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All-optical encoders with high response speed are required to achieve efficient information conversion in the
field of ultra-fast information encoding, which can break the bottleneck of photoelectric conversion delay in
traditional optical encoders and achieve a tunable bandwidth up to THz. The modifiable advantages of light path
about all-optical encoder can widely satisfy the functional requirements of the modern high-precision device.
This review introduces two principles of all-optical encoders, based on light propagation design and radiation

source parameter design. We introduced the principle and miniaturization development of all-optical encoders
based on the fabrication of two-dimensional (2D) photonic crystal defects to control optical path propagation,
which can effectively use the photonic band gap effect to construct waveguide and the ring resonator to improve
the coupling efficiency. In addition, we compared the previous method of the all-optical encoder with the design
of radiation source parameters, and offer a practicable idea for the design of high-order encoder.

1. Introduction

Miniaturization is the promising direction of current smart device
originating from the rapid development of integration technology [1,2,
41]. Further reduction of the size will intensify the interaction between
the electrons within the material after the integration level reaches the
classical size limit of the material. The drastic movement of electrons
causes a series of problems such as energy loss and device overheating,
which influences the transmission rate of device information. This
phenomenon has become a bottleneck in the miniaturization of tradi-
tional electronic devices [3]. The interaction between photons is weak
compared with electrons, and the advantages of light in information
transmission speed, bandwidth and capacity are obvious [4]. Therefore,
light as the main carrier can greatly improve the information trans-
mission speed and solve the problem of integration limit, and is widely
used in the field of optical communication [5,6], such as frequency
divider [7,8], encoder [9-11], filters [12-14], decoders [15,16],
flip-flop [17], adder [18,19], comparator [20,21], etc. The encoder is a
pivotal device in the information conversion process so that particularly
important for its performance improvement.

Early optical encoders were mechanical, optical, and electrical
displacement sensors [22-25], which had an inevitable delay during

photoelectric conversion process. The speed of optical encoder has been
close to the extreme after recent years of development, but it is hard to
qualitative leap due to the existence of photoelectric conversion delay.
All-optical encoder, a novel scheme only light as information carrier, has
become the crucial device of the new generation of information
encoding based on small size and low delay [26-30]. Photonic crystals
(PhCs) consisted of different dielectric material is an artificial periodic
structure, which has Bragg scattering phenomenon that modulates
electromagnetic waves to cause periodic change of dielectric constant
[31-36]. It allows electromagnetic waves in a specific frequency range
to be reflected (impenetrable) in a specific direction of the PhCs, also
known as photonic band gap (PBG). The PBG effect of PhCs is able to
control the transmission of photons like electrons in semiconductor, and
therefore become an important material for the manufacture of
all-optical encoder [37-40].

All-optical encoder has two main encoding schemes from the
perspective of control about the carrier of photons. One is to design
material through dot or line defects to change the propagation path of
light waves in the PhCs [41-50]. The characteristic of this coding
method is the processing of the propagation path of the excitation beam.
Its principle is to design the basic logic unit mainly by using the PBG and
photon localization effect of the PhCs [51]. The main mode of beam
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propagation in PhCs is the waveguide designed by line defects and the
use of self-collimation effect, combined with the use of defect resonance
cavity can effectively improve the coupling efficiency of the output and
input ports. In addition, this all-optical encoder is divided into linear and
nonlinear types based on the PhCs material characteristics and imple-
mentation methods [43]. However, this nonlinear process has narrow
operating frequency range and requires a high-power energy , so
nonlinear phenomena are more difficult to control than linear processes.
Therefore, we will not elaborate on the nonlinear PhCs all-optical
encoder in this article.

Another encoding scheme of the all-optical encoder mainly regulates
the radiation core [52], which is characterized by the control of the
radiation parameters rather than the need to design material. Thus, it
can be more miniaturized than a defect-designed encoder. People can
change the parameters (polarization, power, and wavelength) of the
laser to interact with the material, and characterize the material’s
phenomena such as the luminous intensity or the parameter changes
(polarization direction, waveform) for coding design [53,54]. This
coding method can realize high order coding by adding extra excitation
source as coding parameter. In addition, this speed of encoding is faster
since there is no need to design the logic unit on the surface of the
material, this encoder is faster. But the coding method is relatively
complicated and few of study. We look forward to its brilliant perfor-
mance in the field of ultra-fast information coding in the future [55,56].

