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(54) OPTICAL DEVICE AND METHOD FOR GENERATING AN AMPLITUDE-MODULATED OPTICAL 
OUTPUT SIGNAL

(57) The present disclosure relates to an optical de-
vice 10 comprising an integrated photonic formed on a
substrate and having a guiding element 12 and a nonlin-
ear element 30. The guiding element 12 guides optical
input signals, at least one of which is phase-modulated,
to an interference area 26 where such signals meet and

interfere. The resulting interference signal is nonlinearly
discriminated by the nonlinear element 30 to produce an
optical amplitude-modulated output signal based on
phase modulation of the input signals. The disclosure
also includes related to a corresponding method.
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Description

TECHNICAL FIELD

[0001] This invention relates to an optical device functioning as a photonic transistor. The invented optical device can
be used as a basic element in an optical integrated circuit (OIC) that permits logic operations to be carried out using
optical signals.

BACKGROUND ART

[0002] In electronic devices, transistors are the basic elements of circuits. In digital applications, a transistor has the
properties of a switch. The transistor can be driven between conductance and non-conductance states in order to change
the voltage level, and thereby logic level, output by the transistor.
[0003] Interest has begun to emerge in recent years toward development of an optical device that behaves analogously
to an electronic transistor. The reason for this interest is that optical signals can potentially travel faster in integrated
circuits than electrical signals because they are not subject to capacitance which slows switching speed between logic
states. Given the ever increasing demand for faster switching, it is expected that in the future, absent a major technological
advance in electronics, use of optical devices will become increasingly desirable if not essential.
[0004] However, use of optical devices to form integrated logic circuits presents unique challenges. By its nature light
propagates and cannot be stored. The ability to represent a logic state stably for as long as may be required thus becomes
an issue. It would thus be desirable to provide a photonic transistor that can be used to represent logic states stably
using optical signals. Moreover, there is an established industry using optical components which use primarily amplitude-
modulated optical signals in which the amplitude or intensity of light pulses represents digital logic states. Any solution
able to store and process data optically will also ideally be compatible with existing optical telecommunications infra-
structure.
[0005] Also related to this application are light-guiding elements, which include materials such as photonic bandgap
(PBG) elements. PBG elements are composed of structures with periodic spacing that enable light of a wavelength
related to the spacing of the structures to travel in a confined manner through the material. Although guiding elements
are interesting from the standpoint that they automatically filter light of undesired wavelengths, an undesired result is
that light is quickly attenuated in guiding elements. It is therefore desirable that optical logic and signal processing be
performed with a relatively short transmission pathway through a guiding element such as a PBG material to avoid its
being unduly attenuated.
[0006] In the manufacture of virtually any integrated circuit, it is desirable that the components of the circuit be integrated
on the substrate in a relatively small area to enable the most functionality possible per unit area of the device. Although
conductive electrical wires and the like can turn abruptly in connecting to electrical transistors, optical waveguides cannot
generally turn so abruptly without use of mirrors because excessive light will escape the waveguide. Thus, integrated
optical waveguides have limits on how abruptly they can turn which further impacts on the size of the integrated device
and creates issues regarding optical isolation of the integrated devices. It would be desirable to provide an integrated
device in which optical signals can propagate in abrupt turns to increase functionality of integrated optical devices.
[0007] Moreover, as more optical devices and related connections are integrated on a substrate, it becomes desirable
to optically isolate the devices to avoid multi-path effects and crosstalk between devices. It would thus be desirable to
provide an optical circuit in which the optical devices are effectively optically isolated from one another.
[0008] In some optical modulation schemes, data is represented by more than two amplitude levels. The problem with
such an approach is that it requires very stringent control on the amplitudes of the optical signals on which logic operations
are performed. For example, in an AND gate, if two pulses are both at high or "1" logic levels represented by an amplitude
of "1" in this example, then the output will have an amplitude that is the linear sum of these two levels, or "2". This output
signal must be attenuated back to "1" before it can be provided to the next optical gate in the circuit. This approach for
an optical modulation scheme is not generally desirable because of the complications associated with maintaining
appropriate amplitude levels throughout the circuit. It would therefore be desirable to provide an optical circuit that does
not require management of the amplitudes as required in such linearly additive optical circuits.
[0009] The publication "Fabrication and Characterization of Photonic Crystal Slab Waveguides and Application to
Ultra-Fast All-Optical Switching Devices," Kiyoshi Asakawa, The FemtoTechnology Research Association, June 30,
2003, discloses a symmetrical Mach-Zender interferometer formed in a photonic crystal. The input side of the device
includes three input paths for light pulses to enter. The outer paths receive a control pulse, and because one of the two
outer paths is different in length from the other, the control pulse received by both of these outer paths is delayed in one
path by π radians relative to the other path. An optical signal pulse is input to the central path, which branches into two
separate paths that meet with respective outer input paths. At the two places where the outer and inner symmetric paths
meet, the crystal slab has two quantum dot nonlinear elements, one for each of the two meeting places. The quantum
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dot nonlinear elements outputs are provided to initially separate pathways that join together to form a single output path
for the output light pulse. The Asakawa device represents binary zeros with the lack of light, which cannot be used to
perform digital logic, because the device transmits no data if no light enters it. The Asakawa device was thus created
with the intention of using it as a switch or filter for incoming fiber optic data. It would be desirable to provide a photonic
transistor that can be used as the basis for gates to perform optical digital logic for generic all-purpose optical computing.
[0010] Also worth mentioning in relation to this disclosure is US 2003/0179425 filed January 27, 2003 and published
September 23, 2003, naming Charles Romaniuk as sole inventor. The application discloses a device with a combiner
stage followed by a filter stage, next followed by an output stage. The combiner stage includes two γ-shaped combiners,
the first of which receives two phase-modulated input signals to generate an ouput signal that is supplied to one of two
inputs to the second combiner. The second input to the second γ-shaped combiner is a control input. The filter stage
includes an absorption diode which receives the output of the second combiner of the combiner stage, and generates
a binary output based on same. The output of the γ-combiner of the output stage receives as one input the output of the
absorption diode of the filter stage as its input. The combiner of the output stage also receives a second input which is
another control signal. Depending upon the state of the two control inputs, which are π radians out of phase from one
another, the logic circuit functions as either an AND or OR logic gate.
[0011] Although Romaniuk’s device is meritorious in several respects, it requires use of both phase and amplitude
modulated inputs to perform complex logic operations, and thus requires a linear absorber to discern logic levels. More
specifically, in the Romaniuk device, if two signals interfere constructively, the magnitude of the output becomes twice
as large. If this interference continues to propagate through a circuit as it does in the Romaniuk device, complications
result when it is used as an input to a subsequent logic gate with an amplitude twice as large as it was originally. By
absorbing half of the signal, the Romaniuk device can lessen the interference back to 1x amplitude. However, this
requires exacting control of the amplitude of the logic levels in the device through the use of a linear optical absorber.
[0012] For many applications, it would be desirable to utilize a different approach in which complimentary networks
with sets of photonic transistors which are activated or deactivated, depending upon the states of the input signals. This
approach can be used to avoid representation of more than two digital logic states with different amplitudes that linearly
add, which is highly subject to error without extensive control of amplitude levels throughout the circuit.
[0013] Thus, although the published patent application US 2003/0179425 has its merits, it would be desirable if a
device could be obtained that is relatively simplified, capable of integration on a substrate, does not require use of linearly
additive signals propagating through its circuit requiring complexity to discern and interpret logic levels, and yet one that
provides effective logic operations on optical signals.

