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RECIRCULATING PROGRAMMABLE 
PHOTONIC CIRCUITS AND OPERATING 

METHOD THEREOF 

CROSS - REFERENCES TO RELATED 
APPLICATION 

[ 0001 ] This application claims the priority benefit of 
Korean Patent Application No. 10-2020-0181419 , filed on 
Dec. 22 , 2020 , and Korean Patent Application No. 10-2021 
0130530 , filed on Oct. 1 , 2021 , in the Korean Intellectual 
Property Office , the disclosure of each of which is incorpo 
rated herein by reference . 

[ 0012 ] The recirculating programmable photonic circuit 
( R - PPC ) , which is the most common type of programmable 
photonic circuit , has been spotlighted as a technology that 
will dramatically reduce design and manufacturing costs of 
optical circuits and enable small quantity batch production . 
[ 0013 ] In addition , the R - PPC is applicable to a parallel 
operator , a high - speed optical signal processor , a quantum 
interferometer , and the like . 
[ 0014 ] However , for the R - PPC according to the conven 
tional technology , the number of cores is less than 8 . 
[ 0015 ] In addition , for the R - PPC according to the con 
ventional technology , the core is configured with a thermo 
optical 2x2 Mach - zehnder interferometer ( MZI ) , and the 
thermo - optical MZI has low modulation efficiency . Accord 
ingly , the R - PPC requires a long length of 1 mm or more and 
large power consumption of 10 mW or more 
[ 0016 ] For such reasons , the area of the R - PPC having 
merely 7 cores reaches 15 mm ?. 

BACKGROUND OF THE DISCLOSURE 

Field of the Disclosure 

SUMMARY OF THE DISCLOSURE 

[ 0002 ] The present disclosure relates to recirculating pro 
grammable photonic circuits and an operating method 
thereof , and more particularly , to a recirculating program 
mable photonic circuit capable of performing phase shift 
while adjusting the efficiency of optical coupling using a 
programmable waveguide in a core cell connecting a pro 
grammable optical coupler and a phase shifter , thereby 
enabling recirculation of the core cell and implementation of 
various applications . 

Description of the Related Art 
[ 0003 ] Photonic integrated circuits ( PICs ) have become a 
powerful platform for complex optical systems because of 
their ability to monolithically integrate high - density optical 
elements . 
[ 0004 ] The PICs are expected to follow the scaling path of 
electronics by utilizing advanced manufacturing processes 
for general electronic integrated circuits . 
[ 0005 ] However , since most PIC designs are dedicated to 
a single target application , it is difficult to efficiently reuse 
the PICs for other purposes . 
[ 0006 ] The concept of a programmable photonic circuit 
( PPC ) , an optical counterpart to a field programmable gate 
array ( FPGA ) circuit , has attracted considerable attention in 
recent years . 
[ 0007 ] PICs may greatly reduce prototyping time and cost 
and serve as general - purpose optical circuits , but the scale of 
the demonstration thereof is relatively small compared to 
FPGAs . 
[ 0008 ] Moreover , the number of unit elements is still very 
small regarding recirculation of a PPC capable of perform 
ing general linear transformation as well as radio frequency 
( RF ) signal processing . For example , the number of unit 
elements may be 10 or less per chip . 
[ 0009 ] This partly results from the large footprint of the 
unit cell ( less than or equal to 1 mm per edge ) and high 
power consumption ( less than or equal to 10 mW per cell ) . 
[ 0010 ] Photonic circuits are optimized for specific targets 
( e.g. , filters , switches , sensors , communication , etc. ) , and 
thus the design of the chip is not efficiently reused , and 
repeated design changes and experiments are required until 
mass production is reached . 
[ 0011 ] Recently , the concept of a programmable photonic 
circuit corresponding to the concept of a field programmable a 
gate array of an electronic circuit has emerged and draw 
much attention , but the degree of integration thereof is in its 
infancy . 

[ 0017 ] Therefore , the present disclosure has been made in 
view of the above problems , and it is an object of the present 
disclosure to provide a recirculating programmable photonic 
circuit capable of performing phase shift while adjusting the 
efficiency of optical coupling between core cells using 
programmable waveguides , which are controlled by an 
actuator in a core cell configured by connecting a program 
mable optical coupler and a phase shifter , thereby enabling 
recirculation of the core cells and implementation of various 
applications . 
[ 0018 ] It is another object of the present disclosure to 
increase the number of core cells by reducing the area and 
power consumption of a core cell using a programmable 
waveguide controlled by an actuator in the core cell con 
figured by connecting a programmable optical coupler and a 
phase shifter . 
[ 0019 ] It is another object of the present disclosure to 
dramatically enhance system complexity and increase the 
number of implementable applications by increasing the 
number of core cells as it is possible to perform phase shift 
while adjusting the efficiency of optical coupling using 
programmable waveguides , which are controlled by an 
actuator in a core cell configured by connecting a program 
mable optical coupler and a phase shifter . 
[ 0020 ] It is another object of the present disclosure to 
provide various applications such as photodetectors , parallel 
matrix - vector multipliers , RF optical filters , and quantum 
optical interferometers using a recirculating programmable 
photonic circuit . 
[ 0021 ] It is another object of the present disclosure to 
provide a recirculating programmable photonic circuit 
including core cells having various structures based on a 
structure in which a programmable optical coupler and a 
phase shifter are connected . In accordance with an aspect of 
the present invention , the above and other objects can be 
accomplished by the provision of a recirculating program 
mable photonic circuit , comprising : a programmable optical 
coupler including two first programmable waveguides and 
configured to adjust optical coupling efficiency of an optical 
signal based on a vertical movement of one of the two first 
programmable waveguides ; a phase shifter including a sec 
ond programmable waveguide and configured to change a 
phase of the optical signal based on a horizontal movement 
of the second programmable waveguide with respect to the 



