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Abstract

In this review, a comprehensive summary on photonic crystal based all-optical logic
decoder reported in the last decade has been made. The articles reviewed are primarily
grouped into two broad tributaries based on linear and nonlinear regimes of optical interac-
tions inside photonic crystal structures. The reasons behind choosing PhC structures are
because of their excellent abilities to control and guide the flow of optical signal along
with the intense light-matter interaction in sub-wavelength scale, which have been utilized
substantially to realize decoder circuits. Each group of the articles has been analysed exten-
sively, and their prospective merits and demerits are discussed in terms of different per-
formance metrics such as operating speed, requirement of power, footprint, contrast ratio
between output logic levels etc. The review concludes while focusing on prospective dis-
cussions on the issues for further advancements in this field based on different techniques.
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1 Introduction

The global semiconductor market is undergoing a huge transformation in the process of
making compact and reliable chips for dealing with the evolving demand of ultra-fast
processing of information. Scientists are pushing hard to satisfy every aspect of Moore’s
prophecy (Moore 1965). However, the barrier like tunnelling effect comes into its adverse
role whenever the thickness of the gate in nano-electronic devices becomes smaller than
~ 5 nm (Zhirnov et al. 2003; Wu et al. 2013). To maintain the Moore’s law, we need a
rapid innovation and introduction of photonic technologies to drive out this saturation and
continue the advancement without compromising on speed, efficiency and power consump-
tion. In the recent past, photonic integrated circuits (PICs) have become potential alterna-
tive to its electronic counterpart in fields like optical communication, signal processing,
and quantum computation while harnessing the benefits of existing state-of-the-art silicon
CMOS integration tools and techniques (Zimmermann 2019; Loncar et al. 2000; Lipson
2005; Ramasay and Hockham 1980). According to report-linker, the global market for
PICs is projected to reach USD 3.1 billion by 2025 (https://www.reportlinker.com/p0364
6045/Global-Photonic-Integrated-Circuit-PIC-Industry.html?utm_source=GNW). The pri-
mary reason behind this expectation is the unleashed opportunities in on-chip all-optical
exascale processing of information, optical sensing and bio-photonics (Baqir et al. 2018;
Alipore et al. 2018; Amoosoltani et al. 2020; Farmani et al. 2018).

Among the diverse design environment of all-optical PICs, photonic crystal (PhC)
structure as proposed by Yablonovitch in 1987 (Yablonovitch 1987) is one of the most pro-
spective dielectric platforms for designing ultra-compact photonic devices. Photonic crys-
tal structures are driven by the distinctive characteristics of photonic bands and bandgap
originating from the resonant interaction of photons with the periodic dielectric lattice cor-
responding to constructive and destructive interferences, analogous to the electronic band
gap in semiconductor materials. This unique property offers the PhC structures the abil-
ity of confinement, localization and controlling the propagation of optical signals within
ultra-small volumes by creating appropriate defects into these structures corresponding to
waveguides and cavities (Goswami et al. 2020). Nevertheless, the most promising feature
that the PhC structures offer, as far as the light-matter interactions are concerned, is the
slow-light propagation that is the manifestation of temporal confinement of light inside a
PhC waveguide (PCW) and cavity. The temporal confinement increases the energy density
of the propagating optical pulses opening up another dimension to control over the light-
matter interactions.

Based on the existing designs, researchers have reported numbers of PhC based opti-
cal components such as demultiplexers (Gogoi et al. 2016; Mondal et al. 2018a), decoders
(Maleki and Soroosh 2020; Maleki et al. 2020), polarisers (Sinha and Kalra 2006; Prakash
et al. 2018a), couplers (Prakash et al. 2018b), drop filter (Qiang et al. 2007; Mondal et al.
2019a), adder (Goswami et al. 2021), logic gates (Mondal et al. 2015, 2016, 2018b; Sen
and Das 2015, 2013; Datta and Sen 2020a, b; Farmani et al. 2019; Parandin and Moayed
2020; Parandin et al. 2018a; Rani et al. 2017; Fatima et al. 2016; Parandin and Karkhane-
hchi 2017; Parandin and Reza 2020; Goswami et al. 2021; Tamer et al. 2019; Kumar and
Sen 2020), multiplexer (Zhao et al. 2019; Selim et al. 2011; Manzacca et al. 2007; Chu
et al. 2006) subtractor (Askarian 2021a, b, 2020; Askarian et al. 2020, 2019a, b), and so
on. The operating principles underlying to such designs can broadly be classified under
three main operating principles: (i) interference in PCWs, (ii) resonance in cavities and (iii)
self-collimation effects (Salmanpour et al. 2015). Nevertheless, it is to be emphasized here
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that, apart from the other all-optical components and logic devices, decoder has a pivotal
role as far as all-optical processors are concerned. A decoder is a multi-input, multi-output
logic device which essentially transforms a set of input signals to its equivalent output sig-
nals based on the specific logic state of the input and the control signals present. Optical
decoders substantially reduce the number of optical switches and, hence, the interconnec-
tions in a dense optical communication network for efficient processing of information.
Moreover, optical decoders are also very useful for intermediate routing of channel from
one to another in an optical network. In this review, we aim to provide the latest progress
achieved in designing all-optical decoders. The review focuses on the designs based on
PhC structures in particular, since the same offers ultra-compact footprint and the substan-
tially miniaturized operating power of the devices. In this connection, this is worth men-
tioning here that a similar work has been reported recently (Banaei et al. 2021), which also
focuses on the recent developments on the designs of the optical decoders based on pho-
tonic crystal (PhC) structures. However, the review presented here encompasses broader
aspects on the designs reported. In this review, designs of the PhC based all-optical decod-
ers are grouped broadly into linear (Banaei et al. 2016; Shaik and Rangaswamy 2017;
Parandin et al. 2018b; Mondal et al. 2019b) and nonlinear (Serajmohammadi et al. 2015;
Alipour-Banaei et al. 2015; Moniem 2015; Mehdizadeh et al. 2016, 2017, 2018; Khosravi
and Zavvari 2018; Daghooghi et al. 2018a, b, ¢, 2019; Maleki et al. 2019; Askarian 2021c;
Rostamizadeh et al. 2020; Mehdizadeh and Banaei 2017; Salimzadeh and Alipour-Banaei
2018) categories based on the light-matter interaction adopted as the principle of opera-
tion. The designs based on the linear light-matter interaction mainly employ beam interfer-
ence, multi-mode interference and self-collimation. On the other hand, the designs based
on the nonlinear light-matter interaction exploit the Kerr induced changes in the refractive
index in ring resonator and micro-cavities. Moreover, the designs are compared extensively
in terms of the different performance metrics such as footprint, speed of operation, operat-
ing power and contrast ratio between the logic levels which are of fundamental importance
to the designs.

