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RECONFIGURABLE OPTICAL SIGNAL
PROCESSING

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of priority from
pending U.S. Provisional Patent Application Ser. No.
62/668,829, filed on May 9, 2018, and entitled “ULTRA-
FAST ANALOG FULLY RECONFIGURABLE TEMPO-
RAL OPTICAL ON-CHIP SIGNAL PROCESSOR BASED
ON DISPERSION,” which is incorporated herein by refer-
ence in its entirety.

TECHNICAL FIELD

[0002] The present disclosure generally relates to signal
processing, and particularly, to optical signal processing.

BACKGROUND

[0003] It may be advantageous for an integrated photonic
structure to perform mathematical operations, such as con-
volution with an arbitrary function and pulse shaping in time
domain, due to power-efficient and high-speed signal pro-
cessing capability of photonic structures. Analog optical
computing has gained widespread application in optical
communications and real-time spectroscopy for processing
optical signals in time domain.

[0004] In an optical system, signal processing is conven-
tionally carried out by a digital signal processor (DSP),
which is responsible for electronic sampling, as well as
optical-to-electrical (OE) and electrical-to-optical (EO) con-
versions. As an approach to achieve power-efficient and
high-speed signal processing capability in an optical net-
work, a signal processing unit may be directly implemented
in optical domain using a photonic signal processor to avoid
a need for electronic sampling and OE/EO conversions.
[0005] An optical signal processor is usually designed to
perform a specific function with no or very limited recon-
figurability. For general-purpose signal processing, how-
ever, a photonic signal processor may be required to perform
multiple functions with high reconfigurability. In conven-
tional structures, reconfigurability may be achieved by con-
trolling injection currents to active components (i.e. semi-
conductor-optical-amplifiers) of a signal processor which
still yields specific functionality such as differentiation,
integration, and Hilbert transformation. Consequently,
implementing a new frequency transfer function or spatial
transformation may require a new and complicated design.
[0006] There is, therefore, a need for a method for opti-
cally implementing arbitrary transfer function in time
domain. There is also a need for a simple and reconfigurable
photonic signal processor for general-purpose signal pro-
cessing.

SUMMARY

[0007] This summary is intended to provide an overview
of the subject matter of the present disclosure, and is not
intended to identify essential elements or key elements of
the subject matter, nor is it intended to be used to determine
the scope of the claimed implementations. The proper scope
of the present disclosure may be ascertained from the claims
set forth below in view of the detailed description below and
the drawings.

Dec. 26, 2019

[0008] In one general aspect, the present disclosure
describes an exemplary method for reconfigurable optical
signal processing. An exemplary method may include gen-
erating a first pump pulse by propagating a first input pump
through a first dispersive medium, generating a first modu-
lated signal of an input optical signal by applying a para-
metric nonlinear wave mixing process on the input optical
signal utilizing the first pump pulse, generating a first
transformed signal of the input optical signal by propagating
the first modulated signal through a second dispersive
medium, generating a multiplied signal by multiplying the
first transformed signal by a Green’s function, generating a
second pump pulse by propagating a second input pump
through a third dispersive medium, generating a second
modulated signal of the multiplied signal by applying the
parametric nonlinear wave mixing process on the multiplied
signal utilizing the second pump pulse, and generating a
second transformed signal of the multiplied signal by propa-
gating the second modulated signal through a fourth disper-
sive medium. In an exemplary embodiment, each of the first
input pump and the second input pump may include an
optical wave.

[0009] In an exemplary embodiment, generating the first
pump pulse by propagating the first input pump through the
first dispersive medium may include generating a chirped
pulse by propagating a Gaussian pulse through the first
dispersive medium.

[0010] In an exemplary embodiment, generating the first
modulated signal of the input optical signal by applying the
parametric nonlinear wave mixing process on the input
optical signal may include generating an idler signal by
applying a four wave mixing (FWM) process on the input
optical signal utilizing the first pump pulse and extracting
the first modulated signal from the idler signal by passing the
idler signal through a band-pass filter. In an exemplary
embodiment, passing the idler signal through the band-pass
filter may include passing the idler signal through a band-
pass Bragg grating.

[0011] In an exemplary embodiment, propagating the first
input pump through the first dispersive medium may include
propagating the first input pump through a first spiral
dispersive waveguide with a first linear positive-slope group
velocity dispersion (GVD) f3,. In an exemplary embodiment,
generating the first transformed signal by propagating the
first modulated signal through the second dispersive
medium may include obtaining a Fourier transform of the
input optical signal by propagating the first modulated signal
through a second spiral dispersive waveguide with a second
linear positive-slope GVD f,,. In an exemplary embodi-
ment, propagating the second input pump through the third
dispersive medium may include propagating the second
input pump through a third spiral dispersive waveguide with
a third linear negative-slope GVD . In an exemplary
embodiment, generating the second transformed signal by
propagating the second modulated signal in the fourth
dispersive medium may include obtaining an inverse Fourier
transform of the multiplied signal by propagating the second
modulated signal through a fourth spiral dispersive wave-
guide with a fourth linear negative-slope GVD f,,.

[0012] In an exemplary embodiment, each of the first
dispersive waveguide, the second dispersive waveguide, the
third dispersive waveguide, and the fourth dispersive wave-
guide may include one of a single mode fiber, a linearly
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chirped fiber-brag-grating (FBG), a silicon nitride wave-
guide, a photonic crystal waveguide, or a Hydex waveguide.
[0013] In an exemplary embodiment, generating the mul-
tiplied signal may include passing the first transformed
signal through a temporal optical modulator. In an exem-
plary embodiment, passing the first transformed signal
through the temporal optical modulator may include passing
the first transformed signal through a cascaded silicon
Mach-Zehnder interferometer (MZI) optical modulator. In
an exemplary embodiment, passing the first transformed
signal through the cascaded silicon MZI optical modulator
may include passing the first transformed signal through an
optical waveguide and a beam splitter. An exemplary
method may further include passing the first transformed
signal through a phase modulator.

[0014] Other exemplary systems, methods, features and
advantages of the implementations will be, or will become,
apparent to one of ordinary skill in the art upon examination
of the following figures and detailed description. It is
intended that all such additional systems, methods, features
and advantages be included within this description and this
summary, be within the scope of the implementations, and
be protected by the claims herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The drawing figures depict one or more implemen-
tations in accord with the present teachings, by way of
example only, not by way of limitation. In the figures, like
reference numerals refer to the same or similar elements.
[0016] FIG. 1A shows a flowchart of a method for recon-
figurable optical signal processing, consistent with one or
more exemplary embodiments of the present disclosure.
[0017] FIG. 1B shows a flowchart for generating a first
modulated signal of an input optical signal by applying a
parametric nonlinear wave mixing process on an input
optical signal, consistent with one or more exemplary
embodiments of the present disclosure.