US 2022/0197012 A1 Jun . 23 , 2022 
2 

a 

first programmable waveguides ; a plurality of core cells 
connected to each of the programmable optical coupler and 
the phase shifter to form a predetermined shape , the core 
cells being selectively driven by moving the optical signal 
from the predetermined shape according to the adjusted 
optical coupling efficiency and the changed phase ; and an 
actuator electrically connected to one side of each of the 
plurality of core cells and configured to control the vertical 
movement of the one first programmable waveguide and the 
horizontal movement of the second programmable wave 
guide . 
[ 0022 ] At least one core cell among the plurality of core 
cells may be selectively driven as a recirculating core cell 
according to the moved optical signal , at least one core cell 
among the plurality of core cells may be connected to an 
input terminal and may be driven as an input core cell to 
receive the optical signal input thereto , and at least one core 
cell among the plurality of core cells may be connected to an 
output terminal and may be driven as an output core cell to 
output data about the optical signal . 
[ 0023 ] At least one core cell among the plurality of core 
cells may be selectively driven as a recirculating core cell 
according to the moved optical signal , and the at least one 
core cell may determine a path of the moved optical signal 
according to a size of an offset between the two first 
programmable waveguides of the programmable optical 
coupler . 
[ 0024 ] At least one core cell among the plurality of core 
cells may determine that the path of the moved optical signal 
is in any one of a bar state , a partial coupling state , and a 
cross state according to the size of the offset . 
[ 0025 ] The programmable optical coupler may include a 
first programmable waveguide at one side of one core cell 
among the plurality of core cells and a first programmable 
waveguide at one side of another core cell among the 
plurality of core cells with a horizontal gap of a predeter 
mined size formed therebetween , a vertical offset between 
the two first programmable waveguides may be controlled 
based on a vertical movement of one of the two first 
programmable waveguides , and the optical coupling effi 
ciency of the optical signal is controlled based on the 
controlled vertical offset . 
[ 0026 ] The programmable optical coupler may adjust the 
optical coupling efficiency of the optical signal , such that : 
when a size of the controlled vertical offset is greater than a 
reference size , the optical signal at the one side of the one 
core cell is transferred to another side ; and when the size of 
the controlled vertical offset is less than the reference size , 
the optical signal at the one side of the one core cell is 
transferred to the one side of the other core cell . 
[ 0027 ] The size of the controlled vertical offset may be 0 
nm to 500 nm , and the reference size may be 400 nm . 
[ 0028 ] The phase shifter may include the second program 
mable waveguide positioned on a lateral side of the first 
programmable waveguide at one side of one core cell among 
the plurality of core cells and approaching the lateral side 
along a horizontal axis . 
[ 0029 ] The phase shifter may change the phase of the 
optical signal by adjusting an effective refractive index of 
the optical signal according to a horizontal gap between the 
first programmable waveguide and the second program 
mable waveguide adjusted based on the horizontal move 
ment of the second programmable waveguide . 

[ 0030 ] The phase shifter may change the phase of the 
optical signal in inverse proportion to a size of the adjusted 
horizontal gap . 
[ 0031 ] The plurality of core cells may have any one cell 
structure among a square cell structure , a hexagonal cell 
structure , and a triangular cell structure based on the pre 
determined shape . 
[ 0032 ] When one core cell among the plurality of core 
cells has the triangular cell structure , the one core cell may 
include one side on which the first programmable wave 
guides are controlled by the actuator and two sides on which 
the first programmable waveguides are not controlled by the 
actuator . 

[ 0033 ] The one side on which the first programmable 
waveguides are controlled and the two sides on which the 
first programmable waveguides are not controlled may be 
selectively determined as a movement path of the optical 
signal based on control of the actuator . 
[ 0034 ] In accordance with another aspect of the present 
invention , there is provided a method of operating a recir 
culating programmable photonic circuit including a plurality 
of core cells each being connected to a programmable 
optical coupler including two first programmable wave 
guides and a phase shifter including a second programmable 
waveguide to form a predetermined shape , and an actuator 
electrically connected to one side of each of the plurality of 
core cells and configured to control a vertical movement of 
the first programmable waveguides and a horizontal move 
ment of the second programmable waveguide , the method 
comprising : adjusting , by the programmable optical coupler , 
optical coupling efficiency of the optical signal based on the 
vertical movement of one of the two first programmable 
waveguides ; changing , by the phase shifter , a phase of the 
optical signal based on the horizontal movement of the 
second programmable waveguide with respect to the first 
programmable waveguides ; and selectively driving at least 
one core cell among the plurality of core cells by moving the 
optical signal from the predetermined shape according to the 
adjusted optical coupling efficiency and the changed phase 
in the plurality of core cells . 
[ 0035 ] The selective driving of the at least one core cell 
among the plurality of core cells may include : selectively 
driving at least one core cell among the plurality of core cells 
as a recirculating core cell according to the moved optical 
signal ; determining that a path of the moved optical signal 
is in any one state among a bar state , a partial coupling state , 
and a cross state according to a size of an offset between the 
two first programmable waveguides of the programmable 
optical coupler ; and determining the path of the moved 
optical signal based on the determined state . 
[ 0036 ] The adjusting of the optical coupling efficiency of 
the optical signal based on the vertical movement of the one 
of the two first programmable waveguides may include : 
controlling a vertical offset between a first programmable 
waveguide at one side of one core cell among the plurality 
of core cells and a first programmable waveguide at one side 
of another other core cell among the plurality of core cells , 
based on a vertical movement of one of the first program 
mable waveguides arranged with a horizontal gap of a 
predetermined size formed therebetween ; and adjusting the 
optical coupling efficiency of the optical signal based on the 
controlled vertical offset . 

a 



US 2022/0197012 A1 Jun . 23 , 2022 
3 

BRIEF DESCRIPTION OF THE DRAWINGS 
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[ 0037 ] The above and other objects , features and other 
advantages of the present disclosure will be more clearly 
understood from the following detailed description taken in 
conjunction with the accompanying drawings , in which : 
[ 0038 ] FIG . 1 is a diagram illustrating a recirculating 
programmable photonic circuit according to one embodi 
ment of the present disclosure ; 
[ 0039 ] FIGS . 2A and 2B are views illustrating a cross sectional change of a recirculating programmable photonic 
circuit based on driving of programmable waveguides 
according to one embodiment of the present disclosure ; 
[ 0040 ] FIGS . 3A and 3B illustrate optical coupling effi 
ciency and phase change of a recirculating programmable 
photonic circuit based on driving of a programmable wave 
guide according to one embodiment of the present disclo 
sure ; 
[ 0041 ] FIGS . 4A to 4C show scanning electron micro 
scope images of a recirculating programmable photonic 
circuit according to one embodiment of the present disclo 
sure ; 
[ 0042 ] FIG . 5 depicts the flow of an optical signal corre 
sponding to the optical coupling efficiency according to a 
change in vertical offset of the programmable optical cou 
pler in a recirculating programmable photonic circuit 
according to one embodiment of the present disclosure ; 
[ 0043 ] FIG . 6 is a view illustrating various configurations 
based on a recirculating programmable photonic circuit 
according to one embodiment of the present disclosure ; 
[ 0044 ] FIGS . 7A to 7D depict spectral responses for 
various configurations based on a recirculating program 
mable photonic circuit according to one embodiment of the 
present disclosure ; 
[ 0045 ] FIG . 8 is a view illustrating the flow of an optical 
signal according to a connection change of a programmable 
waveguide in a recirculating programmable photonic circuit 
according to one embodiment of the present disclosure ; 
[ 0046 ] FIG . 9 is a diagram illustrating an application 
system using a recirculating programmable photonic circuit 
according to one embodiment of the present disclosure ; 
[ 0047 ] FIG . 10 illustrates core cells of various structures 
in a recirculating programmable photonic circuit according 
to one embodiment of the present disclosure ; and 
[ 0048 ] FIGS . 11A to 11D illustrates a method of manu 
facturing a recirculating programmable photonic circuit 
according to one embodiment of the present disclosure . 