Rest of the paper is organized in three sections. In Sect. 2 the designs of the all-optical
decoders exploiting the linear optical effects are discussed, and a comparative study has
been made in Sect. 2.1. Section 3 discusses the designs based on nonlinear optical effects,
while the Sect. 3.1 summarizes the discussion through a comparison table. Finally, a con-
clusion of the entire review has been made in Sect. 4 along with the techniques that may be
adopted in improvising the performance of the device.

2 Linear PhC based designs of decoder

Alipour-Banaei et al. (Banaei et al. 2016) have applied self-collimation effect to design a
decoder on a 2D-PhC of a cubic lattice array of silicon rods-in-air structure. The refractive
index of the rods is chosen as 3.46. Two parallel line defects, namely LD1 and LD2 having
width of 11 \/Za (‘a’ is consider as lattice constant) has been used by optimizing the radius
of twenty-four dielectric rods in I'-X direction. The transmission and reflection ratio is
50:50 when the defect line radii is R=0.274 a. The obtained line defect works as a 3 dB
splitter and it creates phase difference of 90° between the reflected beams and transmitted.
The footprint of the PhC structure is reported as 25 \/ 2ax 14\/ 2a. Two input ports, I (input
signal) and I (control input) and two output ports, O1 and O2 are used to make the PhC
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structure as 1-2-line logic decoder. The schematic diagram of reported logic decoder is
depicted in the Fig. 3 in Banaei et al. (2016).

So far, the operation of the device is concerned, the signal applied at the control input
has the same operating wavelength as of the input, and is considered to be ‘ON’ always
irrespective of the logic state of the input. Moreover, the initial phase angle of the input
signals I and Iref are considered as—1II/2 and O respectively. When input optical signal
is absent at the input port I (I=OFF), then only Iref is splitted into two parts by LDI1.
The transmitted wave of Iref signal with 0.5P0 intensity signal appears at the output port
O1, which is consider to be ON (logic ‘1’) and transmitted wave of Iref signal is further
reflected at LD2 and 0.25P0 intensity signal appears at output port O2, consider to be OFF
(logic-0). The field propagation for the above inputs condition has been shown in Fig. 4
in Banaei et al. (2016). Similarly, when the input I is ON with having power PO then the
reflected wave of ‘I’ with 0.5P0 intensity at LD1 and transmitted wave of ‘Iref” with 0.5P0
intensity travel together towards output port O1 with the phase difference of I1. As a result,
destructive interference occurs between two waves and no optical intensity appears at the
output port O1 which is considered as ‘OFF’ (logic ‘0’). Furthermore, the transmitted wave
of ‘I" with 0.5PO0 intensity and reflected wave of ‘Iref” with 0.5P0 intensity travel towards
LD2 with phase difference of 0. As a result, constructive interference occurs between two
waves and reaches at LD2 with the optical intensity of P0. Finally, LD2 delivers 0.5P inten-
sity optical signal at output port O2, considered as ON (logic-1). The distributions of elec-
tric field for different logic conditions of input have been shown in the Fig. 5 as in Banaei
et al. (2016), which establishes the operation of 1-2-line decoder.

Shaik and Rangaswamy (2017) have reported a design of 1-2-line decoder on a PhC
structure based on light beam interference principle. An array of 16x24 Si rods having
refractive index 3.46 is arranged in square lattice for the construction of their device. The
schematic diagram of their proposed device has been shown in the Fig. 1a in Shaik and
Rangaswamy (2017). The radius of rods (r) and lattice constant (a) are considered as 0.2a
and 600 nm respectively. The beam splitter (3 dB) rods ‘r,” of radius 0.1a has been used
to split the input signals deriving from two input ports i.e., C (control) and I (input). The
device consists of two output ports, YO and Y1. The distance of junction J1 at the output
port Y1 from two input ports (I and C) are equal and the path difference at junction J2 of
output port YO between two input ports (I and C) is 4a. The transmission characteristics at
the output ports are depicted in Fig. 2 in Shaik and Rangaswamy (2017).

The authors have mentioned in their article that light with phase-IT is considered as
logic-1 whereas light with phase-0 is considered as logic-0. With respect to the input
power P,, the power level with less than 3% of P, is encoded as logic ‘0’, while the
power level with more than 70% of P, is encoded for logic ‘1°. Moreover, the phase of
the control input signal is chosen as II and it is always considered to be logic ‘1°. The
light beams from control port and input port (C and I) get interfered constructively or
destructively for phase differences of zero or IT corresponding to the zero-path differ-
ence. On the other hand, when the path difference between the light beams coming from
control port C and input port [ is ‘4a’, it offers destructive and constructive interference
for zero and IT phase difference respectively. From Fig. 2 in Shaik and Rangaswamy
(2017), it has been observed that, when I=0 (logic-0, signal with phase-0) then two
optical waves meet destructively at junction J1 and meet constructively at junction J2.
As a result, output port Y1 receives no optical power which is considered as logic-0 and
output YO receives high optical power, which is considered as logic logic-1. Similarly,
when I=1 (logic-1, signal with phase IT) then two optical waves meet constructively at
junction J1 and meet destructively at junction J2, hence, high optical power reaches at
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output port Y1, which is considered as logic-1 and output port YO receives zero optical
intensity, which indicates as logic-0. The propagation profile of their reported device
establishes the operation of 1-2-line all-optical decoder. Moreover, the response time
of their device has been reported as 0.189 ps, where transmission delay and steady state
time have been considered as 0.07 ps and 0.189 ps respectively.

Another new design of 1-2-line all-optical decoder is reported by Parandin et al. is
shown in Fig. 3 in Parandin et al. (2018b). A triangular lattice in 2D PhC structure with
17 % 15 silicon rods are used for their proposed device. The radius of rods and refrac-
tive index are considered as 128 nm and 3.4 respectively. Lattice constant (a) is taken as
640 nm that results in a footprint area of 91.75 pm?. In their reported structure, there are
four ports such as INPUT, CTRL (are used for applying input signal), DO and D1 (are
used for obtaining output signal). To make the device functioning as 1-2-line decoder
the radii of five rods at the junction creating a cavity have been optimized. Among the
five rods, the radius of one rod (r,) is considered as 77 nm (r,= 0.6 Xr) and the radius of
other four rods (r;,) is considered as 102 nm (r,=0.8 X1).

