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Abstract— In this paper, different topologies were
discussed and their effect on the design of photonic
crystal applications was evaluated. They can be
classified into four categories (i.e., ring resonator, self-
collimation, waveguide, and cavity-based structures).
The figure of merits of each topology and its impact on
design modules were explained and compared for two
different applications (i.e., half-adder and decoder).
Finite difference time domain (FDTD) and plane wave
expansion methods are the two numerical approaches
that were used to analyze the proposed designs. The
truth table for each application was introduced.
Comparison tables were organized to discriminate the
valued characteristics for each structure. Based on the
extracted tables, the appropriate topology can be chosen
for the required design application according to the
needed characteristic.

Keywords—photonic crystal, half-adder, decoder, ring
resonator, self-collimation, waveguide, cavity.

I. INTRODUCTION

The electronic devices were designed from semiconductor
materials that represents crystal lattice with periodic
potential for electrons propagation [1- 5]. Nowadays, the
mandatory needs for high data rate and transferring what is
called big data [6, 7]; the electronic devices faced a problem
to do that. This challenge let the researchers to look for
other technologies to realize the high-speed applications.
Different technologies were proposed to achieve this goal
such as semiconductor optical amplifiers (SOA) [7, 8],
periodically poled lithium niobate (PPLN) waveguides [9-
11], and ring resonators [12, 13], electrical to optical
conversion (E/O) [14], and photonic crystal [15] are some
representation forms.

The advantage of light speed contributes photonic crystal
(Ph. Cs.) to provide high speed applications like sensors
[16- 19], filters [20, 21], logic gates (i.e., AND, OR XOR
[22- 26], multiplexers and demultiplexers [27- 31], flip-
flops [32- 35], encoders [36- 38], decoders [39] and half
adders [40]. (Ph. Cs.) can be defined as artificial crystals
that have highly ordered dielectric materials with adaption
of light propagation [15]. It can appear in one-dimensional
(1D) [41- 43], two-dimensional (2D) [44- 46], and three-
dimensional (3D) [47- 49].

As well as the electronic band gap forbids electrons in a
certain region; there was what is called photonic band gap
(PBG) that prevents light to present in a particular
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wavelength range [15]. From the best of our knowledge, it
was found that different applications can be designed when
changing the basic structure’s topology. These topologies
can be classified into ring resonator, self-collimation,
waveguide, and cavity. All of them could be shown in
square [50] or hexagonal [51] lattice type. For the ring
resonator topology, one or more rings can be provided with
different size and materials to obtain the resonance
wavelength [52]. Line defect was used in self-collimation by
changing the radius of rods or holes that built the given
module [53]. In the other way, the term point defect was
used to form cavity-based structures at the prescribed
wavelength [54]. The removal of some rods from the
structure will yield a waveguide that will help for passing
light to reach the output port [55, 56].

In this paper, two (Ph. Cs.) applications (i.e., half-adder and
decoder) were carefully studied to discriminate between the
stated topologies' performance such as contrast ratio (C.R.),
bit rate, linearity, size, and design simplicity. Different
software packages were used to simulate and analyze (Ph.
Cs.) structures such as RSOFT [57], COMSOL [58].

This paper is organized as follows. Section 2 covers the
detailed study about the photonic crystal topologies and
their evaluation metrics. Section 3 and 4 review the main
topologies for decoder and half-adder applications. Section
5 presents the extracted comparative study. The conclusions
are presented in section 6 followed by the more relevant
references.

II. PHOTONIC CRYSTAL TOPOLOGIES

The (Ph. Cs.) topologies can be classified into four
categories ring resonator, self-collimation, waveguide, and
cavity. The main parameters that will affect their shape and
operation are lattice constant (a) (i.e., the distance between
the center of two rods) [15], rode radius (r), and the
refractive index (n). Square and hexagonal lattice types were
used to implement these structures. This paper was
concerned with the comparison between these topologies in
two (Ph. Cs.) applications (i.e., half- adder and decoder).

Each topology affects the amount of data transmission per
second, which is the bit rate. Response time can be defined
as the time required for the output to gain the 90% of its
steady-state value from the initiation of the input that caused
the change in the output.

The second parameter is the contract ratio (CR) which is
defined as the ratio between the power at the lowest logic-1
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to that of the highest logic-0 [59]. It is normally expressed
as in:

CR = 10log (p\/po) (dB) (1
where P; and P refer to the signal power levels at the output
port for logic-1 and logic-0, respectively. In the following
sections an organized review will be represented for (Ph.
Cs.) decoder and half adder from the point of view structure
topology.

III. PHOTONIC CRYSTAL DECODER TOPOLOGIES

Decoder is considered one of the important combinational
circuits. The number of input ports is y, and the number of
output ports is 2” at which one and only one will be active
[60]. This let the circuit to operate in the applications that
needs selectivity such as devices that connected on the
computer address bus [61]. The familiar (Ph. Cs.) decoders
were seen in 1x2 [62, 63], 2x4 [39, 64], and 3x8 [65]
dimension. The truth table for the 2x4 decoder can be shown
in table. 1.