DISCLOSURE OF THE INVENTION

[0014] The disclosed invention, in its various embodiments, overcomes one or more of the above-mentioned problems,
and achieves additional advantages as hereinafter set forth.
[0015] A method according to an embodiment of the invention is characterized by the steps of combining a phase-
modulated first optical signal with a second optical signal to generate an optical interference signal that is amplitude-
modulated based on the phase modulation of at least the first optical signal, and nonlinearly discriminating the optical
interference signal to produce an optical output signal having a digital logic state representing data. The optical inter-
ference signal can be amplitude-modulated based on the phase modulation of one or both of the first and second optical
signals. Furthermore, the optical interference signal can be phase-modulated based on the phase modulation one or
both of first and second optical signals. The second optical signal can be an optical reference signal providing a phase
reference for comparison with the first signal. The combining can be performed in an interference area defined in a
guiding element which has pathways that receive and guide the first and second optical signals to the interference area
where the first and second optical signals meet and interfere with one another. The guiding element can define a pathway
that guides the optical interference signal to a nonlinear element that nonlinearly discriminates the optical interference
signal to produce the optical output signal. The guiding element can comprise a photonic bandgap (PBG) element having
periodically spaced structures. The method can comprise the step of generating the first optical signal with a light source
which can be a laser. The method can further comprise focusing the first optical signal at an input to the optical device,
and such focusing can be performed by a lens. The method can comprise the step of receiving the phase-modulated
first optical signal, which can be performed with a PBG element of an optical device. The method can also comprise
modulating the phase of the first optical signal, which can be done by a piezoelectric element that changes the effective
path length experienced by the first optical signal based on the first modulation signal in order to modulate its phase.
The method can comprise guiding the phase-modulated first optical signal, which can be done with a PBG element of
an optical device. The method can further comprise filtering the phase-modulated first optical signal, and this step can
be performed according to the spacing of structures in a photonic bandgap (PBG) element of an optical device. The
method can comprise the step of generating the second optical signal with a light source, which light source can be a
laser. The method can further comprise the step of focusing the second optical signal at an input to the optical device,
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which can be done with a lens. The method can further comprise the step of receiving the second optical signal, which
can be performed by a PBG element of an optical device. The method can further comprise the step of modulating the
phase of the second optical signal, a step which can be performed by a piezoelectric element that changes the effective
path length experienced by the second optical signal based on the first modulation signal in order to modulate its phase.
The method can further comprise the step of guiding the second optical signal, which can be performed by a photonic
bandgap (PBG) element of an optical device. The method can further comprise the step of filtering the second optical
signal, which can be done according to the spacing of structures in a photonic bandgap (PBG) element of an optical
device. The method can further comprise the step of outputting the optical output signal. An optical device according to
an embodiment of the invention receives a phase-modulated first optical signal and a second optical signal. The optical
device is characterized by an integrated photonic transistor which has a guiding element and a nonlinear element. The
guiding element is formed of periodic structures having a spacing related to the wavelength of the phase-modulated first
optical signal and the second optical signal propagating therein. The guiding element further defines first and second
pathways along which travel the phase-modulated first optical signal and the second optical signal, respectively. The
first and second pathways join to form an interference area in which the first and second optical signals interfere to form
an optical interference signal. The nonlinear element receives the optical interference signal and nonlinearly discriminates
the optical interference signal to form the optical output signal having a digital or binary logic state. The integrated
photonic transistor can be formed on a substrate. The guiding element can be composed of periodic structures defined
in a substrate by processing thereof. The processing can comprise selective etching of the substrate. Alternatively, or
in addition to etching, the processing can comprise selective deposition of material on the substrate. The substrate can
be composed of silicon, for example. The periodic structures are spaced by the wavelength of the first and second optical
signals divided by the index of refraction of the material defining the structures. The adjacent periodic structures can be
spaced by 0.44 6 0.04 microns. The periodic structures can be cylindrical, spherical, rod-like or otherwise shaped. The
first and second pathways and the interference area are formed by the absence of periodic structures along the first and
second pathways and interference area. The guiding element can define an output pathway along which the optical
interference signal travels. The nonlinear element can comprise a grating, multiple quantum dot array, cavity, non-
resonant amplifier, laser, or combinations thereof, for example. The laser can generate the optical output signal at a
wavelength of 1.55 6 0.02 microns. The effective length of the nonlinear element and the output pathway can at least
in part define the phase of the optical output signal at an output of the optical device. The optical device can further
comprise a power supply coupled to provide electric power to the nonlinear element. The power supply can be integrated
on a substrate together with the nonlinear element and the guiding element. The optical device can comprise a phase
modulator situated in the first pathway to receive the first optical input signal and coupled to receive a modulation signal.
The phase modulator can be capable of changing the phase of the first optical input signal to generate the phase-
modulated first optical input signal which travels from the phase modulator along the first pathway to the interference
area to meet and interfere with the second optical signal to form the optical interference signal. The guiding element,
nonlinear element and the phase modulator can be integrated together on a substrate. The modulation signal can be
electric and the phase-modulator is characterized by a piezoelectric element capable of changing the effective path
length traveled by the first optical signal to phase-modulate the first optical signal. Alternatively, the modulation signal
can be optic and the phase-modulator is characterized by an optical phase modulation element capable of changing its
refractive index in response to an optical modulation signal to phase-modulate the first optical signal. The optical device
can comprise an additional phase modulator situated in the second pathway to receive the second optical input signal
and coupled to receive a modulation signal. The additional phase modulator is capable of changing the phase of the
second optical input signal to generate phase-modulated second optical input signal which travels from the phase
modulator along the first pathway to the interference area to meet and interfere with the first optical signal to form the
optical interference signal. The additional phase modulator can be integrated together with the guiding element and
nonlinear element on a substrate. The modulation signal can be electric and the additional phase-modulator can comprise
a piezoelectric element capable of changing the effective path length traveled by the second optical signal to phase-
modulate the second optical signal. Alternatively, the modulation signal can be optic and the phase-modulator can
comprise an optical phase modulation element capable of changing its refractive index in response to an optical mod-
ulation signal to phase-modulate the first optical signal. The optical device can comprise a filter formed of spaced
structures positioned in the first pathway. The filter can be integrated on a substrate along with the guiding element. The
filter can be formed of spaced structures positioned in the second pathway. The filter can be integrated on a substrate
along with the guiding element. The optical device can comprise a light source generating the first optical signal, and
positioned to provide the first optical signal to the first pathway of the guiding element of the optical device. The light
source can be integrated on a substrate along with the guiding element. The light source can be coherent, and can be
generated by a solid-state laser. For example, the first optical signal generated by the light source can have a wavelength
of 1.55 6 0.02 microns. The optical device can comprise one or more optical focusing element(s) such as convex lenses
positioned to focus the first optical signal to an opening of the first pathway, the second optical signal to an opening of
the second pathway, and/or the optical output signal to an opening of an output element receiving the optical output
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signal. The optical focusing element(s) can be integrated on a substrate along with the guiding element. The optical
focusing element(s) can comprise a convex optical lens. The optical interference signal can be amplitude-modulated
based on the phase modulation of at least the first optical signal. Alternatively, or in addition to modulation based on the
first optical input signal, the optical interference signal can be amplitude-modulated based on the phase modulation of
the second optical signal. As yet another alternative, the optical interference signal can be phase-modulated based on
the phase modulation of at least the first optical signal. Furthermore, the optical interference signal can be phase-
modulated based on the phase modulation of the second optical signal. The second optical signal can be an optical
reference signal providing a phase reference relative to which the phase of the first optical signal can be determined.
The guiding element can comprise a photonic bandgap (PBG) element.
[0016] An optical circuit in accordance with an embodiment of the invention is characterized by a logic stage and an
output stage. The logic stage is characterized by at least one optical logic gate integrated on a substrate. The optical
logic gate receives at least one phase-modulated optical input signal. The optical logic gate generates a phase-modulated
optical output signal based on the phase-modulated optical input signal. The output stage is characterized by a phase-
to-amplitude converter coupled to receive the phase-modulated optical input signal, which generates an amplitude-
modulated optical output signal based on the phase-modulated optical input signal. The logic stage can comprise one
or more inverters and one or more NAND gates. Because any Boolean logic operation can be performed with one or
more inverters and NAND gates, the optical circuit can be used to implement any Boolean logic operation on optical
input signals to create an optical output signal. The logic stage can comprise one or more phase-shift elements to perform
phase inversion to invert the digital logic state of a signal(s) within the logic stage. The optical logic gate can comprise
at least one photonic transistor. The photonic transistor can comprise an optical interference area and a non-linear
element. The photonic transistor can receive the phase-modulated optical input signal and an optical reference signal
which meet and interfere in the optical interference area to produce an optical interference signal that is nonlinearly
discriminated by the photonic transistor to generate the phase-modulated optical output signal. The optical logic gate
can be further coupled to receive an optical reference signal. The optical logic gate can generate the phase-modulated
optical output signal based on the optical reference signal in addition to the phase-modulated optical input signal. The
logic stage can comprise a guiding element in part defining a plurality of optical logic gates that optically isolate the
optical logic gates from one another. The guiding element can comprise a photonic bandgap (PBG) element. The guiding
element can comprise optical pathways connecting the optical logic gates, at least one of which turns at an angle of at
least π/3 radians, which is generally much greater than possible with previous integrated optical devices. The logic stage
and output stage can be integrated on a substrate.
[0017] A method according to another embodiment of the invention is characterized by the steps of receiving at least
one phase-modulated optical input signal, receiving an optical reference signal, performing a phase logic operation
based on the phase-modulated optical input signal and the optical reference signal to produce a phase-modulated optical
output signal, and outputting the phase-modulated optical output signal. These steps can be performed by a logic stage
characterized by at least one optical logic gate. The optical logic gate can comprise one or both of a NAND gate and an
inverter gate. The method according to the invention can further comprise the steps of receiving the phase-modulated
optical output signal, converting the phase-modulated optical output signal into an amplitude-modulated optical output
signal, and outputting the amplitude-modulated optical output signal. These steps can be performed by an output stage
of the optical circuit. The output stage can comprise a phase-to-amplitude converter.
[0018] A method according to another embodiment of the invention is characterized by the steps of receiving the
phase-modulated optical output signal, converting the phase-modulated optical output signal into an amplitude-modulated
optical output signal, and outputting the amplitude-modulated optical output signal. These steps can be performed by
an output stage of an optical circuit. The output stage can comprise a phase-to-amplitude converter.
[0019] An optical inverter gate according to one embodiment of the invention is characterized by optical inverter gate
characterized by a guiding element, a first nonlinear element, and a second nonlinear element. The guiding element
defines an input pathway having first and second sections, and a reference pathway having first and second sections
which meet with the first and second sections, respectively, of the input pathway at corresponding first and second
interference areas. The first and second intermediate pathways run from the first and second interference areas, re-
spectively, to meet at a junction area joined with an output pathway defined by the guiding element. The first nonlinear
element is positioned in the first intermediate pathway, and the second nonlinear element is positioned in the second
intermediate pathway. The input pathway can receive a first optical signal having a wavelength related to spacing of
structures of the guiding element. The optical inverter gate can comprise a light source generating a reference optical
signal having the same wavelength as the first optical input signal, positioned to provide the reference optical signal to
the first and second interference areas via respective reference pathways to produce first and second interference
signals. One or more of the first and second interference signals can be nonlinearly discriminated by a respective one
of the first and second nonlinear elements to generate an optical output signal provided to the output pathway as the
optical output signal having a phase that is inverted relative to phase modulation of the optical input signal. The effective
path length of the second section of the reference pathway can differ from the effective path length of the first section
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of the reference pathway by (λ / RI) / 2, or an odd positive integer multiple thereof, in which λ is the wavelength of the
optical reference signal and RI is the refractive index of the structures defining the guiding element. The effective path
length of the second section of the reference pathway can differ from the effective path length of the first section of the
reference pathway by length L3 = (λ / RI) / 2 in which λ is the wavelength of the optical reference signal and RI is the
refractive index of the structures defining the guiding element. The first and second intermediate pathways can differ
from a positive integer multiple of a wavelength of the optical reference signal propagating in the guiding element by
respective lengths L1 and L2 of ( λ / RI ) / 2 in which λ is the wavelength of the optical reference signal and RI is the
refractive index of the structures defining the guiding element, the lengths L1 and L2 inverting the phases of the first
and second optical interference signals, respectively, by π radians relative to the phases of the optical input and reference
signals at inputs to the input and reference pathways, respectively. The guiding element can be a photonic bandgap
(PBG) element, one or more optical waveguides, a photo-sensitive substance (i.e., a substance that converts into a
micro-guide when exposed with curing light), or combinations thereof.
[0020] The guiding element can be in part defined by a plurality of optical logic gates that optically isolate the input,
reference, and output pathways and interference areas from one another. The guiding element can define at least one
pathway turning at an angle of at least π/3 radians, and thus more abruptly than possible in many previous integrated
devices. One or both of the first and second nonlinear elements is characterized by a grating, multiple quantum dot
array, laser, cavity, non-resonant amplifier, or combinations thereof.
[0021] An optical NAND gate in accordance with an embodiment of the invention is characterized by a guiding element
defining first, second, third and fourth input pathways, and a reference pathway having first and second sections. The
first section of the reference pathway meets the first input pathway at a first interference area. The first interference area
is joined by a first intermediate pathway to the second input pathway at a second interference area. The second inter-
ference area is joined to a second intermediate pathway. The second section of the reference pathway meets with third
and fourth intermediate pathways joining with respective third and fourth input pathways to define third and fourth
interference areas. The third and fourth interference areas join third and fourth intermediate pathways. The second,
third, and fourth intermediate pathways meet with an output pathway forming the output of the optical NAND gate.
[0022] The guiding element can comprise a photonic bandgap (PBG) element, one or more optical waveguides, a
photo-sensitive substance, or combinations thereof. The NAND gate further is characterized by a first nonlinear element
positioned in the first intermediate pathway, a second nonlinear element positioned in the second intermediate pathway,
a third nonlinear element positioned in the third intermediate pathway, and a fourth nonlinear element positioned in the
fourth intermediate pathway. One or more of the first, second, third and fourth nonlinear elements is characterized by a
grating, multiple quantum dot array, laser, cavity, non-resonant amplifier, or combinations thereof. The guiding element
can optically isolate non-conjoined pathways and interference areas from one another. The guiding element can define
at least one pathway at an angle of at least π/3 radians, which can be used to reduce the space occupied on a substrate
by the NAND gate. The first and third input pathways can receive a first optical input signal, and the second and fourth
input pathways can receive a second optical input signal. The wavelength of the first and second optical input signals
has a wavelength related to spacing of structures of the guiding element. The optical device can comprise a light source
generating a reference optical signal having the same wavelength as the first optical input signal, positioned to provide
the reference optical signal to the reference pathway. The third and fourth intermediate pathways differ from lengths
that are positive integer multiples of the wavelength λ of the optical reference signal by including respective lengths L1
and L2 of ( λ / RI ) / 2 in which λ is the wavelength of the optical reference signal and RI is the refractive index of
periodically-spaced structures defining the guiding element. The lengths L1 and L2 invert the phase of the optical
reference signal received at the input of the third and fourth intermediate pathways via the reference pathway, by shifting
the optical reference signal by π radians relative to the phase of the optical reference signal at the input to the third and
fourth pathways. The guiding element can comprise periodically-spaced structures. The guiding element can optically
isolate non-conjoined pathways and interference areas defined in the guiding element.
[0023] An optical inverter gate in accordance with an embodiment of the invention is characterized by first and second
photonic transistors receiving first and second optical input signals. The optical inverter gate can be configured to shift
the phase of the second optical input signal so that the second optical input signal received by the first photonic transistor
is out of phase by π radians relative to the phase of the second optical input signal received by the second photonic
transistor due to the presence of a phase shift element in the optical gate. The output signals generated by the first and
second photonic transistors are further shifted by π radians due to the presence of respective phase shift elements in
the optical gate and traveling via respective pathways to an output pathway where one of the optical signals is output
from the optical inverter gate depending upon the logical state of the first and second optical input signals. The optical
gate is characterized by a photonic bandgap (PBG) element having periodically-spaced structures that define pathways
for guiding the first and second optical input signals, that define the interference area, and an output pathway to guide
the optical output signal to the output of the optical gate. At least one of the pathways turns at an angle of at least π/3
radians. The periodically-spaced structures can be used to optically isolate the first and second photonic transistors.
The periodically-spaced structures can filter the first and second optical signals to exclude wavelengths other than the
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wavelength of the first and second optical signals.
[0024] An optical NAND gate in accordance with an embodiment of the invention is characterized by first, second,
third, and fourth photonic transistors. The first photonic transistor receives a first optical input signal and an optical
reference signal and generates a first optical output signal based thereon. The second optical transistor receives the
first optical output signal and the second optical input signal, and generates a second optical output signal based thereon.
A first phase shift element shifts the phase of the optical reference signal by π radians relative to the phase of the optical
reference signal input to the first transistor. The third transistor generates a third optical output signal based on the
phase-shifted optical reference signal and the first optical input signal. A second phase shift element shifts the phase
of the optical reference signal by π radians relative to the phase of the optical reference signal input to the first transistor.
The fourth transistor generates a fourth optical output signal based on the second optical input signal and the phase-
shifted optical reference signal. One of the second, third, and fourth optical output signals is provided to the output
pathway as the output of the NAND gate. The first, second, third, and fourth photonic transistors can be defined in a
guiding element having spaced structures arranged according to the wavelength of the first and second optical input
signals and the optical reference signal propagating in the NAND gate. The spaced structures of the guiding element
can optically isolate the first, second, third, and fourth optical transistors from one another. The guiding element can
define at least one pathway guiding one of the signals propagating in the optical NAND gate which turns at an angle of
at least π/3 radians. The periodic spacing of the guiding element can filter at least one wavelength other than the
wavelength of the first and second optical input signals and the optical reference signal.
[0025] An optical device in accordance with the invention receives a phase-modulated first optical input signal and a
second optical input signal. The optical device is characterized by at least one first photonic transistor coupled to receive
the first and second optical input signals, and at least one second photonic transistor coupled to receive the first and
second optical input signals. The optical device is configured so that the first transistor is activated and the second
photonic transistor is deactivated by one of the first and second optical input signals in a first logical state, and the first
transistor is deactivated and the second photonic transistor is activated if the one of the first and second optical input
signals is in a second logical state. One of the first and second photonic transistors outputs an optical input signal having
a phase-modulated logic state based on the first and second optical signals that is determined by which one of the first
and second photonic transistors is activated. The first and second photonic transistors can define respective interference
areas receiving the first and second signals, and respective nonlinear elements receiving and nonlinearly discriminating
the resulting optical interference signals to produce an optical output signal or no light depending upon whether the
transistor is activated. The first and second photonic transistors can be integrated on a substrate.
[0026] An optical device in accordance with another embodiment of the invention is characterized by at least one first
photonic transistor coupled to receive a phase-modulated first optical signal and a second optical signal, and at least
one second photonic transistor coupled to receive the phase-modulated first optical signal and the second optical signal.
The outputs of the first and second photonic transistors join together to form an output of the optical device. The optical
device further is characterized by a phase-shift element delaying one of the first and second optical input signals before
providing the same to the one of the first and second photonic transistors. The one of the first and second photonic
transistors is activated by the presence of the phase-shift element if the one of the first and second optical input signals
is in a first logical state, and the other of the first and second photonic transistors is deactivated if the one of the first and
second optical input signals is in the first logical state. The one of the first and second photonic transistors is deactivated
by the presence of the phase-shift element if the one of the first and second optical input signals is in the second logical
state, and the other of the first and second photonic transistors is activated if the one of the first and second optical input
signal is in the second logical state. The optical output signal generated at the output of the first and second photonic
transistors depends at least upon the logical state of the one of the first and second optical input signals input to the one
of the first and second photonic transistors that is activated by the state of the one of the first and second optical input
signals. The first and second photonic transistors can comprise respective interference areas receiving first and second
optical input signals to produce optical interference signals, and respective nonlinear elements to non-linearly discriminate
respective optical interference signals to produce corresponding phase-modulated optical output signals if activated,
and no light if deactivated. The first and second photonic transistors and the phase-shift element can be integrated on
a substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] Having thus described the invention in general terms, reference will now be made to the accompanying drawings,
which are not necessarily drawn to scale, and wherein:

FIG. 1 is a general method of the invention for generating an amplitude-modulated optical output signal based on
one or more phase-modulated optical input signals.
FIG. 2 is a relatively specific method of the invention for generating an amplitude-modulated optical output signal
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based on one or more phase-modulated optical input signals.
FIG. 3 is a plan view of a photonic transistor in accordance with the present invention, which incorporates in this
exemplary embodiment an interference area defined in a photonic bandgap (PBE) element and a nonlinear element.
FIG. 4 is a cross-sectional side elevation view of the photonic transistor of FIG. 3 taken along plane A - A’ of FIG. 3.
FIG. 5 is a graph of input electric field magnitude versus output electric field magnitude for a first implementation of
a nonlinear element in accordance with the present invention.
FIG. 6 is a plan view of a optical inverter gate in accordance with the invention, incorporating photonic transistors
therein.
FIG. 7 is a plan view of an optical NAND gate in accordance with the invention, incorporating photonic transistors
therein.
FIG. 8 is a block diagram of an optical circuit including a logic stage that processes one or more phase-modulated
optical input signals, and an output stage that converts the phase-modulated optical input signal(s) into an amplitude-
modulated optical output signal(s).
FIG. 9 is a block diagram of a specific embodiment of an optical circuit in accordance with the invention which
includes a logic stage using phase modulation to perform Boolean logic on optical input signals, and an output stage
receiving an output signal from the logic stage and converting its phase modulation into amplitude modulation.
FIG. 10 is a general method that can be performed by an optical logic circuit in accordance with the invention which
includes a logic stage and an output stage.

BEST MODE FOR CARRYING OUT THE INVENTION

[0028] The present inventions now will be described more fully hereinafter with reference to the accompanying draw-
ings, in which some, but not all embodiments of the invention are shown. Indeed, these inventions may be embodied in
many different forms and should not be construed as limited to the embodiments set forth herein; rather, these embod-
iments are provided so that this disclosure will satisfy applicable legal requirements. Like numbers refer to like elements
throughout.

DEFINITIONS

[0029] ’And/or’ means ’one, some, or all’ of the things immediately preceding and succeeding this phrase. Thus, ’A,
B and/or C’ means ’any one, some or all of A, B, and C.’
[0030] ’Downstream’ refers to a position or element that is further along an optical transmission path relative to a
reference point. It can also used to refer to the direction of travel of light in an optical device away from a reference point.
[0031] ’Substrate’ is a workpiece or starting material upon which a photonic bandgap (PBG) element is formed, or
which supports a guiding element. The substrate can be composed of one or more of numerous substances including
silicon (Si), silicon dioxide (SiO2), gallium arsenide (GaAs), gallium (Ga), boron (B), phosphorus (P), gallium phosphide
(GaP), gallium nitride (GaN), and possibly other materials.
[0032] ’Upstream’ refers to a position or element that is at a position toward the origination of light in an optical device
or circuit relative to a reference point. It can also refer to a direction toward the origination of light.
[0033] ’(s)’ or ’(ies)’ means one or more of the thing meant by the word immediately preceding the phrase ’(s)’. Thus,
"length(s)" means "one or more lengths."

