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All-Optical Bit Phase Sensing

Field of the Invention

The invention relates generally to the field of optical communications and optical signal
processing. In particular, the invention relates to apparatus and methods for all-optical bit phase

sensing and clock recovery.

Background of the Invention

High-speed time division multiplexed (TDM) communication systems require high-speed
clock recovery or clock synchronization. Multiple-user local area and metropolitan area TDM
networks require high-speed clock recovery at each user access node. Typically, this clock
recovery will involve locking a local clock to an incoming data or clock stream. Electrooptical
and all-optical clock recovery and clock synchronization is advantageous because it has the

potential for achieving higher speeds than all-electrical clock recovery and clock synchronization.

Several optical clock recovery and clock synchronization techniques have been
demonstrated that utilize injection-locking of diodes, fibers, and lasers. Also, several high-speed
optical clock recovery techniques have been demonstrated that utilize electrooptical phase lock
loops (PLL) with bit phase sensors. An electrooptical phase lock loop has been demonstrated
that utilizes nonlinear cross-correlation of two pulse streams to sense bit phase. Another
electrooptical phase lock loop has been demonstrated that utilizes four wave mixing in a
semiconductor to sense bit phase. These clock recovery techniques, however, have limited

scalability in data and clock rates.

Commercially practical 100-Gb/s TDM communication systems require reliable,
inexpensive, clock recovery techniques with sub-picosecond accuracy and a wide range of
scalability in data and clock rates. Furthermore, it is desirable for the clock recovery technique to
perform optical processing functions, such as multiplexing, demultiplexing, and Boolean logic

functions, simultaneously with clock recovery in a single optical switch.
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Summary of the Invention

It is a principal object of this invention to provide an all-optical and an electrooptical bit
phase sensor with at least sub-picosecond accuracy. It is another object of this invention to
provide an electrooptical and an all-optical phase lock loop that utilizes these bit phase sensors.

Other objects are to provide optical processors and optical networks that utilize these bit phase

Sensors.

A principle discovery is that nonlinear optical switches can be utilized to recover a clock
signal with sub-picosecond accuracy. Another principle discovery is that a nonlinear optical
switch can be utilized to perform simultaneous optical processing and clock recovery. Another
principle discovery is that an all-optical phase lock-loop can be implemented using the optical
output from an optical switch and an intensity dependent delay line. Another principle discovery
is that nonlinear absorption in optical fibers and semiconductors can be utilized to recover clock

signals with sub-picosecond accuracy.

Accordingly, the present invention features an all-optical bit phase sensor having a first
optical beam input. A splitter, which is optically coupled to the first optical beam input, separates
an input optical beam into a first and a second optical beam that propagates along a first and a
second optical path, respectively. A nonlinear material, that forms an intensity dependent phase
or transmission change, is positioned in the first optical path. The nonlinear material may also be
disposed in the second optical path. The nonlinear material may be an optical fiber or a

semiconductor amplifier.

A control optical beam input couples a control optical beam into the first optical path.
The control beam causes nonlinear or transmission index changes in the nonlinear material. The
input optical beam and the control beam may have substantially the same group velocities and
thus may have substantially zero dispersive walk through. A recombiner recombines the first and
the second optical beams into an output beam. The intensity of the output beam is proportional
to the relative phase between the input optical beam and the control beam. A beam removal
element may be positioned in the optical path to remove the control beam from the output beam.

The beam removal element may comprise a filter, polarizer, or spatial multiplexer.
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The present invention also features an all-optical bit phase sensor having a first optical
beam input for accepting a first optical beam into an optical path. An optical differential delay
element is disposed in the optical path which forms a second optical beam in the optical path by
delaying a portion of the first optical beam in time. A nonlinear material is positioned in the
optical path. The nonlinear material forms an intensity dependent phase or transmission change.

The nonlinear material may be an optical fiber or a semiconductor amplifier.

A second input introduces a control beam into the optical path. The control beam causes
nonlinear index or transmission changes in the nonlinear material. The control beam and the
second optical beam may be pulse streams that are timed to overlap in the nonlinear material. The
first optical beam and the control beam may have substantially the same group velocities and thus
may have substantially zero dispersive walk through. A recombiner recombines the first and the
second optical beams into an output beam. The intensity of the output beam is proportional to
the relative phase between the first optical beam and the control beam. A beam removal element
may be positioned in the optical path to remove the control beam from the output beam. The

beam removal element may comprise a filter, polarizer, or spatial multiplexer.

The present invention also features a method of all-optical bit phase sensing. The method
includes splitting an input optical beam into a first and a second optical beam that propagates
along a first and a second optical path respectively. A nonlinear material is positioned in the first
optical path. The control optical beam is coupled into the first optical path causing nonlinear
index or transmission changes in the nonlinear material. The first and second optical beams are
recombined into an output beam. The intensity of the output beam is proportional to the relative

phase between the input optical beam and the control beam.

The present invention also features a second method of all-optical bit phase sensing. The
method includes introducing a first optical beam into an optical path. A second optical beam is
formed in the optical path by delaying a portion of the first optical beam in time. A nonlinear
material is positioned in the optical path which has an intensity dependent phase or transmission
change. A control beam is introduced into the optical path which causes nonlinear index or
transmission changes in the nonlinear material. The first and the second optical beams are
recombined into an output beam. The intensity of the output beam is proportional to the relative

phase between the first optical beam and the control beam.
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The present invention also features an electrooptic phase lock loop having a nonlinear
interferometer. The nonlinear interferometer may comprise a Mach-Zehnder interferometer, a
Sagnac interferometer, a Michelson interferometer, or a single arm interferometer. The nonlinear
interferometer has a first optical beam input, a control optical beam input, and an optical beam
output. An output optical beam of the interferometer has an intensity proportional to a phase
difference between an input intensity modulated data stream input to the first optical beam input

and a control clock stream input to the control optical beam input.

A feedback control network has an optical input optically coupled to the optical beam
output of the interferometer and an electrical output. The electrical output of the feedback
control network generates a signal in response to the intensity of the output optical beam of the
interferometer. An optical clock stream generator includes an electrical input electrically coupled
to the electrical output of the feedback control network and an optical output optically coupled to
the control optical beam input of the nonlinear interferometer. The optical output of the optical
clock stream generator produces an optical beam having a frequency that is proportional to the
electrical output of the feedback control network. When the phase lock loop is closed, the output

of the optical clock stream generator tracks the phase of the input intensity modulated data

stream.