[0018] FIG. 2 shows a block diagram of a system for
reconfigurable optical signal processing, consistent with one
or more exemplary embodiments of the present disclosure.
[0019] FIG. 3 shows a schematic of a photonic integrated
circuit for reconfigurable optical signal processing, consis-
tent with one or more exemplary embodiments of the present
disclosure.

[0020] FIG. 4 shows variation of group delay versus signal
modulation wavelength for a single mode fiber (SMF)
waveguide with different core widths and lengths, consistent
with one or more exemplary embodiments of the present
disclosure.

[0021] FIG. 5A shows a linear group delay for a single
mode fiber and different waveguide structures, consistent
with one or more exemplary embodiments of the present
disclosure.

[0022] FIG. 5B shows a group delay for a linearly chirped
fiber brag grating (LCFBG) and a photonic crystal wave-
guide, consistent with one or more exemplary embodiments
of the present disclosure.

[0023] FIG. 6A shows variations of an input signal in the
time domain, consistent with one or more exemplary
embodiments of the present disclosure.

[0024] FIG. 6B shows variations of a Fourier transform of
an input signal in the frequency domain, consistent with one
or more exemplary embodiments of the present disclosure.

Dec. 26, 2019

[0025] FIG. 6C shows magnitude variations of a differen-
tiation transfer function corresponding to a Green’s function
of differentiation, consistent with one or more exemplary
embodiments of the present disclosure.

[0026] FIG. 6D shows variations of a first derivative
output of an input signal corresponding to a differentiation
transfer function, consistent with one or more exemplary
embodiments of the present disclosure.

[0027] FIG. 6E shows magnitude variations of an integra-
tion transfer function corresponding to a Green’s function of
integration, consistent with one or more exemplary embodi-
ments of the present disclosure.

[0028] FIG. 6F shows variations of a first integral output
of an input signal corresponding to an integration transfer
function, consistent with one or more exemplary embodi-
ments of the present disclosure.

[0029] FIG. 6G shows magnitude variations of a rectan-
gular convolution operator corresponding to a Green’s func-
tion of convolution, consistent with one or more exemplary
embodiments of the present disclosure.

[0030] FIG. 6H shows variations of a convolved output of
an input signal with a rectangular convolution operator,
consistent with one or more exemplary embodiments of the
present disclosure.

DETAILED DESCRIPTION

[0031] In the following detailed description, numerous
specific details are set forth by way of examples in order to
provide a thorough understanding of the relevant teachings.
However, it should be apparent that the present teachings
may be practiced without such details. In other instances,
well known methods, procedures, components, and/or cir-
cuitry have been described at a relatively high-level, without
detail, in order to avoid unnecessarily obscuring aspects of
the present teachings.

[0032] The following detailed description is presented to
enable a person skilled in the art to make and use the
methods and devices disclosed in exemplary embodiments
of the present disclosure. For purposes of explanation,
specific nomenclature is set forth to provide a thorough
understanding of the present disclosure. However, it will be
apparent to one skilled in the art that these specific details
are not required to practice the disclosed exemplary embodi-
ments. Descriptions of specific exemplary embodiments are
provided only as representative examples. Various modifi-
cations to the exemplary implementations will be readily
apparent to one skilled in the art, and the general principles
defined herein may be applied to other implementations and
applications without departing from the scope of the present
disclosure. The present disclosure is not intended to be
limited to the implementations shown, but is to be accorded
the widest possible scope consistent with the principles and
features disclosed herein.

[0033] Herein is disclosed an exemplary method and sys-
tem for reconfigurable optical signal processing. An exem-
plary method may include implementing a series of math-
ematical operations on an optical signal, including a
transformation, a multiplication, and an inverse transforma-
tion. An exemplary optical signal may be transformed from
a time domain to a frequency domain and multiplied by a
respective function in the frequency-domain, followed by an
inverse frequency transformation to obtain an output signal
in the time domain. Based on a desired mathematical opera-
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tion on the input signal, such as differentiation, integration,
convolution, etc., the respective function in the frequency
domain may be selected.

[0034] The above mentioned mathematical operations
may be physically implemented utilizing a series of pro-
cessing blocks that include respective hardware. For
example, the transformation and the inverse transformation
may be implemented utilizing exemplary dispersive wave-
guides by propagating the optical signal the through disper-
sive waveguides, and the multiplication may be imple-
mented utilizing an optical modulator. To properly
implement the mathematical operations, the waveguides
may be engineered to satisty predefined conditions. For
example, dispersion or length of each waveguide may be
determined to lie in a predefined range.

[0035] Time-domain Fourier transformation has been
implemented through passing light via dispersive media.
Dispersive Fourier transformation (DFT) maps the broad-
band spectrum of a conventionally ultrashort optical pulse
into a time stretched waveform with its intensity profile
mirroring the spectrum using chromatic dispersion. It is
known that a dispersive element may be modeled as a linear
time-invariant (LTT) system with a transfer function H(w)H
() given by H(w)=H(m)Ie’*, where H(w)! and ¢(w) are
magnitude and phase responses of a dispersive element at an
angular frequency o, respectively. Mathematically, phase
response ¢p(w) may be expanded in Taylor series. A propa-
gation of an optical pulse through a dielectric element with
up to second-order dispersion coefficients may be described
with a transfer function and impulse response defined by the
following:

e _iL—3,# Equation (1)
o P ) (14 qual
H(w) = |H(w)|eo emo(w)ejj%wz - 1) = eioe 12450( o

where @, is a value of phase response ¢(w) with respect to
angular frequency w at w=0, ¢, and ¢, are values of first
derivative and second derivative of phase response ¢p(w) at
=0, respectively, 7! is an inverse Fourier transformation
operator, t is a time variable, and h(t) is an inverse Fourier
transform of transfer function H(w).

