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(57) Abstract

A system and method for photonic facility and line protection switching in an optical network to permit fault tolerant operation. The
optical network comprises components whose operation is monitored by a controller. If the controller determines an optical transmission
line in a single path has failed, the controller will re-route the signal path through a spare, or protect component. Alternatively, the controller
can re-route the signal path through a frequency translator and another optical transmission line.
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System and Method for Photonic
Facility and Line Protection Switching

Background of the Invention

Field of the Invention

The present invention relates generally to the reliability and restoration of
optical transmission systems, and more specifically to a system and method
permitting the optimization of a number of spare components in an optical

transmission system using wavelength division multiplexing (WDM).

Related Art

Optical networks that include a plurality of optical transmission lines or
links permit high bandwidth data communications, and may be used in telephone
and other data network systems. High speed data can be modulated on light
waves which are transmitted through the optical network. Further bandwidth
improvement can be achieved by modulating different electrical data signals on
distinct light wave carriers having different frequencies. This technique is known
as wavelength division multiplexing (WDM). Optical systems using WDM
require optical transmitters and receivers that operate at different light wave
frequencies. The optical transmission line, connecting an optical transmitter and
receiver, can propagate many light wave signals of different frequencies
simultaneously.

Thus, fiber optic communications links, especially WDM communication
links, carry vast amounts of information among distant sites to accomplish data,
voice and image connectivity over a large geographical area. Optical
transmission lines, transmitters and receivers, however, are prone to failure. The

failure of such links can have a substantial economic and practical impact on
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network users and network service providers. Therefore, in designing
communications networks, special measures are practiced to assure utmost
reliability of network components and survivability in the event of link failure
due to physical fiber damage or optical component failure. A common approach
to ensure resiliency to fiber cuts is the use of a spare fiber that normally does not
carry traffic but may be used as a back-up should a "working" fiber fail. To
minimize the chance that the spare fiber experiences the same fate that disabled
the working fiber, the spare fiber is usually routed along a completely different
physical path. Creating and maintaining such idle spare capacity is costly.
Because of the expense and the non-revenue usage, what is needed is a restorative
network design where the deployment of spare facilities and spare fiber links is

kept to a minimum.
Summary of the Invention

In accordance with the present invention, there is provided a system and
method of photonic facility and line protection switching using frequency or
wavelength translation in facilitating a fault-tolerant optical network. In the
present invention, the optical network comprises working and protect facilities,
working and protect optical transmission lines, optical space division switches
(SDSs), and digital cross-connect switches (DCCSs). A working or protect
facility is comprised of one or more optical transmitters and/or receivers.
Wavelength or frequency translation capability is provided using tunable protect
transmitters, tunable protect receivers, and frequency translators coupled to
optical space division switches.

The SDS is an optical cross-connect switch facilitating routing of optical
signals. It is desirable to use a minimum number of ports on an SDS to reduce

SDS cost and complexity. The present invention uses SDSs with a small number
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of ports. The DCCS is an electrical cross-connect switch facilitating the routing
of electrical signals.

The optical transmitters, receivers, and transmission lines have different
expected reliabilities. The use of both SDSs and DCCSs permits an optical
network to be optimally configured with an appropriate amount of working and
protect facilities and optical transmission lines. Depending upon the expected
transmitter and transmission line failure rates, an optical system can be
configured in accordance with the present invention to include an appropriate
number of protect optical transmitters independent of the number of protect
optical transmission lines. It is an advantage of the present invention that the
ratio of working facilities to protect facilities is independent of the ratio of
working optical transmission lines to protect optical transmission lines.

In the event of a component failure in the optical network, the SDSs and
DCCSs can respectively re-route optical and electrical signals to compensate for
a failed component such as an optical transmitter, receiver, or transmission line.
The present invention comprises a protect, or spare, facility or optical
transmission line with which to replace a corresponding failed component.
Because the network can replace a failed component with a corresponding
protect, or spare, component, the optical network can continue functioning
despite the failure.

According to a further aspect of the present invention, wavelength
translation is provided to optimize facility and line protection switching. Protect
facilities include a tunable optical transmitter and a tunable optical receiver. A
frequency translator, also called a wavelength translater, is optically coupled to
an SDS for translating the frequency or wavelength of optical signals.

Further features and advantages of the present invention, as well as the
structure and operation of various embodiments of the present invention, are

described in detail below with reference to the accompanying drawings.
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Brief Description of the Drawings

The accompanying drawings, which are incorporated herein and form part
of the specification, illustrate the parent invention and, together with the
description, further serve to explain the principles of the invention and to enable

5 a person skilled in the art to make and use the invention.

