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Abstract
Design of an all-optical 1:2 decoder has been proposed based on a holes-in-slab photonic 
crystal structure. Operation of the device depends on optical interferometry of an input and 
a bias signal. In order to achieve wavelength independent optical interference, a multimode 
Interference (MMI) based π-phase shifter is proposed, analysed and integrated within the 
design of the decoder. Dispersion diagram of the MMI π-phase shifter depicts almost equal 
slope of two propagation bands for a long range of wavelengths, which ensures its wave-
length insensitive phase-shift operation. Finite Difference Time Domain (FDTD) simula-
tion also confirms the same. Further, several simulations and corresponding analyses for 
evaluating different performances of the decoder have also been performed. These analyses 
exhibit the successful decoding operation of the device. The decoder performance has also 
been studied under the excitation of pulsating input and bias. This study concludes that the 
device is able to process a bit-rate as-high-as 2.94 Tbps. This small footprint (~ 243 µm2) 
device also offers an excellent contrast ratio of the order of 20 dB. Hence, it is expected 
that the device would be a potential candidate for implementing complex circuitries in pho-
tonic integrated circuits.
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1  Introduction

In spite of continual incremental progress in VLSI technology, the conventional electronic 
circuitry is gradually failing to keep pace with human race’s evolving demand for high-
speed data processing. Contextually, a large cluster of researchers and technology provid-
ers believes that now Electronics needs to pass on the flag of this relay race to Optics to 
maintain the pace. Optics, especially the all-optical Photonic Integrated Circuits (PICs) 
(Yablonovitch 1987; Baqir et al. 2018; Alipore et al. 2018), facilitated by interesting opti-
cal properties of silicon and its mature fabrication processes, has already kicked off the 
race by producing several high-performance devices over the last two decades. It has also 
improved the communication system by providing high bandwidth transceivers, and avoid-
ing the need for optical to electrical, and vice versa, conversion in repeater nodes. How-
ever, to win the race, it also needs to alleviate the data rate bottlenecking in electronic 
processing. In consequence, optical Boolean logic devices, like—gates (Goswami et  al. 
2022; Fu et  al. 2013; Lin et  al. 2013; Mondal et  al. 2022, 2015), decoder/encoder (Lee 
et al. 2006; Cabezón et al. 2014; Kim 2000; Chen et al. 2006; Chung et al. 2006; Sharma 
et al. 2022), multiplexer/demultiplexer (Moniema 2015; Mondal et al. 2019, 2018a; Gogoi 
et  al. 2016; Zhu and Li 2006), adder/subtractor (Jiu-Sheng et  al. 2015; Xie et  al. 2017), 
becomes inevitable to design data processing/computation units in optical domain. Further, 
in the discussion of designing-platforms for all-optical logic devices; especially for PICs, 
the first name appears in one’s mind is the Photonic Crystal (PhC) (Goswami et al. 2020a, 
2020b, 2022a; Prakash et al. 2018a, 2018b). The PhC has earned this popularity as it is 
equipped with several important properties like – photonic band gap (PBG) (Joannopou-
los et al. 2008), self-collimation (Sukhoivanov and Guryev 2009), slow-light propagation, 
and comparatively easy manipulation of light propagation than that in other platforms. In 
the recent past, several all-optical logic devices have been designed by enriching different 
optical phenomena, like—interference (Chen et al. 2006; Liu et al. 2013) and nonlinear-
ity (Mehdizadeh et  al. 2018; Rostami 2007; Sahoo and Joseph 2013; Zhao et  al. 2019), 
utilizing these interesting properties of PhC. Among the different all-optical logic devices, 
the all-optical decoder (AOD) is an important device for designing PIC based computa-
tional units and other complex logic circuits. Hence, a number of researchers have pro-
posed PhC based AODs utilizing linear as well as nonlinear optical phenomena. For exam-
ple, a nonlinear ring-resonator designed in the PhC platform (PhCNRR) has been used by 
Serajmohammadi et al. (2019) to model a 1-to-2 line AOD within a footprint of 238 µm2. 
Similarly, Askarian (2021) has used two PhCNRRs to design a 2-to-4-line AOD, having 
a footprint of 420 μm2, utilizing beam interference and threshold switching. Some 2-to-
4-line AODs have also been proposed in (Alipour-Banaei et al. 2015; Khosravi and Zavvari 
2018; Maleki et al. 2019) using multiple PhCNRRs. Likewise, Salimzadeh and Alipour-
Banaei (2018) has combined seven number of PhCNRR based 1-to-2 line AODs to design 
a 3-to-8 line AOD. However, these AODs, like other optical nonlinearity-based devices, 
suffers from the unavoidable limitation of threshold power that prohibits their operation 
below a certain optical input power. Keeping this in mind, several research works (Hara-
prasad mondal et  al. 2019; Mondal et  al. 2016, 2018b) have utilized only linear optical 
phenomena, especially the beam interference, to design PhC based AODs. For example, 
Alipour-Banaei et  al. (2015) have used three PhC ring-resonators (PhCRRs) to design a 
2-to-4-line decoder on a 29 × 22 square array of chalcogenide glass rods utilizing the self-
collimation and interference phenomena. Similarly, multiple PhCRRs and interference in 
PhCWs/ PhC-cavities have been used to design 2-to-4-line decoders in (Mehdizadeh et al. 
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2016, 2017, 2018). However, most of these PhC based linear AODs are designed using 2D 
rods-in-air PhC structure, which is mechanically fragile (Joannopoulos et al. 2008; Johnson 
et  al. 1999). Also, majority of these designs have neither considered a 3D structure nor 
the 2D effective-index, for which their simulated outcomes are expected to deviate signifi-
cantly from the experimental ones. Additionally, most of the reported designs offer bit rates 
in Gbps range. Moreover, the optical interference phenomenon is strongly dependent on the 
phase difference of the input optical beams, which again is dependent on the wavelength of 
the input waves as the propagation constant is usually a function of the wavelength. This 
factor in most of the above cases limits the performance of the interference based linear 
optical devices within the designated wavelength. Further, the design needs to be analysed 
using either the highly computationally intensive 3D simulation (having high accuracy) or 
the computationally less-intensive 2D effective-index simulation (having lower accuracy 
than the former) methods to obtain reliable outcomes.