The feedback control network may include a detector, a differential amplifier, and a
voltage controlled oscillator. The detector is optically coupled to the output optical beam of the
nonlinear interferometer. The detector generates an output electrical signal proportional to the
intensity of the output optical beam of the nonlinear interferometer. The differential amplifier has
a first input electrically coupled to the output electrical signal of the detector, a second input
electrically coupled to a bias voltage supply, and an output. The voltage controlled oscillator has
an input electrically coupled to the output of the differential amplifier and an output electrically
coupled to the electrical input of the optical clock stream generator. The output of the voltage
controlled oscillator produces a signal having a frequency proportional to the magnitude of the

output optical beam of the nonlinear interferometer.

The present invention also features an all-optical phase lock loop having a nonlinear
interferometer. The nonlinear interferometer may comprises a Mach-Zehnder interferometer, a

Sagnac interferometer, a Michelson interferometer, or a single arm interferometer. The nonlinear
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interferometer has a first optical beam input, a control optical beam input, and an optical beam
output. An output optical beam of the interferometer has an intensity proportional to a phase
difference between an input intensity modulated data stream input to the first optical beam input

and a control clock stream input to the control optical beam input.

A feedback control network has an optical input optically coupled to the optical beam
output of the interferometer and an optical output. The optical output of the feedback control
network generates an optical beam in response to the intensity of the output optical beam of the
interferometer. An optical clock stream generator includes an optical input optically coupled to
the optical output of the feedback control network and an optical output optically coupled to the
control optical beam input of the nonlinear interferometer. The optical output of the optical clock
stream generator produces an optical beam having a frequency that is proportional to the optical
output of the feedback control network. When the phase lock loop is closed, the output of the

optical clock stream generator tracks the phase of the input intensity modulated data stream.

The present invention also features an optical processor that performs simultaneous clock
recovery and processing functions. The optical processor includes a nonlinear interferometer that
may comprise a Mach-Zehnder interferometer, a Sagnac interferometer, a Michelson
interferometer, or a single arm interferometer. A first input of the nonlinear interferometer

accepts an input optical beam and a second input accepts a control optical beam.

A first output of the interferometer generates a first output optical beam having an
intensity that is functionally related to the input optical beam and the control optical beam. A
second output of the interferometer generates a second optical beam that is also functionally
related to the input optical beam and the control optical beam. The second output of the
interferometer may be a portion of the first output of the interferometer. The second output of
the interferometer may generate a demultiplex function or any Boolean logic function, such as an
AND function, a NOT function, a XOR function, a OR function, a NOR function, or an INVERT

function.

The optical processor also includes a feedback control network having an optical input
optically coupled to the first output of the interferometer and an electrical output. The electrical

output produces a signal having a magnitude functionally related to the intensity of the output of
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the interferometer. The optical processor also includes an optical beam generator having an
electrical input electrically coupled to the electrical output of the feedback control network and an
optical output optically coupled to the first or the second input of the nonlinear interferometer.
The optical output of the optical beam generator produces an optical clock stream having a

frequency that is proportional to the électrical output of the feedback control network.

Alternatively, the optical processor includes a feedback control network having an optical
input optically coupled to the first output of the interferometer and an optical output. The optical
output produces a signal having a magnitude functionally related to the intensity of the output of
the interferometer. The optical beam generator includes an optical input optically coupled to the
optical output of the feedback control network and an optical output optically coupled to the first

or the second input of the nonlinear interferometer.

The present invention also includes an optical network including at least one network
optical fiber and a clock recovery system that is optically coupled to at least one network optical
fiber. The clock recovery system includes a nonlinear interferometer having a first input optically
coupled to at least one network optical fiber, a second input, and an output. The clock recovery
system includes a nonlinear interferometer that may comprise a Mach-Zehnder interferometer, a

Sagnac interferometer, a Michelson interferometer, or a single arm interferometer.

The clock recovery system also includes an optical pulse generator having an electrical
input and an optical output optically coupled to the first or the second input of the nonlinear
interferometer. The clock recovery system also includes a feedback control network having an
input optically coupled to the output of the nonlinear interferometer and having an output
electrically coupled to the electrical input of the optical pulse generator. The frequency of an
optical beam produced by the optical pulse generator is proportional to the output of the feedback

control network.

Alternatively, the clock recovery system includes an optical pulse generator having an
optical input and an optical output optically coupled to the first or the second input of the
nonlinear interferometer. The clock recovery system includes a feedback control network having
an input optically coupled to the output of the nonlinear interferometer and having an output

optically coupled to the optical input of the optical pulse generator.
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The feedback control network may include a detector, an amplifier, and a voltage-
controlled oscillator. The detector is optically coupled to the output of the nonlinear
interferometer and electrically connected to the amplifier. The amplifier is electrically connected
to the voltage controlled oscillator. The voltage controlled oscillator is electrically connected to

the optical pulse generator.

The present invention also features an all-optical bit phase sensor comprising an optical
fiber having a core. The optical fiber may be an erbium doped fiber. The fiber includes a first and
a second input that introduces a first and a second overlapping pulse stream, respectively, into the
core. The first input and the second input may be optically coupled to an end of the optical fiber.
The all-optical bit phase sensor also includes a detector positioned perpendicular to a longitudinal

direction of the core and optically coupled to the core.

The present invention also features an optical network comprising at least one network
optical fiber and a clock recovery system that is optically coupled to the network optical fiber.
The clock recovery system includes an optical fiber having a core, a first input coupled to at least
one network optical fiber, and a second input. The optical fiber having the core may be a erbium

doped fiber.

The first and second inputs introduce a first and a second overlapping optical pulse stream
into the core. The clock recovery system also includes an optical pulse generator optically
coupled to the second input that generates the second optical pulse stream. The clock recovery
system also includes a detector that is optically coupled to the core of the network optical fiber.
In addition, the clock recovery system includes a feedback control network having an input
optically coupled to the output of the detector and having an output electrically coupled to the

optical pulse generator.

The present invention also features a third method of all-optical bit phase sensing. The
method includes providing an optical fiber having a core, a first input, and a second input. A first
and a second overlapping pulse stream are introduced into the first and the second input of the

optical fiber, respectively. Light emitted through the core is detected.