FIG. 1 is a block diagram of a first embodiment of an optical network
with photonic facility and line protection according to the present invention.
FIG. 2 is a flow chart of the operation of the first embodiment of an
optical network with photonic facility and line protection.
10 FIG. 3 is a block diagram of a second embodiment of an optical network
with frequency or wavelength translators according to the present invention.
FIG. 4 is a flow chart of the operation of the second embodiment of an
optical network with frequency translators.
FIG. 5 is a block diagram of a third embodiment of an optical network
15 using frequency or wavelength translators according to the present invention.
FIG. 6 is a flowchart of the operation of the third embodiment when the

number of failed working fibers exceeds the number of protect fibers.

The present invention is described with reference to the accompanying
drawings. In the drawings, like reference numbers indicate identical or
20 functionally similar elements. Additionally, the left-most digit(s) of a reference

number identifies the drawing in which the reference number first appears.
Detailed Description of the Preferred Embodiments

The present invention is directed towards facilitating a fault tolerant

optical network. This goal is achieved with photonic facility and line protection
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using protect, or spare, optical components, such as facilities and optical
transmission lines. The topology of the optical network permits use of space
division switches (SDSs) with few ports, reducing SDS cost and complexity.
Further advantages are realized by providing frequency or wavelength translation
capability through tunable protect transmitters, tunable protect receivers, and/or

frequency translators coupled to optical space-division switches.

Tunable Facilities

The present invention takes advantage of wavelength division
multiplexing (WDM) to add another dimension to restorative design approaches.
Previously, a given fiber was associated with a single optical transmitter and a
single optical receiver. When one of these devices failed, the restorative action
was the same as with a fiber failure, that is, electronically switching the traffic
onto a completely different transmitter/fiber/receiver link. But with wavelength
division multiplexing, several transmitters feed a single fiber.

The present invention handles single transmitter or single receiver failures
in a WDM configuration by electronically and optically switching a reserve,
protect tunable facility to replace a corresponding failed facility. The use of a
tunable receiver or transmitter in conjunction with a bridgeable optical switch
(SDS) yields the unexpected advantage of allowing facility operation ratios to be
designed independent of the line protect ratios. For example, the optical domain
switching can allow a single tunable transmitter to serve as a backup facility for
nine different transmitters operating along three working fibers. The same
configuration can provide a three-to-one line protect ratio. These protect ratios
can be set totally independently of one another. This design freedom is an
important advantage because transmitter failures occur at different rates than fiber
failures.

FIG. 1 illustrates one embodiment of an optical network 100 with a

protect optical transmission line 104 and protect tunable facilities 136p, and
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136p,. The present invention contemplates that the optical network 100 may
include more than one protect optical transmission line 104 or two protect
facilities 136p, and 136p,. In a preferred embodiment, the protect facilities 136p,
and 136p, comprise protect optical transmitters 124p, and 124p,, protect optical
receivers 126p, and 126p,, tunable filters 128p, and 128p,, and a three-port
coupler device 134p, and 134p,.

To permit frequency, or wavelength, agility, the carrier frequency of the
optical transmitters 112a-f, 114a-f, 116a-f is made variable by using a tunable
source, such as a tunable laser, or a fixed source coupled to a frequency translator.
The frequency translator may be an optical mixer. Hence, the optical transmitter
may be a tunable optical transmitter. Also, the optical receivers 118a-f, 120a-f,
122a-f, must be tunable so that they can detect the correspondingly broadcast
wavelength. The tunable optical receiver may be implemented with a tunable
filter 128p, and 128p, as illustrated in FIG. 1 for the protect receivers 126p, and
126p,.

The optical network 100 comprises two digital cross-connect switches
(DCCSs) 110a,b for switching, routing, multiplexing, and demultiplexing
electrical signals into higher or lower bit-rates. Electrical signals, which may be
in a STS-1 or DS-3 format compliant with SONET standards or any other data
format and bit rate, are coupled into and out of ports 140a,b of DCCSs 110a,b.
The DCCSs 110a,b are coupled to facilities 136a-f for converting electrical
signals to optical signals and vice-versa. In the preferred embodiment, the
facilities 136a-f include optical transmitters 112a-f, 114a-f, 116a-f, optical
receivers 118a-f, 120a-f, 122a-f, combiners 130a-f, splitters 132a-f, and three port
coupler devices 134a-f.