The rest of the review is structured as follows. In section 2 we dis-
cussed the design principles of all-optical encoders with dot or line de-
fects, introduced important design methods such as self-collimation
effects, defect waveguides and ring resonator. Section 3 discusses the
design principle of the radiation source control type all-optical encoder,
and expands the high-order encoding method. Finally, in section 4, we
draw a brief summary, discussing the evolution direction and applica-
tion prospect of the miniaturization of the all-encoder.

2. Dot or line defect type of all-optical encoder based on 2D PhCs

Dot or line defects are artificially constructed on the surface of 2D
PhCs, and PBG effect of PhCs is used to constrain the propagation path of
specific wavelength beams, so as to achieve the principle of light regu-
lation and design. We can use PhCs defects to fabricate a basic logic unit,
and then combining specific encoding rules to design a high integrated,
ultra-high speed all-optical encoder. In the design process, the ring
resonator designed is used to improve the coupling efficiency and reduce
the size by combining with the self-collimation effect. Finite difference
time domain (FDTD) method can be used to solve the maxwell equation
controlling this type of PhC [57-60], which can simulate the propaga-
tion and distribution of light wave in the PhCs in real time, and the
transmittance spectrum can be obtained in a large range with Fast
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Fourier Transform (FFT) [61-63]. The method of Plane wave expansion
(PWE) can be used to analyze the distribution of PBG diagram and
equi-frequency contour (EFC) on the surface of the 2D crystal, and select
the appropriate excitation source parameters. Next, the basic principle
of 2D PhCs all-optical encoder is introduced [64-69].

2.1. Self-collimation effect

The self-collimation effect is a phenomenon that restricts the prop-
agation of light waves in periodic structure, and realizes non-diffraction
electromagnetic waves by utilizing the spatial dispersion characteristics
of Bloch waves [47,70-73]. The effect does not need to construct a
line-defect waveguide on the surface of the crystal, so that the light
distribution of a specific wavelength can be in a state of collimation
propagation. The designed encoder has a faster propagation speed
because the self-collimation mode is located in the conduction band [74,
75]. Due to the structure of the PhCs has periodic translational sym-
metry, we can use the PWE method to obtain the band structure diagram
and EFC diagram, as shown in Fig. 1. (The radius and dielectric constant
of the host Si rods are r = 0.35a (“a” is the lattice constant) and ¢ = 12
respectively).

The direction of energy flow determines the direction of beam
propagation, while the direction of group velocity V, represents the
direction of energy flow. We can easily see from Fig. 1 that the Vg of each
wave vector K is perpendicular to the equi-frequency plane at the fre-
quency f=0.1942(a/4) around [75]. Therefore, a beam satisfying
specific frequency can be propagated in the direction of almost no
diffraction, as shown in Fig. 2.

The self-collimation effect [76-82] can reduce the size of the
all-optical encoder but the propagation direction is limited relative to
the line defect waveguide. We can use the self-collimation effect of the
PhCs to control the beam collimation propagation, and construct the
reflector and beamsplitter with line defects to design a complete
all-optical encoder [83,84].

2.2. Reflector and beamsplliter based on line defect

Making a suitable line defect radius design on 2D PhCs can realize
the function of reflector and beamsplitter [75]. Change the size of the
line defect rod on the propagation path of self-collimation beams and
observe the changes in transmitted power and reflected power, as shown
in Fig. 3. (The structure of 2D PhC is a square lattice array of silicon rods
in air background. The dielectric constant and the refractive index of the
dielectric rods are 11.97 and 3.46 respectively. The radius of the host
rod is 0.35%a where “a” is the lattice constant).