[0036] In an exemplary embodiment, |H(w)l may be engi-
neered to be constant or have a weak dependence on angular
frequency w and ¢(w) may be equal to ()L, where f(w) and
L are a propagation constant and the waveguide’s length,
respectively. A time stretched waveform y(t) may be there-
fore approximated by the following:

. _ j,,,__li(,,r,ﬁoL)Z Equation (2)
Y1) = x(0) x h(r) = f x(r)eiPole “2BoL dr

where x(t) is an input signal, f, is a value of propagation
constant B(w) at =0, 3, and [, are values of first derivative
and second derivative of propagation constant f(w) with
respect to angular frequency o at w=0, respectively, and T is
an integration variable. In an exemplary embodiment, {3,
may also be referred to as group velocity dispersion (GVD),
and may be indexed according to a reference to a dispersive
medium, such as, 3, or 8,,, where p and w refer to different
dispersive media. By setting Tz=t+p,L, the following equa-
tion is obtained:
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L rpp Equation (3)
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[0037]
the term

In an exemplary embodiment, to compensate for

; 2
J—Th
¢ oL *

input signal x(t) may be modulated with a quadratic phase

modulation according to the following:
x(l):xO(Z)e"j"(”'ﬁ"“2 Equation (4)

where x,(t) is a modulated signal, and a is a chirp factor.
Setting

1

a= P
2B, L

yields the following equation for y(t):

Equation (5)

B0l
Aol

where ¥(t) is a modulated time stretched waveform, and
Xo(0)=I3{x,(1)} is a Fourier transform of modulated signal
Xo(1)-

[0038] In an exemplary embodiment, the phase modula-
tion may be implemented utilizing a parametric nonlinear
wave mixing process, such as four wave mixing (FWM). In
this exemplary approach, a pulse, such as a Gaussian pulse,
may propagate through a dispersive medium. As a result, the
pulse may undergo temporal broadening and may be linearly
chirped. The broadened linearly chirped signal may be then
used in the nonlinear wave mixing process as a pump pulse.
A resultant output signal, also called an idler signal, is
calculated as follows:

Eitier 0 Epuipy (DB ()

where E, ;,,(t), E,,,,.,(D), and B, . (0) are electric field ampli-
tudes of the output signal, the pump pulse, and the input
signal in the nonlinear wave mixing process. In an exem-
plary embodiment, an output electric field frequency w, ;...
given by w,4,,=20,,,,,,~W;,,...» May be separated from input
frequency w,,,,, and pump pulse frequency w,,,,,, utilizing
a band-pass filter.

[0039] FIG. 1A shows a flowchart of a method for recon-
figurable optical signal processing, consistent with one or
more exemplary embodiments of the present disclosure. An
exemplary method 100 may include generating a first pump
pulse by propagating a first input pump through a first
dispersive medium (step 102), generating a first modulated

Equation (6)

ump
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signal of an input optical signal by applying a parametric
nonlinear wave mixing process on the input optical signal
and the first pump pulse (step 104), generating a first
transformed signal of the input optical signal by propagating
the first modulated signal through a second dispersive
medium (step 106), generating a multiplied signal by mul-
tiplying the first transformed signal by a Green’s function
(step 108), generating a second pump pulse by propagating
a second input pump through a third dispersive medium
(step 110), generating a second modulated signal of the
multiplied signal by applying the parametric nonlinear wave
mixing process on the multiplied signal utilizing the second
pump pulse (step 112), and generating a second transformed
signal of the multiplied signal by propagating the second
modulated signal through a fourth dispersive medium (step
114). In an exemplary embodiment, each of the first input
pump and the second input pump may include an optical
wave.

[0040] FIG. 2 shows a block diagram of a system for
reconfigurable optical signal processing, consistent with one
or more exemplary embodiments of the present disclosure.
In an exemplary embodiment, different steps of method 100
may be implemented utilizing an exemplary system 200. In
an exemplary embodiment, system 200 may include a first
transformation unit 202, a multiplication unit 204, and a
second transformation unit 206. Referring to FIGS. 1A and
2, in an exemplary embodiment, steps 102-106 may be
implemented utilizing first transformation unit 202. In an
exemplary embodiment, step 108 may be implemented
utilizing multiplication unit 204. In an exemplary embodi-
ment, steps 110-114 may be implemented utilizing second
transformation unit 206.

[0041] FIG. 3 shows a schematic of a photonic integrated
circuit (PIC) for reconfigurable optical signal processing,
consistent with one or more exemplary embodiments of the
present disclosure. In an exemplary embodiment, different
units of system 200 may be implemented utilizing an
exemplary PIC 300. In an exemplary embodiment, PIC 300
may include a first dispersive waveguide 302, a second
dispersive waveguide 304, a temporal optical modulator
306, a third dispersive waveguide 308, and a fourth disper-
sive waveguide 310. Referring to FIGS. 2 and 3, in an
exemplary embodiment, first transformation unit 202 may
be implemented utilizing first dispersive waveguide 302 and
second dispersive waveguide 304. In an exemplary embodi-
ment, multiplication unit 204 may be implemented utilizing
temporal optical modulator 306. In an exemplary embodi-
ment, second transformation unit 206 may be implemented
utilizing third dispersive waveguide 308 and fourth disper-
sive waveguide 310.

[0042] Referring again to FIGS. 1A, 2, and 3, in an
exemplary embodiment, step 102 may include generating
the first pump pulse by propagating a first input pump pz(t)
through a first dispersive medium 208. In an exemplary
embodiment, first input pump px(t) may include a Gaussian
pulse. In an exemplary embodiment, first dispersive medium
208 may include a dispersive waveguide similar to first
dispersive waveguide 302. In an exemplary embodiment,
first dispersive waveguide 302 may include a length [, and
a GVD f,,, where p refers to parameters associated with first
dispersive waveguide 302. In an exemplary embodiment,
propagating the Gaussian pulse through first dispersive
waveguide 302 may generate a chirped pulse which may be
proportional to
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as stated in Equation (5).

[0043] For further detail with regards to step 104, FIG. 1B
shows a flowchart for generating the first modulated signal
of the input optical signal by applying the parametric
nonlinear wave mixing process on the input optical signal,
consistent with one or more exemplary embodiments of the
present disclosure. In an exemplary embodiment, step 104
may include generating an idler signal by applying an FWM
process on an input optical signal x(t) and the first pump
pulse (step 116) and extracting the first modulated signal
from the idler signal by passing the idler signal through a
band-pass filter (step 118).

[0044] In further detail with respect to step 116, the idler
signal may refer to the output of the FWM process. In an
exemplary embodiment, the FWM process may include a
nonlinear process that comes from a third-order optical
nonlinearity. This process may happen when more than one
wave is propagating inside a nonlinear medium such as an
optical fiber. In a case of two waves such as the input optical
pulse and the first pump pulse with different frequencies of
fpue and 1., a refractive index modulation may occur in
the nonlinear medium, which may generate two new fre-
quencies of f,=2f, , ~f, . and £,=2f -1~ intheidler
signal frequency f, .,

[0045] In further detail with regards to step 118, to sepa-
rate idler signal frequency f,,,, from input frequency f,,,,,,
and pump pulse frequency {,,,,,, in an exemplary embodi-
ment, step 118 may include passing the idler signal through
the band-pass filter. Referring again to FIG. 3, in an exem-
plary embodiment, the band-pass filter may include a Bragg
grating 312. In an exemplary embodiment, Bragg grating
may refer to a type of distributed reflectors that is con-
structed in a short segment of an optical fiber to reflect
particular wavelengths of light.