The present invention also features an electrooptical bit phase sensor comprising a

semiconductor diode having an active layer. The diode includes a first and a second input that
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introduce a first and a second overlapping pulse stream, respectively, into the active layer. The bit
phase sensor also includes a voltage detector that is electrically coupled to the active layer. The
detector measures an output electrical signal having a voltage proportional to the phase difference

of the first and the second overlapping pulse stream.

The present invention also features a method of electrooptical bit phase sensing. The
method includes providing a semiconductor diode having an active layer, a first input, and a
second input. A first and a second overlapping pulse stream are introduced into the first and the
second input of the active layer, respectively. A detector measures an output electrical signal that

has a voltage proportional to the first and a second overlapping pulse stream.

The present invention also features an optical network comprising at least one network
optical fiber and a clock recovery system that is optically coupled to at least one network optical
fiber. The clock recovery system includes a semiconductor diode having an active layer. The
diode also includes a first and a second input that introduces a first and a second overlapping

pulse stream, respectively into the active layer.

The clock recovery system also includes an optical pulse generator optically coupled to
the second input that generates the second optical pulse stream. The clock recovery system also
includes a voltage detector having an electrical input electrically coupled to the active layer. In
addition, the clock recovery system includes a feedback control network having an input
electrically coupled to the output of the detector and having an output electrically coupled to the

optical pulse generator.

Brief Description of the Drawings

This invention is described with particularity in the appended claims. The above and
further advantages of this invention may be better understood by referring to the following

description taken in conjunction with the accompanying drawings, in which:

FIG. 1 is a schematic diagram of an all-optical bit phase sensor in a Mach-Zehnder

interferometer configuration that embodies this invention.

FIG. 2 1s a schematic diagram of an all-optical bit phase sensor in a Michelson

interferometer configuration that embodies this invention.
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FIG. 3 is a schematic diagram of an all-optical bit phase sensor in a single arm

interferometer configuration that embodies this invention.

FIG. 4 is a schematic diagram of an all-optical bit phase sensor in a Sagnac interferometer

configuration that embodies this invention.

FIG. Sa illustrates an all-optical bit phase sensor configured as a fiber Sagnac
interferometer. FIG. 5b presents data illustrating output power of the all-optical bit phase sensor

as a function of delay between the input intensity modulated data stream and the control clock

stream.

FIG. 6 is an electrooptic phase lock loop that incorporates an all-optical bit phase sensor

having a nonlinear interferometer.

FIG. 7 is an all-optical phase lock loop that incorporates an all-optical bit phase sensor

having a nonlinear interferometer.

FIG. 8a is a schematic diagram of an optical processor that performs simultaneous clock
recovery and processing functions. FIG. 8b presents data illustrating Boolean logic and

demultiplex functions performed simultaneously by the optical processor.

FIG. 9 illustrates an optical network including at least one network optical fiber and a

clock recovery system that is optically coupled to at least one network optical fiber.
FIG. 10 illustrates an all-optical bit phase sensor comprising an optical fiber having a core.

FIG. 11 illustrates an all-optical bit phase sensor comprising a semiconductor diode having

an active layer and a detector that is electrically coupled to the active layer.
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Detailed Description

FIG. 1 is a schematic diagram of an all-optical bit phase sensor 10 in a Mach-Zehnder
interferometer configuration that embodies this invention. The bit phase sensor 10 includes a first
optical beam input 12 for introducing an input optical beam 14. A splitter 16 is optically coupled
to the first optical beam input 12. The splitter 16 separates the input optical beam 14 into a first
18 and a second optical beam 20 which propagates along a first 22 and a second optical path 24,

respectively.

A nonlinear material 26 is positioned in the first optical path 22 which creates an intensity
dependent phase or a transmission change. A second nonlinear material (not shown) may be
positioned in the second optical path 24. The nonlinear material 26 may be an optical fiber (not

shown) or a semiconductor amplifier (not shown).

A control optical beam input 28 couples a control optical beam 30 into the first optical
path 22. Alternatively, a control optical beam input 32 couples a control optical beam 34 directly
into the nonlinear material 26. The control beam 30, 34 causes nonlinear index or transmission
changes in the nonlinear material 26. The input optical beam 14 and the control beam 30, 34 may

have substantially the same group velocities and thus may have substantially zero dispersive walk

through.

A recombiner 36 recombines the first 18 and the second 20 optical beams into an output
beam 38. The output beam 38 may be transmitted out of a first port 40 or a second port 42 or
some combination of the first 40 and the second 42 ports. The intensity of the output beam 38 is
proportional to the relative phase between the input optical beam 14 and the control beam 30, 34.
A beam removal element (not shown) may be positioned in the optical path after the nonlinear
material 26 to remove the control beam 30, 34 from the output beam 38. The beam removal
element may be optically coupled to the first 40 and the second port 42. The beam removal
element may comprise either a filter (not shown), a polarizer (not shown), or a spatial multiplexer

(not shown).

FIG. 2 is a schematic diagram of an all-optical bit phase sensor 50 in a Michelson
interferometer configuration that embodies this invention. The bit phase sensor includes a first

optical beam input S1 for introducing an input optical beam 52. The input optical beam 52 is
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coupled to a splitter 54 that splits the input optical beam 52 into a first 56 and a second optical
beam 58. The first optical beam 56 propagates through a nonlinear material 60 and is reflected by
a first mirror 62. A control optical beam 74 is coupled to the nonlinear material 60. The second
optical beam 58 is reflected by a second mirror 64. The first 56 and second optical beam 58 are
recombined to form an output optical beam 66 by a recombiner 68 that may be the splitter 54.
The output optical beam 66 may be transmitted out of a first 70 or a second port 72 or some

combination of the first 70 and the second port 72.

The intensity of the output beam 66 is proportional to the relative phase between the input
optical beam 52 and the control optical beam 74. A beam removal element (not shown) may be
positioned in the optical path after the nonlinear material 60 to remove the control optical beam
74 from the output beam 66. The beam removal element may be optically coupled to the first 70
and the second port 72. The beam removal element may comprise a filter (not shown), polarizer

(not shown), or spatial multiplexer (not shown).

FIG. 3 is a schematic diagram of an all-optical bit phase sensor 80 in a single arm
interferometer configuration that embodies this invention. The single arm interferometer (SAI)
configuration is also known as an ultrafast nonlinear interferometric switch. The SAI is a self-
balanced interferometer that is resistant to parasitic path length changes that naturally occur in
two-arm interferometers. The SAI is highly stable because the signal and reference pulses travel

down the same path.

