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Two dimensional photonic crystal based 4x2 optical
encoder with ultra-compact and high contrast ratio
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Photonic crystal based optical devices is offering high transmission efficiency, more bandwidth and high bit rate for photonic
integrated circuits. In this attempt, the proposed two dimensional photonic crystal with triangular lattice based 4x2 encoder
is primarily designed using Y Shaped waveguides with line and point defects in order to enhance the functional parameters.
By using the Finite Difference Time Domain method (FDTD) and Plane Wave Expansion Method (PWE) method the following
parameters such as Normalized Power, Contrast ratio, Response time and Bit rate are estimated. In addition, the impacts of
functional parameters while varying the size of the defect rods are explored. The proposed encoder is providing contrast ratio
of 13.6 dB, response time of 0.28ps and the bit rate of 3.5Tbpsandoperated at 1520nm and it can be utilized for high

performance optical networks.
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1. Introduction

Optical communication is one of the advanced
technologies which create a tremendous impact nowadays.
Researcher gives more attention to design optical devices
especially in photonic crystals. Photonic Crystal is
composed of periodic dielectric or metallo-dielectric
nanostructures that have alternate low and high dielectric
constant materials. It has three types based on its direction
of dielectric constant variation, such as, one, two and three
dimensional Photonic Crystal [1]. Among all, 2D Photonic
Crystal is most widely used as it supports better
confinement of light, easy to control the propagation of light
and easy calculation of Band gap and etc. Mainly the optical
devices are designed by 2D photonic crystal, such as,
Encoders, Decoders [2], Adders [3], Multiplexers and
Demultiplexer [4, 5], Isolators [6], Filters [7, 8], Power
splitter [9], Directional coupler [10], logic gates [11, 12],
Sensors [13] and Switches [14].

The encoder is inevitable device in optical
communication which operates based on the logic gate
functions. The all optical encoder which mainly designed
by using the OR gate function. Fariborz Parandin reported
a 2D photonic crystal based 4*2 encoder [15].The
transmission delay obtained as less than 0.1ps and the
contrast ratio as 16.5 dB [16]. Ahmad Mohebzadeh et al.
designed a all optical NOT and XOR gate based on
interference effect. The contrast ratio and the response time
calculated as 19.95 dB and 0.466 ps respectively [17].
Fariborz Parandin reported a simulation of 3 majority gate
of NOT, XOR and NOR. The reported structure designed
with low complexity and smaller dimensions [18]. F.
Parandin proposed a terahertz all optical NOR and AND
logic gates with a bit rate of 1.54 Thps. [19]. Saeed Olyaee
et al. designed a high contrast ratio and ultra-compact size

all optical NOT & XOR gate. The data transmission rate
calculated as 3.15 Thbps. [20]. Mohammad Mehdi
Karkhanehchi et al. reported aX shaped optical half adder.
[21]. Saleh Naghizade et al. proposed a ultra-fast optical
analog to digital converter with a maximum response time
of about 4 ps [22]. Saleh Naghizade et.al designed a all
optical full adder with a maximum time delay of about 2.5
ps [23]. Amin Foroughifar et al. proposed a ring resonator
based four channel optical filter with a maximum rise time
of about less than 8ps [24]. Mojtaba Hosseinzadeh Sani et
al. designed a ultra-narrowband all optical filter with less
footprint of about 102.6 pm? [25]. Saleh Naghizade
designed a linear defect based half adder which offers high
contrast ratio and a low footprint as 16 dB and 158 um?[26].