is not limited to the embodiments according to the concept 
of the present disclosure , but includes changes , equivalents , 
or alternatives falling within the spirit and scope of the 
present disclosure . 
[ 0051 ] The terms such as “ first ” and “ second ” are used 
herein merely to describe a variety of constituent elements , 
but the constituent elements are not limited by the terms . The 
terms are used only for the purpose of distinguishing one 
constituent element from another constituent element . For 
example , a first element may be termed a second element 
and a second element may be termed a first element without 
departing from the scope of rights according to the concept 
of the present invention . 
[ 0052 ] It will be understood that when an element is 
referred to as being “ on ” , “ connected to ” or “ coupled to ” 
another element , it may be directly on , connected or coupled 
to the other element or intervening elements may be present . 
In contrast , when an element is referred to as being “ directly 
on , ” “ directly connected to ” or “ directly coupled to ” another 
element or layer , there are no intervening elements or layers 
present . Other words used to describe the relationship 
between elements should be interpreted in a like fashion 
( e.g. , “ between , ” versus “ directly between , ” “ adjacent , " 
versus “ directly adjacent , ” etc. ) . 
[ 0053 ] The terms used in the present specification are used 
to explain a specific exemplary embodiment and not to limit 
the present inventive concept . Thus , the expression of sin 
gularity in the present specification includes the expression 
of plurality unless clearly specified otherwise in context . 
Also , terms such as “ include ” or “ comprise ” in the specifi 
cation should be construed as denoting that a certain char 
acteristic , number , step , operation , constituent element , 
component or a combination thereof exists and not as 
excluding the existence of or a possibility of an addition of 
one or more other characteristics , numbers , steps , opera 
tions , constituent elements , components or combinations 
thereof . 
[ 0054 ] Unless otherwise defined , all terms ( including tech 
nical and scientific terms ) used herein have the same mean 
ing as commonly understood by one of ordinary skill in the 
art to which this disclosure belongs . It will be further 
understood that terms , such as those defined in comm monly 
used dictionaries , should be interpreted as having a meaning 
that is consistent with their meaning in the context of the 
relevant art and will not be interpreted in an idealized or 
overly formal sense unless expressly so defined herein . 
[ 0055 ] The present disclosure will now be described more 
fully with reference to the accompanying drawings , in which 
exemplary embodiments of the invention are shown . This 
disclosure may , however , be embodied in many different 
forms and should not be construed as limited to the exem 
plary embodiments set forth herein . Like reference numerals 
in the drawings denote like elements . 
[ 0056 ] FIG . 1 is a diagram illustrating a recirculating 
programmable photonic circuit according to one embodi 
ment of the present disclosure . 
[ 0057 ] FIG . 1 illustrates the components of a recirculating 
programmable photonic circuit according to one embodi 
ment of the present disclosure . 
[ 0058 ] Referring to FIG . 1 , according to one embodiment 
of the present disclosure , a recirculating programmable 
photonic circuit 100 includes a core cell 101 , a program 
mable optical coupler 102 , a phase shifter 103 , and an 
actuator 104 . 

DETAILED DESCRIPTION OF THE 
INVENTION 

[ 0049 ] Specific structural and functional descriptions of 
embodiments according to the concept of the present dis 
closure disclosed herein are merely illustrative for the pur 
pose of explaining the embodiments according to the con 
cept of the present disclosure . Furthermore , the 
embodiments according to the concept of the present dis 
closure can be implemented in various forms and the present 
disclosure is not limited to the embodiments described 
herein . 
[ 0050 ] The embodiments according to the concept of the 
present disclosure may be implemented in various forms as 
various modifications may be made . The embodiments will 
be described in detail herein with reference to the drawings . 
However , it should be understood that the present disclosure 
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[ 0059 ] For example , the recirculating programmable pho 
ton circuit 100 includes a plurality of core cells 101 each 
including the programmable optical coupler 102 , the phase 
shifter 103 , and the actuator 104 . 
[ 0060 ] According to one embodiment of the present dis 
closure , an additional description may be made of the core 
cell 101 of the recirculating programmable photonic circuit 
100 with reference to an enlarged view 110 , a first cross 
sectional A - A ' and a second cross - sectional B - B ' . 
[ 0061 ] The description of the first cross - section A - A ' will 
be supplemented using FIG . 2A , and the description of the 
second cross - section B - B ' is supplemented using FIG . 2B . 
[ 0062 ] According to one embodiment of the present dis 
closure , in the core cell 101 , the programmable optical 
coupler 102 and the phase shifter 103 are connected to each 
other in a preset shape , and an optical signal according to 
optical coupling efficiency adjusted based on the program 
mable optical coupler 102 and the phase changed by the 
phase shifter 103 may be moved from a preset shape formed 
by the sides of the core cell 101 and the core cell may be 
selectively driven as a recirculating core cell . 
[ 0063 ] For example , according to the optical signal moved 
based on the programmable optical coupler 102 and the 
phase shifter 103 , the core cell 101 may be selectively driven 
as a recirculating core cell , or may be connected to an input 
or output terminal and be driven as an input core cell or an 
output core cell . 
[ 0064 ] According to one embodiment of the present dis 
closure , the core cell 101 may be selectively driven as a 
recirculating core cell according to the optical signal moved 
based on the programmable optical coupler 102 and the 
phase shifter 103 , and may determine the path of the moved 
optical signal according to the size of the vertical offset 
between two first programmable waveguides constituting 
the programmable optical coupler 102 . 
[ 0065 ] For example , the core cell 101 may determine the 
path of the moved optical signal according to the size of the 
offset as any one of a bar state , a partial coupling state , and 
a cross state to determine the movement path of the optical 
signal . 
[ 0066 ] The bar state , partial coupling state , and cross state 
will be further described later with reference to FIGS . 6 and 
8 . 
[ 0067 ] For example , when one core cell 101 among the 
plurality of core cells has a triangular cell structure , the core 
cell 101 may include one side on which the first program 
mable waveguide is controlled by the actuator 104 , and two 
sides on which the first programmable waveguide is not 
controlled by the actuator 104 . 
[ 0068 ] For example , one side on which the first program 
mable waveguide is controlled and the two sides on which 
the first programmable waveguide is not controlled may be 
selectively determined as a path through which the optical 
signal moves based on the control of the actuator 104 . 
[ 0069 ] According to one embodiment of the present dis 
closure , the programmable optical coupler 102 may include 
two first programmable waveguides . The optical coupling 
efficiency of the optical signal may be adjusted based on the 
vertical movement of one first programmable waveguide 
between the two first programmable waveguides . 
[ 0070 ] For example , the optical coupling efficiency of the 
optical signal may be related to light transmission and light 
transmittance . 