We can see that when the defect radius is close to the host rod radius
(no line defect), the transmitted power is close to the unit value. The

Frequency (wa/2mc = all)

Fig. 1. The structure of 2D square lattice PhC is composed of Si rods in air background. (a) Band diagram of the PC structure for E-polarized mode (b) Equi-frequency

contours of the first band. This picture is reproduced from Ref. [74].
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Fig. 2. (a) Three light propagation phenomena at dispersion surface. “B” is self-collimation phenomenon. (b)Self-collimation phenomenon occurred in PhC at a
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Fig. 3. The diagram of normalized power changes with the radius defect rod. This picture is reproduced from Ref. [75].

transmitted power decreases and the reflected power ratio increases as
the defect radius decreases. When the defect radius is close to 0 (the rod
is completely removed), the reflected power ratio is close to the unit
value, which can be regarded as a reflector. We note in Fig. 3 that when
the line defect radius is equal to 0.274R, the transmitted power ratio is
equivalent to the reflected power, which can be regarded as a
beamsplitter.

Fig. 4 is a case of a binary all-optical encoder designed using the self-
collimation effect combined with a line defect reflector and a
beamsplitter:

It is worth noting that there is a phase difference 7/ 2 between the
transmitted and reflected beams after the beam passes the beamsplitter
designed by the line defect. For the defect radius larger than the host
rod, the —7z/2 difference between transmission and reflection, otherwise
7/2. Therefore, the design of the encoder is the phase superposition or
counteract of the two beams, which should be taken into account, as
shown in Fig. 5.

2.3. Line defect waveguide and dot defect

Line defect waveguide is another constrained beam propagation

effect in PhCs, which uses line defects to construct waveguide on the
surface of PhCs [85-89]. The PhC waveguides use the principle of
resonance matching in different directions, so as long as the defect mode
matching is satisfied, it not only has high propagation efficiency for line
waveguide but bend waveguide and branch waveguide. The photon is
affected by the photon localization of the PhC, and it is bound in the
waveguide with almost no energy loss during the propagation process.
Three basic waveguide structures, as shown in the Fig. 6:

It has been proved that the three waveguides have higher propaga-
tion efficiency and no obvious energy loss under specific design
matching [87,90-93].

The all-optical encoder whose optical propagation path is regulated
only by the optical waveguide is shown in the Fig. 7:

This all-optical encoder has a delay time of 200 fs and an ultra-fast
switching speed of 5 THz. The size is 880 ym?including the supple-
mental input port Iy. The structure is simple and no ring resonator [94].
From Fig. 7 we can see that on the cross section where these waveguides
are interconnected, a defect rod is placed at the end of each L-shaped
waveguide to increase the number of light waves moving toward the
output. In addition, reposition the dielectric rod to reduce retroreflec-
tion at the waveguide bend.
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Fig. 4. Schematic diagrams (a) Simplified diagram of encoder pins (b) all-optical encoder manufactured by self-collimation effect and line defect reflector and

beamsplitter. This picture is reproduced from reference [75].
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Fig. 5. (a) The phase of two laser beams (I; and I,) of the same light source is adjustable, and the split beams with equal energy enter the PhC from perpendicular
directions. (b) The phase difference is ¢; — ¢ = 7/2 between I; and I, only O; output port has energy output. (c)The phase difference is ¢); — ¢, = — 7/ 2 between I;
and I, only O, output port has energy output. This picture is reproduced from reference [74].

The size and position of the defect rod determine the function of the
dot defect. We introduce the functions of a-e in Fig. 8 respectively. The
“a” and “b” have a symmetrical position structure, the radiusisr, =1, =
0.5r (r is the host rod radius), and its function is to prevent light from
entering the input port end and reduce the return loss when the corre-
sponding input port is closed. The “c” rod with a radius of 0.5r is shifted
to the right by 0.5a (“a” is the lattice constant) to reduce energy loss. The
“d” and “e” rods are offset by 0.1 ym in the horizontal and vertical di-
rections, which is used to increase the output efficiency [96].

2.4. Ring resonators of PhCs

A ring resonator can be built in the PhC in order to improve the
coupling efficiency between the input and output waveguides and
decrease the cross reflection between the input ports. The ring resonator
is formed by constructing ring line defects on the surface of the 2D

crystal. It can be bound by the PBG effect of the PhC and combined with
the design principle of the reflector in section 2.2 to form a wrapped
reflector cavity with a high degree of coupling and a high Q factor [75,
97].