The encoders are primarily designed by different
design mechanisms such as self-collimated effects [27],
interference based defects [28], multimode interference
effect [29], Mach Zehnder interferometer [30] and
nonlinear Kerr effects [31]. By using the FDTD and PWE,
contrast ratio, bit rate, response time and switching speed
and footprint are examined. The encoder operated with self-
imaging principle where the input profile introduced with
different copies at regular intervals. Even though it offers
low loss and wide bandwidth, it needs some precise control
logic [32-35].The present output depends on the phase of
the input signals in addition to that a phase shifter required
in self-collimation method[36-37]. Generally the ring
resonator or waveguide based structure in encoders are
designed with different waveguides such as T shape, L
shape and Y shaped waveguides. The lattice used in the
structure as square, hexagonal and triangular [38-47]. S.
Naghizade, H. Khoshsima designed all optical 4x2 encoder
used triangular lattice low input power [28]. Ultra-compact,
ultra-fast switching speed all optical 4x2 encoder based on
photonic crystal is designed through square lattice with
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proposed switching speed of 10 THz and contrast ratio of
7.1138 dB [29]. Siamak Gholamnejad and Mahdi Zavvari
proposed 4x2 binary encoder using nonlinear resonant rings
constructed by GaAs material and it reported switching
threshold and time delay of about 1kW/um? and 1ps
respectively [30].

From the above literature analysis, the all optical
encoders are designed with different techniques. High input
power required for nonlinear materials. Though it has high
contrast ratio it has some drawback such as temperature of
the device will increase and the integration process is
difficult. The linear materials offers low input power and
switching speed will be high. Then the performances of the
device will increase rapidly. The reported 4*2 encoder
designed by using a linear waveguide which offers better
functional parameters such as contrast ratio, bit rate and
delay time. Plane Wave Expansion (PWE) and Finite
Difference Time Domain (FDTD) are two different
numerical methods used to analyze the proposed encoder in
order to calculate the band gap and output spectrum,
respectively. The rest of the paper is organized as follows:
Section 2 describes the structural designs and a simulation
result of 4x2encoder is presented in Section IlI. Finally,
Section 1V concluded the proposed work.

2. Design of 4x2 encoder

The proposed structure designed with triangular lattice
using silicon rods embedded in air. The number of rods in
X and Z directions are 37 and 39, respectively. The
refractive index, lattice constant and radius of rods in the
proposed encoder are 3.45, 580nm and 116nm,
respectively. Radius of rod is described by r=0.2*a, where
a is lattice constant, which is defined as the distance
between two rods. The proposed encoder is operated at
1520nm.

The point and line defects are used for guiding and
controlling the signal propagation through waveguides.
While removing a row or column of rods in a crystalline
structure, the line defect introduced. Typically the encoder
designed using OR logic gate function. Based on the OR
gate logic function the proposed 4x2 encoder is designed
using six waveguides. Fig. 1 shows logic circuit of 4x2
encoder design. It express that if any one input in activate,
the output will be enabled. The four input waveguides of
input ports are named as A, B, C, D and the two output
waveguide as YO and Y1.The encoder is operated for four
different logics as per the Table 1.

DCEA

Fig. 1 Logic circuit of 4x2 encoder design (color online)

Table 1. 4*2 Encoder Truth table

INPUT OUTPUT
Al B | C ] D | YO Y1
1] o 0 0 0 0
0 | 1 0 0 1 0
0] 0 1 0 0 1
0] 0 0 1 1 1

To analyze the performance of proposed encoder,
initially, the band structure is examined with the help of
PWE method.
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Fig. 2. (a) Band structure of photonic crystal and
(b) Guided mode propagation (color online)
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Both TE and TM PBG reported. The PBG is broken
once line and point defect are created in the periodic
structure and a guided mode is travelling inside it. Fig. 2(a)
represented band structure of encoder before introducing
defects in photonic crystal. The TE PBG is ranging from
0.2860<a/\<0.4639, and its corresponding wavelength in
the range of 1250nm< A<2027nm is observed. After the
introduction of defects, the guided mode is propagated
inside the PBG region. Fig. 2(b) demonstrates guided mode
propagation in proposed 4x2 encoder design.