Optical network 100 further includes a pair of space division switches
(SDSs) 108a,b, also called optical cross-connect switches, and working optical
transmission lines 106a-c. SDS 108a, 108b can be any type of multi-port optical
cross-connect switch. In principle for a N X N SDS any number of ports, e.g. N

=1,2,4,8, 16, 40, 72, 128, or 256, can be switched. Any type of optical switch
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can be used depending upon the available technology. See, e.g., the integrated
lithium niobate directional-coupler type switches discussed by Waynant, R. e al.,
Eds., Electro-Optics Handbook, McGraw-Hill, Inc. U.S.A. (1994), chapter 26,
and especially page 26.34 (incorporated herein by reference). Other types of
suitable optical switching technology include switches based on a thermo-optic
effect in polymer waveguides or silica glass, semiconductor amplification, piezo
movement, and integrated indium phosphide.

In addition, while a single SDS 108a and SDS 108b is shown
schematically for clarity, multiple discrete switches and couplers can be used to
perform equivalent multiple-port optical switching. For example, a set of discrete
1 X 2 or 2 X 2 optical switches can used to switch individual signals along optical
paths between cross-connected ports. Y-couplers and directional couplers can
also be used.

The embodiment illustrated in FIG. 1 is specifically implemented in an
optical network 100 using wavelength division multiplexing (WDM). Hence,
certain components of the optical network 100 are broadband, including the three
port devices 134a-f, 134p, and 134p,, combiners 130a-f, 130p, and 130p, and
splitters 132a-f, 132p, and 132p,. The protect transmitter 124p, and 124p, has a
tunable carrier frequency and the protect optical receiver 126p, and 126p, can
selectively detect light wave signals of varying carrier frequency by changing the
passband frequency of a tunable filter 128p, and 128p, coupled to the protect
optical receiver 126p, and 126p,. In the preferred embodiment, the tunable filters
128p, and 128p, are implemented with Fabry-Perot filters. However, alternative
embodiments of the tunable filters 128p, and 128p, can be used.

The electrical signals are routed by the DCCSs 110a,b to or from optical
transmitters 112a-f, 114a-f, 116a-f or receivers 118a-f, 120a-f, 122a-f,
respectively, as designated by a controller 138. Distinct electrical signals
entering optical network 100 are modulated onto light wave carriers having
different frequencies (e.g., frequencies corresponding to wavelengths A, A,, and

A;) by the optical transmitters 112a-f, 114a-f, 116a-f. In a preferred embodiment,
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the optical transmitters 112a-f, 114a-f, 116a-f are modulated lasers, such as,
directly modulated semiconductor laser diodes, or externally modulated lasers.
Other types of optical transmitters and modulators can be used. For the sake of
clarity, only working facilities 136a and 136d are described in detail.

In one working facility 136a, the outputs of the optical transmitters 112a,
114a, 116a having different output carrier frequencies, i.e., wavelengths A, to A,
are unified in a combiner 130a which is then connected to a three port device
134a. The three port device 134a permits bidirectional light wave signals to be
coupled into and out of separate ports. In the preferred embodiment, the three
port device 134a may be comprised of a directional coupler, such as those made
with fused optical fibers. Other types of three port devices 134a made of known
fiber optic components can be used. The three port device 134a is connected to
the SDS 108a.

Under normal conditions, SDS 108a routes the combination of modulated
light wave signals having different carrier frequencies into the optical
transmission line 106a. In the preferred embodiment, the optical transmission
line 106a includes bidirectional optical fibers, line repeaters, and/or amplifiers.
However, the optical transmission line 106a can comprise only unidirectional
optical fibers and amplifiers. Alternatively, the optical transmission line 106a
could comprise a long-haul, single-mode optical fiber exclusively. The other end
of the optical transmission line 106a is coupled to another SDS 108b which routes
the light wave signals to another working facility 136d and its corresponding
three port device 134d during normal operation.

The light wave signals then propagate from the three port device 134d to
a splitter 132d. In a preferred embodiment, the splitter 132d includes a WDM
multiplexer (not shown) which has frequency; selective outputs corresponding to
the carrier frequencies comprising the light wave signal. The WDM multiplexer
is typically formed by an optical grating that spatially separates light of different

wavelengths.
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Alternatively, the splitter 132d may comprise a n-way power divider.
Wavelength selectivity can be attained with the n-way power divider by inserting
filters between the n-way power dividers and the optical receivers 118d, 120d,
122d. However, filters are not needed if theioptical receivers 118d, 120d, 122d
are frequency selective.

Each output of the splitter 132d is coupled to an optical receiver 118d,
120d, 122d. In the preferred embodiment, the optical receivers 118d, 120d, 122d
are standard optical detectors. Alternative optical receiver 118d, 120d, 122d
embodiments can be used. The optical receiver 118d, 120d, 122d demodulates
an electrical signal from the light wave signal of the corresponding carrier
frequency. The electrical signal is then coupled through a second DCCS 110b to
one of its ports 140b back to the electrical domain.