The common crystal microcavity is composed of dot defects, its
resonance mode is single, and adjustment range is limited. When the
microcavity is used for multiple wavelengths, the number of micro-
cavities must be increased, which will greatly increase the energy loss.
The ring resonator has multiple modes and can obtain multiple narrow-
band signals, which can make up for the disadvantages of ordinary
microcavities. In the actual design process, we need to use ring reso-
nators in combination with microcavities according to our own needs,
because the size of the microcavity can be made very small. Using the
electromagnetic calculation method of the FDTD, the propagation and
distribution of beams in the ring cavity are simulated, and the optimi-
zation is carried out. According to the dielectric constant of the material
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Fig. 7. (a) Structure diagram of all-optical encoder using only line defect waveguide (b) Functional logic diagram, this picture is reproduced from Ref. [94].

and the radius of the host rod, select the appropriate wavelength of the
light beam, which is within the PBG. The appropriate ring resonator
parameters are designed by changing the number of sides, the radius of
the cavity and the width of the ring resonator. We repositioned the
dielectric rod in order to eliminate the retroreflection of the curved part
and improve the light guiding performance of the cavity at the bend of
the ring resonator [98,99]. This method is similar to the bending of
waveguides of section 2.3, as shown in Fig. 9.

The use of ring resonator is usually combined with waveguide
propagation. Therefore, the interaction between ring resonator and
waveguide needs to be considered within the design range. The coupling
between the waveguide and the ring resonator needs to satisfy the
common defect mode, so the ring resonator has the function of fre-
quency selection [100]. Fig. 10 shows that changing the radius of the

coupling rods can obtain different transmission effects.

The different propagation modes of light beams with different
wavelengths in this design are shown in the Fig. 11:

We can clearly see that the 1550 nm light beam enters the ring
resonator during the propagation of the linear waveguide. In addition,
the ring resonator can be used to prevent the propagation of light waves
in the linear waveguide, which we call the blocking effect [101] of the
ring resonator, as shown in Fig. 12.

Obviously, the ring resonator of Input “A” prevents the beam of Input
“B” from reaching the output “O” port. A reasonable use of ring reso-
nator can greatly improve the performance of the all-optical encoder,
but there are several aspects need to be noted. First of all, the volume of
the ring resonator is much larger than that of the dot defect microcavity.
Therefore, the use of ring resonators and the size design of single ring
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resonator should be reduced as much as possible in encoder design.
Secondly, the ring resonator is composed of a ring line defect waveguide.
Therefore, the PBG effect exists in the ring resonator, which limits the
threshold of input power. Too high input power will lead to the ring
resonator is difficult to bind, resulting in the destruction of coding
performance. The input power range it can support is mainly related to
the shape, size and material of the ring resonator. In all-optical encoders,
ring resonators are usually used with line defect waveguides, so the
threshold of input power should be considered as the whole encoder
structure. A conventional method for selecting a reasonable encoder
input power is discussed in the next section.

2.5. Miniaturized design discussion

The fundamental PhC structure used here to design the proposed
logic gate and final all-optical encoder is a square lattice of dielectric
rods in air background. The basic methods of crystal defect design are:
remove, change the size, and move the host rod. A complete all-optical

encoder, the main components include logic gates, combination rules
and sequence circuits Thus, we can list truth tables or logical expressions
according to our goal. The combination rules consist of basic logic gate
units [29,42,44,95], and we can design basic logic units through defects
design, as shown in Fig. 13:

It is relatively easy to simply implement the encoding function, but
the difficulty is to design a low delay, ultracompact all-optical encoder.
So, we optimize from several different aspects. The first step for all-
optical encoders to regulate light beam is propagation. We can use the
self-collimation effect or introduce line defect waveguides in the PhC. By
designing T-shaped, Y-shaped or other shape waveguide structures to
introduce the beam. We will reasonably use the ring line resonator to
improve the coupling efficiency of the input and output and reduce the
cross reflection between the input ports. In addition, in order to further
improve the transmission efficiency, we have to eliminate the corner
backward reflection in the design of the defect; We need to add addi-
tional corner dielectric rods at the corner. We can place a defect rod at
the end of each L-shaped waveguide to increase the number of light
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Fig. 13. Basic Logic unit (a) “OR” logic gate. (b) “NOR” logic gate.

waves moving toward the output waveguide on the cross-section of
these waveguides connected to each other.