Fig. 3 (a) shows schematic structure of 4x2 encoder
design with line and point defects. To design an input and
output waveguide, the line defect introduced in the
proposed structure. In order to enhance the power at the
center of the output waveguide, a point defect incorporated
in the proposed structure. The refractive index used as 3.45
and the radius of defect rod noted as 40 nm. In Fig. 3(b), 3D
view of designed encoder is shown, in terms of the variation
of rod radius in the vertical X direction. The footprint of
proposed structure is415.84 pm2.

(b)
Fig. 3. (a) Schematic structure of proposed 4x2 encoder and
(b) 3D structure (color online)

In center of Y shaped waveguides, the point defect
created with 40 nm radius at refractive index 3.45, which is
shown in Fig. 4. Three defect rods are incorporated in each
Y shaped output waveguides to guide and confine the input
signal which enable the desired output ports of encoder.
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Fig. 4. Defect parts in proposed encoder (color online)

3. Result and discussion

The input signal with the power of ImW is applied into
the input port and the output power is measured using the
following equation [11,12],

f 1/2[real(p(f)™"")ds

SourcePower

@

In above equation (1), where T (f) denotes the
normalized transmission as function of wavelength, p( f )

is the represents pointing vector, and dS denotes the
surface normal.

The Perfect Matched Layer (PML) is incorporated
which is an artificial boundary layer to support the
simulation in open boundary condition. It strongly absorbs
the all incident waves in all directions, angle without any
reflection inside the PC lattice [11, 12].

At < —— @)

1 1
¢Jaxztazz

In above equation (2), Where Al denotes the step time,
C represent the speed of light in free space, respectively.
When the input power applied as 1mW and 0.7mW of
power obtained at the output port.

The proposed4x2 encoder is operated as per the logic
given in Table 1. Based on logic function, concern output
ports are activated. Figs. 5(a)-5(d) depict the signal
propagation of the proposed 4x2 encoder. In four input
waveguides, three input waveguides are connected in two Y
shaped output waveguide and another one input waveguide
is created separately in lattice structure for the reason of
applying logic function of proposed structure. When input
power is ON, the power coupled in output waveguides as
described below.
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Case 1: When input A is ON i.e., A=1, and B,C,D are (d) A=0, B=0, C=1, D=1 and Y0=1, Y1=1

OFF, the Gaussian input signal is not entered inside the

waveguide, hence, there is no power obtained at the output Fig. 6. Output response of proposed 4x2 encoder design

(a) A=1, B=0, C=0, D=0 and Y0=0, Y1=0, (b) A=0,

port YO and Y1 as shown in Fig 5(a). The output power at B=1, C=0, D=0 and Y0=1, Y1=0, (c) A=0, B=0, C=1,
YO0= 0 and Y1= 0.Fig. 6(a) represents the corresponding D=0 and Y0=0, Y1=1 and (d) A=0, B=0, C=0, D=1 and
field distribution when A is ON condition. Y0=1, Y1=1 (color online)

Case 2: When B input is ON and A, B, D are OFF state,
the input signal is passed to the input port B, the signal is
propagating into the Y shaped waveguide. So, the output
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port YO is ON, Around 70% of power reaches at the output
port Y0 and remaining 3 % power reached at the output port
Y1. Fig. 5(b) represents the signal propagation for 0100 and
its corresponding output response curve depicts in Fig. 6(b).

Case 3: When input port C=1, and A=0, B=0, D=0. The
input power applied to port D, at the center of the
waveguide where the power coupled inside the waveguide.
The corresponding field distribution represents in Fig. 5(c).
The output port Y1 is ON, because C input port is connected
to second Y shaped output waveguide. In this condition also
the encoder is delivered maximum power to output port YO
is 3% and Y1 is 70%.The respective output curve for logic
1101 is illustrated in Fig. 6(c).

Case 4: When input D is ON and other input ports such
as A=0, B=0, C=0, the input signal entered into both of the
Y shaped waveguide at resonant condition. Therefore, both
output ports YO and Y1 are ON. D port of input waveguide
is created in between of two Y shaped output waveguide.
So, both of the output ports are enabled and it provides

maximum output power of above 50% in YO0 and Y1.The
signal propagation for logic 0001 is shown in Fig. 5(d) and
the output response curve displayed in Fig. 6(d).