METHODS

[0034] FIG. 1 is a general method of the invention for generating an amplitude-or phase-modulated optical output
signal using an optical input signal having a modulated phase to represent digital logic states. The method of FIG. 1 can
be implemented using an exemplary optical device 10 such as is shown in FIGS. 3, 4, 6 and 7.
[0035] In Step S10 of FIG. 1 a first optical input signal having phase modulation is received. The phase modulation
of the first optical input signal is used to represent its digital logic states. For example, a zero phase shift can represent
a high or "1" digital logic state and a phase shift of π radians, for example, can represent a low or "0" digital logic state.
The first optical input signal can be in the form of a series or train of phase shifts that represent a serial digital input. The
first optical input signal can be composed of single-mode, polarized light, for example. In Step S11 a second optical
input signal is received. The second optical signal can be an optical reference signal relative to which the phase-
modulation of the first optical signal is performed. Alternatively, it is possible that the second optical signal can itself be
phase-modulated to represent digital logic states so that both input signals are phase-modulated. The second optical
input signal can be composed of single-mode, polarized light of the same mode and polarization as the first optical input
signal. In Step S12 the phase-modulated first optical input signal is guided. This step can be performed by a photonic
bandgap (PBG) element or other component that has the ability to confine light along pathways that can turn abruptly.
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Other options for the element include integrated electronic micro-polymer substance, dielectric waveguides, and others.
In Step S 13 the second optical signal is guided. This can be performed by the same or similar element to those described
above with respect to the previous Step S12. In Step S14 the phase-modulated first optical input signal is filtered to
eliminate or at least reduce wavelengths that may otherwise cause noise or disturb the first optical input signal. In Step
S15 the second optical input signal is filtered to eliminate or at least reduce light at wavelengths outside those of the
first and second optical input signals that may otherwise constitute or produce noise or other disturbance of the second
optical input signal. The filtering of Steps S14 and S15 can be done by a photonic bandgap (PBG) element of an optical
device. In Step S16 the first and second optical input signals are combined to generate an optical interference signal
which has amplitude-modulation that is dependent upon the phase-modulation of the first optical signal, and optionally
also the second optical input signal if it is phase-modulated. In Step S17 nonlinear discrimination is performed to determine
logic states of the analog optical interference signal in order to generate the digital optical output signal. This amounts
to making a decision as to whether the amplitude of the optical interference signal denotes one logic state or the other.
Linear discrimination of more than two logic levels is thus avoided in the method. Finally, in Step S18 the method of FIG.
1 concludes by outputting the optical output signal. The outputting step can be used to provide the optical output signal
to a downstream element such as another optical device. Alternatively, the output element can be a transmission medium
such as an optical fiber or waveguide.
[0036] FIG. 2 is another more specific method of the invention. The method of FIG. 2 can be carried out by an optical
device 10 such as that illustrated in FIG. 3. In Step S20 the method of FIG. 2 is characterized by generating a first optical
input signal. This can be done by a light source such as a laser which generates coherent light. Ideally, this light should
be polarized with single-mode, although this is not to exclude the possibility that light of other properties may be used.
In Step S21 the first optical input signal is focused. This can be accomplished with a focusing element such as a convex
lens. In Step S22 the first optical input signal is received. This step can be done by the input opening of a pathway
defined in an optical device 10. In Step S23 the phase of the first optical input signal is modulated. This can be done by
a phase modulation element such as a piezoelectric unit. The piezoelectric unit can be responsive to an electric modulation
signal that defines the phase modulation to be obtained through the expansion or constriction of the piezoelectric unit
which modifies the effective path length experienced by the first optical input signal. Effective path length is defined as
the index of refraction of the material and/or medium through which the first optical input signal travels multiplied by the
length(s) of the material and/or medium. Alternatively, the phase modulation element can comprise an optical modulation
element that receives an optical modulation signal and changes its index of refraction in response to the amplitude of
the optical modulation signal to produce the phase-modulation of the optical input signal. In Step S24 the first optical
input signal is guided. This step can be accomplished by a pathway free or relatively free (except for perhaps a filter) of
periodic structures of a guiding element, which enable the first optical input signal to travel along the pathway with less
attenuation than otherwise. In Step S25 the first optical signal is filtered. This can be accomplished by the guiding element
itself due to the filtering of the first optical input signal caused by its periodically-spaced structures. In addition, the filtering
of the first optical input signal can be performed by the presence of periodic structures in the pathway followed by the
first optical input signal, that permit only the wavelength of the optical input signal to propagate in the guiding element.
[0037] Steps S26-S31 of FIG. 2 are similar to respective steps S20-S25, but are performed for the second optical
input signal. In Step S26 the second optical input signal is generated. This can be accomplished by a light source such
as a laser. Optimally, the second optical input signal should be single-mode and polarized the same as the first optical
input signal, although this is not to exclude other possibilities. In Step S27 the second optical input signal is focused.
This step can be accomplished by a focusing element such as an optical lens to focus the second optical input signal
onto an input opening of the optical device. In Step S28 the second optical input signal is received. This can be accom-
plished by the input opening to the optical device. In optional Step S29 the phase of the second optical input signal can
be modulated. This can be done if both the first and second optical input signals are to be modulated to contain phase-
represented data. In Step S30 the second optical input signal is guided. This step can be performed by a pathway defined
within the optical device that is free or relatively free (except for a filter) of periodic structures of the guiding element. In
Step S31 the second optical input signal can be filtered. This can be performed by the structures constituting the guiding
element. In addition, the filtering can be performed by one or more structures positioned in the pathway defined for the
second optical input signal.
[0038] In Step S32 the phase-modulated first optical input signal and the second optical input signal (whether it is a
phase reference or is itself phase-modulated) are combined together to generate an optical interference signal. The
optical interference signal has an amplitude that is modulated according to the phase-modulation of the first optical input
signal, and optionally also the second optical input signal. In Step S33 the logic states of the optical interference signal
are nonlinearly discriminated in order to generate the optical output signal. This can be performed by a nonlinear element
that permits no light output unless the amplitude of the optical interference signal exceeds a threshold level defining the
dividing point between high- and low-amplitude logic states. In Step S34 the optical output signal is guided for output.
This can be performed by an output pathway of the optical device that is free of periodic structures of the guiding element.
In Step S35 the optical output signal is focused on an output element to which the optical output signal is to be passed.
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Finally, in Step S36 the optical output signal is output. The optical output signal can be output by the optical device to
an output element such as an optic fiber and/or another optical device, for example. Because in this embodiment the
optical output signal is amplitude-modulated, it comports with most devices used in the optical industry which represent
optical data with amplitude-modulated signals.
[0039] It should be appreciated that because interference between two or more optical input signals is used to generate
the output signal using phase modulation, the logic state of the optical output signal can be maintained stably for as long
as a particular use of the method requires. Thus, despite the propagating nature of light, use of phase modulation of the
input signal, interference, and nonlinear discrimination results in an optical output signal having stable digital states that
can persist as long as desired, as opposed to being valid for only one limited interval of time as with previous technologies.
In addition, because the optical output signal is amplitude-modulated, it is compliant with most optical equipment used
in the telecommunications, computing, and information technology industries.

OPTICAL DEVICE

[0040] FIG. 3 is a view of a photonic device 10 in accordance with one embodiment of the invention. Because this
device 10 functions as an optical switch, the device 10 may be referred to herein as a ’photonic transistor’.
[0041] In FIG. 3 the photonic device 10 is characterized by a guiding element 12. The photonic device 10 can comprise
a substrate 14 upon which the guiding element 12 is formed. The guiding element 12 can be a photonic bandgap (PBG)
element composed of periodically-spaced structures 16 arranged in an array on the substrate 14. The structures 16 are
fixed at one end or side thereof to the substrate 14, and extend upwardly from the substrate 14 so that light traveling
transversely to such structures 14 (thus, parallel with the upper major surface of the substrate) encounters and reacts
to the presence of the structures according to the wave properties of light.
[0042] The spacing of the structures 16 from each adjacent structure is preferably made to be: 