In the second step, we have to consider the material matching of light
beams and PhCs. The first thing to consider is the bandgap structure of
the material, which determines the selection effectiveness of the input
light beam. The important factors of the band gap structure are the
lattice constant, the size of the dielectric rod, the refractive index, etc.
We use the FDTD method to solve the Maxwell’s equations that control
this PhC to simulate the propagation and distribution of light beams in
real time, and we can obtain a large range of transmittance spectra at
once with the help of FFT. Then the PWE method is used to solve the PBG
distribution of the PhC [94]. Just use RSoft software to solve the equa-
tion (1):

S THG— Gk §) x (k4 ) x (G} = 224 (G) m

()

2
“Hin(G)

—Zk(G— G)k+G)x {(k+G)x Eu(G)}= :

G

where wy, is the angular Eigen frequency for E and H fields, G and G are
the reciprocal lattice vectors and k is the refractive index distribution
function. In order to obtain faster switching speed and low delay time,
we also need to select the radius matching of the rod of the ring reso-
nator. Here is a rough method, according to the PBG to select the
appropriate wavelength continuous wave (CW), as the input signal of a
port. Then gradually change the inner radius of the dielectric rods of the
ring resonator and measure their normalized power P, = P,/ P; (the
input power P; and the output power P,) respectively [102].

The more important step is to consider the actual application
matching problem. The overall size of the all-optical encoder needs to be
taken into account to achieve the integrated design of high-precision
device. Using a simple method to multiplex the basic logic unit of the
optical encoder. For example, the volume of ring resonators is relatively
large in optical encoders, and the development direction is also to
reduce the number of ring resonators into common resonators, as shown
in the Fig. 14.

The upper picture is a good example of ring resonator multiplex in
current [102]. The path used for waveguide propagation is also devel-
oping towards short distances, but it is worth noting that we cannot
reduce the size so that the PBG of the material is difficult to restrain the
propagation of photons. The energy loss of the propagation path also
requires considering the width and length of the waveguide channel, as
well as the interaction between the material and the light beam. Un-
fortunately, the output power of the encoder is very different, so it is not
suitable to be used with multiple encoders in optical integrated system.

Generally, the uniform output power is also a noticeable parameter

in order to improve the applicability of encoder in optical integrated
circuit. When the output power difference of a single encoder is too
large, it is difficult to combine with the input of the next encoder.
Therefore, we introduce an effective output power selection method
[106], which is based on the parameters of the material itself, the
composition of the encoder, and more importantly, the effective selec-
tion of the input power. When the input power does not damage the
encoder structure, change the different input power, as shown in Fig. 15.
For case 2 and 3, it has symmetrical coding structure, so it has the same
output effect. When the input power is equal to 1 mW/um?, the output
power is similar, and there is a large contrast ratio at the same time. In
this way, the output power of the encoder (in the mode of equivalent to
the logical level one) can be used as the input signal of the next stage
encoder in the integrated optical system.

Finally, an important evaluation criterion in all optical encoder is the
maximum response time, which represents the time delay between the
encoder input and the set logic “1” output power. In practical integrated
optical system, the response time of each all-optical encoder or optical
device affects the response time of the whole system. Therefore, we need
to reduce the maximum response time of the encoder as much as
possible in the design of all optical encoder. We conclude the encoder
performance comparison of some references, such as Table 1.

In practical 2D all-optical encoder, especially the PhCs used for near-
infrared communication, usually etch holes or rods in a heterostructure
slab to ensure the light confinement in the vertical structure direction.
At this time, in order to reduce the computational complexity of 3D
FDTD, the effective index method (EIM) and 2D FDTD method can be
combined to simulate the propagation of light beam in the encoder. The
refractive index of dielectric materials is replaced by the EIM of guided
mode in the 3D heterostructures without perturbation. It has been
proved that the effective index method is applicable in a wide frequency
range for photonic crystals with low refractive contrast [107,108].