For different logic combination, the simulation of
signal propagation is providing analytical graph with
normalized power versus time. Normalized power is
described as maximum power to reach the device by desired
input level of different combination. The system is taken
time to send the signal from source to destination is referred
as response time of the device.

The contrast ratio is calculated by taking logarithmic
function of logic 1 and logic 0 values. The output power for
logic 1 is 70% and logic O for 3%. Contrast ratio (CR) is
defined as ratio of power at logic 1 and logic O with
logarithmic function of CR=10log (Pon/Porr).The contrast
ratio is 13.6dB. The response time of 0.28ps which is
determined from t= 0.194 ps, t1=0.2659 and t2=0.0712 ps.
The bit rate is 3.5 Thps that is obtained from response time.
And the parameter value is described in Table 2.

Table 2. Proposed 4*2 encoder output, contrast ratio, response time and bit rate for different inputs

Input Output Output Power Level Contrast Ratio Response Time Bit Rate
A B C D Y1 Y2 PON(PIn), POFF(POut) PON / POFF
1 0 0 0 0 0 0.70Pin
0 1 0 0 0.70 0.03 0.03POut 13.6dB 0.28ps 3.5Thps
0 0 1 0 0.03 0.70 0.58Pin
0 0 0 1 0.58 0.59 0.03POut 12.86dB

The impact of the functional parameters such as,
contrast ratio, response time, Bit rate and normalized power
of the proposed encoder with respect to the inner rod radius
are analyzed and it is displayed in Figs. 7(a)-7(c). The inner
rod radius is kept as 40nm as the maximum output power

70% is attained (See in Fig. 7(a)). It is also noticed that
better response time of 0.28ps, contrast ratio of 13.6dB and
3.5Thps of bit rate obtained (See in Figs. 7(b) &7(c)) at
40nm of inner rod radius.
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Fig. 7. (a) Impact of normalized power (b) Contrast ratio and response time and (c) Response time and bit rate with respect to
the defect rod radius (color online)

The functional parameter of the proposed encoders is
compared with the reported encoders which are listed in
Table 3. From the table, it is clearly identified that the
response time is decreased when the contrast ratio is high
and vice versa. Alternatively, if the bit rate increases it
limits both response time and contrast ratio. In addition, the
size of the encoder is larger, when all the three parameters

are better. However, the proposed encoder provides
significant enhancement in all the functional and structural
parameters than the reported one. As the proposed encoder
parameters are meeting he primary requirements for high
speed optical integrated circuits, it could be considered for
real time applications.
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Table 3. Functional parameters comparison of proposed encoders with reported encoders

References Type Lattice Defects Footprint Contrast Response Bit Rate
Ratio (dB) Time (ps) (Tbps)

[38] 4*2 Square Ring resonator faleie 9.2 1.8 0.5
[42] 4*2 Square Ring resonator Fx il 1 1
[44] 4*2 Square Line and Point 880 um? falele 0.2 5
[48] 4*2 Triangular | Line and Point faleie falele 5 0.2
[49] 4*2 Square Ring resonator | 128.52 um? 7.11 0.1 10
[50] 4*2 Square Ring resonator Fkk 115 Fhx Fxk

Proposked 4*2 Encoder | Triangular | Line and Point | 415.84 pm? 13.6 0.28 35
wor

4. Conclusion

In this attempt, 4x2 encoder is designed by hexagonal
lattice with array of silicon rods which is concerted by air
substrate. The defects are created in order to reduce the
power loss and easily coupled output ports without any
barrier in the signal propagation. Itis operated at
1520nm.The proposedencoderisproviding contrastratioof
13.6 dB, response time of 0.28ps and the bit rate of 3.5Thps.
So, it is suitable for photonic integrated circuits and optical
networks.
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