Generally, the SAI operates by splitting an input signal pulse into two polarizations and
delaying one polarization with respect to the other by a small amount. A control pulse is timed so
as to overlap with the delayed polarization pulse, but also as to not interact with the polarization
reference pulse. The reference and delayed polarization pulses are recombined and passed
through a polarizer. The resulting interference pattern is a function of the phase shift or

transmission change induced in the delayed beam by the control intensity.

The all-optical bit phase sensor 80 includes a first optical beam input 82 for accepting a
first optical beam 84 into an optical path 86. An optical differential delay element 88 is disposed
in the optical path 86. The optical differential delay element 88 may be a polarization sensitive

delay element (not shown). The differential delay element 88 forms a second optical beam 90 in
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the optical path 86 by delaying a portion of the first optical beam 84 in time. A nonlinear material
92 is positioned in the optical path 86. The nonlinear material 92 forms an intensity dependent
phase or transmission change. The nonlinear material 92 may be an optical fiber (not shown) or a

semiconductor amplifier (not shown).

A second input 94 introduces a control beam 96 into the optical path 86. The control
beam 96 causes nonlinear index transmission changes in the nonlinear material 92. Alternatively,
a control beam (not shown) may be coupled directly to the nonlinear material 92. The control
beam 96 and the second optical beam 90 may be pulse streams that are timed to overlap in the
nonlinear material 92. The first optical beam 84 and the control beam 96 may have substantially

the same group velocities and thus may have substantially zero dispersive walk through.

A recombiner 98 recombines the first 84 and the second optical beams 90 into an output
beam 100. The output beam 100 may be transmitted out of a first port 102 or a second port 104
or some combination of the first 102 and the second 104 ports. The intensity of the output beam
100 is proportional to the relative phase between the first optical beam 84 and the control beam
96. A beam removal element (not shown) may be positioned in the optical path after the
nonlinear material 92 to remove the control beam 96 from the output beam 100. The beam
removal element may be optically coupled to the first 102 or the second port 104. The beam
removal element may comprise a filter (not shown), polarizer (not shown), or spatial multiplexer

(not shown).

FIG. 4 is a schematic diagram of an all-optical bit phase sensor 110 in a Sagnac
interferometer configuration that embodies this invention. The Sagnac configuration is identical
to the Mach-Zehnder configuration except for the positioning of the recombiner 36. In the

Sagnac configuration, the recombiner 36 is positioned at the first optical beam input 12.

FIG. 5aillustrates an all-optical bit phase sensor 120 configured as a fiber Sagnac
interferometer. The bit phase sensor 120 includes a fiber loop 122, an input coupler 124, a
control coupler 126, and an output coupler 128. The input coupler 124 couples an input optical
beam 130 into the fiber loop 122 and splits the input optical beam 130 into a first 132 and a
second counter propagating beam 134 which follow a first 136 and second optical path 138,

respectively. The control coupler 126 couples a control optical beam 140 into the fiber loop 122.
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The control coupler 126 does not need to be a separate port but must couple the control optical
beam 140 into only one of the first 136 or second optical path 138. The output coupler 128

combines the first 132 and the second counter propagating beam 134 into a single output beam

142.

The input coupler 124 and the control coupler 126 may be polarization and wavelength
independent. In that case, a filter (not shown) or a polarizer (not shown) may select switched
output pulses. The input coupler 124 may also be polarization sensitive. In that case, a TE input
optical beam may be split equally into each of the first 132 and second counter propagating beam

134 and a TM input optical beam may be coupled differentially to either the first 136 or the
second optical path 138.

FIG. 5b presents data illustrating the output power of the all-optical bit phase sensor 120
in the fiber Sagnac interferometer configuration as a function of delay between an input intensity
modulated data stream input to the input coupler 124 and a control clock stream input to the
control coupler 126. The accuracy of the bit phase sensing is limited mainly by the width of the
optical pulses. The bit phase sensor is most accurate when walk-through between the first opticél
beam and the control clock stream is minimized. This is achieved by choosing center wavelengths

for the optical pulses that are equally spaced around the zero dispersion wavelength of the fiber.

A method of all-optical bit phase sensing includes splitting an input optical beam into a
first and a second optical beam that propagate along a first and a second optical path respectively.
A nonlinear material is positioned in the first optical path. The control optical beam is coupled
into the first optical path causing nonlinear index or transmission changes in the nonlinear
material. The first and second optical beams are recombined into an output beam. The intensity

of the output beam is proportional to the relative phase between the input optical beam and the

control beam.

A second method of all-optical bit phase sensing includes introducing a first optical beam
into an optical path. A second optical beam is formed in the optical path by delaying a portion of
the first optical beam in time. A nonlinear material is positioned in the optical path which has an
intensity dependent phase or transmission change. A control beam is introduced into the optical

path which causes nonlinear index or transmission changes in the nonlinear material. The first and
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the second optical beams are recombined into an output beam. The intensity of the output beam

is proportional to the relative phase between the first optical beam and the control beam.

FIG. 6 is an electrooptic phase lock loop 150 that incorporates an all-optical bit phase
sensor having a nonlinear interferometer 152. The nonlinear interferometer 152 may comprise
any of numerous interferometers such as a Mach-Zehnder interferometer, a Sagnac
interferometer, a Michelson interferometer, or a single arm interferometer. The nonlinear
interferometer 152 has a first optical beam input 154, a control optical beam input 156, and an
optical beam output 158. An output optical beam 160 of the interferometer 152 has an intensity
proportional to a phase difference between an input intensity modulated data stream 164 input to

the first optical beam input 154 and a control clock stream 166 input to the control optical beam

input 156.

A feedback control network 168 has an optical input 170 optically coupled to the optical
beam output 158 of the interferometer 152 and an electrical output 172. The electrical output
172 of the feedback control network 168 generates a signal in response to the intensity of the
output optical beam 160 of the interferometer 152. An optical clock stream generator 174
includes an electrical input 176 electrically coupled to the electrical output 172 of the feedback
control network 168 and an optical output 178 optically coupled to the control optical beam input
156 of the nonlinear interferometer 152. The optical output 178 of the optical clock stream
generator 174 produces the control clock stream 166 which has a frequency that is proportional

to the electrical output 172 of the feedback control network 168.

Numerous feedback control networks known in the art may be utilized. For example, the
feedback control network 168 may include a detector 180, a differential amplifier 182, and a
voltage controlled oscillator 184. The detector 180 is optically coupled to the output optical
beam 160 of the nonlinear interferometer 152. The detector 180 generates an output electrical

signal proportional to the intensity of the output optical beam 160 of the nonlinear interferometer

152.