A controller 138 is connected to components, such as the optical
transmitters 112, 114, 116 and receivers 118, 120, 122, in the optical network
100. The controller 138 senses whether the optical network components are
functioning properly. In a preferred embodiment, the controller 138 is a
processor and detects loss of signal and/or other types of optical faults.
Alternatively, the controller 138 can comprise a plurality of distributed processors
that are coordinated by a communications link (not shown). If a component fails,
the controller 138 re-routes the signals passing through the failed component to
a protect, or spare, component, utilizing the switching capabilities of the SDSs
108a,b and DCCSs 110a,b. Spare components include a protect optical
transmission line 104, a protect optical receiver 126p, and 126p, with a tunable
filter 128p, and 128p,, and/or a protect optical transmitter 124p, and 124p,.

FIG. 2 illustrates a flow chart of exemplary operation of the fault tolerant
nature of the optical network 100. The functionality described below is
implemented by controller 138. When optical network 100 commences
operation, or alternatively when the optical network first detects a component
fault, (step 202), the controller 138 evaluates whether any of the optical

transmission lines 106a-c have failed (step 204). One way for the optical network
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100 to determine optical transmission line 106a-c failure is for the controller 138
to monitor the lack of reception of light wave signals by all optical receivers
118a-f, 120a-f, 122a-f connected to a specific optical transmission line 106a-c.

If the controller 138 determines that an optical transmission line 106a-c
has failed, the controller 138 commands a corresponding SDS 108a,b to re-route
the optical signals to an available protect, or spare, optical transmission line 104
(step 206). While a protect optical transmission line 104 is utilized, it is generally
unavailable for further use.

Upon replacing a failed optical transmission line or if none was found, the
controller 138 evaluates whether any optical transmitters 112a-f, 114a-f, 116a-f
have failed (step 208). If the controller 138 determines an optical transmitter
112a-f, 114a-f, 116a-f has failed, the controller 138 commands the corresponding
DCCS 110a,b to re-route the electrical signals from the failed optical transmitter
to a protect, or spare, optical transmitter 124p, and 124p, (step 210). At about the
same time, the protect optical transmitter 124p, and 124p, is tuned to the
wavelength corresponding to the failed optical transmitter as directed by
controller 138. The re-routed electrical signal is modulated on a light wave
carrier by the protect optical transmitter 124p, and 124p,. The resulting
modulated light wave signal is then coupled through some of the same
components, including the working optical transmission line 106a-c and the
optical receiver 118a-f, 120a-f, 122a-f, that the original light wave signal had
propagated through before the optical transmitter 112a-f, 114a-f, 116a-f failure.

Finally, upon replacing a failed optical transmitter, or if none was found,
the controller 138 will determine if any optical receivers 118a-f, 120a-f, 122a-f
have failed (step 212). If the controller 138 determines an optical receiver 118a-f,
120a-f, 122a-f has failed, then the controller 138 commands the corresponding
SDS 108a,b to re-route the light wave signal from the failed optical receiver to
a protect, or spare, optical receiver 126p, and 126p, (step 214).

One example of how the controller 138 may determine that an optical

receiver 118a-f, 120a-f, 122a-f has failed is now described. The optical receiver
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118a-f, 120a-f, 122a-f presents to controller 138 a signal indicating that optical
receiver 118a-f, 120a-f, 122a-f has detected a light wave signal. If the optical
receiver 118a-f, 120a-f, 122a-f does not present such a signal, and the controller
138 determines that there is no corresponding optical transmission line 106a-c
failure, then the controller 138 will conclude that the optical receiver 118a-f,
120a-f, 122a-f has failed.

At about the same time the controller 138 commands the SDS 108a,b to
re-route the light wave signal, the controller 138 regulates the protect optical
receiver 126p, and 126p, operating frequency by setting the passband of the
corresponding tunable filter 128p, and 128p,. The detected electrical signal is re-
routed by a DCCS 110a,b to the same port 140a,b that the demodulated electrical
signal exited before the optical receiver 118a-f, 120a-f, 122a-f failure.

If operation of the controller 138 is halted, the aforementioned process
will be stopped (step 218). Otherwise the process will repeat itself, again
analyzing if an optical transmission line 106a-c failure has occurred (step 204).