Thereby, the paper, at first, proposes the design of a (holes-in-slab) PhC based MMI 
structure to introduce wavelength insensitive π-phase shift to an incoming wave. The 
phase shifter is designed based on the dispersion characteristics of a W3 PhC, cal-
culated using the Plane Wave Expansion (PWE) (Johnson and Joannopoulos 2001; 
https://mpb.readthedocs.io/en/latest/Introduction/ 2023) method. As stated before, such 
a structure is quite important for designing interferometry-based devices, but, as per 
the authors’ best knowledge, has not been reported earlier in the literature. Thereafter, 
the phase-shifter is used to design a PhC based AOD utilizing interference and other 
linear optical phenomena. Performances of the phase-shifter and the AOD have been 
evaluated using the 2D Finite Difference Time Domain (FDTD) (Huang et  al. 1991; 
https://www.synopsys.com/photonic-solutions/rsoft-photonic-device-tools/passive-
devicefullwave.html 2023) method considering the effective index of the slab to pro-
duce outcomes which are reasonably close to its 3D counterpart. Moreover, to execute 
the FDTD simulation process the parameters like time step, grid spacing, and bound-
ary conditions have been taken as 0.0466 fs, Dx = 28 nm Dy = 14 nm Dz = 390 nm and 
boundary condition = PML (perfectly matched layer) respectively. The results show 
that the AOD assimilates the behaviour of a Boolean logic decoder based on optical 
power and can support a high bit-rate operation in the range of Tbps. Further detailing 
of the device and corresponding analyses are given in the successive sections, which 
has been followed by an overall conclusion on the work.