[0046] In further detail with regards to step 106, the first
transformed signal of the input optical signal may be gen-
erated by propagating the first modulated signal through the
second dispersive medium. Referring again to FIGS. 2 and
3, a first transformed signal X(f,) may be generated by
propagating the first modulated signal through a second
dispersive medium 210. In an exemplary embodiment, first
transformed signal X(f,) may be a Fourier transform of input
optical signal x(t). In an exemplary embodiment, second
dispersive medium 210 may include a dispersive waveguide
similar to second dispersive waveguide 304. In an exem-
plary embodiment, second dispersive waveguide 304 may
include a length L, and a GVD f3,,, where w refers to
parameters associated with second dispersive waveguide
304.

[0047] For further detail with regards to first dispersive
waveguide 302 and second dispersive waveguide 304, a
length of an exemplary waveguide, translated to its focal
length f in DFT usage, may be approximated as follows:

1 Equation (7)

where B, is the GVD of the exemplary waveguide, and b is
the chirpiness coefficient in the modulation chirp function
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applied to the input optical signal in Equation (3). By setting
the chirpiness coefficient as

for first dispersive waveguide 302, the following may be
derived from Equation (4):

B Equation (8)
=L ﬁTp =L,

[0048] According to Equation (8), in an exemplary
embodiment, length L., of second dispersive waveguide 304
may satisty a condition defined by the following:

B B Inequation (1)
09xL, 2 <L,<1lxL,—~

W w

where, in an exemplary embodiment, the lower and upper
values of Inequation (1) may approximate the equality of
Equation (8) with a sufficiently high precision for practical
applications.

[0049] In an exemplary embodiment, increasing the value
of b may help in decreasing the waveguide lengths to
practical values required for photonic integrated circuit
implementations. In an exemplary embodiment, a limiting
factor may be an input pulse width which may impose a
lower limit on the value of chirp coefficient b. In an
exemplary embodiment, chirpiness factor b may be set large
enough to provide enough number of different frequencies,
as well as enough number of periods in each frequency in the
pulse duration time. As an example, for exemplary wave-
guide with GVD [, equal to about

2
o PS
LO43x 10—,

a pulse width of about 100 ps may impose a lower limit of

1 2
(T] :10’4ps’2

on chirp factor b, where T is the input pulse width. Hence,
length L. of the waveguide may be limited to a maximum
value of 5 mm. This limitation may be formulized by the
following:

Dec. 26, 2019

L< L Inequation (2)
2083,
[0050] Another factor that may be considered is an opera-

tion length which may apply a lower limit on the waveguide
length. The operation length may be defined as the length of
the generated chirp pulse ready for multiplication, which
may be set larger than the maximum required length for
computation. This limitation may be formulized by the
following:

Trfax <L Inequation (3)
2 B0

where o is a spectral bandwidth of the pump pulse, and <, .,
is a maximum threshold of computation time. In an exem-
plary embodiment, T,,,, may be set based on a maximum
required time length for computation, which may be equal to
a group delay dispersion (GDD) of input optical signal x(t).
[0051] Based on Inequations (2) and (3), in an exemplary
embodiment, length L, of first dispersive waveguide 302
may satisfy a condition defined by the following:

Inequation (4)

Tmax

280

P
" 20p,

where T, is a width of input optical signal x(t).

[0052] In an exemplary embodiment, first dispersive
waveguide 302 and second dispersive waveguide 304 may
have linear (or constant) positive-slope GVDs 3, and f,,,
respectively. In an exemplary embodiment, an exemplary
waveguide with a linear and positive-slope GVD with
respect to wavelength may perform a Fourier transform on
an optical temporal signal. In an exemplary embodiment, a
waveguide’s GVD may be adapted through tailoring the size
of the waveguide cross section. A GVD for a given wave-
guide cross section may be approximated as a sum of
material’s GVD and its waveguide’s GVD. While the mate-
rial’s GVD is typically ordinary at short wavelengths and
anomalous at longer wavelengths, the waveguide’s GVD
may exhibit an opposite behavior. Therefore, in an exem-
plary embodiment, by adjusting the waveguide cross sec-
tion, the waveguide dispersion may be tailored to engineer
the total dispersion. A constant GVD f, of an exemplary
waveguide means that a group delay At given by At=,L is
a linear function of frequency, according to the following:

3, ~ Equation (9)

o Bo = C—>ﬁ’0 = ﬁ’OAw—>AT = BOL = (BOL)Aw

where C is a constant.

[0053] In an exemplary embodiment, Equation (9) may
result in a linear time-frequency mapping, i.e., the resultant
frequency samples may be placed uniformly in the time
domain, which may lead to a uniform Fourier transform
FD.
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[0054] In an exemplary embodiment, a linear GVD may
lead to nonlinear functionality of group delay versus fre-
quency, according to the following:

Bzﬁo _ 3)_CHB _ Equation (10)
d 0T 0=

BYAWE + ByAw > At = BoL = (S DA + (ByL)Aw

where B,® is a value of third derivative of propagation
constant (w) with respect to angular frequency m at m=0.
[0055] In an exemplary embodiment, each of first disper-
sive waveguide 302, second dispersive waveguide 304, third
dispersive waveguide 308, and fourth dispersive waveguide
310 may include one of a single mode fiber, a linearly
chirped fiber-brag-grating (FBG), a silicon nitride wave-
guide, a photonic crystal waveguide, or a Hydex waveguide.
All these waveguides may be capable of coupling an optical
signal passing through an optical communication line to
and/or from them through tapered couplers. Furthermore,
they may have linear or constant GDD in an optical com-
munication spectrum. In an exemplary embodiment, each of
first dispersive waveguide 302, second dispersive wave-
guide 304, third dispersive waveguide 308, and fourth
dispersive waveguide 310 may have a spiral shape.