The work reports attainment of output—input power ratio as 82% or more is consid-
ered as logic-1 and if it is lower than 0.13 it is considered as logic-0. The control input
(CTRL) is considered always as ON as similar with (Banaei et al. 2016) and (Shaik and
Rangaswamy 2017).

As shown in Fig. 4 in Parandin et al. (2018b), the logic level of the port DO is ‘1’
for input state ‘0. Again, when the input level is ‘1’ then the light beam, coming from
input source (I) prevents the light beam, coming from control input (CTRL) to reach
the cavity, thus the light is not able to reach at the output port DO, which is considered
as logic ‘0’, but the input light wave along with control light wave appear at the output
port D1, considered as logic-1. Moreover, few performances matrixes like data-rate and
response time of their device have been reported in their article as 2 Tbit/s and 0.5 ps
respectively.

On the other hand, Mondal et al. (Mondal et al. 2019b) have applied a principle of
beam interference within the PhC waveguides to realize a decoder based on 2D PhC
of triangular lattice as shown in Fig. 1. The radius and the refractive index of the rods
for the basic PhC structure are chosen as 0.32a and 3.42, respectively, where lattice
constant (a) is taken as~745 nm. The reported device has two input ports (Input and
Bias) and two output ports (Output-1 and Output-2). Output-1 is connected with Bias by
means of a waveguide having a 120° bend as shown in Fig. 1. Two rods X2 and X3 of
diameter 60 nm and 104 nm respectively at the corner of the junction (intersecting point

Fig.1 Schematic design of
reported decoder, as in Mondal
et al. (2019b). Reprinted/adopted
with permission from Mondal

et al. (2019b), Wiley
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(b)

Fig.2 Field distribution diagram a input signal is absent, b input signal is present, along with Bias signal,
as in Mondal et al. (2019b). Reprinted/adopted] with permission from Mondal et al. (2019b), Wiley
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Fig.3 Time-evolving graph when a input signal is absent, b input signal is present, as in Mondal et al.
(2019b). Reprinted/adopted with permission from Mondal et al. (2019b), Wiley

between bias and Output-1 waveguides) have been optimized to deliver minimum power
from bias port to Output-1. Furthermore, to direct the optical wave (coming from input
port) towards Output-2, a rod (X1) of diameter 80 nm has been used at the junction near
to input port.

The electric field propagation for various input logic conditions of their proposed device
have been shown in the Fig. 2. From Fig. 2a it has been observed that, when the input
port is in logic-0 state and only bias signal is applied then most of the power from biased
input is deflected towards Output-1 and small percentage of power is reached at Output-2.
Author has performed time-average analysis and has found that 54% of bias power at Out-
put-1 port (logic-1) and 4% of bias power at Output-2 port (logic-0). Likewise, when the
optical wave is excited at the input port i.e., logic-1 state, then the majority of the input
signal power is directed towards Output-2 and the remaining power of input signal occurs
destructive interference with bias signal at the junction near to Output-1. As a result, a very
small portion of power is received by Output-1 port, which is shown in Fig. 2b. From time
average analysis it has been found that 3% of signal power is delivered at Output-1 port
(logic-0) and 55% of signal power is received at Output-2 port (logic-1).

The several performances matrices like contrast ratio, response time, data rate, etc. have
been reported in their article. For calculating the contrast ratio the radius of the rods X1,
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X2 and X3 are considered as 40 nm, 30 nm and 52 nm respectively and found contrast ratio
for the Output-1 port and Output-2 port as 11.3 and 11.4 dB respectively. From Fig. 3,
authors have calculated the response time and data rate of the reported device. Figure 3
shows the steady-state and transition time of the device at Output-2 as 0.52 ps and 0.25 ps
respectively whereas the steady state and transition time at Output-1 as 0.41 ps and 0.23 ps
respectively. The minimum data rate of 625 Gbps is estimated. One of the main drawbacks
in linear PhC structure is phase sensitivity of the input signals. An additional arrangement
(as shown in Fig. 8 in Mondal et al. 2019b) has been reported in their article to make the
device phase insensitive to the input signals. Additionally, the feasibility of practical fabri-
cation of the device has also been discussed in their article.

2.1 Comparative study of all-optical linear PhC based decoders

Comparative analyses of PhC based all-optical linear decoder have been tabulated in the
Table 1, that is the technical summary of literature discussed in the previous section. The
PhC based all-optical linear decoder circuits are mostly simple in structural viewpoint and
majority of the devices are built in rod in air structure. Those designs offer high bit rate for
various logic levels at any output terminal. However, the linear operation offers significant
drawbacks like sensitivity of random changes in phase which is, however, eliminated in
Mondal et al. (2019b).

3 Non-linear PhC based all-optical decoder designs

Serajmohammadi et al. (2015) have designed an optical decoder switch based on PhC non-
linear ring resonators. The radius and the refractive index of the chalcogenide glass rods
are chosen as 0.215%a & 3.1 respectively where a =630 nm (lattice constant). The dielec-
tric rods are having high Kerr coefficient (n2=9x 10~'7 m%W). The proposed structure is
designed on a square array of 3121 of chalcogenide glass rods. The proposed structure
(shown in Fig. 2 in Serajmohammadi et al. (2015)), is having one input port (I), two output
ports (O1 and O2) and one bias port (Bias). A waveguide has been created by removing
a row of rods completely in I'-X direction, which is designated as bus waveguide (left
end of the bus waveguide is considered as bias input and right end is considered as output
port (O2)). A resonant ring of 12-fold quasi crystal structure adjacent and below to the
bus waveguide has then been created. A ‘L’ shaped waveguide has been used in adjacent
to the resonant ring, which is designated as drop waveguide (the end portion of the drop
waveguide is considered as another output port (O1)). The resonant wavelength for their
reported structure is chosen as 1550 nm.