2 � Device model

The design of the decoder is based on the interference of two optical waves with the 
same wavelength. While interference-based devices work efficiently at the designated 
wavelength and appear easy to design, their performance suffers at wavelengths other 
than the designated one. This is because the propagation constant varies across wave-
lengths, and the waveguide length does not produce the required phase-shift for suc-
cessful device operation at all wavelengths. To address this issue, a phase shifter that 
generates a fixed phase-shift for a range of wavelengths can be designed. However, 
such a device is challenging to design and is crucial for the successful operation of 
interferometer-based logic devices. Therefore, the first phase of the device modeling 
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proposes the design of a wavelength-insensitive/independent phase shifter, which is 
elaborated in the following subsection.

2.1 � A wavelength independent π‑phase‑shifter

The design of the proposed phase shifter relies on the principle of self-imaging, which 
occurs within a multi-mode interference (MMI) structure. The MMI structure is mod-
eled using a W3 photonic crystal (PhC) waveguide. In this design, the PhC consists 
of a silicon slab with air-hole perforations, and the arrangement of these holes forms 
a periodic triangular lattice with a lattice constant ’a’. The radius of the air-holes is 
set to 0.32a. Refractive index of the silicon is considered here as 3.46, and the height 
of the slab is taken as 0.7a to attain a large band-gap of the PhC (Sukhoivanov and 
Guryev 2009). Applying plane wave expansion (PWE) algorithm the complete photonic 

Fig. 1   a Physical model of π phase shifter b field propagation through π phase shifter c dispersion diagram 
for waveguide d higher modes in W3 waveguide e Complete photonic band gap of PhC structure
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band gap of the PhC structure in both transverse electric (TE) and transverse magnetic 
(TM) modes has been calculated, which is shown in Fig. 1e. From Fig. 1e, it has been 
observed that band gap obtained in the range of normalized frequency 0.25 to 0.34 (in 
wave length equivalent of 1320  nm to 1800  nm) in TE mode whereas, an extremely 
narrow band gap in the normalized frequency range of 0.74 to 0.76 (in wave length 
equivalent of 592  nm to 608  nm) has been obtained in TM mode. However, Fig.  1a 
illustrates the physical model of the phase shifter. As depicted in the figure, the input 
signal can be introduced to the W3 PhC waveguide-based phase shifter from the left 
side through a port based on the W1 PhC waveguide. The wave travels through this 7a 
long MMI device and originates a self-image at the output port (the W1 PhC waveguide 
at the right-side of the structure), however with a π phase-shift than that would have 
appeared in a 7a long W1 PhC waveguide. To illustrate the wave propagation opera-
tion through the device, a Finite Difference Time Domain (FDTD) simulation for has 
been performed. It would be worth mentioning here that the effective-index approach 
along with a 2D FDTD (as in Huang et  al. (1991)) have been adopted here to keep 
the computational complexity moderate. The electric field distribution of a continuous 
wave, of wavelength 1550 nm (corresponding to the lattice constant 450 nm and nor-
malized frequency 0.29), travelling through the structure has been shown in Fig.  1b. 
It can be seen from the figure that the wave initially travels through the W1 port in its 
fundamental mode. However, after entering the W3 section, it originates higher order 
modes, which interfere as the wave progresses. The modal interference finally generates 
a phase-reversed self-image after travelling some distance, and the same is collected at 
the output port. This phase-reversal is wavelength independent for a large wavelength-
window, and this independency can be justified through the modal analysis on the W3 
waveguide. In order to arrive to this justification, dispersion characteristic of the W3 
waveguide has been calculated by employing the Plane Wave Expansion method. So has 
been plotted in Fig. 1c, which shows that the W3 waveguide supports three propagation 
bands within the band gap span of the complete crystal lattice (that ranges from the 
wavelength 1475 nm to 1570 nm). Therefore, the mode of the wave travelling through 
the W1 waveguide, after entering the W3 MMI section, gets split up into the three avail-
able modes of the W3 waveguide. Out of these three modes, the combination of the 
fundamental and the first mode generates a beating pattern that repeats within a propa-
gation length of 2π/(β1-β0), where the β0 and the β1 are the propagation constants of the 
fundamental and the first mode respectively (Soldano and Pennings 1995). Hence, the 
first mode of the W3 MMI accumulates a π phase-shift with respect to the fundamental 
mode after travelling the distance Lπ = π/(β1-β0), as described in Eq.  (17) in Soldano 
and Pennings (1995). Now, as can be seen in the Fig. 1c, the fundamental and the first 
propagation bands of the proposed W3 MMI runs almost parallel along the k-vector, 
which is the propagation constant normalized with respect to 2π/a. This phenomenon 
makes the difference of β1 and β0 constant over a span of wavelengths. Hence, the length 
required by the wavelengths in this span for accumulating the π phase-shift with respect 
to the fundamental mode remains almost same. This length then can be calculated from 
the normalized wavevectors of the fundamental and the first modes of any arbitrary 
wavelength within this span. These normalized wavevectors for the wavelength a/0.29 
are found from the Fig. 1c as 0.201 and 0.268 respectively, which corresponds to the 
Lπ as 7.46a. Therefore, it can be summarized from the above discussion that a 7-period 
long W3 PhC waveguide would accumulate an approximately π phase-shift compared to 
the wave travelling in a W1 waveguide of same length. This statement can be verified by 
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the Eq. 17 in Soldano and Pennings (1995), which is reproduced here for the conveni-
ence of the reader.