[ 0071 ] For example , the programmable optical coupler 
102 may include the first programmable waveguide at one 
side of any one of the plurality of core cells and the first 
programmable waveguide at one side of another one of the 
plurality of core cells at a predetermined horizontal gap . 
[ 0072 ] In addition , the programmable optical coupler 102 
may control a vertical offset between the two first program 
mable waveguides based on a vertical movement of one of 
the two first programmable waveguides , and adjust the 
optical coupling efficiency of the optical signal based on the 
controlled vertical offset . 
[ 0073 ] According to one embodiment of the present dis 
closure , the phase shifter 103 may include a second pro 
grammable waveguide , and may change the phase of the 
optical signal based on a horizontal movement of the second 
programmable waveguide with respect to the first program 
mable waveguide . 
[ 0074 ] For example , the phase shifter 103 may include a 
second programmable waveguide positioned on a lateral 
side of the first programmable waveguide at one side of any 
one of the plurality of core cells and approaching the lateral 
side along a horizontal axis . 
[ 0075 ] According to one embodiment of the present dis 
closure , the phase shifter 103 may change the phase of the 
optical signal as the effective refractive index of the optical 
signal is adjusted by adjusting the horizontal gap between 
the first programmable waveguide and the second program 
mable waveguide based on the horizontal movement of the 
second programmable waveguide . 
[ 0076 ] For example , the phase shifter 103 may change the 
phase of the signal in inverse proportion to the size of the 
horizontal gap adjusted by the actuator 104 . 
[ 0077 ] That is , when the size of the horizontal gap 
increases , the phase change of the optical signal is small . 
When the size of the horizontal gap decreases , the phase 
change of the optical signal may be large . 
[ 0078 ] For example , when the length of the programmable 
optical coupler 102 is 50 um and the length of the phase 
shifter 103 is 15 um , one side of the core cell 101 may be 
implemented to be 100 um or less , and the core cell 101 may 
be formed to have an area less than or equal to 0.1 mm ? even 
when it is electrically connected to the actuator 104 . 
[ 0079 ] According to one embodiment of the present dis 
closure , the actuator 104 may be electrically connected to 
one side of each of the plurality of core cells , and may 
control the vertical movement of any one of the first pro 
grammable waveguides and the horizontal movement of the 
second programmable waveguide . 
[ 0080 ] That is , the core cell 101 may include an actuator 
104 electrically connected to one side thereof , and the 
actuator 104 may control the vertical movement of the first 
programmable waveguide at one side of the core cell 101 or 
control the left - right horizontal movement of the second 
programmable waveguide on a lateral side of the first 
programmable waveguide . 
[ 0081 ] For example , the first programmable waveguide 
may correspond to a main waveguide , and the second 
programmable waveguide may correspond to an auxiliary 
waveguide . 
[ 0082 ] For example , a programmable photonic circuit is a 
concept of an optical circuit corresponding to a field pro 
grammable gate array of an electronic circuit , and may refer 
to a system that is programmable by directly programming 
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a [ 0095 ] According to one embodiment of the present dis 
closure , the phase shifter may change the phase of the 
optical signal based on the horizontal movement of the 
second programmable waveguide with respect to the first 
programmable waveguide 211 . 
[ 0096 ] That is , according to one embodiment of the pres 
ent disclosure , the second programmable waveguide may be 
positioned on a lateral side of the phase shifter to correspond 
to one of the first programmable waveguides constituting the 
programmable optical coupler , and may change the phase of 
an optical signal moving to a side of the core cell related to 
the first programmable waveguide . 
[ 0097 ] For example , the actuator 213 may control the gap 
between the first programmable waveguide and the second 
programmable waveguide by horizontally moving the sec 
ond programmable waveguide left and right according to a 
control method programmed in the computer . 
[ 0098 ] FIGS . 3A and 3B illustrate optical coupling effi 
ciency and phase change of a recirculating programmable 
photonic circuit based on driving of a programmable wave 
guide according to one embodiment of the present disclo 
sure . 

a function by a user in a lattice or mesh of core cells of the 
same unit subjected to programmable optical coupling ther 
ebetween . 
[ 0083 ] According to one embodiment of the present dis 
closure , the recirculating programmable photonic circuit 100 
may be operated by an operating method of the recirculating 
programmable photonic circuit , and the above - described 
operating characteristics of the recirculating programmable 
photonic circuit 100 may be implemented . 
[ 0084 ] For example , a core cell is a basic unit element of 
the programmable photonic circuit , may correspond to a 
gate of a field programmable gate array , and may be con 
figured by connecting a programmable optical coupler and a 
phase modulator in various forms . 
[ 0085 ] Therefore , the present disclosure may provide a recirculating programmable photonic circuit capable of per 
forming phase shift while adjusting the efficiency of optical 
coupling between core cells using programmable wave 
guides , which are controlled by an actuator in a core cell 
configured by connecting a programmable optical coupler 
and a phase shifter , thereby enabling recirculation of the core 
cells and implementation of various applications . 
[ 0086 ] FIGS . 2A and 2B are views illustrating a cross 
sectional change of a recirculating programmable photonic 
circuit based on driving of programmable waveguides 
according to one embodiment of the present disclosure . 
[ 0087 ] FIG . 2A illustrates a cross - sectional change of a 
programmable optical coupler based on vertical driving of a 
programmable waveguides according to one embodiment of 
the present disclosure . 
[ 0088 ] FIG . 2A exemplarily shows a first cross - section 
A - A ' of the core cell illustrated in FIG . 1. The first cross 
section A - A ' corresponds to a cross - section 200 of the 
programmable optical coupler . 
[ 0089 ] The cross - section 200 of the programmable optical 
coupler includes two first programmable waveguides 201 . 
The size of the offset is controlled as any one of the two first 
programmable waveguides is moved up and down by the 
actuator 202 . 
[ 0090 ] According to one embodiment of the present dis 
closure , the programmable optical coupler includes two first 
programmable waveguides 201. The optical coupling effi 
ciency of the optical signal may be adjusted as any one of the 
two first programmable waveguides is vertically moved 
based on the control of the actuator 202 . 
[ 0091 ] For example , the actuator 202 may control the size 
of the offset between the first programmable waveguides by 
moving the first programmable waveguides up and down 
according to a control method programmed in the computer . 
[ 0092 ] FIG . 2B illustrates a cross - sectional change of a 
phase shifter based on horizontal driving of a programmable 
waveguide according to one embodiment of the present 
disclosure . 
[ 0093 ] FIG . 2B exemplarily shows the second cross - sec 
tion B - B ' of the core cell illustrated in FIG . 1. The second 
cross - section B - B ' corresponds to a cross - section 210 of the 
phase shifter . 
[ 0094 ] In the cross - section 210 of the phase shifter , a 
second programmable waveguide 212 is positioned on a 
lateral side of a first programmable waveguide 211. As the 
second programmable waveguide 212 is horizontally moved 
by the actuator 213 , the side of the gap between the 
waveguides is controlled . 

[ 0099 ] FIG . 3A illustrates the optical coupling efficiency 
of the recirculating programmable photonic circuit based on 
vertical driving of a programmable waveguide according to 
one embodiment of the present disclosure . 
[ 0100 ] FIG . 3A exemplarily shows an image 300 , which 
includes an image 301 corresponding to a case where the 
vertical offset of the programmable optical coupler is 0 mm , 
and an image 302 corresponding to a case where the vertical 
offset is 500 mm . 
[ 0101 ] Referring to the image 301 , the programmable 
optical coupler is fabricated by separating the two first 
programmable waveguides constituting the programmable 
optical coupler by a gap of 180 nm . 
[ 0102 ] Referring to the image 302 , an offset between the 
two first programmable waveguides may be adjusted by 
attaching a MEMS actuator to any one waveguide of the two 
first programmable waveguides and vertically moving the 
same . 