[0056] Referring again to FIGS. 1A, 2, and 3, in an
exemplary embodiment, step 108 may include generating a
multiplied signal &(f,) by multiplying first transformed sig-
nal X(f,) by a Green’s function g(f,) utilizing multiplication
unit 204. In an exemplary embodiment, Green’s function
g(f,) may be utilized to implement arbitrary time-domain
operations such as integration, differentiation, and convolu-
tion. In an exemplary embodiment, multiplied signal &(f,) at
the output of multiplication unit 204 may be obtained as
follows:

o(D=x(ty*g(=Tx(r)g(t-r)dv

where g(t) and o(t) are the Green’s function and the multi-
plied signal in the time-domain, respectively, and * is a
convolution operator. This operation may be written in the
Fourier domain as a simple multiplication, according to the
following:
S(R=F)E()
where tilde indicates the Fourier transform of signals and f,
is a temporal frequency variable. Given that first trans-
formed signal X(f,) and Green’s function g(f,) are both in
Fourier domain, their multiplication is equivalent to their
convolution in the time domain.
[0057] In an exemplary embodiment, multiplication unit
204 may include a temporal optical modulator similar to
temporal optical modulator 306. In an exemplary embodi-
ment, temporal optical modulator 306 may include an inte-
grated optical modulator with a high modulation speed, a
small footprint and a large optical bandwidth, which may
enable on-chip optical interconnects. In an exemplary
embodiment, temporal optical modulator 306 may include a
cascaded silicon Mach-Zehnder interferometer (MZI) opti-
cal modulator. In an exemplary embodiment, the cascaded
silicon MZI optical modulator may include an optical wave-
guide 314 and a beam splitter. An exemplary beam splitter
316 may include Y-branches. In an exemplary embodiment,
an output signal of optical waveguide 314 may be interfered
constructively or destructively upon having zero or m radian

Equation (11)

Equation (12)
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phase shifts. Using an MZI configuration, an optical switch
may be made by introducing a phase shift in the output
signal as the waveguide voltage changes.

[0058] In an exemplary embodiment, temporal optical
modulator 306 may further include a phase modulator. An
exemplary phase modulator 317 may include a p-n diode as
a phase shifter. An exemplary reverse bias 318 on the p-n
diode may create a depletion region which may change in
size as a function of voltage. In an exemplary embodiment,
a change in a number of carriers in temporal optical modu-
lator 306 may introduce a small change in a refractive index
of'temporal optical modulator 306 and may accordingly lead
to an optical phase shift and hence modulation. As this effect
may be very fast, an exemplary p-n junction 320 may be
used in an arm of the Y-branch of beam splitter 316 to
construct a high-speed modulator by placing it inside an
interferometer. In an exemplary embodiment, an electrical
signal 322 may be applied to p-n junction 320. Applying
reverse voltages to p-n junction may lead to a phase shift
between two different paths of the Y-branch.

[0059] Referring again to FIGS. 1A, 2, and 3, in an
exemplary embodiment, step 110 may include generating
the second pump pulse by propagating a second input pump
pAt) through a third dispersive medium 212. In an exem-
plary embodiment, second input pump p,t) may include a
Gaussian pulse. In an exemplary embodiment, third disper-
sive medium 212 may include a dispersive waveguide
similar to third dispersive waveguide 308.

[0060] In an exemplary embodiment, step 114 may
include generating a second transformed signal z(t) of
multiplied signal &(f)) by propagating the second modulated
signal through a fourth dispersive medium 214. In an
exemplary embodiment, second transformed signal z(t) may
be an inverse Fourier transform of multiplied signal 6(f)),
and therefore, may be equal to the multiplied signal in the
time domain o(t). In an exemplary embodiment, fourth
dispersive medium 214 may include a dispersive waveguide
similar to fourth dispersive waveguide 310.

[0061] In an exemplary embodiment, third dispersive
waveguide 308 and fourth dispersive waveguide 310 may
have linear (or constant) negative-slope GVDs , and f3,,
respectively, for performing inverse-Fourier-transformation
(IFT) on multiplied signal 6(f,) to yield a desired result of
convolution utilizing Green’s function g(f,). In an exemplary
embodiment, q and v may refer to parameters associated
with third dispersive waveguide 308 and fourth dispersive
waveguide 310, respectively. Inverse Fourier transformation
requires a conjugate kernel of FT, and hence, according to
Equation (5), a media with negative GVD may be needed for
performing IFT. It is worth to mention that FT or IFT of a
signal s(t) may be used instead of each other, considering
that TFT{s(t)}=8(-f,). By substituting B, with a negative
GVD -3, in Equation (5), the following is obtained:

i(BaL-—L12) oo L Equation (13)
| Bol——t ) J—tf] q!
oy =e ( T ]f 6(fr = BoL)e " Po- Rde

| =Bl I 2]
| Bolt———=pol————1
:e[ O BoL 0 2Bl Doy,
=

where f; is an integration variable. According to Equation
(13), o(t) is an inverse Fourier transform of &(f,) and
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therefore, the convolution result of input optical signal x(t)
and a desired Green’s function g(t), as stated in Equation
an.

[0062] Other details of steps 110-114 may be similar to
those of steps 102-106. Specifically, an exemplary embodi-
ment of step 110 may be similar to step 102, an exemplary
embodiment of step 112 may be similar to step 104, and an
exemplary embodiment of step 114 may be similar to step
106.

[0063] In an exemplary embodiment, method 100 may
overcome inherent speed limitations of electronic signal
processors, due to an all-optical implementation, which may
result in high-speed processing capability. In an exemplary
embodiment, system 200 may be a good candidate for
optical processing where large-scale manufacturing is
required or compact size is a challenge. Broad applications
of this system 200 may vary from spectroscopy to optical
communications, due to a fully reconfigurable architecture
of system 200 which allows for implementing arbitrary
mathematical operations.

Example 1

[0064] In this example, engineering a dispersive wave-
guide for achieving different types of GVD is demonstrated.
An exemplary single mode fiber (SMF) is designed with
different core widths and different lengths to obtain different
group delays. FIG. 4 shows variations of group delay versus
signal modulation wavelength for an SMF waveguide with
different core widths and lengths, consistent with one or
more exemplary embodiments of the present disclosure. As
shown in FIG. 4, a linear dispersion 402 leads to a uniform
Fourier transform, whereas a normal dispersion 404 and an
anomalous dispersion 406 lead to non-uniform Fourier
transforms. A linear group-delay curve (frequency-time rela-
tion), i.e., zero B, in Equation (10), maps the input time
samples linearly to output frequency samples which results
in the uniform FT. In contrast, a non-linear group-delay
curve, i.e., a nonzero P, in Equation (10), transfers uni-
form time samples to non-uniform output frequency
samples. The non-uniform FT may also be acceptable as
dispersion curves may be known for each structure because
multiplication and inverse FT may also be performed with
the same sampling pattern of the group-delay curve.
[0065] FIG. 5A shows a linear group delay for an SMF
500 and different waveguide structures, consistent with one
or more exemplary embodiments of the present disclosure.
Exemplary waveguide structures include a buried Si 502, a
buried Si;N, in SiO, 504, a silicon on SiO, 506, and a SiN
on Si0O, as an insulator 508 with waveguide cross section
areas of about 0.5x0.18 um?, 0.5x0.18 um?, 1.15x1.35 um?,
and 1.15x1.35 pum?, respectively. FIG. 5B shows a group
delay for a linearly chirped fiber brag grating (LCFBG),
consistent with one or more exemplary embodiments of the
present disclosure. An exemplary LCFBG includes sine
shape variations of refractive index and periodicity from
about 0.53433 to about 0.53482 um, and a total chirp of
about 0.5 nm, which clearly shows a constant GVD with
ripples. As shown in FIGS. 5A and 5B, the group delay
curves for these structures are approximately linear or have
a linear differentiation. Therefore, they may be appropriate
for dispersive-Fourier transformation.