Note, however, that some of the steps described above could be
implemented in another order or in parallel. Such an implementation would be

apparent to one skilled in the art.
Frequency Translators

According to a further advantage of the present invention, optical network
capacity is maintained in the event that a working optical transmission line fails
and no protect optical transmission line is available to replace it. In such an
event, t};e present invention transfers the signals of the failed working optical
transmission line to another working optical transmission line. Frequency
translators are provided to permit these additional restored carrier signals to
co-exist with the normal carrier signals being transmitted on the other working

optical transmission line.
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A second embodiment of the present invention is illustrated in FIG. 3.
The optical network 300 in FIG. 3 has two frequency translators 302a,b optically
coupled to ports in the two space division switches 108a,b. The frequency
translators 302a,b are coupled to the controller 138. The frequency translators
302a,b permit a composite set of carrier signals (A, to A5 to be adjusted to
another set of wavelengths (A, to A;). For example, the SDS 108a routes the
signals that previously would have traveled on the failed working optical
transmission line to frequency translator 302a coupled to the SDS 108a. The
carrier frequencies A, to A, of the signals are then modified in the frequency
translator 302a to A, to A,. The signals are re-routed by the SDS 108a to another
working optical transmission line 106a-c.

At least two frequency translators for accomplishing frequency or
wavelength translation are known. See, e.g., the articles by Zhou et al., "Four-
Wave Mixing Conversion Efficiency in Semiconductor Traveling-Wave
Amplifiers Measured to 65nm of Wavelength Shift", JEEE Photonics Technology
Letters, Vol. 6, No. 8 (August 1994); and Riazat ef al., "Optical Wavelength
Shifting by Traveling-Wave Electrooptic Modulation", IEEE Photonics
Technology Letters, Vol. 5, No. 9 (September 1993) (each of which is
incorporated herein in its entirety by reference). One technique involves four-
wave mixing through a non-linear semiconductor optical amplifier as described
by Zhou et al. This technique is analogous to the heterodyning (mixing) of high
frequency electrical signals commonly done in radio equipment. The second
technique uses traveling-wave electrooptic modulation wherein microwaves and
optical signals travel through a substrate together. As described by Riazat et al.,
the microwaves produce a refractive index gradient in the substrate that travels
with, and alters the wavelength of, the passing optical signal. One or more
frequency translators 302a,b can be coupled to the optical network 100.

FIG. 4 illustrates a flow chart of exemplary operation of the optical

network 300 using one or more frequency translators 302a,b. The functionality
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described below is implemented by controller 138 which starts fault detection at
step 402 when optical network 300 commences operation.

In step 404, the controller 138 determines whether any optical
transmission lines have failed. If the controller 138 determines that no optical
transmission lines 106a-c have failed, the controller 138 may continue to search
for optical transmission line 106a-c faults (step 416) or cease searching (step
418). However, if the controller 138 determines that an optical transmission line
106a-c has failed, the controller 138 will next determine if a protect optical
transmission line 104 is available for use. If a protect optical transmission line
104 is available for use, the controller 138 will re-route the signals from the failed
optical transmission line 106a,b through the protect optical transmission line 104.

However, if no protect optical transmission line is available or if none was
implemented in the optical network 300, the controller 138 will re-route optical
data signals from the failed optical transmission line 106a-c through each SDS
108a,b to one or more frequency translators 302a,b and over an available working
transmission line 106a-c (step 412). For example, in the frequency translator
302a, the signals will be shifted from an initial set of carrier frequencies to
another set of optical carrier frequencies, allowing the signals from any of the
transmitters 112a-c, 114a-c, 116a-c, or 124p, to be transmitted through the SDS
108a over a functioning working or protect optical transmission line 106a-c, 104
with other signals at different carrier frequencies without interference (step
412). These translated optical signals can then be routed through SDS 108b for
detection as the translated wavelength or frequency by any appropriately tuned
receiver 118d-f, 120d-f, 122d-f, or 126p,.

Alternatively, the controller 138 can route the translated signals to the
other frequency translator 302b so that the si.gnals are frequency shifted back to
their initial frequency (or another frequency) so that the signals can be detected
by the optical receivers 118d-f, 120d-f, 122d-f, or 126p,.

Alternatively, signals can be routed from the second SDS 108a,b to

tunable receivers which are adjusted by the controller 138 to detect the signals
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having the shifted carrier frequencies. The optical network 100 may then choose
to continue searching for failed optical transmission lines (step 416) or stop its
analysis (step 418).

Some of the steps described above could be implemented in another order
or in parallel. Such an implementation would be apparent to one skilled in the
art.

A third component of the present invention is illustrated in FIG. 5 in an
optical network 500. For clarity, only network elements for communication in
one transmission direction from electrical inputs 140a to output electrical outputs
140b are shown. Only active ports A to I in SDS 108a and ports A to G in SDS
108b are shown. Other ports could be provisioned as needed.