The differential amplifier 182 has a first input 186 electrically coupled to the output
electrical signal of the detector 180, a second input 188 electrically coupled to a bias voltage

supply 190 and an output 192. The voltage controlled oscillator 184 has an input 194 electrically
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coupled to the output 192 of the differential amplifier 182 and an output 196 electrically coupled

to the electrical input 176 of the optical clock stream generator 174.

The output 196 of the voltage controlled oscillator 184 produces a signal having a
frequency proportional to the magnitude of the output optical beam 160 of the nonlinear
interferometer 152. The bias voltage supply 190 controls the response of the feedback control
network 168. The bias voltage supply 190 may be adjusted so that the feedback control network
168 has a linear response. Numerous other amplifiers, known in the art which condition the

output electrical signal of the detector 180, may be utilized.

FIG. 7 is an all-optical phase lock loop 200 that incorporates an all-optical bit phase
sensor having a nonlinear interferometer 202. The all-optical phase lock loop 200 is desirable
because there are no electronics that restrict the bandwidth of the optical system. The nonlinear
interferometer 202 may comprise a Mach-Zehnder interferometer, a Sagnac interferometer, a
Michelson interferometer, or a single arm interferometer. The nonlinear interferometer 202 has a
first optical beam input 204, a control optical beam input 206, and an optical beam output 208.
An output optical beam 210 of the interferometer 202 has an intensity proportional to a phase
difference between an input intensity modulated data stream 212 input to the first optical beam

input 204 and a control clock stream 214 input to the control optical beam input 206.

A feedback control network 216 has an optical input 218 optically coupled to the optical
beam output 208 of the interferometer 202 and an optical output 220. The optical output 220 of
the feedback control network 216 generates an optical beam 222 in response to the intensity of
the output optical beam 210 of the interferometer 202. The feedback control network 216 may
produce a variable optical delay where the delay is functionally related to the output optical beam

210 of the interferometer 202.

An optical clock stream generator 224 includes an optical input 226 optically coupled to
the optical output 220 of the feedback control network 216 and an optical output 228 optically
coupled to the control optical beam input 206 of the nonlinear interferometer 202. The optical
output 228 of the optical clock stream generator 224 produces the control clock stream 214
which has a frequency that is proportional to the optical beam 222 generated by the feedback

control network 216. Such an optical output may be produced by numerous methods that are
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well known in the art. For example, the optical clock stream generator 226 may be injection

locked or optically active mode-locked to the optical output 220 of the feedback control network
216.

FIG. 8a illustrates an optical processor 240 comprising a nonlinear interferometer 250. A
Mach-Zehnder nonlinear interferometer configuration is illustrated in FIG. 8a, but a Sagnac,
Michelson, or a single arm nonlinear interferometer can also be utilized. A first input 252 of the
nonlinear interferometer 250 accepts an input optical beam 254 and a second input 256 accepts a

control optical beam 258. The input optical beam 254 may be a modulated pulse stream.

A first output 260 of the interferometer 250 generates a first output optical beam 262
having an intensity that is functionally related to the input optical beam 254 and the control
optical beam 258. A second output 264 of the interferometer 250 generates a second optical
beam 266 that is also functionally related to the input optical beam 254 and the control optical
beam 258. In another embodiment, the second output 264 of the interferometer 250 may be a
portion of the first output 260 of the interferometer 250. The second output 264 of the
interferometer 250 may generate a demuitiplex function or any Boolean logic. function such as an
AND function, a NOT function, a XOR function, a OR function, a NOR function, or an INVERT
function. Such functions may be utilized, alone or in combination, to perform gating, address

recognition, flow control, or buffering.

The optical processor 240 also includes a feedback control network 268 having an optical
input 270 optically coupled to the first output 260 of the interferometer 250 and an electrical
output 272. The electrical output 272 produces a signal having a magnitude functionally related
to the intensity of the output of the interferometer 250. The optical processor 240 also includes
an optical beam generator 274 having an electrical input 276 electrically coupled to the electrical
output 272 of the feedback control network 268 and an optical output 278 optically coupled to
the second input 256 of the nonlinear interferometer 250. Alternatively, the optical output 278 of
the optical beam generator 274 may be optically coupled to the first input 252 of the nonlinear
interferometer 250 and the input optical beam 254 may be coupled to the second input 256. The
optical output 278 of the optical beam generator produces an optical clock stream having a

frequency that is proportional to the electrical output 272 of the feedback control network 268.
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Alternatively, the feedback control network 268 may have an optical output that produces
a signal having a magnitude functionally related to the intensity of the output 262 of the
interferometer 250. The optical processor 240 may include an optical beam generator having an
optical input optically coupled to the optical output of the feedback control network. The optical
output 278 of the optical beam generator 274 produces an optical clock stream having a
frequency that is proportional to the optical output of the feedback control network 268. The
optical output 260 may simultaneously generate demultiplexing and Boolean logic functions.
Such an output is desirable because it reduces the number of optical elements which are necessary
to perform synchronization and optical processing and thus reduces the complexity and cost of

the system.

FIG. 8b presents data illustrating possible Boolean logic and demultiplex functions
performed by the optical processor 240. The first output port 260 illustrates a demultiplex
function of the input optical beam 254 and the control optical beam 258. The second output port
264 illustrates and AND of the input optical beam 254 and NOT control optical beam 258.

FIG. 9 illustrates an optical network 300 including at least one network optical fiber 302
and a clock recovery system 306 that is optically coupled to the network optical fiber 302 by a tap
optical fiber 304. The network optical fiber 302 may contain modulated data or a distributed
clock or both. The clock recovery system may generate a local clock stream that is synchronized
to the modulated data. The local clock stream may be used to time a local demultiplexer for
taking data off the network. The local clock stream may also be used for timing a local data
generator that generates data to be inserted on the optical network. In addition, the local clock

stream may be used to time local logic processes for address recognition and other functions.

The clock recovery system 306 includes a nonlinear interferometer having a first input
optically coupled to at least one network optical fiber, a second input, and an output. The clock
recovery system includes a nonlinear interferometer that may comprise a Mach-Zehnder
interferometer, a Sagnac interferometer, a Michelson interferometer, or a single arm

interferometer.