[ 0103 ] The graph 310 exemplarily depicts the optical 
coupling efficiency according to change in vertical offset 
using a graph line 311 and the graph line 312 . 
[ 0104 ] The graph line 311 indicates trough , and graph line 
312 indicates drop . 
[ 0105 ] The graph line 311 shows that the transmission 
related to the optical coupling efficiency tends to increase as 
the vertical offset increases , and the graph line 312 shows 
that the transmission related to the optical coupling effi 
ciency tends to increase as the vertical offset decreases . 
[ 0106 ] The graph 310 is a result of calculating the optical 
coupling efficiency for the position of the moving program 
mable waveguide by computational simulation . The optical 
coupling efficiency may be adjusted in the range of 0 % to 
100 % with a length of only 50 um . 
[ 0107 ] In addition , the coupling efficiency is effectively 
controlled with a low power , thereby exhibiting low power 
consumption . 
[ 0108 ] FIG . 3B illustrates a phase change of the recircu 
lating programmable photon circuit based on horizontal 
driving of a programmable waveguide according to one 
embodiment of the present disclosure . 
[ 0109 ] FIG . 3B exemplarily shows an image 320 , which 
includes an image 321 corresponding to a case where a 
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horizontal gap is formed between the first programmable 
waveguide and the second programmable waveguide by the 
phase shifter and an image 322 corresponding to a case 
where the horizontal gap is not present . 
[ 0110 ] Referring to the images 321 and 322 , when the 
phase shifter causes the second programmable waveguide 
corresponding to a waveguide having a smaller effective 
refractive index than the first programmable waveguide to 
approach a side of the first programmable waveguide , the 
effective refractive index of the first programmable wave 
guide is increased without loss of optical mode . 
[ 0111 ] In the image 321 , the gap between the first pro 
grammable waveguide and the second programmable wave 
guide may be 400 nm . In the image 322 , the gap between the 
first programmable waveguide and the second program 
mable waveguide may be 50 nm . 
[ 0112 ] Referring to the image 322 , the gap between the 
first programmable waveguide and the second program 
mable waveguide may be adjusted by horizontally moving 
the second programmable waveguide left and right using a 
MEMS actuator . 
[ 0113 ] That is , the phase change may be made by adjusting 
the effective refractive index by adjusting the gap between 
the first programmable waveguide and the second program 
mable waveguide by applying a voltage therebetween . 
[ 0114 ] The graph 330 illustrates a phase change according 
to a change in a lateral gap between the first programmable 
waveguide and the second programmable waveguide , using 
a graph line 331 . 
[ 0115 ] The graph 330 is a result of calculating a phase 
change according to the change in distance between the 
second programmable waveguide and the first program 
mable waveguide having a length of 15 um by computa 
tional simulation . 
[ 0116 ] The graph line 331 depicts that the gap between the 
first programmable waveguide and the second program 
mable waveguide is 50 nm to 500 nm when the size of the 
phase change can be changed from On to 1.2 .. 
[ 0117 ] Also , the graph line 331 depicts that the size of the 
phase change decreases as the gap between the first pro 
grammable waveguide and the second programmable wave 
guide increases . 
[ 0118 ] In other words , the graph line depicts that the size 
of the phase change increases as the gap between the first 
programmable waveguide and the second programmable 
waveguide decreases . 
[ 0119 ] For example , the programmable waveguide may be 
referred to as a micro - electro mechanical system ( MEMS ) 
programmable waveguide . 
[ 0120 ] FIGS . 4A to 4C show scanning electron micro 
scope images of a recirculating programmable photonic 
circuit according to one embodiment of the present disclo 

[ 0124 ] Among the plurality of core cells , all remaining 
core cells except for three input / output core cells 402 may be 
recirculating core cells . 
[ 0125 ] For example , the input / output core cells 402 refer 
to core cells to which an input terminal and an output 
terminal are connected . 
[ 0126 ] Accordingly , the plurality of core cells may be 
selectively driven as a recirculating core cell according to an 
optical signal or may be connected to an input terminal or an 
output terminal to be driven as an input core cell or an output 
core cell . 
[ 0127 ] According to one embodiment of the present dis 
closure , the recirculating programmable photon circuit 400 
is fabricated on an 8 - inch silicon insulator wafer with a 
thickness of 220 nm , and a triangular loop unit cell topology 
is utilized for a scalable mesh network topology . 
[ 0128 ] FIG . 4B exemplarily show a scanning electron 
microscope image of a specific core cell in a recirculating 
programmable photonic circuit according to one embodi 
ment of the present disclosure . 
[ 0129 ] Referring to FIG . 4B , one core cell 410 among the 
recirculating core cells 401 of the recirculating program 
mable photonic circuit 400 illustrated in FIG . 4A has three 
sides . An actuator is positioned on one of the sides . The 
actuator is not positioned on the other sides . 
[ 0130 ] However , the other sides where the actuator is not 
positioned are adjacent to the side where the actuator is 
positioned , and thus may be affected by the control operation 
of the actuators of other core cells . 
[ 0131 ] The core cell 410 is connected in a cross state as the 
actuator is driven up and down on the side where the 
actuator is positioned to reduce the size of the vertical offset . 
On the other sides , the core cell is adjacent in bar state to 
adjacent core cells as the actuators of the adjacent core cells 
do not perform a control operation . 
[ 0132 ] FIG . 4C illustrates the operation of the program 
mable optical coupler based on the operation by the actuator 
of the core cell illustrated in FIG . 4B . 
[ 0133 ] Referring to FIG . 4C , the programmable optical 

pler 420 corresponds to the first cross - section A - A ' of the 
core cell . Referring to the cross - sectional view 421 , the first 
programmable waveguide may be positioned on each of the 
core cells , and the vertical offset of the programmable 
optical coupler 420 may be controlled as any one of the first 
programmable waveguides is controlled by the actuator . 
[ 0134 ] Accordingly , according to the present disclosure , 
the number of core cells may be increased by reducing the 
area and power consumption of the core cells using the 
programmable waveguides controlled by the actuators of the 
core cell configured by connecting the programmable optical 
coupler and the phase shifter . 
[ 0135 ] In addition , the present disclosure may increase the 
number of core cells as phase shift can be performed while 
adjusting optical coupling efficiency between core cells 
using the programmable waveguide controlled by the actua 
tor in the core cell configured by connecting the program 
mable optical coupler and the phase shifter . Accordingly , the 
number of implementable applications may be increased 
while dramatically enhancing the complexity of the system . 
[ 0136 ] FIG . 5 depicts the flow of an optical signal corre 
sponding to the optical coupling efficiency according to a 
change in vertical offset of the programmable optical cou 
pler in a recirculating programmable photonic circuit 
according to one embodiment of the present disclosure . 

sure . 