The all-optical encoders based on 2D PhC designs are mainly binary
4 x 2[96,98,102,103] or 8 x 3 [99,104] encoders, with 2V input port
and N output ports. The all-optical encoder is divided into linear [105,
106] and nonlinear [109]. The use of nonlinear Kerr effect to realize
PhCs-based optical logic devices is an early common solution, relying on
nonlinear materials, but requires high input power, narrow operating
frequency range and difficult to integrate with silicon-based optical
devices [110-116]. Therefore, all-optical encoders have mainly devel-
oped toward linear realization schemes in current. Under the premise of
satisfying the actual function, our optical encoder design mainly con-
siders aspects such as size, encoding speed, propagation efficiency,
operable wavelength [45], and high-order encoding.
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Fig. 14. An ultracompact all-optical encoder to multiplex the ring resonator.

3. Radiation source type of all-optical encoder based on
perovskite microspheres

The encoder of the radiation source type is mainly based on the
adjustment of the excitation parameters of the source to achieve the
purpose of optical encoding [52,53]. Unlike the optical encoder
described in the previous section, it does not require manipulation of the
light propagation path on the surface of the PhC, so there is no need to
design complex defect structures. This is a relatively novel design
method of all-optical encoders. There are few relevant introductions at
present, but it can be in obvious contrast with 2D PhC encoders. The
all-optical encoder introduced next is based on perovskite microsphere
(MS) materials, but is not limited to such materials. Only the radiation
source parameters are adjusted, and the material structure is not
required to be designed. Therefore, the size of this encoder can reach the
sub-micron level, which solves the problem of the size limit of the 2D
PhC encoder based on defects. We take a typical article as an example to
expand the details [52].
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Table 1

Response time comparison of PhCs all-optical encoders in some references.
Reference Response time (ps) Area (um?)
[75] 1.4 3795
[94] 0.2 880
[96] 0.1 132.7
[101] 2000 1225
[102] 0.1 128.52
[106] 0.24 148

3.1. Degree of linear polarization switch

Changing the intensity of the excitation beam interacts with the
material, and the different states (intensity, polarization, pulse shape,
wavelength) that appear as coding parameters. All-inorganic halide lead
cesium perovskite MS material, prepared by chemical vapor deposition
at high temperature [117,118], which typical image of SEM dispersed
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Fig. 15. Schematic diagram of output power of different cases under different input power (a) case 2 and 3 (b)case 4. Reproduced from Refs. [106].
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Fig. 16. The SEM image of all-inorganic halide lead cesium perovskite MS
material. This picture is adapted from reference [52].

on a silicon substrate is shown in the Fig. 16.

The perovskite structure of this MS has been proven to have good
crystallinity and lower defects, and the crystal structure is ortho-
rhombic. The material itself can be regarded as a high-quality whis-
pering gallery (WG) microcavity [119,120]. The influence of parallel
and vertical beams with polarization directions on the Photo-
luminescence (PL) Spectroscopy of the material under the different
power states are studied, as shown in the Fig. 17.

Obviously, there is a very sharp peak at the wavelength of 534.5 nm
and an obvious threshold at the cavity resonance 4., which intuitively
shows the high degree of linear polarization (DLP) of the stimulated
radiation field.

The relationship between DLP and Pumping density at the threshold
wavelength is shown in the Fig. 18:

The change in pumping intensity causes an abrupt jump in DLP,
which is equivalent to two states of “On” and “Off” (“1” and “0”).
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Fig. 17. PL spectroscopy of perovskite microcavity. The Py, is power threshold
about 3.5uJcm~2. The red/blue curve is parallel/perpendicular to the linear
polarization direction. This picture is adapted from reference [52]. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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3.2. Terahertz binary all-optical encoder based on DLP switch

The value of DLP is related to the wavelength, polarization and
power intensity of the excitation source. Therefore, the “0” and “1” of
DLP are controlled by changing the excitation source parameters.

The high DLP (DLP>0.6) has the same order of about 10 ps as the
duration of the laser process, see Fig. 19. By controlling the excitation
moments and excitation power to generate multiple PL short pulses,
write perovskite micro-encoders according to your own expectations, as
shown in the Fig. 20:

Define the average value of DLP compared with 0.6 to design digital
signals “0” and “1”. The bandwidth of the DLP encoder is adjustable with
an upper limit of 0.1 THz, which is determined by the laser duration of
the perovskite microstructure. In addition, the interval between each set
of encoded information needs to be taken into account.