The same can also be visualized from the electric field distributions of two parallel 
W1 waveguides—one without and the other with a 7-period long W3 section, as shown in 
Fig. 1b. Figure 1d shows the magnitude of the Poynting vector inside the W3 MMI section, 
which shows that the energy of the fundamental mode initially gets transferred to its two-
fold images (Soldano and Pennings 1995) and again combines into a single (phase-shifted) 
image after length of 7 periods. Moreover, and most noticeably, this phase-shift is expected 
to be wavelength independent for a large span of wavelengths where the slopes of the fun-
damental and the first propagation bands of the W3 waveguide remains same.

Now, in order to test the same, a Y-junction interferometer is designed, as shown in 
Fig. 2a, where the configurations of the input arms (AB and CD) are taken the same as 
considered in the Fig. 1d. To form the Y-junction, the AB and CD are respectively con-
nected to the W1 waveguides BO and DO, which approach to each other by making 
60-degree bends with the input arms. The power delivery through these bends is improved 
by increasing the radius of their corner holes to 3r, as described in Soldano and Pennings 
(1995). Moreover, radius of the corner hole at the Y-junction (denoted as ‘O’) is also taken 
as 1.6r, to provide the maximum power transfer to the output port (OP) in the case of con-
structive interference at the junction. Thereafter, both the arms of the interferometer are 
excited by same-amplitude continuous waves of wavelength 1550 nm. The corresponding 
electric field distribution within the interferometer and the time evolving graph of power at 
the output port are shown in the Fig. 2b and c respectively. These figures evidently depict 
a destructive interference at the Y-junction, which is due to the π phase-shift introduced 
by the W3 MMI section at the lower arm. To become over-sanguine on this conclusion, 
the inputs are launched with an initial π phase-difference, and the electric field distribution 
within the structure along with the time evolving output power are produced in Fig. 2d and 
e respectively. These figures validate the conclusion by showing the predicted constructive 
interference at the Y-junction. Also, a study on variation of the output power for a variation 
in the relative phase difference of the input waves has been performed and the outcome is 
shown in Fig. 2f. The figure shows that 90% of the input power gets transferred to the out-
put while the initial phase-difference of the waves is kept as π. On the other hand, only 1% 
of the input power is obtained at the output if the phases of the input waves are the same.

2.2 � Design and analysis of a 1:2 decoder

This subsection proposes a design of a Boolean logic 1:2 decoder utilizing the wavelength 
insensitive phase-shifter proposed in the last sub-section. The design of the decoder, as 
shown in Fig. 3, can be considered as an extension of the Y-junction interferometer shown 
in the Fig. 2a. The amendments are done at point B, where another W1 waveguide (BQ) at 
60 degree of the AB is attached to form a Y-junction splitter at this point. The BQ is termi-
nated to the other output port (Output-1), named QR, which is a W1 waveguide constructed 

exp

[

j
m(m + 2)π

3L
�

L

]

= (−1)
m
,where m is the mode number,

and L is the length of the Interferometric section.
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in parallel to the AB. It may be noted that the radii of the corner holes at the bending point 
Q and the Y-junction of B are considered as 3r and 1.6r respectively, based on their heuris-
tic optimization to maximize the output power at the high logic state.