[ 0121 ] FIG . 4A exemplarily shows a recirculating pro 
grammable photonic circuit according to one embodiment of 
the present disclosure . 
[ 0122 ] Referring to FIG . 4A , a recirculating program 
mable photonic circuit 400 according to the embodiment of 
the present disclosure includes 16 triangular core cells , and 
the area of each cell is 0.04 mm ?. 
[ 0123 ] A plurality of core cells may be divided into 
input / output core cells 402 and recirculating core cells 401 . 
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[ 0137 ] FIG . 5 exemplarily shows an optical signal flow in 
which an optical signal moves between sides of two cores 
constituting a programmable optical coupler according to a 
change in vertical offset according to one embodiment of the 
present disclosure . 
[ 0138 ] Referring to FIG . 5 , a graph 500 shows a change in 
transmission according to a change in vertical offset as 
“ Through ” and “ Drop . 
[ 0139 ] Referring to the signal flow diagram 510 , when the 
vertical offset is large , the input In of the optical signal is 
passed through another other side in the same core cell . 
[ 0140 ] When the vertical offset is small , the input of the 
optical signal is dropped and moved to one side in another 
core cell . 
[ 0141 ] That is , in the programmable optical coupler , when 
the controlled vertical offset is larger than a reference size , 
the optical signal is transferred from one side of any one core 
cell to another side . When the controlled vertical offset is 
smaller than the reference size , the optical signal may be 
transferred from one side of one core cell to one side of 
another core cell . In this way , the optical coupling efficiency 
of the optical signal may be adjusted . 
[ 0142 ] That is , when first programmable waveguides are 
adjacent to each other , the optical signal moves between the 
core cells constituting the programmable optical coupler . 
When the first programmable waveguides are vertically 
moved away from each other , the optical signal may not 
move between the core cells constituting the programmable 
optical coupler . 
[ 0143 ] FIG . 6 is a view illustrating various configurations 
based on a recirculating programmable photonic circuit 
according to one embodiment of the present disclosure . 
[ 0144 ] FIG . 6 shows exemplary configuration diagrams 
illustrating that a movement path of an optical signal is 
controlled by controlling a vertical movement of a first 
programmable waveguide of a programmable optical cou 
pling unit in a recirculating programmable photonic circuit 
according to an embodiment of the present disclosure , and 
thus various corresponding configurations can be imple 
mented . 
[ 0145 ] Referring to FIG . 6 , a configuration diagram 610 
illustrates that in and through operations occur in one core 
cell to form a single ring structure . 
[ 0146 ] A configuration diagram 620 illustrates that a 
through operation occurs according to the in operation in 
two core cells to form a dual ring structure . 
[ 0147 ] Here , the dual ring structure may correspond to a 
coupled - resonator optical waveguide ( CROW ) . 
[ 0148 ] A configuration diagram 630 illustrates a case 
where an add - drop filter is configured together with the dual 
ring structure . 
[ 0149 ] A configuration diagram 640 illustrates that a 
double CROW is formed in a four - ring structure . 
[ 0150 ] A configuration diagram 650 illustrates implemen 
tation of a programmable mach - zehnder interferometer 
( MZI ) . 
[ 0151 ] In each configuration diagram , a state 600 may 
represent a cross state , a state 601 may represent a bar state , 
and a state 602 may represent a partial coupling state . 
[ 0152 ] Referring to the configuration diagrams 610 to 650 , 
a system may be implemented by simplifying the basic unit 
of the core cell to minimize the number of programmable optical couplers by configuring the core as a triangle , which 
has the smallest number of sides . 

[ 0153 ] FIGS . 7A to 7D depict spectral responses for 
various configurations based on a recirculating program 
mable photonic circuit according to one embodiment of the 
present disclosure . 
[ 0154 ] The graph 700 of FIG . 7A represents a single ring 
resonator of the configuration diagram 610 illustrated in 
FIG . 6 and shows that the coupling ratio may be adjusted by 
a voltage applied to the actuator . 
[ 0155 ] The graph 700 depicts a change in transmission 
corresponding to an optical coupling ratio according to a 
voltage size at a relative wavelength . 
( 0156 ] The graph 710 of FIG . 7B depicts the spectral 
response of the doubling - coupled resonator optical wave 
guide of the configuration diagram 630 illustrated in FIG . 6 . 
[ 0157 ] The graph 720 of FIG . 7C depicts the spectral 
response of the poring - coupled resonator optical waveguide 
of the configuration diagram 640 illustrated in FIG . 6 . 
[ 0158 ] The graph 710 and the graph 720 depict a change 
in transmission corresponding to an optical coupling ratio at 
a relative wavelength . 
[ 0159 ] The graph 730 of FIG . 7D shows the spectral 
response of the add - drop filter with two rings of the con 
figuration diagram 620 illustrated in FIG . 6 . 
[ 0160 ] In the graph 730 , the region 731 may indicate 
Through and the region 732 may indicate a drop . 
[ 0161 ] The spectral response may be measured using a 
combination of an external cavity laser adjustable near the 
1550 nm wavelength and a photodetector . 
[ 0162 ] A single mode fiber ribbon related to the single ring 
resonator of the configuration diagram 610 may be used to 
couple light through grating couplers connected to wave 
guides of input and output cells . 
[ 0163 ] That is , the graphs 700 to 730 show that the number 
of core cells constituting the recirculating programmable 
photonic circuit can be increased and the core cells can be 
flexibly driven as recirculating core cells . 
[ 0164 ] FIG . 8 is a view illustrating the flow of an optical 
signal according to a connection change of a programmable 
waveguide in a recirculating programmable photonic circuit 
according to one embodiment of the present disclosure . 
[ 0165 ] FIG . 8 further illustrates the flow of an optical 
signal in the programmable waveguide in the recirculating 
programmable photonic circuit according to one embodi 
ment of the present disclosure . 
[ 0166 ] A state of transference of an optical signal on the 
input waveguide and the output waveguide connected to a 
2x2 optical gate 800 will be described with reference to FIG . 
8 . 
[ 0167 ] For example , an input 801 may be applied to the 
2x2 optical gate 800 , and an output 802 may vary according 
to a bar state 810 , a cross state 811 , and a partial coupling 
state 812 . 
[ 0168 ] That is , the path of the optical signal flowing 
through the waveguides connected to the 2x2 optical gate 
800 may be changed according to the state of the 2x2 optical 

a 

gate 800 . 
[ 0169 ] For example , in the bar state 810 , there is no 
coupling between waveguides for transferring the signal , 
and accordingly the optical signal is not transferred or is 
transferred only through an existing path . 
[ 0170 ] In the cross state 811 , the coupling between the 
waveguides for transferring the signal reaches 100 % , and 
thus the optical signal is transferred through the cross path . 
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[ 0171 ] In the partial coupling state 812 , paths through 
which the optical signal is transferred may overlap due to 
partial coupling between waveguides for transferring the 
signal . 
[ 0172 ] FIG . 9 is a diagram illustrating an application 
system using a recirculating programmable photonic circuit 
according to one embodiment of the present disclosure . 
[ 0173 ] Referring to FIG . 9 , a recirculating programmable 
photonic circuit 900 according to the embodiment of the 
present disclosure includes a plurality of core cells 901. An 
input / output cable 902 is connected to the core cell 901 via 
a grating coupler to apply an optical signal , and the core cell 
901 is connected to a computer 910 to control the first 
programmable waveguide and the second programmable 
waveguide of the phase shifter and the programmable opti 
cal coupler of the core cell 901 based on the control of the 
computer 910. Thereby , the recirculating programmable 
photonic circuit 900 is driven to be programmable . 
[ 0174 ] For example , the recirculating programmable pho 
tonic circuit 900 , which is connected to a photodetector 920 , 
receives an optical signal input from the photodetector 920 
and selectively drives the recirculating core cells , such that 
the photodetector 920 processes data . 
[ 0175 ] According to one embodiment of the present dis 
closure , the recirculating programmable photonic circuit 900 
may be connected to an RF modulator 930 to operate as an 
RF optical filter by controlling an input signal input from the 
RF modulator 930 with an optical switch . 
[ 0176 ] According to one embodiment of the present dis 
closure , the recirculating programmable photonic circuit 900 
may be combined with an external cavity laser 940 and may 
be applied as an optical parallel matrix - vector multiplier , a 
system capable of performing matrix operations in parallel 
by applying the concept of wavelength division multiplex 
ing of optical communication as the optical interferometric 
effect is multiplication of the electric field . 
[ 0177 ] For example , the number of core cells in the 
recirculating programmable photonic circuit 900 may be 
increased up to 1024. When the number of core cells is 1024 , 
the total area may be 100 mm ? or less , the area per core cell 
may be 0.1 mm² . Also , the total power may be 10 mW , and 
the power per core may be 0.01 mW or less . 
[ 0178 ] Accordingly , the present disclosure may provide 
various applications such as a photodetector , a parallel 
matrix - vector multiplier , an RF optical filter , and a quantum 
optical interferometer , using the recirculating programmable 
photonic circuit . 
[ 0179 ] FIG . 10 illustrates core cells of various structures 
in a recirculating programmable photonic circuit according 
to one embodiment of the present disclosure . 
[ 0180 ] FIG . 10 illustrates that a plurality of core cells has 
a cell structure among a square cell structure , a hexagonal 
cell structure , and a triangular cell structure based on the 
form of connection between a programmable optical coupler 
and a phase shifter in a recirculating programmable photonic 
circuit according to one embodiment of the present disclo 