Moreover, the FDTD simulation method has been used for simulating the device. The
intensity of bias signal is 0.5 kW/um? and optical power intensity of input port I is chosen
as 0 and 2 kW/pum? which includes logic-0 and logic-1 respectively. From Fig. 5a in Sera-
jmohammadi et al. (2015) it has been observed that when input signal ‘I’ is in OFF and
bias is ON, because of the resonating effect of the ring resonator the bias signal is dropped
to drop waveguide and it is forwarded towards output port O1. Hence, O1 port is ON and
02 port is OFF. Similarly, from the Fig. 5b in Serajmohammadi et al. (2015) it is notices
that the both input and bias ports are ON, hence, the signal intensity around the resonant
ring is greater than the switching threshold. As a result, the signal from the bus waveguide
not able to be dropped into the drop waveguide and move towards the port O2. Hence, port
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02 is ON and port O1 is OFF. The switching power for their reported structure is about
1.5 kW/pm?. In the Fig. 4 in Serajmohammadi et al. (2015) the variation of normalized
output power at O1 and O2 with variation of input power of the decoder are shown. If input
power is altogether less than 1.5 kW/um?, then port Ol receives a normalized power more
than 80% whereas port O2 receives a normalized power less than 20%. If the input power
is increased beyond the 1.5 kW/pum?, then the normalized power at port O1 and O2 are less
than 20% and more than 80% respectively.

Similarly, Alipour-Banaeia et al. (2015) have designed an all optical 2:4 PhC based
decoder using ring resonators. The switching threshold of ring-resonator is less as compare
to the Serajmohammadi’s work (Serajmohammadi et al. 2015). The device is composed of
29x22 dielectric rods, arranged in a square matrix, in air-background. The optical behav-
iour of the photonic crystal ring resonator (PhCRR) can be controlled by applying high or
low intensity light into the structure. The nonlinear Kerr coefficient and resonant wave-
length for the doped glass rods are taken as 9x 10717 m*W and 1550 nm respectively. The
device includes a bias port, 2 input ports (A and B) and 4 output ports namely O1, O2, O3
and O4. The schematic design of the proposed 2—4 line all optical decoder is depicted in
the Fig. 4 in Alipour-Banaei et al. (2015). The nonlinear ring resonators are designed by
replacing few host rods, in the lattice, by nonlinear doped glass rods. Every resonant cav-
ity, because of different resonant modes, drop optical signal to a particular output port with
different input intensity as depicted in the Fig. 5a—d in Alipour-Banaei et al. (2015). From
Fig. 5 in Alipour-Banaei et al. (2015), it is clearly observed that their reported device satis-
fies the output logic conditions for all possible 2-input logic combinations and establishes
the operation of 2—4-line logic decoder.

On the other hand, Moniem has reported an all-optical 2-to-4-line decoder in Moniem
(2015) using five PhCRRs (PCRR1 to PCRRS5) with two T shaped waveguide and set of
Y splitters. A rods-in-air 2D-PhC square lattice with the rods refractive index 3.39 has
been used as basic designing platform for their device. The device, as shown in Fig. 6 in
Moniem (2015), has been made within a footprint area of 1520 pm?. The lattice constant
and radius of the rods are taken as 630 nm, 133 nm. The radius of five ring resonators is
3a, where ‘a’ is considered as lattice constant. The structure is made of two input ports (A
and B), four output ports (DO to D3), and one bias input port. To achieve the maximum
efficiency an extra rod having radius of 0.07a is placed at the junctions of two input ports.
The optical beams are being splitted (up to 47-48% into each branch) by the Y (creating
defect in I'-M direction) and T (creating defect in '-X direction) shaped splitters. Optical
power flowing through the waves L1, L2, L3, L9, and L10 are being controlled by the ring
resonators PCRR3, PCRR1, PCRR2, PCRRS5 and PCRR4 respectively. To eliminate the
back scattering in the corners of each PhCRRs and waveguides associated with PhCRR,
extra rods with the same refractive index are shifted with a distance of 0.707a towards each
corner of PhCRRs and waveguides. The field distributions for different input logic com-
binations are depicted in Fig. 8 in Moniem (2015). Here, the optical power of bias port is
considered to be 1 (100 mW), also to compensate the division made by the Y and T shaped
splitters the value of A and B are considered as 100 mW and 200 mW respectively. The
optical signals enter into PCRR, prevent the power flow into undesired output ports and
direct the signal towards desire output port which altogether establish the operation of a
2 x4-line Decoder. The device seems to be reliable for optical networks and signal process-
ing operations and the date rate of 200 GHz has been reported in their article. Moreover,
the rise time and steady state time at all the output ports (DO to D3) of the device have also
been calculated and reported in Table 2 in Moniem (2015). At port D1, the rise time and
steady state time are reported as 3.72 ps and 6.2 ps respectively in worst case scenario.
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A rather simpler design of an all-optical 2—4-line decoder has been reported by Meh-
dizadeh et al. (2016). The concept is almost similar to the concept proposed by Alipour-
Banaei et al. (2015). The proposed design has 65 % 60 array of dielectric rods in air back-
ground with 2D square lattice structure. The refractive index and radius of the rods are 3.1
and 0.19a where a=623 nm. Few host rods are replaced by nonlinear doped glass rods
(Kerr coefficient 9x 107'7 m*W) to create the five ring resonators (R1 to R5). Thus, nine
optical waveguides and five resonant rings are designed in the PhC structure. A special
emphasise has been provided by authors on creating resonant rings. To create the resonant
rings, first they have removed 7X7 array of rod then at the centre 12-fold quasi crystal
structure has been placed in which number of rods (with radius r) in the first orbit are six,
in the second orbit the number of rods (with radius 2r) are twelve and in the third orbits
the number of rods (with radius 3r) are also twelve. The radius r is chosen as 0.55a. The
proposed structure consists of four input ports. Among them, three control ports (two X and
one Y) and one bias port (BIAS). Four output ports are labelled as O0, O1, O2 and O3 as
shown in Fig. 2 in Mehdizadeh et al. (2016). The intensity and wavelength of the input sig-
nals (both bias and control) are taken as 1 kW/*™ and 1550 nm respectively. The switching
threshold of the resonator is 2 kW/um?. In this proposed system when the signal reaches
the resonator with the signal power is < 2 kW/um? then optical waves drop into another
drop waveguide. The electric field propagation of the reported device for all the possi-
ble input combinations have been shown in the Fig. 4 in Mehdizadeh et al. (2016), which
proves that the device can be performed as 2-to-4-line all-optical decoder.