[0066] According to FIGS. 5A and 5B, for example,
silicon on insulator waveguide 508 of an approximate length
of L=6.78 cm has a constant GVD of about
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in a frequency range of about 193.9 to about 194.4 THz,
which corresponds to a 500 GHz bandwidth, which may be
appropriate for high-speed optical communication systems.
The GVD value, depending on the type of the dispersive
medium, may vary between about 26.8 ps?/km for SMF 500
to about 5x107 ps*/km for LCFBG, as represented by the
slope of respective dispersion curves in FIGS. 5A and 5B.
According to the GVD value of LCFBG and given that for
a T=10 ps, the input pulse the chirp phase modulation factor
b may be set larger than

132
(T) =1072 ps2,

the length of the waveguide may be chosen to be approxi-
mately as small as 1 mm. Therefore, the chirp phase modu-
lation factor may be adjusted with respect to GVD in a way
to reduce the required waveguide length, making it practical
for an on-chip implementation.

Example 2

[0067] In this example, different Green’s functions corre-
sponding to a differentiator and an integrator, as well as a
Green’s function of an arbitrary shape, are implemented
through an exemplary structure. The exemplary structure
includes two silicon on insulator dispersive waveguides with
up to second order dispersion coefficients, a height H, a
width W, and a length L, for both FT and IFT. An exemplary
MZI-based optical modulator with a length L,, is placed in
between for multiplying an arbitrary Green’s function in the
Fourier domain, where M refers to parameters with the
MZI-based optical modulator.

[0068] Inorder to implement the first-order differentiation
by the exemplary structure, the Green’s function produced
by an exemplary modulator may obey the relation g(f,)o
(fAit,), where f, is an offset frequency corresponding to
time instance t=0. The parameter f, is added to avoid
multiplication by zero at t=0. Green’s function g(f,), when
multiplied by an FT of an input signal resulted from a
dispersive waveguide with a positive GVD and then passed
through a waveguide with a negative GVD for performing
IFT, yields a first-order differentiation of the input. To
implement an n” order differentiator, these temporal optical
computing (TOC) blocks may be put in series or the Green’s
function may be modified in the modulator as follows:

&Ry =il

[0069] For the integration operation, the Green’s function
produced by the modulator may be as follows:

ot (i, + %]l

where d is a normalization constant which is used to avoid
the modulator gain requirement. An n” order integrator may
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also be accomplished using these TOC blocks in series or by
changing the modulator Green’s function to §(f)e(jf, +d/
it

[0070] Convolution is an important process in optical
computing. Convolution with an arbitrary kernel may be
described as follows:

&> XHu}

where u(t) is an arbitrary kernel.

[0071] All the above Green’s functions are simulated and
compared with ideal results through the Schrodinger equa-
tion and a dispersion parameter of a waveguide obtained
from a photonic crystal (PC) waveguide. A main part of the
PC waveguide is a low-loss Si;N, rectangular core with
about 1 um width and about 400 um thickness. A Si/SiO2
photonic crystal layer underlying the core include a two-
dimensional triangular lattice of SiO, pillars with a pitch of
about 400 nm embedded in a host Si layer. The diameter of
Si02 pillar is about 250 nm. A thin SOI layer (about 100 nm
thickness) serves as a host medium for the PC layer, and a
buried oxide layer with about 1 pm thickness in an SOI
wafer as bottom cladding. Moreover, in exemplary simula-
tions, it is assumed that [,=[,=10.56 mm, L,~4 mm,
H=400 nm, W=1 um,

2
. . ps . . ps
B, =B, = 3.7735><104E, B, =B, =281x 106(5],
b=1.67x1072 ps~2, d=1 ps and

2
x(1) = tei(%’]

where T,=0.1 ns is the input pulse width.

[0072] FIG. 6A shows variations of input signal x(t) in the
time domain, consistent with one or more exemplary
embodiments of the present disclosure. FIG. 6B shows
variations of the Fourier transform of input signal x(t) in the
frequency domain, consistent with one or more exemplary
embodiments of the present disclosure. FIG. 6C shows
magnitude variations of a differentiation transfer function
corresponding to the Green’s function of differentiation,
consistent with one or more exemplary embodiments of the
present disclosure. FIG. 6D shows variations of a first
derivative output of input signal x(t) corresponding to the
differentiation transfer function, consistent with one or more
exemplary embodiments of the present disclosure. FIG. 6E
shows magnitude variations of an integration transfer func-
tion corresponding to the Green’s function of integration,
consistent with one or more exemplary embodiments of the
present disclosure. FIG. 6F shows variations of a first
integral output of input signal x(t) corresponding to the
integration transfer function, consistent with one or more
exemplary embodiments of the present disclosure. FIG. 6G
shows magnitude variations of a rectangular convolution
operator corresponding to the Green’s function of convolu-
tion, consistent with one or more exemplary embodiments of
the present disclosure. FIG. 6H shows variations of a
convolved output of input signal x(t) with the rectangular
convolution operator, consistent with one or more exem-
plary embodiments of the present disclosure.
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[0073] While the foregoing has described what may be
considered to be the best mode and/or other examples, it is
understood that various modifications may be made therein
and that the subject matter disclosed herein may be imple-
mented in various forms and examples, and that the teach-
ings may be applied in numerous applications, only some of
which have been described herein. It is intended by the
following claims to claim any and all applications, modifi-
cations and variations that fall within the true scope of the
present teachings.

[0074] Unless otherwise stated, all measurements, values,
ratings, positions, magnitudes, sizes, and other specifica-
tions that are set forth in this specification, including in the
claims that follow, are approximate, not exact. They are
intended to have a reasonable range that is consistent with
the functions to which they relate and with what is custom-
ary in the art to which they pertain.