[ 0182 ] As an example , in a recirculating programmable 
photonic circuit 1010 , a plurality of core cells may have the 
hexagonal cell structure based on the form of connection 
between the programmable optical coupler and the phase 
shifter . 

[ 0183 ] According to an embodiment of the present disclo 
sure , a plurality of core cells in the recirculating program 
mable photonic circuit 1010 may have the triangular cell 
structure based on the form of connection between the 
programmable optical coupler and the phase shifter . 
[ 0184 ] Accordingly , the present disclosure may provide a 
recirculating programmable photonic circuit including core 
cells having various structures based on a structure in which 
a programmable optical coupler and a phase shifter are 
connected . 
[ 0185 ] FIGS . 11A to 11D illustrates a method of manu 
facturing a recirculating programmable photonic circuit 
according to one embodiment of the present disclosure . 
[ 0186 ] FIGS . 11A to 11D sequentially show a process of 
manufacturing a recirculating programmable photonic cir 
cuit according to one embodiment of the present disclosure . 
[ 0187 ] Referring to FIG . 11A , in the method of manufac 
turing a recirculating programmable photonic circuit accord 
ing to the embodiment of the present disclosure , an 8 - inch 
Silicon On Insulator ( SOI ) wafer process is performed in the 
process , a silicon oxide layer 1101 is formed on a silicon 
substrate 1100 to have a thickness of 2 um , and a silicon 
layer 1102 of crystalline silicon is formed to have a thickness 
of 220 nm . 
[ 0188 ] Referring to FIG . 11B , in the method of manufac 
turing a recirculating programmable photonic circuit accord 
ing to the embodiment of the present disclosure , the silicon 
layer 1102 is etched to a depth of 70 nm and 80 nm , 
respectively , using the silicon oxide film as an etch mask , 
and is then etched again to a depth of 70 nm using a 
photoresist as an etch mask to deform the silicon layer 1102 . 
[ 0189 ] Referring to FIG . 11C , in the method of manufac 
turing a recirculating programmable photonic circuit accord 
ing to the embodiment of the present disclosure , a metal 
layer 1103 for electrical connection is deposited on the 
etched silicon layer 1102 . 
[ 0190 ] Referring to FIG . 11D , in the method of manufac 
turing a recirculating programmable photon circuit accord 
ing to the embodiment of the present disclosure , a portion of 
the silicon oxide layer 1101 is removed by vapor etching to 
allow a programmable waveguide 1104 to move in a vertical 
direction . 
[ 0191 ] The vertical offset between the programmable 
waveguides 1104 may be controlled by moving the pro 
grammable waveguides 1104 up and down by an actuator 
connected to the metal layer 1103 . 
[ 0192 ] The present disclosure may provide a recirculating 
programmable photonic circuit capable of performing phase 
shift while adjusting the efficiency of optical coupling 
between core cells using programmable waveguides , which 
are controlled by an actuator in a core cell configured by 
connecting a programmable optical coupler and a phase 
shifter , thereby enabling recirculation of the core cells and 
implementation of various applications . 
[ 0193 ] According to the present disclosure , the number of 
core cells may be increased by reducing the area and power 
consumption of a core cell using a programmable waveguide 

m 
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sure . 

[ 0181 ] Referring to FIG . 10 , according to an embodiment 
of the present disclosure , a plurality of core cells in a 
recirculating programmable photonic circuit 1000 may have 
the square cell structure based on the form of connection 
between the programmable optical coupler and the phase 
shifter . 
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controlled by an actuator in the core cell configured by 
connecting a programmable optical coupler and a phase 
shifter . 
[ 0194 ] According to the present disclosure , phase shift 
may be performed while adjusting the efficiency of optical 
coupling using programmable waveguides , which are con 
trolled by an actuator in a core cell configured by connecting 
a programmable optical coupler and a phase shifter . Accord 
ingly , system complexity may be dramatically enhanced and 
the number of implementable applications may be increased 
by increasing the number of core cells . 
[ 0195 ] The present disclosure may provide various appli 
cations such as photodetectors , parallel matrix - vector mul 
tipliers , RF optical filters , and quantum optical interferom 
eters using a recirculating programmable photonic circuit . 
The present disclosure may provide a recirculating program 
mable photonic circuit including core cells having various 
structures based on a structure in which a programmable 
optical coupler and a phase shifter are connected . 
[ 0196 ] The apparatus described above may be imple 
mented as a hardware component , a software component , 
and / or a combination of hardware components and software 
components . For example , the apparatus and components 
described in the embodiments may be achieved using one or 
more general purpose or special purpose computers , such as , 
for example , a processor , a controller , an arithmetic logic 
unit ( ALU ) , a digital signal processor , a microcomputer , a 
field programmable gate array ( FPGA ) , a programmable 
logic unit ( PLU ) , a microprocessor , or any other device 
capable of executing and responding to instructions . The 
processing device may execute an operating system ( OS ) 
and one or more software applications executing on the 
operating system . 
[ 0197 ] In addition , the processing device may access , 
store , manipulate , process , and generate data in response to 
execution of the software . For ease of understanding , the 
processing apparatus may be described as being used singly , 
but those skilled in the art will recognize that the processing 
apparatus may include a plurality of processing elements 
and / or a plurality of types of processing elements . For 
example , the processing apparatus may include a plurality of 
processors or one processor and one controller . Other pro 
cessing configurations , such as a parallel processor , are also 
possible . 
[ 0198 ] The software may include computer programs , 
code , instructions , or a combination of one or more of the 
foregoing , configure the processing apparatus to operate as 
desired , or command the processing apparatus , either inde 
pendently or collectively . In order to be interpreted by a 
processing device or to provide instructions or data to a 
processing device , the software and / or data may be embod 
ied permanently or temporarily in any type of a machine , a 
component , a physical device , a virtual device , a computer 
storage medium or device , or a transmission signal wave . 
The software may be distributed over a networked computer 
system and stored or executed in a distributed manner . The 
software and data may be stored in one or more computer 
readable recording media . 
[ 0199 ] Although the present disclosure has been described 
with reference to limited embodiments and drawings , it 
should be understood by those skilled in the art that various 
changes and modifications may be made therein . For 
example , the described techniques may be performed in a 
different order than the described methods , and / or compo 