One wavelength or frequency translator 502 is optically coupled to the
optical space-division switch 108a. The wavelength translator 502 accepts a set
of multiplexed optical carrier signals at wavelengths, e.g., A, to A,, and outputs
a wavelength-shifted set of optical carrier signals, e.g., A, to A, that exhibit the
same relative separation and modulation characteristics. A protect receiver
facility 510 is coupled between SDS 108b and DCCS 110b for transducing carrier
signals. A splitting element 520 passes carrier signals received from the SDS
108b to three tunable receivers 521. For example, splitting element 520 can be
one or more optical components, such as, beam splitters, filters, and/or gratings
for splitting input carriers into three separate signals. The tunable receivers 521-
523 are then tuned to detect a particular wavelength within a respective separated
signal. During normal operation, three tunable receivers 521-523 are tuned to
detect an initial set of wavelengths A,to A;. During restoration, the three tunable
receivers 521-523 are tuned to detect the shifted-set of wavelengths A, to A,
generated by the wavelength translator 502.

Network 500 provides frequency agility which allows restoration of
network capacity even when no protect fiber is available or the number of
working fiber failures exceeds the number of protect fiber provided. The

restoration operation of network 500 in the event two working fibers 106a and
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106b are damaged will be described with respect to FIG. 6. The restoration
operation is carried out through controller 138 (not shown) which is connected
to SDS 108a, 108b, wavelength translator 502, working and protect facilities
(transmitters 112-116a-c and receivers 118-122d-e, 521-523), and DCCS 110a,
110b, as described earlier with respect to FIGs. 1 and 3.

SDSs 108a and 108b are switched to re-route traffic from the working
fiber 106a to protect fiber 104 by connecting ports A and H in SDS 108a and
ports D and E in SDS 108b (step 602). SDS 108b is switched to connect port C
to ports F and G (step 604). DCCS 110b is switched so that carrier signals from
transmitters 112c-116c are received at receivers 118e-122e (step 606).

Tunable recetvers 521-523 are tuned to the shifted set of wavelengths A,
to A, (step 608). SDS 108a switches to connect ports B and I so that a composite
set of signals from the transmitters 112b-116b enters wavelength translator 502
(step 610). The wavelength translator 502 is set and/or adjusted to shift the set
of wavelengths from the initial wavelengths A, to A, to the shifted-set of
wavelengths A, to A, (step 612). Finally, SDS 108a switches to connect ports D
and G so as to superimpose the carrier signals having the shifted-set of
wavelengths onto normal traffic carried by working fiber 106¢ for detection by
the tuned receivers 521-523 (step 614).

It should be understood that embodiments of the present invention can be
implemented in hardware, software or a combination thereof. In such
embodiment, the various components and steps would be implemented in
hardware and/or software to perform the functions of the present invention. Any
presently available or future developed computer software language and/or
hardware components can be employed in such embodiments of the present
invention. In particular, the flow chart discussed above can be especially useful
for creating the software embodiments.

While various embodiments of the present invention have been described
above, it should be understood that they have been presented by way of example

only, and not limitation. Thus, the breadth and scope of the present invention
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should not be limited by any of the above-described exemplary embodiments, but
should be defined only in accordance with the following claims and their

equivalents.
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What is Claimed is:

1. An optical network comprising:

an optical transmission line;

a space division switch coupled to said optical transmission line;

a protect optical transmission line coupled to said space division switch;

a tunable optical transmitter coupled to said space division switch;

a tunable optical receiver coupled to said space division switch; and

a controller coupled to said space division switch, said tunable optical
transmitter, and said tunable optical receiver, wherein said controller routes
optical signals through said space division switch to said protect optical
transmission line when said controller determines that said optical transmission

line has failed.

2. The optical network of claim 1, wherein said controller adjusts the carrier
frequency of signals broadcast from said tunable optical transmitter to said

tunable optical receiver.

3. The optical network of claim 1, comprising:

a digital cross-connect switch coupled to said tunable optical transmitter
and said tunable optical receiver; and

a protect optical transmitter coupled to said space division switch and said
digital cross-connect switch, wherein said controller routes electrical input signals
through said digital cross-connect switch to said protect optical transmitter when

said controller determines that said tunable optical transmitter has failed.

4. The optical network of claim 3, comprising:
a protect optical receiver coupled to said space division switch and said

digital cross-connect switch, wherein said controller routes electrical output
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signals through said digital cross-connect switch to said protect optical receiver

when said controller determines that said tunable optical receiver has failed.

5. An optical network of claim 1, compﬁsing:

a digital cross-connect switch coupled to said tunable optical transmitter
and said tunable optical receiver; and

a protect optical receiver coupled to said space division switch and said
digital cross-connect switch, wherein said controller routes electrical output
signals through said digital cross-connect switch to said protect optical receiver

when said controller determines that said tunable optical receiver has failed.