[0075] The scope of protection is limited solely by the
claims that now follow. That scope is intended and should be
interpreted to be as broad as is consistent with the ordinary
meaning of the language that is used in the claims when
interpreted in light of this specification and the prosecution
history that follows and to encompass all structural and
functional equivalents. Notwithstanding, none of the claims
are intended to embrace subject matter that fails to satisfy
the requirement of Sections 101, 102, or 103 of the Patent
Act, nor should they be interpreted in such a way. Any
unintended embracement of such subject matter is hereby
disclaimed.

[0076] Except as stated immediately above, nothing that
has been stated or illustrated is intended or should be
interpreted to cause a dedication of any component, step,
feature, object, benefit, advantage, or equivalent to the
public, regardless of whether it is or is not recited in the
claims.

[0077] It will be understood that the terms and expressions
used herein have the ordinary meaning as is accorded to such
terms and expressions with respect to their corresponding
respective areas of inquiry and study except where specific
meanings have otherwise been set forth herein. Relational
terms such as first and second and the like may be used
solely to distinguish one entity or action from another
without necessarily requiring or implying any actual such
relationship or order between such entities or actions. The
terms “comprises,” “comprising,” or any other variation
thereof, are intended to cover a non-exclusive inclusion,
such that a process, method, article, or apparatus that com-
prises a list of elements does not include only those elements
but may include other elements not expressly listed or
inherent to such process, method, article, or apparatus. An
element proceeded by “a” or “an” does not, without further
constraints, preclude the existence of additional identical
elements in the process, method, article, or apparatus that
comprises the element.

[0078] The Abstract of the Disclosure is provided to allow
the reader to quickly ascertain the nature of the technical
disclosure. It is submitted with the understanding that it will
not be used to interpret or limit the scope or meaning of the
claims. In addition, in the foregoing Detailed Description, it
can be seen that various features are grouped together in
various implementations. This is for purposes of streamlin-
ing the disclosure, and is not to be interpreted as reflecting
an intention that the claimed implementations require more
features than are expressly recited in each claim. Rather, as
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the following claims reflect, inventive subject matter lies in
less than all features of a single disclosed implementation.
Thus, the following claims are hereby incorporated into the
Detailed Description, with each claim standing on its own as
a separately claimed subject matter.

[0079] While various implementations have been
described, the description is intended to be exemplary, rather
than limiting and it will be apparent to those of ordinary skill
in the art that many more implementations and implemen-
tations are possible that are within the scope of the imple-
mentations. Although many possible combinations of fea-
tures are shown in the accompanying figures and discussed
in this detailed description, many other combinations of the
disclosed features are possible. Any feature of any imple-
mentation may be used in combination with or substituted
for any other feature or element in any other implementation
unless specifically restricted. Therefore, it will be under-
stood that any of the features shown and/or discussed in the
present disclosure may be implemented together in any
suitable combination. Accordingly, the implementations are
not to be restricted except in light of the attached claims and
their equivalents. Also, various modifications and changes
may be made within the scope of the attached claims.

What is claimed is:

1. A method for reconfigurable optical signal processing,
the method comprising:

Generating, utilizing a first dispersive medium, a first
pump pulse by propagating a first input pump through
the first dispersive medium, the first input pump com-
prising an optical wave;

Generating, utilizing the first dispersive medium, a first
modulated signal of an input optical signal by applying
a parametric nonlinear wave mixing process on the
input optical signal and the first pump pulse;

Generating, utilizing a second dispersive medium, a first
transformed signal of the input optical signal by propa-
gating the first modulated signal through the second
dispersive medium;

generating a multiplied signal by multiplying the first
transformed signal by a Green’s function;

generating, utilizing a third dispersive medium, a second
pump pulse by propagating a second input pump
through the third dispersive medium, the second input
pump comprising an optical wave;

generating, utilizing the third dispersive medium, a sec-
ond modulated signal of the multiplied signal by apply-
ing the parametric nonlinear wave mixing process on
the multiplied signal and the second pump pulse; and

generating, utilizing a fourth dispersive medium, a second
transformed signal of the multiplied signal by propa-
gating the second modulated signal through the fourth
dispersive medium.

2. The method of claim 1, wherein propagating the first
input pump through the first dispersive medium comprises
propagating the first input pump through a first dispersive
waveguide comprising a first length [, and a first group
velocity dispersion (GVD) f3,,, the first length L, satisfying
a condition defined by the following:

Tmax <L < T;

23,0 208,
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where:

T, 15 @ maximum threshold of computation time,
Q is a spectral bandwidth of the pump pulse, and
T, is a width of the input optical signal.

3. The method of claim 2, wherein propagating the first
modulated signal in the second dispersive medium com-
prises propagating the first modulated signal through a
second dispersive waveguide with a second length L, and a
second GVD f,,, the second length L, satisfying a condition
defined by the following:

O.QXLP% <L,< 1.1><Lp%.

w w

4. The method of claim 1, wherein generating the first
pump pulse by propagating the first input pump through the
first dispersive medium comprises generating a chirped
pulse by propagating a Gaussian pulse through the first
dispersive medium.
5. The method of claim 1, wherein:
propagating the first input pump through the first disper-
sive medium comprises propagating the first input
pump through a first spiral dispersive waveguide with
a first linear positive-slope group velocity dispersion
(GVD) B;

generating the first transformed signal by propagating the
first modulated signal through the second dispersive
medium comprises obtaining a Fourier transform of the
input optical signal by propagating the first modulated
signal through a second spiral dispersive waveguide
with a second linear positive-slope GVD f3,;

propagating the second input pump through the third
dispersive medium comprises propagating the second
input pump through a third spiral dispersive waveguide
with a third linear negative-slope GVD ,'; and

generating the second transformed signal by propagating
the second modulated signal in the fourth dispersive
medium comprises obtaining an inverse Fourier trans-
form of the multiplied signal by propagating the second
modulated signal through a fourth spiral dispersive
waveguide with a fourth linear negative-slope GVD
BW"

6. The method of claim 5, wherein each of propagating the
first input pump through the first dispersive waveguide,
propagating the first modulated signal through the second
dispersive waveguide, propagating the second input pump
through the third dispersive waveguide, and propagating the
second modulated signal through the fourth dispersive
waveguide comprises utilizing one of a single mode fiber, a
linearly chirped fiber-brag-grating (FBG), a silicon nitride
waveguide, a photonic crystal waveguide, or a Hydex wave-
guide.