nents of the described systems , structures , devices , circuits , 
etc. , may be combined in a manner that is different from the 
described method , or appropriate results may be achieved 
even if replaced by other components or equivalents . 
[ 0200 ] Therefore , other embodiments , other examples , 
and equivalents to the claims are within the scope of the 
following claims . 
What is claimed is : 
1. A recirculating programmable photonic circuit , com 

prising : 
a programmable optical coupler including two first pro 

grammable waveguides and configured to adjust opti 
cal coupling efficiency of an optical signal based on a 
vertical movement of one of the two first program 
mable waveguides ; 

a phase shifter including a second programmable wave 
guide and configured to change a phase of the optical 
signal based on a horizontal movement of the second 
programmable waveguide with respect to the first pro 
grammable waveguides ; 

a plurality of core cells connected to each of the program 
mable optical coupler and the phase shifter to form a 
predetermined shape , the core cells being selectively 
driven by moving the optical signal from the predeter 
mined shape according to the adjusted optical coupling 
efficiency and the changed phase ; and 

an actuator electrically connected to one side of each of 
the plurality of core cells and configured to control the 
vertical movement of the one first programmable wave 
guide and the horizontal movement of the second 
programmable waveguide . 

2. The recirculating programmable photonic circuit of 
claim 1 , wherein at least one core cell among the plurality 
of core cells is selectively driven as a recirculating core cell 
according to the moved optical signal , 

wherein at least one core cell among the plurality of core 
cells is connected to an input terminal and is driven as 
an input core cell to receive the optical signal input 
thereto , and 

wherein at least one core cell among the plurality of core 
cells is connected to an output terminal and is driven as 
an output core cell to output data about the optical 
signal . 

3. The recirculating programmable photonic circuit of 
claim 1 , wherein at least one core cell among the plurality 
of core cells is selectively driven as a recirculating core cell 
according to the moved optical signal , 

wherein the at least one core cell determines a path of the 
moved optical signal according to a size of an offset 
between the two first programmable waveguides of the 
programmable optical coupler . 

4. The recirculating programmable photonic circuit of 
claim 3 , wherein at least one core cell among the plurality 
of core cells determines that the path of the moved optical 
signal is in any one of a bar state , a partial coupling state , and 
a cross state according to the size of the offset . 

5. The recirculating programmable photonic circuit of 
claim 1 , wherein the programmable optical coupler includes 
a first programmable waveguide at one side of one core cell 
among the plurality of core cells and a first programmable 
waveguide at one side of another core cell among the 
plurality of core cells with a horizontal gap of a predeter 
mined size formed therebetween , 

a 
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wherein a vertical offset between the two first program 
mable waveguides is controlled based on a vertical 
movement of one of the two first programmable wave 
guides , and 

wherein the optical coupling efficiency of the optical 
signal is controlled based on the controlled vertical 
offset . 

6. The recirculating programmable photonic circuit of 
claim 5 , wherein the programmable optical coupler adjusts 
the optical coupling efficiency of the optical signal , such 
that : 
when a size of the controlled vertical offset is greater than 

a reference size , the optical signal at the one side of the 
one core cell is transferred to another side ; and 

when the size of the controlled vertical offset is less than 
the reference size , the optical signal at the one side of 
the one core cell is transferred to the one side of the 
other core cell . 

7. The recirculating programmable photonic circuit of 
claim 6 , wherein the size of the controlled vertical offset is 
O nm to 500 nm , 

wherein the reference size is 400 nm . 
8. The recirculating programmable photonic circuit of 

claim 1 , wherein the phase shifter includes the second 
programmable waveguide positioned on a lateral side of the 
first programmable waveguide at one side of one core cell 
among the plurality of core cells and approaching the lateral 
side along a horizontal axis . 

9. The recirculating programmable photonic circuit of 
claim 8 , wherein the phase shifter changes the phase of the 
optical signal by adjusting an effective refractive index of 
the optical signal according to a horizontal gap between the 
first programmable waveguide and the second program 
mable waveguide adjusted based on the horizontal move 
ment of the second programmable waveguide . 

10. The recirculating programmable photonic circuit of 
claim 9 , wherein the phase shifter changes the phase of the 
optical signal in inverse proportion to a size of the adjusted 
horizontal gap . 

11. The recirculating programmable photonic circuit of 
claim 1 , wherein the plurality of core cells has any one cell 
structure among a square cell structure , a hexagonal cell 
structure , and a triangular cell structure based on the pre 
determined shape . 

12. The recirculating programmable photonic circuit of 
claim 11 , wherein , when one core cell among the plurality of 
core cells has the triangular cell structure , the one core cell 
includes one side on which the first programmable wave 
guides are controlled by the actuator and two sides on which 
the first programmable waveguides are not controlled by the 
actuator . 

13. The recirculating programmable photonic circuit of 
claim 12 , wherein the one side on which the first program 
mable waveguides are controlled and the two sides on which 

the first programmable waveguides are not controlled are 
selectively determined as a movement path of the optical 
signal based on control of the actuator . 
14. A method of operating a recirculating programmable 

photonic circuit including a plurality of core cells each being 
connected to a programmable optical coupler including two 
first programmable waveguides and a phase shifter including 
a second programmable waveguide to form a predetermined 
shape , and an actuator electrically connected to one side of 
each of the plurality of core cells and configured to control 
a vertical movement of the first programmable waveguides 
and a horizontal movement of the second programmable 
waveguide , the method comprising : 

adjusting , by the programmable optical coupler , optical 
coupling efficiency of the optical signal based on the 
vertical movement of one of the two first program 
mable waveguides ; 

changing , by the phase shifter , a phase of the optical 
signal based on the horizontal movement of the second 
programmable waveguide with respect to the first pro 
grammable waveguides ; and 

selectively driving at least one core cell among the 
plurality of core cells by moving the optical signal from 
the predetermined shape according to the adjusted 
optical coupling efficiency and the changed phase in the 
plurality of core cells . 

15. The method of claim 14 , wherein the selective driving 
of the at least one core cell among the plurality of core cells 
comprises : 

selectively driving at least one core cell among the 
plurality of core cells as a recirculating core cell 
according to the moved optical signal ; 

determining that a path of the moved optical signal is in 
any one state among a bar state , a partial coupling state , 
and a cross state according to a size of an offset 
between the two first programmable waveguides of the 
programmable optical coupler ; and 

determining the path of the moved optical signal based on 
the determined state . 

16. The method of claim 14 , wherein the adjusting of the 
optical coupling efficiency of the optical signal based on the 
vertical movement of the one of the two first programmable 
waveguides comprises : 

controlling a vertical offset between a first programmable 
waveguide at one side of one core cell among the 
plurality of core cells and a first programmable wave 
guide at one side of another other core cell among the 
plurality of core cells , based on a vertical movement of 
one of the first programmable waveguides arranged 
with a horizontal gap of a predetermined size formed 
therebetween ; and 

adjusting the optical coupling efficiency of the optical 
signal based on the controlled vertical offset . 
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