we have calculated extinction ratio
(ER), contrast ratio (CR), and quality factor (Q)".
ER, CR gives the extinction between zero and 1
digital states, whereas AM represents fluctuations in
the high or 1 state signals. Q signifies fluctuations in
low or 0 or high or 1 state and quantify the bit error
rate(BER). These quantities are optimized with
respect to refractive index of the rods, radius of the
rods, and wavelength used. As shown in the Table 2,
the wavelength of the input signals is selected as
1.55um, and then the refractive index and radius of
the rods are varied and suitably selected (Table 2).
The response time and hence operating speed of the
N bit comparator are also calculated.

Figures. 4 to 7 show the electric field distribution
and normalized transmission of the optical signals
for different input conditions as described in table 1.
In Fig. 4 and Fig. 7, all the outputs are ‘0’s
representing the equality of the ™ bits of both the N
bit numbers. Figure 5 corresponds to the case when
A; < Bjand shows outputs X;=0, Y;=1 and Z;=1, and
Fig. 6 indicates Aj> B;, by showing outputs X;=1,
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(b)m
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2o —j
§° —Z
£
.§C)
T
Eo
2
o
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Fig. 5 — (a) Electric field distribution (b) Normalized

transmission when the input A=0, Input B=1 and outputs X;=0,

Yi=1 and Zizl
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Y;=1 and Z;=0. The arrival of low or no signal at any
of the output represents 0 bit and the presence of
high intensity signals at the output represents bit 1.
These low and high intensities for different low and
high bit states are given in Table 3. These values of
the intensities of output signal clearly indicate high
extinction and contrast between 0 and 1 bits. This will
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: T

B.
J
(b
s
is Yi
E —Zj
]
=l
S0
3
S
257
2
o Lo
12 15 138 21 24
Wavelength (um)

Fig. 6 — (a) Electric field distribution (b) Normalized transmission
when the input A=1, Input B=0 and outputs XJ =1, Yj=1 and Zj=0
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Fig. 7 — (a) Electric field distribution (b)Normalized transmission
when the input A=1, Input B=1 and outputs Xj=0, Yj=0 and Zj=0
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be confirmed by calculating ER, CR, Q value as
described in subsequent sections.

Therefore, from these Figs. 4 to 7, we may
conclude that the proposed structure works as an N bit
comparator. Table 3 shows corresponding normalized
outputs for different input bit conditions. The table
clearly indicates visible extinction between 0 and 1
states in the output signifies efficiency of the
comparator.

Figure 8 shows the response time diagram of all
optical N-bit comparator. From this diagram the
response time of the proposed comparator is found to
be 200 fs. This sharp response time corresponds to
maximum operating speed of 5 Tb/s. This high speed
is possibly due to the unique characteristics of
photonic crystals and no use of nonlinearities like
Kerr effects.

Defects into the photonic crystal structure can
initiate localized modes within the photonic band
gap. Resonators and waveguides are designed using
these defects and can be utilized for specific
applications. Moreover, by varying the size and
refractive index of these defects light can be
modulated inside the photonic crystals. This changes
the performance of the device. Figure 9 represents
the variations of (a) ER (b) CR (c) Q value of the
N-bit comparator outputs Xj and Zj with refractive
index and Fig. 10 shows corresponding variations for
Y;. All these parameters show a maximum value for
refractive index 3.42.

Table 3 — Normalized output power of all optical N-bit

comparators
Input Normalized Output power
Aj B; X Y Z;
0 0 0 0 0
0 1 0.02 0.69 0.8
1 0 0.74 0.74 0.025
1 1 0.00008 0.00004 0.00006

-1 1 3 5
h H I 1

Monitory value

-3
h

-5

o d

200 400 600 800 1000
Time (f$)

Fig. 8 — Response time diagram of all optical N-bit comparator
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Radii of the defects are very important property to
be investigated because these defects control the flow
of the light through the photonic crystal structure by
modulating scattering and interference effects.
Fig. 11, and Fig. 12 show the variations of (a) ER (b)
CR (c) Q value with rod radius of the N-bit
comparator outputs. The optimized values of these
parameters are found at rod radius 0.17um. Finally,
we investigated the dependence of these parameters
(ER, CR, Q value) on the wavelength of the signals.
These variations show that our selection of the
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wavelength at 1.55um corresponding to minimum
loss in silicon gives the optimized performance of
the comparator also. Table 4 shows all these
optimized parameters. The minimum ER is 15.05dB
for output Z;, and maximum (42.36dB) for output Y;
are larger than the accepted value 10dB. The same
conclusions can be drawn for the CR also. The Q
value has a minimum of 28.38 also signifies a
negligible BER.

After selecting the values of refractive index
and rod radii, the dependence on wavelength is
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considered. Figures 13 -14 show the dependence of
ER, CR, and Q value with wavelength in the pass
band(1.51um to 1.61um) of the device structure. It
has been found that at wavelength 1.55um, ER, CR,
and Q wvalues shows maximum as expected. The
stability of photonic crystal-based logic devices
generally ensures the reliability of the device
performance in terms of maintaining the output
powers in presence of internal and external variations.
We have calculated the values of ER, CR, Q factor
etc, and these values are optimized for different
photonic crystal characteristics such as wavelength,
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Fig. 11 — Variations of (a) ER (b) CR (c) Q value with rod radius
of the N-bit comparator outputs Xj and Zj

INDIAN J PURE APPL PHYS, VOL. 63, NOVEMBER 2025

refractive index and rod radius. The proposed design
maintains distinct reliable logic states under the
variations in wavelength, refractive index and rod
radius.
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Table 4 — optimized CR, ER, Q value of the comparator

Output port
X Y Z
CR(dB) 20.49 455 19.814
ER(dB) 15.68 42.36 15.05
78 28.37 67.66
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4 Conclusion

The performance of the N-bit comparator is
optimized by carefully selecting the refractive index
and radius of the defect rods using 2D photonic
crystals platform. An input signal wavelength of 1.55
um is employed to ensure minimal transmission loss
in silicon waveguides, aligning with the standard
telecom band for practical compatibility. The values
of ER, CR, and Q are 15.68 dB, 42.36 dB, 15.05 dB,
20.49 dB, 45.5 dB, 19.81 dB, 78, 28.37, 67.66. The
high values of ER, CR, and Q indicating a highly
efficient and reliable comparison mechanism. The
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Fig. 14 — Variations of (a) ER (b) CR (c) Q value with
wavelength of the N-bit comparator output Yj

device performs bit-wise serial comparison from the
Most Significant Bit (MSB) to the Least Significant
Bit (LSB), enabling ultrafast decision making with a
data processing rate reaching up to 5 Tb/s. This
ensures suitability for high-speed optical computing
and signal processing applications.
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