TABLE .TRUTH TABLES OF THE PROPOSED DECODER.

Input Output
A B Q1 Q2 Q3 Q4
0 0 0 0 0 1
0 1 0 0 1 0
1 0 0 1 0 0
1 1 1 0 0 0

As seen in literature, all the proposed decoders operate in
the C-band that exists between 1530 to 1565 nm wavelength
range [15, 61]. Silicon (Si), chalcogenide glass, and air are
the usable materials that were used to build these structures
with 3.46, 3.1, 1 refractive indices, respectively. Different
lattice types were shown (i.e., square [66], hexagonal [67]).
Most of this application were designed to behave in
nonlinear regime [39, 68], but some of them were achieved
in linear [66, 69]. The auxiliary input was a mandatory need
to the majority of these designs [60, 70].

The target of this paper is to study the effect of the topology
types on the response of the proposed applications. So it will
be discussed in the following sections.

The ring resonator (R. R.) topology was used in (Ph. Cs.)
decoders as shown [71- 75]. It constructed by removing rods
that arranged in square or hexagonal shape as shown in fig.
1.

The operation is based on adjusting the resonance frequency
by changing the position [68, 70], material [72, 73], and the
size of ring resonator rods [63]. Moreover, the number of
rings affects the output and performance [39, 68, 71].

It can be more classified into hexagonal and square lattice
structures [70, 74] as in fig. 1. By combining nonlinear rods
in the ring resonator, it can be altered the route of the light
[72]. The area for these structures (i.e., with (R.R.)) can be
varied between 380.24 um® [70] and 1520 pm*[64], so they
have large size, and considered as the complex designs.
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Fig. 1. The schematic diagram of the ring resonator of decoder (a) square-
ring [70]. (b) hexagonal ring [74].

The second topology that can be found in literature is the
self-collimation topology. The operation depends on the
incident of light in a plan wave that can propagate along
specific direction through a structure by using total internal
reflection (TIR) phenomena. The (TIR) happens when the
angle of incidence is greater than the critical angle [76].

The self-collimation happens when changing material or
radius and lattice constant [69] for one or more rods as in
fig. 2. The desired output can be oriented by the angle and
the incident light position.

Different materials can be used to introduce splitting plans
as shown in fig. 2 to direct the wave in a certain path [50,
69]. From the best of our knowledge, this topology works in
the linear regime. The disadvantage of (S.C) that (CR) is
poor, where it was around 3.01dB [69].
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Fig. 2.The schematic diagram of the self-collimation of decoder [69].

Minimum size and simple structures could be represented by
this topology.

Waveguide topology is the third one that will be introduced.
It can be used to build some structures such as decoders [67,
75]. The waveguide was considered the common section in
some topologies [54, 62, 75] because it represents the path
for input and output signal as shown in fig. 3. Width, length,
and rod's radius are the main parameters that should take
into consideration when building structures with this
topology [77, 78]. It can be existed in the following shapes
cross over [79, 80], T- shape [81], Y-shape waveguides [67,
75, 82, 83].

The arrangement of waveguide arms controls the lunching
power to represent the required application [75]. Scattering
rods can exist in specific locations to adjust the operating
wavelength [84]. Simple designs with high (CR) and bit rate
can be obtained from this topology.

As shown in [75], the waveguide decoder with square lattice
has an area of 90 um?, (CR) equal 13.37dB, and a bit rate of
1587.3 Gbps. On the other hand, the hexagonal type of this
topology [67] has a footprint, (CR), bit rate of 234 pm?, 11.3
dB, and 625 Gbps, respectively.
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Fig. 3. The schematic diagram of the waveguide of decoder [63].
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The last topology that exists in this review was the cavity
topology. It is utilized what is called point defect which
occurs by removing one rod or hole to obtain the necessary
operating wavelength. Moreover, the place of the cavity and
its size will affect the resonance [54]. It can play the role of
absorbing wave in the forbidden direction [66] and changing
the intensity of the incident light. It can be combined with
waveguide and ring resonator. The structure that using
cavity topology is very simple and has very high (CR) that
reach to 16.43dB [66].

Table. II. was organized to display the main difference
between the characteristics of (Ph. Cs.) decoders for the
proposed topologies.

IV. PHOTONIC CRYSTAL HALF-ADDER TOPOLOGIES

One of the important basic circuits that are used in the
arithmetic logic unit (ALU) is the half-adder. It combines
two inputs to provide two outputs. One is called sum and the
other is named carry. The operation was based on the
following Boolean equation as in [40]:

S=A®B
C=AxB

)
3)

These equations will lead to the states in Table. III.

TABLE. III. TRUTH TABLES OF THE PROPOSED HALF-ADDER.