The clock recovery system also includes an optical pulse generator having an electrical

input and an optical output optically coupled to the second input of the nonlinear interferometer.
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The clock recovery system also includes a feedback control network having an input optically
coupled to the output of the nonlinear interferometer and having an output electrically coupled to
the electrical input of the optical pulse generator. The frequency of an optical beam produced by

the optical pulse generator is proportional to the output of the feedback control network .

The feedback control network may include a detector, an amplifier, and a voltage-
controlled oscillator. The detector is optically coupled to the output of the nonlinear
interferometer and electrically connected to the amplifier. The amplifier is electrically connected

to the voltage controlled oscillator. The voltage controlled oscillator is electrically connected to

the optical pulse generator.

FIG. 10 illustrates an all-optical bit phase sensor 350 comprising an optical fiber 352
having a core 354. The optical fiber 352 may be an erbium doped fiber. The optical fiber 352
includes a first 356 and a second input 358 that introduces a first 360 and a second overlapping
pulse stream 362, respectively into the core 354. The first input 356 and the second input 358
may be optically coupled to an end 364 of the optical fiber 352. The all-optical bit phase sensor
350 also includes a detector 366 positioned perpendicular to a longitudinal direction 368 of the
core 354 and optically coupled to the core 354.

The present invention also features a third method of all-optical bit phase sensing. The
method includes providing an optical fiber having a core, a first input, and a second input. A first
and a second overlapping pulse stream are introduced into the first and the second input of the
optical fiber, respectively. A resultant output spectrum contains a variety of spectral components
with intensities proportional to the correlation function of the two pulses. The spectral
components are not guided and thus radiate radially from the fiber. Light emitted from the core is

detected.

An optical network, similar to FIG. 9, including at least one network optical fiber and a
clock recovery system may be constructed where the clock recovery system comprises an optical
fiber having a core that is optically coupled to the network optical fiber. The clock recovery
system includes an optical fiber having a core, a first input coupled to at least one network optical

fiber, and a second input. The optical fiber having the core may be a erbium doped fiber.



10

15

20

WO 97/34193 PCT/US97/03427

-19-

The first and second input introduce a first and a second overlapping optical pulse stream
into the core. The clock recovery system also includes an optical pulse generator optically
coupled to the second input that generates the second optical pulse stream. The clock recovery
system also includes a detector that is optically coupled to the core of the network optical fiber.
In addition, the clock recovery system includes a feedback control network having an input
coupled to the output of the detector and having an output coupled to the optical pulse generator.

The feedback control network may have an electrical or an optical output.

FIG. 11 illustrates an electrooptical bit phase sensor 400 comprising a semiconductor
diode 402 having an active layer 404. The diode 402 includes a first 406 and a second input 408
that introduce a first 410 and a second overlapping pulse stream 412, respectively into the active
layer 404. The bit phase sensor 400 also includes a voltage detector 414 that is electrically
coupled to the active layer 404. The detector 414 measures an output electrical signal having a

voltage proportional to the first 410 and the second overlapping pulse stream 412.

An optical network, similar to FIG. 9, including at least one network optical fiber and a
clock recovery system. The clock recovery system comprises a semiconductor diode having an
active layer that is optically coupled to the network optical fiber. The diode also includes a first
and a second input that introduces a first and a second overlapping pulse stream, respectively into
the active layer. The clock recovery system also includes an optical pulse generator optically

coupled to the second input that generates the second optical pulse stream.

The clock recovery system also includes an electrical detector having an electrical input
that is electrically coupled to the active layer. In addition, the clock recovery system includes a
feedback control network having an input electrically coupled to the output of the detector and
having an output coupled to the optical pulse generator. The feedback control network may have '

an electrical or an optical output.

A method of electrooptical bit phase sensing includes providing a semiconductor diode
having an active layer, a first input, and a second input. A first and a second overlapping pulse
stream are introduced into the first and the second input of the active layer, respectively. A
detector electrically coupled to the active layer measures an output electrical signal that has a

voltage proportional to the first and a second overlapping pulse stream.



WO 97/34193 PCT/US97/03427
-20 -

Although the above bit phase sensors are described as having a first optical beam input

and a control optical beam input, the inputs to the bit phase sensors are symmetrical.

Equivalents

While the invention has been particularly shown and described with reference to specific
preferred embodiments, it should be understood by those skilled in the art that various changes in
form and detail may be made therein without departing from the spirit and scope of the invention

as defined by the appended claims.
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What is claimed is:

1.

An all-optical bit phase sensor comprising:
a) a first optical beam input;

b) a splitter optically coupled to the first optical beam input, the splitter separating an
input optical beam into a first and a second optical beam propagating along a first

and a second optical path respectively;

C) a nonlinear material positioned in the first optical path, the nonlinear material

having an intensity dependent phase or transmission change;

d) a control optical beam input coupled to the first optical path, the control optical
beam input couples a control optical beam into the first optical path causing

nonlinear index or transmission changes in the nonlinear material, and

e) a recombiner coupled to the first and second optical paths, the recombiner
recombining the first and the second optical beams into an output beam, an
intensity of the output beam being proportional to the relative phase between the

input optical beam and the control beam.

The bit phase sensor of claim 1 wherein the nonlinear material comprises an optical fiber

or a semiconductor amplifier.

The bit phase sensor of claim 1 further comprising a nonlinear material disposed in the

second optical path.

The bit phase sensor of claim 3 wherein the nonlinear material comprises an optical fiber

or a semiconductor amplifier.

The bit phase sensor of claim 1 wherein the input optical beam and the control beam have

substantially zero dispersive walk through.

The bit phase sensor of claim 1 further comprising a beam removal element comprising a
filter, polarizer, or spatial multiplexer, the beam removal element removing the control

beam from the output beam.
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An all-optical bit phase sensor comprising;

a) a first optical beam input, the first optical beam input introducing a first optical

beam into an optical path;

b) an optical differential delay element disposed in the optical path, the differential

optical delay element forming a second optical beam in the optical path by delaying

a portion of the first optical beam in time;

c) a nonlinear material disposed in the optical path, the nonlinear material having an

intensity dependent phase or transmission change;

d) a second input, the second input introducing a control beam causing nonlinear

index changes in the nonlinear material; and

e) a recombiner, the recombiner recombining the first and the second optical beams
into an output beam, an intensity of the output beam being proportional to the

relative phase between the first optical beam and the control beam.

The bit phase sensor of claim 7 wherein the optical control beam and the second optical

beam are pulse streams that are timed to overlap in the nonlinear material.