Moreover, Mehdizadeha et al. (2017) have proposed another novel design of optical
2x4 decoder on rods-in-air based 2D-PhC square lattice platform. The radius and refrac-
tive index of the dielectric rods are chosen as 0.3a (lattice constant a=723 nm) and 3.46
respectively. This device works as logic decoder on the principle of optical field intensity.
By changing the optical field intensity at the input port, the optical power can be directed
towards desired output port. Initially, they have designed a four channel demultiplexer to
realise four-port switch. They have performed several configurations of non-linear rods
(Kerr coefficient is 107'* m*W) at the output ports (as shown in Fig. 2 in Mehdizadeh
et al. (2017)), which act as resonant cavity to satisfy demultiplexing operation. Radii of
the defect rods to create the resonant cavities corresponding to O0, O1, O2 and O3 output
ports are considered as 80, 75, 70 and 65 nm, respectively. Moreover, they have designed
a unique power splitter. Finally, with the combination of power splitter and demultiplexer,
they have designed their 2—4-line decoder, which has been shown in the Fig. 6 in Mehdi-
zadeh et al. (2017). The final structure of their reported decoder includes input ports as E
(enable port), A and B (signal input) and output ports O0, O1, O2 and O3.

To realise 2-to-4-line all-optical decoder they have created four different level of optical
intensity using enable port and two signal ports. They have created several power splitters
with different splitting ratio to achieve proper operation of decoder. To simulate their pro-
posed device minimum input power PO=20 W/um? is required. To achieve optical power
at output ports 00, O1, O2 and O3 the total input signal power should be Pin =P0, 1.25 PO,
1.5 PO and 1.75 PO respectively. When only enable port E is activated with power PO then
this optical power reaches to output port O0. Again, when port B is ON along with ‘E’ then
the power splitter delivers 1.25 PO power to the output section of the device and hence, this
optical power reaches to output port O1. Similarly, when port A is ON along with ‘E’ then
the power splitter delivers 1.50 PO power to the output section of the device and hence,
this optical power reaches to output port O2. Finally, when port A=B=ON along with
‘E’ then the power splitter delivers 1.75 PO power to the output section of the device and
hence, this optical power reaches to output port O3. The propagation profile for all possible

@ Springer



A review on photonic crystal based all-optical logic decoder:... Page 110f24 90

input combinations have been depicted in Fig. 7 in Khosravi and Zavvari (2018). The max-
imum operating frequency and maximum steady-state time of their device are reported as
2 GHz and 50 ps respectively.

As similar to Alipour-Banaei et al. (2015), 1-2 line and 2—4-line decoders have been
reported by Khosravil et al. in (2018). The optical decoder is based on PhC based ring
resonator. The nonlinear Kerr’s coefficient and the input power intensity are considered
as 9% 1077 m*W and 1 kW/pm? respectively. The radius of the rods is chosen as 0.2a
(where a is 0.644 pm) and the refractive index is considered as 3.1. For designing 1-to-
2-line decoder, the rods-in-air based 2D-PhC platform with 31X 31 array of chalcogenide
glass rods have been used. By removing two rows of dielectric rods in I'-X direction, two
bus waveguides (left and right end of the first bus waveguide are considered as ‘bias’ port
and output port (O2) whereas only left end of the second bus waveguide is chosen as out-
put port (O1)) have been designed on the basic PhC platform, which is shown in Fig. 4a in
Khosravi and Zavvari (2018). A ring resonator (required signal power to couple into ring
resonator is less than 0.3 kW/pm?) has been placed between two bus waveguides and one
extra waveguide in I'-X direction (placed between two bus waveguides) is created to apply
input signal. The simulation profiles (for possible input combinations) of the 1-2-line
decoder are shown in Fig. 4b and c in Khosravi and Zavvari (2018). It is observed from the
Fig. 4b in Khosravi and Zavvari (2018) that when only bias signal with power 0.3 kW/um?
is applied then the bias signal couples into ring resonator and forward it to the output port
Ol. Similarly, when bias and signal both are applied simultaneously the bias signal does
not couple in the ring and reaches to the output port O2 as shown in the Fig. 4¢ in Khosravi
and Zavvari (2018).

Based on the results obtain from 1X2-line decoder they have extended their work to
2x4 line decoder (as shown in the Fig. 5 in Khosravi and Zavvari (2018)) by combining
three 1Xx2-line decoder. In their device three PhCRRs, three input ports (Bias, A and B)
and four output ports (00, O1, O2 and O3) have been designed. The electric field profiles
of their reported 2 x4-line decoder are shown in Fig. 6 in Khosravi and Zavvari (2018),
where bias signal is always set as ON and according to different input combinations the
desired output port delivers the HIGH optical power. The maximum and minimum val-
ues for logic-1 are obtained as 87% and 40% respectively whereas the minimum and
maximum values for logic-0 are obtained as 2% and 18% respectively. The crosstalk and
insertion loss for all the ports have been calculated which are Ol = —10.79 dB,—5.5 dB,
02=-10.94dB,-8.8dB,03=-7.7dB,—-5.5dB and O4= -3.4dB,—-2.2 dB.

In the year 2017, Mehdizadeh et al. (2018) have reported a design of an all optical
2x4-line decoder based on a 2D PhC square lattice by controlling the optical behaviour
of PhCRRs with optical intensity. The radius and refractive index of the dielectric rods
are taken as 0.185a and 3.46 respectively where a is the lattice constant (a = 548 nm).
The structure consists of five input ports, eight waveguides (W1-W8), four ring resonator
(R1-R4) and four output ports (00, O1, O2 and O3) as shown in Fig. 4. Two input ports, X
and another two input ports, Y are used for applying input signals whereas third input port
known as Enable (E) is used for applying bias signal which is always set as ON.