3.3. Multi-layer coding

We can see that the radiation source type encoder is achieved by
changing the excitation parameters from the design principle of the DLP
encoder of section 3.2. If we want to achieve high-order encoder, we also
need other laser source or other parameters caused by laser control
(intensity, polarization, pulse shape, etc.) as additional coding infor-
mation. There are two high-order coding methods here. One is to add
additional excitation sources to supplement other relevant parameters of
the excitation as coding information. The second is to control other
mutation parameters of the excitation source as supplementary coding
information. Here introduces a ternary encoder by adding an additional
excitation source. The additional pump pulse beam is 800 nm wave-
length, used for shape parameter coding [121-123]. There will be
obvious two-photon absorption phenomenon between the high power
800 nm pump pulse and the MS perovskite, as shown in Fig. 21.

Fig. 21 can see when the pump pulse is greater than 50uJcm™2 two-
photon absorption is obvious; the shape coding feature information is
effective. Since two-photon absorption involves dynamic carrier relax-
ation within the material, an effective delay of 5-10 ps is applied to the
800 nm beam in order to effectively adjust the shape between the two
pump pulses, as shown in Fig. 22.

The effective delay makes the two encoding parameters of DLP and
pulse shape in the smallest common period, so that the encoding period
of the new encoding method is the shortest. The combination of DLP
encoding parameters and pulse shape parameters forms a new marking
state “2” and realizes the conversion from binary to ternary. Here we
also define a coding principle for the fourth state “3”, based on the
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Fig. 19. (a) Polarized PL dynamics (b) Linearly polarized PL spectra of I (Red lines) and I, (Blackline). Inset: DLP dynamics. This picture is adapted from reference
[52]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 20. (a) Schematic diagram of using DLP coding “1110” achieve 0.1 THz bandwidth (b) THz Code Sequence “1101” using DLP encoding.

from reference [52].

above-mentioned ternary. The fourth state is “two-photon absorption
exist but low DLP”.

4. Conclusions

All-optical encoder is an information conversion logic device that
only uses light as an information carrier, and can solve the speed
bottleneck caused by the photoelectric conversion delay of the tradi-
tional optical encoder. The low influence between photons compared
with electrons can effectively reduce the interference of the surrounding
electromagnetic field, and has a high coding accuracy. With the devel-
opment of semiconductor integration technology, the requirements for
miniaturization of smart equipment have become higher. As an impor-
tant device in the field of information conversion, all-optical encoders
have been widely used in many aspects. Therefore, the main develop-
ment direction of all-optical encoders is miniaturized design on the basis
of not reducing the encoding speed. With the vigorous development of
communication technology, 5G communication has driven the devel-
opment of many ultra-fast fields such as artificial intelligence, remote
control, aerospace communication, etc. As a new generation of encoding
devices, all-optical encoders can effectively meet the integration of

PL Intensity (a.u.)
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o
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This picture is adapted

equipment matching and information transmission function.

In this review, we describe the latest design methods for all-optical
encoders, and explore various optimization angles for size, material
and application matching. All-optical encoders are divided into two
major categories. One is the design of defect encoders based on 2D PhCs,
which effectively utilizes the interaction of light beams and PhCs to
design the light propagation path. Then, the design principles are
divided into three steps: propagation, control, and optimization. Prop-
agation is mainly designed by self-collimation effect or line defect
waveguide. Control is mainly realized by the ring resonator blocking
effect or the reflector and beamsplitter designed by line defect. The
optimization part is based on the radius control and position control of
point defects to improve output efficiency and reduce energy loss. The
switching state of the linear 2D PhC all-optical encoder is defined by the
lasing regime or the non-lasing case. It is not necessary to use a high-
intensity pump pulse and a nonlinear Kerr effect to form an optical
switch like a nonlinear crystal.

The second type of all-optical encoder is based on radiation source
parameter control. This type of encoder is currently poorly understood,
but it can further break the size limit of 2D PhC. Therefore, it has
important application prospects in the future of ultra-fast information
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Fig. 22. The shape of pulse encoding with 5-10 ps delay under double layer.
This picture is adapted from reference [52].

coding. A series of instantaneous changes in optical parameters such as
energy, waveform, polarization, frequency, wavelength, etc. can be
encoded as optical switches. For achieving high-order coding, people
can add additional excitation sources to participate in multi-layer
control.
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