6. An optical network comprising:

an optical transmission line;

a space division switch coupled to said optical transmission line;

an optical transmitter coupled to said space division switch;

an optical receiver coupled to said space division switch;

a frequency translator coupled to said space division switch; and

a controller coupled to said space division switch, said frequency
translator, said optical transmitter, and said optical receiver, wherein said
controller routes optical signals through said space division switch to said
frequency translator when said controller determines that said optical

transmission line has failed.

7. The optical network of claim 6, wherein said controller adjusts the carrier
frequency of signals broadcast from said frequency translator to said optical

receiver.
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8. The optical network of claim 6, comprising:

a digital cross-connect switch coupled to said optical transmitter and said
optical receiver; and

a protect optical transmitter coupled to said space division switch and said
digital cross-connect switch, wherein said controller routes electrical input signals
through said digital cross-connect switch to said protect optical transmitter when

said controller determines that said optical transmitter has failed.

9. The optical network of claim 8, comprising:

a protect optical receiver coupled to said space division switch and said
digital cross-connect switch, wherein said controller routes electrical output
signals through said digital cross-connect switch to said protect optical receiver

when said controller determines that said optical receiver has failed.

10.  An optical network of claim 6, comprising:

a digital cross-connect switch coupled to said optical transmitter and said
optical receiver; and

a protect optical receiver coupled to said space division switch and said
digital cross-connect switch, wherein said controller routes electrical output
signals through said digital cross-connect switch to said protect optical receiver

when said controller determines that said optical receiver has failed.

11. A method of operating a fault tolerant optical network comprising the
steps of:

(1)  determining if an optical transmission line has failed;

(2)  re-routing signals from said .optical transmission line through a
space division switch to a frequency translator if said optical transmission line has
failed;

(3)  modifying a carrier frequency of said signals in said frequency

translator; and

PCT/US96/19919



10

15

20

25

WO 97/25829

-20 -

(4) routing said signals from said frequency translator through said

space division switch to a working optical transmission line.

12.  The method of operating a fault tolerant optical network of claim 11,
further comprising the steps of:

(5) adjusting a tunable optical receiver to a wavelength corresponding
to said carrier frequency of said signals generated by said frequency translator;
and

(6) routing said signals through a second space division switch to said

tunable optical receiver.

13.  The method of operating a fault tolerant optical network of claim 11,
further comprising the steps of:

(5) adjusting a second frequency translator to a wavelength
corresponding to said carrier frequency of said signal generated by frequency
translator; and

(6) routing said signals through a second space division switch to said

second frequency translator.

14.  An optical network comprising:
a digital cross-connect switch;
a facility coupled to said digital cross-connect switch;
a protect facility coupled to said digital cross-connect switch;
a space division switch coupled to said facility and said protect facility;
an optical transmission line coupled to said space division switch;
a protect optical transmission line coilpled to said space division switch;
a frequency translator coupled to said space division switch; and
a controller coupled to said frequency translator, said digital cross-connect

switch, said facility, said protect facility, and said space division switch.
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The optical network of claim 14, wherein said facility comprises:
an optical transmitter;

a combiner coupled to said optical transmitter;

an optical receiver; A

a splitter coupled to said optical receiver; and

a three port device coupled to said combiner and said splitter.

The optical network of claim 14, wherein said protect facility comprises:
a protect optical transmitter;

a protect optical receiver;

a tunable filter coupled to said protect optical receiver; and

a three port device coupled to said protect optical transmitter and said

tunable filter.

17.

An optical network comprising:
an optical transmission line;
a space division switch coupled to said optical transmission line;
a protect optical transmission line coupled to said space division switch;
an optical transmitter coupled to said space division switch;
an optical receiver coupled to said spaced division switch; and

a controller coupled to said space division switch, said optical transmitter,

and said optical receiver, wherein said controller routes optical signals through

said space division switch to said protect optical transmission line when said

controller determines that said optical transmission line has failed.

18.

The optical network of claim 17, comprising:

a digital cross-connect switch coupled to said optical transmitter and said

optical receiver; and

a protect optical transmitter coupled to said space division switch and said

digital cross-connect switch, wherein said controller routes electrical input signals
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through said digital cross-connect switch to said protect optical transmitter when

said controller determines that said optical transmitter has failed.

19. The optical network of claim 18, comprising:

a protect optical receiver coupled to said space division switch and said
digital cross-connect switch, wherein said controller routes electrical output
signals through said digital cross-connect switch to said protect optical receiver

when said controller determines that said optical receiver has failed.

20.  An optical network of claim 17, comprising:

a digital cross-connect switch coupled to said optical transmitter and said
optical receiver; and

a protect optical receiver coupled to said space division switch and said
digital cross-connect switch, wherein said controller routes electrical output
signals through said digital cross-connect switch to said protect optical receiver

when said controller determines that said optical receiver has failed.