7. The method of claim 1, wherein generating the first
modulated signal of the input optical signal by applying the
parametric nonlinear wave mixing process on the input
optical signal comprises:

generating an idler signal by applying a four wave mixing

(FWM) process on the input optical signal and the first
pump pulse; and

extracting the first modulated signal from the idler signal

by passing the idler signal through a band-pass filter.
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8. The method of claim 7, wherein passing the idler signal
through the band-pass filter comprises passing the idler
signal through a band-pass Bragg grating.

9. The method of claim 1, wherein generating the multi-
plied signal comprises passing the first transformed signal
through a temporal optical modulator.

10. The method of claim 9, wherein passing the first
transformed signal through the temporal optical modulator
comprises passing the first transformed signal through a
cascaded silicon Mach-Zehnder Interferometer (MZI) opti-
cal modulator.

11. The method of claim 10, wherein passing the first
transformed signal through the cascaded silicon MZI optical
modulator comprises passing the first transformed signal
through an optical waveguide and a beam splitter.

12. The method of claim 10, further comprising passing
the first transformed signal through a phase modulator.

13. A system for reconfigurable optical signal processing,
the system comprising:

a Fourier transformation unit configured to generate a
Fourier transform of an input optical signal, the Fourier
transformation unit comprising:

a first dispersive medium configured to:
generate a first chirped pulse by propagating a first
input pump through the first dispersive medium,
the first input pump comprising a Gaussian shaped
optical wave;
generate a first idler signal by applying a four wave
mixing (FWM) process on the input optical signal
and the first chirped pulse; and
extract a first modulated signal from the first idler
signal by passing the first idler signal through a
first band-pass filter; and
a second dispersive medium configured to generate the
Fourier transform by propagating the first modulated
signal through the second dispersive medium;

a multiplication unit configured to generate a multiplied
signal by multiplying the Fourier transform by a
Green’s function; and

an inverse Fourier transform unit configured to generate
an inverse Fourier transform of the multiplied signal,
the inverse Fourier transform unit comprising:

a third dispersive medium configured to:
generate a second chirped pulse by propagating a
second input pump through the third dispersive
medium, the second input pump comprising a
Gaussian shaped optical wave;
generate a second idler signal by applying the FWM
process on the multiplied signal and the first
chirped pulse; and
extract a second modulated signal from the second
idler signal by passing the second idler signal
through a second band-pass filter; and
a fourth dispersive medium configured to generate the
inverse Fourier transform of the multiplied signal by
propagating the second modulated signal through the
fourth dispersive medium.

14. The system of claim 13, wherein the first dispersive
medium comprises a first dispersive waveguide with a first
length L, and a first group velocity dispersion (GVD) 8, the
first length L, satisfying a condition defined by the follow-
ing:
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Timax T;
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where:
T,,4 18 @ maximum threshold of computation time,
Q2 is a spectral bandwidth of the first chirped pulse, and
T, is a width of the input optical signal.

15. The system of claim 14, wherein the second dispersive
medium comprises a second dispersive waveguide with a
second length L., and a second GVD BW, the second length
L,, satisfying a condition defined by the following:

B B
09xL, =2 < L, < LIxL,- 2.

w w

16. The system of claim 13, wherein:

the first dispersive medium comprises a first spiral dis-
persive waveguide with a first linear positive-slope
group velocity dispersion (GVD) f,;

the second dispersive medium comprises a second spiral
dispersive waveguide with a second linear positive-
slope GVD f,,;

the third dispersive medium comprises a third spiral
dispersive waveguide with a third linear negative-slope
GVD ,'; and

the fourth dispersive medium comprises a fourth spiral
dispersive waveguide with a fourth linear negative-
slope GVD .,

17. The system of claim 13, wherein each of the first
dispersive medium, the second dispersive medium, the third
dispersive medium, and the fourth dispersive medium com-
prises utilizing one of a single mode fiber, a linearly chirped
fiber-brag-grating (FBG), a silicon nitride waveguide, a
photonic crystal waveguide, or a spiral Hydex waveguide.

18. The system of claim 13, wherein each of the first
band-pass filter and the second band-pass filter comprises a
band-pass Bragg grating.

19. The system of claim 13, wherein generating the
multiplication unit comprises a cascaded silicon Mach-
Zehnder Interferometer (MZI) optical modulator and a phase
modulator, the cascaded silicon MZI optical modulator
comprising an optical waveguide and a beam splitter.

20. A photonic integrated circuit (PIC) for reconfigurable
optical signal processing, the PIC comprising:

a first dispersive medium configured to:

generate a first chirped pulse by propagating a first
input pump through the first dispersive medium, the
first input pump comprising a Gaussian shaped opti-
cal wave;

generate a first idler signal by applying a four wave
mixing (FWM) process on the input optical signal
and the first chirped pulse; and

extract a first modulated signal from the first idler
signal by passing the first idler signal through a first
band-pass Bragg grating, the first dispersive medium
comprising a first spiral dispersive waveguide with a
first length L, and a first linear positive-slope group
velocity dispersion (GVD) f,, the first length L,
satisfying a condition defined by the following:
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where:
T4 18 @ maximum threshold of computation time,
Q is a spectral bandwidth of the first chirped pulse,
and

T, is a width of the input optical signal;

a second dispersive medium configured to generate a

Fourier transform of the input optical signal by propa-
gating the first modulated signal through the second
dispersive medium, the second dispersive medium
comprising a second spiral dispersive waveguide with
a second length L, and a second linear positive-slope
GVD ,,, the second length L, satisfying a condition
defined by the following:

B B
09xL, 2 <L, < L.IxL,~2;

W w

a cascaded silicon Mach-Zehnder Interferometer (MZI)

optical modulator and a phase modulator, configured to
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generate a multiplied signal by multiplying the Fourier

transform by a Green’s function, the cascaded silicon

MZ1 optical modulator comprising an optical wave-

guide and a beam splitter;

a third dispersive medium configured to:

generate a second chirped pulse by propagating a
second input pump through the third dispersive
medium, the second input pump comprising a Gauss-
ian shaped optical wave;

generate a second idler signal by applying the FWM
process on the multiplied signal utilizing the first
chirped pulse; and

extract a second modulated signal from the second idler
signal by passing the second idler signal through a
second band-pass Bragg grating, the third dispersive
medium comprising a third spiral dispersive wave-
guide with a third linear negative-slope GVD f3,';
and

a fourth dispersive medium configured to generate an

inverse Fourier transform of the multiplied signal by

propagating the second modulated signal through the

fourth dispersive medium, the fourth dispersive

medium comprising a fourth spiral dispersive wave-

guide with a fourth linear negative-slope GVD f,,.
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