The simulation of the proposed structure is performed using 2D-FDTD method and it
is depicted in the Fig. 5. The optical intensity required for input ports is PO=50 W/m?.
From Fig. 5, it has been noticed that when E is HIGH and X, Y are LOW, then the optical
beam gets drop by R1 from W2 and moves through W3 and when it reaches R2, again it
gets back to W2 from W3 then R3 towards it to W1 through which it reaches at O0. Hence
00 is HIGH and other output are LOW. Again, when X is LOW and Y is HIGH then R1
and R4 get activated thus the optical beam coming from E gets drop into W3 which cannot
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Fig.4 The schematic struc-

ture of propose device, as in
Mehdizadeh et al. (2018). Source
Reprinted from Mehdizadeh

et al. (2018) © 2018 with permis-
sion from Elsevier

Fig.5 Simulation profile of the proposed decoder for a X=Y=0, b X=0and Y=1,¢ X i=1 and Y=0,
d X=Y =1, as in Mehdizadeh et al. (2018). Source Reprinted from Mehdizadeh et al. (2018) © 2018 with
permission from Else

further get drop by R2 as R2 is deactivated by optical signal coming from Y. Therefore, the
beam moves to W4 from W3 through R4 and it reaches at O1, which indicates HIGH (as
shown in Fig. 5b). Similarly, when X is HIGH and Y is LOW then R2 and R3 get activated
as R1 is deactivated by the optical signal coming from X, so the beam travels toward R2
which drops the beam to W3. Then the beam travels toward R4 which has already been
deactivated by optical signal coming from X. Therefore, the optical beam moves toward
02 which turns it HIGH (as shown in Fig. 5c). Lastly, when both X and Y are HIGH then
all the resonant rings have been deactivated. So, the optical signal coming from E will
directly reaches at O3 hence turns it HIGH (as shown in Fig. 5d). The highest steady state
time is reported as 10 ps.

Daghooghi et al. (2018a) have proposed a 2—4-line all optical logic decoder based on
PhCRR. To design 2—4-line decoder a fundamental switch has been used, which is built
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on an array of 31X 31 square lattice of dielectric glass rods in air background having effec-
tive refractive index and radius of 3.1 and 0.2a respectively, where ‘a’ (lattice constant) is
600 nm. The fundamental optical switch includes two input ports (B=Bias and A =Sig-
nal input) and two output ports (O1 and O2) as shown in the Fig. 2a in Daghooghi et al.
(2018a). By eliminating a complete row of rods in I'-X direction a bus waveguide has been
created. To construct a square like ring resonator, total 24 rods have been removed around
the centre. Finally, the output channel (L-shaped drop waveguide) is formed. Six rods (four
rods at the corner of ring and two rods at the corner of the L shaped waveguide) have been
incorporated and to improve the performance (dropping). The resonators are formed in
such a manner that an optical signal can be dropped into a drop waveguide when the opti-
cal intensity is half the input light intensity (I, =1 kW/pm?). When half of signal power
(Ig=0.5 kW/, um?) is applied at port B as bias signal then bias signal is forwarded towards
output port 2 (O2) via ring resonator. Similarly, when signal is applied at port A then bias
signal is forwarded towards output port 1 (O1). The field distribution profiles for two input
logic combinations of fundamental switch are shown in Fig. 4 in Daghooghi et al. (2018a),
which seems the operations of 1-2-line decoder.

To design the 2: 4 decoder, three PhCRRs ring resonators have been used. Their
reported decoder consists of two input ports (A and B), four output ports (O1 to O4) one
bias port, shown in Fig. 6. The footprint area of the device is reported as 19.5 pmx 19.5 pm
and the number of waveguides is less with compare to the work reported in Mehdizadeh
et al. (2018). Four different output logic states of the decoder are illustrated in Fig. 7. The
maximum frequency and response time of the proposed decoder is reported as 500 GHz
and 2 ps respectively, which is quite significant and higher as compared to other works
exploiting non-linear effects.

In the year 2018 Daghooghi et al. (2018b) have reported a low power operated 2—4-line
all optical decoder using non-linear ring resonator on 2D-PhC based square lattice plat-
form, very similar to the previous report (Daghooghi et al. 2018a). To realize the operation
of 2—4-line optical decoder, first they have designed an optical switch then it has been used
in the final structure of the reported decoder. For designing optical switch, 31X 31 array
of silicon rods in air is taken. The refractive index, radius of the dielectric of rods and lat-
tice constant of the crystal are chosen as 3.48, 120 nm and 630 nm respectively. They have
used rods of silicon nanocrystal with linear refractive index of 1.5 for designing the ring

Fig.6 Schematic diagram of
proposed structure of 2-to-4-line
optical decoder, as in Daghooghi
et al. (2018a). Source Reprinted/
adopted with permission from
Daghooghi et al. (2018a) © The
Optical Society
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Fig.7 Working states of the proposed decoder, as in Daghooghi et al. (2018a). Source Reprinted/adopted
with permission from Daghooghi et al. (2018a) © The Optical Society

resonator, which is 77 square-shaped ring as shown in the Fig. 8. The threshold signal
intensity required for switching effect is around 13 W/um?,

The proposed 2—4-line all-optical decoder (as shown in Fig. 9) has been designed by
using four optical switches, which is shown in Fig. 8. The reported decoder consists of

Fig. 8 Proposed structure for
optical switch, as in Daghooghi
et al. (2018b). Source Reprinted
from (Daghooghi et al. 2018b).
© 2018 with permission from
Elsevier

Fig.9 The schematic of the
proposed structure for 2-to-4
decoder, as in Daghooghi et al.
(2018b). Source Reprinted from
Daghooghi et al. (2018b) © 2018
with permission from Elsevier
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two input ports (X and Y), four output ports (OO0 to O3) and one enable port E. The field
distribution for different input logic combinations is shown in Fig. 10. From Fig. 10a, it is
observed that when only ‘E’ is ON then ring 1 and ring 2 are activated and hence optical
power reaches at output port 0 (O0). Similarly, when Y is ON along with E, then ring 1 is
activated and ring 2 is deactivated, hence optical power reaches at output port 1 (O1) (as
shown in Fig. 10b). Again, when X is ON along with E, then ring 3 and ring 4 are acti-
vated. As a result, optical power reaches at output 2 (02) (as shown in Fig. 10c). Finally, in
Fig. 10d it is shown that, when all the inputs are ON then ring 1 and ring 4 are deactivated,
hence optical power reaches at output port 3 (O3). The output wave profile for all the possi-
ble input combinations altogether proves that the proposed device functions as 2—4-line all-
optical decoder. The performances of their proposed device have also been reported in their
article. The minimum contrast ratio of the decoder is reported as 7 dB and the maximum
is reported as more than 28.7 dB. The insertion loss of their device is ranging from—4.31
to—8.54 dB and the highest cross-talk in between—17.53 and —39.34. Additionally, the
steady-state time at all the output ports, O0, O1, O2, O3 have been reported in the article
as 6.3 ps, 3.96 ps, 6.4 ps, 4.2 ps respectively. The operation speed is reported as~ 160 GHz.
The required threshold signal intensity of the resonators for switching is around 13 W/pm?.
Low signal intensity of inputs and bias are the key factor of this proposed device.