[0043] Hence, for example, in the specific case in which the optical input signal and the optical reference signal are
implemented from light with a wavelength of 1.55 microns, and the structures 16 are composed of silicon (Si) with an
index of refraction of approximately 3.5 for light at a wavelength of 1.55 microns, the spacing of the structures 16 can
be made to be (1.55 microns / 3.5) = 0.44 microns. Thus, for a guiding element 12 formed from silicon (Si), the structures
16 can positioned at periodic spacing of 0.44 6 0.04 microns relative to their nearest neighboring structures 16, in order
to operate effectively using light of 1.55 micron. The spacing of the structures 16 is measured from the centers of adjacent
cylinders. The width or diameter of the structures 16 shifts the band gap in wavelength and changes attenuation properties.
Specifically, a larger structure width for a given structure spacing lowers the wavelength of the band gap and increases
attenuation assuming the refractive index of the material composing the structure (e.g., silicon) is greater than that of
the medium between the structures (e.g., air). Conversely, a smaller structure width for a given structure spacing shifts
the wavelength of the band gap upward for light that can exist in the guiding element 12, and also decreases its attenuation.
In terms of the height of the structures 16 extending upwardly from the substrate’s upper surface, the structures can be
made to a height at least as great as the beam diameter of the optical signals traveling in the guiding element 12. In
terms of their width or diameter, the structures 16 can be made sufficiently large so that the optical signals interact with
such structures, yet at the same time should not be so wide or large in diameter to attenuate the optical signals too
severely to be detectable at the output of the device 10. Typically, the width of the structures can be 20-50% of the
spacings of the structures 16, for example.
[0044] The structures 16 can have numerous configurations. For example, the structures 16 can be cylindrical or rod-
like, with ends attached to or integrally formed with the substrate 14. Alternatively, or in addition, the structures 14 can
have a cube, parallelepiped, spherical or semi-spherical (e.g, the form of a sliced sphere such as a hemisphere) con-
figuration, for example. In the case in which the structures 16 are initially separate elements from the substrate 14, the
structures 16 can be attached to the substrate 14 using adhesive, brazing, welding, sintering, or other techniques used
in nanotechnology processing, for example. Alternatively, the structures can be formed integrally on the substrate 14 in
one of numerous ways. For example, the structures 16 can be formed using a lithographic technique involving spinning
a uniformly thick photo-sensitive resist layer onto the substrate 14 with a spinning machine, exposing the resist layer to
light patterned by a mask with a lithography projection system, developing the resist layer with a chemical substance,
hardening the resist layer by baking it in an oven, and selectively etching the substrate in areas not protected by the
resist layer, to form the structures 16. The etching can be carried out by reactive ion etching (RIE) or chemical etching
in process chambers, as is well known in the semiconductor, micro-electronics, micro-optics, nanotechnology, and other
industries. Alternatively, or in addition, electron beam lithography can be used to machine the structures 16 from the
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substrate 14. This technique is relatively precise although is generally more time-consuming than RIE or chemical etching
given the state of existing technology. As yet another option, the substrate 14 can be masked using a resist layer to
form areas in which material (silicon, for example) can be deposited using metal oxide chemical vapor deposition
(MOCVD) or other deposition technique. Other suitable techniques for forming the structures 16 are well-known or may
readily occur to those of ordinary skill in the art.
[0045] Use of materials such as silicon (Si) or gallium arsenide (GaAs) to form the guiding element 12 is advantageous
from the standpoint that there are numerous mature technologies for processing such materials in order to produce the
structures 16 in the guiding element 12. However, this is not in any way intended to limit application of this invention to
only the use of silicon (Si) or gallium arsenide (GaAs) to form the guiding element 12, as there are numerous other
substances or substance combinations and corresponding well-known processing technologies that can be used to form
the structures 16.
[0046] Due to the refractive index differences between the material composing the structures 16 and the surrounding
medium 19, as well as the spacing of the structures 16 from one another, light propagating in the guiding element 12 is
limited to only open areas such as the pathways 18, 20, 24 and interference area 26. Elsewhere in the guiding element
12, light is highly attenuated. A consequence of this fact is that the structures 16 of the guiding element 12 also reject
light of wavelengths outside of those which can exist in such guiding element 12. Thus, optical noise that would otherwise
degrade the signal-to-noise ratio (SNR) of the optical device 10 is significantly attenuated by the guiding element 12.
Therefore, in addition to permitting transmission of light of wavelengths for which the guiding element 12 has been
designed, the guiding element 12 also filters out wavelengths that are not of interest or may be considered noise that
would otherwise degrade the SNR of the optical signals traveling in the guiding element 12.
[0047] The pathways 18, 20 can be formed by the absence of some or all structures 16 along such pathways, thus
providing transmission paths that attenuate light to a lesser degree as compared to other directions in which the light
may travel in the guiding element 12. Normally, the medium 19 filling the pathways 18, 20 is ambient air. However, in
some applications in which less attenuation of the light is desired and economic considerations so permit, it may be
desirable to evacuate the air medium from the inside of the device 10 with a pump during manufacture to create a vacuum
within the optical device 10, in which case the optical device 10 is formed as an airtight enclosure. The optical device
10 can comprise a cover 21 placed over and adhered, brazed, welded, sintered, screwed or otherwise fixed to peripheral
ridge 23 of substrate 14 to seal the guiding element 12 in an airtight manner. Use of the cover 21 may in any case be
advantageous to protect the guiding element 12 and other components as well as to prevent dust or debris from reducing
performance of the optical device 10.
[0048] In FIG. 3, the guiding element 12 is formed to define pathways 18, 20. At their input ends, the pathways 18,
20 receive and permit transmission of a first optical input signal 22 and a second optical input signal 24, respectively.
The first and second optical input signals 22, 24 should ideally be polarized, single-moded light, although this does not
exclude use of other types of light. The first optical input signal 22 can be received by the optical device 10 in a form
that is phase-modulated to represent data by different digital logic states. Alternatively, the optical device 10 can comprise
a phase modulation element 15 to phase-modulate the first optical input signal according to a first modulation signal.
The phase modulation element 15 is illustrated in broken line to signify that is optionally included in the optical device
10, and may not be necessary in the case in which phase modulation of the first optical input signal 22 is performed by
an element upstream of the optical device 10. The first modulation signal can be electric in which case the phase-
modulator 15 can be implemented as a piezoelectric unit that modifies the effective path length that is experienced by
the first optical input signal 22, and thus changes its phase. Alternatively, the first modulation signal can be optical in
which case the phase modulation element 15 can be implemented as a material that changes its refractive index according
to the optical intensity of the first modulation signal. Optically-stimulated materials that can be used for this purpose
include materials that are electro-optic, i.e., can absorb the incoming light and generates free electrons and/or holes.
The presence of the electrons and/or holes changes the refractive index of the electro-optic material. Methods for their
manufacture and use are well-known to those of ordinary skill in the art. Regardless of how phase modulation of the first
optical input signal 22 is accomplished, its phase represents the digital logic state of the signal. Thus, for example, a
zero radian phase shift of the optical input signal 22 relative to the optical reference signal 24 can denote logic level "1"
whereas a π radian phase shift of the optical input signal 22 relative to the optical reference signal 24 can denote logic
level "0".
[0049] The second optical input signal 24 can be a reference signal that carries no digital data, but is instead used to
establish a reference phase against which the phase of the first optical input signal 22 can be compared. Alternatively,
the second optical input signal 22 can itself be modulated within or without the optical device 10. In the case in which
the modulation of the second optical input signal 24 occurs within the optical device 10, the optical device 10 can comprise
a phase modulation element 17 which is indicated in broken line to indicate that it is an optional element. As with the
phase modulation element 15, the element 17 can be electrically or optically driven. Thus, the second modulation signal
can be electronic in which case the phase modulation element 17 can be implemented as a piezoelectric unit, for example,
to vary the phase of the second optical input signal according to the digital state of the second modulation signal.
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Alternatively, the second modulation signal can be optical in form, in which case the amplitude or intensity of the second
modulation signal is directed to the phase modulation element 17. In this case, the phase modulation element 17 is
implemented as a material that changes its index of refraction in dependence upon the amplitude or intensity of the
second modulation signal 29 in order to vary the phase of the second optical input signal according to the state of the
second modulation signal 29.
[0050] The optical input signal 22 and optical reference signal 24 travel via respective pathways 18, 20 to the interference
area 26 where they meet and interfere with one another. Unlike the first optical input signal 22 (and optionally the second
optical input signal which can also be phase-modulated), the resulting optical interference signal 28 is amplitude-mod-
ulated. More specifically, if a zero phase shift exists between the first optical input signal 22 and the second optical input
signal 24, which coincides with the state of the second optical input signal 24, the first and second optical input signals
22, 24 constructively interfere in the interference area 20 to produce the optical interference signal with an amplitude
that is the sum of the amplitudes of the optical input signal and the optical reference signal. Conversely, if a phase shift
of π radians exists between the first and second optical input signals, then the optical input signal and the optical reference
signal destructively interfere so that the amplitude of the optical interference signal is the difference between the ampli-
tudes of the first and second optical input signals. Ideally, the first and second optical input signals have the same (or
close to the same) amplitude so that the optical interference signal has a logic level "1" that is twice the amplitude of
either signal, and a logic level "0" that is zero. This enables the logic levels "1" and "0" to be readily nonlinearly discriminated
between the two signals by nonlinear element 30. This does not, however, exclude the possibility that the optical input
signal and optical reference signal can be of significantly different amplitudes and yet be used effectively in the optical
device 10. However, if the amplitude of one of the optical input signal and the optical reference signal is significantly
larger than the other, then nonlinear discriminating between logic states can be more difficult because the change in
signal amplitude due to constructive or destructive interference is less detectable.
[0051] From the interference area 26, the optical interference signal 28 travels to the nonlinear element 30. The
nonlinear element 30 functions to nonlinearly discriminate between the logic levels "1" and "0" from the analog amplitude
of the optical interference signal 28. The nonlinear element 30 can be implemented in a variety of different ways. For
example, the nonlinear element 30 can be a grating, quantum dot array, laser, cavity, PBG cavity, amplifying cavity,
non-resonant amplifier, etc. that receives the optical interference signal 28. If the optical interference signal 28 is at a
logic level "1", then the amplitude of the optical interference signal 28 is sufficient to be transmitted to the output of the
nonlinear element 30 to produce a relatively large amplitude in the optical output signal 32 to represent digital logic state
"1". Conversely, if the optical interference signal 28 is at a logic level "0", then the amplitude of the optical interference
signal 28 is not sufficient to cause the nonlinear element 30 to transmit appreciable light as the optical output signal 32.
Accordingly, in this case, the optical output signal 32 generated by nonlinear element 30 has zero (or at least a relatively
low intensity compared to the intensity of the digital logic "1" state) to represent the digital logic state "0" state. To limit
the wavelength of laser light output as the optical output signal 32, the nonlinear element 30 can be implemented as a
distributed-feedback (DFB) laser. The DFB laser incorporates a grating that limits wavelength of light output as the
optical output signal 32. The DFB grating should be designed to be effective to generate laser light at the wavelength
of the optical interference signal 28 received as its input, or more generally, the wavelength of light that can be transmitted
in the guiding element 12. The laser can receive electric power from a conductor 33 attached to an external power supply
(not shown in FIG. 1). The nonlinear element 30 would be ideally be implemented as a laser if necessary to boost the
output power of the optical output signal 32. Feeding the output of such a boosted optical output signal 32 into another
cascaded photonic transistor in a logic circuit can make it difficult to nonlinear discriminate logic states in such downstream
photonic transistors. However, if the guiding channel has significant attenuation, boosting the signal may be needed to
maintain appreciable input intensities at the next transistor’s input. Moreover, if the nonlinear element 30 of the optical
device 10 is the last element encountered by the optical output signal 32 prior to transmission to another external device,
then implementation of the nonlinear element 30 as a laser can be advantageous to ensure a strong output signal 32
for use by a downstream device.
[0052] The guiding element 12 defines an output pathway 34 which receives and guides the optical output signal 32
from the nonlinear element 30 to the output of the device 10. Like the pathways 18, 20, the output pathway 34 can be
formed be the absence of (or fewer) structures 16 along its extent, thus providing a relatively low attenuation of light
traveling along the output pathway 34. The phase of the optical output signal 32 at the output of the device 10 can be
defined by the length of the output pathway 34 from the output end of the nonlinear element 30 to the output of the
optical device 12. Thus, the coupling of the optical device 12 to an output element to receive the optical output signal
32 can be done so as to match a target phase desired as the input to such output element to which the optical device
10 is optically coupled.
[0053] FIG. 4 is a cross-sectional view of the optical device 10 taken along the plane A-A’ in FIG. 1. As shown in FIG.
2 the structures 16 extend upwardly from the upper surface of the substrate 14. The ridge 23 also extends upwardly
from the substrate 14. The structures 16 and the ridge 23 meet flushly with the cover 21. The substrate 14 and the cover
21 as well as the structures 16 can be formed of a material that is reflective to the wavelength of the first and second
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optical input signals 22, 24 to reduce attenuation of these signals that would otherwise occur if these elements were
opaque to the signals. As previously described, the substrate 14 defines an interference area 26 at which the first and
second optical input signals 22, 24 meet and interfere, resulting in the optical interference signal 26. The nonlinear
element 30 receives and nonlinearly discriminates the optical interference signal 28 to produce the optical output signal
32 which passes out of the device 10 via the output pathway 24. Medium 19 such as ambient air occupies spaces
between structures 16, the pathways 18, 20, 24, and the interference area 26. Alternatively, as previously described,
the air medium 19 can be evacuated from the device 10, in which case the device 10 must be sealed in an air-tight
manner. Also shown in FIG. 2, a cross-section of the conductor 33 insulated by insulator 35 which surrounds the conductor
33 is shown. This is an optional element used that can be used to power the nonlinear element 30 in the instance in
which it is implemented as an element such as a laser requiring power for operation. The insulator 35 can be formed in
the substrate 14 in numerous ways. For example, if the substrate 14 is formed of silicon, a trench 36 can be formed in
the substrate 14 by reactive ion etching, wet etching, and/or chemical etching. Areas other than the trench 36 can be
masked by a resist layer and the trench 36 exposed to oxygen in a process chamber. The insulator layer 35 can thus
be formed. Another resist layer can be used to selectively deposit the conductor 33 such as gold (Ag), platinum (Pt),
aluminum (Al), copper (Cu) or other metal or alloy in order to form the conductor 33. The conductor 33 is electrically
connected at one end to the nonlinear element 30 and at its other opposite end is electrically connected to an external
power supply.
[0054] FIG. 5 is a graph of output electric field magnitude for the optical output signal 32 output by the nonlinear
element 30 relative to the input electric field magnitude of the optical interference signal 28 received by the nonlinear
element 30. As can be seen from FIG. 3 the magnitude of the phase-modulated optical input signal 22 and the optical
reference signal 24 are relatively close to one another in magnitude so that constructive interference results in a magnitude
of the optical interference signal 32 that is twice the amplitude of either signal, representing a digital logic "1" state.
Conversely, if the first and second optical input signals are π radians out-of-phase, then the optical output signal 32
generated by the optical device 10 has a "0" or low logical state. By implementing the nonlinear element 30 so that its
trigger point is at 1.5 times the amplitude of the first and second optical input signals 22, 24, an amplitude of the optical
interference signal 28 that is significantly less than 1.5 times the amplitude of either of the first and second optical input
signals 22, 24 can be nonlinearly discriminated as a low or "0" logic state whereas an amplitude significantly more than
1.5 times the amplitude of either of the first and second optical input signals 22, 24 can be nonlinearly discriminated to
be in a logical high or "1" state. This is not intended to exclude the possibility that the threshold level at which the nonlinear
element 30 nonlinear discriminates the level of the optical output signal 32 can be set to other effective levels, such as
any value over 1.0 times the amplitude of the first and second optical input signals, for example.
[0055] It can be proven that a Boolean logic expression can be implemented electronically or photonically with at most
two cascaded levels NAND gate(s) with as many inverter(s) as needed to implement the logic. FIGs. 6 and 7 are photonic
inverter and NAND gates, respectively, that can be used as the basis to implement an optical circuit to map logical states
of optical input signals to a logical state of an output signal according to specified Boolean logic. The gates of FIGs. 6
and 7 can thus be used to implement virtually any Boolean logic expression by connection together as appropriate.
These gates can be constructed similarly to the photonic transistor 10 of FIG. 3. However, importantly, in the logic gates,
the output of the photonic transistor(s) in the gates is phase-modulated: nonlinear amplitude discrimination is used to
determine whether any output carrying phase-modulated signal is present at the output of a photonic transistor. Thus,
in a logic gate, the output signal of a photonic transistor has a phase-represented logic state.