21. A method of operating a fault tolerant optical network comprising the
steps of:

(1)  determining if an optical transmission line has failed;

2 replacing said optical transmission line with a protect optical
transmission line through a space division switch if said optical transmission line
has failed;

3) determining if an optical receiver has failed; and

(4)  replacing said optical receiver with a protect optical receiver

through a digital cross-connect switch if said optical receiver has failed.

22.  The method of operating a fault tolerant optical network of claim 21,

further comprising the steps of:
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(5)  tuning said protect optical receiver to a wavelength corresponding

to said failed optical receiver.

23.  The method of operating a fault tolerant optical network of claim 21,
further comprising the steps of:

(5)  determining if an optical transmitter has failed; and

(6)  replacing said optical transmitter with a protect optical transmitter

through a digital cross-connect switch if said optical transmitter has failed.

24.  The method of operating a fault tolerant optical network of claim 23,
further comprising the steps of:

(7)  tuning said protect optical receiver to a wavelength corresponding
to said failed optical receiver; and

(8) tuning said protect optical transmitter to a wavelength

corresponding to said failed optical transmitter.

25. A method of operating a fault tolerant optical network comprising the
steps of:

1) determining if an optical transmission line has failed;

) replacing said optical transmission line with a protect optical
transmission line through a space division switch if said optical transmission line
has failed;

3) determining if an optical transmitter has failed; and

(4)  replacing said optical transmitter with a protect optical transmitter

through a digital cross-connect switch if said optical transmitter has failed.
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The method of operating a fault tolerant optical network of claim 25,

further comprising the steps of:

(5) tuning said protect optical transmitter to a wavelength

corresponding to said failed optical transmitter.

27.

and

28.

29.

An optical network comprising:

a digital cross-connect switch;

a facility coupled to said digital cross-connect switch;

a protect facility coupled to said digital cross-connect switch;

a space division switch coupled to said facility and said protect facility;
an optical transmission line coupled to said space division switch;

a protect optical transmission line coupled to said space division switch;

a controller coupled to said digital cross-connect switch, said facility, said

protect facility, and said space division switch.

The optical network of claim 27, wherein said facility comprises:
an optical transmitter;

a combiner coupled to said optical transmitter;

an optical receiver;

a splitter coupled to said optical receiver; and

a three port device coupled to said combiner and said splitter.

The optical network of claim 27, wherein said protect facility comprises:
a protect optical transmitter; )

a protect optical receiver;

a tunable filter coupled to said protect optical receiver; and

a three port device coupled to said protect optical transmitter and said

tunable filter.
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30.  The optical network of claim 28, wherein said protect facility comprises:
a protect optical transmitter;
a protect optical receiver;
a tunable filter coupled to said protect optical receiver; and
a three port device coupled to said protect optical transmitter and said

tunable filter.
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SDSs 108a AND 108b RE-ROUTE TRAFFIC
FROM THE WORKING FIBER 106a TO PROTECT
FIBER 104 BY CONNECTING PORTS A AND H

IN SDS 108a AND PORTS D AND E IN SDS 108b
(STEP 602)

'

SDS 108b CONNECTS PORT C TO PORTS F AND G |
(STEP 604)

l

DCCS 110b IS SWITCHED SO THAT CARRIER SIGNALS FROM
TRANSMITTERS 112c-116¢ ARE RECEVED AT RECEVERS 118e—122¢
(STEP 606)

!

TUNABLE RECEVERS 521-523 ARE TUNED
TO THE SHIFTED SET OF WAVELENGTHS A4T0 Ag
(STEP 608)

!

SDS 108a SWITCHES TO CONNECT PORTS B AND | SO THAT A
COMPOSITE SET OF SIGNALS FROM THE TRANSMITTERS 112b-116b
ENTERS WAVELENGTH TRANSLATOR 502
(STEP 610)

!

THE WAVELENGTH TRANSLATOR 502 IS SET AND/OR ADJUSTED
TO SHIFT THE SET OF WAVELENGTHS FROM THE INITIAL WAVELENGTHS
A1 TO A3TO THE SHIFTED-SET OF WAVELENGTHS A4TO Ag
(STEP 612)

!

SDS 108a SWITCHES TO CONNECT PORTS D AND G SO AS
TO SUPERIMPOSE THE CARRIER SIGNALS HAVING THE
SHIFTED-SET OF WAVELENGTHS ONTO NORMAL TRAFFIC

CARRIED BY WORKING FIBER 106c FOR DETECTION
BY THE TUNED RECEIVERS 521-523

(P 14 FIG.6
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