Fig. 2   a Physical layout of the interferometer b field propagation and c output power when inputs are in 
phase d field propagation and e output power when inputs are out of phase f output Vs. phase changing 
input graph
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Operation of the device is described as follows. The input port-C is given a continuous 
wave (CW) excitation at the wavelength 1550 nm. This port is treated as the ‘Bias’ port and 
its excitation is considered to be on throughout the operation. The port-A here acts as the 
‘Input’ of the Decoder.

Input at Logic-0: Once the Input is off, i.e., Logic-0, the majority of the optical power of 
the Bias gets transferred to the output port C (termed as Output-0), as its propagation is 
not diminished by other waves. Therefore, the Output-0 shows the Logic-1 state at Logic-0 
Input. The electric field distribution of this state is shown in the Fig.  4a, which clearly 
depicts the transfer of maximum energy from the Bias to the Output-0. It also shows that 
the Output-1 receives only a small amount of Bias power and, hence, can be considered as 
Logic-0 at this state of the Input. Now, in order to obtain the ratio of the energy transfer of 
the Bias to both the outputs, the temporal variation of the optical powers at the outputs for 
this particular state has been recorded and shown in the Fig. 4b. It shows that, at the steady 
state, 96% of the Bias power gets transferred to the Output-0; whereas so for the Output-1 
is merely 1%. The rest of the energy gets scattered at different bends of the PhC waveguide.

Input at Logic-1: On the other hand, the scenario gets changed when the input (port-A) is excited 
with a CW light of the same phase and wavelength but with twice the power of the Bias (con-
sidered as the Logic-1 at input). This is because, at first, the input power gets split up in almost 
two equal halves at the Y-junction splitter ‘B’. One half of this power propagates trough the arm 

Fig. 3   Physical layout of 1:2 all 
optical decoder

Fig. 4   a Field propagation and b output power for input logic ZERO



Design of 1‑to‑2‑line all‑optical decoder based on MMI phase…

1 3

Page 9 of 17    793 

BO and meets with the input power in destructive interference at the Y-junction ‘O’, as the Bias 
gets π phase shifted by the MMI phase shifter integrated in it. Due to this destructive interfer-
ence, the Output-0 is fed with almost zero optical power and depicts a Logic-0 state. However, 
the other half of the Input power propagates to the Output-1 and shows the Logic-1 state. The 
same phenomenon can be observed from the electric field distribution of wave propagation in 
this state, which is shown in Fig. 5a. However, the measurement of optical power in this state 
can be obtained from the temporal variation of the optical powers at the output ports, as shown 
in Fig. 5b. The figure shows that the Output-1 and Output-0 respectively receives 95% and 5% 
of the Input power (i.e., 190% and 10% of the Bias power) at this logic state. Therefore, it can 
be said, when the Input is at Logic-1, the Output-0 is at Logic-0 and the Output-1 is at Logic-1. 
The truth table of the proposed 1:2 logic decoder has been shown in Table 1, which exhibits a 
successful decoding operation. The contrast ratios of the Output- 1 and 0 are obtained as 22.6 dB 
and 9.8 dB respectively, which are reasonably sound for their applications in PICs. The contrast 

Fig. 5   a Field propagation and b output power for input logic ONE

Table 1   Truth table of the 1-to-2 
line decoder

Pi is the input power

Bias Input Output-0 Output-1

0.5 Pi 0 0.48 Pi 0.005 Pi

0.5 Pi 1 0.05 Pi 0.92 Pi

Fig. 6   Output powers for input power variation
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ratio is the ratio of optical power at the output port when it is in the state of logic ‘1’ to that of 
logic ‘0’. It can be mathematically expressed as follows (Tang et al. 2014):

where P1 is the optical power at the output port for logic ‘1’, and P0 represents the optical 
power at the output port for logic ‘0’. The only demerit of the decoder is that the power at 
the output ports at the Logic-1 is half of the Input port at the same state. This demerit may 
be shorted out by using an amplifier at the output stage.