OPTICAL LOGIC GATES AND CIRCUIT

[0056] FIG. 6 is a plan view of a photonic logic gate 100 which functions as an inverter. More specifically, the gate
100 produces a phase-modulated output signal that has a logic state that is inverted relative to the logical state of the
phase-modulated optical input signal. The circuit 100 is characterized by two photonic transistors 10a, 10b including
interferences areas 107a, 107b defined in guiding element 102, and nonlinear elements 110a, 100b. The guiding element
102 can be formed on a substrate 104 of the photonic logic gate 100, and can comprise periodically-spaced structures
103 if implemented as a PBG element. The guiding element 102 defines input pathway 106 characterized by an input
section 106a that separates into sections 106b, 106c. The guiding element 102 also is characterized by an input pathway
108 composed of sections 108a, 108b which meet with sections 106b, 106c at respective interference areas 107a, 107b.
The circuit 100 also is characterized by non-linear elements 110a, 110b positioned in respective sections 112a, 112b
receiving light from respective interference areas 110a, 110b. Finally, the guiding element 102 defines an output pathway
114 extending from where the sections 112a, 112b meet to the output of the photonic logic gate 100. The length of the
output pathway 114 can be defined so as to achieve a desired phase for the optical output signal 128 at the input of a
downstream element 132. Note that because the guiding element 102 is implemented as a PBG element in this example,
the optical signals propagating in the gate 100 can take very abrupt turns. This is advantageous from the standpoint of
reducing the area occupied by the gate 100 on the substrate 104. More specifically, the ability to turn at an angle of π/3
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radians or greater can be used to implement relatively complex optical circuits in a relatively small area of a substrate
rather than requiring use of mirrors or elongation of the gate configuration along the direction of propagation of light to
avoid sharp turns that would cause light to escape a waveguide. The optical inverter 100 of FIG. 6 can define a peripheral
ridge 136 upon which is positioned cover 134 to protect the elements of the photonic logic gate 100.
[0057] In the exemplary embodiment of FIG. 6, the input pathway 106 including sections 106a, 106b, 106c, input
pathway 108 including sections 108a, 108b, 108c, interference areas 107a, 107b, and intermediate sections 112a, 112b,
124a, 124b, and output pathway 114 are formed by the absence of structures 103 along their extents, rendering these
pathways relatively transmissive. Outside of the pathways, light is greatly attenuated. The guiding element 102 tends
to filter the light traveling in its pathways so that only light of the wavelength for which the photonic gate 100 was designed
can propagate within it. By attenuating light in areas outside of the transmissive pathways and interferences areas of
the gate 100, multi-path effects and crosstalk between different photonic circuits and pathways can be avoided to achieve
optical isolation of the photonic transistors and circuits formed on a substrate. The combined length of all joined pathways
(namely, combined pathways 108a, 108b, 125a, 112a, combined pathway 106a, 106b, 125a, 112a, combined pathway
108a, 108c, 125b, 112b, and combined pathway 106a, 106c, 125b, 112b) from the points of input of the optical input
signals 120, 122 to the output of pathway 114 at the junction of the sections 112a, 112b, is equal to (λ / RI) * m in which
λ is the wavelength of the optical input signals 120, 122, RI is the index of refraction of the material composing structures
103, and m is a positive integer. The phase-shift element L1 can be provided in the input pathway 108a of the guiding
element 102, to invert the phase of the optical reference signal 122 output by the phase-shift element L1 by π radians
relative to its input. Similarly, phase-shift elements L2, L3 can be provided in sections 112a, 112b. The phase-shift
elements L1, L2, L3 are of a length (λ / RI) / 2 in which λ is the wavelength of the optical input signals 120, 122, RI is
the index of refraction of the material composing the respective element L1, L2, L3.
[0058] The phase-modulated optical input signal 120 is received by the photonic logic gate 100 from an external source
at the input pathway 106. The external source can be an input element such as either or both of an optical fiber or the
output of an upstream optical device, for example. It can be coupled in a light-tight manner to the input pathway 106 by
feeding an optical fiber into the input pathway 106 and sealing the same with epoxy, a coupler, or other light-tight fitting.
Aperture 135 defined in the cover 134 can be used to permit passage and coupling of the optical fiber for this purpose.
The photonic logic gate 100 can comprise a lens 118a to focus the optical input signal 120 from the external source into
the input pathway 106. The lens 118a can be used to enhance the coupling coefficient of the optical input signal 120
input to the input pathway 106. The phase-modulated optical input signal 120 travels down input sections 106a, divides
into sections 106b, 106c, and travels to respective interference areas 107a, 107b.
[0059] The photonic logic gate 100 can also comprise a light source 105 such as a laser. The light source 105 generates
a second optical input signal 122, in this case an optical reference signal, relative to which the phase of the optical input
signal 120 can be determined. The coherence length of the laser should ideally be longer than the path traveled by the
light it generates to the output of the optical circuit of which the gate 100 is a part (the same constraint applies to the
optical input signal 120, i.e., it must be coherent along the path of its travel from the input to the output of the optical
circuit of which the gate is a part). The second optical input signal 122 travels from source 105 down section 108a,
divides into sections 108b, 108c, the portion traveling in section 108a is phase-shifted by element L1, and the light in
sections 108b, 108c travels to the respective interference areas 107a, 107b. In these areas, the first and second optical
interference signals 120, 122 meet and interfere to produce optical interference signals 124a, 124b. These signals 124a,
124b are nonlinearly discriminated by respective nonlinear elements 110a, 110b to produce optical output signals 126a,
126b which travel in sections 112a, 112b extending from respective interference areas 107a, 107b to the output pathway
114 where the sections 112a, 112b meet. The signals 124a, 124b are phase-shifted by respective elements L2, L3 in
corresponding sections 112a, 112b.
[0060] The optical logic gate 100 of FIG. 6 operates so that if the phase-represented logic state of the optical input
signal 120 is high or "1" then the phase-represented output signal 128 has a low or "0" state. Conversely, if the phase-
represented logic state of the optical input signal 120 is low or "0" then the phase-represented output signal 128 has a
high or "1" logic state.
[0061] More specifically, if the logic state of the output input signal 120 is high or "1", then the optical input signals
120, 122 destructively interfere at interference area 107a due to the phase-shift induced by element L1. This produces
an optical interference signal 126a that is nonlinearly discriminated to be a no-light condition by the nonlinear element
110a. Thus, effectively no light is provided to the optical interference area 107c from the nonlinear discriminator 110a,
and the photonic transistor 10a thus has no impact on the optical output signal 128 in this case. Conversely, a portion
of the optical input signals 120, 122 travels down respective sections 106a, 106c and 108a, 108c to meet and interfere
in interference area 107b. This produces an optical interference signal 124b that is nonlinearly discriminated by the
nonlinear element 110b to produce an optical output signal 126b with a phase-represented logical "1" state represented
by a zero radian phase shift relative to the reference signal. The optical output signal is delayed by the phase-shift
element L3 with length of (λ / RI) / 2, thus producing an optical output signal 128 with a low or "0" logical state represented
by a π radian phase shift relative to the optical reference signal 122. The optical output signal 128 is thus phase-modulated
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and is suitable for input to a downstream optical device configured to receive a phase-modulated input.
[0062] Conversely, if the optical input signal has a low or "0" state, then the signals 120, 122 constructively interfere
in area 107a, resulting in the optical interference signal 124a being nonlinearly discriminated by nonlinear element 110a
to produce an optical output signal 128 having light with a phase representing a low or "0" logical state. The optical
interference signal 124a is provided to the output pathway 114 after phase shift of (λ / RI) / 2 imposed by length L2 which
converts the phase-represented logic state into a logical high or "1" state. At interference area 107b, the signals 120,
122 are out-of-phase and thus destructively interfere. Thus, effectively no light passes through the non-linear element
110b so that it has no influence on the optical output signal 114 in this case. FIG. 7 is an optical NAND gate 200 to
perform NAND logic on optical input signals 220, 222. The optical NAND gate 200 is characterized by photonic transistors
10c, 10d, 10e, 10f characterized by respective interference areas 207a, 207b, 207c, 207d and nonlinear elements 211a,
211b, 211c, 211d. The interference areas 207a, 207b, 207c, 207d are defined in the guiding element 202, which in this
exemplary embodiment is implemented as a PBG element. The guiding element 202 defines input pathways 206, 208
receiving optical input signal 220 and input pathways 210, 212 receiving optical input signal 222. The respective focusing
elements or lenses 218a, 218b, 218c, 218d can be used to focus respective optical input signals 220, 222 into corre-
sponding pathways 206, 208, 210, 212. Optical input signals 220, 222 can be received from an upstream transmission
medium or device. These signals can be guided into the device via optical fibers or other waveguides through apertures
221 a, 221b, 221 c, 221d defined in the cover 234. Such optical fibers or waveguides can be fixed to the cover 234 at
apertures 221 a, 221b, 221 c, 221d in a light-tight manner using adhesive, epoxy, coupler, bushing or other device known
to those skilled in the art.
[0063] Light source 205 such as a laser generates optical input signal 224 received by pathway 213 defined by the
guiding element 202. The optical input signal 224 serves as a reference signal against which the phase of the optical
input signals 220, 222 are compared to determine their logic states by the phases of such signals. The coherence length
of the light source 205 is ideally greater than the longest path taken by the light it generates through the pathways of
the optical device to its output. If the optical device 200 is used with other devices in a circuit, then the coherence length
of the laser light should optimally be as long as the longest pathway taken by the optical input signal 224 through the
optical circuit. The guiding element 202 defines a pathway 213a which receives the optical input signal 224 and guides
the light to pathways 213b, 213c where this light divides. A portion of the optical input signal 224 travels through pathway
213b to interference area 207a where it meets and interferes with optical input signal 220 from the pathway 206. The
resulting interference signal 226a travels down pathway 225a defined in the guiding element 202 to the interference
area 207b where it meets and interferes with the optical input signal 222 from the input pathway 210. The resulting
interference signal 226c travels down pathway 225b where its logic state is nonlinearly discriminated by nonlinear element
211b to produce optical output signal 226d. The resulting signal 226d with determined logic state travels to junction 209a
via pathway 227a defined in the guiding element 202. The nonlinear elements 211a, 211b are such that if destructive
interference occurs at either of the interference areas 207a, 207b, then effectively no light reaches the junction 209a
from the photonic transistors 10c, 10d.
[0064] A second portion of the light generated by the light source 205 travels down the section 213c and encounters
phase-shift elements L1, L2 in pathways 213d, 213e defined in the guiding element 202. The phase-shift elements L1,
L2 impose a (λ / RI) / 2 phase shift on the optical signal 224. From the phase-shift elements L1, L2, the delayed optical
input signal 224 travels to respective interference areas 207c, 207d to meet and interfere with respective optical input
signals 220, 222. The resulting optical interference signals 226e, 226f are nonlinearly discriminated by respective non-
linear elements 211 c, 211 d to produce respective optical output signals 226g, 226h. The optical output signal 226h
travels to the junction 209a via pathway 227h. From there, one of the optical output signal signals 226d, 226h (they will
not simultaneously exist, but are only present if the logical state of the optical input signals 220, 222 so permits) travels
down the pathway 227c to the junction 209b. Similarly, the optical output signal 226g travels to junction 209b. Depending
upon the logic states of the input signals 220, 222, one or more of the optical output signals 226d, 226g, 226h generated
by the input signals 220, 222 travels down the output pathway 214 defined in the guiding element 202 and is output to
a downstream optical device or element 232, optionally via the lens 218e, as the optical output signal 228. The optical
output signal 228 is the ultimate output of the optical NAND gate 200. Except for the phase-shift elements L1, L2, L3,
the pathways followed by the signals 220, 222, 224 from input to output are in the NAND gate 200 are equal to (λ / RI)
* m as previously defined.
[0065] Under NAND logic the following truth table applies to the gate 200:

Table 1. NAND Truth Table for Gate 200

Input Signal 220 Input Signal 222 Output Signal 228

0 0 1

0 1 1
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[0066] To confirm that the gate 200 of FIG. 7 behaves in this manner, if the optical input signals 220, 222 are low or
"0" state, then the following occurs in the gate 200. The optical input and reference signals 220, 224 travel down respective
pathway sections 206, 213a, 213b to the interference area 207a where destructive interference occurs. Hence, effectively
no light passes from the interference area 207a down the section 215a to the interference area 207b. The optical input
signal 222 travels down pathway 210 to the interference area 207b. Because the amplitude of this signal is insufficient
to surpass the amplitude threshold of the nonlinear element 226c, the photonic transistors 10c, 10d have no contribution
to the optical output signal 228 if the optical input signals 220, 222 are both in a low or "0" logical state. With respect to
the photonic transistors 10e, 10f, the optical reference signal 224 travels from light source 205 down section 213c, and
divides into two portions down the sections 213d, 213e where they are delayed by phase-shift elements L1, L2, converting
the logical states of these signals to a low or "0" state. The optical input signals 220, 222 travel down respective pathway
sections 208, 212 to respective interference areas 207c, 207d where constructive interference occurs. The resulting
optical interference signals 226e, 226f travel down respective sections 227e, 227f to the nonlinear elements 211c, 211d,
respectively, in which these signals are subjected to nonlinear discrimination. The resulting optical output signals 226g,
226h have a phase-represented low or "0" logical state, and travel down respective pathway sections 227g, 227h, and
227c to the junction 209b where they constructively interfere. The resulting optical output signal 228 is delayed by phase-
shift element L3 to invert its logic state, producing an optical output signal having a high or "1" logical state.
[0067] If the optical input signal 220 has a low or "0" logical state, and the optical input signal 222 has a high or "1"
logical state, then the optical input signal 220 travels down pathway 206 to the interference area 207a, and the optical
reference signal 224 travels down the pathway section 213b to the interference area 207a where destructive interference
occurs, producing an optical interference signal 226a with a low or "0" logical state that travels down section 225a to
the nonlinear element 10c. Because the optical interference signal 226a has insufficient amplitude to overcome the
threshold of the nonlinear element 211a, the optical output signal 226a also has a low or "0" logical state. However, the
optical input signal 222 has a high or "1" logical state. It travels down the pathway section 210 to the interference area
207b where it destructively interferes with the optical output signal 226b. The resulting optical interference signal 226c
is nonlinearly discriminated as a low or "0" logical state by the nonlinear element 226c so that effectively no light reaches
the output pathway 214 from the photonic transistors 10c, 10d.
[0068] The optical reference signal 224 travels from light source 205 down the section 213c where it divides into
sections 213d, 213e, is delayed by phase-shift elements L1, L2, and further travels down sections 213d, 213e to respective
interference areas 207c, 207d. Destructive interference occurs at interference area 207d, resulting in no light from the
transistor 10f passing to the output pathway 214. The optical input signal 220 travels down pathway 208 and meets and
constructively interferes with the phase-delayed optical reference signal 224. The resulting optical interference signal
226e travels down section 227e to the nonlinear element 211c in which it is discriminated. The resulting optical output
signal 226g has a low or "0" logical state. It further travels down pathway 227g to the output pathway 214, is phase-
delayed by the element L3 to produce an optical output signal 228 with a high or "1" logical state. The optical output
signal 228 is thus output with a high or "1" logical state, as expected for an optical input signal 220 with a low or "0"
logical state, and an optical input signal 222 with a high or "1" logical state from Table 1 above.
[0069] If the optical input signal 220 has a high or "1" logical state and the optical input signal 222 has a low or "0"
logical state, then the following occurs in the NAND gate 200. The optical reference signal 213 travels down the section
213b to the interference area 207a where it meets with and constructively interferes with the optical input signal 220
traveling down pathway 206. The resulting optical interference signal 226a travels down section 225a to the nonlinear
element 211a in which it is discriminated to have a high or "1" logical state. The resulting optical output signal 215a from
the photonic transistor 10c travels down section 226b to the interference area 207b. The optical input signal 222 travels
down the pathway 210 to the interference area 207b where it destructively interferes with the optical output signal 215a
to produce an optical interference signal 226c with low electric field amplitude. The optical interference signal 226c in
this case is nonlinearly discriminated to a low amplitude state so that effectively no light is output from the photonic
transistors 10c, 10d to contribute to the optical output signal 228. Referring now to the photonic transistors 10e, 10f with
the optical input signal 220 having a high or "1" logical state and the optical input signal 222 having a low or "0" logical
state, the optical reference signal 224 travels down section 213a, 213c, divides into sections 213d, 213e, is phase-
delayed by elements L1, L2, and travels to respective interference areas 207c, 207d. The optical input signal 220 travels
down pathway 208 to the interference area 207c where it destructively interferes with the phase-delayed optical reference

(continued)

Input Signal 220 Input Signal 222 Output Signal 228

1 0 1

1 1 0
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signal 224, producing an optical interference signal 226e with a relatively low amplitude state. The optical interference
signal 226e travels down section 227e to the nonlinear element 211 c, which nonlinearly discriminates this signal so
that effectively no light is output from such element. The photonic transistor 10e thus has no contribution to the optical
output signal 228 in this case.
[0070] At the photonic transistor 10f, the optical input signal 222 travels down pathway 212 to the interference area
207d where it meets and interferes with the phase-delayed optical reference signal 224. The resulting optical interference
signal 226f travels down the section 227f to the nonlinear element 211d. The nonlinear element 211d nonlinearly dis-
criminates the optical interference signal 226f to produce an optical output signal 226h having a phase-represented low
or "0" logical state. The optical output signal 226h travels down the sections 227b, 227c to the output pathway 214 where
it is delayed by phase-shift element L3, producing an optical output signal 228 with a high or "1" logical state. The NAND
gate 200 is thus confirmed to generated an optical output signal 228 with a high or "1" logical state if the optical input
signal 220 has a high or "1" logical state, and the optical input signal 222 has a low or "0" logical state.
[0071] Finally, the case in which the optical input signal 220 has a high or "1" logical state and the optical input signal
222 has a high or "1" logical state, the following occurs in the optical NAND gate 200. The optical reference signal 224
travels from the light source 205 down the sections 213a, 213b, and the optical input signal 220 travels down pathway
206, to the interference area 207a where these signals meet and constructively interfere, producing an optical interference
signal 226a that travels down section 225a to the nonlinear element 211a which nonlinearly discriminates this signal to
produce an optical output signal 226b with a high or "1" logical state. The optical output signal 226b travels down the
section 225b to the interference area 207b. The optical input signal 222 propagates down pathway 210 to the interference
area 207b where it meets and interferes with the optical output signal 226b from section 215a. These signals 222, 226b
constructively interfere in this case, producing an optical interference signal 226c that travels down the section 225b to
the nonlinear element 211b which nonlinearly discriminates the optical interference signal 226c to produce an optical
output signal 226d having a phase-represented high or "1" logical state. The optical output signal 226d travels down the
section 227c and is delayed by the phase-shift element L3 which effectively inverts the phase-represented logical state
of the optical output signal 226d so that the optical output signal 226d has a low or "0" logical state at the output of the
NAND gate 200.
[0072] The effect on the photonic transistors 10e, 10f if the optical input signals 220, 222 both have high or "1" logical
states is next considered. The optical reference signal 213 travels from the light source 205 through sections 213a,
213c, and divides into sections 213d, 213e where such signals are delayed by the phase-shift elements L1, L2. The
resulting phase-delayed signals 224 meet and destructively interfere with respective optical input signals at corresponding
interference areas 207c, 207d. The resulting optical interference signals 226e, 226f have insufficient amplitude to pass
the thresholds of the nonlinear elements 211 c, 211 d so that effectively no light is contributed to the optical output signal
228 from the photonic transistors 10e, 10f in this case.
[0073] FIG. 8 is a block diagram of an optical circuit 800 characterized by logic stage 802 and output stage 804. The
logic stage 802 is coupled to receive phase-modulated optical input signal(s), and is characterized by one or more gates
802a - 802x, x being a positive integer. The logic stage 802 can also be coupled to receive an optical reference signal
serving as a phase reference for one or more gates 802a - 802x. The logic gates 802a - 802x can be such as optical
inverter gate 100 of FIG. 6 and the optical NAND gate 200 of FIG. 7. In fact, it can be proven that any Boolean logic
circuit can be implemented by one or more inverter gates 100 and NAND gates 200. The description of the inverter gate
100 and NAND gate 200 herein is thus advantageous in that these gates can be combined together as necessary to
produce any Boolean logic expression. Based on the phase-modulated optical input signal(s), the one or more logic
gates 802a - 802x generate respective phase-modulated optical output signal(s). The logic stage 802, or more specifically,
the logic gates 802a - 802x, can be coupled to provide the phase-modulated optical output signal(s) to the output stage
804. The output stage 804 is characterized by one or more phase--to-amplitude-modulation (P/A) converters 804 coupled
to receive respective phase-modulated optical output signal(s), which converts this signal(s) into an amplitude-modulated
output signal(s) forming the output of the optical circuit 800. The P/A converter 804 can be such as the optical device
10 of FIG. 3 which converts phase-represented optical input signals into amplitude-modulated optical output signal.
Optionally, the output stage 804, or more specifically, the P/A converter(s) 804a - 804x, can be coupled to receive the
optical reference signal, and generates the amplitude-modulated optical output signal based not only on the phase-
modulated optical input signal(s), but also on the optical reference signal. Because much of the optical industry utilizes
equipment, transmission media, and protocols that require signals with amplitude-modulation, the optical circuit 800 of
FIG. 8 is advantageous in that it can readily perform Boolean logic with optical signals using stable phase-represented
logic states in its logic stage 802, to generate an amplitude-modulated output signal(s) in its output stage 804 that is
compatible with existing optical infrastructure such as optical fiber cables, transceivers, switches, routers, etc. In addition,
because any Boolean logic operation can be performed by the optical circuit, its usefulness in optical computing is readily
apparent. Moreover, because the phase-represented logic states are stable, they can be used to store data persistently.
These and numerous other benefits and advantages of the invention should now be apparent to those of ordinary skill
in the art.
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[0074] FIG. 9 is an optical logic circuit 900 characterized by a logic stage 902 and an output stage 904 for performing
a specific logic operation. In this particular example, the optical logic operation is carried out on optical input signals A,
B, C to generate an optical output signal with logical states determined by the following Boolean expression: 

in which ’ * ’ represents an AND operation and ’ + ’ represents an OR operation. To implement this expression with
NAND gates and inverters, double inversion (represented by double bars of Boolean expression) is used to produce the
following expression: 