The bit phase sensor of claim 7 wherein the nonlinear material comprises an optical fiber

or a semiconductor amplifier.

The bit phase sensor of claim 7 wherein the first optical beam and the control beam have

substantially zero dispersive walk through.

The bit phase sensor of claim 7 further comprising a beam removal element comprising a
filter, polarizer, or spatial multiplexer, the beam removal element removing the control

beam from the output beam.
An electrooptic phase lock loop comprising:

a) a nonlinear interferometer having a first optical beam input, a control optical beam

input, and an optical beam output, an output optical beam having an intensity
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proportional to a phase difference between an input intensity modulated data
stream input to the first optical beam input and a control clock stream input to the

control optical beam input;

b) a feedback control network having an optical input optically coupled to the optical
beam output of the interferometer and an electrical output, the electrical output
generating a signal in response to the intensity of the output optical beam of the

interferometer; and

c) an optical clock stream generator having an electrical input electrically coupled to
the electrical output of the feedback control network and an optical output
optically coupled to the control optical beam input of the nonlinear interferometer,
the optical output of the optical clock stream generator producing an optical beam
having a frequency that is proportional to the electrical output of the feedback

control network.

The phase lock loop of claim 12 wherein the nonlinear interferometer comprises a Mach-

Zehnder interferometer.

The phase lock loop of claim 12 wherein the nonlinear interferometer comprises a Sagnac

interferometer.

The phase lock loop of claim 12 wherein the nonlinear interferometer comprises a

Michelson interferometer.

The phase lock loop of claim 12 wherein the nonlinear interferometer comprises a single

arm interferometer.

The phase lock loop of claim 12 wherein feedback control network comprises:

a) a detector optically coupled to the output optical beam of the nonlinear

interferometer;

b) a differential amplifier having a first input electrically coupled to the output
electrical signal of the detector, a second input electrically coupled to a bias

voltage supply, and an output; and
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a voltage controlled oscillator having an input electrically coupled to the output of
the differential amplifier and an output electrically coupled to the electrical iﬁput of
the optical clock stream generator, the output of the voltage controlled oscillator
produces a signal having a frequency proportional to the magnitude of the output

optical beam of the nonlinear interferometer.

An all-optical phase lock loop comprising:

a)

b)

a nonlinear interferometer having a first optical beam input, a control optical beam
input, and an optical beam output, an output optical beam having an intensity
proportional to a phase difference between an input optical beam input to the first
optical beam input and a control optical clock stream input the control optical

input;

a feedback control network having an optical input optically coupled to the optical
beam output of the interferometer and an optical output, the optical output
produces an optical beam in response to the intensity of the output optical beam of

the interferometer; and

an optical clock stream generator having an optical input optically coupled to the
optical output of the feedback control network and an optical output optically
coupled to the control optical beam input of the nonlinear interferometer, the
optical output of the optical clock stream generator producing an optical beam
having a frequency that is proportional to the optical output of the feedback

control network.

The phase lock loop of claim 18 wherein the nonlinear interferometer comprises a Mach-

Zehnder interferometer.

The phase lock loop of claim 18 wherein the nonlinear interferometer comprises a Sagnac

interferometer.

The phase lock loop of claim 18 wherein the nonlinear interferometer comprises a

Michelson interferometer.
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The phase lock loop of claim 18 wherein the nonlinear interferometer comprises a single

are interferometer.

An optical processor for simultaneous clock recovery and processing functions

comprising:
a) a nonlinear interferometer comprising;
1) a first input for accepting an input optical beam;
it) a second input for accepting a control optical beam,

ii1) a first output for generating a first output optical beam, the first output
optical beam having an intensity functionally related to the input optical

beam and the control optical beam; and

iv) a second output for generating a second optical beam functionally related

to the input optical beam and the control optical beam,

b) a feedback control network having an optical input optically coupled to the first
output of the interferometer and an output, the output produces a signal having a
magnitude functionally related to the intensity of the output of the interferometer;

and

) an optical beam generator having an input coupled to the output of the feedback
control network and an optical output optically coupled to the second input of the
nonlinear interferometer, the optical output of the optical beam generator
producing an optical clock stream having a frequency that is proportional to the

output of the feedback control network.

The optical processor of claim 23 wherein the output of the feedback control network is

electrical.

The optical processor of claim 23 wherein the output of the feedback control network 1s

optical.
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The optical processor of claim 23 wherein the second output of the interferometer
generates a demultiplex function, AND function, NOT function, XOR function, OR
function, NOR function, or INVERT function.

The optical processor of claim 23 wherein the second output of the interferometer is a

portion of the first output of the interferometer.
An optical network comprising:
a) at least one network optical fiber; and

b) a clock recovery system optically coupled to the at least one network optical fiber,

the clock recovery system comprising;

1) a nonlinear interferometer having a first input optically coupled to the at

least one network optical fiber, a second input, and an output,

i) an optical pulse generator having an electrical input and an optical output

optically coupled to the second input of the nonlinear interferometer; and

iii) a feedback control network having an input optically coupled to the output
of the nonlinear interferometer and having an output electrically coupled to
the electrical input of the optical pulse generator, a frequency of an optical
beam produced by the optical pulse generator being proportional to the

output of the feedback control network.

The optical network of claim 28 wherein the feedback control network comprises a
detector, an amplifier, and a voltage-controlled oscillator, the detector is optically coupled
to the output of the nonlinear interferometer and electrically connected to the amplifier,
the amplifier is electrically connected to the voltage controlled oscillator, the voltage

controlled oscillator is electrically connected to the optical pulse generator.

The optical network of claim 28 wherein the nonlinear interferometer comprises a Mach-

Zehnder interferometer.
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The optical network of claim 28 wherein the nonlinear interferometer comprises a Sagnac

interferometer.

The optical network of claim 28 wherein the nonlinear interferometer comprises a

Michelson interferometer.

The optical network of claim 28 wherein the nonlinear interferometer comprises a single

are interferometer.
An all-optical bit phase sensor comprising:

a) an optical fiber having a core, the fiber includes a first and a second input, the first
and second input introducing a first and a second overlapping pulse stream,

respectively into the core; and

b) a detector positioned perpendicular to a longitudinal direction of the core and

optically coupled to the core.

The all-optical bit phase sensor of claim 34 wherein the optical fiber comprises a erbium

doped fiber.

The bit phase sensor of claim 34 wherein the first input and the second input are optically

coupled to an end of the optical fiber.