Further, the variations of the power at output ports with that of the Input port have also 
been studied, and the same have been depicted pictorially in Fig. 6. The figure shows a 
linear dependency of the power of Output-1 with the power of the Input, which is due to 
the power splitting at the Y-junction ‘B’. On the contrary, the power at the Output-0 decays 
exponentially with the increase in power at the Input. This is because of the destructive 
interference at the Y-junction ‘O’, which has a nonlinear dependency with the power of the 
interfering waves.

Additionally, transmittances of the output ports of the decoder have been evaluated for 
both the Logic 0 and Logic 1 states of the Input. Figure 7a and b depict these transmit-
tances for Logic 0 and Logic 1 input states. The powers for the Logic-1 and Logic-0 states 
at the output are considered to be ≥ 80% and ≤ 10% of the Input (or of the Bias if the Input 
is zero). In accordance with these logic definitions, Fig. 7a shows that the Output-0 has a 

CR = 10 log10
(

P1∕P0
)

,

Fig. 7   Transmittance of decoder a at zero input condition b at one input condition

Fig. 8   Temporal evolutions of 
Output-0 and Output-1 when 
both Input and Bias are excited 
with a pulse
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large operating bandwidth, of the order of 4.1 THz. On the other hand, as per Fig. 7b, the 
Output-1 has a comparatively smaller bandwidth, i.e., ~ 1.44 THz. However, the band for 
Logic-0 covers the complete band for Logic-1, and hence the device can be said to have a 
bandwidth of 1.44 THz.

Finally, the decoder operation has been tested under pulsating Input and Bias. The tem-
poral variation of the output ports has been shown in Fig. 8. Figure 8 shows the temporal 
evaluation of the pulse when both the Input and Bias is excited with a 1 ps pulse. Unlike 
other logic devices operating in linear optical regime, the figures show that the proposed 
decoder is able to sustain its operation under time-varying input. Usually, an interference-
based device is unable to stick with the desired interference phase for the whole operating 
band, as the phases of the waves are dependent on their wavelength. However, due to the 
involvement of wavelength dependent MMI phase shifter within it, the proposed decoder 
is able to produce the desired destructive interference to the whole band of the temporal 
pulse. Hence, the device is seen to operate with a pulsating input.

2.3 � Fabrication tolerance

Standard CMOS fabrication process like—E-beam Lithography followed by a Reactive Ion 
Etching is generally used to fabricate a PhC structure. Now, during the fabrication process 
small deviation in the size of holes may occur from the desired ones because of several 
instrumental, environmental or random errors, like—mechanical vibration and electrical 
fluctuation. Therefore, the study of the effect of such deviations in hole-sizes of the pro-
posed structure is essential, as it can hamper the device performance. Therefore, a study 
on the effect of randomly varied hole-size has been done. To do so, two sets of imperfect 
structures are made by limiting the deviations up to 10 nm and 20 nm respectively. In each 
set, 10 similar structures have been made by allowing the radii of the holes to deviate ran-
domly from their ideal value. The device performance as a decoder has been evaluated 
iteratively for each of these structures. The results for both the input logic combinations 
for these simulations are recorded, and expressed as a box-plot in Fig. 9. The graph shows 
that the deviation in output power for both the logic combinations are very small for a ran-
dom deviation limited within 10 nm. Although the deviation in the port powers for Logic-1 
input state is found larger when the random deviations is allowed to 20 nm, the output can 
still be accepted in several applications. Therefore, it can be stated that the device perfor-
mance is significantly tolerant up to 20 nm of fabrication imperfections.