Maleki et al. (2019) have proposed a 2-To-4 decoder based on a 2D-PhC where the die-
lectric rods are arranged as cubic lattice in air background, as shown in Fig. 11. For design-
ing the device, an array of 23 X 14 rods with a spatial period (a) of 530 nm has been taken,
which makes the area of 90 um?. The refractive index and radius of the rods are 3.1 and
106 nm respectively. The proposed structure is designed by eight waveguides (W1-W8)
which constructs one bias port E two input ports, X and Y to four output ports (OO0 to O3).
Four nonlinear doped glass rods, having nonlinear Kerr coefficient 10~ m%W and linear
refractive index 1.4, have been placed in waveguides W5, W6, W7 and W8 as shown in

Fig. 10 Propagation profile of the decodera X=Y=0,bX=0Y=1,¢X=1Y=0,andd X=Y=1, as in
Daghooghi et al. (2018b). Source Reprinted from Daghooghi et al. (2018b) © 2018 with permission from
Elsevier
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Fig. 11 Representation of a the proposed decoder, b the defects in waveguides, as in Maleki et al. (2019).
Source Maleki et al. (2019)

the Fig. 11. To radii of the four nonlinear rods placed in the waveguides W5, W6, W7 and
W8 are taken as 118 nm, 111 nm, 104 nm, and 97 nm respectively so as to drop the opti-
cal signal, from W4 to particular output ports for particular signal strength. Few rods (with
optimized radii) have been placed in the middle of the waveguides W1, W2, and W3 as
shown in Fig. 11b. Furthermore, two rods with radii 64 nm, have been placed in the corner
of W2 and W3 so as to increase the transmission. To have the desire beam interferences at
the junction of the waveguides W1 and W4, the radius of the one rod has been optimized as
70 nm. The radii of all optimized rods are shown in the Fig. 11b.

The propagation profiles of their proposed device for all possible input combinations
have been analysed, which have been depicted in Fig. 12. When X=0=Y, signal intensity
I, is only applied from bias port and drops to W5 and appears at output port OO0 (as shown

X Y 0002 X Y 00 02

ap

E 0l 03
X Y 00 02

E 0l 03

Fig. 12 Simulation profile of the device when a X=Y=0,b X=1, Y=0,¢ X=0, Y=1,andd X=Y=1,
as in Maleki et al. (2019). Source Maleki et al. (2019)
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in Fig. 12a). Figure 12b represents the field distribution when X=1 and Y =0. In this case
the signal form W1 in addition with signal from W3 move towards W4 which makes total
optical intensity as 2I,. The nonlinear rod in waveguide W6 is optimized so that 21, signal
propagates through W6 only and appears at output port O1. For the input logic combi-
nation X=0 and Y =1, the signal intensity in W4 becomes 3] as the signal is applied
at the input port Y as 2I,. The nonlinear rod in W7 has been optimized in such a way
that the signal with intensity 31, propagates through W7 and reaches to output port O2 (as
shown in Fig. 12c¢). Lastly, when all the inputs are ON (X=Y =1) then the optical intensity
becomes 41, (I, from bias, I, from input X and 2I, from input Y) reaches in the wave-
guide W4. Due to the optimized rod in waveguide W8, 41, optical signal reaches to output
port O3 from W4 (shown in Fig. 12d). The performance matrices such as delay time, fall
time and steady-state time for all the output ports have been reported in Table 2 in Maleki
et al. (2019). In worst case scenario, the delay time, fall time and steady-state time of their
device have been reported as 220 fs, 145 fs and 1.6 ps respectively at port O3.

A new design of all-optical 2-to-4 line decoder with footprint of 420 um? has been
reported by Asghar in Askarian (2021c). His reported design is based on the combina-
tion of two optical principles, such as light beam interference and threshold switching. The
decoder has two nonlinear ring resonators, four output ports (00, O1, O2 and O3), one
input bias/reference port (R) and three input ports (X, Y and Y) as depicted in the Fig. 9 in
Askarian 2021c. The electric field propagation profiles of the device for four possible input
combinations have also been shown in his article, which clearly establish the operation of
the device as 2-to-4 line optical decoder. Several performance parameters like extinction
ratio, bit rate, response time, rise time and fall time of the decoder have been reported as
7.73 dB, 500 Gbps, 2 ps, 1.2 ps and 0.4 ps respectively.

Another novel design of all-optical 2-to-4-line decoder has been proposed by Alidoost
et al. in Rostamizadeh et al. (2020). This device is designed on 850 umz two-dimensional
rods in air photonic crystal platform. Three nonlinear ring resonators, four output ports
(namely O0, O1, O2 and O3) and three input ports including one bias ports (E, X and Y)
have been utilized in the reported device, which is shown in Fig. 2 in Rostamizadeh et al.
(2020). The nonlinear ring resonators are made with doped glass whose linear refractive
index is considered as 1.4 and Kerr co-efficient is considered as 1074 m*W. Figures 3 to
6 in Rostamizadeh et al. (2020) depict the simulation results of their reported device. The
authors have calculated rise time and fall time of the device for all possible input combi-
nations and the same have been reported in their article. From the literature it has been
noticed that at best case, rise time and fall time have been reported at output port O4 as
0.7 ps and 0.4 ps respectively whereas at worst case, the rise time and fall time have been
reported at output port O2 as 1.5 ps and 0.7 ps respectively. Moreover, this device exhibits
a substantial high extinction ratio of 10.6 dB.