An optical network comprising;

a) at least one network optical fiber; and

b) a clock recovery system optically coupled to the at least one network optical fiber
comprising;
1) an optical fiber having a core, the fiber includes a first input coupled to the

at least one network optical fiber and a second input, the first and second
inputs introducing a first and a second overlapping optical pulse stream

into the core;
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an optical pulse generator optically coupled to the second input for

generating the second optical pulse stream;

a detector having an electrical output, the detector is optically coupled to

the core; and

a feedback control network having an input optically coupled to the output

of the detector and having an output electrically coupled to the optical

pulse generator.

The optical network of claim 37 wherein the optical fiber having a core comprises a

erbium doped fiber.

2)

b)

a)

b)

An all-optical bit phase sensor comprising:

a semiconductor diode having an active layer, the diode includes a first and a

second input, the first and second input introducing a first and a second

overlapping pulse stream, respectively into the active layer; and

a detector electrically coupled to the active layer.

An optical network comprising;

at least one network optical fiber; and

a clock recovery system optically coupled to the at least one network optical fiber

comprising:

i)

i)

a semiconductor diode having an active layer, the diode includes a first and
a second input, the first and second input introducing a first and a second

overlapping pulse stream, respectively into the active layer;

an optical pulse generator optically coupled to the second input for

generating the second optical pulse stream;

a detector having an electrical output electrically coupled to the active

layer; and
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v) a feedback control network having an input electrically coupled to the
output of the detector and having an output electrically coupled to the

optical pulse generator.

A method of all-optical bit phase sensing comprising:

a)

b)

d)

splitting an input optical beam into a first and a second optical beam propagating

along a first and a second optical path respectively;

providing a nonlinear material positioned in the first optical path, the nonlinear

material having an intensity dependent phase or transmission change;

coupling the control optical beam into the first optical path causing nonlinear index

changes in the nonlinear material; and

recombining the first and second optical beams into an output beam, an intensity of
the output beam being proportional to the relative phase between the input optical

beam and the control beam.

A method of all-optical bit phase sensing comprising:

a)

b)

d)

introducing a first optical beam into an optical path;

forming a second optical beam in the optical path by delaying a portion of the first

optical beam in time;

providing a nonlinear material disposed in the optical path, the nonlinear material

having an intensity dependent phase or transmission change;

introducing a control beam into the optical path causing nonlinear index changes in

the nonlinear material; and

recombining the first and the second optical beams into an output beam, an
intensity of the output beam being proportional to the relative phase between the

first optical beam and the control beam.

A method of all-optical bit phase sensing comprising:
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a) providing an optical fiber having a core, the fiber includes a first and a second
input;

b) introducing a first and a second overlapping pulse stream into the first and the

second input of the optical fiber, respectively; and
) detecting light emitted through the core.

A method of electrooptical bit phase sensing comprising;

a) providing a semiconductor diode having an active layer, a first input, and a second
input;
b) introducing a first and a second overlapping pulse stream into the first and the

second input of the active layer, respectively; and

c) detecting a voltage across the active layer that proportional to the first and a

second overlapping pulse stream.



WO 97/34193

PCT/US97/03427

1/8
10
v g
34 f~42
K3O 28 2 38
SR JAQSIG
18 ( 36
“q 22 ‘
K 16 5 20 2
A K |
. 7 l
12 24
FIG. 1
. - ;%0
:D 64
A 58
l
|
y
52 | 54 YM 56
66
IIVAS A A
_‘_r -t > #68 —t -
72 i 60
| —62
|
i
lkse.
170
v
FIG. 2

SUBSTITUTE SHEET (RULE 26)

40



WO 97/34193 PCT/US97/03427

2/8

100
/

88 92 98
584 ( 8? ‘ A L (

- 102

104

.
™
:
e
]J==

FIG. 3

“-36 24
42 «—
Ay
40 FIG. 4

SUBSTITUTE SHEET (RULE 26)



WO 97/34193

3/8

120
e
122
138
126
N—
140 1§2 134
Jd D
124
130 142
A
FIG. 5A
| | [ i |
1.00 ° Q O Q
0.75
ORe O QPO
sHe 050§ "
INTENSITY
0.25 | -
O O O
0.00 LL L . : ‘
-50 25 0 25 50
DELAY (PS)
FIG. 5B

SUBSTITUTE SHEET (RULE 26)

PCT/US97/03427

SWITCHED-OUT
POWER



PCT/US97/03427

WO 97/34193

4/8

[e0}
(o]
—

@ — — — — — —— A D R M M M e e S S AR SMA Gm M e s W Y e e GEN NN S R e e M e

| ~_ ]
| - ! 9 'Ol
_ o8l 1213 “
" 261 v6l w omv: ZLl
“ L
i 88l | |
! 061 “
| 08~ “ m
I
: m
i 09— 0Ll .m e
TTTTTTTN gsL- | T m ||||||||||||||||||||||||
W g 81~
rT L
v\ﬁ o
_ TYVYTY,

SUBSTITUTE SHEET (RULE 26)



WO 97/34193 PCT/US97/03427

5/8

N~
N
o] L
N o
e
© o~
o
S A
o
o
N
o~
< ©
~ ™o O
I3\ < N
©
-—
o~
©
«
< B
<«
A
N
o
= 8 8
N I\
/ A

226

224
(

SUBSTITUTE SHEET (RULE 26)



WO 97/34193

PCT/US97/03427

6/8

574 250
- 258
278 5 264 §j7266
~~l 256 D;ZGZ
— 260
276 ~a
254
| >
S - / o
252
270
/
272
240 - 268
FIG. 8A
A
DATA (lg) /\ /\ /\

CONTROL (I)

-

FIRST
OUTPUT

SECOND
OUTPUT

ANAAN
A NN
A A A

A AN

:A
:

___.____>__

TIME

FIG. 8B

SUBSTITUTE SHEET (RULE 26)



WO 97/34193 PCT/US97/03427

7/8
Ve 300
302
-304
FIG. 9
[
306
366

364

/
360 -
K 356 [) \ 354
362‘A 358 - 368
352
FIG. 10

SUBSTITUTE SHEET (RULE 26)




WO 97/34193

Z§§41o

PCT/US97/03427

8/8

414

402

406
.

Z§;412

—
408

404

FIG. 11

SUBSTITUTE SHEET (RULE 26)



	Abstract
	Bibliographic
	Description
	Claims
	Drawings