Fig. 9   Box Plot for assessing 
fabrication tolerance
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2.4 � Response time and data rate

The response time and data rate of the proposed decoder have been evaluated by analyz-
ing the time-evolving powers of different output ports, as depicted in Figs.  4b and 5b. 
The response time (Rani et al. 2016) of a device comprises the transition time (Ttr) and 
the steady-state time (Tss). Ttr represents the duration it takes for a signal to reach 1% of 
its steady-state power at the desired output port. Conversely, Tss corresponds to the time 
required for a signal to transition from 1 to 90% of its steady-state output power. Tss is 
particularly crucial in calculating the bit rate at any given output port. For instance, the Tss 
at output-0 was measured to be approximately 0.17 ps from its time-evolving graph, i.e., 
Fig. 4b. Additionally, the falling time is expected to be equal to Tss due to the linear optical 
operation of the device. Consequently, the width of the narrowest pulse, which is the sum 
of the rise time and fall time, becomes 2xTss, approximately 0.34 ps. This results in a chan-
nel bandwidth of 1/(2 × Tss), i.e., 2.9412 THz. Assuming a return-to-zero (RZ) system, 
where the bit rate corresponds to half of the bandwidth, the system’s bit rate is 1.47 Tb/s. 
Alternatively, the same channel can provide a higher bit rate in a non-return-to-zero (NRZ) 
system. Similarly, Tss, bandwidth, and bit rate for output-1 were also calculated using the 
aforementioned method, as summarized in Table 2.

2.5 � Comparative analysis of optical decoder

The decoder’s operational principle discussed in this study relies on linear optical phenom-
ena. As indicated in Table 3, a comparative analysis of existing decoders described in the 
literature reveals that they predominantly operate using the non-linear properties of optics. 
Table 3 exhibits all the works except one presented in this paper, which utilize the non-lin-
ear optical properties of materials. Consequently, the decoders require a threshold optical 
power for their operation, posing a notable limitation that hinders their practical implemen-
tation. Furthermore, it is worth noting from the table below that all the decoders, except for 
the one presented in this work, have a larger footprint size. This highlights the suitability of 
this decoder for compact integration in Photonic Integrated Circuits (PICs). Furthermore, 
the contrast ratio at the ports of the decoder described in this study is superior to that of 
the other decoders listed in the table. This feature facilitates the reduction of bit-error-rate 
in communication channels. Consequently, the comparative analysis table underscores the 
substantial potential of the decoder presented in this work to achieve high data rates and 
low bit-error-rates without being limited by a threshold optical power.

Table 2   Transition time, steady-state time and bit rate of optical decoder

Output port Transition time (ps) Steady State 
time (ps)

Bit rate (Tb/s) RZ 1 
HZ = 0.5 (bits/s)

Bit rate (Tb/s) 
NRZ 1 HZ = 1 
(bits/s)

Output-0 0.21 ps 0.17 ps 1.47 Tbps 2.94 Tbps
Output-1 0.2 ps 0.31 ps 0.81 Tbps 1.62 Tbps
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3 � Conclusion

This work proposes the design of a PhC-based all-optical 1-to-2-line decoder that oper-
ates on the principle of optical interference. The phase difference of the interfering beams 
is usually dependent on their wavelengths, as the wave vectors are wavelength depend-
ent. This narrows down the operating bands of such interference-based devices. In order 
to encounter the same, this work first proposes a PhC MMI-based design for a π-phase-
shifter, which is insensitive to the variation of wavelength within a large span. The design 
principle of the phase-shifter is based on the analytical outcome of the dispersion diagram 
of the MMI section. FDTD simulation has been used to verify the wavelength insensitivity 
of the phase shifter. Thereafter, this phase-shifter is used in the design of the 1-to-2-line 
optical decoder to enable its operation for a large wavelength band. FDTD simulations 
have been performed to establish the operation of the device under different possible logic 
states. Finally, the decoding operation is tested under pulsating inputs using pulses of width 
1 ps, corresponding to a bit rate of 1 THz. The device is seen to operate successfully under 
the pulsating regime, which is a significant achievement with respect to devices operating 
in the linear optical regime. The transmittance analyses have also confirmed that the device 
is able to operate up to a bit rate of 1.44 THz, considering ≥ 80% transmission at logic 1 
and ≤ 10% at logic 0. With such a remarkable performance, the proposed silicon PhC-based 
all-optical logic decoder is expected to find numerous applications in PICs. Also, the MMI-
based π-phase-shifter can be used to design other photonic devices as well.
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