Input Output
A B Sum(S) Carry(C)
0 0 0
0 1 1 0
1 0 1 0
1 1 0 1
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TABLE.II. COMPARISONS BETWEEN THE PUBLISHED ALL-OPTICAL DECODER TOPOLOGIES IN THE LITERATURE
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In this study, it will regard to all (Ph. Cs.) half-adders. As SUM
shown in their structures it could be found in square [51, 84,
85] and hexagonal [40, 86, 87] lattice type. Most of them
operate in C-band except some of the oldest design that
behaved in the lower bands [88]. All the available structures
were built in a background of air except that proposed in
[87] that has SiO, with refractive index of 1.45. Lithium
Niobate (LiNbO3, LN) [89], Indium Phosphide,
Chalcogenide glasses [86], GNS, and SiO, [90] are different
materials that used to implement rods. Metal- dielectric was
used to verify the operation as in [91]. Auxiliary input was
needed in some modules to verify half-adder as in [88, 92].
As shown in fig. 4, the most complex and largest size Fig. 5. The schematic diagram of the self-collimation of half-adder [50].
belonged to the ring resonator topology with 1056 um? as in

[51] On the other hand, the poorest (CR) (i.e., 4.7dB [93]) FE N RN NN NN NN

and simplest structure could be implemented by self- gl e Bl e et
collimation topology as shown in fig. 5. The highest (CR) il el plb el e s bl Ol '*
can be obtained from cavity (i.e., 23 dB [89]) and = il - Sl A bl L B
waveguide topologies (i.e., 16dB [94]) as in fig. ©. ol £ Lot e RALPSTE.  FREL L { '
Furthermore, remarkable bit rate could be found from the Sanap e ) wEesEEs e -
same topologies (i.e., 1.27 Tbsp for cavity [81]) as shown in cnssssans of|iasnsassa . o
fig. 6, and 4.550 Tbsp for waveguide [83]. et et e MR R
b} wz sensns
@
cesaly .e
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(b) Fig. 7. The schematic diagram of the cavity of half-adder (a) [81]& (b)
[89]

Fig. 4. The schematic diagram of the ring resonator of half-adder (a)
hexagonal ring [51]. (b) square ring [86].
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proposed topologies.

Table. IV was organized to display the main difference
between the characteristics of (Ph. Cs.) half- adder for the

TABLE.IV. COMPARISONS BETWEEN THE PUBLISHED NONLINEAR AND LINEAR ALL-OPTICAL HALF-ADDER TOPOLOGIES IN THE LITERATURE
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From the last two sections, Table. V will summarize the
figure of merits for both stated applications (i.e., decoder
and half-adder). The aim is to establish bases for researchers
to find the best topology that gives high quality in a
particular property.

V. THE GENERAL EXTRACTED COMPARATIVE TABLE

As shown in table. V, it can be deduced that the ring
resonator topology has the most complex structure [48, 64,
77] with the largest size [51, 71] and medium (CR) [70, 86].
It can be used in linear and nonlinear regime [72, 86].
Furthermore, it has medium bit rate.

A simple design can be obtained by using self- collimation
topology with minimum size structure [50]. The linearity for
its application is another figure of merit [93]. It looks like
the previous topology in its medium bite rate [84].
Unfortunately, it has the worst (CR) [69].

The waveguide topology is characterized by its highest bit
rate [67, 75], simple construction [78], minimum size [55],
and maximum (CR) [92]. It can be found in both linear and
nonlinear operations [87, 92].

From the side of view, the cavity topology has the simplest
module [82]. This topology has some figure of merit such as
the highest (CR) [54], high bit rate [66], and medium
footprint [81]. As the material of the cavity rod can be
nonlinear [83], so it can be operated in linear and nonlinear
regime [83, 89].

TABLE.V. THE GENERAL EXTRACTED COMPARISON FOR THE DIFFERENT

TOPOLOGIES
Face of Ring- Self- Waveguide Cavity
Comparison | Resonator | Collimation
Type Linear Linear Linear Linear
&nonlinear &nonlinear | &nonlinear
Contrast Medium poor Max Very high
ration normal =17
Simplest Complex Simple Simple Very
structure Simple
size Large Min medium medium
Bit Rate Medium medium Very high high

VI. CONCLUSION

In this review, different topologies and their effect on
changing the (Ph. Cs.) application were investigated. The
half- adder and decoder were taken as an example to extract
the wvarious characteristics for ring resonator, self-
collimation, waveguide, and cavity topologies. To operate in
linear and nonlinear we can select between ring resonator,
waveguide, and cavity. The higher (CR) and bit rate can be
achieved from waveguide and cavity. The most topology
that needs more specifications, large size, and accurate
positioning is related to the ring resonator with complex

81

construction. RSOFT, COMSOL, and other software
packages are used in analysis. The dimension and location
of rods are the challenges in designing (Ph. Cs.)
applications for run time consumption. So, it will need some
techniques to save this time and provide accurate results.
The advantages and disadvantages or drawback of each
topology are explained.
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