[0075] Hence, as shown in FIG. 9, optical circuit 900 is characterized by a logic stage 902 characterized by NAND
gates 902a, 902b, and inverter 902c which are coupled to receive respective optical input signals A, B , C and the optical
reference signal. The NAND gates 902a, 902b, inverter 902c, and NAND gate 902d can be gates such as those of FIGS.
6 and 7. One can construct a three-input NAND gate by simply adding two photonic transistors, one in series with the
photonic transistors 10c, 10d, and one in parallel with the photonic transistors 10e, 10f with a phase-shift element, to
receive the additional optical input signal and to provide an optical output signal to the output pathway 214 of the optical
device. Additional photonic transistors and phase-shift element(s) can be added in this manner to form a NAND gate
accommodating virtually any number of input signals. The NAND gates 902a, 902b, inverter 902c, and NAND gate 902d
are coupled to receive an optical reference signal. The NAND gates 902a, 902b and the inverter 902c perform the logic
operations AB, ABC, C, respectively, on the received optical input signals A, B , C. The NAND gate 902d is coupled to
receive the optical output signals AB, ABC, C generated by the NAND gates 902a, 902b and the inverter 902c based

on respective optical input signals A, B , C, and generates an optical output signal  based thereon.

The NAND gate 902d is coupled to receive the optical output signals AB, ABC, C and the optical reference signal, and

generates an optical output signal  In the output stage 904, the phase-to-amplitude (P/A) modulation

converter 904a (such as the device of FIG. 4) converts the phase-modulated optical output signal 

into an amplitude-modulated optical output signal having an amplitude-modulated representation of the same phase-

modulated Boolean logic expression  The phase-modulated optical output signal 

is output from the optical circuit 900.
[0076] FIG. 10 is a method of the invention performed by an optical circuit such as that of FIG. 8. In step S1000 the
phase-modulated optical input signal(s) is received by the optical circuit. In Step S1001 the optical circuit receives the
optical reference signal. In Step S1002 the optical circuit performs a phase logic operation based on the phase-modulated
input signal(s) and the optical reference signal to generate a phase-modulated optical output signal. In Step S1003 the
optical circuit outputs a phase-modulated optical output signal. Steps S1000-S1003 can be performed by the logic stage
of the optical circuit. In Step S1004 the optical circuit receives the phase-modulated optical output signal from the logic
stage. In Step S1005 the optical circuit converts the phase-modulated optical output signal into an amplitude-modulated
optical output signal. In Step S1006 the amplitude-modulated optical output signal is output from the optical circuit. Steps
S1004-S1006 can be performed by the output stage 904.

ALTERNATIVES

[0077] The spacing of the structures defining the guiding elements disclosed herein can be made other than positive
integer multiples of full wavelengths, such as one-half or one-quarter wavelength, for example. With appropriate adjust-
ment of path lengths and delay elements L1, L2, such PBG elements can operate effectively at the wavelength of interest.
[0078] Although phase modulation of signals at 0 and π radians is disclosed herein, the phase modulation may be
done at 0 and π/2 radians or other distinguishable phase intervals that produce interference signals that permit nonlinear
discrimination of binary logic states. Assignment of logical levels can be done differently than disclosed herein. For
example, a logical "0" can be represented by no phase shift of a signal, and a logical "1" can be represented by a phase
shift of the signal.
[0079] Nor is the specific configuration of the structures 16 spaced in a grid along horizontal and vertical lines intended
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to limit the invention. The structures 16 could as well be spaced with every other row staggered and centered relative
to adjacent rows, as can be seen in the Asakawa publication, for example.
[0080] Although the specific PBG elements disclosed herein are two-dimensional structures, it is possible to implement
the optical devices disclosed herein with similar functions as previously described using one- or three-dimensional
structures, as will be readily apparent to those of ordinary skill in the art with the benefit of the teachings provided herein.
[0081] Many modifications and other embodiments of the inventions set forth herein will come to mind to one skilled
in the art to which these inventions pertain having the benefit of the teachings presented in the foregoing descriptions
and the associated drawings. Therefore, it is to be understood that the inventions are not to be limited to the specific
embodiments disclosed and that modifications and other embodiments are intended to be included within the scope of
the appended claims. Although specific terms are employed herein, they are used in a generic and descriptive sense
only and not for purposes of limitation.

INDUSTRIAL APPLICABILITY

[0082] The invention has applicability in numerous industries. For example, the disclosed photonic transistor, optical
logic gates, and related methods have application to optical computing, optical data storage, optical networking, and
telecommunications, for example.

Claims

1. An optical device arranged to generate an amplitude-modulated optical output signal, the optical device comprising :

an integrated photonic transistor (10) formed on a substrate, the photonic transistor having

a guiding element (12) formed of periodic structures having a spacing related to the wavelength of a first
phase-modulated optical input signal and a second phase-modulated optical input signal propagating there-
in, the guiding element further defining first and second pathways along which travel the first optical input
signal and the second optical input signal, respectively, and an output pathway, the first and second pathways
joining to form an interference area in which the first and second optical input signals interfere to form an
amplitude-modulated optical interference signal,
a nonlinear element (30) optically positioned between an output of the interference area and said output
pathway to receive the amplitude-modulated optical interference signal and nonlinearly discriminate the
optical interference signal to form an optical output signal having a digital logic state

2. The optical device (800) according to claim 1, wherein the periodic structures are spaced by the wavelength of the
first and second optical signals divided by the index of refraction of the material defining the structures.

3. The optical device (800) according to claim 2, wherein adjacent periodic structures are spaced by 0.44 6 0.04 microns.

4. The optical device (800) according to any of claims 1-3, wherein the first and second pathways and the interference
area are formed by the absence of periodic structures along the first and second pathways and interference area.

5. The optical device (800) according to any of the preceding claims, wherein the nonlinear element is characterized
by a laser.

6. The optical device (800) according to any of claims5, wherein the laser generates the optical output signal at 1.55
6 0.02 microns.

7. The optical device (800) according to any of claims 1-4, wherein the nonlinear element is characterized by a cavity.

8. The optical device (800) according to any of the preceding claims, wherein the effective length of the nonlinear
element and the output pathway at least in part define the phase of the optical output signal at an output of the
optical device.

9. The optical device (800) according to any of the preceding claims, further characterized by: a power supply integrated
on the substrate together with the nonlinear element and the guiding element and coupled to provide electric power
to the nonlinear element.
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10. The optical device (800) according to any of the preceding claims, further characterized by: a phase modulator
integrated on the substrate and situated in the first pathway to receive the first optical input signal and coupled to
receive a modulation signal, the phase modulator capable of changing the phase of the first optical input signal to
generate the phase-modulated first optical input signal which travels from the phase modulator along the first pathway
to the interference area to meet and interfere with the second optical signal to form the optical interference signal.

11. The optical device (800) according to any of the preceding claims, further characterized by: an additional phase
modulator integrated on the substrate and situated in the second pathway to receive the second optical input signal
and coupled to receive a modulation signal, the phase modulator capable of changing the phase of the second
optical input signal to generate phase-modulated second optical input signal which travels from the phase modulator
along the first pathway to the interference area to meet and interfere with the first optical signal to form the optical
interference signal.

12. The optical device (800) according to any of the preceding claims, further characterized by: a filter integrated on
the substrate and formed of spaced structures positioned in the first pathway.

13. The optical device (800) according to any of the preceding claims, further characterized by: a filter integrated on
the substrate and formed of spaced structures positioned in the second pathway.

14. The optical device (800) according to any of the preceding claims, further characterized by a light source integrated
on the substrate, the light source generating the first optical signal, and positioned to provide the first optical signal
to the first pathway of the guiding element of the optical device.

15. The optical device of claim 15, wherein the light source is characterized by a solid-state laser.

16. The optical device (800) according to any of the preceding claims, further characterized by an optical focusing
element integrated on the substrate positioned to focus the first optical signal to an opening of the first pathway
defined in the guiding element.

17. The optical device (800) according to any of the preceding claims, further characterized by an optical focusing
element integrated on the substrate positioned to focus the second optical signal to an opening of a second pathway
defined in the guiding element.

18. The optical device (800) according to any of the preceding claims, wherein the second optical signal is an optical
reference signal.

19. The optical device (800) according to any of the preceding claims, wherein the guiding element is characterized
by optical pathways connecting the optical logic gates, at least one of which turns at an angle of at least π/3 radians.

20. The optical device (800) according to any of the preceding claims further comprising a phase-to-amplitude-modu-
lation, P/A, converter formed on the substrate and arranged to receive an optical output signal of the photonic
transistor and to provide an amplitude modulated optical output signal having a digital logic state.

21. The optical device (800) according to any of the preceding claims, further characterized by an optical focusing
element integrated on the substrate and positioned to receive the optical output signal and focus the optical output
signal to an opening of the phase-to-amplitude-modulation, P/A, converter receiving the optical output signal.

22. A method, performed in an optical device (800), of generating an amplitude-modulated optical output signal, the
optical device comprising a photonic transistor (10) and a phase-to-amplitude-modulation, P/A, converter integrated
on a substrate, the photonic transistor having a guiding element (12) and a nonlinear element (30), the method
comprising:

a. receiving (S10) a first optical input signal having phase modulation at a first pathway of a guiding element;
b. receiving (S11) a second optical input signal optionally having phase modulation at a second pathway of a
guiding element;
c. guiding (S14) the first optical input signal in the first pathway of the guiding element to an interference area
defined in the guiding element;
d. guiding (S 15) the second optical input signal along the first pathway of the guiding element to the interference
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area defined in the guiding element;
e. combining (S16) the first and second optical input signals in the interference area of the guiding element to
generate an optical interference signal having amplitude modulation dependent upon the phase modulation of
at least the first optical input signal and optionally the second optical input signal if modulated;
f. nonlinearly discriminating (S 17) the logic states of the optical interference signal in the nonlinear element to
form an optical output signal having a digital logic state, the nonlinear element comprising one or more of a
laser, a cavity or a non-resonant amplifier; and
g. outputting (S18) the optical output signal on an output pathway defined in the guiding element.
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