Similarly, in Daghooghi et al.(2018c), a new design of 2 inputs 4 outputs all-optical
decoder based on nonlinear ring resonator has been reported by Daghooghi et al. Primarily,
a 51x101 array of 2D-PhC square lattice has been used, where six photonic crystal ring
resonators and ten waveguides have been designed to make the structure function as 2-to-
4-line optical decoder. Several performances parameters like on/off ratio, insertion loss,
cross talk and steady state time at all the output ports of their proposed device have been
reported in Table 3 in Daghooghi et al. (2018c). From Table 3 in Daghooghi et al. (2018c),
it has been observed that maximum insertion loss and cross talk of —20.06 dB and —37.99
have been obtained at output port D2 and D3 respectively. The steady state time of 6.14 ps
has been obtained at the output port D4 in worst case scenario. Therefore, their reported
decoder can be operated with the speed of 160 GHz and more.
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pO2

Fig. 13 Schematic design of 1 input 2 outputs all-optical decoder, as in Mehdizadeh and Banaei (2017).
Source Mehdizadeh and Banaei (2017)

Fig. 14 Simulation profile of the device when a I=0, b I=1, as in Mehdizadeh and Banaei (2017). Source
Mehdizadeh and Banaei (2017)

Daghooghi et al. have reported another new design of 2 inputs 4 outputs all-optical
decoder in Daghooghi et al. (2019). This structure is designed on 24x9.5 pm? 2D-PhC
platform as shown in Fig. 6 in Daghooghi et al. (2019). The architecture of this device is
pretty simple and it is designed with one non linear ring resonator, three nonlinear reso-
nant cavities and seven waveguides. The electric field propagation profiles for four different
input combinations have been shown in their article, which clearly establish the operation
of the structure as 2 inputs 4 outputs all-optical decoder. Insertion loss, cross talk, signal
rise time and data transfer rate of their device have been reported as —7.45 dB, —16.38 dB,
3 ps and 220 GHz respectively.

By combining an optical mixer and a nonlinear ring resonator, a 1-to-2-line all-optical
decoder has been designed by Mehdizadeh and Banaei (2017). The schematic architec-
ture of their reported device has been shown in Fig. 13. The reported device is designed
on 540 pm? 2D-PhC of square lattice platform. The device consists of one nonlinear ring
resonator (Kerr coefficient n2=9x 10~'7 m*W), two output ports (O1 and O2), and two
input ports including one bias port. The simulation of the reported decoder for two differ-
ent input combinations have been depicted in the Fig. 14. Figure 14a shows the electric
field propagation profile of the device when no signal is applied at the input port. It clearly
shows that when no signal is applied at the input port then the applied bias signal appears
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at output port O1 which is considered as ON (logic-1) and output port O2 receives negli-
gibly low optical power which is considered as OFF (logic-0). On the other hand, when
signal is applied at the input port along with bias signal then applied input signal appears at
output port O2 which is considered as ON (logic-1) and output port O1 receives negligibly
low optical power which is considered as OFF (logic-0) as shown in Fig. 14b. The signal
propagation delay of the ports O1 and O2 of the device have been reported as 3 ps and 1 ps
respectively. Additionally, the cross talk of the device with respect to the output ports Ol
and O2 have been reported as —24 dB and 40 dB respectively.

By combining seven 1:2 optical decoder, one 3:8 all-optical decoder has been proposed
by Salimzadeh and Alipour-Banaei (2018). Their reported design has fourteen ring reso-
nators, three input ports (X, Y and Z), one bias port and eight output ports (O0 to O7) as
shown in the Fig. 5 in Salimzadeh and Alipour-Banaei (2018). The simulation profile of
the device for eight possible input combinations prove that the device functions as 3:8 opti-
cal decoder. However, the maximum signal propagation delay has been reported as 6 ps.

3.1 Comparative analysis of all-optical nonlinear PhC based decoders

A comparative analysis of PhC based all-optical non-linear decoder has been presented
in Table 2. The following conclusions can be drawn fore PhC based all-optical non-linear
decoders. Most of the designs are based on ring resonator in rods-in-air type of PhC struc-
ture. In Non-linear designs the Kerr effect is the phenomenon which cause change in the
refractive index of the material by changing the intensity of light. Owing to this change in
refractive index control the transmission of light can be done very easily by changing the
input power.

Apart from the advantages, the designs suffer majorly from two limitations. First, their
designs consider slab height as infinite, which is impractical. Moreover, implanting rods of
another material having ultra-high nonlinearity at selective regions of the structure is also
challenging. Secondly, the designs based on nonlinear effects require higher optical power
as compared to their linear counterpart.

4 Conclusion

An extensive review of PhC based all-optical logic decoder, reported in the last few years,
has been made to provide a brief on the present status and progress in this field to the
researchers. The PhC structures, due to their excellent abilities to control, guide, and mould
the flow of optical signal in sub-wavelength scale, have been utilized substantially to real-
ize decoder circuits. In this review, selected designs are broadly categorised as linear and
nonlinear devices based on the underlying light-matter interactions adopted for their func-
tioning. The designs are compared in terms of the different performance metrics such as
footprint, speed of operation, operating power and contrast ratio between the logic levels.
All-optical decoders reported in linear regime of operation exploit mainly the effects of
light beam interference, multi-mode interference and self-collimation. In light beam and
multimode interference-based designs, interference between the input signal and a control
signal is utilized depending on their relative optical path differences by adjusting the path
lengths appropriately. In self-collimation-based designs, the properties of spatial disper-
sion of Bloch waves are used whereby the waves propagate without diffraction induced
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broadening. Designs exploiting the self-collimation effects offer advantages of miniatur-
ized operating power, and function even without any need for lateral confinement.

On the other hand, the designs based on the nonlinear light-matter interaction exploit
the Kerr induced change in the refractive index in ring resonators and micro-cavities.
This, in turn, modulates the resonance of such structures and, hence, the transmittance
at the operating wavelength. The ring resonators are widely used in designing all-optical
decoders since they offer high quality factor and coupling efficiency which are necessary
for improvising the contrast ratio between the output logic levels. On its adverse side, the
inherently low Kerr coefficients of the materials typically used in devices based on nonlin-
ear Kerr effect increases the requirement of input power which inevitably puts a limitation
while comparing with the devices based on linear effects counterpart.

Each technique as discussed has its own merits and demerits so far, the applications
targeted are concerned. Nevertheless, the cascadability, and noise margin of most of the
devices in terms of the input—output operating power and phase remain un-investigated,
which are among the serious concerns in long-chain interconnections of the devices in
PICs. This issue has been tackled to some extent by Mondal et. al. (2019b) whereby an
approach of phase insensitive operation is proposed that may be useful to overcome such
limitations. The review presented here would be useful for the researchers to develop all-
optical logic decoder circuits with enhanced performance while meeting up the challenges
as discussed for the future generation high speed ultra-compact PICs.
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